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Preface

This book is directed to people who have a good understanding of the concepts of one
variable calculus including the notions of limit of a sequence and completeness of R. It
develops real analysis for functions of many real variables. It is intended to follow my
book on real analysis of functions of one variable. The emphasis is on basic concepts from
topology, the derivative and the integral. It does not go into functional analysis.

In order to do multivariable calculus correctly, you must first understand some linear
algebra. One cannot escape the fact that the derivative is a linear transformation, for exam-
ple. Therefore, a condensed course in linear algebra is presented first, emphasizing those
topics in linear algebra which are useful in analysis, not those topics which are primarily
dependent on row operations. It is best to have had a good linear algebra course before
attempting a book like this one, however.

I chose to feature the Lebesgue integral because I have gone through the theory of
the Riemann integral for a function of n variables and ended up thinking it was too fussy
and that the extra abstraction of the Lebesgue integral was worthwhile in order to avoid
this fussiness and to also get much better theorems. Also, it seemed to me that this book
should be in some sense “more advanced” than my Engineering Math book which has a
development of the Riemann integral as an appendix.
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Chapter 1

Review of Some Linear Algebra

This material can be referred to as needed. It is here in order to make the book self con-
tained.

1.1 The Matrix of a Linear Map

Recall the definition of a linear map. First of all, these need to be defined on a linear space
and have values in a linear space.

Definition 1.1.1 ze:7:vV - W be a function. Here V and W are linear spaces.
Then T € £ (V,W) and is a linear map means that for &, B scalars and vy, v, vectors,

T (OCV] —|—ﬁV2) =aTv,+BTv,

Also recall from linear algebra that if you have T' € £ (F",F™) it can always be un-
derstood in terms of a matrix. That is, there exists an m X n matrix A such that for all
x e F",

Ar=Tx

Recall that, from the way we multiply matrices,

A=(Te - Te,)

That is, the i column is just Te;.

1.2 Block Multiplication of Matrices

Consider the following problem

You know how to do this. You get

AE+BG AF+BH
CE+DG CF+DH J°

Now what if instead of numbers, the entries, A, B,C,D,E, F,G are matrices of a size such
that the multiplications and additions needed in the above formula all make sense. Would
the formula be true in this case?

Suppose A is a matrix of the form

Air o A
A= : : (1.1
Arl Arm
where A;; is a s; X p; matrix where s; is constant for j=1,--- ,mforeachi=1,---,r. Such

a matrix is called a block matrix, also a partitioned matrix. How do you get the block

9
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A;;? Here is how for A an m X n matrix:

nxp;j

SiXm 0
(0 Iyxs, O)A| Ipyxp |- (1.2)

0
In the block column matrix on the right, you need to have c; — 1 rows of zeros above the
small p; x p; identity matrix where the columns of A involved in A;; are ¢j,--- ,¢;+p;—1
and in the block row matrix on the left, you need to have r; — 1 columns of zeros to the
left of the s; x s; identity matrix where the rows of A involved in A;; are r;,--- ,r; +s5;. An

important observation to make is that the matrix on the right specifies columns to use in the
block and the one on the left specifies the rows. Thus the block A;;, in this case, is a matrix
of size s; X p;. There is no overlap between the blocks of A. Thus the identity n X n identity
matrix corresponding to multiplication on the right of A is of the form

IPI XxP1 0

0 Ipm XPm
where these little identity matrices don’t overlap. A similar conclusion follows from con-
sideration of the matrices I;;,. Note that in (1.2), the matrix on the right is a block column
matrix for the above block diagonal matrix, and the matrix on the left in (1.2) is a block
row matrix taken from a similar block diagonal matrix consisting of the ;.

Next consider the question of multiplication of two block matrices. Let B be a block
matrix of the form

B By,
: (1.3)
B B,
and A is a block matrix of the form
A o Aim
: . : (1.4)
Apt o Apm

such that for all 7, j, it makes sense to multiply BjsA,; for all s € {1,---,p}. (That is the
two matrices B;; and A; are conformable.) and that for fixed ij, it follows that B;;Ay; is the
same size for each s so that it makes sense to write ) BjsA;;.

The following theorem says essentially that when you take the product of two matrices,
you can partition both matrices, formally multiply the blocks to get another block matrix
and this one will be BA partitioned. Before presenting this theorem, here is a simple lemma
which is really a special case of the theorem.

Lemma 1.2.1 Consider the following product.
0

1 ](0 1 0)
0
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where the first is n X r and the second is r X n. The small identity matrix I is an r X r matrix
and there are | zero rows above I and | zero columns to the left of I in the right matrix.
Then the product of these matrices is a block matrix of the form

o oo
o ~ 0O
©c oo

Proof: From the definition of matrix multiplication, the product is

0 0 0 0
I lo - I e - I |e - I lo
0 0 0 0

which yields the claimed result. In the formula e; refers to the column vector of length r
which has a 1 in the j”* position. This proves the lemma. l

Theorem 1.2.2 retBbea q X p block matrix as in (1.3) and let A be a p x n block
matrix as in (1.4) such that B;s is conformable with A; and each product, BisAy; for s =
1,---, pis of the same size, so that they can be added. Then BA can be obtained as a block
matrix such that the ij'" block is of the form

Y BiAs;. (1.5)
N
Proof: From (1.2)
0 0
BiAsj=(0 Ly, O)B| Iy, | (0 Ly, 0 )A[ Iyxg
0 0

where here it is assumed Bjs is r; X p; and Ay; is ps X g;. The product involves the s'" block
in the i"* row of blocks for B and the s block in the j”* column of A. Thus there are the
same number of rows above the I, » ,, as there are columns to the left of /,, ., in those two
inside matrices. Then from Lemma 1.2.1

0 0 0 0
IPsXPs ( 0 IPs X Ps 0 ) = 0 IPSXPs 0

0 0 0 0
Since the blocks of small identity matrices do not overlap,

0 0 0 Ipyxpy 0

Z 0 Ipx XPs 0 = =1 ’
N

0 0 0 0 Ipp XPp

and so,
0 0

ZBI'SASJ':Z< 0 lix; O )B Ipsxp, ( 0 Ipyxp, O )A 1£ij><q/'
N s 0 0
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0 0

:( 0 Irixri 0 )BZ Istps ( 0 ImXps 0 )A Iq_,-qu
N 0 0

0 0

=(0 Ly O)BIA[ Iyxg | =(0 Ly 0 )BA[ Ijxg
0 0

which equals the ;" block of BA. Hence the ij" block of BA equals the formal multipli-
cation according to matrix multiplication,

Y BiA,;.
N
This proves the theorem. l

Example 1.2.3 Multiply the following pair of partitioned matrices using the above theo-
rem by multiplying the blocks as described above and then in the conventional manner.

2 3 1 -1 2
-1 2 3 2 30
-2 1 -2 2 1

Doing it in terms of the blocks, this yields, after the indicated multiplications of the

blocks,
5+(-6) (5 2)+3(2 1)
3 3 7 =2 6 3
e (86
This is
—1 (11 5)
-3 13 1
-3 -7 7
Multiplying it out the usual way, you have
1 2 3 1 -1 2 -1 11 5
-1 2 3 2 3 0 )= -3 13 1
3 -2 1 -2 2 1 -3 -7 7

you see this is the same thing without the partition lines.

1.3 Schur’s Theorem

For some reason, not understood by me, Schur’s theorem is often neglected in beginning
linear algebra. This is too bad because it is one of the best theorems in linear algebra. Here
|-| denotes the usual norm in C" given by

n
=Y |y
j=1
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Definition 1.3.1 4 complex n x n matrix U is said to be unitary if U"U = 1. Here
U* is the transpose of the conjugate of U. The matrix is unitary if and only if its columns
Sform an orthonormal set in C". This follows from the way we multiply matrices in which
the ij"" entry of U*U is obtained by taking the conjugate of the i'" row of U times the j'"
column of U.

Theorem 1.3.2 (Schur) Let A be a complex n X n matrix. Then there exists a unitary
matrix U such that
U*AU =T, (1.6)

where T is an upper triangular matrix having the eigenvalues of A on the main diagonal,

listed with multiplicity".

Proof: The theorem is clearly true if A is a 1 x 1 matrix. Justlet U = 1, the 1 x 1 matrix
which has entry 1. Suppose it is true for (n — 1) x (n— 1) matrices and let A be an n x n
matrix. Then let v; be a unit eigenvector for A. Then there exists A1 such that

Av1 2111)1, "Ul‘ =1.
Extend {v } to a basis and then use the Gram - Schmidt process to obtain

{'U[,"' ,’Un}

an orthonormal basis of C”. Let Uy be a matrix whose i’ column is v;. Then from the
definition of a unitary matrix Definition 1.3.1, it follows that Uy is unitary. Consider UjAUy.

*
O

Uy AUy = (Av1 Av,,): (},11)1 Avn)

*
n n

)vl a
0 A

where Aj is an n— 1 x n— 1 matrix. Now by induction, there exists an (n—1) x (n—1)
unitary matrix U; such that

*
v

v

Thus UjAUj is of the form

ﬁikAlﬁl = Tnfly

an upper triangular matrix. Consider

/1 0
we(12)

An application of block multiplication shows that U; is a unitary matrix and also that

ciia (10 Ao« N[ 1 0N (A o«
vitisin=(o g ) (5 4 ) (o s )= (% 2 )7

where T is upper triangular. Then let U = UpU;. Since (UpU;)" = U Uy, it follows that
A is similar to 7 and that UyU is unitary. Hence A and T have the same characteristic

IListed with multiplicity’ means that the diagonal entries are repeated according to their multiplicity as roots
of the characteristic equation.
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polynomials, and since the eigenvalues of T are the diagonal entries listed with multiplicity,
this proves the theorem. l

The same argument yields the following corollary in the case where A has real entries.
The only difference is the use of the real inner product instead of the complex inner product.

Corollary 1.3.3 Let A be a real n x n matrix which has only real eigenvalues. Then
there exists a real orthogonal matrix Q such that

0TAQ=T

where T is an upper triangular matrix having the eigenvalues of A on the main diagonal,
listed with multiplicity.

Proof: This follows by observing that if all eigenvalues are real, then corresponding
to each real eigenvalue, there exists a real eigenvector. Thus the argument of the above
theorem applies with the real inner product in R”. B

1.4 Hermitian and Symmetric Matrices

A complex n X n matrix A with A* = A is said to be Hermitian. A real n x n matrix A with
AT = A is said to be symmetric. In either case, note that for (-, ) the inner product in C",

(Au,v) = (Au)" o = u'ATo = u' A% = (u,Av).

Thus, as a numerical example, the matrix

1 1—i
1+i 2

1 -1 -2
~1 2 4
2 4 3

is Hermitian, while

is symmetric. Hermitian matrices are named in honor of the French mathematician Charles
Hermite (1822-1901).
With Schur’s theorem, the theorem on diagonalization of a Hermitian matrix follows.

Theorem 1.4.1 Ler A be Hermitian. Then the eigenvalues of A are all real, and
there exists a unitary matrix U such that

U*AU =D,

a diagonal matrix whose diagonal entries are the eigenvalues of A listed with multiplicity.
In case A is symmetric, U may be taken to be an orthogonal matrix. The columns of U form
an orthonormal basis of eigenvectors of A.

Proof: By Schur’s theorem and the assumption that A is Hermitian, there exists a tri-
angular matrix 7', whose diagonal entries are the eigenvalues of A listed with multiplicity,
and a unitary matrix U such that

T =U*AU =U*A*U = (U*AU)" =T"*.
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It follows from this that 7 is a diagonal matrix and has all real entries down the main
diagonal. Hence the eigenvalues of A are real. If A is symmetric (real and Hermitian) it
follows from Corollary 1.3.3 that U may be taken to be orthogonal (The columns are an
orthonormal set in the inner product of R").

That the columns of U form an orthonormal basis of eigenvectors of A, follows right
away from the definition of matrix multiplication which implies that if u; is a column of
U, then Au; = column i of (UD) = A;ju;. &

1.5 The Right Polar Factorization

The right polar factorization involves writing a matrix as a product of two other matrices,
one which preserves distances and the other which stretches and distorts. First here are
some lemmas which review and add to many of the topics discussed so far about adjoints
and orthonormal sets and such things. This is of fundamental significance in geometric
measure theory and also in continuum mechanics. Not surprisingly the stress should depend
on the part which stretches and distorts. See [20].

Lemma 1.5.1 Let A be a Hermitian matrix such that all its eigenvalues are nonnegative.
Then there exists a Hermitian matrix A'/? such that A'? has all nonnegative eigenvalues

and (Al/z)2 =A.

Proof: Since A is Hermitian, there exists a diagonal matrix D having all real nonnega-
tive entries and a unitary matrix U such that A = U*DU. This is from Theorem 1.4.1 above.
Then denote by D'/2 the matrix which is obtained by replacing each diagonal entry of D
with its square root. Thus D'/2D'/2 = D. Then define

A2 =yu*p'?uU.
Then )
(A1/2) — U*D'2UU*D'?U = U*DU = A.
Since D'/? is real,

(U*DI/ZU)* _ U (D1/2)* (U =u*D' U

so A!/2 is Hermitian. W
Next it is helpful to recall the Gram Schmidt algorithm and observe a certain property
stated in the next lemma.

Lemma 1.5.2 Suppose {wl st Wry Vg ], ,vp} is a linearly independent set of vec-
tors such that {wy,--- ,w,} is an orthonormal set of vectors. Then when the Gram Schmidt
process is applied to the vectors in the given order, it will not change any of the wy, - -+ ,w,.

Proof: Let {uy, -+, u,} be the orthonormal set delivered by the Gram Schmidt pro-
cess. Then u; = w, because by definition, u; = w1/ |w;| = w;. Now suppose u; = w);
for all j <k <r. Then if k < r, consider the definition of w. .

k+1
Wi+1 *Zjil (Werr,uj)uj

Up+1 =
k+1
’wk+l —Zjil (Wiy1,uj)u;



16 CHAPTER 1. REVIEW OF SOME LINEAR ALGEBRA

By induction, u; = w; and so this reduces to wy 1/ |wii1| = w1 W
This lemma immediately implies the following lemma.

Lemma 1.5.3 Let V be a subspace of dimension p and let {w,--- ,w,} be an or-
thonormal set of vectors in V. Then this orthonormal set of vectors may be extended to
an orthonormal basis for V,

{wlv"' yWrsYpry1s - ayp}

Proof: First extend the given linearly independent set {w, -+ ,w,} to a basis for V
and then apply the Gram Schmidt theorem to the resulting basis. Since {wy,---,w,} is
orthonormal it follows from Lemma 1.5.2 the result is of the desired form, an orthonormal
basis extending {wy,---,w,}. W

Here is another lemma about preserving distance.

Lemma 1.5.4 Suppose R is an m x n matrix with m > n and R preserves distances. Then
R*R = 1. Also, if R takes an orthonormal basis to an orthonormal set, then R must preserve
distances.

Proof: Since R preserves distances, |Rx| = |x| for every . Therefore from the axioms
of the dot product,

2 +|y)*+ (z,y) + (y,2) = |z +y[" = (R(z+y) ,R(x+y))
= (Rz,Rx)+ (Ry,Ry)+ (Rz,Ry) + (Ry,Rx)
= |z +|y/* + (R*Rz,y) + (y,R'Rz)

and so for all z,y,
(R'Rz—@,y)+ (y,R"Re —z) = 0

Hence for all z,y, Re (R*Rx — x,y) = 0. Now for a x,y given, choose o € C such that
o (R*R:B —x,y) = |(R*R:B —z,y)|

Then
0=Re(R*Rx —x,00y) =Rea (R*"Rx —x,y) = |(R*"Rx — x,y)|

Thus |(R*Rx — x,y)| = 0 for all x,y because the given x,y were arbitrary. Let y =
R*Rx — x to conclude that for all x,

R'Re—x=0

which says R*R = I since « is arbitrary.
Consider the last claim. Let R : F" — ™ such that {uy, - - ,u, } is an orthonormal basis
for F” and {Ru;,--- ,Ru,} is also an orthormal set, then

()

With this preparation, here is the big theorem about the right polar factorization.

2

2
= |

2
i

inRu,-
i

Y xiwi
i
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Theorem 1.5.5 Let F be an m x n matrix where m > n. Then there exists a Hermi-
tian n X n matrix U which has all nonnegative eigenvalues and an m X n matrix R which
satisfies R*"R = I such that F = RU.

Proof: Consider F*F. This is a Hermitian matrix because
(F*F)" =F*(F")*=F'F

Also the eigenvalues of the n x n matrix F*F are all nonnegative. This is because if x is an
eigenvalue,
A(x,x) = (F*'Fa,x) = (Fz,Fz)>0.

Therefore, by Lemma 1.5.1, there exists an n x n Hermitian matrix U having all nonnegative
eigenvalues such that

U*=F"F.
Consider the subspace U (F"). Let {Ux1,--- ,Ux,} be an orthonormal basis for
U (F") CF".

Note that U (F") might not be all of ”. Using Lemma 1.5.3, extend to an orthonormal
basis for all of ",

{le,"' 7U:l:r7yr+17"' 7yn}

Next observe that {Fx,---,Fx,} is also an orthonormal set of vectors in F™. This is
because

(Fay,Fxj) = (F*ka,wj):(Uza:k,wj)
= (ka,U*wj):(waUazj):@k

Therefore, from Lemma 1.5.3 again, this orthonormal set of vectors can be extended to an
orthonormal basis for F™,

{le7"' 7Fmr7zr+17"' 7zm}
Thus there are at least as many 2y as there are y;. Now for & € F", since

{UiBh"' 7Uwr7yr+17"' 7yn}

is an orthonormal basis for ", there exist unique scalars,

el Crydiyt, e dy
such that
r n
=Y aUxi+ Y dy,
k=1 k=r+1
Define
r n
Rx=Y cFzi+ ) dizy (1.7
k=1 k=r+1

Then also there exist scalars by such that

r
Ux= Z ka:IIk
k=1
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and so from 1.7,

k=1

RU x = ibkakZF <ibkask>
k=1

Is F (Y[ byxy) = F (x)?

(F (i bk$k> 7F(:13),F <i bk$k> F(w))
k=1 k=1

)
el ) )
( .
E

Therefore, F (Y;_; byxx) = F (x) and this shows RUx = Fx. From 1.7 it follows that R
maps an orthonormal set to an orthonormal set and so R preserves distances. Therefore, by
Lemma 1.54R*R=1. B

1.6 Elementary matrices

The elementary matrices result from doing a row operation to the identity matrix.
As before, everything will apply to matrices having coefficients in an arbitrary field of
scalars, although we will mainly feature the real numbers in the examples.

Definition 1.6.1 7ne row operations consist of the following
1. Switch two rows.
2. Multiply a row by a nonzero number:
3. Replace a row by the same row added to a multiple of another row.
We refer to these as the row operations of type 1,2, and 3 respectively.

The elementary matrices are given in the following definition.

Definition 1.6.2 7 elementary matrices consist of those matrices which result by
applying a row operation to an identity matrix. Those which involve switching rows of the
identity are called permutation matrices. More generally, a permutation matrix is a matrix
which comes by permuting the rows of the identity matrix, not just switching two rows.
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As an example of why these elementary matrices are interesting, consider the following.
Letting 7; be the row vector of all zeros except for a 1 in the i*" slot,

) a b ¢ d Xy z w
1 x vy z w |=|a b c d
3 f g h i f g h i

A 3 x4 matrix was multiplied on the left by an elementary matrix which was obtained from
row operation 1 applied to switching the first two rows of the identity matrix. This resulted
in applying the operation 1 to the given matrix. This is what happens in general.

Now consider what these elementary matrices look like. They are obtained from switch-
ing a couple of rows of the identity matrix. First P;;, which involves switching row i and
row j of the identity where Let i < j. Then, as above, Pl =

L
rj

T

Tn
where
r;=(0---1---0)

with the 1 in the j position from the left.
For PY this matrix which involves switching the i and j rows of the identity. Now
consider what this does to a column vector.

71 Vi Vi
T; Vi Vj
Ti Vi B Vi
rl’l Vﬂ Vn

Now we try multiplication of a matrix on the left by this elementary matrix P'/. Thus,

all alZ e ... “ e .. alp

all a12 e ... “ e “ e alp
P

a]l a]2 e ... “ .. e ajp

anl an N N anp
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has the indicated columns listed in order:

ai ap ap
a; ap aip
ij ij . ij
pY , P : oo, PY
aj1 a2 ajp
anl an2 Anp
ar an aip
aji aj ajp
= ) PR
ail ap Aip
anl an2 Anp

and so the resulting matrix is

ajg ap e e e eeoagp
aji aA:/'Z ajp
: ail a:iZ Qip
Unl @ e e e e Gy

This has established the following lemma.

Lemma 1.6.3 Ler P denote the elementary matrix which involves switching the i'" and
the j** rows of I. Then if P A are conformable, we have

PiA=B
where B is obtained from A by switching the i'* and the j™* rows.

Next consider the row operation which involves multiplying the i’ row by a nonzero
constant, c. We write
T

T2
I =

Tn

where
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with the 1 in the j position from the left. The elementary matrix which results from
applying this operation to the i’ row of the identity matrix is of the form

T
E(c,iy=| cr;

r n

Now consider what this does to a column vector.

T1 Vi Vi
cri Vi = CVi
Tn Vn Vn

Denote by E (c, i) this elementary matrix which multiplies the i’ row of the identity by the
nonzero constant, c. Then from what was just discussed and the way matrices are multi-
plied,

air  ap aip
E(c,i) aip a4 Aip
anl  dnp2 Anp

ai a2 aip
= cajy cap - Cdip
anpl  ap2 Anp

This proves the following lemma.

Lemma 1.6.4 Let E (c,i) denote the elementary matrix corresponding to the row op-

eration in which the i’ row is multiplied by the nonzero constant c. Thus E (c,i) involves

multiplying the i’ row of the identity matrix by c. Then
E(c,)A=B
where B is obtained from A by multiplying the i'" row of A by c.

Finally consider the third of these row operations. Letting 7; be the j" row of the
identity matrix, denote by E (¢ X i+ j) the elementary matrix obtained from the identity
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matrix by replacing r; with r; + cr;. In case i < j this will be of the form

T1
L
P/ =
cri+ T
rn
Consider what this does to a column vector.
1 Vi Vi
Ti Vi Vi
crit+r; Vj cvi+vj
rn Vn V}’l
From this and the way matrices are multiplied,
al ] alz .. . e . e DAY alp
ai] ai2 e e e DY aip
E(cxi+j)
aj2 aj2 e e e DY ajp
anl an2 e e e e anp

equals a matrix having the indicated columns listed in order.

ar apn dip

ai ap aip
E(cxi+j) JE (e xi+j) s E(exi+])

ap aij ajp

dnl an2 Qnp
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ari a2 T aip
a1 ap e aip

B ajp +-ca,'1 ajp Jr cap -+ djp + Caip
anl ann cee Aanp

The case where i > j is similar. This proves the following lemma in which, as above, the
i"" row of the identity is ;.

Lemma 1.6.5 Let E (c x i+ j) denote the elementary matrix obtained from I by replac-
ing the j" row of the identity v ; with cr; + ;. Letting the k' row of A be ay,

E(cxi+j)A=B

th

where B has the same rows as A except the j'"" row of Bis ca; +a;.

The above lemmas are summarized in the following theorem.

Theorem 1.6.6 7 perform any of the three row operations on a matrix A it suffices
to do the row operation on the identity matrix, obtaining an elementary matrix E, and then
take the product, EA. In addition to this, the following identities hold for the elementary
matrices described above.

E(ecxi+ J)E(—cxi+j)=E(—cxi+j)E(cxi+j)=1 (1.8)
E(c,i)E(c™,i)=E (c"i)E(c,i) =1 (1.9)
PPV =1. (1.10)

Proof: Consider (1.8). Starting with I and taking —c times the i row added to the ;"
yields E (—c x i+ j) which differs from I only in the j"* row. Now multiplying on the left
by E (¢ x i+ j) takes c times the i’ row and adds to the j* thus restoring the j”* row to its
original state. Thus E (¢ X i+ j)E (—c¢ x i+ j)=1. Similarly E (—c¢ X i+ j)E (¢ X i+ j) =
I. The reasoning is similar for (1.9) and (1.10). B

Each of these elementary matrices has a significant geometric significance. The effect
of doing E (% X3+ 1) shears the box in one direction. Of course there would be corre-
sponding shears in the other directions also. Note that this does not change the volume.
You should think about the geometric effect of the other elementary matrices on a box.

Definition 1.6.7 For an n x n matrix A, an n X n matrix B which has the property
that AB = BA = I is denoted by A~'. Such a matrix is called an inverse. When A has an
inverse, it is called invertible.

The following lemma says that if a matrix acts like an inverse, then it is the inverse.
Also, the product of invertible matrices is invertible.
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Lemma 1.6.8 If B,C are both inverses of A, then B = C. That is, there exists at most
one inverse of a matrix. If Ay, --- A, are each invertible m X m matrices, then the product
A1Ay -+ A, s also invertible and

(A1Ay-An) ' =A1ACT AT
Proof. From the definition and associative law of matrix multiplication,
B=BI=B(AC)=(BA)C=IC=C.

This proves the uniqueness of the inverse.
Next suppose A, B are invertible. Then

AB(B'A™ ) =ABB YA '=AIAT =AAT =1

and also
(B'A™"YAB=B"'(A"'A)B=B"'IB=B"'B=1.

It follows from Definition 1.6.7 that AB has an inverse and it is B"'A~!. Thus the case of
m = 1,2 in the claim of the lemma is true. Suppose this claim is true for k. Then

AlAy - ApArgr = (A1Ag - Ap) App .
By induction, the two matrices (AjAz---Ayg), Ax+1 are both invertible and
(A1 Ay) ' =A A AT
By the case of the product of two invertible matrices shown above,
(A1Az- A Ar) ' = AL (A4 A T =4 A A TATL

This proves the lemma. Wl

We will discuss methods for finding the inverse later. For now, observe that Theorem
1.6.6 says that elementary matrices are invertible and that the inverse of such a matrix is
also an elementary matrix. The major conclusion of the above Lemma and Theorem is the
following lemma about linear relationships.

Definition 1.6.9 7. v, , Vi, u be vectors. Then u is said to be a linear combi-
nation of the vectors {vy,--- , vy} if there exist scalars cy,- - ,cx such that

k
u = Z CiVj.
i=1

We also say that when the above holds for some scalars cy,--- ,c, there exists a linear
relationship between the vector u and the vectors {vi,--- ,v;}.

We will discuss this more later, but the following picture illustrates the geometric sig-
nificance of the vectors which have a linear relationship with two vectors w,v pointing in
different directions.
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The following lemma states that linear relationships between columns in a matrix are
preserved by row operations. This simple lemma is the main result in understanding all the
major questions related to the row reduced echelon form as well as many other topics.

Lemma 1.6.10 Let A and B be two m x n matrices and suppose B results from a row
operation applied to A. Then the k" column of B is a linear combination of the iy,--- ,i,
columns of B if and only if the k" column of A is a linear combination of the iy,--- i,
columns of A. Furthermore, the scalars in the linear combinations are the same. (The
linear relationship between the k™ column of A and the iy, -- ,i, columns of A is the same
as the linear relationship between the k'™ column of B and the iy, - -- i, columns of B.)

Proof: Let A be the following matrix in which the ay are the columns
(a1 ar - ay)
and let B be the following matrix in which the columns are given by the by
( by bp - by )

Then by Theorem 1.6.6 on Page 23, by = Ea; where E is an elementary matrix. Suppose
then that one of the columns of A is a linear combination of some other columns of A. Say

ap =cia; +---+cra;,.
Then multiplying by E,
by =Eay =ciEa; +---+c,Ea;, = cib; +---+¢,b;,.
This proves the lemma. l
Example 1.6.11 Find linear relationships between the columns of the matrix

1 3 11 10 36
A=|1 2 8 9 23
1 1 5 8 10

It is not clear what the relationships are, so we do row operations to this matrix. Lemma
1.6.10 says that all the linear relationships between columns are preserved, so the idea is to
do row operations until a matrix results which has the property that the linear relationships
are obvious. First take —1 times the top row and add to the two bottom rows. This yields

1 3 11 10 36
0 -1 -3 -1 -—13
0 -2 -6 -2 =26
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Next take —2 times the middle row and add to the bottom row followed by multiplying the
middle row by —1 :

1 3 11 10 36
01 3 1 13
00 0 0 O

Next take —3 times the middle row added to the top:

1 0 2 7 =3
01 3 1 13 |. (1.11)
00 0 0 O

At this point it is clear that the last column is —3 times the first column added to 13 times
the second. By Lemma 1.6.10, the same is true of the corresponding columns in the original
matrix A. As a check,

1 3 36
=31 1 |+13| 2 | =1 23
1 1 10

You should notice that other linear relationships are also easily seen from (1.11). For
example the fourth column is 7 times the first added to the second. This is obvious from
(1.11) and Lemma 1.6.10 says the same relationship holds for A.

This is really just an extension of the technique for finding solutions to a linear system of
equations. In solving a system of equations earlier, row operations were used to exhibit the
last column of an augmented matrix as a linear combination of the preceding columns. The
row reduced echelon form just extends this by making obvious the linear relationships
between every column, not just the last, and those columns preceding it. The matrix in
1.11 is in row reduced echelon form. The row reduced echelon form is the topic of the next
section.

1.7 The Row Reduced Echelon Form Of A Matrix

When you do row operations on a matrix, there is an ultimate conclusion. It is called
the row reduced echelon form. We show here that every matrix has such a row reduced
echelon form and that this row reduced echelon form is unique. The significance is that it
becomes possible to use the definite article in referring to the row reduced echelon form.
Hence important conclusions about the original matrix may be logically deduced from an
examination of its unique row reduced echelon form. First we need the following definition.

Definition 1.7.1 Define special column vectors e; as follows.
ei=(0 - 1 - 0 )T.

Recall that T says to take the transpose. Thus e; is the column vector which has all zero
entries except for a 1 in the i’ position down from the top.

Now here is the description of the row reduced echelon form.

Definition 1.7.2 An m x n matrix is said to be in row reduced echelon Jorm if;
in viewing successive columns from left to right, the first nonzero column encountered is
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ey and if, in viewing the columns of the matrix from left to right, you have encountered
ey,ey, - ey, the next column is either ey or this next column is a linear combination of
the vectors, ej,ey, - , €.

Example 1.7.3 The following matrices are in row reduced echelon form.

1 0 4 0 0 1007 010 3
0001 3

013 0|, oo 1 -5

00 0 1 00000 000 O
00000

Definition 1.7.4 Given a matrix A, row reduction produces one and only one row
reduced matrix B with A ~ B. See Corollary 1.7.9. We call B the row reduced echelon form
of A.

Theorem 1.7.5 Let A be an m x n matrix. Then A has a row reduced echelon form
determined by a simple process.

Proof. Viewing the columns of A from left to right, take the first nonzero column. Pick
a nonzero entry in this column and switch the row containing this entry with the top row of
A. Now divide this new top row by the value of this nonzero entry to get a 1 in this position
and then use row operations to make all entries below this equal to zero. Thus the first
nonzero column is now e;. Denote the resulting matrix by A;. Consider the sub-matrix
of A1 to the right of this column and below the first row. Do exactly the same thing for
this sub-matrix that was done for A. This time the e; will refer to F™ 1. Use the first 1
obtained by the above process which is in the top row of this sub-matrix and row operations,
to produce a zero in place of every entry above it and below it. Call the resulting matrix Aj.
Thus A, satisfies the conditions of the above definition up to the column just encountered.
Continue this way till every column has been dealt with and the result must be in row
reduced echelon form. Wl

Here is some terminology about pivot columns.

Definition 1.7.6 1xe first pivot column of A is the first nonzero column of A which
becomes ey in the row reduced echelon form. The next pivot column is the first column
after this which becomes ey in the row reduced echelon form. The third is the next column
which becomes ej in the row reduced echelon form and so forth.

The algorithm just described for obtaining a row reduced echelon form shows that these
columns are well defined, but we will deal with this issue more carefully in Corollary 1.7.9
where we show that every matrix corresponds to exactly one row reduced echelon form.

Definition 1.7.7 Two matrices A, B are said to be row equivalent if B can be ob-
tained from A by a sequence of row operations. When A is row equivalent to B, we write
A~B.

Proposition 1.7.8 In the notation of Definition 1.7.7. A~ A. IfA ~ B, then B ~ A. If
A~Band B~ C,then A~ C.
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Proof.That A ~ A is obvious. Consider the second claim. By Theorem 1.6.6, there exist
elementary matrices E, Ey,--- , E,, such that

B=FEE, ---E,A.

It follows from Lemma 1.6.8 that (E1E2~~-Em)71 exists and equals the product of the
inverses of these matrices in the reverse order. Thus

E,'E' - E;'B=(E\E2---E,) ' B

= (E\Ey-+ Ey) " (E\Ey---En)A=A.

By Theorem 1.6.6, each E~ !is an elementary matrix. By Theorem 1.6.6 again, the above
shows that A results from a sequence of row operations applied to B. The last claim is left
for an exercise. This proves the proposition. Wl

There are three choices for row operations at each step in Theorem 1.7.5. A natural
question is whether the same row reduced echelon matrix always results in the end from
following any sequence of row operations.

We have already made use of the following observation in finding a linear relationship
between the columns of the matrix A, but here it is stated more formally.

X1
=x1ey+ -+ xp€p,

Xn

so to say two column vectors are equal, is to say the column vectors are the same linear
combination of the special vectors e;.

Corollary 1.7.9 The row reduced echelon form is unique. That is if B,C are two ma-
trices in row reduced echelon form and both are obtained from A by a sequence of row
operations, then B=C.

Proof.Suppose B and C are both row reduced echelon forms for the matrix A. It follows
that B and C have zero columns in the same positions because row operations do not affect
zero columns. By Proposition 1.7.8, B and C are row equivalent. In reading from left
to right in B, suppose ey, - -, e, occur first in positions iy, - - ,i, respectively. Then from
the description of the row reduced echelon form, each of these columns of B, in positions
i1, ,ir, is not a linear combination of the preceding columns. Since C is row equivalent
to B, it follows from Lemma 1.6.10, that each column of C in positions iy, -- ,i, is not a
linear combination of the preceding columns of C. By the description of the row reduced
echelon form, ey,---,e, occur first in C, in positions iy,--- i, respectively. Therefore,
both B and C have the sequence e, ey, - ,e, occurring first (reading from left to right) in
the positions, i1,i,- - ,i,. Since these matrices are row equivalent, it follows from Lemma
1.6.10, that the columns between the i; and iy, position in the two matrices are linear
combinations involving the same scalars, of the columns in the iy, - - - , iy position. Similarly,
the columns after the i, position are linear combinations of the columns in the iy,--- i,
positions involving the same scalars in both matrices. This is equivalent to the assertion
that each of these columns is identical in Band C. W

Now with the above corollary, here is a very fundamental observation. The number of
nonzero rows in the row reduced echelon form is the same as the number of pivot columns.
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Namely, this number is r in both cases where ey, -- , e, are the pivot columns in the row
reduced echelon form. This number r is called the rank of the matrix. This is discussed
more later, but first here are some other applications.

Consider a matrix which looks like this: (More columns than rows.)

Corollary 1.7.10 Suppose A is an m x n matrix and that m < n. That is, the number
of rows is less than the number of columns. Then one of the columns of A is a linear
combination of the preceding columns of A. Also, there exists x € F" such that x # 0 and
Az =0.

Proof: Since m < n, not all the columns of A can be pivot columns. In reading from
left to right, pick the first one which is not a pivot column. Then from the description of the
row reduced echelon form, this column is a linear combination of the preceding columns.
Say

aj=x1a1+--+xj_1a;_1.

Therefore, from the way we multiply a matrix times a vector,

X1 X1
Xj—1 Xj—1
A —1 :(a1~--aj,1aj--~a,,) —1 =0. 1
0 0
0 0

1.8 Finding the Inverse of a Matrix
Recall that the inverse of an n X n matrix A is a matrix B such that
AB=BA=1

where [ is the identity matrix. It was shown that an elementary matrix is invertible and that
its inverse is also an elementary matrix. Also the product of invertible matrices is invertible
and its inverse is the product of the inverses in the reverse order. In this section, we consider
the problem of finding an inverse for a given n X n matrix.

Example 1.8.1 Let A = ( i ; ) . Show that ( _21 711 ) is the inverse of A.

To check this, multiply

(o)A )-Gv)
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(50 1)

showing that this matrix is indeed the inverse of A.

and

In the last example, how would you find A~!? You wish to find a matrix ( i c )

() 2)-(e V)

This requires the solution of the systems of equations,

such that

x+y=1x+2y=0

and
z+w=0,z4+2w=1.

Writing the augmented matrix for these two systems gives

11 ] 1
<12|0) (1.12)

1 1] 0
<12|1) (1.13)

for the second. Let’s solve the first system. Take (—1) times the first row and add to the

second to get
L 1] 1
0 1 | -1

Now take (—1) times the second row and add to the first to get

10 | 2
01 | —1)

Putting in the variables, this saysx =2 and y = —1.
Now solve the second system, (1.13) to find z and w. Take (—1) times the first row and

add to the second to get
1 1] 0
o1 | 1)

Now take (—1) times the second row and add to the first to get
1 0o | -1
0o 1 | 1 ’
Putting in the variables, this says z = —1 and w = 1. Therefore, the inverse is
2 -1
-1 1 '

Didn’t the above seem rather repetitive? Exactly the same row operations were used in
both systems. In each case, the end result was something of the form (I|v) where I is the

for the first system and
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identity and v gave a column of the inverse. In the above ( i > , the first column of the

inverse was obtained first and then the second column < va > .

To simplify this procedure, you could have written

1 1 ] 10
1 2| 0 1
and row reduced till you obtained

10| 2 -1
01 | -1 1 )

Then you could have read off the inverse as the 2 x 2 matrix on the right side. You should
be able to see that it is valid by adapting the argument used in the simple case above.

This is the reason for the following simple procedure for finding the inverse of a matrix.
This procedure is called the Gauss-Jordan procedure.

Procedure 1.8.2 Suppose A is an n x n matrix. To find A~ if it exists, form the
augmented n X 2n matrix
(AlT)

and then if possible, do row operations until you obtain an n x 2n matrix of the form
(I|B). (1.14)

When this has been done, B =A=' If it is impossible to row reduce to a matrix of the form
(I|B), then A has no inverse.

The procedure just described along with the preceding explanation shows that this pro-
cedure actually yields a right inverse. This is a matrix B such that AB = I. We will show
in Theorem 1.8.4 that this right inverse is really the inverse. This is a stronger result than
that of Lemma 1.6.8 about the uniqueness of the inverse. For now, here is an example.

1 2 2
Example 1.83 LetA=| 1| 0 2 . Find A~ if it exists.
31 -1

Set up the augmented matrix (A|l) :

1
1
3

—_ O N

10
2 ] 0 1
-1 ] 00

- O O

Next take (—1) times the first row and add to the second followed by (—3) times the first
row added to the last. This yields

1 2 2 | 1 00
0 2 0 | -1 10
0 -5 -7 | =3 01
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Then take 5 times the second row and add to —2 times the last row.

1 2 2 | 1 0 0
0 -10 0 | =5 5 0
0 0 14 | 1 5 =2

Next take the last row and add to (—7) times the top row. This yields

~7 -14 0 | -6 5 -2
0 —-10 0 | =5 5 0
0 0 14| 1 5 =2

Now take (—7/5) times the second row and add to the top.

-7 0 0 | 1 -2 -2
0 —-10 0 | =5 5 0
0 0 14 | 1 5 -2

Finally divide the top row by -7, the second row by -10 and the bottom row by 14, which
yields

1 2 2
Loo| -3 57 3
1 1
01 0 | 5 —3 0
1 5 1
001 [ g 7 -3
Therefore, the inverse is
_1 2 2
7 7 7
1 1
: 2 0
1 5 _1
4 14 7

What you have really found in the above algorithm is a right inverse. Is this right
inverse matrix, which we have called the inverse, really the inverse, the matrix which when
multiplied on both sides gives the identity?

Theorem 1.8.4 Suppose A,B are n x n matrices and AB = I. Then it follows that
BA = I also, and so B=A""'. For n x n matrices, the left inverse, right inverse and inverse
are all the same thing.

Proof. If AB =1 for A,B n X n matrices, is BA = I? If AB = I, there exists a unique
solution z to the equation

Bxr=1vy

for any choice of y. In fact,
x =A(Bz)=Ay.

This means the row reduced echelon form of B must be /. Thus every column is a pivot
column. Otherwise, there exists a free variable and the solution, if it exists, would not be
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unique, contrary to what was just shown must happen if AB = I. It follows that a right
inverse B~! for B exists. The above procedure yields

(B 1)=(1 B').
Now multiply both sides of the equation AB = I on the right by B~!. Then
A=A(BB')Y=(AB)B'=B"".

Thus A is the right inverse of B, and so BA = I. This shows that if AB = I, then BA = I also.
Exchanging roles of A and B, we see that if BA = I, then AB = I. This proves the theorem.
|

This has shown that in the context of n X n matrices, right inverses, left inverses and
inverses are all the same and this matrix is called A~!.

The following corollary is also of interest.

Corollary 1.8.5 Annx nmatrix A has an inverse if and only if the row reduced echelon
formof Ais L.

Proof. First suppose the row reduced echelon form of A is . Then Procedure 1.8.2
yields a right inverse for A. By Theorem 1.8.4 this is the inverse. Next suppose A has an
inverse. Then there exists a unique solution 2 to the equation Az = y. givenby z = A" ly.
It follows that in the augmented matrix (A|0) there are no free variables, and so every
column to the left of the zero column is a pivot column. Therefore, the row reduced echelon
formofAis/. W

1.9 The Mathematical Theory of Determinants

It is easiest to give a definition of the determinant which is clearly well defined and then
prove the Laplace expansion gives the same thing. Let (i1,---,i,) be an ordered list of
numbers from {1,--- ,n}. This means the order is important so (1,2,3) and (2,1,3) are
different. Two books which give a good introduction to determinants are Apostol [1] and
Rudin [38]. A recent book which also has a good introduction is Baker [4]

1.9.1 The Function sgn
The following Lemma will be essential in the definition of the determinant.

Lemma 1.9.1 There exists a function, sgn, which maps each ordered list of numbers
from {1,--- n} to one of the three numbers, 0,1, or —1 which also has the following prop-
erties.

sgn, (1,---,n) =1 (1.15)

Sgnn(ila"' yPytr gy ain) = _Sgnn(ilv“' /P RRRY 2 7ln) (116)
In words, the second property states that if two of the numbers are switched, the value of
the function is multiplied by —1. Also, in the case where n > 1 and {i\,--- ,i,} ={1,--- ,n}

so that every number from {1,--- n} appears in the ordered list, (i1, ,in),
sgn, (ilv"' 7i9—17n7i9+1;"' ;in) =
n—0 . . . .
(=1)"7sgn,_y (i1, ,io—1,00+1, " »in) (1.17)

where n = ig in the ordered list, (i1, -+ ,i,).
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Proof: Define sign(x) =1if x > 0,—1 if x <0 and 0 if x = 0. If n = 1, there is only
one list and it is just the number 1. Thus one can define sgn, (1) = 1. For the general case
where n > 1, simply define

sgn, (ll LA 7in) = Sign (H (lS - lr))

r<s

This delivers either —1,1, or O by definition. What about the other claims? Suppose you
switch i, with i, where p < g so two numbers in the ordered list (iy,--- ,i,) are switched.
Denote the new ordered list of numbers as (ji,---,j,). Thus j, =i, and j, = i, and if
ré¢{p,q}, jr =i,. See the following illustration

T e A IR (7 IR B
1 2 p q n
i o I O L in
1 2 P q n
Y A O T O R
1 2 p q n

Then

sgn, (jlv' o 7jn) = Sign (H (.]S _jr)>

r<s
both p,q one of p,q neither p nor ¢
=sign| (i,—ig) [T Gi—ip) ] Go—ip) [I (Gs—ir)
p<j<q p<j<q r<s,r,s¢{p,q}

The last product consists of the product of terms which were in [],., (is — ;) while the
two products in the middle both introduce ¢ — p — 1 minus signs. Thus their product is
positive. The first factor is of opposite sign to the iy, — i, which occured in sgn,, (i1, - ,in) .
Therefore, this switch introduced a minus sign and

Sgnn(jla"' ajﬂ) = 7Sgnn(ila"' aln)

Now consider the last claim. In computing sgn,, (i1, ,ig—_1,7,ig+1," " ,in) there will
be the product of n — 0 negative terms

(i1 1) (i — )

and the other terms in the product for computing sgn,, (i1, ,ig_1,M,ig+1," - ,in) are those
which are required to compute sgn,,_ (i1, ,ig—1,i9+1, " ,in) multiplied by terms of the
form (n — i) which are nonnegative. It follows that

. . . . ] . . . .
sgn, (lla' cyle—1,1,1041, aln) = (71)’1 sgn, 4 (117' cyle—1510+150 7ln)
It is obvious that if there are repeats in the list the function gives 0. ll

Lemma 1.9.2 Every ordered list of distinct numbers from {1,2,--- ,n} can be obtained
from every other ordered list of distinct numbers by a finite number of switches. Also, sgn,

is unique.
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Proof: This is obvious if n = 1 or 2. Suppose then that it is true for sets of n — 1
elements. Take two ordered lists of numbers, Py, P,. Make one switch in both to place n at
the end. Call the result P;' and P;. Then using induction, there are finitely many switches
in P{' so that it will coincide with P5. Now switch the n in what results to where it was in
b.

To see sgn,, is unique, if there exist two functions, f and g both satisfying 1.15 and
1.16, you could start with f(1,---,n) = g(1,---,n) = 1 and applying the same sequence
of switches, eventually arrive at f (i1, ,i,) = g (i1, ,in) . If any numbers are repeated,
then 1.16 gives both functions are equal to zero for that ordered list. l

Definition 1.9.3 Given an ordered list of distinct numbers from {1,2,--- n}, say
(ilv'” 7in)a

this ordered list is called a permutation. The symbol for all such permutations is S,. The
number sgn,, (i1, -+ ,iy) is called the sign of the permutation.

A permutation can also be considered as a function from the set
{1727"' ,n} to {1727"' ,}’l}

as follows. Let f (k) = i;. Permutations are of fundamental importance in certain areas
of math. For example, it was by considering permutations that Galois was able to give a
criterion for solution of polynomial equations by radicals, but this is a different direction
than what is being attempted here.

In what follows sgn will often be used rather than sgn,, because the context supplies the
appropriate n.

1.9.2 The Definition of the Determinant

Definition 1.9.4 L. f be a real valued function which has the set of ordered lists
of numbers from {1,--- ,n} as its domain. Define

Z fky - ky)

(klu"'7kn)

to be the sum of all the f (ki ---ky) for all possible choices of ordered lists (ky,--- ,ky) of
numbers of {1,--- ,n}. For example,

Y, flkik)=f(L2)+f (2 1)+f(1L1)+f(2.2).

(kl 7k2)

Definition 1.9.5 L. (aij) = A denote an n x n matrix. The determinant of A, de-
noted by det(A) is defined by

det(A) = Z sgn (ki ky)aig, - ank,
(kh"'-,kn)

where the sum is taken over all ordered lists of numbers from {1,--- ,n}. Note it suffices
to take the sum over only those ordered lists in which there are no repeats because if there
are, sgn (ky,- -+ ,k,) = 0 and so that term contributes 0 to the sum.
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Let A be an n x n matrix A = (g;;) and let (ry,- - - ,r,) denote an ordered list of n numbers
from {1,---,n}. Let A(ry,---,r,) denote the matrix whose k" row is the r; row of the
matrix A. Thus

det(A(ri,---,ra)) =Y, sgn(ki, kn) @i, - arp, (1.18)
(et k)

andA(1,---,n) = A.

Proposition 1.9.6 Let (ry,--- ,r,) be an ordered list of numbers from

{17...7”}
Then
sgn(ri,---,ra)det(A) = Y sgn(ki,cee k) ang g, (1.19)
(kh...’kn)
= det(A(ri,---,m)). (1.20)

det(A(1,~~~,r,~~,s,~~~,n)): (121)

Z sgn (ki kpye oo kg k) Gigg oGk Gk G
(ki kn)

and renaming the variables, calling ks, k, and k., k;, this equals

= Z sen (ki ks, Key o k) @k e kg Aty Ak,

(klinl’kn)
These got switched
—_—
= Z —sgn [ ki,oooy ke sks ek | @ik sk, Gy Gk,
(qu"'ykn)

=—det(A(1,--,s,-- ,5,--,n)). (1.22)
Consequently,
det(A(la"' LT RIPY S an)) = _det(A(la"' FEARAREY PR an)) = _det(A)

Now letting A(1,---,s,---,r,---,n) play the role of A, and continuing in this way, switch-
ing pairs of numbers,
det(A(ry,++,r)) = (=1)Pdet(A)

where it took p switches to obtain(ry,- - ,r,) from (1,--- ;n). By Lemma 1.9.1, this implies
det(A(ry,-+-,r)) = (=1)Pdet(A) = sgn(ry, - ,r,)det(A)

and proves the proposition in the case when there are no repeated numbers in the ordered
list, (ry,---,r,). However, if there is a repeat, say the 7" row equals the s'" row, then the
reasoning of 1.21 -1.22 shows that det(A (ry,---,r,)) = 0 and also sgn (ry,--+,r,) = 0 so
the formula holds in this case also. B
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Observation 1.9.7 There are n! ordered lists of distinct numbers from

{17...7,1}

To see this, consider n slots placed in order. There are n choices for the first slot. For
each of these choices, there are n — 1 choices for the second. Thus there are n (n — 1) ways
to fill the first two slots. Then for each of these ways there are n — 2 choices left for the third
slot. Continuing this way, there are n! ordered lists of distinct numbers from {1,--- ,n} as
stated in the observation.

1.9.3 A Symmetric Definition

With the above, it is possible to give a more symmetric description of the determinant from
which it will follow that det (A) = det (AT).

Corollary 1.9.8 The following formula for det(A) is valid.

1
det(A) = - Z Z sgn(ry, -, ry)sgn(ky, -+, ky) ar ;- Qri, - (1.23)
n (r1y o) (ks kn)

And also det (AT) = det(A) where AT is the transpose of A. (Recall that for AT = (aiTj),

aiTj:aj,-.)

Proof: From Proposition 1.9.6, if the r; are distinct,

det(A) = Z sgn(ry, -+, rn)sgn(ki, - kn) Qr ke, -~ Ar i, -

(kla"'7kn)
Summing over all ordered lists, (ry,---,r,) where the r; are distinct, (If the r; are not
distinct, sgn (ry,- - ,r,) = 0 and so there is no contribution to the sum.)

n'det(A): Z Z Sgn(rla"'7rn)Sgn(k]a"'akn)ar|k1"'ar,,k,,-
("1~"'«,rn> (kl’...,kn)

This proves the corollary since the formula gives the same number for A as it does for A” .
|

Corollary 1.9.9 if two rows or two columns in an n x n matrix A, are switched, the
determinant of the resulting matrix equals (—1) times the determinant of the original ma-
trix. If A is an n X n matrix in which two rows are equal or two columns are equal then
det(A) = 0. Suppose the i'" row of A equals

(xa1 +yb17 , Xn +ybn)

Then
det(A) = xdet(A;) +ydet(Ay)

where the i'" row of Ay is (ay,--- ,ay,) and the i'" row of Ay is (by,--- ,by) , all other rows of
A1 and A; coinciding with those of A. In other words, det is a linear function of each row
A. The same is true with the word “row” replaced with the word “column”.
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Proof: By Proposition 1.9.6 when two rows are switched, the determinant of the re-
sulting matrix is (—1) times the determinant of the original matrix. By Corollary 1.9.8 the
same holds for columns because the columns of the matrix equal the rows of the transposed
matrix. Thus if A; is the matrix obtained from A by switching two columns,

det(A) =det (AT) = —det (A] ) = —det(4;).

If A has two equal columns or two equal rows, then switching them results in the same
matrix. Therefore, det(A) = —det(A) and so det(A) = 0.
It remains to verify the last assertion.

det(A)= Y sgn(ki,- kn)aig, - (X¥am, + b)) -k,
(k1,~-~,kn)

=X Z Sgn(klv"'akn)alkl"'arki"'ankn
(klv'":kﬂ>

+y Y, sgn(ki, k) aig b anr, = xdet (Ap) +ydet (Az).
(k1 kn)

The same is true of columns because det (A7) = det(A) and the rows of A” are the columns
ofA. W

1.9.4 Basic Properties of the Determinant

Definition 1.9.10 4 vector, w, is a linear combination {vy,--- ,v,} if there exist
scalars c1,- - ¢, such that w = Y| cxvg. This is the same as saying

w € span(vy, - ,v,).

The following corollary is also of great use.

Corollary 1.9.11 Suppose A is an n x n matrix and some column (row) is a linear
combination of r other columns (rows). Then det(A) = 0.

Proof: Let A = ( a; -+ ay ) be the columns of A and suppose the condition that
one column is a linear combination of r of the others is satisfied. Say a; =} ;+;c;a;. Then
by Corollary 1.9.9, det(A) =

det( a; - Z#icjaj a,,):chdet( a, - aj - a,,)zO
J#i

because each of these determinants in the sum has two equal rows. B
Recall the following definition of matrix multiplication.

Definition 1.9.12 IfA and B are n x n matrices, A = (a;;) and B = (b;;), AB = (c;})
where c;j = Yi_, aixby;.

One of the most important rules about determinants is that the determinant of a product
equals the product of the determinants.
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Theorem 1.9.13 Let A and B be n x n matrices. Then det (AB) = det (A) det (B).

Proof: Let ¢;; be the i j'" entry of AB. Then by Proposition 1.9.6,

det(AB) = Z sgn (ki,- -+ ,kn) Cik, - Cnk,
(kly“‘:kn)

= Z Sgn kla 7 (Zalrl rlkl> <Zanr”br”k">

(1, k) Tn

= Z Z sgn (kla"' akn) br|k1 bk, (alrl "'anrn)
(”1“‘J’n) (kla“'~,kl‘l)

= Z sgn(ry--ry)air, - - - any, det(B) = det (A) det (B) .l

(r15rn)

The Binet Cauchy formula is a generalization of the theorem which says the deter-
minant of a product is the product of the determinants. The situation is illustrated in the

following picture where A, B are matrices.

B A

Theorem 1.9.14 Let A be an n x m matrix with n > m and let B be a m X n matrix.
Also let Aj;i=1,--- ,C(n,m) be the m x m submatrices of A which are obtained by delet-
ing n —m rows and let B; be the m x m submatrices of B which are obtained by deleting

corresponding n —m columns. Then

C(n,m)
det(BA) = Y det(By)det(Ay)
k=1

Proof: This follows from a computation. By Corollary 1.9.8 on Page 37, det (BA) =

Z Z sgn (i m) e (j1-* jm) (BA)iljl (BA)izjz (BA)lmjm =
)

! ll lm) (1 Jm

Z Z sgn (i1 -« - im)sgn (ji -+ jm) -

(i1+im) (j1++Jm)
n n n
Z Bilr]Arl J1 Z irry r2i2 Tt Z BimrmArmjm
ri=1 =1 rm=1
Now denote by I one of the subsets of {1,---,n} which has m elements. Thus there are

C (n,m) of these.

C(n,m)
= Z Z Z Z sgn (i m)Sgn(j1-++ jm) -
k=1 {rh arm} I '(ll “im) (J1+Jm)
BllrlArl]lBlerArZ.lz B A

ImTm* >TmJm
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1 .
= Z ﬁ Z sgn (ll T lm)Bilrl Bizrz By

(j1-jm)
C(n,m) 1 5 C(n,m)
= Z Z —sgn(ry -+ ry)” det(By)det (Ax) = Z det (By)det (Ag)
m!
k=1 {ri, rm}y=l k=1
since there are m! ways of arranging the indices {ry,--- ,r,}. B

1.9.5 Expansion Using Cofactors

Lemma 1.9.15 Suppose a matrix is of the form

M:<132>0r<1:2> (124)

where a is a number and A is an (n— 1) x (n— 1) matrix and * denotes either a column
or a row having length n — 1 and the 0 denotes either a column or a row of length n — 1
consisting entirely of zeros. Then det(M) = adet(A).

Proof: Denote M by (m;;) . Thus in the first case, m,, = a and m,; = 0 if i 7 n while in
the second case, my,, = a and m;,, = 0 if i 7 n. From the definition of the determinant,

det(M) = Z sgn,, (ki k) mug, - My,
(klw"'vkil)

Letting 6 denote the position of n in the ordered list, (ki,---,k,) then using the earlier
conventions used to prove Lemma 1.9.1, det (M) equals

n—1

0
Z (_])”76 sgn, (kla T akefl 7k9+] PR ky ) Mify - My,
(et kn)

Now suppose the second case. Then if k, # n, the term involving m,,, in the above expres-
sion equals zero. Therefore, the only terms which survive are those for which 8 = n or in
other words, those for which k, = n. Therefore, the above expression reduces to

a Y osgn, (ki) myg me_yy, = adet(A).
(klﬂ"'akn71>

To get the assertion in the first case, use Corollary 1.9.8 to write

AT 0

det(M):det(MT):det<< . 4 )) =adet (A") = adet(A).H

In terms of the theory of determinants, arguably the most important idea is that of
Laplace expansion along a row or a column. This will follow from the above definition of
a determinant.
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Definition 1.9.16 LerA = (q; i) be an n x n matrix. Then a new matrix called the
cofactor matrix cof (A) is defined by cof (A) = (c;j) where to obtain c;j delete the i'" row
and the j™ column of A, take the determinant of the (n— 1) x (n — 1) matrix which results,
(This is called the ij minor of A. ) and then multiply this number by (—l)Hj . To make
the formulas easier to remember, cof (A); i will denote the ij™ entry of the cofactor matrix.

The following is the main result. Earlier this was given as a definition and the outra-
geous totally unjustified assertion was made that the same number would be obtained by
expanding the determinant along any row or column. The following theorem proves this
assertion.

Theorem 1.9.17 Let A be an n x n matrix where n > 2. Then

n n
det(A) = Y aijcof (A);; =Y ajjcof (A),;. (1.25)
j=1 i=1
The first formula consists of expanding the determinant along the i'* row and the second
expands the determinant along the j'* column.

Proof: Let (a;1,--- ,a;,) be the i'" row of A. Let B ; be the matrix obtained from A by
leaving every row the same except the " row which in Bj equals (0,---,0,4;;,0,---,0).
Then by Corollary 1.9.9,

det(A) = i det(B))
=1

For example if

a c
A=| d e f
h i j
and i = 2, then
a b ¢ a c a b c
Bi=|d 0 0 |,Bp=| 0 e 0 |,B35=( 0 0 f
h i h i ] h [

Denote by A"/ the (n— 1) x (n — 1) matrix obtained by deleting the " row and the ;"
column of A. Thus cof (4),;; = (-1 )"/ det (A¥) . At this point, recall that from Proposition
1.9.6, when two rows or two columns in a matrix M, are switched, this results in multiplying
the determinant of the old matrix by —1 to get the determinant of the new matrix. Therefore,
by Lemma 1.9.15,

den(ey) = (e ()
- (1)i+/det<< A(;'f a»;j )) — ajcof (A),.

n
det(A) = Z aij cof(A)l-,»
Jj=1 ’

Therefore,
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which is the formula for expanding det (A) along the i’ row. Also,

det(A) =det (A") = Za,]cof AT Zaﬂcof
j=1

which is the formula for expanding det (A) along the i’ column. B

1.9.6 A Formula for the Inverse

Note that this gives an easy way to write a formula for the inverse of an n x n matrix. Recall
the definition of the inverse of a matrix in Definition 1.6.7 on Page 23.

Theorem 1.9.18 A-! exists if and only if det(A) # 0. If det(A) # 0, then A~ =

(afjl> where
;' =det(A)" cof (A) ;
for cof (A),; the ij™ cofactor of A.

Proof: By Theorem 1.9.17 and letting (a;,) = A, if det(A) # 0,
n
Y aircof (A), det(A) ™" = det(A)det(A) ' = 1.

Now in the matrix A, replace the k" column with the 7" column and then expand along the
k' column. This yields for k # r,

n
Z ajrcof (A) det(A) ' =0
i=1
because there are two equal columns by Corollary 1.9.9. Summarizing,
n
Zaircof( )i det (A ) =6
Using the other formula in Theorem 1.9.17, and similar reasoning,

Za”cof det( )~ L

This proves that if det (A) # 0, then A~! exists with A~ = (a;jl> , where

ag;' = cof (A) j;det(A)~".

Now suppose A~ ! exists. Then by Theorem 1.9.13,
1 =det(I) =det (AA™") = det(A)det (A7")

sodet(A) £0. R
The next corollary points out that if an n X n matrix A has a right or a left inverse, then
it has an inverse.
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Corollary 1.9.19 Let A be an n x n matrix and suppose there exists an n x n matrix B
such that BA =I. Then A" exists and A~ = B. Also, if there exists C an n x n matrix such
that AC = I, then A~" exists and A~ = C.

Proof: Since BA = I, Theorem 1.9.13 implies det BdetA = 1 and so detA # 0. There-
fore from Theorem 1.9.18, A~! exists. Therefore,

A'=(BA)A"'=B(AA"")=BI=B.

The case where CA = [ is handled similarly. l

The conclusion of this corollary is that left inverses, right inverses and inverses are all
the same in the context of n X n matrices.

Theorem 1.9.18 says that to find the inverse, take the transpose of the cofactor matrix
and divide by the determinant. The transpose of the cofactor matrix is called the adjugate
or sometimes the classical adjoint of the matrix A. It is an abomination to call it the adjoint
although you do sometimes see it referred to in this way. In words, A~! is equal to one over
the determinant of A times the adjugate matrix of A.

1.9.7 Cramer’s Rule
In case you are solving a system of equations, Az = y for x, it follows that if A~! exists,
z=(A"A)z=A"(Az)=A""y

thus solving the system. Now in the case that A~ exists, there is a formula for A~! given
above. Using this formula,

n n ‘l
-1
Xi = Zlaij Yi= Z,] det(A) cof (A) ;-
= =

By the formula for the expansion of a determinant along a column,
% e yl e *

; = ——det : : :
M der(a) | - ~ A
* e yn e *
where here the i column of A is replaced with the column vector, (y;----, yn)T, and the

determinant of this modified matrix is taken and divided by det (A). This formula is known
as Cramer’s rule.

Definition 1.9.20 4 marrix M, is upper triangular if M;; = O whenever i > j. Thus
such a matrix equals zero below the main diagonal, the entries of the form M;; as shown.

* % *
0 =x
0 0 =*

A lower triangular matrix is defined similarly as a matrix for which all entries above the
main diagonal are equal to zero.



44 CHAPTER 1. REVIEW OF SOME LINEAR ALGEBRA

With this definition, here is a simple corollary of Theorem 1.9.17.

Corollary 1.9.21 Let M be an upper (lower) triangular matrix. Then det(M) is ob-
tained by taking the product of the entries on the main diagonal.

1.9.8 Rank of a Matrix

Definition 1.9.22 A submatrix of a matrix A is the rectangular array of numbers
obtained by deleting some rows and columns of A. Let A be an m x n matrix. The deter-
minant rank of the matrix equals r where r is the largest number such that some r X r
submatrix of A has a non zero determinant. The row rank is defined to be the dimension
of the span of the rows. The column rank is defined to be the dimension of the span of the
columns.

Theorem 1.9.23 If A, an m x n matrix has determinant rank r, then there exist r
rows of the matrix such that every other row is a linear combination of these r rows.

Proof: Suppose the determinant rank of A = (a;;) equals r. Thus some r X r subma-
trix has non zero determinant and there is no larger square submatrix which has non zero
determinant. Suppose such a submatrix is determined by the » columns whose indices are

B <

and the r rows whose indices are
h<--<li

I want to show that every row is a linear combination of these rows. Consider the /' row
and let p be an index between 1 and n. Form the following (r+ 1) x (r+ 1) matrix

Aijy 0 Qigje Gigp

airjl e air.jr airp

Qjp o e dip
Of course you can assume [ ¢ {i|,---,i,} because there is nothing to prove if the /" row
is one of the chosen ones. The above matrix has determinant 0. This is because if p ¢
{ji, -+, Jjr} then the above would be a submatrix of A which is too large to have non zero
determinant. On the other hand, if p € {ji,---, j,} then the above matrix has two columns

which are equal so its determinant is still 0.

Expand the determinant of the above matrix along the last column. Let C; denote the
cofactor associated with the entry g;, ,. This is not dependent on the choice of p. Remember,
you delete the column and the row the entry is in and take the determinant of what is left
and multiply by —1 raised to an appropriate power. Let C denote the cofactor associated
with a;,,. This is given to be nonzero, it being the determinant of the matrix r X r matrix
in the upper left corner. Thus 0 = a;,C + Y _ Ca;, , which implies a;, = Y ;_, _Tckaikp =
Y i—1 mkai,p Since this is true for every p and since n; does not depend on p, this has shown
the " row is a linear combination of the i1, is,- - - , i, rows. l

Corollary 1.9.24 The determinant rank equals the row rank.



1.9. THE MATHEMATICAL THEORY OF DETERMINANTS 45

Proof: From Theorem 1.9.23, every row is in the span of r rows where r is the deter-
minant rank. Therefore, the row rank (dimension of the span of the rows) is no larger than
the determinant rank. Could the row rank be smaller than the determinant rank? If so, it
follows from Theorem 1.9.23 that there exist p rows for p < r = determinant rank, such
that the span of these p rows equals the row space. But then you could consider the r x r
sub matrix which determines the determinant rank and it would follow that each of these
rows would be in the span of the restrictions of the p rows just mentioned. By Theorem
4.2.3, the exchange theorem, the rows of this sub matrix would not be linearly independent
and so some row is a linear combination of the others. By Corollary 1.9.11 the determinant
would be 0, a contradiction. B

Corollary 1.9.25 If A has determinant rank r, then there exist r columns of the matrix
such that every other column is a linear combination of these r columns. Also the column
rank equals the determinant rank.

Proof: This follows from the above by considering A”. The rows of A are the columns
of A and the determinant rank of AT and A are the same. Therefore, from Corollary 1.9.24,
column rank of A = row rank of A7 = determinant rank of A7 = determinant rank of A. H

The following theorem is of fundamental importance and ties together many of the
ideas presented above.

Theorem 1.9.26 Let A be an n x n matrix. Then the following are equivalent.
1. det(A) =0.
2. A,AT are not one to one.

3. A is not onto.

Proof: Suppose det (A) = 0. Then the determinant rank of A = r < n. Therefore, there
exist r columns such that every other column is a linear combination of these columns
by Theorem 1.9.23. In particular, it follows that for some m, the m" column is a linear
combination of all the others. Thus letting A = ( a, - ay - ag ) where the
columns are denoted by a;, there exists scalars o; such that a,, = Zk7ém ajay. Now consider

the column vector, x = ( o - =1 - a, )T. Then Ax = —a,, +Zk¢m oa; =
0. Since also A0 = 0, it follows A is not one to one. Similarly, A” is not one to one by the
same argument applied to A”. This verifies that 1.) implies 2.).

Now suppose 2.). Then since A7 is not one to one, it follows there exists = % 0 such
that AT 2 = 0. Taking the transpose of both sides yields 227 A = 07 where the 07 isa 1 xn
matrix or row vector. Now if Ay = x, then |z|* = 27 (Ay) = (27 A) y = 0y = 0 contrary
to « # 0. Consequently there can be no y such that Ay = @ and so A is not onto. This
shows that 2.) implies 3.).

Finally, suppose 3.). If 1.) does not hold, then det(A) # O but then from Theorem
1.9.18 A~! exists and so for every y € F” there exists a unique = € F" such that Ax = y.
In fact £ = A~'y. Thus A would be onto contrary to 3.). This shows 3.) implies 1.). B

Corollary 1.9.27 Let A be an n x n matrix. Then the following are equivalent.

1. det(A) #0.
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2. A and AT are one to one.
3. A is onto.

Proof: This follows immediately from the above theorem.

1.9.9 An Identity of Cauchy

Theorem 1.9.28 Both the left and the right sides in the following yield the same
polynomial in the variables a;, b; for i < n.

1 ... 1

al+bl al+bn
[Ta+b))| o =] (ai—a)) (bi—bj). (1.26)
iJ 1 . 1 j<i

an+by an+by,

Proof: The theorem is true if n = 2. This follows from some computations. Suppose it
is true forn — 1, n > 3.

1 1 1
aj+by aj+by ay+by
1 _1 1
an— 11+bl an— 11+b2 Aan— 11+bn
an+by aptby; an+by
an—aj anp—ajg anp—ajg
(a1+b1)(b1+an) (a1+b2)(b2+an) (a1+bn)(an-+bn)
= an—ap—1 an—dn—1 an—dp—1
(an71+b11)(an+b1) <b2+a")(1b2+an71) (0n+bn)(1bn +an—1)
an+by an+by o an+bn

Continuing to use the multilinear properties of determinants, this equals

1 1 1

(a1+b1) (b +an) (a1+b2)(ba+an) o (a1 +by)(an—+by)
: : : n—1
i i i (an —ax)
@1 FB)Gantb)  Eatan)(Brtan) @n +bn) (B -1) k=1
an+by an+by o an+by

and this equals

1 1 1
@+b)  Tatb) 7 Tarthy

1 1 1 n b
(a”’ll+b1) (b2+iznfl) Witn,l) Hk:l (a” + k)

Now take —1 times the last column and add to each previous column. Thus it equals

bn*b] bn*b2 . 1
(a1+b1)(a1+bn) (a1+b2)(a1+bu) (a1+bn)
: : o | T (- a)
by—b by—by 1 Hn: a +bk
(b1+an—1)(bnt+an_1) (b2+an—1)(bnt+an_1) (an—1+bn) k=l ( " )
0 0 1
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Now continue simplifying using the multilinear property of the determinant.

1 1 e 1

(ar+by) (a1+b2)
: . HZ;]I (anfak) Hz;ll (bnfbk)
1 1 n n—1

(brtan—1)  (brta-1) 1| Tz (an +6) [T:2 (ax+ba)

Expanding along the bottom row, what has just resulted is

1 1

¥b +b,_ _ _
“a AT (- ) T (b — Br)
L e (b TR (ak+ba)
a,_1+by ap—1+by—1

By induction this equals

Hj<i§n—1 (ai — aj) (bi — bj) Z;% (an —ay) Hz;i (bn — bk)
ITij<n—1(ai+bj) ITi (an +bx) T | (ax +by)

_ Hj<i§n (ai — a;) (bi—bj)
[Ti,j<n (ai +bj)

1.10 'The Cayley Hamilton Theorem

Definition 1.10.1 Ler A be an n x n matrix. The characteristic polynomial is de-
fined as
ga(t)=det(tI—A)

and the solutions to qa (t) = 0 are called eigenvalues. For A a matrix and p(t) =" +
an 1" ' -4 ayt + ag, denote by p (A) the matrix defined by

pA)=A"+a, (A" At al.
The explanation for the last term is that A° is interpreted as I, the identity matrix.
The Cayley Hamilton theorem states that every matrix satisfies its characteristic equa-
tion, that equation defined by g4 () = 0. It is one of the most important theorems in linear

algebra®. The proof in this section is not the most general proof, but works well when the
field of scalars is R or C. The following lemma will help with its proof.

Lemma 1.10.2 Suppose for all | 1| large enough,
Ag+A A+ +A,A" =0,

where the A; are n X n matrices. Then each A; = 0.

2 A special case was first proved by Hamilton in 1853. The general case was announced by Cayley some time
later and a proof was given by Frobenius in 1878.
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Proof: Suppose some A; # 0. Let p be the largest index of those which are non zero.
Then multiply by A~ 7.

AA P+ M A, AT A, =0
Now let A — co. Thus A, = 0 after all. Hence each A; = 0. W
With the lemma, here is a simple corollary.
Corollary 1.10.3 Let A; and B; be n x n matrices and suppose
Ag+A A+ +AA" =By+BiA+---+B,A"
Sor all |A| large enough. Then A; = B; for all i. If A; = B; for each A;,B; then one can
substitute an n X n matrix M for A and the identity will continue to hold.

Proof: Subtract and use the result of the lemma. The last claim is obvious by matching
terms. Ml
With this preparation, here is a relatively easy proof of the Cayley Hamilton theorem.

Theorem 1.10.4 et A be an n x n matrix and let ¢ (L) =det(AI —A) be the char-
acteristic polynomial. Then q(A) = 0.

Proof: Let C(A) equal the transpose of the cofactor matrix of (A —A) for |4| large.
(If |A| is large enough, then A cannot be in the finite list of eigenvalues of A and so for such
A, (A1 —A) ™! exists.) Therefore, by Theorem 1.9.18

C(A)=qA)(A1-A)"".
Say

g(A) =ay+aA+---+A"
Note that each entry in C (1) is a polynomial in A having degree no more than n — 1. For
example, you might have something like

A2—61+9 3-1 0
C(A) = 2A4—-6  A?-31 0

A—1 A—1 2A2-31+2
9 3 0 6 -1 0

1 00
= 6 0 0 |+A[ 2 -3 0 |+A*[ 0 1 0
-1 -1 2 1 1 -3 0 0 1
Therefore, collecting the terms in the general case,
CA)=Co+CiA+ - +Cp A"

for C; some n X n matrix. Then
CA) (M —A) = (c0+clx+~-+cn_1z"—l) (AI—A)=q(A)I
Then multiplying out the middle term, it follows that for all |4 | sufficiently large,
aol +arI + - +IA" = CoA +Ci A% + -+ Gyt A"
~[coa+ciante o ant]

= —CoA+(Co—ClA) A+ (CL —CA)A* + -+ (Cyy — Gt A) A G A"
Then, using Corollary 1.10.3, one can replace A on both sides with A. Then the right side
is seen to equal 0. Hence the left side, g (A) [ is also equal to 0. W



Chapter 2

Some Basic Topics

This chapter contains basic definitions and a few fundamental theorems which will be used
throughout the book whenever convenient.

2.1 Basic Definitions

A set is a collection of things called elements of the set. For example, the set of integers,
the collection of signed whole numbers such as 1,2,—4, etc. This set whose existence
will be assumed is denoted by Z. Other sets could be the set of people in a family or the
set of donuts in a display case at the store. Sometimes parentheses, { } specify a set by
listing the things which are in the set between the parentheses. For example the set of
integers between —1 and 2, including these numbers could be denoted as {—1,0,1,2}. The
notation signifying x is an element of a set S, is written as x € S. Thus, 1 € {—1,0,1,2,3}.
Here are some axioms about sets. Axioms are statements which are accepted, not proved.

Axiom 2.1.1 Two sets are equal if and only if they have the same elements.

Axiom 2.1.2 To every set, A, and to every condition S (x) there corresponds a set, B, whose
elements are exactly those elements x of A for which S (x) holds.

Axiom 2.1.3 For every collection of sets there exists a set that contains all the elements
that belong to at least one set of the given collection. (You can take the union of a bunch of
sets.)

Axiom 2.1.4 The Cartesian product of a nonempty family of nonempty sets is nonempty.

Axiom 2.1.5 If A is a set there exists a set, & (A) such that & (A) is the set of all subsets
of A. This is called the power set.

These axioms are referred to as the axiom of extension, axiom of specification, axiom
of unions, axiom of choice, and axiom of powers respectively.

It seems fairly clear you should want to believe in the axiom of extension. It is merely
saying, for example, that {1,2,3} = {2,3,1} since these two sets have the same elements
in them. Similarly, it would seem you should be able to specify a new set from a given set
using some “condition” which can be used as a test to determine whether the element in
question is in the set. For example, the set of all integers which are multiples of 2. This set
could be specified as follows.

{x€Z:x=2yforsomeycZ}.

In this notation, the colon is read as “such that” and in this case the condition is being a
multiple of 2.

Another example of political interest, could be the set of all judges who are not judicial
activists. I think you can see this last is not a very precise condition since there is no way
to determine to everyone’s satisfaction whether a given judge is an activist. Also, just
because something is grammatically correct does not mean it makes any sense. For
example consider the following nonsense.

S ={x € setof dogs : it is colder in the mountains than in the winter} .

49
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So what is a condition?

We will leave these sorts of considerations and assume our conditions make sense,
whatever that means. The axiom of unions states that for any collection of sets, there is a
set consisting of all the elements in each of the sets in the collection. Of course this is also
open to further consideration. What is a collection? Maybe it would be better to say “set
of sets” or, given a set whose elements are sets there exists a set whose elements consist
of exactly those things which are elements of at least one of these sets. If . is such a set
whose elements are sets,

U{A:Ae S} or Uy

signify this union.

Something is in the Cartesian product of a set or “family” of sets if it consists of a single
thing taken from each set in the family. Thus (1,2,3) € {1,4,.2} x {1,2,7} x {4,3,7,9}
because it consists of exactly one element from each of the sets which are separated by x.
Also, this is the notation for the Cartesian product of finitely many sets. If . is a set whose
elements are sets, [[4<.~ A signifies the Cartesian product.

The Cartesian product is the set of choice functions, a choice function being a function
which selects exactly one element of each set of .. You may think the axiom of choice,
stating that the Cartesian product of a nonempty family of nonempty sets is nonempty,
is innocuous but there was a time when many mathematicians were ready to throw it out
because it implies things which are very hard to believe, things which never happen without
the axiom of choice.

A is a subset of B, written A C B, if every element of A is also an element of B. This
can also be written as B D A. A is a proper subset of B, writtetn A C Bor BDAif Aisa
subset of B but A is not equal to B,A # B. AN B denotes the intersection of the two sets,
A and B and it means the set of elements of A which are also elements of B. The axiom
of specification shows this is a set. The empty set is the set which has no elements in it,
denoted as 0. AU B denotes the union of the two sets, A and B and it means the set of all
elements which are in either of the sets. It is a set because of the axiom of unions.

The complement of a set, (the set of things which are not in the given set ) must be
taken with respect to a given set called the universal set which is a set which contains the
one whose complement is being taken. Thus, the complement of A, denoted as A€ ( or
more precisely as X \ A) is a set obtained from using the axiom of specification to write

AC={xeX:x¢A}

The symbol ¢ means: “is not an element of””. Note the axiom of specification takes place
relative to a given set. Without this universal set it makes no sense to use the axiom of
specification to obtain the complement.

Words such as “all” or “there exists” are called quantifiers and they must be understood
relative to some given set. For example, the set of all integers larger than 3. Or there
exists an integer larger than 7. Such statements have to do with a given set, in this case the
integers. Failure to have a reference set when quantifiers are used turns out to be illogical
even though such usage may be grammatically correct. Quantifiers are used often enough
that there are symbols for them. The symbol V is read as “for all” or “for every” and the
symbol 3 is read as “there exists”. Thus VV33 could mean for every upside down A there
exists a backwards E.

DeMorgan’s laws are very useful in mathematics. Let .# be a set of sets each of which
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is contained in some universal set, U. Then
u{AC:ae 7} =(N{A:Ae 7})°

nd
) N{AC:Ae 7} =(Uf{A:Ae 7})°.

These laws follow directly from the definitions. Also following directly from the definitions
are:
Let .# be a set of sets then

BUU{A:Ae ¥} =U{BUA:Ac.¥}.
and: Let . be a set of sets show
BNnu{A:Ae ¥} =U{BNA:Ac.¥}.

Unfortunately, there is no single universal set which can be used for all sets. Here is
why: Suppose there were. Call it S. Then you could consider A the set of all elements of
S which are not elements of themselves, this from the axiom of specification. If A is an
element of itself, then it fails to qualify for inclusion in A. Therefore, it must not be an
element of itself. However, if this is so, it qualifies for inclusion in A so it is an element of
itself and so this can’t be true either. Thus the most basic of conditions you could imagine,
that of being an element of, is meaningless and so allowing such a set causes the whole
theory to be meaningless. The solution is to not allow a universal set. As mentioned by
Halmos in Naive set theory, “Nothing contains everything”. Always beware of statements
involving quantifiers wherever they occur, even this one. This little observation described
above is due to Bertrand Russell and is called Russell’s paradox.

2.2 The Schroder Bernstein Theorem

It is very important to be able to compare the size of sets in a rational way. The most useful
theorem in this context is the Schroder Bernstein theorem which is the main result to be
presented in this section. The Cartesian product is discussed above. The next definition
reviews this and defines the concept of a function.

Definition 2.2.1 Ler X and Y be sets.
XxY={(x,y):x€Xandy€eY}

A relation is defined to be a subset of X X Y. A function f, also called a mapping, is a
relation which has the property that if (x,y) and (x,y1) are both elements of the f, then
v =y1. The domain of f is defined as

D(f) ={x: (xy) € [},

written as f : D(f) — Y. Another notation which is used is the following

S O)={xeD(f): flx) =y}

This is called the inverse image.
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It is probably safe to say that most people do not think of functions as a type of relation
which is a subset of the Cartesian product of two sets. A function is like a machine which
takes inputs, x and makes them into a unique output, f (x). Of course, that is what the
above definition says with more precision. An ordered pair, (x,y) which is an element of
the function or mapping has an input, x and a unique output y,denoted as f (x) while the
name of the function is f. “mapping” is often a noun meaning function. However, it also
is a verb as in “f is mapping A to B . That which a function is thought of as doing is also
referred to using the word “maps” as in: f maps X to Y. However, a set of functions may
be called a set of maps so this word might also be used as the plural of a noun. There is no
help for it. You just have to suffer with this nonsense.

The following theorem which is interesting for its own sake will be used to prove the
Schroder Bernstein theorem.

Theorem 2.2.2 Lt f:X—=Yandg:Y — X be two functions. Then there exist sets
A,B,C,D, such that

AUB=X,CUD=Y,ANB=0,CND =0,
f(A)=C, g(D)=B.

The following picture illustrates the conclusion of this theorem.

X Y
A A C = f(A)
B=g(D) BELE D

Proof:Consider the empty set, d C X. If y € Y\ f(0), then g(y) ¢ @ because 0 has
no elements. Also, if A,B,C, and D are as described above, A also would have this same
property that the empty set has. However, A is probably larger. Therefore, say A9 C X
satisfies & if whenevery € Y\ f (Ao), g(v) ¢ Ao.

o ={Ag C X : Ag satisfies Z}.

LetA=Ux. If ye Y\ f(A), then foreach Ag € &7,y €Y \ f(Ao) and so g (y) ¢ Ag. Since
g(y) ¢ Ap forall Ag € &7, it follows g (y) ¢ A. Hence A satisfies &2 and is the largest subset
of X which does so. Now define

C=f(A),D=Y\C, B=X\A.

It only remains to verify that g (D) = B. It was just shown that g (D) C B.

Suppose x € B= X\ A. Then AU {x} does not satisfy & and so there exists y €
Y\ f(AU{x}) C D suchthat g(y) € AU{x}.Buty ¢ f(A) and so since A satisfies 2, it
follows g (y) ¢ A. Hence g (y) =x and so x € g(D). Hence g(D) =B. B

Theorem 2.2.3 (Schroder Bernstein) If f : X — Y and g : Y — X are one to one,
then there exists h : X — Y which is one to one and onto.
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Proof:Let A, B,C, D be the sets of Theorem?2.2.2 and define

[ fx) ifxeA
h() { g '(x)ifxeB

Then £ is the desired one to one and onto mapping. l
Recall that the Cartesian product may be considered as the collection of choice func-
tions.

Definition 2.2.4 Let I be a set and let X; be a set for each i € I. f is a choice
function written as
rellx

icl
if f (i) € X, foreach i € I.

The axiom of choice says that if X; # 0 for each i € I, for I a set, then [;c; X; # 0 .
Sometimes the two functions, f and g are onto but not one to one. It turns out that with
the axiom of choice, a similar conclusion to the above may be obtained.

Corollary 2.2.5 If f: X — Y is onto and g : Y — X is onto, then there exists h: X —Y
which is one to one and onto.

Proof: Foreachy € ¥, f~! (y) = {x € X : f(x) =y} # 0. Therefore, by the axiom of
choice, there exists f; le [Ler f ~1(y) which is the same as saying that for each y € ¥,

f5 ' () € £~ (). Similarly, there exists g, ' (x) € g~' (x) for all x € X. Then f; ' is one to
one because if fo_l ()= fO_1 (y2), then y; = f(fo_1 (yl)) = f(fo_1 (yz)) = y,. Similarly
g 1 is one to one. Therefore, by the Schroder Bernstein theorem, there exists 4 : X — Y
which is one to one and onto. l

Definition 2.2.6 A set s, is finite if there exists a natural number n and a map 0
which maps {1,--- ,n} one to one and onto S. S is infinite if it is not finite. A set S, is called
countable if there exists a map 0 mapping N one to one and onto S.(When 6 maps a set A
to a set B, this will be written as 0 : A — B in the future.) Here N = {1,2,---}, the natural
numbers. S is at most countable if there exists a map 0 : N —S which is onto.

The property of being at most countable is often referred to as being countable because
the question of interest is normally whether one can list all elements of the set, designating
a first, second, third etc. in such a way as to give each element of the set a natural number.
The possibility that a single element of the set may be counted more than once is often not
important.

Theorem 2.2.7 If X and Y are both at most countable, then X X Y is also at most
countable. If either X orY is countable, then X X Y is also countable.

Proof: It is given that there exists a mapping 1 : N — X which is onto. Define 1 (i) = x;
and consider X as the set {x1,x,x3,--- }. Similarly, consider Y as the set {y;,y,y3,--- }. It
follows the elements of X x Y are included in the following rectangular array.

(x1,y1) (x1,y2) (x1,y3) --- < Those which have x; in first slot.
(x2,y1) (x2,2) (x2,y3) -+ < Those which have x; in first slot.
(x3,y1) (x3,y2) (x3,y3) --- <« Those which have x3 in first slot. -
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Follow a path through this array as follows.

(x1,v1) = (x1,52) (x1,y3) —
v a
(x2,y1) (x2,2)
{ A
<x3ayl)

Thus the first element of X x Y is (x1,y;), the second element of X X Y is (x1,y7), the third
element of X x Y is (x2,y;) etc. This assigns a number from N to each element of X x Y.
Thus X x Y is at most countable.

It remains to show the last claim. Suppose without loss of generality that X is countable.
Then there exists o : N — X which is one to one and onto. Let 8 : X x ¥ — N be defined
by B ((x,y)) = a~!(x). Thus B is onto N. By the first part there exists a function from
N onto X xY. Therefore, by Corollary 2.2.5, there exists a one to one and onto mapping
fromX xY toN. H

Theorem 2.2.8 If X and Y are at most countable, then X UY is at most countable.
If either X orY are countable, then X UY is countable.

Proof:As in the preceding theorem,
X = {'xl 7'x27'x3’ e }

and
Y= {}’17)’2»)’3,"'}-
Consider the following array consisting of X UY and path through it.

X1 — X2 X3 —
e /
yro— »n

Thus the first element of X UY is x1, the second is x, the third is y; the fourth is y, etc.

Consider the second claim. By the first part, there is a map from N onto X x Y. Suppose
without loss of generality that X is countable and & : N — X is one to one and onto. Then
define B (y) =1, forall y € Y,and B (x) = a~' (x). Thus, 8 maps X x Y onto N and this
shows there exist two onto maps, one mapping X UY onto N and the other mapping N onto
X UY. Then Corollary 2.2.5 yields the conclusion. l

Note that by induction this shows that if you have any finite set whose elements are
countable sets, then the union of these is countable.

2.3 Equivalence Relations

There are many ways to compare elements of a set other than to say two elements are equal
or the same. For example, in the set of people let two people be equivalent if they have the
same weight. This would not be saying they were the same person, just that they weighed
the same. Often such relations involve considering one characteristic of the elements of a
set and then saying the two elements are equivalent if they are the same as far as the given
characteristic is concerned.
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Definition 2.3.1 Ler S be a set. ~ is an equivalence relation on S if it satisfies the
following axioms.

1. x~x forallxecS. (Reflexive)
2. If x ~ytheny ~ x. (Symmetric)
3. Ifx~yandy~ z then x ~ z. (Transitive)

Definition 2.3.2 [x] denotes the set of all elements of S which are equivalent to x
and [x] is called the equivalence class determined by x or just the equivalence class of x.

With the above definition one can prove the following simple theorem.

Theorem 2.3.3 Let ~ be an equivalence relation defined on a set, S and let 7€
denote the set of equivalence classes. Then if [x] and [y] are two of these equivalence
classes, either x ~y and [x] = [y] or it is not true that x ~ 'y and [x| N [y] = 0.

2.4 sup and inf

It is assumed in all that is done that R is complete. There are two ways to describe com-
pleteness of R. One is to say that every bounded set has a least upper bound and a greatest
lower bound. The other is to say that every Cauchy sequence converges. These two equiv-
alent notions of completeness will be taken as given. Cauchy sequences are discussed a
little later.

The symbol, F will mean either R or C. The symbol [—eo, o] will mean all real numbers
along with +o0 and —co which are points which we pretend are at the right and left ends of
the real line respectively. The inclusion of these make believe points makes the statement
of certain theorems less trouble.

Definition 2.4.1 rorac [—o0,00] ,A # O supA is defined as the least upper bound
in case A is bounded above by a real number and equals oo if A is not bounded above.
Similarly infA is defined to equal the greatest lower bound in case A is bounded below by
a real number and equals —oo in case A is not bounded below.

Lemma 2.4.2 If{A,} is an increasing sequence in [—o, ], then
sup{A,:ne N} = r}grochn
Similarly, if {A,} is decreasing, then
inf{A, :neN} = lim A,

Proof: Let sup ({A, : n € N}) = r. In the first case, suppose r < eo. Then letting € > 0
be given, there exists n such that A, € (r — &,r]. Since {A,} is increasing, it follows if
m>n, then r—e <A, <A, <rand so lim, ,.A, = r as claimed. In the case where
r = oo, then if a is a real number, there exists n such that A, > a. Since {A;} is increasing,
it follows that if m > n, A, > a. But this is what is meant by lim,,_. A, = . The other
case is that » = —oo, But in this case, A,, = —oc for all n and so lim,, ,..A, = —oo. The case
where A, is decreasing is entirely similar. l
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2.5 Double Series

Double series are of the form }° , Y7, ap =Y., (Z;":m a jk) . In other words, first sum
on j yielding something which depends on k and then sum these. The major consideration
for these double series is the question of when

Y Y a=) ) ai

k=m j=m Jj=mk=m
In other words, when does it make no difference which subscript is summed over first?
In the case of finite sums there is no issue here. You can always write Y4 Z?':m ajp =

7:,” Y4l ajx because addition is commutative. However, there are limits involved with

infinite sums and the interchange in order of summation involves taking limits in a different
order. Therefore, it is not always true that it is permissible to interchange the two sums. A
general rule of thumb is this: If something involves changing the order in which two limits
are taken, you may not do it without agonizing over the question. In general, limits foul
up algebra and also introduce things which are counter intuitive. Here is an example. This
example is a little technical. It is placed here just to prove conclusively there is a question
which needs to be considered.

Example 2.5.1 Consider the following picture which depicts some of the ordered pairs
(m,n) where m,n are positive integers.

0 0 ¢ 0 —c
0 ¢c 0 — O
b 0 — O 0
0 a O 0 0
The a,b,c are the values of a,,y,. Thus a,, =0 foralln > 1, ap1 = a,a;p = b,am(mH) =—c

whenever m > 1, and a,,(,,_1y = ¢ whenever m > 2. The numbers next to the point are the
values of apy,. You see an, = 0 for all n, apy = a,a1» = b,ay, = ¢ for (m,n) on the line
y = 1+x whenever m > 1, and ay, = —c for all (m,n) on the line y = x — 1 whenever
m>2.

Then Y > am=aifn=1,%"_am=b—cifn=2andif n> 2} | am, =0.
Therefore, Y ;| ¥~ _| @mn =a+b—c. Nextobservethat )~ @, =bifm=1,Y_ =
a+cifm=2,and Y~ | am, =0 if m > 2. Therefore, } ;> ¥~ | amy = b+ a+c and so
the two sums are different. Moreover, you can see that by assigning different values of a, b,
and c, you can get an example for any two different numbers desired.

It turns out that if a;; > 0 for all #, j, then you can always interchange the order of
summation. This is shown next and is based on the following lemma. First, some notation
should be discussed.

Definition 2.5.2 Let f(a,b) € [—c0,00] for a € A and b € B where A, B are sets which
means that f (a,b) is either a number, oo, or —eo. The symbol, +eo is interpreted as a point
out at the end of the number line which is larger than every real number. Of course there is
no such number. That is why it is called . The symbol, —o is interpreted similarly. Then

supgeq f (a,b) means sup (S,) where Sp = {f (a,b) :a € A}.
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Unlike limits, you can take the sup in different orders.

Lemma 2.5.3 Let f(a,b) € [—o,| for a € A and b € B where A, B are sets. Then

supsup f (a,b) = supsup f (a,b).
acA beB beB acA

Proof: Note that for all a,b, f(a,b) < sup,cpsup,ca f (a,b) and therefore, for all a,
supyep f (a,b) < supycpsup,eq f (a,b). Therefore,

supsup f (a,b) < supsup f(a,b).
acA beB beB acA

Repeat the same argument interchanging a and b, to get the conclusion of the lemma. H
Theorem 2.5.4 Leta;; > 0. Then Y2, Y5 aij = Y5y X2 aij.

Proof: First note there is no trouble in defining these sums because the g;; are all
nonnegative. If a sum diverges, it only diverges to oo and so o is the value of the sum. Next

note that
ZZ“’/ > supZZa,j

Jj=ri=r n j=ri=r
because for all j, Y2 a;; > Y.I, a;;. Therefore,

Ld n

ZZaU > SUPZZ% =sup | lim ZZ“U

j=ri=r j=ri=r /rtr

— sgpﬂlll_rg‘)ZZa,] = supZ llm Za,]

i=rj=r noj="
= supZZa,]fhmZZa,JfZZaij
ni=rj=r i=rj=r i=rj=r

Interchanging the i and j in the above argument proves the theorem. B

2.6 lim sup and lim inf

Sometimes the limit of a sequence does not exist. For example, if a, = (—1)", then
lim,_,. @, does not exist. This is because the terms of the sequence are a distance of 1
apart. Therefore there can’t exist a single number such that all the terms of the sequence
are ultimately within 1/4 of that number. The nice thing about limsup and liminf is that
they always exist. First here is a simple lemma and definition. First review the definition
of inf and sup on Page 55 along with the simple properties of these things.

Definition 2.6.1 Denote by [—o0,00] the real line along with symbols o and —eo. It
is understood that o is larger than every real number and —oo is smaller than every real
number. Then if {A,} is an increasing sequence of points of [—co, 00| , lim,,_,e A, equals oo if
the only upper bound of the set {A,} is oo. If {A,} is bounded above by a real number; then
lim,,_, A, is defined in the usual way and equals the least upper bound of {A,}. If {An} is
a decreasing sequence of points of [—oe, 00|, limy,_, A, equals —oo if the only lower bound
of the sequence {A,} is —oo. If {A,,} is bounded below by a real number, then lim,,_,. A, is
defined in the usual way and equals the greatest lower bound of {A,}. More simply, if {A,}
is increasing,lim, . A, = sup{A, } and if {A,} is decreasing then lim, A, = inf{A,}.
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Lemma 2.6.2 Let {a,} be a sequence of real numbers and let U, = sup{ay : k >n}.
Then {U,} is a decreasing sequence. Also if L, = inf{ay : k > n}, then {L,} is an increas-
ing sequence. Therefore, lim,_s.. L, and lim,_,.. U, both exist.

Proof: Let W, be an upper bound for {a; : k > n}. Then since these sets are getting
smaller, it follows that for m < n, W, is an upper bound for {a; : k > n}. In particular if
W, = Uy, then U, is an upper bound for {a : k > n} and so U, is at least as large as Uy,
the least upper bound for {a; : k > n}. The claim that {L, } is decreasing is similar. l

From the lemma, the following definition makes sense.

Definition 2.6.3 Let {a,} be any sequence of points of [—eo, ]

lim sup a, = lim sup{a; : k > n}
n—oo n—reo

lim inf a, = lim inf{ay : k > n}.
n—soo n—soo

Theorem 2.6.4 Suppose {ay} is a sequence of real numbers and also that

lim sup a,,lim inf a,
n—soo n—eo

are both real numbers. Then lim,_,. a, exists if and only if the two numbers are equal and
in this case,

lim @, = lim inf a, = lim sup a,.

n—oo n—oo N—>c0

Proof: First note that sup {ay : k > n} > inf{a; : k > n} and so,

lim sup a, = lim sup{ay : k > n} > lim inf{ay : k > n} =lim inf q,.
—soo n—soo n—soo n—soo

Suppose first that lim, . a, exists and is a real number a. Then from the definition of a
limit, there exists N corresponding to €/6 in the definition. Hence, if m,n > N, then

E & €
— 4=,

|an—am\§|an—a|+|a—an\<6 =3

From the definition of sup{a; : k > N}, there exists n; > N such that sup{a; : k > N} <
ap, +€/3. Similarly, there exists ny > N such that inf {a; : k > N} > a,, —€/3. It follows
that

2
sup{ay: k> N} —inf{a; : k> N} <|a,, _anz‘_;_; <e€.

Since the sequence, {sup{ay :k > N}}y_, is decreasing and {inf{ay : k> N}}y_, is in-
creasing, it follows that

0 < lim sup{ay: k> N} — lim inf{a; :k >N} <¢
N—oo N—oco

Since € is arbitrary, this shows

lim sup{a; : k > N} = lim inf{a; : k > N} 2.1)
N—oo N—co
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Next suppose 2.1 and both equal a € R. Then
Iym (sup{ag: k> N} —inf{a; :k>N})=0
—yo0

Since sup{ay : k > N} > inf{ay : k > N} it follows that for every € > 0, there exists N such
that

sup{ay: k> N} —inf{a; :k >N} <e,
and for every N,

inf{ay : k> N} <a<sup{ay:k>N}

Thus if n > N, |a — a,| < € which implies that lim,,_,.a, = a. In case

a=o0o= lim sup{a;: k> N} = lim inf{a; : k > N}
N—oo N—oo

then if r € R is given, there exists N such that inf{a; : k > N} > r which is to say that
lim,,—, @, = o0. The case where a = —oo is similar except you use sup{a; :k > N}. B

The significance of limsup and liminf, in addition to what was just discussed, is con-
tained in the following theorem which follows quickly from the definition.

Theorem 2.6.5 Suppose {a,} is a sequence of points of [—eo,]. Also define A =
limsup,,_,., a,. Then if b > A, it follows there exists N such that whenever n > N,a, < b.If
¢ < A, then a, > c for infinitely many values of n. Let y = liminf,_,ea,.Then if d < v,
it follows there exists N such that whenever n > N,a, > d. If e > 7, it follows a, < e for
infinitely many values of n.

The proof of this theorem is left as an exercise for you. It follows directly from the defi-
nition and it is the sort of thing you must do yourself. Here is one other simple proposition.

Proposition 2.6.6 Letlim, ,..a, = a > 0. Then limsup,_,.. a,b, = alimsup,_,.. b,.

Proof: This follows from the definition. Let A, = sup {axby : k > n}. For all n large
enough, a, > a — € where € is small enough that a — € > 0. Therefore,

An > sup{by:k>n}(a—¢)
for all n large enough. Then
lim sup a,b, = lim A, =1lim sup a,b, > lim (sup{b; : k > n} (a—¢))
n—yoo

n—oo n—beo n—oo

(a—¢€)lim sup b,
n—yoo

Similar reasoning shows limsup,,_,.,a,b, < (a+€)limsup,_,., b,. Now since € > 0 is
arbitrary, the conclusion follows. l

2.7 Nested Interval Lemma

The nested interval lemma is a simple and important lemma which is used later quite a bit.

Lemma 2.7.1 Let [ay,b] D [axy1,bki1]) for allk =1,2,3,---. Then there exists a point
pin (O, [ax, by Iflimy_. (b — ax) = 0, then there is only one such point
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Proof: We note that for any k,/,a; < b;. Here is why. If k <[, then a; < a; < b;. If
k > 1, then b; > by > ai. It follows that for each I, sup; a; < b;. Hence sup; ay is a lower
bound to the set of all b; and so it is no larger than the greatest lower bound. It follows
that sup, a; < inf;b;. Pick x € [sup;ag,inf;b;]. Then for every k,a; < x < by. Hence
PSS m;::] [ak,bk] .

To see the last claim, if ¢ is another point in all the intervals, then both p and ¢ are in
[ak,bi] and so |p — q| < (by —ay) < € if k is large enough. Since € is arbitrary, p=¢g. W

2.8 The Hausdorff Maximal Theorem

This major theorem, or something like it is either absolutely essential or extremely conve-
nient. First is the definition of what is meant by a partial order.

Definition 2.8.1 4 nonempty set ¥ is called a partially ordered set if it has a partial
order denoted by <. This means it satisfies the following. If x <y and y < z, then x < z.
Also x < x. It is like C on the set of all subsets of a given set. It is not the case that given two
elements of F that they are related. In other words, you cannot conclude that either x <y
ory < x. A chain, denoted by ‘¢ C % has the property that it is totally ordered meaning
that if x,y € €, either x <y or y < x. A maximal chain is a chain € which has the property
that there is no strictly larger chain. In other words, if x € F\UE, then €U{x} is no
longer a chain.

Here is the Hausdorff maximal theorem. The proof is a proof by contradiction. We
assume there is no maximal chain and then show this cannot happen. The axiom of choice
is used in choosing the x4 right at the beginning of the argument.

Theorem 2.8.2 et 7 bea nonempty partially ordered set with order <. Then there
exists a maximal chain.

Proof: Suppose not. Then for € a chain, let 0% denote ¢ U {xy }. Thus for € a chain,
0% is a larger chain which has exactly one more element of .%. Since .% # 0, pick xy €
% . Note that {xo} is a chain. Let 2" be the set of all chains % such that xy € U%. Thus
& contains {xp}. Call two chains comparable if one is a subset of the other. Also, if .
is a nonempty subset of .% in which all chains are comparable, then U.7 is also a chain.
From now on . will always refer to a nonempty set of chains in which any pair are
comparable. Then summarizing,

1. xp e U forall ¢ € 2.
2. {xteZ

3. f ¢ € 2 then 06 € 2.
4. If / C Z thenU.¥ € Z.

A subset % of 2" will be called a “tower” if % satisfies 1.) - 4.). Let % be the
intersection of all towers. Then % is also a tower, the smallest one. Then the next claim
might seem to be so because if not, %y would not be the smallest tower.

Claim 1: If 6, € % is comparable to every chain ¢ € %, then if 6y C %, it must be
the case that 8% C €. In other words, x¢, € U%. The symbol C indicates proper subset.
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This is done by considering a set & C % consisting of & which acts like € in the
above and showing that it actually equals % because it is a tower.

Proof of Claim 1: Consider Z={Z € % : 9 C €y or x4, € UZ}. Let % = %N AB.
I want to argue that %] is a tower. By definition all chains of %] contain xg in their unions.
If2€#,is02c?UfS CH,isUY € X71s {xp} € B?

{x0} cannot properly contain % since xo € U%p. Therefore, %y 2 {xo} so {xo} € Z.

If ¥ C%,and 2 =UY,is 9 € #? Since % is a tower, Z is comparable to 4.
If 9 C 6o, then Z is in . Otherwise ¥ 2 %) and in this case, why is & in #? Why is
xg, € UZ? The chains of . are in % so one of them, called % must properly contain %
and 50 x4, € UZ C UZ. Therefore, 2 € BN % = %. 4.) holds. Two cases remain, to
show that %] satisfies 3.).

case 1: Z 2 6. Then by definition of %, x4, € UZ and so x4, € U8 s0 67 € #].

case 2: 9 C 6y. 07 € % so 02 is comparable to %). First suppose 02 2 %p. Thus
D C6 G 2U{xg}.If x € 6 and x is not in 2 then 2 U {x} C 6y C ZU{x5}. This
is impossible. Consider x. Thus in this case that 62 2 %y, 2 = %p. It follows that
Xg = Xg, € UOG) = U0 and so 0 € #,. The other case is that 07 C 6y so 09 € B
by definition. This shows 3.) so %] is a tower and must equal %.

Claim 2: Any two chains in % are comparable.

Proof of Claim 2: Let %] consist of all chains of % which are comparable to every
chain of %. {xo} is in %] by definition. All chains of % have x( in their union. If
S C AL is U € 27 Given 9 € % either every chain of . is contained in Z or at least
one contains Z. Either way & is comparable to U. so U.¥ € %. It remains to show 3.).
Let € € %) and Z € %. Since ¥ is comparable to all chains in %, it follows from Claim
1 either € C Z when xy € UZ and 04 C P or € O 2 when 66 2O %. Hence % = %
because % is as small as possible.

Since every pair of chains in %y are comparable and % is a tower, it follows that
U%) € % so U% is a chain. However, 6 U % is a chain which properly contains U%
and since %) is a tower, 8 U%) € %. Thus U(OU%) 2 U(U%p) 2 U(6U%p) which is
a contradiction. Therefore, for some chain % it is impossible to obtain the x¢c described
above and so, this € is a maximal chain. l

If X is a nonempty set, < is an order on X if

x<ux,
eitherx <yory <x
ifx<yandy<zthenx <z

and < is a well order if (X, <) if every nonempty subset of X has a smallest element. More
precisely, if S # 0 and S C X then there exists an x € S such that x <y forally € §S. A
familiar example of a well-ordered set is the natural numbers.

Lemma 2.8.3 The Hausdorff maximal principle implies every nonempty set can be well-
ordered.

Proof: Let X be a nonempty set and let @ € X. Then {a} is a well-ordered subset of X.
Let % = {S C X : there exists a well order for S}. Thus % # 0. For S;, S, € %, define
S1 < 8 if S; C S and there exists a well order for S,, <j such that (S, <;) is well-ordered
and if y € S5\ S; then x <, y forall x € Sy, and if <;is the well order of S; then the two
orders are consistent on S;. Then observe that < is a partial order on .%. By the Hausdorff
maximal principle, let € be a maximal chain in .% and let X,, = U% . Define an order, <,



62 CHAPTER 2. SOME BASIC TOPICS

on X as follows. If x, y are elements of X.., pick S € € such that x, y are both in S. Then if
<s is the order on S, let x < y if and only if x <g y. This definition is well defined because
of the definition of the order, <. Now let U be any nonempty subset of X... Then SNU # 0
for some S € ¥. Because of the definition of <, if y € §,\ S1, S; € %, then x < y for all
x € Sy. Thus, if y € X..\ S then x <y for all x € § and so the smallest element of SNU
exists and is the smallest element in U. Therefore X.. is well-ordered. Now suppose there
exists z € X \ X... Define the following order, <i, on X.. U {z}.

x <y yifand only if x <y whenever x,y € Xo

x <y z whenever x € X...

Then let ¢ = {S € € or X, U{z}}. Then € isa strictly larger chain than € contradicting
maximality of €. Thus X \ X.. = 0 and this shows X is well-ordered by <. W
With these two lemmas the main result follows.

Theorem 2.8.4 7he following are equivalent.
The axiom of choice

The Hausdorff maximal principle

The well-ordering principle.

Proof: It remains to show that the well-ordering principle implies the axiom of choice.
Let I be a nonempty set and let X; be a nonempty set for eachi € I. Let X = U{X;:i € I}
and well order X. Let f (i) be the smallest element of X;. Then f € [;c; X;. B

The book by Hewitt and Stromberg [23] has more equivalences.

2.9 Exercises

1. Zorn’s lemma says that if you have a nonempty partially ordered set .%# and every
chain ¢ has an upper bound, then there is a maximal element in .%, some x such that
if x < y then x = y. Show this is equivalent to the Hausdorff maximal principle.

2. A Hamel basis is a set of vectors B in a vector space X such that every element of X
can be written in a unique way as a finite linear combination of vectors of B. Show
every vector space has a Hamel basis. In fact, these are not used much outside of
finite dimensional settings because it can be shown that in every complete normed
linear space which is not finite dimensional, the Hamel basis must be uncountable
but it is nice to know they exist.
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Metric Spaces

3.1 Open and Closed Sets, Sequences, Limit Points

It is most efficient to discus things in terms of abstract metric spaces to begin with.

Definition 3.1.1 A non empty set X is called a metric space if there is a function
d : X x X — [0,00) which satisfies the following axioms.

1. d(x,y) =d(yx)
2. d(x,y) > 0and equals O if and only if x =y
3. d(x,y)+d(y,z) >d(x,z)
This function d is called the metric. We often refer to it as the distance also.
Definition 3.1.2 An open bail, denoted as B (x,r) is defined as follows.

B(x,r)={y:d(x,y) <r}
A set U is said to be open if whenever x € U, it follows that there is r > 0 such that

B(x,r) CU. More generally, a point x is said to be an interior point of U if there exists
such a ball. In words, an open set is one for which every point is an interior point.

For example, you could have X be a subset of R and d (x,y) = |x—y|.
Then the first thing to show is the following.

Proposition 3.1.3 An open ball is an open set.

Proof: Suppose y € B(x,r). We need to verify that y is an interior point of B (x,r). Let
0 =r—d(x,y). Thenif z € B(y, ), it follows that

d(z,x) <d(z,y)+d(y,x) <8 +d(yx) =r—d(x,y) +d (y,x) =r

Thusy € B(y,6) C B(x,r). &

Definition 3.1.4 Let S be a nonempty subset of a metric space. Then p is a limit
point (accumulation point) of S if for every r > 0 there exists a point different than p in
B(p,r)NS. Sometimes people denote the set of limit points as S'.

The following proposition is fairly obvious from the above definition and will be used

whenever convenient. It is equivalent to the above definition and so it can take the place of
the above definition if desired.

Proposition 3.1.5 A point x is a limit point of the nonempty set A if and only if every
B (x,r) contains infinitely many points of A.

63
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Proof: < is obvious. Consider = . Let x be a limit point. Let r; = 1. Then B (x,r])
contains a; # x. If {ay,---,a,} have been chosen none equal to x and with no repeats in
the list, let 0 < r, < min (%,min{d (a;,x),i=1,2,---n}). Then let a,+1 € B(x,r,). Thus
every B(x,r) contains B(x,r,) for all n large enough and hence it contains a; for k > n
where the gy, are distinct, none equal to x. l

A related idea is the notion of the limit of a sequence. Recall that a sequence is really
just a mapping from N to X. We write them as {x,} or {x,}_, if we want to emphasize

the values of n. Then the following definition is what it means for a sequence to converge.

Definition 3.1.6 we say that x = lim,,_,. x,, when for every € > 0 there exists N such
that ifn > N, then
d(x,xn) <€

Often we write x, — x for short. This is equivalent to saying

r}l_r}r;d (x,x,) = 0.
Proposition 3.1.7 The limit is well defined. That is, if x,x' are both limits of a sequence,
thenx =x.

Proof: From the definition, there exist N, N’ such that if n > N, then d (x,x,) < €/2 and
ifn>N', thend (x,x,) < &/2. Then let M > max (N,N'). Let n > M. Then

E &
—+-=¢

d(x,x’) Sd(x,xn)—kd(xn,x/) < st+3=

Since ¢ is arbitrary, this shows that x = x’ because d (x,x') = 0. B
Next there is an important theorem about limit points and convergent sequences.

Theorem 3.1.8 et s % 0. Then p is a limit point of S if and only if there exists a
sequence of distinct points of S, {x,} none of which equal p such that lim,,_,e.x, = p.

Proof: = Suppose p is a limit point. Why does there exist the promissed convergent
sequence? Letx; € B(p,1)NS such thatx; # p. If x;,- - ,x, have been chosen, let x,, | # p
be in B(p, 8,+1) NS where

. 1 .
6n+1:m1n m;d<xi7l’)al:1a27"'7” .
Then this constructs the necessary convergent sequence.

<= Conversely, if such a sequence {x,} exists, then for every r > 0, B(p, r) contains
x, € S for all n large enough. Hence, p is a limit point because none of these x, are equal
top. l

Definition 3.1.9 A set H is closed means HE is open.

Note that this says that the complement of an open set is closed. If V is open, then the

complement of its complement is itself. Thus (VC)C =V an open set. Hence V¢ is closed.
Then the following theorem gives the relationship between closed sets and limit points.

Theorem 3.1.10 A set H is closed if and only if it contains all of its limit points.
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Proof: — Let H be closed and let p be a limit point. We need to verify that p € H. If
it is not, then since H is closed, its complement is open and so there exists & > 0 such that
B(p,0) NH = 0. However, this prevents p from being a limit point.

<= Next suppose H has all of its limit points. Why is H open? If p € HC then it is
not a limit point and so there exists § > 0 such that B(p, ) has no points of H. In other
words, HE is open. Hence H is closed. B

Corollary 3.1.11 A set H is closed if and only if whenever {hy} is a sequence of points
of H which converges to a point x, it follows that x € H.

Proof: —> Suppose H is closed and h, — x. If x € H there is nothing left to show. If
x ¢ H, then from the definition of limit, it is a limit point of H because none of the A, are
equal to x. Hence x € H after all.

<= Suppose the limit condition holds, why is H closed? Let x € H’ the set of limit
points of H. By Theorem 3.1.8 there exists a sequence of points of H, {h,} such that
h, — x. Then by assumption, x € H. Thus H contains all of its limit points and so it is
closed by Theorem 3.1.10. B

Next is the important concept of a subsequence.

Definition 3.1.12 rs {xn}_y be a sequence. Then if ny < np < --- is a strictly
increasing sequence of indices, we say {xnk }::1 is a subsequence of {x, }, ;.

The really important thing about subsequences is that they preserve convergence.

Theorem 3.1.13 L. {xnk} be a subsequence of a convergent sequence {x,} where
Xp — x. Then limy_,c0 X, = x also.

Proof: Let € > 0 be given. Then there exists N such that d (x,,x) < € if n > N. It
follows that if kK > N, then n; > N and so d (xnk,x) < g if k> N. This is what it means to
say limy_eox,, = x. B

3.2 Cauchy Sequences, Completeness

Of course it does not go the other way. For example, you could let x, = (—1)" and it has a
convergent subsequence but fails to converge. Here d (x,y) = |x —y| and the metric space
is just R.

However, there is a kind of sequence for which it does go the other way. This is called
a Cauchy sequence.

Definition 3.2.1 {xn} is called a Cauchy sequence if for every € > O there exists N
such that if m,n > N, then d (X, %) < €.

Now the major theorem about this is the following.

Theorem 3.2.2 Let {xn} be a Cauchy sequence. Then it converges if and only if any
subsequence converges.

Proof: —> This was just done above. <= Suppose now that {x, } is a Cauchy sequence
and limy_,e. X, = x. Then there exists Ny such that if k > Nj, then d (x,,,x) < €/2. From
the definition of what it means to be Cauchy, there exists N, such that if m,n > N;, then
d (Xm,xn) < €/2. Let N > max (N1,N,). Then if k > N, then ny > N and so d (x,x;) <
d (x,xnk) +d (x,,k ,xk) < 5+ £ = &. It follows from the definition that lim;_,c, x; = x. B
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Definition 3.2.3 A metric space is said to be complete if every Cauchy sequence
converges.

There certainly are metric spaces which are not complete. For example, if you consider
Q with d (x,y) = |x—y]|, this will not be complete because you can get a sequence which
is obtained as x, defined as the n decimal place description of /2. However, if a sequence
converges, then it must be Cauchy.

Lemma 3.2.4 ifx, — x, then {x,} is a Cauchy sequence.

Proof: Let € > 0. Then there exists ng such that if m > ng, then d (x,x,,) < €/2. If
m,k > ne, then by the triangle inequality, d (x,x) < d (X, x) +d (x, ;) < 5+ 5 =€
showing that the convergent sequence is indeed a Cauchy sequence as claimed. ll

Another nice thing to note is this.

Proposition 3.2.5 If{x,} is a sequence and if p is a limit point of the set S = U;>_; {x, },
then there is a subsequence {xnk} such that limg_ye X, = X.

Proof: By Theorem 3.1.8, there exists a sequence of distinct points of S denoted as
{y«} such that none of them equal p and lim;_,.. y;x = p. Thus B(p,r) contains infinitely
many different points of the set D, this for every r. Let x,, € B(p,1) where n; is the first
index such that x,,, € B(p,1). Suppose xp, ,- - ,Xn, have been chosen, the n; increasing and
let 1> 681> 8, >--- > 0, where x,, € B(p,6;). Then let

(1 _
6k+1 <mm{2k+1ad(l77xnj)76jd: 172 ,k}

Letx,,,, € B(p,011) where ny 1 is the first index such that x,, , is contained B (p, 0 1)-
Then limy e X, = p. B
Another useful result is the following.

Lemma 3.2.6 Suppose x, — x and y, — y. Then d (xn,y,) — d (x,y).
Proof: Consider the following.
d(x7y) S d('x7x") +d('xn7y) S d('xaxn) +d('xnayn) +d(yl’l7y)

sod (x,y) —d (xn,yn) <d (x,x,)+d (yn,y). Similar reasoning to what was just used shows
that d(XmYn) - d(x»)’) S d(x7xn) +d()7m)7) ) MY ‘d(XmYn) —d(x7Y)| S d(-xaxn) +d()’n7)’)
and the right side converges to 0 as n — co. ll

3.3 Closure of a Set

Next is the topic of the closure of a set.

Definition 3.3.1 et A be a nonempty subset of (X,d) a metric space. Then A is
defined to be the intersection of all closed sets which contain A. Note the whole space, X is
one such closed set which contains A. The whole space X is closed because its complement
is open, its complement being (. It is certainly true that every point of the empty set is an
interior point because there are no points of 0.
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Lemma 3.3.2 Let A be a nonempty set in (X,d). Then A is a closed set and A = AU
A'where A’ denotes the set of limit points of A.

Proof: First of all, denote by % the set of closed sets which contain A. Then A=n%
and this will be closed if its complement is open. However, A =u {HC tH e CK} . Each
HC€ is open and so the union of all these open sets must also be open. This is because if x is
in this union, then it is in at least one of them. Hence it is an interior point of that one. But
this implies it is an interior point of the union of them all which is an even larger set. Thus
A is closed.

The interesting part is the next claim. First note that from the definition, A C A so if
x €A, then x € A. Now considery € A’ but y ¢ A. If y ¢ A, a closed set, then there exists
B(y,r) C AS. Thus y cannot be a limit point of A, a contradiction. Therefore, AUA’ C A.

Next suppose x € A and suppose x ¢ A. Then if B (x, r) contains no points of A different
than x, since x itself is not in A, it would follow that B (x,r) NA = 0 and so recalling that
open balls are open, B(x,r)c is a closed set containing A so from the definition, it also
contains A which is contrary to the assertion that x € A. Hence if x ¢ A, then x € A’ and so
AUA'DA N

3.4 Separable Metric Spaces

Definition 3.4.1 A metric space is called separable if there exists a countable dense
subset D. This means two things. First, D is countable, and second, that if x is any point
and r > 0, then B(x,r) D # 0. A metric space is called completely separable if there
exists a countable collection of nonempty open sets 94 such that every open set is the union
of some subset of PB. This collection of open sets is called a countable basis.

For those who like to fuss about empty sets, the empty set is open and it is indeed the
union of a subset of % namely the empty subset.

Theorem 3.4.2 A metric space is separable if and only if it is completely separable.

Proof: <= Let # be the special countable collection of open sets and for each B € 4,
let pp be a point of B. Then let & = {pg: B € A}. If B(x,r) is any ball, then it is the
union of sets of % and so there is a point of & in it. Since 4 is countable, so is 2.

= Let D be the countable dense set and let #Z ={B(d,r):d € D,r € QN [0,)}.
Then % is countable because the Cartesian product of countable sets is countable. It
suffices to show that every ball is the union of these sets. Let B(x,R) be a ball. Let
y € B(y,8) C B(x,R). Then there exists d € B (y, %) .Let € € Q and % <e< g Then
y€B(d,e) € B. Is B(d,e) C B(x,R)? If so, then the desired result follows because this
would show that every y € B (x, R) is contained in one of these sets of 8 which is contained

in B (x,R) showing that B (x, R) is the union of sets of #. Letz € B(d,€) CB (a’, g) . Then

0 o O
d <d(y,d)+d(d —te<—+-<96
z)<d(vd)+d(d,z) < {gHe<{5+3 <
Hence B(d,e) C B(y,8) C B(x,r). Therefore, every ball is the union of sets of & and,
since every open set is the union of balls, it follows that every open set is the union of sets
of . R
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Corollary 3.4.3 If (X,d) is a metric space and S is a nonempty subset of X, then S is
also separable.

Proof: Let % be a countable basis for (X,d). Say s be those sets of % which
have nonempty intersections with S. By axiom of choice, there is a point in each of these
intersections. The resulting countable selection of points must be dense in S. Indeed, if
x € S, then B(x,r) is the union of sets of % and so some point just described is in B (x,r).
|

Definition 3.4.4 Let S be a nonempty set. Then a set of open sets € is called an
open cover of S if UE€ O .. (It covers up the set S. Think lilly pads covering the surface
of a pond.)

One of the important properties possessed by separable metric spaces is the Lindeloff
property.

Definition 3.4.5 A metric space has the Lindeloff property if whenever € is an open
cover of a set S, there exists a countable subset of € denoted here by 9 such that A is also
an open cover of S.

Theorem 3.4.6 Every separable metric space has the Lindeloff property.

Proof: Let € be an open cover of a set S. Let # be a countable basis. Such exists by
Theorem 3.4.2. Let 4 denote those sets of % which are contained in some set of 4. Thus

4 is a countable open cover of S. Now for B € 4, let Up be a set of ¢ which contains B.
Letting ¥ denote these sets Up it follows that % is countable and is an open cover of S. B

Definition 3.4.7 A potish space is a complete separable metric space. These things
turn out to be very useful in probability theory and in other areas.

3.5 Compact Sets

As usual, we are not worrying about empty sets. Fussing over these is usually a waste of
time. Thus if a set is mentioned, the default is that it is nonempty.

Definition 3.5.1 A metric space K is compact if whenever € is an open cover of K,
meaning K C U%, there exists a finite subset of € {Uy,--- ,U,} such that K C U}_Uy. In
words, every open cover admits a finite sub-cover.

Directly from this definition is the following proposition.

Proposition 3.5.2 IfK is a closed, nonempty subset of a nonempty compact set H, then
K is compact.

Proof: Let 4 be an open cover for K. Then € U {Kc} is an open cover for H. Thus
there are finitely many sets from this last collection of open sets, Uy, - - - ,U,, which covers
H. Include only those which are in %". These cover K because K€ covers no points of K. ll

This is the real definition given above. However, in metric spaces, it is equivalent to
another definition called sequentially compact.
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Definition 3.5.3 A metric space K is sequentially compact means that whenever
{x.} C K, there exists a subsequence {xnk} such that limy_,.. x,, = x € K for some point x.
In words, every sequence has a subsequence which converges to a point in the set.

There is a fundamental property possessed by a sequentially compact set in a metric
space which is described in the following proposition. The special number described is
called a Lebesgue number.

Proposition 3.5.4 Let K be a sequentially compact set in a metric space and let € be
an open cover of K. Then there exists a number 8 > 0 such that whenever x € K, it follows
that B (x, 8) is contained in some set of €.

Proof: If % is an open cover of K and has no Lebesgue number, then for eachn € N, % is
not a Lebesgue number. Hence there exists x,, € K such that B (xn, %) is not contained in any
set of . By sequential compactness, there is a subsequence {xnk} such that x,, — x € K.
Now there is r > 0 such that B (x,r) CU € €. Let k be large enough that i < 5 and also

large enough that x,, € B(x,%). Then B (x,,k7 i) C B(xu,5) € B(x,r) contrary to the

requirement that B (xnk , ik) is not contained in any set of 7. B

In any metric space, these two definitions of compactness are equivalent.

Theorem 3.5.5 Let K be a nonempty subset of a metric space (X,d). Then it is
compact if and only if it is sequentially compact.

Proof: < Suppose K is sequentially compact. Let € be an open cover of K. By
Proposition 3.5.4 there is a Lebesgue number 6 > 0. Let x; € K. If B(x, 8) covers K, then
pick a set of ¥ containing this ball and this set will be a finite subset of 4 which covers
K. If B(x1,0) does not cover K, let xo ¢ B(x;,6). Continue this way obtaining x; such
that d (x;,xj) > & whenever k # j. Thus eventually {B(x;,8)}?_; must cover K because
if not, you could get a sequence {x;} which has every pair of points further apart than &
and hence it has no Cauchy subsequence. Therefore, by Lemma 3.2.4, it would have no
convergent subsequence. This would contradict K is sequentially compact. Now let U; € ¥
with U; D B(xi, 5) . Then U,r'llei oK.

= Now suppose K is compact. If it is not sequentially compact, then there exists a
sequence {x, } which has no convergent subsequence to a point of K. In particular, no point
of this sequence is repeated infinitely often. By Proposition 3.2.5 the set of points U, {x,}
has no limit point in K. (If it did, you would have a subsequence converging to this point
since every ball containing this point would contain infinitely many points of U, {x,}.)
Now consider the sets H, = Uy, {xx} UH’ where H' denotes all limit points of U, {x,} in
X which is the same as the limit points of Uy, {xx }. Therefore, each H,, is closed thanks to
Lemma 3.3.2. Now let U, = HS. This is an increasing sequence of open sets whose union
contains K thanks to the fact that there is no constant subsequence. However, none of these
open sets covers K because U, is missing x,, violating the definition of compactness. Next
is an alternate argument.

= Now suppose K is compact. If it is not sequentially compact, then there exists a
sequence {x,} which has no convergent subsequence to a point of K. If x € K, then there
exists B (x,r,) which contains x, for only finitely many . This is because x is not the limit
of a subsequence. Then {B (x;,r;)}Y_, is a finite sub-cover of K. If p is the largest index for
any x;, contained in U?’: B (xi,r;),letn > p and consider x,. It is a point in K but it can’t be
in any of the sets covering K. B
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Definition 3.5.6 x bve a metric space. Then a finite set of points {x1,-- ,X,} is
called an € net if X C U}_ B (xy,€). If, for every € > 0 a metric space has an € net, then
we say that the metric space is totally bounded.

Lemma 3.5.7 If a metric space (K,d) is sequentially compact, then it is separable and
totally bounded.

Proof: Pick x; € K. If B(x1,€) D K, then stop. Otherwise, pick x, ¢ B (x;, €) . Continue
this way. If {x;,---,x,} have been chosen, either K C U}_, B (x, €) in which case, you have
found an & net or this does not happen in which case, you can pick x,41 ¢ U}_, B (x, €).
The process must terminate since otherwise, the sequence would need to have a convergent
subsequence which is not possible because every pair of terms is farther apart than €. See
Lemma 3.2.4. Thus for every € > 0, there is an € net. Thus the metric space is totally
bounded. Let Ne denote an € net. Let D = U2 | N, Jok- Then this is a countable dense set. It
is countable because it is the countable union of finite sets and it is dense because given a
point, there is a point of D within 1/2% of it. W

Also recall that a complete metric space is one for which every Cauchy sequence con-
verges to a point in the metric space.

The following is the main theorem which relates these concepts.

Theorem 3.5.8 ror (X,d) a metric space, the following are equivalent.
1. (X,d) is compact.
2. (X,d) is sequentially compact.
3. (X,d) is complete and totally bounded.

Proof: By Theorem 3.5.5, the first two conditions are equivalent.

2.= 3. 1If (X,d) is sequentially compact, then by Lemma 3.5.7, it is totally bounded.
If {x,} is a Cauchy sequence, then there is a subsequence which converges to x € X by
assumption. However, from Theorem 3.2.2 this requires the original Cauchy sequence to
converge.

3.= 1. Since (X,d) is totally bounded, there must be a countable dense subset of X.
Just take the union of 1 /2k nets for each k € N. Thus (X,d) is completely separable by
Theorem 3.4.6 has the Lindeloff property. Hence, if X is not compact, there is a countable
set of open sets {U;};-; which covers X but no finite subset does. Consider the nonempty
closed sets F;, and pick x, € F,, where

X\UL, Ui =XN(U_U)° =F,

Let {x,’; }Z‘Zl be a 1/2% net for X. We have for some m, B (xquk, 1/2") contains x, for in-
finitely many values of n because there are only finitely many balls and infinitely many

indices. Then out of the finitely many {x%"} where B (x%,™,1/2*1) has nonempty in-
tersection with B (x5, ,1/2%), pick one xﬁﬁ , such that B (x’,‘,f]: v 2"“) contains x;, for

infinitely many n. Then obviously {xﬁqk }:: | is a Cauchy sequence because

11 1
k+1
d (fmkvxmm) S5 tomT S
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Hence for p < g,

] = ] 1
+1 _
d(x’,;p,x%,q) S;d(xfnkvxfnkﬂ) < kZ k=1 """ 9p-2
=p =p

Now take a subsequence x,, € B (xﬁlk,2_k) so it follows that limy_,c. X, = limy_e x’rjqk =
x € X. However, x € F,, for each n since each F, is closed and these sets are nested. Thus
x € Ny F, contrary to the claim that {U;};- | covers X. B

For the sake of another point of view, here is another argument, this time that 3.)=2.).
This will illustrate something called the Cantor diagonalization process.

Assume 3.). Suppose {x;} is a sequence in X. By assumption there are finitely many
open balls of radius 1/n covering X. This for each n € N. Therefore, for n = 1, there is one
of the balls, having radius 1 which contains x; for infinitely many k. Therefore, there is a
subsequence with every term contained in this ball of radius 1. Now do for this subsequence
what was just done for {x; }. There is a further subsequence contained in a ball of radius
1/2. Continue this way. Denote the ' subsequence as {x;;}7.,. Arrange them as shown

X11,X21,X31,X41 " "+
X12,X22,X32,X42 * -+
X13,X23,X33,X43 * * *

Thus all terms of {x;; },_, are contained in a ball of radius 1/i. Consider now the diagonal
sequence defined as y; = xy. Given n, each yy is contained in a ball of radius 1/n whenever
k > n. Thus {y;} is a subsequence of the original sequence and {y;} is a Cauchy sequence.
By completeness of X, this converges to some x € X which shows that every sequence in X
has a convergent subsequence. This shows 3.)=2.). &

Lemma 3.5.9 The closed interval [a,b] in R is compact and every Cauchy sequence in
R converges.

Proof: To show this, suppose it is not. Then there is an open cover ¥ which admits no
finite subcover for [a,b] = Iy. Consider the two intervals [a, 2], [f2,b]. One of these,
maybe both cannot be covered with finitely many sets of € since otherwise, there would
be a finite collection of sets from & covering [a,b]. Let I; be the interval which has no
finite subcover. Now do for it what was done for y. Split it in half and pick the half which
has no finite covering of sets of ¥’. Thus there is a “nested” sequence of closed intervals
Iy 21 2 I---, each being half of the preceding interval. Say I, = [a,,b,]. By the nested
interval Lemma, Lemma 2.7.1, there is a point x in all these intervals. The point is unique
because the lengths of the intervals converge to 0. This point is in some O € €. Thus
for some & > 0,[x — §,x+ ], having length 20, is contained in O. For k large enough,
the interval [ay,by] has length less than § but contains x. Therefore, it is contained in
[x—&,x+ 6] and so must be contained in a single set of ¢ contrary to the construction.
This contradiction shows that in fact [a, b] is compact.

Now if {x,} is a Cauchy sequence, then it is contained in some interval [a,b] which is
compact. Hence there is a subsequence which converges to some x € [a,b]. By Theorem
3.2.2 the original Cauchy sequence converges to x. ll
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3.6 Continuous Functions

The following is a fairly general definition of what it means for a function to be continuous.
It includes everything seen in typical calculus classes as a special case.

Definition 3.6.1 Let f: X — Y be a function where (X,d) and (Y,p) are metric
spaces. Then f is continuous at x € X if and only if the following condition holds. For
every € > 0, there exists 8 > 0 such that if d (£,x) < 8, then p (f(£),f(x)) <e. If fis
continuous at every x € X we say that f is continuous on X.

For example, you could have a real valued function f (x) defined on an interval [0, 1]. In
this case you would have X = [0,1] and ¥ = R with the distance given by d (x,y) = |x —y|.
Then the following theorem is the main result.

Theorem 3.6.2 Let f: X — Y where (X,d) and (Y, p) are metric spaces. Then the
following two are equivalent.

a f is continuous at x.

b Whenever x, — x, it follows that f (x,) — f(x).

Also, the following are equivalent.

¢ fis continuous on X.

d WheneverV is open in Y, it follows that f~' (V) = {x: f(x) €V} is open in X.

e Whenever H is closed in Y, it follows that f~' (H) = {x: f (x) € H} is closed in X.

Proof: a = b: Let f be continuous at x and suppose x, — x. Then let € > 0 be given.
By continuity, there exists 6 > 0 such that if d (£,x) < 8, then p (f(£),f(x)) < €. Since
Xn — x, it follows that there exists N such that if n > N, then d (x,,,x) < 6 and so, if n > N,
it follows that p (f (x,),f (x)) < €. Since € > 0 is arbitrary, it follows that f (x,) — f (x).

b = a: Suppose b holds but f fails to be continuous at x. Then there exists € > 0
such that for all 6 > 0, there exists £ such that d (£,x) < & but p (f (£),f(x)) > €. Letting
0 = 1/n, there exists x, such that d (x,,x) < 1/n but p (f(x,),f(x)) > €. Now this is a
contradiction because by assumption, the fact that x,, — x implies that f (x,) — f(x). In
particular, for large enough n, p (f (x,), f (x)) < € contrary to the construction.

c==d: LetVbeopeninY. Letx € f~! (V) so that f(x) € V. Since V is open, there
exists € > 0 such that B(f (x),€) C V. Since f is continuous at x, it follows that there exists
6 > 0 such that if £ € B(x,0), then f(£X) € B(f(x),e) CV.(f(B(x,0)) CB(f(x),¢))
In other words, B(x,8) C f~'(B(f (x),€)) C f~! (V) which shows that, since x was an
arbitrary point of f~! (V) every point of £~! (V) is an interior point which implies f~! (V)
is open.

d = e: Let H be closed in Y. Then f~! (H)¢ = f~! (H®) which is open by assump-
tion. Hence f~! (H) is closed because its complement is open.

e = d: LetV be openin Y. Then f~! (V)C =f! (VC) which is assumed to be closed.
This is because the complement of an open set is a closed set.

d = c: Let x € X be arbitrary. Is it the case that f is continuous at x? Let € > 0 be
given. Then B(f (x),¢€) is an open set in V and so x € f~! (B(f(x),€)) which is given
to be open. Hence there exists § > 0 such that x € B(x,8) C f~! (B(f(x),€)). Thus,
f(B(x,0)) CB(f(x),€)sop(f(X),f(x)) <e. Thus f is continuous at x for every x. Bl
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Example 3.6.3 x — d (x,y) is a continuous function from the metric space to the metric
space of nonnegative real numbers.

This follows from Lemma 3.2.6. You can also define a metric on a Cartesian product
of metric spaces.

Proposition 3.6.4 Let (X,d) be a metric space and consider (X x X,p) where
p((x,%),(»,5) =d(x,y)+d(%5).
Then this is also a metric space.

Proof: The only condition not obvious is the triangle inequality. However,

P ((x%),(39) +p((19),(z2) =d(xy)+d (%F) +d (,2) +d (7,2
2d(x,z)+d(%,2) =p((x,),(z,2) A
Definition 3.6.5 If you have two metric spaces (X,d) and (Y,p), a function f :

X — Y is called a homeomorphism if and only if it is continuous, one to one, onto, and its
inverse is also continuous.

Here is a useful proposition.

Proposition 3.6.6 Let (X,d) be a metric space and let S be a nonempty subset of X.
Define
dist(x,S) = inf{d (x,s) : s € S}

Then |dist (x,S) —dist (y,5)| < d (x,y) so x — dist(x,S) is continuous.

Proof: Say dist (x,S) > dist(y,S). Then there is s € S such that dist (y,S) + & > d (y,s).
Then

|dist (x,S) —dist (y,S)| = dist (x,S) — dist (y,5) < d (x,5) — (d (y,5) — €)

< d(x,y)+d(y7s) - (d(yvs) _8) = d(xvy)+£

Since € > 0 is arbitrary, this shows the claimed result. If dist(x,S) < dist(y,S), repeat
switching roles of x and y. B

3.7 Continuity and Compactness

How does compactness relate to continuity? It turns out that the continuous image of a
compact set is always compact. This is an easy consequence of the above major theorem.

Theorem 3.7.1 Let f: X — Y where (X,d) and (Y,p) are metric spaces and f is
continuous on X. Then if K C X is compact, it follows that f (K) is compact in (Y,p).

Proof: Let ¢ be an open cover of f(K). Denote by f~! (%) the sets of the form
{f7'(U):U €€} .Then ' (%) is an open cover of K. It follows there are finitely many
sets of the form {f~' (U}),---,f~" (U,)} which covers K. It follows that {U,,--,U,} is
an open cover for f(K). ®

The following is the important extreme values theorem for a real valued function de-
fined on a compact set.
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Theorem 3.7.2 LetK bea compact metric space and suppose f : K — R is a contin-
uous function. That is, R is the metric space where the metric is given by d (x,y) = |x—y|.
Then f achieves its maximum and minimum values on K.

Proof: Let A = sup{f(x):x € K}. Then from the definition of sup, you have the ex-
istence of a sequence {x,} C K such that lim,_,. f (x,) = A. There is a subsequence still
called {x,} which converges to some x € K. From continuity, A = lim,_e f (x,) = f (%)
and so f achieves its maximum value at x. Similar reasoning shows that it achieves its
minimum value on K. B

Definition 3.7.3 Le:f: (X,d) — (Y,p) be a function. Then it is said to be uniformly
continuous on X if for every € > 0 there exists a 0 > 0 such that whenever x, £ are two points
of X with d (x,%) < 6, it follows that p (f (x), f (%)) < €.

Note the difference between this and continuity. With continuity, the § could depend
on x but here it works for any pair of points in X.
There is a remarkable result concerning compactness and uniform continuity.

Theorem 3.7.4 Let £ (X,d) — (Y,p) be a continuous function and let K be a
compact subset of X. Then the restriction of f to K is uniformly continuous.

Proof: First of all, K is a metric space and f restricted to K is continuous. Now
suppose it fails to be uniformly continuous. Then there exists € > 0 and pairs of points x;,, X,
such that d (x,,,%,) < 1/nbut p (f (x,),f(£,)) > €. Since K is compact, it is sequentially
compact and so there exists a subsequence, still denoted as {x, } such that x, — x € K. Then
also £, — x also and so by Lemma 3.2.6, p (f (x),f (x)) = limyep (f (xn),f (£n)) > €
which is a contradiction. l

3.8 Lipschitz Continuity and Contraction Maps

The following may be of more interest in the case of normed vector spaces, but there is
no harm in stating it in this more general setting. You should verify that the functions
described in the following definition are all continuous.

Definition 3.8.1 rer f: X — Y where (X,d) and (Y,p) are metric spaces. Then
f is said to be Lipschitz continuous if for every x,£ € X, p (f (x),f (X)) < rd (x,%). The
function is called a contraction map if r < 1.

The big theorem about contraction maps is the following.

Theorem 3.8.2 Ler 1 : (X,d) — (X,d) be a contraction map and let (X,d) be
a complete metric space. Thus Cauchy sequences converge and also d (f (x),f (%)) <
rd (x,%) where r < 1. Then f has a unique fixed point. This is a point x € X such that
f(x) =x. Also, if xo is any point of X, then

d (xo, f (x0))

d <
(x0) < 1—r

Also, for each n,

and x = lim, e f" (x0).
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Proof: Pick xp € X and consider the sequence of the iterates of the mapf given by
x0,f (x0), f2 (x0),--- . We argue that this is a Cauchy sequence. For m < n, it follows from
the triangle inequality,

d(" () .S (x0)) < ): L4 (141 05 () < X (5 (0 0)
The reason for this last is as follows.
d (> (x0),f (x0)) < rd (f (x0),%0)
d(f* (x0),f* (x0)) < rd (f*(x0), f (x0)) < r*d(f (x0),%0)

and so forth. Therefore, by the triangle inequality,

Z d( k1 (XO))

< Z rd (f (x0) ,x0) < d (f (x0).%0) % (3.1
k=m

IN

d(f" (x0) /" (x0))

which shows that this is indeed a Cauchy sequence. Therefore, there exists x such that
lim,, e /™ (xo) = x. By continuity, f (x) = f (lim,_e £ (x0)) = lim,, e /7! (x0) = x.
Also note that, letting m = 0 in 3.1, this estimate yields

d (50, (1)) < L0:S0))

Now d (xg,x) < d (x0, " (x0)) +d (" (x0) ,x) and so
d (xo, f (x0))

1—r

d (x0,x) —d (f" (x0),x) <

Letting n — oo, it follows that d (xg,x) < Mhecause limy, e d (f" (x0) ,x) =d (x,x) =
0 by Lemma 3.2.6.

It only remains to verify that there is only one fixed point. Suppose then that x,x" are
two. Then

d (x,x’) =d (f(x) ,f(x’)) <rd (x/,x)

and so d (x,x') =0 because r < 1. W

The above is the usual formulation of this important theorem, but we actually proved a
better result.

Corollary 3.8.3 Let B be a closed subset of the complete metric space (X,d) and let
f B — X be a contraction map

d(f(x),f®) <rd(x2%), r<l1.

Also suppose there exists x, € B such that the sequence of iterates { f" (xo)},._, remains in
B. Then f has a unique fixed point in B which is the limit of the sequence of iterates. This
is a point x € B such that f (x) = x. In the case that B = B (xy, 0), the sequence of iterates

satisfies the inequality
d (xo, f (x0))

1—r

d(f" (x0),%0) <

and so it will remain in B U‘M < 4.

r
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Proof: By assumption, the sequence of iterates stays in B. Then, as in the proof of the
preceding theorem, for m < n, it follows from the triangle inequality,

n—1
(" (0) S 0) < X d (£ (o) oS (v0) )
k=m

IN

m

ki *d (f (x0) ,%0) = 1ird(f(xo)>x0)

IN

Hence the sequence of iterates is Cauchy and must converge to a point x in X. However, B
is closed and so it must be the case that x € B. Then as before,
. H u T n+1 _ . 7 —
x = Tim /" (x0) = lim ! (x0) = f (lim 1" (x0) ) = £ (x)

As to the sequence of iterates remaining in B where B is a ball as described, the inequality
above in the case where m = 0 yields d (xo, f" (x0)) < 1d (f (x0) ,Xo) and so, if the right
side is less than &, then the iterates remain in B. As to the fixed point being unique, it is as
before. If x,x" are both fixed points in B, then d (x,x') = d (f (x), f (x')) < rd (x,x') and so
x=x.1

The contraction mapping theorem has an extremely useful generalization. In order to
get a unique fixed point, it suffices to have some power of f a contraction map.

Theorem 3.8.4 e 7: (X,d) — (X,d) have the property that for some n € N, f" is
a contraction map and let (X,d) be a complete metric space. Then there is a unique fixed
point for f. As in the earlier theorem the sequence of iterates { f" (xo)},_, also converges
to the fixed point.

Proof: From Theorem 3.8.2 there is a unique fixed point for f". Thus f” (x) = x Then

)= ) = f(x)

By uniqueness, f (x) = x.

Now consider the sequence of iterates. Suppose it fails to converge to x. Then there
is € > 0 and a subsequence ny such that d (f (xo),x) > €. Now ny = pgn+ ry where r
is one of the numbers {0, 1,2,--- ,n— 1}. It follows that there exists one of these numbers
which is repeated infinitely often. Call it r and let the further subsequence continue to be
denoted as ny. Thus d (fP"+" (x0),x) > €. In other words,

d(f™" (f" (x0)),x) = €

However, from Theorem 3.8.2, as k — oo, fPK" (f"(x)) — x which contradicts the above

inequality. Hence the sequence of iterates converges to x, as it did for f a contraction map.
|

3.9 Convergence of Functions

Next is to consider the meaning of convergence of sequences of functions. There are two
main ways of convergence of interest here, pointwise and uniform convergence.

Definition 3.9.1 rer f, : X — Y where (X,d), (Y,p) are two metric spaces. Then
{fn} is said to converge pointwise to a function f : X — Y if for every x € X, lim, e f;, (X) =
f(x). {fu} is said to converge uniformly if for all € > 0, there exists N such that ifn > N,
then SUPyex P (fn ()C) ’f(x)) <&
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Here is a well known example illustrating the difference between pointwise and uniform
convergence.

Example 3.9.2 Let f, (x) = x" on the metric space [0,1]. Then this function converges
pointwise to
[ 0on[0,1)
F) = { lat 1

but it does not converge uniformly on this interval to f.

Note how the target function f in the above example is not continuous even though
each function in the sequence is. The nice thing about uniform convergence is that it takes
continuity of the functions in the sequence and imparts it to the target function. It does this
for both continuity at a single point and uniform continuity. Thus uniform convergence is
a very superior thing.

Theorem 3.9.3 Let £, : X — Y where (X,d),(Y,p) are two metric spaces and sup-
pose each f, is continuous at x € X and also that f, converges uniformly to f on X. Then
f is also continuous at x. In addition to this, if each f, is uniformly continuous on X, then
the same is true for f.

Proof: Let € > 0 be given. Then

p(f (), f(8) <p(f(x),fu(x)+p (fa(x), fa (&) +p (fu (R), £ (£))

By uniform convergence, there exists N such that both p (£ (x), f, (x)),p (fx (£),f (X)) are
less than €/3 provided n > N. Thus picking such an n

P, F () < 54+ (). fo ()

From the continuity of f,, there exists a positive number 6 > 0 such that if d (x,£) < 0,
then p (f, (x), fn (£)) < €/3. Hence, if d (x,£) < &, then

2e €

P(f(x)»f(f))ﬁéj+p(ﬁ,(x),fn(ﬁ))<?+§:8

Hence, f is continuous at x.

Next consider uniform continuity. It follows from the uniform convergence that if x, %
are any two points of X, then if n > N, then, picking such an n,p (f (x),f (%)) < % +
p (fu (%), fn (X)) . By uniform continuity of f, there exists 0 such thatif d (x,£) < J, then the
term on the right in the above is less than £ /3. Hence if d (x,£) < 8, then p (f (x), f (%)) <€
and so f is uniformly continuous as claimed. ll

3.10 Compactness in C (X,Y) Ascoli Arzela Theorem

This will use the characterization of compact metric spaces to give a proof of a general
version of the Arzella Ascoli theorem. See Naylor and Sell [36] which is where I saw this
general formulation.

Definition 3.10.1 Ler (X,dx) be a compact metric space. Let (Y,dy) be another
complete metric space. Then C (X,Y) will denote the continuous functions which map X to
Y. Then p is a metric on C (X,Y) defined by p (f,g) = sup,ex dy (f (x),8(x)).
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Theorem 3.10.2 (C(X.Y),p) is a complete metric space where (X ,dx) is a com-
pact metric space

Proof: It is first necessary to show that p is well defined. In this argument, I will
just write d rather than dy or dy. To show this, note that from Lemma 3.2.6, if x,, — x,
and y, — y, then d (x,,y,) — d (x,y). Therefore, if f,g are continuous, and x, — x so
J () = f (x) and g (xn) — & (x), d (f (xn) , g (xn)) = d (f (x) & (x)) and so, p (f, &) is just
the maximum of a continuous function defined on a compact set. By Theorem 3.7.2, the
extreme values theorem, this maximum exists.

Clearly p (f,8) =p (g, f) and

p(f.8)+p(gh) supd (f (x), & (x)) +supd (g (x) . (x))

xeX xeX
> )sclel}g(d(f(x%g(X))er(g(X),h(x)))
> )sclelg(d(f(x)yh(x))ﬁp(f,h)

so the triangle inequality holds.

It remains to check completeness. Let {f,} be a Cauchy sequence. Then from the
definition, {f, (x)} is a Cauchy sequence in ¥ and so it converges to something called
f(x). By Theorem 3.9.3, f is continuous. It remains to show that p (f,, f) — 0. Letx € X.
Then from what was just noted,

d(fu(x),f(x)) = Wllgrgod(fn (x), fm (x)) < lim sup p (fy, fin)

m—yoo

since {f,} is given to be a Cauchy sequence, there exists N such that if m,n > N, then
P (fu, fm) < €. Therefore, if n > N,d (f,, (x), f (x)) <limsup,, .. P (fn, /m) < €. Since x is
arbitrary, it follows that p (f,, f) < ¢&,ifn>N. R

Here is a useful lemma.

Lemma 3.10.3 Lez S be a totally bounded subset of (X,d) a metric space. Then S is
also totally bounded.

Proof: Suppose not. Then there exists a sequence {p,} C S such that

d(pm;pn) > €

for all m # n. Now let g, € B (pn, %) N S. Then it follows that

€ €
3 +d(qn,qm) + 32 d(pnyqn) +d (qn:qm) +d (qm, Pm) = d (Pnyqm) > €
and so d (¢n,qm) > §. This contradicts total boundedness of S. H

Next, here is an important definition.

Definition 3.10.4 e o C C(X,Y) where (X,dx) and (Y,dy) are metric spaces.
Thus </ is a set of continuous functions mapping X to'Y. Then <7 is said to be equicontin-
uous if for every € > 0 there exists a 6 > 0 such that if dx (x1,x2) < 6 then for all f € <7,
dy (f (x1),f (x2)) < €. (This is uniform continuity which is uniform in < .) < is said to be
pointwise compact if { f (x) : f € &/} has compact closure in Y.
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Here is the Ascoli Arzela theorem.

Theorem 3.10.5 Ler (X,dx) be a compact metric space and let (Y,dy) be a com-
plete metric space. Thus (C(X,Y),p) is a complete metric space. Let of C C(X,Y) be
pointwise compact and equicontinuous. Then </ is compact. Here the closure is taken in
(C(X,Y),p).

Proof: The more useful direction is that the two conditions imply compactness of .o7.
I prove this first. Since <7 is a closed subset of a complete space, it follows from Theorem
3.5.8, that o will be compact if it is totally bounded. In showing this, it follows from
Lemma 3.10.3 that it suffices to verify that <7 is totally bounded. Suppose this is not
so. Then there exists € > 0 and a sequence of points of <7, {f,} such that p (f,, fn) > €
whenever n # m.

By equicontinuity, there exists 8 > 0 such that if

d(x,y) <9,

then dy (f (x),f(v)) < § forall f € o/. Let {x;}/_, be a & net for X. Since there are only
finitely many x;, it follows from pointwise compactness that there exists a subsequence,
still denoted by { f,} which converges at each x;. Now let x € X be arbitrary. There exists
N such that for each x; in that 8 net,

dy (fn (xi), fin (x;)) < €/8 whenever n,m > N
Then for m,n > N,

dy (fu (x) ,dym (x))
< dy (fa (), S (i) A-dy (fu (%) 5 fon (%2)) +dy (fin (xi) fin ()
< dy (fu (%), fu (%)) + /8 +dy (fin (xi) , fin (%))

Pick x; such that d (x,x;) < 8. {x;}_, is a & net and so this is surely possible. Then by
equicontinuity, the two ends are each less than £/8 and so for m,n > N,

dy () () <

Since x is arbitrary, it follows that p (fy, fin) < 3€/8 < € which is a contradiction. It follows
that .7 and hence .o/ is totally bounded. This proves the more important direction.

Next suppose <7 is compact. Why must <7 be pointwise compact and equicontinuous?
If it fails to be pointwise compact, then there exists x € X such that {f (x) : f € &/} is not
contained in a compact set of Y. Thus there exists € > 0 and a sequence of functions in .o
{f.} such that d (f,, (x), fu (x)) > €. But this implies p (f,n, f,) > € and so .o/ fails to be
totally bounded, a contradiction. Thus .27 must be pointwise compact. Now why must it be
equicontinuous? If it is not, then for each n € N there exists € > 0 and x,,,y, € X such that
d (xy,yn) < 1/n but for some f, € &, d(f, (x,), fn (yu)) > €. However, by compactness,
there exists a subsequence { fnk} such that limy_s. p ( s f ) = 0 and also that x,, ,y, —
x € X. Hence

e < d(fu () S On)) <d (fo () oS (x0,))
+d(f (x"k) 7f(y”k)) +d(f (y"k) e )
<p (f"k’f) +d(f (x”k) ’f(y”k)) +p (f’f’lk)

and now this is a contradiction because each term on the right converges to 0. The middle
term converges to 0 because f (xnk) f (ynk) — f(x). See Lemma 3.2.6. B
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3.11 Connected Sets

Stated informally, connected sets are those which are in one piece. In order to define what
is meant by this, I will first consider what it means for a set to not be in one piece. This is
called separated. Connected sets are defined in terms of not being separated. This is why
theorems about connected sets sometimes seem a little tricky.

Definition 3.11.1 4 set, S in a metric space, is separated if there exist sets A,B
such that B
S=AUB,A,B#0,and ANB=BNA=0.

In this case, the sets A and B are said to separate S. A set is connected if it is not separated.
Remember A denotes the closure of the set A.

Note that the concept of connected sets is defined in terms of what it is not. This makes
it somewhat difficult to understand. One of the most important theorems about connected
sets is the following.

Theorem 3.11.2 Suppose % is a set of connected sets and that there exists a point
p which is in all of these connected sets. Then K = U% is connected.

Proof: The argument is dependent on Lemma 3.3.2. Suppose
K=AUB

where ANB =BNA =0,A+#0,B+# 0. Then p is in one of these sets. Say p € A. Then if
U € %, it must be the case that U C A since if not, you would have

U=(ANU)U(BNU)

and the limit points of ANU cannot be in B hence not in BN U while the limit points of
BNU cannot be in A hence notin ANU. Thus B = 0. It follows that K cannot be separated
and so it is connected.

The intersection of connected sets is not necessarily connected as is shown by the fol-
lowing picture.

U

Theorem 3.11.3 L. f : X =Y be continuous where Y is a metric space and X is
connected. Then f (X) is also connected.

Proof: To do this you show f (X) is not separated. Suppose to the contrary that f (X) =
AUB where A and B separate f (X). Then consider the sets f ! (A) and £~ (B). If z
€ f~1(B), then f(2) € Band so f(z) is not a limit point of A. Therefore, there exists an
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open set, U containing f (z) such that U NA = 0. But then, the continuity of f and Theorem
3.6.2 implies that £~ (U) is an open set containing z such that £~ (U)N £~ (A) = 0.
Therefore, £~ (B) contains no limit points of £~ (A). Similar reasoning implies f ! (A)
contains no limit points of £~! (B). It follows that X is separated by £~ (A) and f~! (B),
contradicting the assumption that X was connected. ll

An arbitrary set can be written as a union of maximal connected sets called connected
components. This is the concept of the next definition.

Definition 3.11.4 et S be a set and let p € S. Denote by Cy, the union of all con-
nected subsets of S which contain p. This is called the connected component determined by

p-

Theorem 3.11.5 L. Cp be a connected component of a set S in a metric space.
Then Cy, is a connected set and if C, NCq # 0, then Cp, = Cyq.

Proof: Let ¥ denote the connected subsets of S which contain p. By Theorem 3.11.2,
U% = Cp is connected. If & € C, N Cyq, then from Theorem 3.11.2, Cp, D C, UC, and so
Cp 2 Cq4. The inclusion goes the other way by the same reason. l

This shows the connected components of a set are equivalence classes and partition the
set.

A set, I is an interval in R if and only if whenever x,y € I then [x,y] C I. The following
theorem is about the connected sets in R.

Theorem 3.11.6 A set C in R is connected if and only if C is an interval.

Proof: Let C be connected. If C consists of a single point, p, there is nothing to prove.
The interval is just [p, p]. Suppose p < g and p,q € C. You need to show (p,q) C C. If
x € (p,q)\C, let CN(—o0,x) = A, and CN (x,%) = B. Then C = A UB and the sets A and
B separate C contrary to the assumption that C is connected.

Conversely, let / be an interval. Suppose [ is separated by A and B. Pick x € A and
¥ € B. Suppose without loss of generality that x < y. Now define the set,

S={rexy|:[xt] CA}

and let  be the least upper bound of S. Then [ € A so [ ¢ B which implies / € A. Butif [ ¢ B,
then for some & > 0,(/,/+ 8) N B = 0 contradicting the definition of / as an upper bound
for S. Therefore, [ € B which implies / ¢ A after all, a contradiction. It follows I must be
connected.

This yields a generalization of the intermediate value theorem from one variable calcu-
lus.

Corollary 3.11.7 Let E be a connected set in a metric space and suppose f : E — R
and thaty € (f (e1), f (e2)) where e; € E. Then there exists e € E such that f (e) =y.

Proof: From Theorem 3.11.3, f(E) is a connected subset of R. By Theorem 3.11.6
f (E) must be an interval. In particular, it must contain y. This proves the corollary. H
The following theorem is a very useful description of the open sets in R.

Theorem 3.11.8 er U be an open set in R. Then there exist countably many dis-
joint open sets {(a;,b;)};- | such that U = U (a;, b;) .
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Proof: Let p € U and let z € Cp, the connected component determined by p. Since U is
open, there exists, 8 > 0 such that (z— 8,z+ ) C U. It follows from Theorem 3.11.2 that

(z—8,z4+8) CC,.

This shows C,, is open. By Theorem 3.11.6, this shows C,, is an open interval, (a,b) where
a,b € [—e0,00]. There are therefore at most countably many of these connected compo-
nents because each must contain a rational number and the rational numbers are countable.
Denote by {(a;,b;)};—; the set of these connected components. l

Definition 3.11.9 A set E in a metric space is arcwise connected if for any two
points, p,q € E, there exists a closed interval, [a,b] and a continuous function, y: [a,b] —
E such that v (a) = p and v (b) = q.

An example of an arcwise connected metric space would be any subset of R” which is
the continuous image of an interval. Arcwise connected is not the same as connected. A
well known example is the following.

{(x,sini) :xe(O,l]}U{(O,y):ye[—1,1]} (32)

You can verify that this set of points in the normed vector space R? is not arcwise connected
but is connected.

Lemma 3.11.10 /n R?, B(z,r) is arcwise connected.

Proof: This is easy from the convexity of the set. If &,y € B(z,r), then let vy (z) =
x+t(y—x)fort €10,1].

1(1=1) (= 2) +1(y — 2)|
(I=0)llz—zl|+1]ly— =]
(I—=t)r+tr=r

[ +1(y —x) — 2|

A IA

showing ~ (¢) stays in B(z,r).H
Proposition 3.11.11 If X # 0 is arcwise connected, then it is connected.

Proof: Let p € X. Then by assumption, for any x € X, there is an arc joining p and x.
This arc is connected because it is the continuous image of an interval which is connected.
Since x is arbitrary, every x is in a connected subset of X which contains p. Hence C,, = X
and so X is connected. H

Theorem 3.11.12 et U be an open subset of RP. Then U is arcwise connected if
and only if U is connected. Also the connected components of an open set are open sets.

Proof: By Proposition 3.11.11 it is only necessary to verify that if U is connected and
open, then U is arcwise connected. Pick p € U. Say x € U satisfies & if there exists a
continuous function, -y : [a,b] — U such that y(a) = p and v (b) = x.

A = {zx € U such that x satisfies 2.}



3.12. PARTITIONS OF UNITY IN METRIC SPACE 83

If x € A, then Lemma 3.11.10 implies B(x,r) C U is arcwise connected for small
enough r. Thus letting y € B(x,r), there exist intervals, [a,b] and [c,d] and continuous
functions having values in U, v, n such that v (a) = p,y (b) =x,n(c) =x,and n (d) = y.
Then let 7, : [a,b+d —c] — U be defined as

B (r) ift € [a,b]
Y1 (’)_{ Z(;+1c—b) ifte[b,b+d—]

Then it is clear that =y, is a continuous function mapping p to y and showing that B (x,r) C
A. Therefore, A is open. A # 0@ because since U is open there is an open set, B(p,d)
containing p which is contained in U and is arcwise connected.

Now consider B = U \ A. I claim this is also open. If B is not open, there exists a
point z € B such that every open set containing z is not contained in B. Therefore, letting
B(z,8) be such that z € B(z,0) C U, there exist points of A contained in B(z,8). But
then, a repeat of the above argument shows z € A also. Hence B is open and so if B # 0,
then U = BUA and so U is separated by the two sets B and A contradicting the assumption
that U is connected. Note that, since B is open, it contains no limit points of A and since A
is open, it contains no limit points of B.

It remains to verify the connected components are open. Let z € C, where Cp, is the
connected component determined by p. Then picking B(z,0) C U, Cp, UB(2,9) is con-
nected and contained in U and so it must also be contained in Cp,. Thus z is an interior
point of Cp,.

As an application, consider the following corollary.

Corollary 3.11.13 Let f: Q — Z be continuous where Q is a connected nonempty
open set of a metric space. Then f must be a constant.

Proof: Suppose not. Then it achieves two different values, k and [ # k. Then Q =
YO Uf'({meZ:m+#1}) and these are disjoint nonempty open sets which separate
Q. To see they are open, note

incaimaiy = oo s 1)

which is the inverse image of an open set while f~! (1) = f~! ((1— %,1+ 1)) also an open
set. l

3.12 Partitions of Unity in Metric Space
Lemma 3.12.1 Let X be a metric space and let S be a nonempty subset of X .
dist(z,8) = inf{d (x,2): 2 € S}

Then
|dist (z,S) —dist(y,S)| < d(x,y).

Proof: Say dist(x,S) > dist(y,S) . Then letting € > 0 be given, there exists z € S such
that d (y, z) < dist(y,S) + € Then

|dist (z,S) —dist (y,S)| = dist(x, S) —dist(y,S) < dist(x,S) — (d (y,2z) — €)
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Sd(a:,z)—(d(y,z)—s) Sd(w’y)+d(yaz)_d(y,z)+g:d($ay)+8

Since € is arbitrary, |dist (x,S) — dist (y,S)| < d (x,y). The situation is completely similar
if dist(x,S) < dist(y,S). W

Then this shows that « — dist (z, ) is a continuous real valued function.

This is about partitions of unity in metric space. Assume here that closed balls are
compact. For example, you might be considering R? with d (z,y) = |z — y|.

Definition 3.12.2 Define spt(f) (support of f) to be the closure of the set {x :
f(x) #0}. If V is an open set, C.(V) will be the set of continuous functions f, defined
on Q having spt(f) C V.

Definition 3.12.3 If K is a compact subset of an open set, V, then K < ¢ <V if
¢ €C(V), 9(K) ={1}, 9(Q) [0, 1],
where Q denotes the whole metric space. Also for ¢ € C.(Q), K < ¢ if
6(Q) C[0,1] and 9(K) = 1.

and ¢ <V if
0(Q) C[0,1] and spt(¢) C V.

Lemma 3.12.4 Let (Q,d) be a metric space in which closed balls are compact. Then if
K is a compact subset of an open set V, then there exists ¢ such that K < ¢ <V.

Proof: Since K is compact, the distance between K and vEis positive, 6 > 0. Other-
wise there would be x,, € K and y, € VC with d (x,,y,) < 1/n. Taking a subsequence, still
denoted with n, we can assume x;,, — x and y,, — x but this would imply x is in both K and
VC which is not possible. Now consider {B (x,/2)} for x € K. This is an open cover and
the closure of each ball is contained in V. Since K is compact, finitely many of these balls
cover K. Denote their union as W. Then W is compact because it is the finite union of the
closed balls. Hence K C W C W C V. Now consider

dist (x, WE)
dist (x, K) + dist (x, WC)

¢(x) =

the denominator is never zero because x cannot be in both K and W€. Thus ¢ is continuous
by Lemma 3.12.1. also if x € K, then ¢ (x) = 1 and if x ¢ W, then ¢ (x) =0. W

Theorem 3.12.5 (Partition of unity) Let K be a compact subset of a metric space
in which closed balls are compact and suppose K CV = U!_,V;, V; open. Then there exist
vy, <ViwithY! , y;(x)=1forallx € K.

Proof: Let K; =K\ U ,V;. Thus K is compact and K; C V). Let K C W, C Wi C
V1 with W compact. To obtain W}, use Lemma 3.12.4 to get f such that K| < f <V} and let
Wi ={x: f(x) #0}.Thus W;,Vs,---V, covers K and W CV;. Let K, = K\ (U_;V;UW)).
Then K> is compact and K, C V. Let K, C W> C W, C Vo, W5 compact. Continue this way
finally obtaining Wy,--- ,W,,, K C Wy U---UW,, and W; C V; W; compact. Now let

W;CU; CU; CV;,U; compact.
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LA T
By Lemma 3.12.4,letU; < ¢; < V;, U, W; < y < UL, U;. Define

V()9 (x)/ Ly ¢;(x) if Xj_; ¢;(x) #0,
‘I’i(x):{ 0if Z'}zlqu(x)]:O. ]]

If x is such that }}_; ¢ ;(x) = 0, then x ¢ U?_,U;. Consequently y(y) = 0 for all y near x
apd 50 Y (y) = 0 for all y near x. Hence Vi is continuous at suchox. If 37 (]) () ;é 0, this
situation persists near x and so Y, is continuous at such points. Therefore y; is continuous.
If x € K, then y(x) = L and so i _; y;(x) = 1. Clearly 0 < y; (x) < l and spt(y;) CV;.

3.13 Completion of Metric Spaces

Let (X,d) be a metric space X # 0. Perhaps this is not a complete metric space. In other
words, it may be that Cauchy Sequences do not converge. Of course if x € X and if x,, = x
for all n then {x,} is a Cauchy sequence and it converges to x.

Lemma 3.13.1 Denote by x a Cauchy sequence x being short for {xn}n_y- Thenifz,y
are two Cauchy sequences, limy,_sed (X, yy) exists.

Proof: Let € > 0 be given and let N be so large that whenever n,m > N, it follows that
d (%n,Xm) yd (Y, ym) < €/2. Then for such n,m

|d (Xn,yn) —d (X, ym)| < |d (X0, y0) — d (X, Ym) |+ |d (X0, ym) — d (X Ym)|
< d(y;'z>ym)+d(xn7xm)<8

by Lemma 3.12.1. Therefore, {d (x,,y,)}, is a Cauchy sequence in R and so it converges.
|

Definition 3.13.2 et @ ~ y when limy_,oed (x,y,) = 0.
Lemma 3.13.3 ~ is an equivalence relation.

Proof: Clearly © ~ x and if  ~ y then y ~ x. Suppose then that x ~ y and y ~ z. Is
x~z?

d (xmzn) <d (xmyn) +d (}’n,Zn)

and both of those terms on the right converge to 0. B

Definition 3.13.4 Denote by [x] the equivalence class determined by the Cauchy
sequence x. Let d ([x], [y]) = limy_yeod (X, Y1) -

Theorem 3.13.5 Denote by X the set of equivalence classes. Then d defined above
is a metric, X with this is a complete metric space, and X can be considered a dense subset
of X.
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Proof: That d just defined is a metric is obvious from the fact that the original metric d
satisfies the triangle inequality. It is also clear that d ([z],[y]) > 0 and that if [x] = [y] if
and only if d ([x], [y]) = 0.

It remains to show that ()? ,d) is complete. Let {[z],}, be a Cauchy sequence. From
Theorem 3.2.2 it suffices to show the convergence of a subsequence. There is a subse-
quence, denoted as {[x"]} where " is a representative of [x], such thatd ([x"], [z"*1]) <
47", Thus there is an increasing sequence {k,} such that d (x{,x}*') < 27" if k,1 > k,

where k, is increasing in n. Let y = {xz } K For m > k, and the triangle inequality,
n n—=

m—1
7 —7 j j+1
d(.x’ri,“ym) = d(xfn7xz;ln) Sd(x:l”’xzn)—i_d(xzn"xlz;ln) Sz 1+jznd(xij7x]j¢m )
m—1
< 24 Y2 <oyl < pn ()
j=n

Then y is a Cauchy sequence since it is a subsequence of one and also d ([z"],[y]) — 0.

To show that X is dense in X, let [z] be given. Then for m large enough, d (x,X,) < €
whenever k > m. It suffices to let y be the constant Cauchy sequence always equal to x,.
|

3.14 Exercises
1. Letd (x,y) = |x—y| for x,y € R. Show that this is a metric on R.

2. Now consider R". Let |||, = max {|x;|,i=1,--- ,n}. Define d (z,y) = ||z — y||.. -
Show that this is a metric on R”. In the case of n = 2, describe the ball B (0, r). Hint:
First show that ||z +y|| < |||+ ||y]| -

3. Let C(]0,T]) denote the space of functions which are continuous on [0,7]. Define

IfI= 11/l = sup |f ()] = max |f(z)|
1€[0,7] t€[0,7]
Verify the following. ||f + g|| < ||f]| + ||g|| - Then use to show thatd (f,g) = || f — g|
is a metric and that with this metric, (C([0,T]),d) is a metric space.

4. Recall that [a,b] is compact. Also, it is Lemma 3.5.9 above. Thus every open cover
has a finite subcover of the set. Also recall that a sequence of numbers {x,} is a
Cauchy sequence means that for every € > 0 there exists N such that if m,n > N, then
|x, — xm| < €. First show that every Cauchy sequence is bounded. Next, using the
compactness of closed intervals, show that every Cauchy sequence has a convergent
subsequence. By Theorem 3.2.2, the original Cauchy sequence converges. Thus
R with the usual metric just described is complete because every Cauchy sequence
converges.

5. Using the result of the above problem, show that (R",||-||..) is a complete metric
space. That is, every Cauchy sequence converges. Here d (z,y) = || — y||..-

6. Suppose you had (X;,d;) is a metric space. Now consider the product space X =
ITL, X; with d (x,y) = max{d (x;,y;),i=1---,n}. Would this be a metric space?
If so, prove that this is the case.
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Does triangle inequality hold? Hint: For each i,

d; (xi,zi) < d; (x;,yi) +d;i (vi,zi) < d(x,y)+d(y,z)

Now take max of the two ends.

In the above example, if each (X;,d;) is complete, explain why (X,d) is also com-
plete.

Show that C ([0, T]) is a complete metric space. That is, show that if { f, } is a Cauchy
sequence, then there exists f € C(]0,7]) such that

lim d (f, fu) = lim [|f = ful| = O
n—oo n—o0
This is just a special case of theorems discussed in the chapter.

Let X be a nonempty set of points. Say it has infinitely many points. Define d (x,y) =
lifx#yandd(x,y) = 0if x =y. Show that this is a metric. Show that in (X,d)
every point is open and closed. In fact, show that every set is open and every set is
closed. Is this a complete metric space? Explain why. Describe the open balls.

Show that the union of any set of open sets is an open set. Show the intersection of
any set of closed sets is closed. Let A be a nonempty subset of a metric space (X,d).
Then the closure of A, written as A is defined to be the intersection of all closed sets
which contain A. Show that A = A UA’. That is, to find the closure, you just take the
set and include all limit points of the set. It was proved in the chapter, but go over it
yourself.

Let A’ denote the set of limit points of A, a nonempty subset of a metric space (X,d).
Show that A’ is closed.

A theorem was proved which gave three equivalent descriptions of compactness of
a metric space. One of them said the following: A metric space is compact if and
only if it is complete and totally bounded. Suppose (X,d) is a complete metric space
and K C X. Then (K,d) is also clearly a metric space having the same metric as X.
Show that (K, d) is compact if and only if it is closed and totally bounded. Note the
similarity with the Heine Borel theorem on R. Show that on R, every bounded set is
also totally bounded. Thus the earlier Heine Borel theorem for R is obtained.

Suppose (X;,d;) is a compact metric space. Then the Cartesian product is also a
metric space. That is ([T X;,d) is a metric space where d (x,y) = max {d; (x;,y:)}.
Show that ([T, X;,d) is compact. Recall the Heine Borel theorem for R. Explain
why [T, [ai, bi] is compact in R" with the distance given by

d(z,y) = max {|x; - yi[}

Hint: It suffices to show that ([T, X;,d) is sequentially compact. Let {z"}  _,
be a sequence. Then {x|'}"_, is a sequence in X;. Therefore, it has a subsequence
B which converges to a point x; € X;. Now consider o the second

U fr=1 2 J=t

components. It has a subsequence denoted as k> such that {x/;z} converges to a
k=1
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point x; in X. Explain why limkzﬁwxllc2 = x1. Continue doing this n times. Explain
why limkn_>oox;‘" = x; € X; for each [. Then explain why this is the same as saying
limkn_m .’Bk” =xin (H;Z:l Xi,d) .

If you have a metric space (X,d) and a compact subset of (X,d) K, suppose that L is
a closed subset of K. Explain why L must also be compact. Hint: Use the definition
of compactness. Explain why every closed and bounded set in R” is compact. Here
the distance is given by d (,y) = max<;<, {|x; — yi|}.

Show that compactness is a topological property. If (X,d),(Y,p) are both metric
spaces and f : X — Y has the property that f is one to one, onto, and continuous, and
also f~! is one to one onto and continuous, then the two metric spaces are compact
or not compact together. That is one is compact if and only if the other is.

Consider R the real numbers. Define a distance in the following way. p (x,y) =
|arctan (x) — arctan (y)| Show this is a good enough distance and that the open sets
which come from this distance are the same as the open sets which come from the
usual distance d (x,y) = |x—y|. Explain why this yields that the identity mapping
S (x) = x is continuous with continuous inverse as a map from (R,d) to (R, p). To
do this, you show that an open ball taken with respect to one of these is also open
with respect to the other. However, (R,p) is not a complete metric space while
(R,d) is. Thus, unlike compactness. Completeness is not a topological property.
Hint: To show the lack of completeness of (R,p), consider x, = n. Show it is a
Cauchy sequence with respect to p.

If K is a compact subset of (X,d) and y ¢ K, show that there always exists x € K
such that d (x,y) = dist(y,K). Give an example in R to show that this might not be
so if K is not compact.

If S is a nonempty set, the diameter of S denoted as diam (S) is defined as follows.
diam (S) = sup{d (x,y) : x,y € S}. Suppose (X,d) is a complete metric space and
you have a nested sequence of closed sets whose diameters converge to 0. That
is, each A, is closed, - -- A, D Apy - -+ and lim,_, diam (4,) = 0. Show that there is
exactly one point p contained in the intersection of all these sets A,,. Give an example
which shows that if the condition on the diameters does not hold, then maybe there
is no point in the intersection of these sets.

Two metric spaces (X,d), (Y, p) are homeomorphic if there exists a continuous func-
tion f : X — Y which is one to one onto, and whose inverse is also continuous one
to one and onto. Show that the interval [0, 1] is not homeomorphic to the unit circle.
Hint: Recall that the continuous image of a connected set is connected, Theorem
3.11.3. However, if you remove a point from [0, 1] it is no longer connected but
removing a single point from the circle results in a connected set.

Using the same methods in the above problem, show that the unit circle is not home-
omorphic to the unit sphere {x2 +y? 4+ = 1} and the unit circle is not homeomor-
phic to a figure eight.

The rational numbers QQ and the natural numbers N have the property that there is a
one to one and onto map from N to Q. This is a simple consequence of the Schroeder
Bernstein theorem presented earlier. Both of these are also metric spaces with respect
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to the usual metric on R. Are they homeomorphic? Hint: Suppose they were. Then
in Q consider (1,2), all the rationals between 1 and 2 excluding 1 and 2. This is not
a closed set because 2 is a limit point of the set which is not in it. Now if you have f
a homeomorphism, consider f((1,2)). Is this set closed?

If you have an open set O in R, show that O is the countable union of disjoint open
intervals. Hint: Consider the connected components. Go over this for yourself. It is
in the chapter.

Addition and multiplication on R can be considered mappings from R x R to R as
follows. + (x,y) = x+y,-(x,y) = xy. Here the metric on R x R can be taken as
d((x,y),(%£,9)) = max (|x—%|,|y—J|). Show these operations are continuous func-
tions.

Suppose K is a compact subset of a metric space (X,d) and there is an open cover
% of K. Show that there exists a single positive 0 > 0 such that if x € K,B(x,0)
is contained in some set of €. This number is called a Lebesgue number. Do this
directly from the definition of compactness in terms of open covers without using the
equivalence of compactness and sequential compactness.

Show uniform continuity of a continuous function defined on a compact set where
compactness only refers to open covers. Use the above problem on existence of the
Lebesgue number.

Let f: D — R be a function. This function is said to be lower semicontinuous'

at x € D if for any sequence {x,} C D which converges to x it follows f(x) <
liminf,_,e f (x,). Suppose D is sequentially compact and f is lower semicontinu-
ous at every point of D. Show that then f achieves its minimum on D. Here D is
some metric space. Let f : D — R be a function. This function is said to be upper
semicontinuous at x € D if for any sequence {x,} C D which converges to x it fol-
lows f(x) > limsup,_,. f (x,). Suppose D is sequentially compact and f is upper
semicontinuous at every point of D. Show that then f achieves its maximum on D.

Show that a real valued function defined on a metric space D is continuous if and
only if it is both upper and lower semicontinuous.

Give an example of a lower semicontinuous function defined on R which is not con-
tinuous and an example of an upper semicontinuous function which is not continu-
ous.

More generally, one considers functions which have values in [—eo,o0] . Then f is up-
per semicontinuous if, whenever x, — x, f (x) > limsup,_,., f (x,) and lower semi-
continuous if whenever x, — x, f(x) < liminf, e f(x,;). Suppose {fo: o € A}
is a collection of continuous real valued functions defined on a metric space. Let
F (x) = inf{fq (x) : @ € A}. Show F is an upper semicontinuous function. Next let
G (x) =sup{fa (x): a € A}. Show G is a lower semicontinuous function.

The result of this problem is due to Hausdorff. It says that if you have any lower
semicontinuous real valued function defined on a metric space (X,d), then it is the

I'The notion of lower semicontinuity is very important for functions which are defined on infinite dimensional

sets.
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limit of an increasing sequence of continuous functions. Here is an outline. You
complete the details.

(a) First suppose f (x) > 0 for all x. Define f, (x) = inf,ex {f (z) +nd (z,x)}. Then
f(x) > fu(x) and f, (x) is increasing in n. Also each f;, is continuous because
fa(x) < f(2) +nd(z,y) +nd (y,x). Thus f, (x) < f, (y) +nd(y,x). Why? It
follows that | £, (x) — f, ()| < nd (y,x) . Why?

(b) Let A (x) =lim,_ye fy, (x). Then i (x) < f(x). Why? Now for each € > 0, and
fixed x, there exists z, such that f,, (x) +¢& > f (z,) + nd (z,,x)Why? Therefore,
Zn — Xx. Why?

(c) Then
h(x)+e = lim fy(x)+€>lim inf ((z) +nd (24, ))
> limnigif(zn) > f(x)

\Y

Why? Therefore, i (x) > f (x) and so they are equal. Why?

(d) Now consider f : X — (—oo,00) and is lower semicontinuous as just explained.
Consider % +arctan f (x) = g (x). Then arctan f (x) € (—%, %) because f has
real values. Then g (x) is also lower semicontinuous having values in (0, 7).
Why? By what was just shown, there exists g, (x) T g (x) where each g, is
continuous. Consider f, (x) = tan (gn (x) — %) . Then f, is continuous and in-
creases to f (x).

31. Generalize the above problem to the case where f is an upper semicontinuous real
valued function. That is, f (x) > limsup,_,., f (x,) whenever x, — x. Show there are
continuous functions {f, (x)} such that f, (x) | f (x). Hint To save trouble, maybe
show that f is upper semicontinuous if and only if — f is lower semicontinuous. Then
maybe you could just use the above problem.

32. What if f is lower (upper) semicontinuous with values in [—oo,o0]|? In this case, you
consider [—oo, 00| as a metric space as follows:d (x,y) = |arctan (x) — arctan (y)| . Then
you can generalize the above problems to show that if f is lower semicontinuous
with values into [—oe,o0] then it is the increasing limit of continuous functions with
values in [—eo,o0]. Note that in this case a function identically equal to co would
be continuous so this is a rather odd sort of thing, a little different from what we
normally like to consider. Check the details and explain why in this setting, the lower
semicontinuous functions are exactly pointwise limits of increasing sequences of
continuous functions and the upper semicontinuous functions are exactly pointwise
limits of decreasing sequences of continuous functions.

33. This is a nice result in Taylor [42]. For a nonempty set T,dT is the set of points p
such that B (p, r) contains points of 7 and points of 7€ for each r > 0. Suppose you
have T a proper subset of a metric space and S is a connected, nonempty set such
that SNT # 0,SNTC # 0. Show that S must contain a point of 97



Chapter 4

Linear Spaces

The thing which is missing in the above material about metric spaces is any kind of algebra.
In most applications, we are interested in adding things and multiplying things by scalars
and so forth. This requires the notion of a vector space, also called a linear space. The
simplest example is R” which is described next.

In this chapter, F will refer to either R or C. It doesn’t make any difference to the
arguments which it is and so I is written to symbolize whichever you wish to think about.
When it is desired to emphasize that certain quantities are vectors, bold face will often be
used. This is not necessarily done consistently. Sometimes context is considered sufficient.

4.1 Algebra in ", Vector Spaces

There are exactly two algebraic operations done with elements of F”. One is addition and
the other is multiplication by numbers, called scalars. In the case of C” the scalars are
complex numbers while in the case of R” the only allowed scalars are real numbers. Thus,
the scalars always come from [ in either case.

Definition 4.1.1 If x € F" and a € F, also called a scalar, then ax € F" is defined
by
ar =a(xy, - ,x,) = (axy,- - ,axy,). 4.1

This is known as scalar multiplication. If ¢,y € F" then x +y € F" and is defined by

m-l_y:(xl?"'7x'1)+(y17"'7yn)
= (X1 +Y1, X0+ Yn) (4.2)

the points in F" are also referred to as vectors.

Actually, in dealing with vectors in ", it is more customary in linear algebra to write
them as column vectors. To save space, I will sometimes write (xi,-- - ,x,,)T to indicate
the column vector having x; on the top and x, on the bottom. With this definition, the
algebraic properties satisfy the conclusions of the following theorem. These conclusions
are called the vector space axioms. Any time you have a set and a field of scalars satisfying
the axioms of the following theorem, it is called a vector space or linear space.

Theorem 4.1.2 ror v,w € F" and a, B scalars, (real numbers), the following hold.

v4+w=w+w, 4.3)
the commutative law of addition,
(v4w)+z=v+(w+2), (4.4)
the associative law for addition,
v+0=wv, (4.5)
the existence of an additive identity,
v+ (~v) =0, (4.6)
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the existence of an additive inverse, Also

o(v+w)=av+ aw, 4.7
(a+pB)v=av+ P, (4.8)
a(fv)=apf(v), 4.9
lv =wv. (4.10)

In the above 0 = (0,--- ,0).

You should verify these properties all hold. For example, consider 4.7

a(v+w)=a(vi+wr, v +wy)
=(a(vi+wi), -, a(vyp+wy))
= (avi+owy, -, 0v, +owy,)
=(avy, - ,0v,) + (awy, -+, 0wy)
= ov+ odw.

As usual subtraction is defined as  —y = x+ (—y).

4.2 Subspaces Spans and Bases

As mentioned above, " is an example of a vector space. In dealing with vector spaces,
the concept of linear combination is fundamental. When one considers only algebraic
considerations, it makes no difference what field of scalars you are using. It could be R, C,
Q or even a field of residue classes. However, go ahead and think R or C since the subject
of interest here is analysis.

Definition 4.2.1 Le: {(L’l, ‘e ,IL’p} be vectors in a vector space Y having the field
of scalars F. A linear combination is any expression of the form Zf: L Ci; where the c; are
scalars. The set of all linear combinations of these vectors is called span(xi,---,x,). A
vector v is said to be in the span of some set S of vectors if v is a linear combination of
vectors of S. This means: finite linear combination. IfV CY, thenV is called a subspace
if it contains O and whenever o, 3 are scalars and u and v are vectors of V, it follows
ou+ Bv €V. That is, it is “closed under the algebraic operations of vector addition and
scalar multiplication” and is therefore, a vector space. A linear combination of vectors
is said to be trivial if all the scalars in the linear combination equal zero. A set of vectors
is said to be linearly independent if the only linear combination of these vectors which
equals the zero vector is the trivial linear combination. Thus {x|,--- ,x,} is called linearly
independent if whenever Yi_, cxxy = 0, it follows that all the scalars, ¢\ equal zero. A set
of vectors, {x1,--- ,x,}, is called linearly dependent if it is not linearly independent. Thus
the set of vectors is linearly dependent if there exist scalars, c;,i = 1,--- ,n, not all zero
such that ), cyxy = 0.

Lemma 4.2.2 A set of vectors {x1,--- ,x,} is linearly independent if and only if none
of the vectors can be obtained as a linear combination of the others.
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Proof: Suppose first that {x|,--- ,x,} is linearly independent. If

Ly = Z CiZj,
J#k
then 0 = lx; + ¥ ;4 (—c;j) x;, a nontrivial linear combination, contrary to assumption.
This shows that if the set is linearly independent, then none of the vectors is a linear com-
bination of the others.

Now suppose no vector is a linear combination of the others. Is {x1,---,x,} linearly
independent? If it is not, there exist scalars, ¢;, not all zero such that "7, c;x; = 0. Say
cx # 0. Then you can solve for x; as @ = Y. (—c;j/cx) @ contrary to assumption. This
proves the lemma. H

The following is called the exchange theorem.

Theorem 4.2.3 i1

span(uy,---,u,) Cspan(vy,---,v5) =V
and {uy,- - ,u,} are linearly independent, then r <s.
Proof: Suppose r > s. Let F), denote the first p vectors in {w,---,u,}. Let Fy denote
the empty set. Let E, denote a finite list of vectors of {vy,---,v,} and let |E p| denote the

number of vectors in the list. Note that, by assumption, span (Fy, Eg) =V. For 0 < p <, let
E, have the property span (F),,E,) =V and ‘Ep‘ is as small as possible for this to happen.
If |E,| = 0, then span (F,) = V which would imply that, since r > s > p,u, € span (F)
contradicting the linear independence of {u,---,u,}. Assume then that Ep] > (. Then
Upy1 € Span (Fp,Ep) and so there are constants, ¢y, ,cp and dy,- -+ ,dy, such that u, | =
Y2 ciui +XL diz;j for {z1,"*,2m} C{v1, -+ ,v5}. Then not all the d; can equal zero
because this would violate the linear independence of the {uy,-- ,u,}. Therefore, you can
solve for one of the z; as a linear combination of {ul, e ,up+1} and the other z;. Thus
you can change F), to F, | and include one fewer vector in E,, | with span (Fp;1,E,41) =V
and so ’Ep+1 | < ’Ep‘ contrary to the claim that ‘Ep| was as small as possible. Thus |Ep| =0
after all and so a contradiction results.

Alternate proof: Recall from linear algebra that if you have A an m X n matrix where
m < n so there are more columns than rows, then there exists a nonzero solution x to the
equation Az = 0. Recall why this was. You must have free variables. Then by assumption,
you have u; =Y ; a;jv;. If s < r, then the matrix (a;;) has more columns than rows and so
there exists a nonzero vector « € F” such that }_; a;;x; = 0. Then consider the following.

r r
ijuj = ij
j=1 j=1 i

and since not all x; = 0, this contradicts the independence of {uy,---,u,}. B

S

a,-jfvl- = ZZaijxjv,- = ZO'UJ' =0
1 J i

= i

Definition 4.2.4 A finite set of vectors, {x1,--- ,x,} is a basis for a vector space V
if

span(xy, -+, z,) =V
and{x1,--- ,x,} is linearly independent. Thus if v €V there exist unique scalars, vy,--- ,v,
such that v =Y, vix;. These scalars are called the components of v with respect to the
basis {xy, -+ ,x,} and {x\,--- ,x,} are said to “span” V.
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Corollary 4.2.5 Let {xy,---,z,} and {y,, - ,y,} be two bases' of F". Thenr=s=n.
More generally, if you have two bases for a vector space V then they have the same number
of vectors.

Proof: From the exchange theorem, Theorem 4.2.3, if

{wb'”?wr}a{ylv"'vys}

are two bases for V, then » < s and s < r. Now note the vectors,

1 is in the i

€; = (07 ,0,1,0"' 7O)T

slot

fori=1,2,---,n are a basis for . B
Lemma 4.2.6 Let {vy,---,v,} be a set of vectors. Then V = span(vy,---,v,) is a
subspace.

Proof: Suppose «, 3 are two scalars and let ;| cxvy and Y| dyvy are two elements
of V. What about Y ;_; cxvx + B Y;_; divi? Isitalsoin V?

r

r r
OCZCkvk-‘rﬁ devk: Z (ock + Bdy) v €V
k=1 k=1 k=1

so the answer is yes. It is clear that 0 is in span (v, - - - ,v,). This proves the lemma. l

Definition 4.2.7 Let V be a vector space. It is finite dimensional when it has a
basis of finitely many vectors. Otherwise, it is infinite dimensional. Then dim (V) read as
the dimension of V is the number of vectors in a basis.

Of course you should wonder right now whether an arbitrary subspace of a finite di-
mensional vector space even has a basis. In fact it does and this is in the next theorem.
First, here is an interesting lemma.

Lemma 4.2.8 Suppose v ¢ span (uy,--- ,u;) and {u,,--- ,u;} is linearly independent.
Then {uy,--- ,ug,v} is also linearly independent.

Proof: Suppose Zf: (ciw; +dv = 0. It is required to verify that each ¢; = 0 and that
d = 0. But if d # 0, then you can solve for v as a linear combination of the vectors,
{ur, -, w}, v=—Y5, (%)w; contrary to assumption. Therefore, d = 0. But then
Y¥ | ciu; = 0 and the linear independence of {u,--- ,u;} implies each ¢; = 0 also. B

Theorem 4.2.9 Let v be a nonzero subspace of Y a finite dimensional vector space
having dimension n. Then'V has a basis.

I'This is the plural form of basis. We could say basiss but it would involve an inordinate amount of hissing as
in “The sixth shiek’s sixth sheep is sick”. This is the reason that bases is used instead of basiss.
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Proof: Let v| € V where v| # 0. If span{v;} =V, stop. {v} is a basis for V. Oth-
erwise, there exists v € V which is not in span{v;}. By Lemma 4.2.8 {v{,v,} is a lin-
early independent set of vectors. If span{v,v,} =V stop, {v;,v,} is a basis for V. If
span{v,v,} # V, then there exists v3 ¢ span{v;,v,} and {v,v,,v3} is a larger linearly
independent set of vectors. Continuing this way, the process must stop before n+ 1 steps
because if not, it would be possible to obtain n+ 1 linearly independent vectors contrary to
the exchange theorem, Theorem 4.2.3, and the assumed dimension of Y. B

In words the following corollary states that any linearly independent set of vectors can
be enlarged to form a basis.

Corollary 4.2.10 LetV be a subspace of Y, a finite dimensional vector space of dimen-

sion n and let {v,--- ,v,} be a linearly independent set of vectors in V. Then either it is
a basis for V or there exist vectors, Vy41,- -+ , Vg such that
{'vlv' U Upgdy e 7vx}

is a basis for V.

Proof: This follows immediately from the proof of Theorem 4.2.9. You do exactly the
same argument except you start with {vy,--- v, } rather than {v;}. B
It is also true that any spanning set of vectors can be restricted to obtain a basis.

Theorem 4.2.11 Let V be a subspace of Y, a finite dimensional vector space of

dimension n and suppose span(u;---,u,) =V where the w; are nonzero vectors. Then
there exist vectors, {vy -+ ,v,} such that {v;--- ,v,} C {u1 ,up} and {vy---,v,} isa
basis for V.

Proof: Let r be the smallest positive integer with the property that for some set,
{vlv"' ,’Ur} c {’ul,-~- ,up},span(vl,--- 7fu,) =V.

Then r < p and it must be the case that {v;---,v,} is linearly independent because if it
were not so, one of the vectors, say vy would be a linear combination of the others. But
then you could delete this vector from {v;---,v,} and the resulting list of r — 1 vectors
would still span V contrary to the definition of . B

4.3 Inner Product and Normed Linear Spaces
4.3.1 The Inner Product in "

To do calculus, you must understand what you mean by distance. For functions of one
variable, the distance was provided by the absolute value of the difference of two numbers.
This must be generalized to F” and to more general situations.

Definition 4.3.1 Let z,y € F*. Thus @ = (xy,--- ,x,) where each x; € F and a
similar formula holding for y. Then the inner product of these two vectors is defined to be

(m,y) = ij)TjExl)Tl+' © X Yn-
j

Sometimes it is denoted as x - y.



96 CHAPTER 4. LINEAR SPACES

Notice how you put the conjugate on the entries of the vector y. It makes no differ-
ence if the vectors happen to be real vectors but with complex vectors you must involve
a conjugate. The reason for this is that when you take the inner product of a vector with
itself, you want to get the square of the length of the vector, a positive number. Placing the
conjugate on the components of y in the above definition assures this will take place. Thus
(T,x) =LjxX; =Y, |xj |2 > 0. If you didn’t place a conjugate as in the above definition,
things wouldn’t work out correctly. For example, (1+ i)2 +22 = 44 2i and this is not a
positive number.

The following properties of the inner product follow immediately from the definition
and you should verify each of them.

Properties of the inner product:

L. (u,v) =(v,u)
2. If a,b are numbers and u, v, z are vectors then ((au+bv),z) =a(u,z)+b(v,2).
3. (u,u) >0 and it equals 0 if and only if u = 0.

Note this implies (z,ay) = @ (x,y) because

(z,ay) = (ay,x) = a(y,z) = A (z,y)

The norm is defined as follows.

Definition 4.3.2 rorz c P, |z| = (Zzzl \xk|2) 2 = (w,w)l/z.

4.3.2 General Inner Product Spaces

Any time you have a vector space which possesses an inner product, something satisfying
the properties 1 - 3 above, it is called an inner product space.

Here is a fundamental inequality called the Cauchy Schwarz inequality which holds
in any inner product space. First here is a simple lemma.

Lemma 4.3.3 Ifz € F there exists 6 € F such that 0z = |z| and |6] = 1.
z

Proof: Let 0 = 1 if z =0 and otherwise, let 6 = —

El Recall that for z=x+iy,z =x—1iy
z

and 7z = |z|2. In case z is real, there is no change in the above. B

Theorem 4.3.4 (Cauchy Schwarz)Let H be an inner product space. The following
inequality holds for x and y € H.

(@,y)| < (@,2) (y,9)"/? @.11)
Equality holds in this inequality if and only if one vector is a multiple of the other.
Proof: Let 6 € F such that |6 = 1 and 0 (x,y) = |(x,y)|. Consider

p(t) = (z+6ry,x +10y)
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where ¢ € R. Then from the above list of properties of the inner product,

0 < p(t)=(z,2)+16(z,y) +16 (y,x) +1* (y,y)
(x,2)+10 (x,y) +10(x,y) +1* (y,y)
= (x,2)+2Re(0(x,y))+1(y,y)
= (z2)+2|(z,y)| +1° (y,9) (4.12)

and this must hold for all r € R. Therefore, if (y,y) = 0 it must be the case that |(x,y)| =
0 also since otherwise the above inequality would be violated. Therefore, in this case,
((z,y)| < (@,2)"? (y,y)"/?. On the other hand, if (y,y) # 0, then p(t) > 0 for all ¢
means the graph of y = p(¢) is a parabola which opens up and it either has exactly one
real zero in the case its vertex touches the ¢ axis or it has no real zeros. From the quadratic
formula this happens exactly when 4 |(z,y)|* — 4 (z,z) (y,y) < 0 which is equivalent to
4.11.

It is clear from a computation that if one vector is a scalar multiple of the other that
equality holds in 4.11. Conversely, suppose equality does hold. Then this is equivalent to
saying 4|(x,y)|* — 4 (z,2) (y,y) = 0 and so from the quadratic formula, there exists one
real zero to p (t) = 0. Call it #p. Then

p(t0) = (x4 oy, x +10y) = ]w+§ty‘2 =0

and so x = —0tyy. A

Note that in establishing the inequality, I only used part of the above properties of the
inner product. It was not necessary to use the one which says that if (x,x) =0 then z = 0.
That was only used to consider the case of equality.

Now the length of a vector can be defined.

Definition 4.3.5 etz € H. Then |z| = (z,z)]/2.
Theorem 4.3.6 ror length defined in Definition 4.3.5, the following hold.

|z| >0and |z| =0ifand only if z =0 (4.13)
If @ is a scalar, |az| = |o]|z| (4.14)
|z +w| < |z[+|w]. (4.15)

Proof: The first two claims are left as exercises. To establish the third,
|z—|—'w\2 = (z4+w,z+w)

(z,2)+ (w,w) + (w, 2) + (z,w)

= |z]*+|w|* +2Re (w, 2)

|21 + [w]* +2(w, 2)]

|21 + [w[? + 2 w] |z] = (|2] +[w])*.

[VARVAN

Note that in an inner product space, you can define d (x,y) = | — y| and this is a met-
ric for this inner product space. This follows from the above since d satisfies the conditions
for a metric,

d(z,y)=d(y,x), d(x,y) >0and equals O if and only if c = y
d(z,y)+d(y,z)=|lz—yl+|ly—2|>|z—y+y—z|=|z—2|=d(z,z2).

It follows that all the theory of metric spaces developed earlier applies to this situation.
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4.3.3 Normed Vector Spaces

The best sort of a norm is one which comes from an inner product. However, any vector
space V which has a function ||-|| which maps V to [0, o) is called a normed vector space if
||| satisfies 4.13 - 4.15. That is

|z|| > 0and ||z]| =0ifand only if z =0 (4.16)
If a is a scalar, ||az| = |a|||z]| 4.17)
124+ w| < lz] + [[wl]. (4.18)

The last inequality above is called the triangle inequality. Another version of this is

[lz]] = flw]l| < [[z —w]| (4.19)
To see that 4.19 holds, note ||z = ||z —w+w|| < ||z —w|| + ||w| which implies
||z]] = [Jw|| < ||z —w]| and now switching z and w, yields |w|| — ||z|| < ||z — w]|| which

implies 4.19.

Any normed vector space is a metric space, the distance given by d (z,y) = || — v
This satisfies all the axioms of a distance. Therefore, any normed linear space is a metric
space with this metric and all the theory of metric spaces applies.

Definition 4.3.7 When X is a normed linear space which is also complete, it is
called a Banach space.

A Banach space may or may not be finite dimensional but it is always a linear space or
vector space. The field of scalars will always be R or C at least in this book. More is said
about Banach spaces later.

4.3.4 The p Norms

Examples of norms are the p norms on C" for p # 2. These do not come from an inner
product but they are norms just the same.

Definition 4.3.8 Let z € C. Then define for p > 1,

n 1/p
I, = <): in”> :
i=1

The following inequality is called Holder’s inequality.

Proposition 4.3.9 For z,y € C",

n n Up /s, / 1/p
Y il lyil < (Z |xi|P> (Z |yi|p>
fny by =1

The proof will depend on the following lemma shown later.

Lemma 4.3.10 Ifa,b > 0 and p' is defined by %—l— % =1, then
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Proof of the Proposition: If x or y equals the zero vector there is nothing to prove.

1/p
Therefore, assume they are both nonzero. LetA = (Y7, |x;|” )1/ P and B = ( " il? ) .
Then using Lemma 4.3.10,

flibl o g1 ()L
b A B — =lp A P\ B
11 & 11 & /
= Yl Y il
pA”,; p’B”,;
1 1

p
1 / l/P/
and so T il [y <4B = (£, [ul") 7 (T nl?)

Theorem 4.3.11 7re p norms do indeed satisfy the axioms of a norm.

Proof: It is obvious that ||-||, does indeed satisfy most of the norm axioms. The only
one that is not clear is the triangle inequality. To save notation write ||-[| in place of ||- , in
what follows. Note also that £ y =P 1. Then using the Holder inequality,

1 1
lz+yl” = |xl+yz|p<2|xl+}’l|p |x,|—|—2|x,—|—yl|p il

i=1 i=1

M:

Il
_

|
M:

|x; +yl|” |xl|+Z|x,+y,|l’ |yil
i=1

n 1/p' " 1/p " 1/p
<Z |xi+yi|p> (Z |xi|'7> + (Z |yz'|p>
i—1 i=1 i=1

= e +yl”” (Il +llyl, )

Il
-

IN

so dividing by ||z 4 yl|”/?’, it follows
lz+yl” lz+yl "7 =z +yl < =/, +yl,
[ _ 1 1
( p,—p(l p,) pl 1)..

It only remains to prove Lemma 4.3.10.
Proof of the lemma: Let p’ = g to save on notation and consider the following picture:
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ab < /atpfldt—l-/bxq*ldx = @ + %.
0 0 p q
Note equality occurs when a” = b?. B
Alternate proof of the lemma: First note that if either a or b are zero, then there is
nothing to show so we can assume b,a > 0. Let b > 0 and let
al? bl

e
fla)y="—"+"-—a

Then the second derivative of f is positive on (0,0) so its graph is convex. Also f(0) >0
and lim,_,. f (a) = e0. Then a short computation shows that there is only one critical point,
where f is minimized and this happens when a is such that a” = b4. At this point,

fla)=b7—b"Pb=p1 —pi~'h =0

Therefore, f (a) > 0 for all a and this proves the lemma. Hl
Another example of a very useful norm on F” is the norm |||, defined by

le].. = max {|x¢| : k=1,2,--- ,n}
You should verify that this satisfies all the axioms of a norm. Here is the triangle inequality.
o +yll. = max{yl} < max b+ il }
< max { b} +max{[yel} = |2, +[lyll..

It turns out that in terms of analysis, it makes absolutely no difference which norm you
use. This will be explained later. First is a short review of the notion of orthonormal bases
which is not needed directly in what follows but is sufficiently important to include.

4.3.5 Orthonormal Bases

Not all bases for an inner product space H are created equal. The best bases are orthonor-
mal.

Definition 4.3.12 Suppose {vi,---,v;} is a set of vectors in an inner product
space H. It is an orthonormal set if

Lifie i
('Uiavj)zéij:{ Ogi;ﬁj

Every orthonormal set of vectors is automatically linearly independent.

Proposition 4.3.13 Suppose {vy,--- ,vi} is an orthonormal set of vectors. Then it is
linearly independent.

Proof: Suppose Zf»‘zl ¢;jv; = 0. Then taking inner products with
v;,0=(0,v;) =} ci(vi,v)) = ) idij = ;.
i i

Since j is arbitrary, this shows the set is linearly independent as claimed. l
It turns out that if X is any subspace of H, then there exists an orthonormal basis for X.
The process by which this is done is called the Gram Schmidt process.
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Lemma 4.3.14 Let X be a subspace of dimension n which is contained in an inner
product space H. Let a basis for X be {xy, -+ ,x,}. Then there exists an orthonormal
basis for X, {u,--- ,u,} which has the property that for each k < n, span(xy,--- ,x;) =
span (wp, -, ).

Proof: Let {x, -~ ,x,} be abasis for X. Let u; =/ |x;|. Thus if k = 1,span (u;) =

span(x;) and {u;} is an orthonormal set. Now suppose for some k < n, wy, ---, Uy
have been chosen such that (u,u;) = 8 ;; and span (x,--- ,x;) = span (ug,--- ,u;). Then
define

k
i1 — Lo (g1, 1)) uj
Wl = =1 oty (4.20)

Lj1 —):];:1 (Ths1,u)) uj

where the denominator is not equal to zero because the x; form a basis and so

L1 ¢ span(xy, -+, @) =span(wy, -, uy)
Thus by induction, w1 € span (wy,- -+, Ug, Trr1) = span (1, -+, Ty, Trr1). Also, Tyr1 €
span (wp,--- ,ug, urr1) Which is seen easily by solving 4.20 for @, and it follows that
span (&1, -+ , &g, Trr1) = span (wy, -, uy, Ups1). If [ <k, then denoting by C the scalar

’-’Bk—H -k, (‘Bk+1auj)uj‘ s (Wi, w) =

k

k
C< T, w) — Y (Tpgr,uj) upul)) = C( Tpi1,Up) Z Tt 1,Uj 511)

J=1

C((zhy1,ur) — ($k+1,u1)) =0.

The vectors, {u j};:l , generated in this way are therefore an orthonormal basis because

each vector has unit length. W
The process by which these vectors were generated is called the Gram Schmidt process.

4.4 Equivalence of Norms

As mentioned above, it makes absolutely no difference which norm you decide to use. This
holds in general finite dimensional normed spaces. First are some simple lemmas featuring
one dimensional considerations. In this case, the distance is given by d (x,y) = |x —y| and
so the open balls are sets of the form (x — §,x+ 8).

Also recall the Lemma 3.5.9 which is stated next for convenience.

Lemma 4.4.1 The closed interval [a,b] is compact.
Corollary 4.4.2 The set Q = [a,b] +i[c,d] C C is compact, meaning
{x+iy:x€la,b],y € c,d]}

Proof: Let {x,+iy,} be a sequence in Q. Then there is a subsequence such that
limy_,00 Xp, = x € [a,b]. There is a further subsequence such that lim;_,.. Ymy, =Y € [c,d)].
Thus, also lim;_,..x,, = x because subsequences of convergent sequences converge to
the same point. Therefore, from the way we measure the distance in C, it follows that
lim; e (xnk] +ynk1> =x+iyeQ. 1

The next corollary gives the definition of a closed disk and shows that, like a closed
interval, a closed disk is compact.
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Corollary 4.4.3 inC, let D(z,r) = {w € C:|z—w| <r}. Then D(z,r) is compact.

Proof: Note that D (z,r) C [Rez—r,Rez+r] +i[Imz—r,Imz+r], just shown to be
compact. Also, if wy — w where wy, € D(z,r), then by the triangle inequality,

lz—w|=lim |z—wi| <r
k—yo0

and so D (z,r) is a closed subset of a compact set. Hence it is compact by Proposition 3.5.2.
]

Recall that sequentially compact and compact are the same in any metric space which
is the context of the assertions here.

Lemma 4.4.4 Let K; be a nonempty compact set in F. Then P =[], K; is compact in
.

Proof: Let {x;} be a sequence in P. Taking a succession of subsequences as in the
proof of Corollary 4.4.2, there exists a subsequence, still denoted as {x;} such that if xi
is the i’ component of @y, then limy_,..xi = x' € K;. Thus if @ is the vector of P whose
i component is x', limy_,. |7t — x| = limg . (Z;’:l |xt —xi|2) V2 0. It follows that P is
sequentially compact, hence compact. Bl

A set K in F" is said to be bounded if it is contained in some ball B (0, r).

Theorem 4.4.5 A set k C F"* is compact if it is closed and bounded. If f : K — R,
then f achieves its maximum and its minimum on K.

Proof: Say K is closed and bounded, being contained in B (0,r). Thenif € K, |x;| < r
where x; is the i component. Hence K C 7, D (0,r), a compact set by Lemma 4.4.4.
By Proposition 3.5.2, since K is a closed subset of a compact set, it is compact. The last
claim is just the extreme value theorem, Theorem 3.7.2. l

Definition 4.4.6 Let {v,,---,v,} be a basis for V where (V,||-|) is a finite dimen-
sional normed vector space with field of scalars equal to either R or C. Define 0 : V — F"

as follows. 0 ():;?:1 Otjvj> =a= (o, ,Ocn)T. Thus 6 maps a vector to its coordinates
taken with respect to a given basis.

The following fundamental lemma comes from the extreme value theorem for continu-
ous functions defined on a compact set. Let f (o) = ||¥; ajvi|| = H 0 'a H Then it is clear
that f is a continuous function defined on F". This is because o« — }; ¢t;v; is a continuous
map into V and from the triangle inequality & — ||x|| is continuous as a map from V to R.

Lemma 4.4.7 There exists § > 0 and A > 8 such that
0 =min{f(a):|a|=1}, A=max{f () : |a|] =1}
Also,

Jre]
5|6

|6~ || <Alal 4.21)
vl < Al6v] (4.22)

IN A
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Proof: These numbers exist thanks to Theorem 4.4.5. It cannot be that § = 0 because if
it were, you would have [a| = 1 but }}_; a,v; = 0 which is impossible since {vy,---,v,}

is linearly independent. The first of the above inequalities follows from & < He*l ﬁ H =

f ( \Zﬁ) < A. The second follows from observing that 8 ' is a generic vector v in V. B

Note that these inequalities yield the fact that convergence of the coordinates with re-
spect to a given basis is equivalent to convergence of the vectors. More precisely, to say
that limy_.,v* = v is the same as saying that lim;_... 8v* = 8v. Indeed, & |6v, — Bv| <
|lvys —v| < A|6v, — 6v].

Now we can draw several conclusions about (V, ||-||) for V finite dimensional.

Theorem 4.4.8 Let (V,||-||) be a finite dimensional normed linear space. Then the
compact sets are exactly those which are closed and bounded. Also (V,||-||) is complete. If
K is a closed and bounded set in (V,||-||) and f : K — R, then f achieves its maximum and
minimum on K.

Proof: First note that the inequalities 4.21 and 4.22 show that both 6~ and 6 are
continuous. Thus these take convergent sequences to convergent sequences.

Let {wy };_, be a Cauchy sequence. Then from 4.22, {6wy},_, is a Cauchy sequence.
Thanks to Theorem 4.4.5, it converges to some 3 € F”. It follows that lim;_.., 0~ '0w, =
limy o wy = 971,6 € V. This shows completeness.

Next let K be a closed and bounded set. Let {w;} C K. Then {6w;} C 6K which
is also a closed and bounded set thanks to the inequalities 4.21 and 4.22. Thus there is a
subsequence still denoted with k such that 6w, — 3 € F"". Then as just done, w; — 0-'3.
Since K is closed, it follows that 0! B eK.

This has just shown that a closed and bounded set in V is sequentially compact hence
compact.

Finally, why are the only compact sets those which are closed and bounded? Let K be
compact. If it is not bounded, then there is a sequence of points of K, {k™}, _, such that
||E™| > Hk:”“1 || 4 1. It follows that it cannot have a convergent subsequence because the
points are further apart from each other than 1/2. Indeed,

[ = e e 2 15172

Hence K is not sequentially compact and consequently it is not compact. It follows
that K is bounded. If K is not closed, then there exists a limit point k which is not in K.
(Recall that closed means it has all its limit points.) By Theorem 3.1.8, there is a sequence
of distinct points having no repeats and none equal to k denoted as {k™}, _, such that
k™ — k. Then this sequence {k™} fails to have a subsequence which converges to a point
of K. Hence K is not sequentially compact. Thus, if K is compact then it is closed and
bounded.

The last part is the extreme value theorem, Theorem 3.7.2. H

Next is the theorem which states that any two norms on a finite dimensional vector
space are equivalent.

Theorem 4.4.9 Le: ||, IIl; be two norms on'V a finite dimensional vector space.
Then they are equivalent, which means there are constants 0 < a < b such that for all v,

allol < lofly < bl
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Proof: In Lemma 4.4.7, let §,A go with ||-|| and §,A go with I/l;- Then using the
inequalities of this lemma,
AA AA
<100 < 35 o
0 0

A
vl <Al6v] < = o]}, <
5 1

and so % lv]| < v, < %||v||. Thus the norms are equivalent. l
It follows right away that the closed and open sets are the same with two different
norms. Also, all considerations involving limits are unchanged from one norm to another.

Corollary 4.4.10 Consider the metric spaces (V,|-|l,),(V,||-|l,) where V has dimen-
sion n. Then a set is closed or open in one of these if and only if it is respectively closed or
open in the other. In other words, the two metric spaces have exactly the same open and
closed sets. Also, a set is bounded in one metric space if and only if it is bounded in the
other.

Proof: This follows from Theorem 3.6.2, the theorem about the equivalent formulations
of continuity. Using this theorem, it follows from Theorem 4.4.9 that the identity map
I (x) = x is continuous. The reason for this is that the inequality of this theorem implies that
if [[v™ —v||; — O then ||[v™ —Iv||, = ||I (v —v)||, — 0 and the same holds on switching
1 and 2 in what was just written.

Therefore, the identity map takes open sets to open sets and closed sets to closed sets.
In other words, the two metric spaces have the same open sets and the same closed sets.

Suppose S is bounded in (V,||-||;). This means it is contained in B(0,r), where the
subscript of 1 indicates the norm is ||-||;. Let 8 ||-||; < ||-|l, < A||-||; as described above.
Then S C B(0,r); € B(0,Ar), so S is also bounded in (V, ||-||,). Similarly, if § is bounded
in ||-||, then it is bounded in ||-||,. B

One can show that in the case of R where it makes sense to consider sup and inf, con-
vergence of Cauchy sequences can be shown to imply the other definition of completeness
involving sup, and inf.

4.5 Vitali Covering Theorem

These covering theorems make sense on any finite dimensional normed linear space. There
are two which are commonly used, the Vitali theorem and the Besicovitch theorem. The
first adjusts the size of balls and the second does not. The Vitali theorem is the only one I
will use in this book. See my larger book “Real and Abstract Analysis” for the Besicovitch
theorem.

The Vitali covering theorem is a profound result about coverings of a set in (X,|-||)
with balls. Usually we are interested in R? with some norm. We will tacitly assume all
balls have positive radius. They will not be single points. Before beginning the proof, here
is a useful lemma.

Lemma 4.5.1 In a normed linear space, B(x,r) ={y: |y — x| < r}.

Proof: It is clear that B(x,r) C {y : ||y — || < r} because if y € B(x,r), then there
exists a sequence of points of B(x,r),{x,} such that |z, — y|| — O, ||x,|| < . However,
this requires that ||@,|| — ||y|| and so ||y|| < r. Now let y be in the right side. It suffices
to consider ||y — || = 1. Then you could consider for ¢ € (0,1), x +1(y—x) = z(t).
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Then ||z (t) — x| =t||ly—=x| = tr < r and so z(¢t) € B(x,r). But also, ||z(t) —y|| =
(1—-1)|ly—=x| = (1 —1)rsolim;g ||z (¢) — y|| = 0 showing that y € B(x,r). B

Thus the usual way we think about the closure of a ball is completely correct in a
normed linear space. Its limit points not in the ball are exactly y such that ||y — x| =r.
Recall that this lemma is not always true in the context of a metric space. Recall the
discrete metric for example, in which the distance between different points is 1 and distance
between a point and itself is 0. In what follows I will use the result of this lemma without
comment. Balls will be either open, closed or neither. I am going to use the Hausdorff
maximal theorem, Theorem 2.8.2 because it yields a very simple argument. It can be done
other ways however. In the argument, the balls are not necessarily open nor closed. vy is in
B(z,r) will mean that ||y —z| <ror |y —z| =r.

Lemma 4.5.2 Let . be a nonempty collection of balls satisfying
oo >M=sup{r:B(p,r)e F} >0

and let k € (0,M) . Then there exists 9 C .F such that

IfB(p,r) €9 thenr >k, (4.23)
IfB1,By €9 then BN B, = 0, (4.24)
4 is maximal with respect to 4.23 and 4.24. 4.25)

By this is meant that if 7 is a collection of balls satisfying 4.23 and 4.24, then € cannot
properly contain 4.

Proof: Let G denote a subset of .% such that 4.23 and 4.24 are satisfied. Since k < M,
4.23 is satisfied for some ball of &. Thus & # 0. Partially order & with respect to set
inclusion. Thus &/ < £ for o/, % in G means that &/ C %. By the Hausdorff maximal
theorem, there is a maximal chain in & denoted by % . Then let 4 be U%. If By, B, are in
&, then since ¥ is a chain, both B, B> are in some element of € and so B; N B, = 0. The
maximality of ¢ is violated if there is any other element of & which properly contains ¥.
|

Proposition 4.5.3 Let .# be a collection of balls, and let
A=U{B:Be Z}.

Suppose e > M =sup{r: B(p,r) € #} > 0. Then there exists G C .7 such that¥ consists
of balls whose closures are disjoint and A C U{B : B € 4} where for B= B (x,r) a ball, B
denotes the open ball B(x,5r).

Proof: Let ¢, satisfy 4.23 - 4.25 for k = 2L

Suppose ¥, -+ ,%,,—1 have been chosen for m > 2. Let &, denote the collection of
closures of the balls of ¢4;. Then let .%,, be those balls of .%, such that if B is one of these
balls, B has empty intersection with every closed ball of &; for each i < m — 1. Then using
Lemma 4.5.2, let ¢, be a maximal collection of balls from .%,, with the property that each
ball has radius larger than (%)mM and their closures are disjoint. Let ¢ = Uy %;. Thus
the closures of balls in ¢ are disjoint. Let ¢ € B(p,r) € .% \ 4. Choose m such that

2 m ) m—1
-] M<r<| = M
3 3
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Then B (p,r) must have nonempty intersection with the closure of some ball from ¥ U
---U%,, because if it didn’t, then ¥, would fail to be maximal. Denote by B (py,ro) a ball
in% U---U%, whose closure has nonempty intersection with B (p, r). Thus both

) m 2 m—1 3
ro,r > (3> M, sor< <3) M < §r0

Consider the picture, in which w € B(py,ro) NB(p,r).

b

—_——
[ =poll < l|lz =p[ +llp—w|[+[[w —pl

Then for « € B(p,r),

<ry

<%r0
—_———

2 m—1 3
Sr+r+ro§2<3) M+r0§2<2r0>+r0§4r0

Thus B (p,r) is contained in B (p,4ro). It follows that the closures of the balls of ¢ are
disjoint and the set {B: B € ¥} coversA. W

Note that this theorem does not depend on the underlying space being finite dimen-
sional. However, it is typically used in this setting.

Next is a version of the Vitali covering theorem which involves covering with disjoint
closed balls. Here is the concept of a Vitali covering.

Definition 4.5.4 Let S be a set and let € be a covering of S meaning that every
point of S is contained in a set of €. This covering is said to be a Vitali covering if for each
€>0and x € S, there exists a set B € € containing x, the diameter of B is less than €,
and there exists an upper bound to the set of diameters of sets of €.

The following corollary is a consequence of the above Vitali covering theorem.

Corollary 4.5.5 Let F be a bounded set and let € be a Vitali covering of F consisting
of closed balls. Let r(B) denote the radius of one of these balls. Then assume also that
sup{r(B) : B€ €} =M < oo. Then there is a countable subset of € denoted by {B;} such
that i, (F\ UY_|B;) =0 for N < o, and B; \B; = 0 whenever i # j.

Proof: Let U be a bounded open set containing F such that U approximates F' so well
that

m, (U) < rim, (F),r>1and very closeto 1, r =57 =8, < 1

Since this is a Vitali covering, for each x € F, there is one of these balls B containing =
such that B C U. Let % denote those balls of ¥ such that B C U also. Thus, this is also
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a cover of F. By the Vitali covering theorem above, there are disjoint balls from %, {B;}
such that {B;} covers F. Thus

iy (F\UZ1B;) < my (U\ U1 B;) = my (U) — Y. my (B))

< 1y (F) =57 Y my (Bj) < iy (F) =577y (F)
j=1
= (r=57")m,(F)=6,m,(F)
Now if n; is large enough and 8, is chosen such that 1 > 6, > 8, then
mp (F\U?LIBJ) = mp (U\U;I:IBJ') < 6pimp (F).

If m (F \ U’;‘ZlBj) = 0, stop. Otherwise, do for F\ U;”ZlBj exactly the same thing that
was done for F. Since U;“: 1Bj is closed, you can arrange to have the approximating open

c
set be contained in the open set (UV;‘ZIB j) . It follows there exist disjoint closed balls from
¢ called B, 11, -+ ,Bp, such that

i ((F\U?Z]Bj) \u;fint,) < 0, (F\u;fllej) < 02m(F)
continuing this way and noting that lim,, . 87, = 0 while 77 (F) < o, this shows the de-
sired result. Either the process stops because (F \U;”‘: B j> = 0 or else you obtain
i (F\UZ,B;) =0.m

The conclusion holds for arbitrary balls, open or closed or neither. This follows from
observing that the measure of the boundary of a ball is 0. Indeed, let

S(xyr)={y:ly—=|=r}.
Then for each € < r,
mp(S(x,r)) S my(B(x,r+e))—mpy(B(x,r—g))
my, (B(0,r+¢€)) —m,(B(0,r—¢))

((22) - (55) ) o)
Hence m, (S (2, r)) = 0.

Thus you can simply omit the boundaries or part of the boundary of the closed balls
and there is no change in the conclusion. Just first apply the above corollary to the Vitali
cover consisting of closures of the balls before omitting part or all of the boundaries. The
following theorem is also obtained. You don’t need to assume the set is bounded.

Theorem 4.5.6 Let E be a bounded set and let € be a Vitali covering of E consisting
of balls, open, closed, or neither. Let r(B) denote the radius of one of these balls. Then
assume also that sup{r(B) :B € €} = M < oo. Then there is a countable subset of €
denoted by {B;} such that m, (E\UY_|B;) = 0,N < e, and B; \B; = 0 whenever i # j.
Here m, denotes the outer measure determined by mp. The same conclusion follows if you
omit the assumption that E is bounded.
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Proof: It remains to consider the last claim. Consider the balls
B(0,1),B(0,2),B(0,3),---.

If E is some set, let E, denote that part of E which is between B (0,7 — 1) and B(0,r) but
not on the boundary of either of these balls, where B (0, —1) = 0. Then U?_E, differs from
E by a set of measure zero and so you can apply the first part of the theorem to each E,
keeping all balls between B(0,r — 1) and B (0, r) allowing for no intersection with any of
the boundaries. Then the union of the disjoint balls associated with E, gives the desired
cover. B

4.6 Exercises

1. Let V be a vector space with basis {v,---,v,}. For v € V, denote its coordinate
vector as v = (¢, -+, &y,) Where v =Y }_, axvx. Now define

|Iv]| = max {|ay| : k=1,...,n}.
Show that this is a norm on V.

2. Let (X, ]|||) be a normed linear space. You can let it be (R",|-|) if you like. Recall

|| is the usual magnitude of a vector given by || = /Y7, [x|*. A set A is said to
be convex if whenever x,y € A the line segment determined by these points given
by tx+ (1 —t)y for r € [0,1] is also in A. Show that every open or closed ball is
convex. Remember a closed ball is D (x,r) = {& : ||& — x| < r} while the open ball
is B(x,r)={& : ||& — x| < r}. This should work just as easily in any normed linear
space with any norm.

3. This problem is for those who have had a course in Linear algebra. A vector v
is in the convex hull of § if there are finitely many vectors of S, {vy,---,v,,} and
nonnegative scalars {r1,---,2,} such that v = YJ' | fpvg, Y % = 1.Such a linear
combination is called a convex combination. Suppose now that S C V, a vector space
of dimension n. Show that if v = Y}’ | ;v is a vector in the convex hull for m >
n—+ 1, then there exist other nonnegative scalars {t,’(} summing to 1 such that v =
Zk’";ll 1. Thus every vector in the convex hull of S can be obtained as a convex
combination of at most n+ 1 points of S. This incredible result is in Rudin [40].
Convexity is more a geometric property than a topological property. Hint: Consider
L:R™ —V xRdefinedby L (a) = (¥, axvi, Li; ar) Explain why ker (L) # {0} .
This will involve observing that R™ has higher dimension that V x R. Thus L cannot
be one to one because one to one functions take linearly independent sets to linearly
independent sets and you can’t have a linearly independent set with more than n+ 1
vectors in V x R. Next, letting a € ker (L) \ {0} and A € R, note that A a € ker (L).
Thus for all A € R, v = Y}, (tx + Aag) vi. Now vary A till some #; + Aax = 0 for
some a; # 0. You can assume each #; > 0 since otherwise, there is nothing to show.
This is a really nice result because it can be used to show that the convex hull of a
compact set is also compact. You might try to show this if you feel like it.

4. Show that the usual norm in F” given by || = (x,x) 1/2 satisfies the following iden-
tities, the first of them being the parallelogram identity and the second being the
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polarization identity.
2 2
2" +2]y

HET ey

|z +yl + |z -yl

Re(z,y)

Show that these identities hold in any inner product space, not just .

5. Suppose K is a compact subset of (X,d) a metric space. Also let & be an open cover
of K. Show that there exists § > 0 such that for all x € K, B(x,§) is contained in a
single set of ¥’. This number is called a Lebesgue number. Hint: For each x € K,
there exists B (x,d,) such that this ball is contained in a set of 4. Now consider

n
the balls {B (x, %)} < Finitely many of these cover K. {B (x[, %) } 1Now
RS i=

consider what happens if you let 6 < min {%,i: 1,2,--- ,n}. Explain why this
works. You might draw a picture to help get the idea.

6. Suppose % is a set of compact sets in a metric space (X,d) and suppose that the
intersection of every finite subset of ¢ is nonempty. This is called the finite inter-
section property. Show that N%, the intersection of all sets of % is nonempty.
This particular result is enormously important. Hint: You could let %7 denote the set
{K€:K e€¢}. If N€ is empty, then its complement is U%Z = X. Picking K € €,

it follows that %/ is an open cover of K. K C UJ" 1KiC = (Oi": lKi)C Therefore, you

would need to have {K{,--- K} is a cover of K. In other words, Now what does
this say about the intersection of K with these K;?

7. If (X,d) is a compact metric space and f : X — Y is continuous where (Y,p) is
another metric space, show that if f is continuous on X, then it is uniformly contin-
uous. Recall that this means that if € > 0 is given, then there exists 6 > 0 such that
if d(x,£) < 8, then p (f (x),f (%)) < €. Compare with the definition of continuity.
Hint: If this is not so, then there exists € > 0 and x,,, £, such that d (x,,£,) < 1/n but
p (f(x4),f(£,)) > €. Now use compactness to get a contradiction.

8. Prove the above problem using another approach. Use the existence of the Lebesgue
number in Problem 5 to prove continuity on a compact set K implies uniform conti-
nuity on this set. Hint: Consider ¢ = { ! (B(f (x),€/2)) : x € X } . This is an open
cover of X. Let 6 be a Lebesgue number for this open cover. Suppose d (x,£) < 6.
Then both x, £ are in B (x, §) and so both are in £~ (B (f(%),5)) . Hence

€ €
PU().f(9) < 2. (D), £ () < 5.
Now consider the triangle inequality.

9. Let X be a vector space. A Hamel basis is a subset of X, A such that every vector of
X can be written as a finite linear combination of vectors of A and the vectors of A
are linearly independent in the sense that if {x;,---,x,} C Aand ¥'}_, cxxx = O then
each ¢; = 0. Using the Hausdorff maximal theorem, show that every non-zero vector
space has a Hamel basis. Hint: Let x| £ 0. Let .# denote the collection of subsets of
X, A containing x; with the property that the vectors of A are linearly independent.
Partially order .% by set inclusion and consider the union of a maximal chain.
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10.

11.

12.

13.

14.

15.
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Suppose X is a nonzero real or complex normed linear space and let
V =span(wy, ..., wp)

where {wy,...,wn} is a linearly independent set of vectors of X. Show that V is a
closed subspace of X with V C X. First explain why Theorem 4.2.11 implies any
finite dimensional subspace of X can be written this way. Hint: You might want to
use something like Lemma 4.4.7 to show this.

Suppose X is a normed linear space and its dimension is either infinite or greater than
m where V = span (w1, ...,wp,) for {wy,...,w,} an independent set of vectors of X.
Show X \ V is a dense open subset of X which is equivalent to V containing no ball
B(v,r),{w:|lw—v| <r}. Hint: If B(x,r) is contained in V, then show, that since V
is a subspace, B (0,r) is contained in V. Then show this implies X C V which is not
the case.

Show that if (X,d) is a metric space and H,K are disjoint closed sets, there are
open sets Uy,Ug such that H C Uy, K C Ug and Uy NUg = 0. Hint: Let k €
K. Explain why dist (k,H) = inf{||k—h|| : h € H} =28 > 0. Now consider Ugx =
Ukek B (k, 8¢). Do something similar for & € H and consider Uy = Ugey B (h, 0).

If, in a metric space, B(p,0) is a ball, show that
B(p,8) CD(p,8) = {x: |lv—pl < 5}

Now suppose (X,d) is a complete metric space and U,,,n € N is a dense open set in X.
Also let W be any nonempty open set. Show there exists a ball B; = B(p1,r|) having
radius smaller than 2~ ! such that B; C U; NW,. Next show there exists B, =B (p2,12)
such that B, C B; NU, NW with the radius of B; less than 2~2. Continue this way.
Explain why {p,},_, is a Cauchy sequence converging to some p € W N (U, U,).
This is the very important Baire theorem which says that in a complete metric space,
the intersection of dense open sets is dense.

Suppose you have a complete normed linear space, (X, ||-||). Use the above problems
leading to the Baire theorem in 13 to show that if 4 is a Hamel basis for for X, then
28 cannot be countable. Hint: If 2 = {v;} |, consider V,, = span (vi, ...,v,). Then
use a problem listed above to argue that V¢ is a dense open set. Now apply Problem
13. This shows why the idea of a Hamel basis often fails to be very useful whereas,
in finite dimensional settings, it is just what is needed.

In any complete normed linear space which is infinite dimensional, show the unit
ball is not compact. Do this by showing the existence of a sequence which cannot
have a convergent subsequence. Hint: Pick ||«| = 1. Suppose xi,...,x, have been
chosen, each ||x¢|| = 1. Then there is x ¢ span (x1, ...,x,) = V,. Now consider v such
that [|x —v|| < 3 dist(x,V,) . Then argue that for k < n,
€V

x— | v+ |x—v| x
dist (x, Vy) 2

v = (3/2)dist(x,V,) 3
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16.

17.

18.

19.

20.

21.

22.

Let X be a complete inner product space. Let .# denote subsets B C X such that
whenever x,y € X, (x,y) =0 if x # y and (x,x) = 1 if x = y. Thus these 3 are or-
thonormal sets. Show there exists a maximal orthonormal set. If X is separable, show
that this maximal orthonormal set is countable. Hint: Use the Hausdorff maximal
theorem. The next few problems involve linear algebra.

Let X be a real inner product space and let {vy,...,v,} be vectors in X. Let G be the
n x nmatrix G;; = (v;,v;) . Show that G~ ! exists if and only if {v,...,v,} is linearly
independent. G is called the Grammian or the metric tensor.

TLet X be as above, a real inner product space, and let V = span (vy,...,v,) . Letu € X
and z € V. Show that |u—z| = inf{|u—v|:v €V} if and only if (u—z,v;) = 0 for
all v;. Note that the v; might not be linearly independent. Also show that |u — z|2 =
‘u|2 - (Za u) .

1 Let G be the matrix of Problem 17 where {vi,...,v,} is linearly independent and
V = span (vi,...,v;) C X, an inner product space. Let x = ¥, x'v;,y = ¥, y'v; be two
vectors of V. Show that (x,y) = ¥; ;x'Gjjx/. Show that z = ¥;z'v;,z is closest to
u € X if and only if for all i = 1,...,n,(u,v;) = ¥; G,-jzj. This gives a system of
linear equations which must be satisfied by the 7’ in order that z just given is the best
approximation to u#. Next show that there exists such a solution thanks to Problem
17 which says that the matrix G is invertible, and if G~! has ij"" component G/, one
finds that ¥ ; G (u,v;) = 2.

1 In the situation of the above problems, suppose A is an m X n matrix. Use Prob-
lem 18 to show that for y € R™, there always exists a solution x to the system of
equations ATy = AT Az. Explain how this is in a sense the best you can do to solve
y = Ax even though this last system of equations might not have a solution. Here A”
is the transpose of the matrix A. The equations A"y = AT Az are called the normal
equations for the least squares problem. Hint: Verify that (A”y,x) = (y,Ax). Let
the subspace V be A (R"), the vectors spanning it being {Aey,...,Ae,}. From the
above problem, there exists Az in V which is closest to y. Now use the character-
ization of this vector (y—Ax,Az) = 0 for all z € R",Az being a generic vector in
A(R").

1As an example of an inner product space, consider C ([0, 1]) with the inner product
fol S (x) g (x) dx where this is the ordinary integral from calculus. Abusing notation,
let {xP1,...,xP} with —§ < pj < -+ < p, be functions, (vectors) in C ([0, 1]).. Verify
that these vectors are linearly independent. Hint: You might want to use the Cauchy
identity, Theorem 1.9.28.

TAs above, if {vy,...,v, } is linearly independent, the Grammian is G = G (vy,...,vy),
Gij = (vi,vj), then if u ¢ span(vy,...,v,) =V you could consider G (vi,...,v,,u).
Then if d = min{|u—v|: v € span(vy,...,v,)}, show that d> = % Jus-
tify the following steps. Letting z be the closest point of V to u, from the above,

(u —-Yi zivi,vp) = 0 for each v, and so

(vp7vi)zi (*)

-

I
-

(u?VP) =
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Also, since (u—z,v) =0 forallv eV, |[u* = [u—z+z*> = ju—z> + |z|* so

2 2 2

n n n

|u\2: u—Zz’vi + ZZ'W =d’+ ZZ'W
i=1 i=1 i=1

=(uv))
5 = . . .
=d>+) Y (viv)dd =+ ) (uv)) 2
Joi J

T
=d*+yTz, y= ((u,v1),- - 7(u,vn))T, z= (zl,~~~ ,Z")

G(vi,....,vn) O z Y
From x, Gz = = . Now use Cramer’s
v ( U AN Jul?

rule to solve for d” and get

det( G(VI’FW) y2 )
P2 = Y |ul _ detG (vi, ..., v, u)
N det (G (v1,...,vn))  detG(vy,...,vn)

23. In the situation of Problem 21, let f; (x) = x* and let V = span (fpys--r fpn)- give an
estimate for the distance d between f,, and V for m a nonnegative integer and as in
the above problem f% < p1 < -+ < py. Use Theorem 1.9.28 in the appendix and
the above problem with v; = f,,. and v,,1 = f},. Justify the following manipulations.

2
The numerator in the above formula for the distance is of the form Mzt (pi=rs)_
i j<n+1 (Pi+Pj+ 1)
2 2
_ Hj<i§n (pifpj) ngn (mfpj)
[Tij<n (Pitpj+ DITL, (pi+m+ DT (pj+m+1) (2m+1)

i _ Wsizalpi=p))” __ Tea|m—p)]
While G (fp,, .-, fp,) = Mo ron (et 1) Thus d = e ) (VERTT)
24. Suppose Yi_,ait* = 0 for each t € (—§,8) where a; € X, a linear space. Show that
each g, =0.

25. Suppose A C R? is covered by a finite collection of Balls .#. Show that then there
exists a disjoint collection of these balls, {B;}" |, such that A C U:.”le?,- where B; has
the same center as B; but 3 times the radius. Hint: Since the collection of balls is
finite, they can be arranged in order of decreasing radius. Mimic the argument for
Vitali covering theorem.



Chapter 5

Functions on Normed Linear Spaces

This chapter is about the general notion of functions defined on normed linear spaces even
if the linear space is not finite dimensional.

51 Z(V,W) as a Vector Space

In what follows, V, W will be vector spaces.

Definition 5.1.1 7ne term & (V,W) signifies the set of linear maps from V to W.
This means that for vyu € V and o, 8 scalars from F,L (au+ Bv) = aL(u)+BL(v). Given
LM € £ (V,W) define a new element of £ (V,W), denoted by L+ M according to the
rule' (L+M)v = Lv+Mv. For « a scalar and L € £ (V,W), define oL € & (V,W) by
oL(v)=o(Lv).

Note that if you have V = R" and W = R™, an example of something in . (V,W) is
given by Tv = Av where A is a real m X n matrix.

You should verify that all the axioms of a vector space hold for . (V,W) with the
above definitions of vector addition and scalar multiplication. What about the dimension
of Z(V,W)?

Before answering this question, here is a useful lemma. It gives a way to define linear
transformations and a way to tell when two of them are equal.

Lemma 5.1.2 Let V and W be vector spaces and suppose {vy,--- ,v,} is a basis for V.
Thenif L:V — W is given by Lvy = wy, € W and L(Y}_ axvk) = Lj_; arlvi = Y} agwi
then L is well defined and is in £ (V,W) . Also, if L,M are two linear transformations such
that Lvy, = Mvy, for all k, then M = L.

Proof: L is well defined on V because, since {vy,---,v,} is a basis, there is exactly
one way to write a given vector of V as a linear combination. Next, observe that L is
obviously linear from the definition. If L,M are equal on the basis, then if Y}, axvy is
an arbitrary vector of V,L(¥}_, axvi) = Lj_; axlvi = Y} axMvi = M (¥}_, axvi) and so
L = M because they give the same result for every vectorin V. Bl

The message is that when you define a linear transformation, it suffices to tell what it
does to a basis.

Theorem 5.1.3 Let v and W be finite dimensional linear spaces of dimension n and
m respectively Then dim (£ (V,W)) = mn.

Proof: Let two sets of bases be {vy,---,v,} and {wy,--- ,wy, } for V and W respectively.
Using Lemma 5.1.2, let wv; € £ (V,W) be the linear transformation defined on the basis,
{1, vn}, by wiv (vj) = w;d jx where 0 = 1 if i = k and 0 if i # k. I will show that
L €. (V,W)is alinear combination of these special linear transformations called dyadics.

Then let L € £ (V,W). Since {wi,---,wy} is a basis, there exist constants, dj such
that Lv, = Z’;‘:] djw;j Now consider the following sum of dyadics. Z;“:] Y djiw;vi. Ap-
ply this to v,. This yields Z;-"Zl Yidjiiwivi(vy) = ’]’»’:1 Yidiiwidir= Z;”ZI dj;w; = Lv,.
Therefore, L= Y7 | ¥I' | djiw;v; showing the span of the dyadics is all of & (V,W).

INote that this is the standard way of defining the sum of two functions.

113
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Now consider whether these dyadics form a linearly independent set. Suppose that
Yixdixwivi = 0. Are all the scalars dy equal to 07 0 =Y, y dywivi (vi) = L2 dyyw; so,
since {wy, -+ ,wy,} is a basis, d; =0 foreach i = 1,--- ,m. Since [ is arbitrary, this shows
d;; = 0 for all i and [. Thus these linear transformations form a basis and this shows that
the dimension of .Z (V,W) is mn as claimed because there are m choices for the w; and n
choices for the v;. W

5.2 The Norm of a Linear Map, Operator Norm

Not surprisingly all of the above holds for a finite dimensional normed linear space. First
here is an easy lemma which follows right away from Theorem 3.6.2, the theorem about
equivalent formulations of continuity.

Lemma 5.2.1 Let (V,||-||y) and (W, ||-|ly,) be two normed linear spaces. Then a linear
map f:V — W is continuous if and only if it takes bounded sets to bounded sets. (f is
bounded) If'V is finite dimensional, then f must be continuous.

Proof: = Consider f(B(0,1)). If this is not bounded, then there exists ||V, < 1
but [[f ()|l > m. Then it follows that H 7 (%) HW > 1 which is impossible for all m

. Yy
SINCe || —
m

’ < % and so continuity requires that lim,,;,_co f % = 0 (Theorem 3.6.2). Thus

there exists M such that || f (v)|| < M whenever v € B(0, 1). In general, let S be a bounded
set. Then S C B(0,r) for large enough r. Hence, for v € B, it follows that v/2r € B(0,1).
It follows that || f (v/2r)|ly, <M and so ||f(v)||y, <2rM. Thus f takes bounded sets to
bounded sets.

<= Suppose f is bounded and not continuous. Then by Theorem 3.6.2 again, there
is a sequence v, — v but f (v,) fails to converge to f(v). Then there exists € > 0 and a
subsequence, still denoted as v, such that || f (v,) — f (V)| = || f (vo — v)|| > €. Then

Vp—V
‘ [[ve =i [[va =Vl

The right side is unbounded, but the left is bounded, a contradiction.

Consider the last claim about continuity. Let {v;,---,v,} be a basis for V. By Lemma
4.4.7,if y" — 0,in V for y" = Y/ _, y/'v.then it follows that lim,, .y}’ = 0 and conse-
quently, f(y") — f(0) = 0. In general, if y" — y, then (y" —y) — O and so f (y" —y) =
FO™) = f(y) = 0. Thatis, f (") = f(v). B

Definition 5.2.2 ror f: (v, I-ly) = (W, |I-|ly) continuous, it was just shown that
there exists M such that ||f (v)|| <M, v € B(0,1). It follows that, since m € B(0,1),
then || f (v)|| < 2M ||v|. Therefore, letting || f|| = supy, < | f (v)|| it follows that for all
veV, If W < IFIHvI -Thus a linear map is bounded if and only if || f|| < oo if and only if
[ is continuous. ‘The number ||f|| is called the operator norm. For X a real normed linear
space, X' denotes the space £ (X,R).

You can show that for .Z (V,W) the space of bounded linear maps from V to W,
% (V,W) becomes a normed linear space with this definition. This is true whether V, W are
finite or infinite dimensional. You can also show that if W is complete then so is . (V,W).
This is left as an exercise. Also, when the vector spaces are finite dimensional, Lemma
5.2.1 shows that any linear function f is automatically bounded, hence continuous, hence
|| £l exists. Here is an interesting observation about the operator norm.
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Lemma 5.2.3 Let f € £ (V,W) and let h € £ (W,Z) where X,Y,Z are normed vector
spaces. Then |[ho f| < [[a]|[|f]]-

Proof: This follows right away from the definition. If |[v|| < 1, then || f ()| < |If]|-
This explains the first inequality in the following.

sup [Jho fO) < sup [A(w) = sup Hh<f;”)HllfIISIIhIIIIfII

vii<1 Iwll<IfI Wl <71l

Theorem 5.2.4 L. (V,|I)l) be a normed linear space with basis {vi,---,v,} and
field of scalars F. Let f : (E",||-|) = (V,||ly) be any linear map which is one to one and
onto. Then both f and = are continuous. Also the compact sets of (V,|-||,,) are exactly
those which are closed and bounded.

Proof: Define another norm ||-||; on F” as follows. |||/, = ||f ()], . Since f is one
to one and onto and linear, this is indeed a norm. The details are left as an exercise. Then
from the theorem on the equivalence of norms, there are positive constants &,A such that
8|lz|| < [|f(x)]ly <Allx|. Since f is one to one and onto, this implies & ||/~ (v)|| <
lvlly <A Hf’l (’U)H . The first of these above inequalities implies f is continuous. The
second says || f~! (v)]| < % |v||, and so £~ ! is continuous. Thus, from the above theorems,
both f and f~! map closed sets to closed sets, compact sets to compact sets, open sets to
open sets and bounded sets to bounded sets.

Now let K C V be closed and bounded. Then from the above observations, f~! (K) is
also closed and bounded. Therefore, it is compact. Now f (f~' (K)) = K must be compact
because the continuous image of a compact set is compact, Theorem 3.7.1. Conversely,
if K C V is compact, then by the theorem just mentioned, f~! (K) is compact and so it is
closed and bounded. Hence f ( UK )) = K is also closed and bounded. l

This is a remarkable theorem. It says that an algebraic isomorphism is also a home-
omorphism which is what it means to say that the map takes open sets to open sets and
the inverse does the same. In other words, there really isn’t any algebraic or topological
distinction between a finite dimensional normed vector space of dimension n and F”*. Of
course when one considers geometry, this is not so.

Here is another interesting theorem about coordinate maps. It follows right away from
earlier theorems.

Theorem 5.2.5 e f: (v, II-1ly) = (W, |||ly) be a continuous function where here
(V. |I-ly) is a normed linear space and (W,||-|\y,) is a finite dimensional normed linear
space with basis {wy,--- ,wy,}. Thus f(v) = Y}_, fi W) wk. Then f is continuous if and
only if each fy is a continuous T valued map.

Proof: —> First, why is f; linear? This follows from

Y (o) + B = o Y flwe+ B Y fe(v)wy
=1 k=1 k=1

—af ()£ BF () = fautBr)= Y fi(outBr)my
k=1

Why is the coordinate function fj continuous? From Lemma 5.2.1, it suffices to verify that
fi is bounded. If this is not so, there exists vy, |[viu||, < 1 but |fi (V)| > m. It follows
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that | f; ()| > 1. Since f is continuous, and v,,/m — 0, it follows that f (%) — 0 in V.
However, by Lemma 4.4.7, fi (22) — 0, a contradiction.
<— If each coordinate function is continuous, then

IN
[\_ﬂs

1F ) =F O)llw = Je (D) wi Je V) = fie D) wlly

Y fe)wi—
k=1

»
i ™M=
L

Since each f; is continuous, this shows that f is also. l

5.3 Continuous Functions in Normed Linear Space

Of course not all functions are linear. Continuous functions have already been discussed
in general metric space, but now there are other considerations to consider due to the al-
gebra available in a normed linear space. The following theorem includes these kinds of
considerations for functions having values in a normed linear space.

Theorem 5.3.1 Le f,& be continuous functions defined on D, a metric space. Also
let &, B be scalars. Then the following hold.

1. of + Bg is continuous.

2. If W, |||l ) is an inner product space, then (f,g) defined as
(f,e) V) =(f(v),g(v)), then (f,g) is continuous.

3. If f has values in F and g has values in (W, |||y, ) , then fg is continuous.

Proof: Say v, — v. Then

[(eef +Bg) (va) — (af +Be) W)l < el [[f (va) = f W) + B llg (va) =g (W)l

and the right side converges to 0 as n — oo so this shows 1.
This follows from an easy computation. From the Cauchy Schwarz inequality,

((f:8) ) = (£,8) D) < [(f (), 8 () = (F (), g D)+ [(f (v),8 (7)) = (f (9),8 (V)]
<llg) =g SO+ ) = @) lg D]

Now since g is continuous at v and so ||g (v) — g (¥)|| < 1 provided d (v,?) is small enough.
Thus ||g (9)]] < ||g (v)||+ 1. Hence if d (v, ) is small enough,

((f:8) ) = (£:8) D) < g W+ D IF ) = F O+ IIf W)l lg (v) =g ()]

Thus, by continuity of f,g at v, if d (v, V) is sufficiently small, the right side is less than €
and so f - g is continuous at v. This shows 2. The proof of 3. is just like this. l

Of course there are other things like cross product and determinant and so forth which
are defined in terms of the component functions of f. Then these things will be continuous
by an application of Theorem 5.2.5.
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5.4 Polynomials

For functions of one variable, the special kind of functions known as a polynomial has a
corresponding version when one considers a function of many variables. This is found in
the next definition.

Definition 5.4.1 Let o be an n dimensional multi-index. The meaning of this term is
that o= (o, -+ , &ty) where each @; is a positive integer or zero. Also, let |a| =Y | |oy].
Then x%means x* = x?‘x‘;z . -x?” where each x; € F. An n dimensional polynomial of
degree m is a function of the form p (x) = Ylal<m dgx®. where the dy, are complex or real
numbers, more generally in some normed linear space X. Rational functions are defined as
the quotient of two real or complex valued polynomials. Thus these functions are defined
on F".

F o ) 4. s . xlx%+7x§x1 +x% .

or example, f (x) = x;x3 + 7x3x; is a polynomial of degree 5 and prerea o

rational function.

Note that in the case of a rational function, the domain of the function might not be all
of F". For example, if f () = M

x5+3x7—4

such that x3 + 3x7 # 4.

By Theorem 3.6.2 all polynomials are continuous. To see this, note that the function,

7ty (x) = x; is a continuous function because of the inequality

,the domain of f would be all complex numbers

|7k () — 7 ()| = ke —yi| < e —yl.

Polynomials are simple sums of scalars times products of these functions. Similarly, by
this theorem, rational functions, quotients of polynomials, are continuous at points where
the denominator is non zero. More generally, if V is a normed vector space, consider a
V valued function of the form f(x) = Ylaj<m dgx® where dy €V, sort of a V valued
polynomial. Then such a function is continuous by application of Theorem 3.6.2 and the
above observation about the continuity of the functions 7.

Thus there are lots of examples of continuous functions. However, it is even better than
the above discussion indicates. As in the case of a function of one variable, an arbitrary
continuous function can typically be approximated uniformly by a polynomial. This is the
n dimensional version of the Weierstrass approximation theorem.

5.5 Weierstrass Approximation Theorem

An arbitrary continuous function defined on an interval can be approximated uniformly by
a polynomial, there exists a similar theorem which is just a generalization of this which will
hold for continuous functions defined on a box or more generally a closed and bounded set.
However, we will settle for the case of a box first. The proof is based on the following
lemma.

Lemma 5.5.1 The following estimate holds for x € [0,1] and m > 2.

y ( " )(k—mx)zxk(l—x)mk< %m

k=0
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Proof: First of all, from the binomial theorem,
. m t(k— m k_ ! m th) & m—k
kg(’)(k)(e( mx))xk(l— WZ(k)<e )x(l—x)

=e " (1—x+xe')" =e"™g(1)", g(0) =1,¢ (0) =¢" (0) = x

Take a partial derivative with respect to ¢ twice.

- m k— mx)2 et k—m) k(g _ o m—k

Y () emm (1)

= () (1) + 2 (—mo) e mg (1) g (1)
e [m(m— 1) g (1) g/ (1) +mg (1) ¢ (1)

Now let # = 0 and note that the right side is m(x —x?) < m/4 for x € [0,1]. Thus

m

) ( ’;7: )(k—mx)2xk(1—x)mkZmX—mx2<m/4l

k=0

With this preparation, here is the first version of the Weierstrass approximation theorem.
I will allow f to have values in a complete, real or complex normed linear space. Thus,
f€C(0,1];X) where X is a Banach space, Definition 4.3.7. Thus this is a function which
is continuous with values in X as discussed earlier with metric spaces.

Theorem 5.5.2 Let f € C([0,1]:X) and let the norm on X be denoted by ||-|| .

2 m k m—k k i k
=1 (3 )¢t (5) = ()
Then these polynomials having coefficients in X converge uniformly to f on [0,1]. Also
q0(0) =1,g%(0) =0 for k £ 0, and g, (1) = 1 while q; (1) = 0 for k # m.

Proof: Let ||f||.. denote the largest value of ||f(x)||. By uniform continuity of f,
there exists a § > 0 such that if |x—x'| < 8, then || f (x) — f (+')|| < €/2. By the binomial

theorem,
e |<z( ) =yt f(’i)— £
) |Z|5< : >xk“_")mk ()10 +2”f”°°|:;§|za( b

Therefore,

sé(?ﬁ’)xm SUREEEI T (f;;)xk(l_x)mk

(k—mx)>>m?2 8>

€ I & m 2 k
<= +21flle. == ( )k—mxxkl mk < = +2f°° <e
5 +2I/1 m252k§6 e )¢ )7 (1-x) 1]
provided m is large enough. Thus ||p,, — f]|.. < € when m is large enough.
Note that we do not need to have X be complete in order for this to hold. It would have
sufficed to have simply let X be a normed linear space.

1
4522
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Corollary 5.5.3 If f € C([a,b];X) where X is a normed linear space, then there exists
a sequence of polynomials which converge uniformly to f on [a,b]. The m™ term of this
sequence is Yo qi () f (1 (%)) where 1 : [0,1] — [a,b] be one to one, linear and onto and

qo(a) =1l and if k #0,q; (a) = 0 and g, (b) = 1 and if k # m, then q; (b) = 0.

Proof: Let [ : [0,1] — [a,b] be one to one, linear and onto. Then f o! is continuous on
[0,1] and so if € > 0 is given, if m large enough, then for all x € [0, 1],

s (1(5)) - ror

k=0

<€

where §o (0) = 1 and g, (0) =0 for k # 0,§,, (1) = 1,4x (1) = 0 if k # m. Therefore, for all
y € la,b],
k

Latonr(1(5))-ro

Let ge(v) =g (17" (). W
As another corollary, here is the version which will be used in Stone’s generalization
later.

<€

Corollary 5.5.4 Let f be a continuous function defined on [—M,M] with f(0) = 0.
Then there is a sequence of polynomials {pn}, pm (0) = 0 and lim,,—ye0 || pr — f1|.. =0

Proof: From Corollary 5.5.3 there exists a sequence of polynomials {p,,} such that
[Pm — fll.. = O. Simply consider p,, = pm — pm (0). B

5.6 Functions of Many Variables

First note that if 2 : K x H — R is a real valued continuous function where K, H are compact
sets in metric spaces,
h >h h >h
maxh (x,y) 2 h(x,y), so max max (x,y) > h(x,y)

which implies maxyey maxyex h (x,y) > max . y)cx<p 1 (x,y) . The other inequality is also
obtained.

Let f € C(Rp;X) where R, = [0,1]”. Then let &, = (x1,...,xp—1) . By Theorem 5.5.2,
if n is large enough,

£ () Qo st

k=0

<
c([0,177":x)

max
xl,G[O,I]

NN

Now f (-, %) € C(R,-1;X) and so by induction, there is a polynomial p () such that

petep) ()1 (a%)

)nfk

max
:fIPERp,l

x (n+1)2

Thus, letting p (z) = Yj_opi (&) X5 (1 —x,,

)

lp— -fHC(R,,;X) < xggﬁ'))fl]i,fglg,)fq Hp (i'lhxp) —f (:i'paxp)Hx <&
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where p is a polynomial with coefficients in X.

In general, if R, = [T5_, [ax, bx], note that there is a linear function l : [0,1] — [ay, by]
which is one to one and onto. Thus I (x) = (/; (x1),...,, (x,)) is a one to one and onto map
from [0, 1]” to R,, and the above result can be applied to f ol to obtain a polynomial p with
lp—f ol||C([O’1]p;X) < &. Thus ||pol’1 - f||C(Rp;X) <eandpollisa polynomial. This
proves the following theorem.

Theorem 5.6.1 Ler f be a function in C (R;X) for X a normed linear space where
R= Hle [ak, D] . Then for any € > 0O there exists a polynomial p having coefficients in X
such that |p — fllcrx) < €

These Bernstein polynomials are very remarkable approximations. It turns out that if f
is C'([0,1];X), then lim, e p}, (x) — £’ (x) uniformly on [0, 1]. This all works for func-
tions of many variables as well, but here I will only show it for functions of one variable.

Lemma 5.6.2 Let f € C'([0,1]) and let py (x) = Y5, ( ’Z )xk(l —x)" £ (K be

the m'" Bernstein polynomial. Then in addition to ||p, — f||[07” — 0, it also follows that
12— o = 0.

Proof: From simple computations,

s = (et (1)

k=1

E(1 el

“Eamimmt o (0 (5 ()
SE (e ) (f(k#l)/;f(,ﬁ))

FEN (&) _ o k kel .
By the mean value theorem, ' = f" (xm) s Xem € ( ). Now the desired

result follows as before from the uniform continuity of f’ on [0,1]. Let § > 0 be such
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that if [x—y| < &, then |f’ (x) — f' (y)| < € and let m be so large that 1/m < & /2. Then if
lx—£] < 8/2, it follows that |x — x| < & and so

700 = " (orm) | =

Now as before, letting M > | f/ (x)| for all x,

L) — f (x Vo mt K1 =) (x —f (x
=7 )< 3 (" )00 ) 0] <

) ( m;l )xk(l—x)m_l_ks+M§< mlzl )4(k_mx)2xk(1_x)m—l—k

m28?

< £+4M1m; = £+ML <2
4" m2§? mé?
whenever m is large enough. Thus this proves uniform convergence. ll
There is a more general version of the Weierstrass theorem which is easy to get. It
depends on the Tietze extension theorem, a wonderful little result which is interesting for
its own sake.

5.7 A Generalization

This is an interesting theorem which holds in arbitrary normal topological spaces. In par-
ticular it holds in metric space and this is the context in which it will be discussed. First,
review Lemma 3.12.1.

Lemma 5.7.1 Let H,K be two nonempty disjoint closed subsets of X . Then there exists
a continuous function, g : X — [—1/3,1/3] such that g(H) = —1/3, g(K) =1/3,8(X) C
[—1/3,1/3].

Proof: Let f(x) = W%' The denominator is never equal to zero because
if dist (@, H) = 0, then & € H because H is closed. (To see this, pick hy € B(x,1/k)NH.
Then h; — x and since H is closed, € H.) Similarly, if dist(x,K) = 0, then € K and
so the denominator is never zero as claimed. Hence f is continuous and from its definition,
f=0o0nHand f=1onK. Now let g(x) = % (f(x)—41). Then g has the desired
properties.

Definition 5.7.2 For f: M C X R, let | f||,, = sup{|f ()| : & € M} . This is just

notation. I am not claiming this is a norm.

Lemma 5.7.3 Suppose M is a closed set in X and suppose f : M — [—1,1] is continuous
at every point of M. Then there exists a function, g which is defined and continuous on all
of X such that || f — g||,; < %, g(X) C[-1/3,1/3]. If X is a normed vector space,and f is
odd, meaning that M is symmetric (x € M if and only if —x € M) and f(—x) = —f ().
Then we can assume g is also odd.
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Proof: Let H = ! ([~1,-1/3]),K=f~'([1/3,1]). Thus H and K are disjoint closed
subsets of M. Suppose first H, K are both nonempty. Then by Lemma 5.7.1 there exists g
such that g is a continuous function defined on all of X and g (H) = —1/3, g(K) = 1/3,
and g (X) C [-1/3,1/3]. It follows || f — g||,; < 2/3. If H = 0, then f has all its values in
[—1/3,1] and so letting g = 1/3, the desired condition is obtained. If K =0, let g = —1/3.
If both H,K =0, let g=0.

When M is symmetric and f is odd, g () = %% When @ € H this gives

L) = — 1 Then @ € K, this gives $GNET = 1. Also g (H) = —1/3, f(H) C
[—1,—1/3] so for x € H,|g(x) — f (x)] < % It is similar for z € K. If x is in neither H
nor K, then g (x) € [-1/3,1/3] and sois f (x). Thus || f — gl < % Now by assumption,
since f is odd, H = —K. It is clear that g is odd because

1 dist(—x,H) —dist(—x,K)  1dist(—x,—K)—dist(—x,—H)
3 dist (— H)—l—dlSt( x,K)  3dist(—x, —K) +dist(—x,—H)
1 dist (z,K) —dist (x,H)
gdist(ac K)+dist(x,H)

g(—z) =

=—g(x). N

Lemma 5.7.4 Suppose M is a closed set in X and suppose f : M — [—1,1] is continuous
at every point of M. Then there exists a function g which is defined and continuous on all
of X such that g = f on M and g has its values in [—1,1]. If X is a normed linear space
and f is odd, then we can also assume g is odd.

Proof: Using Lemma 5.7.3, let g; be such that g; (X) C [—1/3,1/3] and ||f — g1, <
2. Suppose g1, ,gm have been chosen such that g; (X) C [—1/3,1/3] and

m 2 i—1 m
||f2<3) gi << ) . (5.1)
i=1

This has been done for m = 1. Then H (3)" <f—2fn=1 (%)iil gi)

(50"

can play the role of f in the first step of the proof. Therefore, there exists g,,+1 defined and
continuous on all of X such that its values are in [—1/3,1/3] and

o) i—1
H ( & 1 (3) gi) —8m+1

)m+1

W1

M

‘ <1 and so
M

[\

w

M

It follows there exists a sequence

ths | (£ =220 (3) ) = (3)" g, <

{gi} such that each has its values in [—1/3,1 / 3] and for every m 5.1 holds. Then let
o i—1 1 1

g(2) = X7 (3) i) 1 follows lg(@)] < |27, (3) ei(e)| <z (B) T E <

i—1 i—1 .
and ‘(%)l gi (w)‘ < (%)l % so the Weierstrass M test applies and shows convergence

is uniform. Therefore g must be continuous by Theorem 3.9.3. The estimate 5.1 implies
f =g on M. The last claim follows because we can take each g; odd. l
The following is the Tietze extension theorem.
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Theorem 5.7.5 Let M be a closed nonempty subset of a metric space X and let
f M — [a,b] be continuous at every point of M. Then there exists a function g continuous
on all of X which coincides with f on M such that g(X) C [a,b]. If [a,b] is centered on 0,
and if X is a normed linear space and f is odd, then we can obtain that g is also odd.

Proof: Let fi () = 14 ;2 (f(z) —b). Then f; satisfies the conditions of Lemma
5.7.4 and so there exists g; : X — [—1,1] such that g is continuous on X and equals f} on
M. Let g(z) = (g1 (z) — 1) (55%) + b. This works. The last claim follows from the same
arguments which gave Lemma 5.7.4 or the change of variables just given. B

Corollary 5.7.6 Let M be a closed nonempty subset of a metric space X and let f : M —
[a,D] be continuous at every point of M. Also let || f — g|| < €. Then there exists continuous
f extending f with f(X) C [a,b] and g extending g such that § (X) C [a—€,b+€]. Also
|f—gl| <e.

Proof: Let f be the extension of f from the above theorem. Now let F be the extension
of f — g with |F|| < &. Thenlet § = f — F. Then forx € M, g (x) = f (x) — (f (x) —g (x)) =
g (x). Thus it extends g and clearly g (X) C[a—¢,b+¢]. B

With the Tietze extension theorem, here is a better version of the Weierstrass approxi-
mation theorem.

Theorem 5.7.7 Let K be a closed and bounded subset of RP and let f : K — R be
continuous. Then there exists a sequence of polynomials {p,,} such that

,}l@o(supﬂf(w) —pm(z)|:x €K}) =0.
In other words, the sequence of polynomials converges uniformly to f on K.

Proof: By the Tietze extension theorem, there exists an extension of f to a continuous
function g defined on all R” such that g = f on K. Now since K is bounded, there exist
intervals, [ag, by] such that K C [17_, [ax,bx] = R. Then by the Weierstrass approximation
theorem, Theorem 5.6.1 there exists a sequence of polynomials { p,, } converging uniformly
to g on R. Therefore, this sequence of polynomials converges uniformly to g = f on K as
well. This proves the theorem. ll

By considering the real and imaginary parts of a function which has values in C one
can generalize the above theorem.

Corollary 5.7.8 Let K be a closed and bounded subset of RP and let f: K — F be
continuous. Then there exists a sequence of polynomials {p,,} such that

lim (sup {1 (&) pn (@)] - € K} =0.
In other words, the sequence of polynomials converges uniformly to f on K.

More generally, the function f could have values in R?. There is no change in the
proof. You just use norm symbols rather than absolute values and nothing at all changes
in the theorem where the function is defined on a rectangle. Then you apply the Tietze
extension theorem to each component in the case the function has values in R”.
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5.8 An Approach to the Integral

With the Weierstrass approximation theorem, you can give a rigorous definition of the
Riemann integral without wading in to Riemann sums. This shows the integral can be
defined directly from very simple ideas. Firstis a short review of the derivative of a function
of one variable.

Definition 5.8.1 et f: [a,6] = R Then f'(x) = lim, o LS yopere i
always such that x,x+ h are both in the interval [a,b] so we include derivatives at the right
and left end points in this definition.

The most important theorem about derivatives of functions of one variable is the mean
value theorem.

Theorem 5.8.2 Le S [a,b] = R be continuous. Then if the maximum value of f
occurs at a point x € (a,b) , it follows that if f' (x) = 0. If f achieves a minimum at x € (a,b)
where f(x) exists, it also follows that f' (x) = 0.

Proof: By Theorem 3.7.2, f achieves a maximum at some point x. If ' (x) exists, then

L SEED—fW) L )~ f ()

h—0+ h T 0 h

However, the first limit is non-positive while the second is non-negative and so f” (x) = 0.
The situation is similar if the minimum occurs at x € (a,b). B
The Cauchy mean value theorem follows. The usual one is obtained by letting g(x) = x.

Theorem 5.8.3 Let f,g be continuous on [a,b)] and differentiable on (a,b). Then
there exists x € (a,b) such that ' (x) (g(b) —g(a)) =g (x)(f (b) — f(a)). If g (x) =x, this
yields f (b) — f (a) = ' (x) (b—a), also f (a) = f (b) = f' (x) (a— D).

Proof: Let /1 (x) = / (x) (g (b) — g (a)) — g (x) (/ (b) — f (@)). Then
h(a) = h(b) = f(a) g (b) g (a) f (b).

If h is constant, then pick any x € (a,b) and A’ (x) = 0. If h is not constant, then it has
either a maximum or a minimum on (a, b) and so if x is the point where either occurs, then
h' (x) = 0 which proves the theorem. B

Recall that an antiderivative of a function f is just a function F such that F’ = f.

. . . . n+1 /
You know how to find an antiderivative for a polynomial. (fl T ) =x"so [Y;_, ax* =

k1 . . . . -
Yo ak% + C. With this information and the Weierstrass theorem, it is easy to define

integrals of continuous functions with all the properties presented in elementary calculus
courses. It is an approach which does not depend on Riemann sums yet still gives the
fundamental theorem of calculus. Note that if F’ (x) = 0 for x in an interval, then for x,y
in that interval, F (y) — F (x) = 0(y —x) so F is a constant. Thus, if F' = G’ on an open
interval, F, G continuous on the closed interval, it follows that F — G is a constant and so
F (b)—F (a) = G(b) — G (a). In words, any two antiderivatives differ by a constant.

Definition 5.8.4 For p(x) a polynomial on [a,b], let P’ (x) = p(x). Thus, by the
mean value theorem if P, P' both equal p, it follows that P (b) — P (a) = P (b) — P (a) . Then
define [” p(x)dx =P (b)—P(a). If f € C([a,b]), define [” f (x)dx =1im, se0 [ pp (x)dx
where limy,,e [|pn — f1| = limyseomax e ) | f (X) — pn (x)] =0
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Proposition 5.8.5 The above integral is well defined and satisfies the following prop-
erties.

1. fab fdx = f (%) (b—a) for some % between a and b. Thus

12 x| < £l 1b—al.

2. If f is continuous on an interval which contains all necessary intervals,

/:fdx-i-/cbfdx:/ffdx, 50 /a.bfdx—i-./hafdx:/bhfdx:o

3. If F(x) = [ fdt, then F' (x) = f(x) so any continuous function has an antideriva-
tive, and for any a # b, fab fdx= G (b) — G (a) whenever G' = f on the open interval
determined by a,b and G continuous on the closed interval determined by a,b. Also,

/ah(otf(x)+5g(x))dx:a/a”f(x)dx+[3/aﬁg(x)dx

Ifa<b,and f(x) >0, then [? fdx > 0. Also

I

12 1f1dx].
b
4. [Jldx=b—a.

Proof: First, why is the integral well defined? With notation as in the above definition,
the mean value theorem implies

/abp(x)dxzp(b)—P(a):p@e)(b—a) (5.2)

where X is between a and b and so

[ p@)dx| < [lplllb—al. If llpn— ]| = 0, then

limy, y—yo0 || P — Pl = 0 and so

b b
/apn(X)dx—/a pm (x)dx| = |(Fy (b) = Py (a)) = (P (b) = P (a))]

< ||pn *pm” ‘bia|

b
= [(Pu (D) = P (b)) = (Pu(a) = P (a))| = ‘/a (Pn— pm)dx

Thus the limit exists because { / : pndx} is a Cauchy sequence and R is complete.
n
From 5.2, 1. holds for a polynomial p (x). Let || p, — f|| — 0. Then by definition,

b b
/ fde)}ijg/ Pudx = py (x,) (b—a) (5.3)

for some x, in the open interval determined by (a,b). By compactness, there is a fur-
ther subsequence, still denoted with n such that x, — x € [a,b]. Then fixing m such that
lf — pnll < € whenever n > m, assume n > m. Then || pm — pull < lpm — fIl + IIf — pall <
2¢ and so

|f () = pn ()| < [ () = f Gon) |+ 1 (n) = P (%) |+ | P (%) — P (30) |

<) = f )l + 1 = pmll 4l pm = pall < [f (¥) = f ()| + 3¢
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Now if n is still larger, continuity of f shows that | f (x) — p, (x,)| < 4€. Since ¢ is arbitrary,
Pu (x2) — f (x) and so, passing to the limit with this subsequence in 5.3 yields 1.
Now consider 2. It holds for polynomials p (x) obviously. So let ||p, — f|| = 0. Then

c b b
/ p,,dx—i—/ pndx:/ Pndx
a [ a

Pass to a limit as n — oo and use the definition to get 2. Also note that fbb f(x)dx=0
follows from the definition.
Next consider 3. Let 2 # 0 and let x be in the open interval determined by a and b.

Then for small A, w = %_[;J’hf(t) dt = f(x,) where xj, is between x and x + h.

Let &~ — 0. By continuity of f, it follows that the limit of the right side exists and so

lim F(x+h)—F (x)
h—0 h

= lim f (x4) = £ (¥)

If x is either end point, the argument is the same except you have to pay attention to the
sign of & so that both x and x+ / are in [a,b]. Thus F is continuous on [a,b] and F’ exists
on (a,b) so if G is an antiderivative,

/abf(t)thF(b) — F(b)—F(a) = G(b)— G (a)

The claim that the integral is linear is obvious from this. Indeed, if F' = f,G’ = g,

/ah(af(fHﬁg(t))dt = aF(b)+BG(b)—(aF (a)+BG(a))
= a(F(b)-F(a)+p(G(b)-G(a)

_ a/abf(t)dt+ﬁ/abg(t)dt

If f > 0, then the mean value theorem implies that for some
b
1 € (a,b),F (b)— F (a) :/ Fdx=f(1)(b—a) > 0.
a

Thus [;'(|f| = f)dx 2 0, 7 (If|+f)dx > 0 and so [7|f|dx > [ fdx and [7|f|dx >
— [ ab fdx so this proves | [ ab fdx| < [ f | f]dx. This, along with part 2 implies the other claim

that |7 fdx| < |2 |f1dx
The last claim is obvious because an antiderivative of 1 is F (x) = x. B
Note also that the usual change of variables theorem is available because if F’ = f, then
f(g(x))g (x) = L F(g(x)) so that, from the above proposition, F (g (b)) — F (g(a)) =
_f;i’;)f(y) dy = ["f(g(x))g (x)dx.We usually let y = g (x) and dy = g’ (x)dx and then
change the limits as indicated above, equivalently we massage the expression to look like
the above. Integration by parts also follows from differentiation rules.

Definition 5.8.6 i1 1 c C.(R), define Jof = [7. f(x)dx as [P f (x)dx where the

interval [a,b] is chosen such that spt(f) C [a,b].
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Proposition 5.8.7 The above definition is well defined.

Proof: Letting b = sup{x: f (x) # 0}, it follows f(b) =0 and f(x) = 0 for x > b.
Similarly if a = inf{x : f (x) # 0}, it follows f(a) = 0 and f (x) = 0 for x < a. Thus, by
the mean value theorem, F’ = f requires F (x) = F (b) forx > b and F (x) = F (a) forx < a.
It follows that the above definition is not dependent on the interval [a, b] containing spt (f).
|

Consider the iterated integral fubl Lo [ fpp ax)’! o xy? dxp---dx;. It means just what it
meant in calculus. You do the integral with respect to x,, first, keeping the other variables
constant, obtaining a polynomial function of the other variables. Then you do this one with
respect to x, 1 and so forth. Thus, doing the computation, it reduces to

14 & bOCk+1 OCk+1
o X dxk> =aqQ < )
kl;ll (/k k H o+ 1 o+ 1

and the same thing would be obtained for any other order of the iterated integrals. Since
each of these integrals is linear, it follows that if (i1, --- ,i,) is any permutation of (1,---, p),
then for any polynomial g,

by i bip
/ / q xla <X d-xp d.X'] / q -xlv ) P)dxip”'dxil
ajy,

Now let f: ]_[f=1 [ak,br] — R be continuous. Then each iterated integral results in a con-
tinuous function of the remaining variables and so the iterated integral makes sense. For

(v3)dy— [ £ (2.y)dy| =

example, by Proposition 5.8.5,

d
[ ) - | < max ) - £ (2] <e
if |x — | is sufficiently small, thanks to uniform continuity of f on the compact set [a,b] x
[c,d]. Thus it makes perfect sense to consider the iterated integral |, ab fcd S (x,y)dydx. Then
using Proposition 5.8.5 on the iterated integrals along with Theorem 5.6.1, there exists a
sequence of polynomials which converges to f uniformly {p,} . Then applying Proposition
5.8.5 repeatedly,

11 z,;

<1 = pall H |bi — |

(5.4
With this, it is easy to prove a rudimentary Fubini theorem valid for continuous functions.

f x)dx,---dx; — /ll /Ippn x)dx,---dx;
a

ip

Theorem 5.8.8 r: 1%, [ax, b) — R be continuous. Then for (i1,-- ,ip) any per-
mutation of (1,--- . p),

i lp bl p
/ f )dxlp dxl] / ( )dx,,~~~dx1

ll,p

If f > 0, then the iterated integrals are nonnegative if each a < by. Also, we can define for

fecC. (RP)
by
/Rp / dxp --dxy
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where spt(f) C [1v_, lax, bk and the integral does not depend on the order of the iterated
integrals.

Proof: Let ||p, — f anﬂ la.b) — O Where py, is a polynomial. Then from 5.4,

/11 lp )dx,-p dx,lfhm ll /Ippn )dx,p -dx;,
a;

n—se0
lp

by bp by bp
:hm .../ pn(x)dxp...dx]:/ -../ f(m)dxp..dxl
n—e Jq, ap ay ap

The fact that this integral is well defined in the last claim follows from Proposition 5.8.7.
|

You could replace f with fZ¢g where Z¢ () =1 if € G and 0 otherwise provided
each section of G consisting of holding all variables constant but one, consists of finitely
many intervals. Thus you can integrate over all the usual sets encountered in beginning
calculus.

5.9 The Stone Weierstrass Approximation Theorem

There is a profound generalization of the Weierstrass approximation theorem due to Stone.
It has to be one of the most elegant things available. It holds on locally compact Hausdorff
spaces but here I will show the version which is valid on compact sets.

Definition 5.9.1 « isan algebra of functions if <7 is a vector space and if whenever
f.g € o then fg € .

To begin with assume that the field of scalars is R. This will be generalized later.
Theorem 5.5.2 implies the following corollary. See Corollary 5.5.3.

Corollary 5.9.2 The polynomials are dense in C ([a,b)).

Here is another approach to proving this theorem. It is the original approach used by
Weierstrass. Let m € N and consider c¢,, such that f_ll Cm (1 fxz)mdx = 1. Then

1
m+1

1 1
1:2/ cm(l—x2)’”dx22cm/ (1—x)"dx =2c,,
0 0

SO ¢, <m-+1. Then

/cm - dx+/ dx<2(m+1)(1—52)m

which converges to 0. Thus

. 2 m _
nllgrlo sup ¢ (1 —X ) =0 (5.5)
x¢[-8,9]
Now let ¢, (t) = ¢,y (1 —#%)". Consider f € C([—1,1]) and extend to let f(x) = £ (1) if

x>1land f(x) = f(—1) if x < —1 and define p,, ( ) [ f(x=1)9,,(t)dr. Then

)= FWI< [ UG-~ 0] 0 (1 <
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[ 255 @170 0 @i+ [ 2155 O 1) £ ()16, (1)

Choose 8 so small that if |x—y| < &, then |f (x) — f (y)| < €. Also let M > max,|f (x)|.
Then

1 1
pn=fWI<e [ 6, 0d+2M [ 2011 5500, 0)dr
1
=€ +2M/71 Ll -s.8) (1) 9,, (1) dt
From 5.5, The second term is no larger than ZMLI1 Z-1.1)\[-8,5) (t) €dt < 4Me whenever
m is large enough. Hence, for large enough m, sup,c(_y yj [pm (x) — f(x)| < (1+4M)e.

Since € is arbitrary, this shows that the functions p,, converge uniformly to f on [—1,1].
However, p,, is actually a polynomial. To see this, change the variables and obtain

o= [ r 00, 6-nar

which will be a polynomial. To see this, note that a typical term is of the form

x+1 X
[ roat-nta,
x—1
clearly a polynomial in x. This proves Corollary 5.9.2 in case [a,b] = [—1, 1]. In the general

case, there is a linear one to one onto map / : [—1,1] — [a,b].

_b—a

1(t) 5

Then if f € C([a,b]), fol € C([—1,1]). Hence there is a polynomial p such that

(t+1)+a

max |fol(t)—p()| <e
te[—1,1]

Then letting t = ! (x) = % — 1, for x € [a,b] ,max,e(qy | £ (x) —p (17" (x))] < & but
xX—p (l_1 (x)) is a polynomial. This gives an independent proof of that corollary. ll
The next result is the key to the profound generalization of the Weierstrass theorem due

to Stone in which an interval will be replaced by a compact set and polynomials will be
replaced with elements of an algebra satisfying certain axioms.

Corollary 5.9.3 On the interval [—M,M), there exist polynomials p,, p,(0) =0, and
e |~ - = 0. recallthat | ] = supyc -y £ 1)

Proof: By Corollary 5.9.2 there exists a sequence of polynomials, {5, } such that 5, —
|| uniformly. Then let p, (1) = p, (1) — p, (0). R

Definition 5.9.4 An algebra of functions, </ defined on A, annihilates no point of
A if for all x € A, there exists g € &/ such that g(x) # 0. The algebra separates points if
whenever x| # x, then there exists g € &/ such that g (x1) # g (x2).

The following generalization is known as the Stone Weierstrass approximation theorem.
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Theorem 5.9.5 Let A be a compact topological space and let <7 C C(A;R) be an
algebra of functions which separates points and annihilates no point. Then < is dense in
C(A;R).

Proof: First here is a lemma.

Lemma 5.9.6 Let ¢ and c; be two real numbers and let x| # x, be two points of A.
Then there exists a function fx,x, such that

fxlxz (xl) =y, fx1x2 ()Cz) =C2.

Proof of the lemma: Let g € &7 satisfy g(x|) # g(x2). Such a g exists because the
algebra separates points. Since the algebra annihilates no point, there exist functions 4 and
k such that i (x;) # 0, k(xz) # 0. Then let u = gh— g (xp) h, v = gk — g (x1) k. It follows
that u (x1) # 0 and u (x2) = 0 while v (x2) # 0 and v (x;) = 0. Let fy x, = % + Vﬁ:) . This
proves the lemma. Now continue the proof of Theorem 5.9.5.

First note that .o satisfies the same axioms as .7 but in addition to these axioms, .7 is
closed. The closure of .« is taken with respect to the usual norm on C (A),

£l = max{|f (x)| : x € A}.

Suppose f € <7 and suppose M is large enough that || f||., < M. Using Corollary 5.9.3, let
pn be a sequence of polynomials such that

1Pn = |{ll = 0, pn (0) = 0.

It follows that p, o f € 7 and so |f| € </ whenever f € .<7. Also note that

min(f,g): (f+g)2_|f_g‘

Therefore, this shows that if f,g € o/ then max (f,g), min(f,g) € /. By induction, if
fi,i=1,2,--- mare in o then

max (fi,i=1,2,---,m), min(f;,i=1,2,---,m) € .

Now let i € C(A;R) and let x € A. Use Lemma 5.9.6 to obtain f,,, a function of o
which agrees with & at x and y. Letting € > 0, there exists an open set U (y) containing y
such that

fo(z) >h(z)—€ ifze U(y).

Since A is compact, let U (y;),---,U (y;) cover A. Let
Jfx = max (fxy. afxyp c vfxy,)~

Then f, € < and f; (z) > h(z) — € forall z € A and f, (x) = h(x). This implies that for each
X € A there exists an open set V (x) containing x such that for z € V (x), f;(z) < h(z) + €.
Let V (x1),---,V (xn) cover A and let f = min(fy,, -, fx,). Therefore, f(z) < h(z)+¢€
for all z € A and since f, (z) > h(z) — € for all z € A, it follows f (z) > h(z) — € also and so
| (z) — h(z)| < € for all z. Since € is arbitrary, this shows & € < and proves o/ = C (A;R).
]
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5.10 Connectedness in Normed Linear Space

The main result is that a ball in a normed linear space is connected. This is the next
lemma. From this, it follows that for an open set, it is connected if and only if it is arcwise
connected.

Lemma 5.10.1 In a normed vector space, B(z,r) is arcwise connected.

Proof: This is easy from the convexity of the set. If @,y € B(z,r), then let v (¢) =
x+t(y—x)fort€0,1].

@ +1(y —a)—z[| = [[(1-1) (- 2)+1(y — 2|

<S(I=t)]e—z||+tlly—z|| <A =t)r+tr=r
showing ~ (¢) stays in B(z,r).l

Proposition 5.10.2 IfX # 0 is arcwise connected, then it is connected.

Proof: Let p € X. Then by assumption, for any x € X, there is an arc joining p and x.
This arc is connected because it is the continuous image of an interval which is connected.
Since x is arbitrary, every x is in a connected subset of X which contains p. Hence C, = X
and so X is connected. l

Theorem 5.10.3 Let U be an open subset of a normed vector space. Then U is
arcwise connected if and only if U is connected. Also the connected components of an open
set are open sets.

Proof: By Proposition 5.10.2 it is only necessary to verify that if U is connected and
open in the context of this theorem, then U is arcwise connected. Pick p € U. Say x € U
satisfies & if there exists a continuous function, = : [a,b] — U such that y(a) = p and
v (b) ==x.

A = {x € U such that x satisfies &2.}

If x € A, then Lemma 5.10.1 implies B (x, r) C U is arcwise connected for small enough
r. Thus letting y € B(x,r), there exist intervals, [a,b] and [c,d] and continuous functions
having values in U, «, 7 such that v (a) = p,~v (b) = x,n(c) = x, and 1 (d) = y. Then let
~1 : la,b+d —c] — U be defined as

_ (¢) ifr € [a,b]
T ()= { :;l(z—f—c—b) ifr € [b,b+d—c|

Then it is clear that =y, is a continuous function mapping p to y and showing that B (x,r) C
A. Therefore, A is open. A # (@ because since U is open there is an open set, B(p,d)
containing p which is contained in U and is arcwise connected.

Now consider B = U \ A. I claim this is also open. If B is not open, there exists a
point z € B such that every open set containing z is not contained in B. Therefore, letting
B(z,8) be such that z € B(z,8) C U, there exist points of A contained in B(z,6). But
then, a repeat of the above argument shows z € A also. Hence B is open and so if B # 0,
then U = BUA and so U is separated by the two sets B and A contradicting the assumption
that U is connected.
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It remains to verify the connected components are open. Let z € Cp, where Cp, is the
connected component determined by p. Then picking B(z,0) C U, Cp, UB(2,9) is con-
nected and contained in U and so it must also be contained in Cp,. Thus z is an interior
point of Cp,. W

As an application, consider the following corollary.

Corollary 5.10.4 Let f: Q — Z be continuous where Q is a connected open set in a
normed vector space. Then f must be a constant.

Proof: Suppose not. Then it achieves two different values, k and [ £ k. Then Q =
FHOUf'({meZ:m+#1}) and these are disjoint nonempty open sets which separate
Q. To see they are open, note

ez o)

which is the inverse image of an open set while f~! (1) = f~! ((1— %,1+ 1)) also an open
set. H

Definition 5.10.5 4x important concept in a vector space is the concept of con-
vexity. A nonempty set K is called convex if whenever x,y € K, it follows that for all
t €[0,1],tx+ (1 —1)y € K also. That is, the line segment joining the two points x,y is in
K.

5.11 Saddle Points*

A very useful idea in nonlinear analysis is the saddle point theorem also called the min max
theorem. The proof of this theorem given here follows Brezis [6] which is where I found
it. A real valued function f defined on a linear space is convex if

FAx+(1=A)y) SAf()+(1=2)f(y)

It is concave if the inequality is turned around. It can be shown that in finite dimensions,
convex functions are automatically continuous, similar for concave functions. Recall the
following definition of upper and lower semicontinuous functions defined on a metric space
and having values in [—oo,00]. This is about functions which look like this, convex in one
direction and concave in the other.

Definition 5.11.1 4 function is upper semicontinuous if whenever x, — x, it follows
that f (x) > limsup,_,., f (x,) and it is lower semicontinuous if f (x) < liminf,_e f (x5) .

The following lemma comes directly from the definition.

Lemma 5.11.2 [f .7 is a set of functions which are upper semicontinuous, then g (x) =
inf{f (x) : f € F} is also upper semicontinuous. Similarly, if & is a set of functions which
are lower semicontinuous, then if g(x) = sup{f (x): f € F} it follows that g is lower
Semicontinuous.
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Note that in a metric space, the above definitions of upper and lower semicontinuity in
terms of sequences are equivalent to the definitions that

S(x) 2 limsup{f(y):y € B(x,r)}, f(x) < liminf{f (y):y € B(x,r)}

respectively.
Here is a technical lemma which will make the proof of the saddle point theorem
shorter. It seems fairly interesting also.

Lemma 5.11.3 Suppose H : A x B — R is strictly convex in the first argument and con-
cave in the second argument where A, B are compact convex nonempty subsets of Banach
spaces E | F respectively and x — H (x,y) is lower semicontinuous while y — H (x,y) is up-
per semicontinuous. Let H (g (y),y) = minyea H (x,y). Then g(y) is uniquely defined and
also fort € [0,1],1lim; 508 (v +1 (z—y)) = g ().

Proof: First suppose both z,w yield the definition of g (y). Then

Z+w 1 1
H(X —_H —H
( 5 ,y><2 (Z,y)+2 (w,y)

which contradicts the definition of g (y). As to the existence of g(y) this is nothing more
than the theorem that a lower semicontinuous function defined on a compact set achieves
its minimum.

Now consider the last claim about “hemicontinuity”, continuity along a line. For all
x € A, it follows from the definition of g that

H(g(y+t(z—y)),y+t(z—y)) <H(x,y+t(z—y))

By concavity of H in the second argument,

(1-=1)H (g(y+t(z—y)),y) +tH(g(y+t(z—y)),2) (5.6)
< H(xy+t(z—y)) 5.7)

Now let 7, — 0. Does g(y+1,(z—y)) — g(»)? Suppose not. By compactness, each of
g(y+1,(z—y)) is in a compact set and so there is a further subsequence, still denoted by
t, such that g (y+1, (z—y)) — £ € A. Then passing to a limit in 5.7, one obtains, using the
upper semicontinuity in one and lower semicontinuity in the other the following inequality.

H(%y) < liminf (1—1,) H(g(y+1(z=))y)
+lim inf 1,H (g (y+12 (=) 2)

L (1=t)H(g(y+1n(z—)),)
<lim inf
T ( +aH (8 (y+1a (2=¥))2)
<limsup H (x,y+t, (2= y)) < H (x,y)
n—soo
This shows that £ = g (y) because this holds for every x. Since #, — 0 was arbitrary, this
shows that in fact lim, o+ g (y+1(z—y)) =g (y) W
Now with this preparation, here is the min-max theorem.
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Definition 5.11.4 A norm is called strictly convex if whenever x #y,

x+y
2

[
<7 —_
<5

Theorem 5.11.5 1 E ,F be Banach spaces with E having a strictly convex norm.
Also suppose that A C E,B C F are compact and convex sets and that H : A X B — R is
such that

x— H(x,y) is convex

y — H (x,y) is concave

Assume that x — H (x,y) is lower semicontinuous and y — H (x,y) is upper semicontin-
uous. Then minyes maxyep H (x,y) = maxyepminges H (x,y) . This condition is equivalent
to the existence of (xo,y0) € A X B such that

H (x0,y) < H (x0,y0) < H (x,y0) for all x,y (5.8)
called a saddle point.
Proof: One part of the main equality is obvious.

maxH (x,y) > H (x,y) > minH (x,y)
yeB X€EA

and so for each x, maxyeg H (x,y) > maxycpminees H (x,y) and so

i H(x,y) > inH 59
minmax (x,y)_r;lggr;gg (x,) (5.9

Next consider the other direction.
Define He (x,y) = H (x,y) + & ||x||* where £ > 0. Then H is strictly convex in the first
variable. This results from the observation that

2 2
[l + {1 1( 2 2)
2~ < —
< (BEED) < 2 (r o).

By Lemma 5.11.3 there exists a unique x = g (v) with He (g(y),y) = minyea He (x,y) and
also, whenever y,z € A, lim;_,o1 g (y+1(z—y)) = g(y). Thus

1ty
2

He (g(v).y) = minHe (x,y).

But also this shows that y — H (g(y),y) is the minimum of functions which are upper
semicontinuous and so this function is also upper semicontinuous. Hence there exists y*

such that
max He (g(v),y) = He (¢ (v"),y") = maxmin He (x,y) (5.10)
yEB YEB x€A

Thus from concavity in the second argument and what was just defined, for z € (0,1),
He (g(y"),y") 2 He (g (1 =1)y" +13), (1 =1)y" +1y)

> (1—=1)He (g((1=1)y" +1y),y") +tHe (g (1 —1)y" +1y),y)
> (1—1)He (g(v"),y") +tHe (g((1—1)y* +1y),y) (5.11)
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This is because min, He (x,y*) = He (g (y*),¥*) so

He (g((1—1)y" +1y),y") > He (g(v"),y")

Then subtracting the first term on the right, one gets

tHe (g(y"),y") > tHe (g ((1—1)y" +1y),y)

and cancelling the ¢,

He (g(v"),y") > He (g (1 —1)y" +1y),y)

Now apply Lemma 5.11.3 and let t — 0+ . This along with lower semicontinuity yields

He (g(y"),y") > limtg})gHe (g((1=1)y"+1y),y) =He (g(v"),y) (5.12)

Hence for every x,y

He (x,y") > He (8(v"),y") > He (8(Y") 1)

Thus

minHe (x,y") 2 He (8 (") ,y") 2 maxHe (g(57).,y)

and so
maxminHe (x,y) > minHg (x,y") > H: (g(b"),y")
YEB x€A x

> maxH; (g(y"),y) > minmax He (x,y)
y XEA yEB

Thus, letting C = max {||x|| : x € A}

) . .
eC*+maxminH (x,y) > minmax H (x
YEB x€A ( ’y> ~ x€A yeB ( 7}’)

Since € is arbitrary, it follows that

inH > mi H
T TR (52) = g ()

This proves the first part because it was shown above in 5.9 that

minmax H (x,y) > maxminH (x,y)
X€EA yeB YEB x€A
Now consider 5.8 about the existence of a “saddle point” given the equality of minmax
and max min. Let

= 1 H = i H
= R ) = A ()

Then from
y — minH (x,y) and x — max H (x,y)
X€EA YEB

being upper semicontinuous and lower semicontinuous respectively, there exist yp and xp
such that

minimum of u.s.c maximum of Ls.c.
o = minH (x,yp) = max minH (x,y) = min maxH (x,y) = maxH (xp,y)
XEA yEB x€A xeA yeEB yEB
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Then

o =maxH (xo,y) > H (x9,y0) , & = minH (x,yo) < H (x0,0)
yEB XEA

so in fact oo = H (xp,yo) and from the above equalities,

H (x0,y0) = o=minH (x,y0) < H (x,y0)
H(x0,y0) = a= I?Eag(H(xo,Y) > H (xo,y)

and so H (xo,y) < H (x0,y0) < H (x,y0) . Thus if the minmax condition holds, then there
exists a saddle point, namely (xg,yo).
Finally suppose there is a saddle point (xg,yo) where

H (x0,y) < H (x0,y0) < H (x,y0)
Then

minmax H (x,y) < maxH(xo,y) < H (x0,y0) < mmH(x yo) < maxminH (x,y)
XEA yeB ye YEB x€A

However, as noted above, it is always the case that

maxminH (x,y) < mlnmaxH(x y) i
yEB x€A €A yeB
What was really needed? You needed compactness of A,B and these sets needed to
be in a linear space. Of course there needed to be a norm for which x — ||x|| is strictly
convex and lower semicontinuous, so the conditions given above are sufficient but maybe
not necessary.

5.12 Exercises

1. Consider the metric space C ([0, T],R") with the norm || f[| = max,cjo 7 | f ()., -
Explain why the maximum exists. Show this is a complete metric space. Hint: If you
have {f,,} a Cauchy sequence in C([0,T],R"), then for each x, you have { f,, (x)}
a Cauchy sequence in R”. Recall that this is a complete space. Thus there exists
f (x) =limy e f,, (x). You must show that f is continuous. This was in the section
on the Ascoli Arzela theorem in more generality if you need an outline of how this
goes. Write down the details for this case. Note how f is in bold face. This means it
is a function which has values in R". f () = (f1 (t),f2(t),--, fu (£)).

2. For f € C([0,T],R"), you define the Riemann integral in the usual way using Rie-
mann sums. Alternatively, you can define it as

/Otf(s)ds: (/()th (S)ds,/otfz(s)ds,.. 7/0[fn(s)ds>

Then show that the following limit exists in R” for eachz € (0,T).

o Jo " F (9)ds— [ f (s)ds
h—0 h

=f@).

You should use the fundamental theorem of calculus from one variable calculus and
the definition of the norm to verify this. As a review, for f defined on an interval
[0,T] and s € [0,T], lim,_ f (t) =l means that for all £ > 0, there exists § > 0 such
thatif 0 < |r —s| < &, then || f () —1||, < €.
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3. Suppose f:R —Rand f >0on[—1,1] with f(—1) = f (1) =0and f (x) <0 for all
x ¢ [—1,1]. Can you use a modification of the proof of the Weierstrass approximation
theorem for functions on an interval presented earlier to show that for all € > 0O there
exists a polynomial p, such that |p(x) — f (x)| < € forx €[—1,1] and p (x) <O for
all x ¢ [—1,1]?

4. This and the next few problems give an alternative treatment of the Arzella Ascolli
theorem of Chapter 3. collection of functions .% of C([0,T],R") is said to be uni-
formly equicontinuous if for every € > 0 there exists 6 > 0 such that if f € .% and
|t —s| < &, then ||f (z) — f(s)||.. < € Thus the functions are uniformly continu-
ous all at once. The single & works for every pair ¢,s closer together than & and
for all functions f € .#. As an easy case, suppose there exists K such that for all
FfeZ |\f ) — ). <K|t—s|.Show that .# is uniformly equicontinuous. Now
suppose ¢ is a collection of functions of C ([0,7],R") which is bounded. That is,
[ £Il = maxieo7) | f ()]l <M < oo forall f €. Then let .# denote the func-
tions which are of the form F () =y + J¢ f (s)ds where f € 4. Show that .7 is
uniformly equicontinuous. Hint: This is a really easy problem if you do the right
things. Here is the way you should proceed. Remember the triangle inequality from

one variable calculus which said that for a < b f:f(s) ds‘ < ff |f(s)|ds. Then

f,ff(s)dsH — max; fffi(s)ds‘ < max; [2|f; (s)|ds < [2]| £ (5)]|.. ds. Reduce to

the case just considered using the assumption that these f are bounded.

5. Suppose .Z is a set of functions in C([0,T],R") which is uniformly bounded and
uniformly equicontinuous as described above. Show it must be totally bounded.

6. TIf A C (X,d) is totally bounded, show that A the closure of A is also totally bounded.
In the above problem, explain why .% the closure of .% is compact. This uses the
big theorem on compactness. Try and do this on your own, but if you get stuck,
it is in the section on Arzela Ascoli theorem. When you have done this problem,
you have proved the important part of the Arzela Ascoli theorem in the special case
where the functions are defined on an interval. You can use this to prove one of
the most important results in the theory of differential equations. This theorem is a
really profound result because it gives compactness in a normed linear space which
is not finite dimensional. Thus this is a non trivial generalization of the Heine Borel
theorem.

7. Let (X,]|-||) be anormed linear space. A set A is said to be convex if whenever ¢,y €
A the line segment determined by these points given by tx + (1 —¢)y for ¢ € [0, 1] is
also in A. Show that every open or closed ball is convex. Remember a closed ball
is D(x,r) ={&: ||£ — x| < r} while the open ball is B(x,r) = {&: |& — x| < r}.
This should work just as easily in any normed linear space with any norm.

8. Let K be a nonempty closed and convex set in an inner product space (X, |-|) which is
complete. For example, F” or any other finite dimensional inner product space. Let
y¢ K and let L =inf{|y—x| :x € K}. Let {x,} be a minimizing sequence. That is
A =lim,_,e [y — x,| . Explain why such a minimizing sequence exists. Next explain
the following using the parallelogram identity in the above problem as follows.

Y Xn Y Xm|?

2 2 2 2

_xn+xm 2
2




138

10.

11.

12.

CHAPTER 5. FUNCTIONS ON NORMED LINEAR SPACES

2 2

— _ ‘y _ xngxm

X xm\ |12 1 1
~3-2-G-2) +3b-ml 53—l

Xm—Xn 2

2
Hence |2 T

s
2 2

Next explain why the right hand side converges to 0 as m,n — oo. Thus {x,} is a
Cauchy sequence and converges to some x € X. Explain why x € K and |x—y| = A.
Thus there exists a closest point in K to y. Next show that there is only one closest
point. Hint: To do this, suppose there are two x1,x; and consider *! ?2 using the
parallelogram law to show that this average works better than either of the two points
which is a contradiction unless they are really the same point. This theorem is of
enormous significance.

Let K be a closed convex nonempty set in a complete inner product space (H,|-|)
(Hilbert space) and let y € H. Denote the closest point to y by Px. Show that Px
is characterized as being the solution to the following variational inequality given
by Re(z— Py,y—Py) <0 for all z € K. That is, show that x = Py if and only if
Re(z—x,y—x) <O0forall z € K. Hint: Let x € K. Then, due to convexity, a generic
thing in K is of the form x+7(z—x),¢ € [0,1] for every z € K. Then

et (z—x) =y = [x—y[* + 1% |z—x]* —12Re (z —x,y — x)

If x = Px, then the minimum value of this on the left occurs when ¢t = 0. Function
defined on [0, 1] has its minimum at r = 0. What does it say about the derivative
of this function at + = 0? Next consider the case that for some x the inequality
Re (z —x,y —x) < 0. Explain why this shows x = Py.

Using Problem 9 and Problem 8 show the projection map, P onto a closed convex
subset is Lipschitz continuous with Lipschitz constant 1. That is |Px — Py| < |x —y].

Suppose, in an inner product space, you know Re (x,y). Show that you also know
Im (x,y). That is, give a formula for Im (x,y) in terms of Re (x,y). Hint:

()C, ly) - *i()C,y) = 7i(Re (x,y) +llm(xay)) = —iRe (x,y) +Im(x7y)

while, by definition, (x,iy) = Re (x,iy) -+ iIm (x,iy) . Now consider matching real and
imaginary parts.

Let &> 0 be given and let f (¢,2) € R” for each € R". Also let (t,x) — f (¢,x) be
continuous and sup, ,, || f (¢,2)||., < C < eo. Let z; (¢) be a solution to the following

||oo

x (1) :xo—&-/olf(s,w;,(s—h))ds

where x;, (s —h) = x¢ if s —h < 0. Explain why there exists a solution. Hint:
Consider the intervals [0, 4], [h,2h] and so forth. Next explain why these functions
{Z1},~ are equicontinuous and uniformly bounded. Now use the result of Problem
6 to argue that there exists a subsequence, still denoted by x;, such that limy,_,gx;, =
in C ([0,T];R") as discussed in Problem 5. Use what you learned about the Riemann
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integral in single variable advanced calculus to explain why you can pass to a limit
and conclude that x (t) = zo + J; f (s, (s)) ds Hint:

H/Otf(s’m(s))ds_/otf(saxh(s—h))ds

oo

< H/Otf(s,m(s))ds—/otf(s,a:(s—h))ds

o

_|_‘ /Olf(&w(s—h))ds—./(:f(S’wh(s_h))ds

=

T
< [IF )= f@ls—h)lds

T
1 (5 =) = F (5. 5= ) s

Now use Problem 2 to verify that ' = f (¢,x), « (0) = xp. When you have done
this, you will have proved the celebrated Peano existence theorem from ordinary
differential equations.

13. Let |o| =Y, ;. Let ¢ denote all finite sums of functions of the form p () e—dlel’
where p(x) is a polynomial and a > 0. If you consider all real valued continu-
ous functions defined on the closed ball B(0,R) show that if f is such a function,
then for every € > 0, there exists g € ¢ such that ||f —g||.. < € where ||k, =

max, gy | (x)|. Thus, from multi-variable calculus, every continuous function f
is uniformly close to an infinitely differentiable function on any closed ball centered
at 0.

14. Suppose now that f € Cp(R?). This means that f is everywhere continuous and
that lim| ;.. | f ()| = 0. Show that for every € > 0 there exists g € ¢ such that
sup,cpre |f () —g ()| < €. Thus you can approximate such a continuous function
f uniformly on all of R? with a function which has infinitely many continuous partial
derivatives. I assume the reader has had a beginning course in multi-variable calcu-
lus including partial derivatives. If not, a partial derivative is just a derivative with
respect to one of the variables, fixing all the others.

15. In Problem 23 on Page 112, and V = span(fy,,..., fp,),fr(x) =x",x € [0,1] and
f% < p1 < p2 < -+ with limg_,. px = 0. The distance between f;,, and V is

1 Im—pj|

V2m+1 jg, (pj+m+1)

Let d, = d so more functions are allowed to be included in V. Show that ), pin = o0
if and only if lim,,_,..d, = 0. Explain, using the Weierstrass approximation theorem
why this shows that if g is a function continuous on [0, 1], then there is a function
Yoo arfy, with [g— Y3 arfy,| < €. Here g = fol g (x)|*dx. This is Miintz’s
first theorem. Hint: d, — 0, if and only if Ind,, — —oo so you might want to
arrange things so that this happens. You might want to use the fact that for x €
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[0,1/2],—x > In(1 —x) > —2x. See [8] which is where I read this. That product is
IT)<n (1 - (1 — (|mp’)>> and so In of this expression is

pjt+m+1

i ml1=-{(1- M
which is in the interval

oy (o dm=pil N (o el
[2,;(1 Grm+1) ) "B\ Gyame D

and so d,, — 0 if and only if Y7, <1 - %
J

= oo, Since p, — oo it suffices

to consider the convergence of }; (1 — M) =Y; (%) . Now recall
J J

theorems from calculus.

1/2
For f € C([a,b];R), real valued continuous functions, let |f| = (fuh \f(t)|2) =

(f, f)l/ % where (f,g) = j[f’ f(x)g(x)dx. Recall the Cauchy Schwarz inequality
|(f,8)| < |f]lgl- Now suppose % < p1 < pp--- where limy_,o pp = 0. Let V, =
span (1, fp,, fpys---s fp,) - For ||-|| the uniform approximation norm, show that for ev-
ery g € C([0,1]), there exists there exists a sequence of functions, f,, € V,, such that
lle — full = 0. This is the second Miintz theorem. Hint: Show that you can approxi-
mate x — x™ uniformly. To do this, use the above Miintz to approximate mx" ! with
Y cxxPe~in the inner product norm. fol |mx’“’l —Yi cpxPi ] |2dx < €2. Then
=Y ;—’;xl’k = [o (mt™ ' =X} cxtP ) dt. Then

X 1
g/ mg/l
0 0

Now use the Cauchy Schwarz inequality on that last integral to obtain

n Ck »
x’”fZ—xk dt

=1 Pk

n
mt" =Y !
=1

n
mt" =Y !
k=1

In case m = 0, there is nothing to show because 1 is in V,,. Explain why the result
follows from this and the Weierstrass approximation theorem.

Suppose f : [a,b] — [0,1] is piecewise linear, equal to 1 on [a+ h,b — h] and 0 at a, b.
Show that [” f (x)dx=h+ (b—a—2h) =b—a—h.



Chapter 6

The Derivative

6.1 Limits of a Function

As in the case of scalar valued functions of one variable, a concept closely related to con-
tinuity is that of the limit of a function. The notion of limit of a function makes sense at
points &, which are limit points of D (f) and this concept is defined next. In all that follows
(V,]I-]l) and (W, ||-||) are two normed linear spaces. Recall the definition of limit point first.

Definition 6.1.1 Ler A C W be a set. A point z, is a limit point of A if B(zx,r)
contains infinitely many points of A for every r > 0.

Definition 6.1.2 e f:D (f) CV — W be a function and let x be a limit point of
D(f). Then

lim f(y)=L

y—)m

if and only if the following condition holds. For all € > 0 there exists 8 > 0 such that if
O0<|ly—=x| <98, andy € D(f)

then,
IL-f(y)l <e.

Theorem 6.1.3 irlim, .. f (y) = L andlim, ., f (y) = L1, then L = L.

Proof: Let € > 0 be given. There exists § > 0 such that if 0 < [y— x| < § and y €
D(f), then ||f(y)—L| <e, ||f(y)— Li| < €. Pick such a y. There exists one because
z is a limit point of D (f). Then ||[L — L[| < |L— f(y)|| +[|f (y) — L1|| < e+ & =2e.
Since € > 0 was arbitrary, this shows L =L;. B

One can define what it means for lim, ., f () = £oo. as in the case of real valued
functions.

Definition 6.1.4 If f(z) € R, limy_,4 f () = oo if for every number 1, there exists
0 > 0 such that whenever ||y —x|| < 8 and y € D(f), then f(x) > [. Also the asser-
tion that limy_, 4 f (x) = —co means that for every number I, there exists 6 > 0 such that
whenever ||y — x|| < 8 and y € D(f), then f(x) <.

The following theorem is just like the one variable version of calculus.

Theorem 6.1.5 suppose f :D(f) CV — F™. Then for x a limit point of D (f),

limf(y)=L 6.1)
y—=X

if and only if
tim fi (y) = Ly 62)

Wheref(y) = (fl (y)’ afp(y)) and L = (le"' 7Lp)'

Suppose here that f has values in W, a normed linear space and

lim f(y) =L, limg(y) =K
y—x

}'*}1}
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where K,L € W. Then ifa, b € T,

lim (af (y) +bg (y)) = aL+ DK, (6.3)

y—x

If W is an inner product space,

lim (f,g) (v) = (L,K) (6.4)

y—Xx
If g is scalar valued with limy_,, g (y) = K,

limf (y)g (y) = LK. (6.5)

y—X
Also, if h is a continuous function defined near L, then

limho f(y)=h(L). (6.6)
y—x
Suppose limy_,, f (y) = L. If || f (v) — b|| < r for all y sufficiently close to &, then |L—b| <r
also.

Proof: Suppose 6.1. Then letting € > 0 be given there exists § > 0 such that if 0 <
lly = x|| < 8, it follows

) —Lel < F(v)— Ll <e

which verifies 6.2.

Now suppose 6.2 holds. Then letting € > 0 be given, there exists ; such that if 0 <
[ly —x|| < &k, then | fx (y) —Lx| < €. Let0 < 8 <min (1, --,8,). Thenif 0 < ||y —x|| < &,
it follows || f (v) — L||.. < €. Any other norm on F”* would work out the same way because
the norms are all equivalent.

Each of the remaining assertions follows immediately from the coordinate descriptions
of the various expressions and the first part. However, I will give a different argument for
these.

The proof of 6.3 is left for you. Now 6.4 is to be verified. Let € > 0 be given. Then by
the triangle inequality,

|(f58) ) = (LK) < [(f38) (v) = (f (), K) [+ |(F (¥) . K) = (LK)
<O ) =K+ KIS ) = LIl

There exists 81 such thatif 0 < ||y —x|| < 81 andy € D(f), then || f (y) — L|| < 1,and so for
such y, the triangle inequality implies, || f (y)|| < 1+]|L||. Therefore, for 0 < ||y —x|| < &1,

|(f58) ) = (LK) < (L+ (K] +IIL1D [llg () = K[+ [1f () = L[] 6.7)
Now let 0 < 0 be such thatif y € D(f) and 0 < ||x —y|| < 92,

&
L+ [IKI+ L))

IFO Ll <5 i le0) Kl < 5

€
(L (K[ L]
Then letting 0 < 6 < min(81,0>), it follows from 6.7 that |(f,g) (v) — (L,K)| < € and this
proves 6.4.
The proof of 6.5 is left to you.
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Consider 6.6. Since & is continuous near L, it follows that for € > 0 given, there exists
n > 0 such thatif ||y — L|| < n, then || (y) —A(L)|| < €. Now since lim,_,, f (y) = L, there
exists 0 > 0 such that if 0 < ||y —x|| < 8, then || f (v) — L|| < n.Therefore, if 0 < ||y — x|| <
8, [ln(f(y)—h(L) <e.

It only remains to verify the last assertion. Assume ||f (y) —b|| < r. It is required to
show that ||L —b|| < r. If this is not true, then ||L—b|| > r. Consider B(L,|L—b| —r).
Since L is the limit of f, it follows f (y) € B(L,||L—b|| —r) whenever y € D (f) is close
enough to x. Thus, by the triangle inequality, || f (y) — L|| < ||L — b|| — r and so

r<L=bl[=f ) =L < [[lb=LI = [lf ) = LI < [b=F W,

a contradiction to the assumption that ||b— f (y)|| <r. B
The relation between continuity and limits is as follows.

Theorem 6.1.6 ror r: D (f) = W and x € D(f) a limit point of D(f), f is contin-
uous at x if and only if limy_,, f (y) = f (x).

Proof: First suppose f is continuous at x a limit point of D (f). Then for every € > 0
there exists 8 > 0 such that if |x—y|| < § and y € D(f), then |f(x)—f(y)] < €. In
particular, this holds if 0 < ||x—y|| < & and this is just the definition of the limit. Hence
f(x) =limy. f(y).

Next suppose x is a limit point of D (f) and limy_,, f (y) = f (x). This means that if £ >
0 there exists & > 0 such that for 0 < ||x—y|| < § and y € D (f), it follows | f (y) — f (x)| <
€. However, if y = x, then |f (y) — f (x)| = |f (x) — f (x)| = 0 and so whenever y € D (f)
and ||Jx —y|| < 8, it follows | f (x) — f ()| < &, showing f is continuous at x.

Example 6.1.7 Find lim( ) 5.1) (55.7):

Itis clear that lim(, ) ,(3.1) )%

(6,1).

=6 and lim(, ;) (3 1)y = 1. Therefore, this limit equals

Example 6.1.8 Find lim, ), 0,0 %

First of all, observe the domain of the function is R?\ {(0,0)}, every point in R? except
the origin. Therefore, (0,0) is a limit point of the domain of the function so it might make
sense to take a limit. However, just as in the case of a function of one variable, the limit may
not exist. In fact, this is the case here. To see this, take points on the line y = 0. At these
points, the value of the function equals 0. Now consider points on the line y = x where the
value of the function equals 1/2. Since, arbitrarily close to (0,0), there are points where
the function equals 1/2 and points where the function has the value 0, it follows there can
be no limit. Just take € = 1/10 for example. You cannot be within 1/10 of 1/2 and also
within 1/10 of 0 at the same time.

Note it is necessary to rely on the definition of the limit much more than in the case of
a function of one variable and there are no easy ways to do limit problems for functions of
more than one variable. It is what it is and you will not deal with these concepts without
suffering and anguish.
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6.2 Basic Definitions

The concept of derivative generalizes right away to functions of many variables. However,
no attempt will be made to consider derivatives from one side or another. This is because
when you consider functions of many variables, there isn’t a well defined side. However,
it is certainly the case that there are more general notions which include such things. I will
present a fairly general notion of the derivative of a function which is defined on a normed
vector space which has values in a normed vector space. The case of most interest is that
of a function which maps F” to " but it is no more trouble to consider the extra generality
and it is sometimes useful to have this extra generality because sometimes you want to
consider functions defined, for example on subspaces of F"and it is nice to not have to
trouble with ad hoc considerations. Also, you might want to consider " with some norm
other than the usual one.

In what follows, X,Y will denote normed vector spaces. Thanks to Theorem 5.2.4 all
the definitions and theorems given below work the same for any norm given on the vector
spaces.

Let U be an open set in X, and let f : U — Y be a function.

Definition 6.2.1 A function g is o (v) if

g) _
Jvf—0 [lv]]

(6.8)

A function f : U — Y is differentiable at € U if there exists a linear transformation
Le % (X,Y) such that

f(@+v) = f(@)+Lv+o(v)

This linear transformation L is the definition of Df (x). This derivative is often called the
Frechet derivative.

Note that from Theorem 5.2.4 the question whether a given function is differentiable is
independent of the norm used on the finite dimensional vector space. That is, a function is
differentiable with one norm if and only if it is differentiable with another norm.

The definition 6.8 means the error f (x+wv) — f (x) — Lv converges to O faster than
||v||. Thus the above definition is equivalent to saying

L I @)= f (@)~ Lol|

=0 6.9
lv]l—0 o]l ©9
or equivalently,
RS ly — ||

The symbol, o (v) should be thought of as an adjective. Thus, if # and k are constants,
o(v)=o0(v)+o(v), o(tv)=0(v), ko(v) =0 (v)
and other similar observations hold.

Theorem 6.2.2 The derivative is well defined.
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Proof: First note that for a fixed nonzero vector v, o (tv) = o(¢). This is because

t t
limio( v) =lim ||v|| o(tv) =
=0 |t\ 1—0 ||l"vH

Now suppose both L; and L, work in the above definition. Then let v be any vector and let
t be a real scalar which is chosen small enough that tv + @ € U. Then

fx+tv)=f(x)+Litv+o(tv), f(x+tv) = f(x)+Latv+o(rv).

Therefore, subtracting these two yields (L, — L) (tv) = o (tv) = o(¢). Therefore, dividing

by t yields (L, — L) (v) = @ Now let t — 0 to conclude that (L, — L) (v) = 0. Since

this is true for all v, it follows L, = L;. This proves the theorem. ll
In the following lemma, ||[Df (x)|| is the operator norm of the linear transformation,

Df (x).

Lemma 6.2.3 Let f be differentiable at x. Then f is continuous at  and in fact, there
exists K > 0 such that whenever ||v|| is small enough,

I (z+v) = f (@) <K|lv]
Also if f is differentiable at x, then
o(|lf (z+v)—f(z)) =o(v)
Proof: From the definition of the derivative,
f(x+v)—f(z)=Df (x)v+o(v).

Let ||v|| be small enough that ollvl) < 1 5o that |lo(v)]| < ||v||. Then for such v,

o]
If (®+v) = f ()| <|[Df (@) ]|+ [lo] < (IDF (@)]+ 1) ]

This proves the lemma with K = ||[Df (x)|| + 1. Recall the operator norm discussed in
Definition 5.2.2.
The last assertion is implied by the first as follows. Define

hiw) = | WSS S @ tw) — £ @) #0
0if |I£ (@ +v)— f (@) =0

Then lim,, ok (v) = O from continuity of f at = which is implied by the first part. Also
from the above estimate, if ||v|| is sufficiently small,

o([[f(z+v)—f(z)])

o]l

| If (z+v) - f(2)]
o]l

and limj,, |0 [|h (v)|| = 0. This establishes the second claim. B

<|h@)[([DFf (®)[+1)

H ~ Ih ()]
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6.3 The Chain Rule

With the above lemma, it is easy to prove the chain rule.

Theorem 6.3.1 (The chain rule) Let U and V be open sets U C X andV CY. Sup-
pose f U — V is differentiable at * € U and suppose g : V — ¥ is differentiable at
f(x) €V. Then go f is differentiable at x and

D(go f)(xz)=Dg(f (z))Df (z).

Proof: This follows from a computation. Let B (x,r) C U and let r also be small enough
that for ||v|| < r, it follows that f (x 4 v) € V. Such an r exists because f is continuous at
x. For ||v]| < r, the definition of differentiability of g and f implies

g(f(x+v))—g(f(z)) =

Dy (f (z))(f (x+v) - f(2)) +o(f (®+v)-f(x))
= Dg(f (@) [Df (x)v+o(v)]+o(f(x+v)-f(z))
= D(g(f(2)D(f(z))v+o(v)+o(f(z+v)-f(z)) (6.11)
= D(g(f(2)D(f(z))v+o(v)

By Lemma 6.2.3. From the definition of the derivative D(go f) (x) exists and equals

D(g(f(z)D(f(x)). ®
6.4 The Matrix of the Derivative

The case of most interest here is the only one I will discuss. It is the case where X = R” and
Y = R"™, the function being defined on an open subset of R”. Of course this all generalizes
to arbitrary vector spaces and one considers the matrix taken with respect to various bases.
However, I am going to restrict to the case just mentioned here. As above, f will be defined
and differentiable on an open set U C R".

As discussed in the review material on linear maps, the matrix of Df () is the matrix
having the i’ column equal to D f (x) e; and so it is only necessary to compute this. Let ¢
be a small real number such that

f(x+ie)— f(x) —Df (z)(te)) _ o(t)

t t

Therefore,
flx+te)— f(x ot
@) 2@ _ pf @) e + 2
The limit exists on the right and so it exists on the left also. Thus
of @) _ . f(ztie)—f ()

8x,- t—0 t

=Df (z)(e:)

and so the matrix of the derivative is just the matrix which has the i’ column equal to the
th partial derivative of f. Note that this shows that whenever f is differentiable, it follows
that the partial derivatives all exist. It does not go the other way however as discussed later.
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Theorem 6.4.1 L. f:U CF" — F" and suppose f is differentiable at x. Then all
the partial derivatives % exist and if J f (x) is the matrix of the linear transformation,
J

th

Df (x) with respect to the standard basis vectors, then the ij'" entry is given by % (x)
J

also denoted as fi j or fix;. It is the matrix whose i column is

2f (@) _ . flatre)—f (@)

ox; 1—0 t

Of course there is a generalization of this idea called the directional derivative.
Definition 6.4.2 1n general, the symbol D, f (x) is defined by

i F (@ F10) = F (@)
t—0 t

where t € F. In case |v| = 1,F =R, and the norm is the standard Euclidean norm, this is
called the directional derivative. More generally, with no restriction on the size of v and in
any linear space, it is called the Gateaux derivative. f is said to be Gateaux differentiable
at x if there exists D, f (x) such that

i @ H10) -~ £ (@)

t—0 t

where v — Dy, f (x) is linear. Thus we say it is Gateaux differentiable if the Gateaux
derivative exists for each v and v — Dy, f () is linear. Note that % =De,f(x). !

Here is an interesting application which is used a lot in introductory courses on multi-
variable calculus.

Theorem 6.4.3 Suppose U is an open set in a normed linear space X and f : U — R
has a Gateaux derivative D, f at © € U and that for all & sufficiently close to x, on the line
through x having direction vector v it follows that f (x) > f (&) (f () < f(&)). In other
words, f has a local maximum/minimum at x when restricted to the line t — x +tv, then

Dy f (x) =0. If Df (x) exists and f has a local max/min at x for all v, then Df (x) = 0.
Proof: Consider 4 (t) = f (x +tv). Then from single variable calculus,
W (0) =Dy f (x)=0.
In case f is differentiable, then for every v,

0= Dyf(2) = limd @FV=F@) _ i DF @) (1v)+o()

t—0 t t—0 t

=Df(x)v

Since this holds for every v it follows that Df () =0. B
What if all the partial derivatives of f exist? Does it follow that f is differentiable?
Consider the following function, f:R? — R,

[ it ) £0,0)
flxy)= { 01+f}(x,y) =(0,0)

René Gateaux was one of the many young French men killed in world war I. This derivative is named after
him, but it developed naturally from ideas used in the calculus of variations which were due to Euler and Lagrange
back in the 1700’s.
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Then from the definition of partial derivatives,

f(h,0)—f(0,00 = 0-0

pm h = = =0
and
h—0 h h—0 h

However f is not even continuous at (0,0) which may be seen by considering the behavior
of the function along the line y = x and along the line x = 0. By Lemma 6.2.3 this implies
f is not differentiable. Therefore, it is necessary to consider the correct definition of the
derivative given above if you want to get a notion which generalizes the concept of the
derivative of a function of one variable in such a way as to preserve continuity whenever
the function is differentiable.

What if the one dimensional derivative in the definition of the Gateaux derivative exists
for all nonzero v? Is the function differentiable then? Maybe not. See Problem 11 in the
exercises for example.

6.5 A Mean Value Inequality

The following theorem will be very useful in much of what follows. It is a version of the
mean value theorem as is the next lemma. The mean value theorem depends on the function
having values in R and in the lemma and theorem, it has values in a normed vector space.

Lemma 6.5.1 Let Y be a normed vector space and suppose h : [0,1] — Y is continuous
and differentiable from the right and satisfies | W' (1)|| <M, M > 0. Then ||k (1) — h (0)]| <
M.
Proof: Let € > 0 be given and let
S={re]0,1]: foralls € [0,7],[|h(s) —h(0)|| < (M+¢)s}

Then O € S. Let t = supS. Then by continuity of h it follows

[h (1) =R (0)]| = (M + &)1 (6.12)
Suppose ¢t < 1. Then there exist positive numbers, /; decreasing to 0 such that

[ (t+ ) =R (0)[| > (M +€) (1 + /)

and now it follows from 6.12 and the triangle inequality that

[h(t+he) —h(t)]| + |k (t) — R (0)]]
= ||h(t+h)—h@)||+M+e)t>M+e)(t+hi)
Thus
[h(t+h) —h ()] > (M+e€)h

Now dividing by A and letting k — oo, Hh’ (1) || > M + €,a contradiction. Thus # = 1. Since
€ is arbitrary, the conclusion of the lemma follows. ll
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Theorem 6.5.2 Suppose U is an open subset of X and f : U — Y has the property
that Df (x) exists for all x in U and that, x +t(y—x) € U for all t € [0,1]. (The line
segment joining the two points lies in U.) Suppose also that for all points on this line
segment, |Df (x4t (y—x))|| <M. Then || f (y) — f (z)|| < M|y — x|. More generally if
Do f (y)|| < M for all y on the segment joining x and x + v, then || f (x + av) — f (z)]| <
Ma. Also Dy f (x) = aDf (x) if a # 0.

Proof: Let h(t) = f (x +1t(y — x)) .Then by the chain rule applied to h(t), b/ (t) =
Df (x+t(y—x))(y—x) and so

[ ()| = IDf (z+1(y — ) (y — )| < Mlly — ]|

by Lemma 6.5.1, ||k (1) —h (0)|| =||f (y) — f (x)|| < M ||y — x|| . For the second part, let
h(t) = f (x +tav). Then

W (t) = }lzi_%%_h(l)5}111_1}(1);—“(f(w—i—tav—i—hav)—f(w-i—tav))
= Dyf(x+rav)a.

This shows that D, f () = aD, f (x). Now for the inequality, there is nothing to show
if a =0 so assume a # 0. Then by assumption and Lemma 6.5.1, ||h(1)—h(0)|| =
If (@ +av) - f (@) < Ma.

6.6 Existence of the Derivative, C! Functions

There is a way to get the differentiability of a function from the existence and continuity of
one dimensional directional derivatives. The following theorem is the main result. It gives
easy to verify one dimensional conditions for the existence of the derivative. The meaning
of ||-|| will be determined by context in what follows. This theorem says that if the Gateaux
derivatives exist for each vector in a basis and they are also continuous, then the function
is differentiable.

Theorem 6.6.1 Let X be a normed vector space having basis {v1,--- ,v,} and let
Y be another normed vector space. Let U be an open set in X and let f : U — Y have the
property that the one dimensional limits

Dy, f (x) = lim f(z+rv) — f(z)

t—0 t

exist and x — D, f (x) are continuous functions of € U as functions with values in'Y .
Then Df (x) exists and

n
Df (®)v=Y Dy f(x)a
k=1
where v =Y}, axvy. Furthermore, x — D f () is continuous; that is
lim [|[Df (y) —Df ()| =0.
y—x

Proof: Letwv =Y} _, a,v; where all a; are small enough that for all k£ > 0,

k 0
:L'-I—Zajvj €B(x,r) CU, ZakvkEO.
= =1
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The mapping v — (ajy,...,a,) is an isomorphism of V and F”" and we can define a norm
as Y, |ak| which is equivalent to the norm on V thanks to Theorem 5.2.4. Let hy (x) =

f (:I:—I— ajvj) f (x). Then collecting the terms,

n

flx+v)— Z (hi (x+arvi) — Z (x+arvg) — f(x)) (6.13)

k=1

Using Theorem 6.5.2,

| Do e (x +tagoi)|| = ||akDo, b ( + tagvy) ||

k—1
ay, (kaf <ac—|— Zaj'vj+tak'uk> —kaf(az—i-takvk)) ||

Jj=1

IN

Cllv|e

provided ||v|| is sufficiently small, thanks to the assumption that the D,,, f are continuous.
It follows, since € is arbitrary that the first sum on the right in 6.13 is o (v). Now

(f (®+arvi) = f(x)) = Doy, f (x) a =
I (@+ave) — f ()

Ak

F(@+avr) — (f () + Do f () ar) = ax ( —Dy, f (:c)) =o0(v)

because

o (Leran) 1@ g

ag

< i (Letam=te) p )

ag

Collecting terms in 6.13,
Flx+v)-f(z Z (x+arvp) — f () =0(v)+ Y Doy f () a1
k=1 k=1

which shows that D f (x) (v) = Y}_| Dy, f (x) ax where v = Y}, a;vy. This formula also
shows that & — D f () is continuous because of the continuity of these D,,, f. Bl

Note how if X = R” and the basis vectors are the e, then the a are just the components
of the vector v taken with respect to the usual basis vectors. Thus this gives the above result
about the matrix of Df (x).

This motivates the following definition of what it means for a function to be C'.

Definition 6.6.2 Lt U be an open subset of a normed finite dimensional vector
space, X and let f : U — Y another finite dimensional normed vector space. Then f
is said to be C' if there exists a basis for X,{v1, - ,v,} such that the Gateaux deriva-
tives,D., f () exist on U and are continuous functions of x.

Note that as a special case where X = R”, you could let the v; = e; and the condition
would reduce to nothing more than a statement that the partial derivatives af are all con-
tinuous. If X = R, this is not a very interesting condition. It would say the derivative exists
if the derivative exists and is continuous.

Here is another definition of what it means for a function to be C!.
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Definition 6.6.3 Ler U be an open subset of a normed finite dimensional vector
space, X and let f : U — Y another finite dimensional normed vector space. Then f is said
to be C" if f is differentiable and © — D f () is continuous as a map from U to £ (X,Y).

Now the following major theorem states these two definitions are equivalent. This is
obviously so in the special case where X = R" and the special basis is the usual one because,
as observed earlier, the matrix of D f () is just the one which has for its columns the partial
derivatives which are given to be continuous.

Theorem 6.6.4 LetU bean open subset of a normed finite dimensional vector space
X and let f : U — Y another finite dimensional normed vector space. Then the two defini-
tions above are equivalent.

Proof: It was shown in Theorem 6.6.1, the one about the continuity of the Gateaux
derivatives yielding differentiability, that Definition 6.6.2 implies 6.6.3. Suppose then that
Definition 6.6.3 holds. Then if v is any vector,

lim flx+1v)—f(x) _ an_f (z)tv+o(tv)
t—0 t t—0 t

:Df(w)v-l—[lii%@ =Df(x)v

Thus D, f (x) exists and equals Df (x)v. By continuity of @ — D f (x), this establishes
continuity of & — D,, f () and proves the theorem. H
Note that the proof of the theorem also implies the following corollary.

Corollary 6.6.5 LetU be an open subset of a normed finite dimensional vector space, X
and let f : U — Y another finite dimensional normed vector space. Then if there is a basis of
X, {v1, -+ ,vn} such that the Gateaux derivatives, D, f () exist and are continuous, then
all Gateaux derivatives, Dy, f (x) exist and are continuous for allv € X. Also Df (x) (v) =

Dy f (x).

From now on, whichever definition is more convenient will be used.

6.7 Higher Order Derivatives

If f: U CX —Y for U an open set, then & — D f (x) is a mapping from U to .Z (X,Y), a
normed vector space. Therefore, it makes perfect sense to ask whether this function is also
differentiable.

Definition 6.7.1 The foliowing is the definition of the second derivative. D* f (x) =
D(Df (x)).

Thus, Df (€ 4+v) — Df (x) = D> f (x) v + o (v) .This implies
D’f(z) € Z(X,Z(X,Y)), D’f (z)(u) (v) €7,

and the map (u,v) — D?f () (u) (v) is a bilinear map having values in Y. In other words,
the two functions,
u— D*f () (u) (v), v —= D*f () (u) (v)

are both linear.
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The same pattern applies to taking higher order derivatives. For example, D f (z) =
D (D?f(x)) and D* f (z) may be considered as a trilinear map having values in Y. In
general D¥ f (x) may be considered a k linear map. This means

(wr,-ug) = DM () (wr) - ()

has the property w; — D* f (z) (w1) -+ (u;) -~ (uy) is linear.

Also, instead of writing D? f (x) (u) (v) , or D f (x) (u) (v) (w) the following notation
is often used.

D*f (2) (u,v) or D* f () (u, v, w)

with similar conventions for higher derivatives than 3. Another convention which is often
used is the notation D¥ f (x) v* instead of D¥ f () (v,--- ,v).

Note that for every k, DX f maps U to a normed vector space. As mentioned above,
Df () has values in .Z (X,Y),D? f (x) has values in . (X,.Z (X,Y)), etc. Thus it makes
sense to consider whether DX f is continuous. This is described in the following definition.

Definition 6.7.2 et U be an open subset of X, a normed vector space, and let
f:U =Y. Then f is CX(U) if f and its first k derivatives are all continuous. Also,
DX f (x) when it exists can be considered a Y valued multi-linear function. Sometimes
these are called tensors in case f has scalar values.

6.8 Some Standard Notation

In the case where X = R” there is a special notation which is often used to describe higher
order mixed partial derivatives. It is called multi-index notation.

Definition 6.8.1 o = (a1, ,ay) for ay -+ -, positive integers is called a multi-
index, as before with polynomials. For o a multi-index, |a| = a)+ -+ oy, and if x € X,

T = (.X'],"' 7xn)7
and f a function, define

2% f ()

Qx?lax‘zxz--ﬂx,‘f"'

x* =x]1x52 x5 D> f(x) =

Then in this special case, the following is another description of what is meant by a C*
function.

Definition 6.8.2 et U be an open subset of R" and let f : U — Y. Then for k a
nonnegative integer, a differentiable function f is C* if for every |a| < k, D* f exists and
is continuous.

Theorem 6.8.3 Let U be an open subset of R" and let £ : U — Y. Then if D" f (x)
exists for r <k, then D" f is continuous at x for r < k if and only if D* f is continuous at x
for each || < k.

Proof: First consider the case of a single derivative. Then as shown above, the matrix
of Df () is just

J@=( @ - FE@)
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and to say that x — D f (x) is continuous is the same as saying that each of these partial
derivatives is continuous. Written out in more detail,

Fle+v) -1 @) =Df @ v+ow) =Y T @u row)

Thus Df (x)v =Y}_, :9% () vy. Now consider the second derivative.

D (z) () (v) =
= y ai xr w 787f T 2% o\w)(v
D (a-+w)v-Df @o-+ow)w) = ¥ (L (a+w)- 3 @) uroww)
’f(x

axjaxk) wivk +o(w) (v)

- f(z)

ito(w) |vi+o(w)(v)=
;(zaxjaxk wito(w) utolw) () =1
and so D* f (x) (w) (v )—ij%wjvk. Hence D? f is continuous if and only if each of

'axk
these coefficients © — %Xf §X> is continuous. Obviously you can continue doing this and

conclude that D* f is continuous if and only if all of the partial derivatives of order up to k
are continuous. M

In practice, this is usually what people are thinking when they say that f is C¥. But as
just argued, this is the same as saying that the r linear form & — D" f (x) is continuous into
the appropriate space of linear transformations for each r < k.

Of course the above is based on the assumption that the first k derivatives exist and gives
two equivalent formulations which state that these derivatives are continuous. Can anything
be said about the existence of the derivatives based on the existence and continuity of the
partial derivatives? As pointed out, if the partial derivatives exist and are continuous, then
the function is differentiable and has continuous derivative. However, I want to emphasize
the idea of the Cartesian product.

6.9 The Derivative and the Cartesian Product

There are theorems which can be used to get differentiability of a function based on exis-
tence and continuity of the partial derivatives. A generalization of this was given above.
Here a function defined on a product space is considered. It is very much like what was
presented above and could be obtained as a special case but to reinforce the ideas, I will do
it from scratch because certain aspects of it are important in the statement of the implicit
function theorem.

The following is an important abstract generalization of the concept of partial derivative
presented above. Insead of taking the derivative with respect to one variable, it is taken with
respect to several but not with respect to others. This vague notion is made precise in the
following definition. First here is a lemma.

Lemma 6.9.1 Suppose U is an open set in X x Y. Then the set, Uy, defined by

Uy={zeX:(x,y) €U}
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is an open set in X. Here X XY is a finite dimensional vector space in which the vector
space operations are defined componentwise. Thus for a,b € F,

a(z1,y;) +b(x2,y,) = (az1 +bx2,ay, +bY,)
and the norm can be taken to be

(e, y)| = max ([|[], [|y[])

Proof: Recall by Theorem 5.2.4 it does not matter how this norm is defined and the
definition above is convenient. It obviously satisfies most axioms of a norm. The only one
which is not obvious is the triangle inequality. I will show this now.

(@, y)+(@Ly)l = l@+zny+y)l =max (et ly+vil)
< max ([l + |zl [[yll+ [ly1 )
< max(|lz||, lyl]) +max (||| 1y 1)

(@, )l + (1,90

Let « € Uy. Then (x,y) € U and so there exists r > 0 such that B ((x,y),r) € U. This
says that if (u,v) € X x Y such that ||(u,v) — (z,y)| < r, then (u,v) € U. Thus if

I(wsy) = (@, )| = lu—z|x <r,

then (w,y) € U. This has just said that B(x,r)y, the ball taken in X is contained in U,.
This proves the lemma.

Or course one could also consider U, = {y : (,y) € U} in the same way and conclude
this set is open in Y. Also, the generalization to many factors yields the same conclusion.
In this case, for € [T X;, let

o) =max (Jlzily, : @ = (@1, a2

Then a similar argument to the above shows this is a norm on [/, X;. Consider the triangle
inequality.

s, )+ (w1, )l = max (i +wyly, ) < mox (il + o],

< max (|12, ) +max (Ilyily, ) = =/l + ]
Corollary 6.9.2 Let U CT]" | X; be an open set and let
U, iy @ist ) = {x e (z1, @1, 2Ty, ,®0) EUY.

Then U, is an open set in F'i.

BT B BE RS i awn)

Proof: Let 2 € Uy, ... o | 2y, 0n) THEN (1,0, Xio1,2,Tj 1,0, &) =@ €U by
definition. Therefore, since U is open, there exists r > 0 such that B(x,r) C U. It follows

that for B (z,r), denoting the ball in X;, it follows that B(z,7)x. C Uiz, . @ | @is),20)
because to say that ||z —wl|y < ris to say that
||(:L.17' AR T PR NN PR awn) - (wh' L, WLy g, awn)” <r

and sow € U(ml-“'7ﬂif71-,wi+1wwwn)‘
Next is a generalization of the partial derivative.



6.9. THE DERIVATIVE AND THE CARTESIAN PRODUCT 155

Definition 6.9.3 L. g:UCTILXi =Y, where U is an open set. Then the map
z2—=g(T1, , Tio1,2,Tip1, Tn)
is a function from the open set in X;,
{zix= (21, -, ®i_1,2, @11, ,2y) €U}

to Y. When this map is differentiable, its derivative is denoted by D;g (x). To aid in the
notation, for v € X;, let 0;v € [T_, X; be the vector (0,--- ,v,---,0) where the v is in the
i slot and for v € [T, Xi, let v; denote the entry in the i slot of v. Thus, by saying

z—=g(T1,  , Tim1,2,Tip1, s Ly)
is differentiable is meant that for v € X; sufficiently small,
g(x+0v)—g(x)=Dig(x)v+o(v).
Note Dig (x) € £ (X,Y).
As discussed above, we have the following definition of C! (U).

Definition 6.9.4 re:U C X bean open set. Then f:U —Y is C' (U) if f is differ-
entiable and the mapping x — Df (x), is continuous as a function from U to £ (X,Y).

With this definition of partial derivatives, here is the major theorem. Note the resem-
blance with the matrix of the derivative of a function having values in R™ in terms of the
partial derivatives.

Theorem 6.9.5 Lt g, U,TT, X, be given as in Definition 6.9.3. Then g is C' (U)
if and only if D;g exists and is continuous on U for each i. In this case, g is differentiable
and

Dg(x) (v) =} Dig (x) v (6.14)
X
where v = (vy,---, V).

Proof: Suppose then that D;g exists and is continuous for each i. Note lezl Ojv;=
(vy,--+,vg,0,---,0). Thus Y- 0v; =v and define 2?:1 0 jv; = 0. Therefore,

n k k—1
g(:v—f—v)—g(a:)zZ[g(a:—{—Zijj) —g(:c—i—Zijj)} (6.15)
k=1 =1 =1

(ooton) seme)- o))

(g (x+6,vi) — g (x))

I
~
™=
L

+

(ngE

k=1

If hy(z)=g (w—l—zljj ijj) — g (x) then the top sum is Yi_; hi (x + 0xvi) — hy ()
and from the definition of hy, |[Dhy (x)|| < € a sufficiently small ball containing x. Thus
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this top sum is dominated by € ||v|| whenever ||v|| is small enough. Since € is arbitrary, this
term is o (v) . The last term is Y7, Drg (z) vk + 0 (vy) and so, collecting terms obtains

g<w+v>—g(w>=k'g’10kg<w>vk+o<v>

which shows Dg (x) exists and equals the formula given in 6.14. Also x — Dg (x) is
continuous since each of the Dyg (x) are.

Next suppose g is C'. I need to verify that D;g (z) exists and is continuous. Let v € X;
sufficiently small. Then

g(x+6,v)—g(x) =Dg(x)Ov+0(0rv) =Dg(x)0v+o0(v)

since ||6;v|| = ||v]|. Then Dyg(x) exists and equals Dg (x) o 0. Now & — Dg () is
continuous. Since 6y is linear, it follows from Lemma 5.2.1 that 6y : X; — [T7_, X; is also
continuous. W

Note that the above argument also works at a single point . That is, continuity at & of
the partials implies Dg () exists and is continuous at .

The way this is usually used is in the following corollary which has already been ob-
tained. Remember the matrix of Df (x). Recall that if a function is C! in the sense that
x — Df (x) is continuous then all the partial derivatives exist and are continuous. The next
corollary says that if the partial derivatives do exist and are continuous, then the function is
differentiable and has continuous derivative.

Corollary 6.9.6 Let U be an open subset of F" and let f : U — F™ be C' in the sense
that all the partial derivatives of f exist and are continuous. Then f is differentiable and

Fato)=f@+Y L @wtow).
k

= Ixi

Similarly, if the partial derivatives up to order k exist and are continuous, then the function
is CX in the sense that the first k derivatives exist and are continuous.

6.10 Mixed Partial Derivatives

Continuing with the special case where f is defined on an open set in F”, I will next con-
sider an interesting result which was known to Euler in around 1734 about mixed partial
derivatives. It was proved by Clairaut some time later. It turns out that the mixed partial

derivatives, if continuous will end up being equal. Recall the notation f, = % = Dg, f and

82
fX}' = T‘{" = Delezf'

Theorem 6.10.1 Suppose f:U CF? = R where U is an open set on which oo fys
fry and fyy exist. Then if fy, and fyy are continuous at the point (x,y) € U, it follows

fxy (an) = fyx (x,y) .

Proof: Since U is open, there exists > 0 such that B((x,y),r) C U. Now let [7],|s| <
r/2,t,s real numbers and consider

h(t) h(0)
A= TGttt TG (v ts) —JE)h  (616)
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Note that (x+¢,y+s) € U because

Gty +s)— () = )] = (+52)"

r2 I"2 1/2 r
< —_— —_— = — |
< < 2 + 1 ) NG <r
As implied above, i (1) = f (x+1t,y+5) — f (x+1¢,y). Therefore, by the mean value theo-
rem from one variable calculus and the (one variable) chain rule,

Alsr) = é(h(z)—h(o)):;—th’(at)t

L (et atybs) - (et any))

for some o € (0,1). Applying the mean value theorem again,

A(S,I) :fxy (x+at7y+ﬁs)

where o, € (0,1).
If the terms f (x+1¢,y) and f (x,y+s) are interchanged in 6.16, A(s,t) is unchanged
and the above argument shows there exist ¥,6 € (0,1) such that

A(s,1) = fux (x+ 71,5+ 8s).

Letting (s,7) — (0,0) and using the continuity of fi, and f,. at (x,y),

(s,t)li—>n(1070)A (S’t) = fxy (x7y) = fyx (x,y) |

The following is obtained from the above by simply fixing all the variables except for
the two of interest.

Corollary 6.10.2 Suppose U is an open subset of X and f : U — R has the property
that for two indices, k,1, fx,, fysfyx., and fyx, exist on U and fy y, and fy,x, are both
continuous at € € U. Then fyx, (x) = fo, ().

By considering the real and imaginary parts of f in the case where f has values in C
you obtain the following corollary.

Corollary 6.10.3 Suppose U is an open subset of F" and f : U — T has the property
that for two indices, k,l, fx,, fy,fyx,, and fyx, exist on U and fy y, and fyx, are both
continuous at © € U. Then fyx, (x) = fo, (x).

Finally, by considering the components of f you get the following generalization.
Corollary 6.10.4 Suppose U is an open subset of F* and f : U — F™ has the property

that for two indices, k,l, f, fy,fyyxand [y, existonU and f, . and f, . are both
continuous at ¢ € U. Then f, . (x) = f,, (T).
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This can be generalized to functions which have values in a normed linear space, but
I plan to stop with what is given above. One way to proceed would be to reduce to a
consideration of the coordinate maps and then apply the above. It would even hold in
infinite dimensions through the use of the Hahn Banach theorem. The idea is to reduce to
the scalar valued case as above.

In addition, it is obvious that for a function of many variables you could pick any pair
and say these are equal if they are both continuous.

It is necessary to assume the mixed partial derivatives are continuous in order to assert
they are equal. The following is a well known example [2].

Example 6.10.5 Let
f@ﬁ:{”ﬁ&”#@»#mm
0 if (x,y) = (0,0)

From the definition of partial derivatives it follows that £, (0,0) = £, (0,0) = 0. Using
the standard rules of differentiation, for (x,y) # (0,0),

; x47y4+4x2y2 ; x47y474x2y2
:y77 , — X—
T Y (2 +2)°
Now .y
0,y) — £, (0,0 -
ny(o,O)zlimf"( ) =00y, -1
y—0 y y—0 (yZ)
while )
0)— £, (0,0
fyx(0,0)Elimfy(x’ )=H09) _ i * S=1
x—0 X x—0 (x2)

showing that although the mixed partial derivatives do exist at (0,0), they are not equal
there.

Incidentally, the graph of this function appears very innocent. Its fundamental sickness
is not apparent. It is like one of those whited sepulchers mentioned in the Bible.

6.11 A Cofactor Identity

Lemma 6.11.1 Suppose det(A) = 0. Then for all sufficiently small nonzero €, it follows
that det (A+€I) # 0.

Proof: Let det (Al —A) = AP + g AP ' + .. +ap_1A +ap. First suppose Ais a p x p
matrix. If det(A) # 0, this will still be true for all € small enough. Now suppose also that
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det(A) = 0. Thus, the constant term of det (A1 —A) is 0. Consider €/ +A = A, for small
real €. The characteristic polynomial of A, is

det(AI—Ag) =det((A —€)I—A)
This is of the form
A—e)+ai(A—e)" '+ 4 (A—€)"ap,

where the a; are the coefficients in the characteristic polynomial for A and a; = 0 for
k > m,a,, # 0. The constant term of this polynomial in A must be nonzero for all € small
enough because it is of the form

(—1)" €™ ay, + (higher order terms in €) = €" [a,, (—1)" + €C (¢€)]

which is nonzero for all positive but very small €. Thus €/ + A is invertible for all £ small
enough but nonzero. B
Recall that for A an p x p matrix, cof (A),; is the determinant of the matrix which results

from deleting the i’ row and the j column and multiplying by (—1)"*/. In the proof and
in what follows, I am using Dg to equal the matrix of the linear transformation Dg taken
with respect to the usual basis on R”. Thus (Dg);; = dgi/dx; where g = ¥, g;e; for the e;
the standard basis vectors.

Lemma 6.11.2 Let g : U — R? be C* where U is an open subset of RP. Then

P
Z cof(Dg)ij’j =0,

j=1
_ g _ ddet(Dg)
where here (Dg);; = gi,j = Tfj' Also, cof (Dg);; = T
Proof: From the cofactor expansion theorem,
8yjdet(Dg) = Z gixcof (Dg);; (6.17)

i=1

This is because if k # j, that on the right is the cofactor expansion of a determinant with
two equal columns while if £ = j, it is just the cofactor expansion of the determinant. In
particular,
ddet(Dg)
9gi j

which shows the last claim of the lemma. Assume that Dg () is invertible to begin with.
Differentiate 6.17 with respect to x; and sum on j. This yields

Zék] grufzgzkj COf(Dg ij+zgi,kC0f(Dg)ij,j'
ns,Jj ij

= cof (Dg);; (6.18)

deth)

Hence, using 0x; = 0 if j # k and 6.18,

Z (COf(Dg))rsgr,Sk = Zgr,ks (COf(Dg))rs +Zgi,kC0f(Dg)ij,j .
s ij

rs
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Subtracting the first sum on the right from both sides and using the equality of mixed
partials,

th,k <Z (cof(Dg))l.j’j> =0.
i J

Since it is assumed Dg is invertible, this shows }.; (cof (Dg));; ; = 0. If det(Dg) = 0, use
Lemma 6.11.1 to let g; () = g (x) + &, where €, — 0 and det (Dg + &,I) = det(Dgy,) #
0. Then

Z(cof(Dg))ij_’j = IELTI:CZ(COf(ng»ij,j =0m
j j

6.12 Exercises

1. Here are some scalar valued functions of several variables. Determine which of these

functions are o (v). Here v is a vector in R”, v = (v, ,v,).
(@ viv € vi(vi+v2+av3)
(b) vysin(vy) )
e’ —1—v
(C) V% +vy (f) ( 1)
(d) vasin(vy +v2) (2) (z-v)[v|

2. Here is a function of two variables. f(x,y) = x*y+x>. Find Df (x,y) directly from
the definition. Recall this should be a linear transformation which results from mul-
tiplication by a 1 x 2 matrix. Find this matrix.

X+ y

3. Letf(x7y): y2

should be the linear transformation which results from multiplying by a 2 X 2 matrix.

Find this matrix.

. Compute the derivative directly from the definition. This

4. You have h(x) = g(f (x)) Here z € R?, f(z) € R” and g (y) € R?. where f,g
are appropriately differentiable. Thus Dh () results from multiplication by a matrix.
Using the chain rule, give a formula for the ij" entry of this matrix. How does this
relate to multiplication of matrices? In other words, you have two matrices which
correspond to Dg (f (x)) and Df (x) Call z =g (y),y = f (). Then

pew)= (% - 2 )o@ - )

9z 9yy

Pl This is a review
Vi 9xj

Explain the manner in which the ij"" entry of Dh (x) is ¥

of the way we multiply matrices. what is the i row of Dg (y) and the j”* column of

Df (x)?

5. Find fi, fy, fzs fay, fux, foy for the following. Verify the mixed partial derivatives are
equal.

(a) x*y*z* +sin (xyz)

(b) sin (xyz) +x%yz
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6.

10.

11.

12.

As an important application of Theorem 6.4.3 consider the following. Experiments
are done at n times, t1,,--,t, and at each time there results a collection of nu-
merical outcomes. Denote by {(#;,x;)}7_, the set of all such pairs and try to find
numbers a and b such that the line x = ar + b approximates these ordered pairs as
well as possible in the sense that out of all choices of a and b, Y, (at;+ b —x,-)2
is as small as possible. In other words, you want to minimize the function of two
variables f (a,b) =YY" | (at;+b —x;). Find a formula for a and b in terms of the
given ordered pairs. You will be finding the formula for the least squares regression
line.

. Let f be a function which has continuous derivatives. Show that u (z,x) = f (x — ct)

solves the wave equation u;; —c>Au = 0. What about u (x,t) = f (x+ct)? Here Au =

Uy,

Show that if Au = Au where u is a function of only x, then e*Mu solves the heat
equation u; — Au = 0. Here Au = uyy.

Show that if f (x) = o (x), then f’(0) = 0.

Let f (x,y) be defined on R? as follows. f (x,x*) =1 if x # 0. Define f(0,0) =0,
and f (x,y) = 0 if y # x>. Show that f is not continuous at (0,0) but that

o £ (ha,1b) — £(0,0)

=0
h—0 h

for (a,b) an arbitrary vector. Thus the Gateaux derivative exists at (0,0) in every
direction but f is not even continuous there.

Let

o= S () #(0,0)
f ’y)_{ Oi?()@y):(0,0)

Show that this function is not continuous at (0,0) but that the Gateaux derivative

f(ha,hb)—£(0,0)
0 7

limy,_, exists and equals O for every vector (a,b).

Let U be an open subset of R” and suppose that f : [a,b] x U — R satisfies

(x,y) = 35 (x,3), (x,y) = f(x,y)

i

are all continuous. Show that | ab f(x,y)dx, jf ng, (x,y) dx all make sense and that in
fact

d ( /b ) baf

— x,y)dx | = —(x,y)dx

oy \ [, 7o) 5y, )

Also explain why y — [ b %_ (x,y)dx is continuous. Hint: You will need to use

a
the theorems from one variable calculus about the existence of the integral for a
continuous function. You may also want to use theorems about uniform continuity

of continuous functions defined on compact sets.



162

13.

14.

15.

16.

17.
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I found this problem in Apostol’s book [1]. This is a very important result and is ob-

—x2 (1442
tained very simply. Read it and fill in any missing details. Let g (x) = 0] elii:)dt
—x2 (1442
and f(x) = ( ye! dt) . Note % (ep(r;)> = e < (1+7), Explain why this

is so. Also show the conditions of Problem 12 are satisfied so that

g (x)= /01 (—erfxz(]“z)) dt.

Now use the chain rule and the fundamental theorem of calculus to find 7 (x). Then
change the variable in the formula for f (x) to make it an integral from O to 1 and
show f’ (x) + g’ (x) = 0. Now this shows f (x) + g (x) is a constant. Show the constant
is /4 by letting x — 0. Next take a limit as x — oo to obtain the following formula

for the improper integral, [, e dt, (f0°° e_’zdt>2 = 1 /4. In passing to the limit in
the integral for g as x — o you need to justify why that integral converges to 0. To
do this, argue the integrand converges uniformly to O for ¢ € [0, 1] and then explain
why this gives convergence of the integral. Thus [;° e dt =T /2.

Recall the treatment of integrals of continuous functions in Proposition 5.8.5 or what
you used in beginning calculus. The gamma function is defined for x > 0 as I' (x) =
Jo e " dt = limg_yeo [¥ e "t*'dr. Show this limit exists. Note you might have to
give ameaning to [if e~'r*~'dt if x < 1. Also show that T'(x+ 1) = xI'(x), ['(1) = 1.
How does I' (n) for n an integer compare with (n — 1)!?

Show the mean value theorem for integrals. Suppose f € C ([a,b]) . Then there exists
€ (a,b), not just in [a,b] such that f(x)(b—a) = [’ f(t)dt. Hint: Let F (x) =
[ f (t) dr and use the mean value theorem, Theorem 5.8.3 along with F/ (x) = f (x).

Show, using the Weierstrass approximation theorem that linear combinations of the
form Y; ;a;jgi(s)h;(t) where g;,h; are continuous functions on [0,b] are dense in
C([0,b] x [0,D]), the continuous functions defined on [0,5] x [0, 5] with norm given
by
171l = max {|f (x,y)| - (x,y) € [0,5] < [0,b]}

Show that for , g continuous, fy [3 ¢ (s)h(t)dtds — [J [7 g (s)h(r)dsdt = 0. Now
explain why if f is in C([0,5] x [0,5]),

/O.b./o.sf(S,t)dtds—./()‘b./tbf(s,t)dsdt -

Let f (x) = ( y ”2dt) . Use Proposition 5.8.5 which includes the fundamental the-
orem of calculus and elementary change of variables, show that

fx) = 2¢ </0xe_t2dt) —2¢7 (/01 —(xs) xds) / 2xe* (155%)

Now show
/ / 2te 2 (145%) drdis.

Show limy e [ e dt = iﬁ



Chapter 7

Implicit Function Theorem

The implicit function theorem is one of the greatest theorems in mathematics. There are
many versions of this theorem which are of far greater generality than the one given here.
The proof given here is like one found in one of Caratheodory’s books on the calculus
of variations. It is not as elegant as some of the others which are based on a contraction
mapping principle but it may be shorter and is based on more elementary ideas. For a more
elegant proof which generalizes better see my book Real and Abstract Analysis. The proof
given here is based on a mean value theorem in the following lemma.

Lemma 7.0.1 Let U be an open set in RP which contains the line segment t — y +
t(z—y)fort €[0,1] andlet f : U — R be differentiable at y +1t(z —y) fort € (0,1) and
continuous for t € [0, 1]. Then there exists x on this line segment such that f (z) — f (y) =

Df(z)(z—y).

Proof: Let i (1) = f(y+1t(z—1y)) fort € [0,1]. Then £ is continuous on [0, 1] and has
a derivative, &' (1) = Df (y+t(z —y)) (z — y), this by the chain rule. Then by the mean
value theorem of one variable calculus, there exists ¢ € (0, 1) such that

f(2)=fy)=h(1)—h(0)=H () =Df (y+t(z—y)) (2 —y)

and we let ¢ = y+1 (2 —y) for thisz. W
Also of use is the following lemma.

Lemma 7.0.2 Let A be an m x n matrix and suppose that for all i, j, |Aij| < C. Then the
operator norm satisfies ||A|| < Cmn.

Proof: Note that if z is a vector, |z| = supj,<; (2,y). Indeed, for |y| < 1, the right
side is no more than |z| thanks to the Cauchy Schwarz inequality and this can be achieved
by letting y = z/ |z|.

Al = sup |[Az|= sup sup |(Az,y)| = sup sup [} ) Aijx;yi
||<1 |lz[<1]y|<1 le[<tly[<t| i
< sup sup ZZC’)C/‘ il gCZZM ly| =Cmn. R
lz|<lly[<li i

Definition 7.0.3 Suppose U is an open set in R" x R™ and (z,y) will denote a
typical point of R" x R™ with & € R" and y € R™. Let f : U — R? be in C' (U) meaning
that all partial derivatives exist and are continuous. Then define

fin (@y) 0 fix, (2y)
D1 f(x,y) : : ;
Tow (®:Y) o o (2,Y)
Jiy (®y) - Sy, (@y)
Drf (z,y) = : :

fp,yl (mvy) T fl%}’m (wvy)

163
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Definition 7.0.4 Lt 8,1 > 0 satisfy: B (o, 0) X B(ygy,N) CU where f:U CR" x
R™ — RP? is given as

N Ewayg
fa(z,y
F(z,y)= ’ :
fp(way)
andfor (@' - x" )€ B(x0,6)" and y € B(y,, 1) define
fl,xl (wlay) flA,xn (wl7y)
J(z! - xPy) = ) (%)
fp,x1 (wpay) fP.Xn (wp7y)

Thus, its i'* row is D f; (cci, y). Let K, r be constants.
By Theorem 6.9.5 f is differentiable and its derivative is the p X (n+m) matrix,

( le(ac,y) DZf(may) )

Also, by Lemma 7.0.1, and (z,y) € B(x0,0) x B(yo,n) C U, and h, k sufficiently small,
there are &' on the line segment between x and x + h such that

f(-’ﬂ—l-hay-i-k)—f(-’ﬂ,y) :f(w+hay+k)_f(w7y+k)+f(way —I—k:)—f(w,y)

=J(z', - 2’ y+k)h+Drf (z,y)k+o(k) (7.1)

Proposition 7.0.5 Suppose g : B(xo,8) x B(yy,Ny) — [0,%0) is continuous and also
that g (xo,yo) = 0 and if © # x(, g (x,yg) > 0. Then there exists 1 < N such that if y €
B(yg,M), then the function x — g (x,y) achieves its minimum on the open set B(xy, 5).

Proof: If not, then there is a sequence y;, — y, but the minimum of x — g (x,y,) for
x € B(xy,0) happens on dB(x,8) = dB={x: |z —xo| = 6} at ;. Now 9B is closed
and bounded and so compact. Hence there is a subsequence, still denoted with subscript k
such that z;y — x € dB and y;, — y,. Let 0 < 2€ < min{g(&,y,) : £ € IB}.

Then for k large, g (@x, yx) — g (®,yo)| < €, and [g (wx, yx) — g (®k, Yo )| < &, the sec-
ond inequality from uniform continuity. Then from these inequalities, for k large,

g(®o,yr) > glxk,yx) > g(xr,yp) — €
> min{g(&,y): £ €IB}—e>2e—e=¢

Now let k — oo to conclude that g (x9,y,) > €, a contradiction. ll

Here is the implicit function theorem. It is based on the mean value theorem from one
variable calculus, the extreme value theorem from calculus, and the formula for the inverse
of a matrix in terms of the transpose of the cofactor matrix divided by the determinant.

Theorem 7.0.6 (implicit function theorem) Suppose U is an open set in R" x R™.
Let f: U — R" be in C' (U) and suppose

f (@0,90) =0, D1 f (z0,y0) " exists. (7.2)
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Then there exist positive constants 6,1, such that for every y € B(y,,n) there exists a
unique x (y) € B(xo, ) such that

F(z(y),y)=0. (7.3)

Furthermore, the mapping, y — x (y) is in C' (B (yy,n)).

Proof: Let f (z,y) = ( fi(z,y) fa(zyy) - fulz,y) )T. Also define the ex-
pression J (x!,--+,&",y) to be given above in *. Then by the assumption of continuity of
all the partial derivatives, there exists » > 0 and 89,7 > 0 such that if 6 < §p and n < 1,
it follows that for all (z',---,&") € B(x,8) = B(x0,8) x B(x0,8) x -+ x B(x0,5),

and AS B(y07n)a

detJ (z',--- 2" y) & (—nr). (7.4)

and B (xg,60) X B(yg,Ng) C U. Therefore, from the formula for the inverse of a matrix and
continuity of all entries of the various matrices, there exists a constant K such that all entries

of J (m1,~~~ ,w",y) J (a:l, e ,w",yyl ,and D f (x,vy) have absolute value smaller than

K on the convex set B(x0,8) x B(yg,n) whenever 8,7 are sufficiently small. It is always
tacitly assumed that these radii are this small.

Next it is shown that for a given y € B(yy,n),N < Ny, there is at most one x €
B(xo,00) such that f (xz,y) = 0.

Pick y € B(yg,n) and suppose there exist &, z € B(xo, §) such that

f(z,y)=f(z,9)=0.
Then applying Lemma 7.0.1 on the components, there are ' such that
J(:cl,--- ,:n”,y) (z—x)=0

and so from 7.4 z —x = 0. (The matrix J (x',- -+, &",y) is invertible since its determinant
is nonzero.) Now it will be shown that if 1 is chosen sufficiently small, then for all y €
B(yg,n), there exists a unique = (y) € B(xo,0) such that f (x (y),y) = 0.

Claim: If i) is small enough, then the function, x — hy () = | f (z,y)|* achieves its
minimum value on B (x,0) at a point of B (xg, ). This is Proposition 7.0.5.

Choose 1 < 7N and also small enough that the above claim holds and let « (y) denote
a point of B (xo,§) at which the minimum of h,, on B(xo,d) is achieved. Since x (y) is
an interior point, it follows that you can consider A, (x (y) +tv) for |¢| small and conclude
this function of ¢ has a zero derivative at t = 0. Now

hy (z(y)+1tv) = ifiz (z(y)+1v,y)
i=1

and so from the chain rule,

4
dt

=

d i ’
2, (@ () + 0,y) HEWLY),
1 J

-

hy (x (y) +1v) =

14

1j
Therefore, letting ¢t = 0, it is required that for every v,

3.3 25 @) L EL o

i=1j=1
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In terms of matrices this reduces to 0 = 2f (z (y),y)” D1 f (x (y),y)v for every vector
v. Therefore, 0 = f (x (y),y)’ D\ f (x(y),y). From 7.4, it follows f (z(y),y) = 0.
(Multiply by D; f ((y),y)”" on the right) This proves the existence of the function

y — x(y) such that f (x(y),y) =0 forall y € B(yy,n).
It remains to verify this function is a C' function. To do this, let ¢, and y, be points of

B(yy, M) - Then as before, consider the i’ component of f and consider the same argument
using the mean value theorem to write

0= fi(x(y1),y)— fi(x(y2),92)

= fi(xz(y1),y1) — fi(x(y2) 1) + fi (x(¥2),91) — fi(z (y2) ,y2)
=Difi (', y)) (x (Y1) — = (y2)) + Dofi (® (42) . ¥") (y1 — y2) (7.5)

where ' is a point on the line segment joining 4y, and y, and ' is a point on the line
segment joining x (y;) and « (y,) . Thus

(@(y) -z (yy) = —J (&', & y)) " My — )

where M denotes the matrix having the i row equal to D, f; (:c (¥2),9' ) all entries being
bounded by K. It follows that

[ (y)) —x (y2)| < Kn|M (y, —yp)| < K2nmly, —ys|

Thus y — x (y) is continuous near y.
Now let ¥y, = y,y; = Yy + hey for small 4. Then M described above depends on / and
limy_,o0M (h) = D2 f (x (y) ,y) thanks to the continuity of y — « (y) just shown. Also,

x (y+hey) —x (y)
h

= —J (' (), " (h),y+hey)  M(h)e

Passing to a limit and using the formula for the inverse of a matrix in terms of the cofactor
matrix, and the continuity of y — « (y) shown above, this yields

3—:1: = —le(SC (y) ,y)ilDZfi (w (y) 7y) €k
Yk

Then continuity of y — @ (y) and the assumed continuity of the partial derivatives of f
shows that each partial derivative of y — @ (y) exists and is continuous. H
This theorem implies the inverse function theorem stated next.

Theorem 7.0.7 (inverse function theorem) Let xy € U, an open set in R" , and let
f:U — R" Suppose
FfisC'(U) , and Df(xo)~" exists. (7.6)

Then there exist open sets W, and V such that ¢y e W C U, f: W — V is one to one and
onto, f~VisC.

Proof: Apply the implicit function theorem to the function F' (x,y) = f (x) — y where
Yo = f (). Thus the function y — z(y) defined in that theorem is f~! and there is
B(yy, M) where this function is defined. Now let W = f ! (B(y,,n)) and V = B(y,,n). R
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7.1 More Continuous Partial Derivatives

The implicit function theorem will now be improved slightly. If f is C¥, it follows that
the function which is implicitly defined is also C¥, not just C!, meaning all mixed partial
derivatives of f up to order k are continuous. Since the inverse function theorem comes
as a case of the implicit function theorem, this shows that the inverse function also inherits
the property of being C*. First some notation is convenient. Let & = (a1,-- -, a,) where
each o; is a nonnegative integer. Then letting || = Y; ot;,

olal
Df @)= sgopd (@), D'F (@)= f ()

The symbol on the right means to take the o, partial derivative with respect to x,,, then the
a1 partial derivative with respect to x,_; of what you just got and so on till you take the
a1 partial derivative with respect to x. The idea is to show that all mixed partial derivatives
such that |ot| < k exist and are continuous.

Theorem 7.1.1 (implicit function theorem) Suppose U is an open set in F" x F™,
Let f : U — F" be in C*(U) and suppose

f (@0,90) =0, D1 f (z0,9,) "' € £ (F",F"). (1.7)

Then there exist positive constants 6,1, such that for every y € B(y,n) there exists a
unique x (y) € B(xo,0) such that

f(z(y),y)=0. (7.8)
Furthermore, the mapping y — x (y) is in C* (B (yy, 1))

Proof: From the implicit function theorem y — x () is C'. It remains to show that it
is CX for k > 1 assuming that f is C¥. From 7.8

8:1: -1
Tyl =-Dif(x,y)

If
oy’

By the formula for the inverse in terms of cofactors, if f is C2, one can use the chain rule
to take another continuous derivative. Thus, the following formula holds for ¢ = 1 and
o] =g

Dz (y)= Y, Mp(x,y)D’ f (z,y) (7.9)

IBl<q

where Mg is a matrix whose entries are differentiable functions of Dz for |y| < ¢ and
D' f (x,y) for |t| < g. This follows easily from the description of D; f (ar:,y)f1 in terms
of the cofactor matrix and the determinant of D; f (x,y). Suppose 7.9 holds for || =g < k.
Then by induction, this yields x is C?. Then

D%z (y) IMg (,y) IDF f (z,y)
—_— = 7,D f(may)JrM (m’y)i
JyP | ﬁ\gal dyt P dyP
oM ()

is a matrix whose entries are differentiable functions of the

By the chain rule P

matrix D* f (x,y) for |t] < g+ 1 and D"« for |y| < g+ 1. It follows, since y” was arbitrary,
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that for any || = g+ 1, a formula like 7.9 holds with g being replaced by ¢+ 1. Continuing
this way, x is ck. m

As a simple corollary, this yields the inverse function theorem. You just let F' (x,y) =
y — f () and apply the implicit function theorem.

Theorem 7.1.2 (inverse function theorem) Let xg € U C F" and let f : U — F".
Suppose for k a positive integer; f isC*(U) , and Df(zo)~' € L (F",F"). Then there exist
open sets W, and V such that xy € W C U, f : W — V is one to one and onto, f~' is C*.

7.2 Normed Linear Space

The implicit function theorem and inverse function theorem continue to hold if R” and R™
are replaced by finite dimensional normed linear spaces X,Y respectively of dimension n
and m.

Theorem 7.2.1 (implicit function theorem) Suppose U is an open set in X X Y where
X,Y are normed linear space of dimension n,m and suppose f : U — Z be in C* (U) where
Z is an n dimensional normed linear space. Suppose also

S (x0,50) =0, le(x()’yo)*l exists. (7.10)

Then there exist positive constants 8,1, such that for every y € B(yo,Mn) there exists a
unique x(y) € B (xo, 6) such that

fx(),y)=0. (7.11)
Furthermore, the mapping, y — x (y) is in C* (B (vo,n)).

Proof: Denote the coordinate maps for X,Y,Z in terms of bases for these spaces by
0x,0y,07. These are all linear maps and so, since we are in finite dimensions, they are
each C* for every positive integer k with respect to any norm on R”, R” thanks to Theorem
4.4.9 on equivalence of norms and the same is true of their inverses. Denote by x,y, z the
coordinate vectors for x,y,z € X,Y, Z respectively. Let f = 8z f and note that the conditions
for the implicit function theorem, Theorem 7.1.1 for f (xo,yy) = O all hold and so this
proves the theorem. Since we are in finite dimensions, D f (xo, yo)_l exists if Dy f (xo,¥0)
is one to one which implies D, f (g, o) exists. B

Of course the inverse function theorem follows from this in the case of normed linear
spaces. This also illustrates how you can always reduce to R” by doing everything in terms
of coordinates.

7.3 The Method of Lagrange Multipliers

As an application of the implicit function theorem, consider the method of Lagrange mul-
tipliers from calculus. Recall the problem is to maximize or minimize a function subject to
equality constraints. Let f : U — R be a C! function where U C R” and let

gi(z)=0,i=1,--,m (7.12)

be a collection of equality constraints with m < n. Now consider the system of nonlinear
equations

f(w):aa gl(.’B):O, lzl,vm
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@ is alocal maximum if f (x) > f (x) for all x near x( which also satisfies the constraints
7.12. A local minimum is defined similarly. Let F': U x R — R™*! be defined by

f(®)—a
F(xz,a)= § (w) . (7.13)
gm ()

Now consider the m + 1 X n Jacobian matrix, the matrix of the linear transformation,
D1 F (x,a) with respect to the usual basis for R” and R"*!.

fxl (5130) fxn (130)
g1z (®0) -+ &, (T0)
8mx; ((E()) cee gmxn.(wO)

If this matrix has rank m+ 1 then some m + 1 x m+ 1 submatrix has nonzero determinant.
It follows from the implicit function theorem that there exist m + 1 variables, x;;,- - ,x;,,. |
such that the system

F(x,a)=0 (7.14)

specifies these m + 1 variables as a function of the remaining n — (m+ 1) variables and
a in an open set of R"~™. Thus there is a solution (x,a) to 7.14 for some x close to xg
whenever « is in some open interval. Therefore, x( cannot be either a local minimum or a
local maximum. It follows that if @ is either a local maximum or a local minimum, then
the above matrix must have rank less than m 4+ 1 which requires the rows to be linearly

dependent. Thus, there exist m scalars A1,---,A,,, and a scalar y, not all zero such that
fx (o) g1x, (%0) gmx (o)
u : =AM : +eoot A : ) (7.15)
fu, (%0) g1y, (T0) gmx, (T0)
If the column vectors
81x (330) 8mx, (330)
: yoee : (7.16)
8lx, (x0) g, (T0)

are linearly independent, then, it # 0 and dividing by p yields an expression of the form

fx| (.’130) 81x (:130) 8mx; (:I)())
: =2 : +oot Ay : (7.17)
Ju, (%0) g1x, (o) gmx, (To)

at every point o which is either a local maximum or a local minimum. This proves the
following theorem.

Theorem 7.3.1 Let U be an open subset of R" and let f : U — R be a C' function.
Then if xo € U is either a local maximum or local minimum of f subject to the constraints
7.12, then 7.15 must hold for some scalars [L,A1,--- , A, not all equal to zero. If the vectors
in 7.16 are linearly independent, it follows that an equation of the form 7.17 holds.



170 CHAPTER 7. IMPLICIT FUNCTION THEOREM

7.4 Taylor Approximations

First recall the following one variable calculus theorem. It is in my on line book “Calculus
of One and Many Variables” or in any elementary Calculus book. See Problem 3 below on
Page 176.

Theorem 7.4.1 Let h: (—8,1+8) — R have m+ 1 derivatives. Then there exists
t € (0,1) such that

m h(k) (0) h(m+1)(t)
+k;1 o (m+1)!°

Now suppose U is an open set in R? and f : U — R is C"*! with g € U. For x €
B(xo,r) CU,leth(t) = f(xo+1t(x—x0)),t € (0,1). Then

of (@o+t(@=20)) 9% f
/ - R " - -
()= zl" ox; (xi —x0;), B ( l;"z v, o, (i, —Xor, ) (xiy — Xoi,)
and continuing this way,

okf k
n i Oy Oy g 7.18
. i";ik 9x;, 0xiy - - I ]I;Il (x} XOJ) ( )

Then the Taylor approximation is of the form & (1) = f (x) =

Iflxo)
I (o +Zkv Z % Iy axlAH(xij_XOi./)

j=1
1 "L f (o +t (x —xp))
ox;, 0xiy - 9x;,

+
H Xi, = X0i;) (7.19)

Tl

The last term being the remainder with ¢ € (0,1). Thus, if the (m+ 1)" partial derivatives
are all bounded, this shows that if ||@ — xy|| is sufficiently small, then the difference be-
tween f (x) and that series on the right in 7.19 other than the remainder term will also be
very small.

7.5 Second Derivative Test

Now consider the case where U C R” and f : U — R is C? (U). Then from Taylor’s theo-
rem, if v is small enough, there exists # € (0,1) such that

D*f (z+tv)v?

f(@+v)=f(2)+Df (z)v+ . (7.20)

Consider

sz(a:—i—tv) (ei)(ej) = D(D(f(x+rv))ei)e;
2
D 8f(:c+t’u))ej:3f(:r,+t'u)

axi ax]'axi
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where e; are the usual basis vectors. Lettin v =Y, v;e;, the second derivative term in
7.20 reduces to

1 1
3 ZDZf (x+1v) (€;) (6j) Vivj = 3 ZH,'J‘ (x+1v) ViV
2y LJ

where
% f (x+tv)

Hij (33"‘1"0) - D2f<$+tv) (6,’) (ej) = axjax,-

o e 2
Definition 7.5.1 The matrix whose i 7 entry is %is called the Hessian matrix,
JjoXi
denoted as H (x).

From Theorem 6.10.1, this is a symmetric real matrix, thus self adjoint. By the conti-
nuity of the second partial derivative,

fx+v)=f(x)+Df (x)v+ %’UTH (z)v+

1
3 (v" (H (z+tv) —H(z))v). (7.21)
where the last two terms involve ordinary matrix multiplication and
vT:( VI Wy )

for v; the components of v relative to the standard basis.

Definition 7.5.2 Let f D — R where D is a subset of some normed vector space.
Then f has a local minimum at x € D if there exists § > 0 such that for all y € B(x, §),
f(y) > f(x). Also f has a local maximum at x € D if there exists 8 > 0 such that for all

yeB(x,6), f(y) < f(z).

Theorem 7.5.3 If f : U — R where U is an open subset of R" and f is C?, suppose
Df (x) =0. Then if H(x) has all positive eigenvalues, x is a local minimum. If the
Hessian matrix H (x) has all negative eigenvalues, then x is a local maximum. If H (x)
has a positive eigenvalue, then there exists a direction in which f has a local minimum at
@, while if H (x) has a negative eigenvalue, there exists a direction in which H (x) has a
local maximum at x.

Proof: Since Df () =0, formula 7.21 holds and by continuity of the second derivative,
H () is a symmetric matrix. Thus H () has all real eigenvalues. Suppose first that H ()
has all positive eigenvalues and that all are larger than 8% > 0. Then by Theorem 1.4.1,
H (z) has an orthonormal basis of eigenvectors, {v;}}_; and if u is an arbitrary vector,
such that u = Z?:l u;v; where u; = u-vj, then

n n n n
u'H(z)u= ZujvaH(m) Y ujv;= Zu?lj > 522u§ =8 |ul.
j=1 j=1 j=1 =1

From 7.21 and the continuity of H, if v is small enough,

2

Flato) > f @)+ 38" o 182l = ) + O

‘ 2
1 .

|v
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This shows the first claim of the theorem. The second claim follows from similar reason-
ing. Suppose H (x) has a positive eigenvalue A2. Then let v be an eigenvector for this
eigenvalue. Then from 7.21,

flx4tv) = f(x)+ %IZUTH () v+ %tz (v" (H(z+tv)—H(z))v)
which implies

fz4tv) = f(m)+%t2}»2|v|2+%t2 (v (H (z+tv) — H (z))v)

Y

F(@)+ ;A o

whenever ¢ is small enough. Thus in the direction v the function has a local minimum at
x. The assertion about the local maximum in some direction follows similarly. This proves
the theorem. M

This theorem is an analogue of the second derivative test for higher dimensions. As in
one dimension, when there is a zero eigenvalue, it may be impossible to determine from the
Hessian matrix what the local qualitative behavior of the function is. For example, consider

fixy) =245 f(xy) = =2t +)%
Then Df; (0,0) = 0 and for both functions, the Hessian matrix evaluated at (0,0) equals
0 0
0 2
but the behavior of the two functions is very different near the origin. The second has a
saddle point while the first has a minimum there.

7.6 The Rank Theorem

This is a very interesting result. The proof follows Marsden and Hoffman. First here is
some linear algebra.

Theorem 7.6.1 LetL:R" — RY have rank m. Then there exists a basis
{wi g, U1}
such that a basis for ker (L) is {tpi1,- Uy }.
Proof: Since L has rank m, there is a basis for L (R") which is of the form
{Luy, -, Luy}

Then if },;cju; = 0 you can do L to both sides and conclude that each ¢; = 0. Hence
{wy, -+ ,up} is linearly independent. Let {vy,---,v;} be a basis for ker (L) . Let € R".
Then Lz = Y7 | ¢c;Lu,; for some choice of scalars ¢;. Hence L(xz—Y", cju;) = 0 which
shows that there exist d; such that x = Y | c;u,; + le‘-:l djv; It follows that

n
span (wy, -, Up, V1, -, V) =R
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Is this set of vectors linearly independent? Suppose Y7 | c;u; + Z’;: 1djvj=0Do L to both

sides to get )" ; ¢;Lu; = 0 Thus each ¢; = 0. Hence ):];:1 djv ;=0 and so each d; = 0 also.
It follows that k = n —m and we can let

{vlv"' a’vk} = {um+17"' ;un}' n
Another useful linear algebra result is the following lemma.

Lemma 7.6.2 Let V CR" be a subspace and suppose A (x) € (V, RN ) for x in some
open set U. Also suppose x — A (x) is continuous for x € U. Then if A (xg) is one to one
on'V for some xo € U, then it follows that for all x close enough to xq, A (x) is also one
tooneonV.

Proof: Consider V as an inner product space with the inner product from R” and
A(z)"A(z). Then A (z)"A(x) € £ (V,V) and x — A (z)"A(x) is also continuous. Also
forveV,

(A(z)"A(z)v,v)

y = (A(@)v,A(@) V)R

If A(z0)* A (zo) v = 0, then from the above, it follows that A (xg) v = 0 also. Therefore,
v =0 and so A (z)" A () is one to one on V. For all  close enough to xy, it follows
from continuity that A (z)" A () is also one to one. Thus, for such x, if A (z) v = 0, Then
A(z)"A(z)v =0 and so v = 0. Thus, for x close enough to x, it follows that A (x) is
alsoonetooneonV.

Theorem 7.6.3 Le: f:ACR" = RN where A is open in R". Let f be a C" function
and suppose that Df (x) has rank m for all x € A. Let xo € A. Then there are open sets
U,V CR" with xg € V, and a C” function h : U — V with inverse h™':V = U also C"
such that f o h depends only on (x1,- -+ ,Xm).

Proof: Let L =D (xg), and Ny = ker L. Using the above linear algebra theorem, there
exists

{ula"' 7um}

such that {Luy,--- ,Lu,,} is a basis for LR". Extend to form a basis for R",

{ula“' s Uy U1, 7un}
such that a basis for Ny = kerL is {41, ,u, }. Let
M =span(uy, - ,Up).

Let the coordinate maps be y;, so that if x € R",
=y (2)ur+-- 4y, (@) u,

Since these coordinate maps are linear, they are infinitely differentiable.
Next I will define coordinate maps for & € RY. Then by the above construction,
{Luy,---,Lu,} is a basis for L(R"). Let a basis for RV be

{Lulv'” 7Lum7vm+la"' a'UN}
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(Note that, since the rank of D f () = m you must have N > m.) The coordinate maps ¢,
will be defined as follows for z € RY.

=9, (z)Lu 0 () Lt + @ (®) V1 +-+ Oy (z) vy

Now define two infinitely differentiable maps G : R* — R" and H : R¥ — R",
G(.’E) = (07 707Wm+1 (.’13), > Wy (CE))

H(y)E(¢l(y)7""¢m(y)50""’0)

Forx € A CR", let
g(x)=H(f(x))+G(z) eR"

Thus the first term picks out the first m entries of f (x) and the second term the last n —m
entries of . It is of the form

(¢1(f(m))v 7¢m(.f(m))ﬂWm+1 (CC), 7Wn(m))

Then
Dg (xo) (v) =HL(v)+Gv=HLv+Gv (7.22)

which is of the form

Dg (SC()) (U) = (‘Pl (Lv) )t a(pm (L’U) s Yint1 (U) Wy (’U))

If this equals 0, then all the components of v, ¥, (v),---, ¥, (v) are equal to 0. Hence
v =YY" c/u;. But also the coordinates of Lv,¢, (Lv),-- ,¢,, (Lv) are all zero so Lv =0
andso 0 =Y | ¢;Lu; so by independence of the Lu;, each ¢; = 0 and consequently v = 0.

This proves the conditions for the inverse function theorem are valid for g. Therefore,
there is an open ball U and an open set V, zg € V, such that g : V — U is a C" map and its
inverse g~! : U — V is also. We can assume by continuity and Lemma 7.6.2 that V and U
are small enough that for each « € V,Dg (x) is one to one. This follows from the fact that
x — Dg () is continuous.

Since it is assumed that Df () is of rank m,Df (x) (R") is a subspace which is m
dimensional, denoted as P,,. Also denote L(R") = L(M) as P.

RN P,

Thus {Lu,---,Lu,,} is a basis for P. Using Lemma 7.6.2 again, by making V,U
smaller if necessary, one can also assume that for each € V, Df (x) is one to one on M
(although not on R”") and HD f (x) is one to one on M. This follows from continuity and
the fact that L= D f (x¢) is one to one on M. Therefore, it is also the case that D f (x) maps
the m dimensional space M onto the m dimensional space P, and H is one to one on F,.
The reason for this last claim is as follows: If Hz = 0 where z € P, then HDf () w =0
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where w € M and Df (x) w = z. Hence w = 0 because HDf (x) is one to one, and so
z = 0 which shows that indeed H is one to one on P,.

Denote as L, the inverse of H which is defined on R” x 0, L, : R"™ x 0 — P,. That 0
refers to the N — m string of zeros in the definition given above for H.

Define h = g~ ! and consider f, = f o h. It is desired to show that f, depends only on
X1, ,Xm. Let Dy refer to (x,--- ,xn) and let D, refer to (Xy41,--+ ,X,). Then f = f,0g
and so by the chain rule

Df (x)(y) =Df(g(x))Dg(z)(y) (7.23)
Now as in 7.22, for y € R",
Dg(z)(y) = HDf () (y) + Gy
= (@0, (Df (@)y). 0, (DF (@)Y) Vi1 (), ¥, (y))
Recall that from the above definitions of H and G,
G(y)=(0,,0,¥1 (), ¥, (9))

H(Df (z)(y)) = (9, (DS (x)y),- 9, (Df (x)y),0,---,0)

Let ; : R” — R™ denote the projection onto the first m positions and 7, the projection
onto the last n —m. Thus

mDg(z)(y) = (9,(Df(x)y), .9, (Df(x)y))
EZDg (CB) (y) = (l//erl (y) Y (y))

Now in general, for z € R",

Dfi(g(®))z=Difi(g(x))miz+D2f(g(x)) 22

Therefore, it follows that Df; (g (x)) Dg (x) (y) is given by

Df(x)(y) = Df(g(x))Dg(x)(y)
= Dif,(g(z))mDg(z)(y)+D2f (g(x)) m2Dg () (y)

=m1Dg(z)(y)

—_——
Df(x)(y) = Dfi(g9(x))Dg(x)(y)=Dif (g9(®))mHDf (z)(y)
+D2f1 (g (x)) m2Gy

We need to verify the last term equals 0. Solving for this term,
Daf (g () 12Gy = Df () (y) — D1 f1 (g9 (2)) mHDS () (y)
As just explained, L,, o H is the identity on P, the image of D f (). Then

D2f1(9(@) Gy = LooHDS(@)(y)~Dif (g (@) mHDS () (y)
~  (LaoHDF (@)~ D1/ (g (@) mHDF () (y)
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Factoring out that underlined term,

Daf1(9(x)) 126y = [La — D1 f1 (g () 1] HDf () (y)

Now Df (x): M — P, =Df (x) (R") is onto. (This is based on the assumption that D f (x)
has rank m.) Thus it suffices to consider only y € M in the right side of the above. However,
for such y,moGy = 0 because to be in M,y (y) = 0 if k > m+ 1, and so the left side of
the above equals 0. Thus it appears this term on the left is 0 for any y chosen. How can
this be so? It can only take place if D, f; (g (x)) = O for every & € V. Thus, since g is
onto, it can only take place if Dy f| () = 0 for all © € U. Therefore on U it must be the
case that f; depends only on xy, -, X, as desired. W

7.7 Exercises

1. Consider the question about level surfaces. Let S = {@ € R™"!: f(x) =c}. We
usually refer to this as a level surface in R"*! and we give examples of things like
ellipsoids and spheres. Then everyone is deceived into thinking they know what is
going on because of the examples. After this deception, and this is indeed what it
is, we give specious arguments to justify the method of Lagrange multipliers (I have
spent my career giving such specious arguments.) by showing that the gradient of
the objective function is perpendicular to the direction vector of every smooth curve
lying in S at a point where the maximum or minimum exists using the chain rule.
One thing which is missing in this kind of stupidity is a consideration whether there
even exist such smooth curves. Use the implicit function theorem to give conditions
which imply the existence of such smooth curves near a point on S.

2. State and give a short proof of the inverse function theorem for normed linear spaces
using Theorem 7.2.1.

3. Prove Theorem 7.4.1. Hint: Let K be such that

Now define g (1) = h (1) — (h(u)—i—ZZ’:l LA () (1—u)f +K (1 —u)’"“). Then
g(0) =0 and g(1 o by the mean value theorem, there is 7 € (0,1) where

=0s
g (t) = 0. Compute g’ (u) and simplify then choose the ¢ just mentioned and solve
for K.

4. Let f:R*xR — R?

+xy+y* +sin(A
Floi) = (TS )

Then f(0,0,4) =0,

piftrn = (|53 3 Joms00.0=( ] g ).
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Thus you can’t say f (x,y,A) = O defines (x,y) as a function of A near (0,0,0).

However, let
o(3) = (1))

co(5) = (5) (2 )-(5in)

2

I
/N
2
[N [N
= =
~_—

The equation f (x,y,A) = 0 can be written in the form

12,1 2,1 [
—53X" 4+ 5xy+x+y 4+ 34+ 58inAd
Of (eya)=| >, 20T AT —0 a2
— 12+ Ixy+x+y*+ 14+ Ssind
12,1 1 1
_ _ 3X°+ 5y — 5A +5sind _
I=0)f (xy2) < f%xzf%nyr%)Lf%sinl 0
1 S . 1 0
D,Q0f(0,0,0) = ( ) ) which is one to one on R. Indeed, if ) )u: 0 ),

then u = 0. By Theorem 7.2.1, the first equation in 7.24 defines x = x(y,A) for
small y,A. Also, you know it is a CX function for every k so you can use Taylor
approximation for functions of many variables to approximate x(y,A). In the top
equation, x, = 0. Also x; = —1 so x(y,A) =~ —A other than higher order terms for
small y, A. Now plug in to the bottom equation

1, 1 1, 1.
7% (y7/1)+§yX(y,7L)—§/1+§sm/l
R PR IE VPR PR SRR
= 5 A) +5Y(=A) = 54+ 5sind =0
sin(A)

Solve this for y to find y () = —1+ =~ + A at least approximately. This kind of
procedure is called the Lyapunov Schmidt procedure. It deals with the case where
the partial derivative used in the statement of the implicit function theorem is not
invertible. Note how it was possible to solve for a solution f (x,y,A) = 0 in this
example.

+xy+y* +xsin (4
5. Let f((x,y),A) = (x xx_iyzy—xz)f?l( )

x(A) =y(A) =0. Use the above procedure to show there is a nonzero solution to
this non-linear system of equations for small A.

) . One solution to f ((x,y),A) =01is

6. Let X,Y be finite dimensional vector spaces and let L € ¥ (X,Y). Let {Lxy,...,Lx,}
be a basis for L(X). Show that if {zj,...,z,} is a basis for ker(L), then a basis
for X is {x1,...,%m,21,...,2+} is a basis for X. Show that L is one to one on X| =

span (Xq, ..., Xm) -

7. Go through the details of the following argument. Let f : U C R" x R” — R” where
U is open in R” x R, (0,0) € U. Let f be C* for k > 1. Also suppose f (0,0) =
0. If L= D;f(0,0) and if L~ ! exists, then by the implicit function theorem, the
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equation f (z,\) = 0 defines & = x (\) for small X and « is C*. Let {y,,...,y,,}
be a basis for L(R") and enlarge to get {y;,..., Y, Wn+t1,---, Wy} as a basis for
R”™. Letting Lx; = y; use the above problem to have a basis for X which is of the
form {@1,...,Tm, Zmi1,---s 2n} With {Zy41,...,2,} a basis for ker (L) . Thus, from
the above problem L is one to one on X; = span(xy,...,x,;). For & € X;, show
Dz f(0,0) is the restriction of L to X; and so Dz f (0,0) is one to one on X;. Now
define the linear map Q : R" — R" by O (Y1, axyy + i1 brwr) = X4y axyy.
Thus Q? = Q. We can write the original equations f (z,\) = 0 as

Q.f(féai'aA) = Q.f(wa)‘) =0, ker(L)
(I_Q)f(féa:ia)‘)zo

Thus Qf (x, ) €span(yy,...,y,,) = Y. Now show that for & the variable in X, and
if v € X1, and D30 f(0,0,0)v = 0, then v = 0 and so we can apply the implicit
function theorem to obtain & = & (&, \) as the solution to O f (x,\) = 0 for Z, A
small where here & is in ker (L). Since everything in sight is Ck, one can use Tay-
lor series for functions of many variables to approximate the solution in these two
equations. See the Taylor formula 7.19. This is the general idea in the above two
problems.



Chapter 8

Measures and Measurable Functions

The Lebesgue integral is much better than the Rieman integral. This has been known for
over 100 years. It is much easier to generalize to many dimensions and it is much easier to
use in applications. It is also this integral which is most important in probability. However,
this integral is more abstract. This chapter will develop the abstract machinery for this
integral.

The next definition describes what is meant by a ¢ algebra. This is the fundamental
object which is studied in probability theory. The events come from a ¢ algebra of sets.
Recall that 7 (Q) is the set of all subsets of the given set Q. It may also be denoted by 2
but I won’t refer to it this way.

Definition 8.0.1 7 c (Q), the set of all subsets of Q, is called a ¢ algebra if
it contains 0,2, and is closed with respect to countable unions and complements. That
is, if {A,},,_, is countable and each A, € F, then U;_|A, € F also and if A € .F, then
Q\A € Z. Itis clear that any intersection of © algebras is a ¢ algebra. If # C P (Q),
o () is the smallest ¢ algebra which contains . In fact, the intersection of all 6
algebras containing ¥ is obviously a o algebra so this intersection is o ().

If .7 is a o algebra, then it is also closed with respect to countable intersections. Here
c
is why. Let {Fi};_, € .#. Then (ﬂka)C = UkaC € Z and so MiF, = ((ﬂka)C) =
(WFE)C e .
Example 8.0.2 You could consider N and for your ¢ algebra, you could have &7 (N). This

satisfies all the necessary requirements. Note that in fact, & (S) works for any S. However,
useful examples are not typically the set of all subsets.

8.1 Simple Functions and Measurable Functions

A o algebra is a collection of subsets of a set Q which includes 0,€, and is closed with
respect to countable unions and complements.

Definition 8.1.1 A measurable space, denoted as (Q,F), is one for which F is a
o algebra contained in & (Q). Let f : Q — X where X is a metric space. Then f is said to
be measurable means f~' (U) € .F whenever U is open.

It is important to have a theorem about pointwise limits of measurable functions. The
following is a fairly general such theorem which holds in the situations to be considered
in this book. First recall dist(x,S) in Lemma 3.12.1 which impliles that x — dist(x,S) is
continuous.

Theorem 8.1.2 e {fu} be a sequence of measurable functions mapping € to the
metric space (X,d) where (Q,.F) is a measureable space. Suppose the pointwise limit
f(®) =lim, e f, (®) for all ®. Then f is also a measurable function.

Proof: It is required to show f~! (U) is measurable for all U open. Let

V= {er:dist(x,UC) > ’111}

179
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Thus, since dist is continuous, (Lemma 3.12.1), V,, C {x € U : dist (x,U) >

%}5 Vm g
Vin € Vius1, and UV, = U. Then since V,,, is open, £~ (V;,) = Un Niey, fk_1 (Vi)

and so

FHU) = Ui f V) = U U it (Vi)
C Upf ' (Vm)=r"U)

which shows f~! (U) is measurable. B

Important examples of a metric spaces are R, C,F", where F is either R or C. However,
it is also very convenient to consider the metric space (—eo, 0|, the real line with oo tacked
on at the end. This can be considered as a metric space in a very simple way.

p (x,y) = |arctan (x) — arctan (y)]

with the understanding that arctan (o) = 7/2. It is easy to show that this metric restricted
to R gives the same open sets on R as the usual metric given by d (x,y) = |x—y| but in
addition, allows the inclusion of that ideal point out at the end of the real line denoted as
oo, This is considered mainly because it makes the development of the theory easier. The
open sets in (—oo,o0| are described in the following lemma.

Lemma 8.1.3 The open balls in (—oo, | consist of sets of the form (a,b) for a,b real
numbers and (a,o|. This is a separable metric space.

Proof: If the center of the ball is a real number, then the ball will result in an interval
(a,b) where a,b are real numbers. If the center of the ball is oo, then the ball results in
something of the form (a,c]. It is obvious that this is a separable metric space with the
countable dense set being Q since every ball contains a rational number. l

If you kept both —eo and e with the obvious generalization that arctan (—o) = —7,
then the resulting metric space would be a complete separable metric space. However, it is
not convenient to include —oo, so this won’t be done. The reason is that it will be desired
to make sense of things like f + g.

Then for functions which have values in (—oo,0] we have the following extremely
useful description of what it means for a function to be measurable.

Lemma 8.1.4 Let f: Q — (—oo,00] where .F is a ¢ algebra of subsets of Q. Here
(—oo, 00| is the metric space just described with the metric given by

p (x,y) = |arctan (x) — arctan (y)| .
Then the following are equivalent.
1 ((d,]) € .Z . for all finite d,
F~((—o0,d)) € . for all finite d,
f1([d,]) € .Z,for all finite d,
! ((—o0,d]) € 7, for all finite d,
' ((a,b)) € F foralla < b,—e0 < a < b < oo.

Any of these equivalent conditions is equivalent to the function being measurable.
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Proof: First note that the first and the third are equivalent. To see this, observe
F1([d, =) = Nz, £ 1((d — 1/n,0]), and so if the first condition holds, then so does the
third. f~1((d,0]) = U, f~1([d+1/n,o]), and so if the third condition holds, so does the
first.

Similarly, the second and fourth conditions are equivalent. Now from the definition
of inverse image, f~!((—o0,d]) = (f~!((d,]))¢ so the first and fourth conditions are
equivalent. Thus the first four conditions are equivalent and if any of them hold, then
for —co < a < b < oo, f~1((a,b)) = f~1((—o0,b)) N f~'((a,]) € .Z. Finally, if the last
condition holds, £~ ([d,]) = (Up_, f! ((fk+d,d)))c € % and so the third condition
holds. Therefore, all five conditions are equivalent.

Since (—oo,o0] is a separable metric space, it follows from Theorem 3.4.2 that every
open set U is a countable union of open intervals U = Uyl where Iy is of the form (a,b)
or (a,o] and, as just shown if any of the equivalent conditions holds, then f~!(U) =
Urf~ 1 (Iy) € Z. Conversely, if f~! (U) € .Z for any open set U € (—oo, 0], then in partic-
ular, f~!((a,b)) € .F which is one of the equivalent conditions and so all the equivalent
conditions hold. W

Note that if f is continuous and g is measurable, then f o g is always measurable. This
is because, for U open, (fog) ' (U) =g~ (f~' (U)) = g~" (open) which is measurable.

There is a fundamental theorem about the relationship of simple functions to measur-
able functions given in the next theorem.

Definition 8.1.5 Let E € .F for # a 6 aigebra. Then

_ | lifoeE
%E(“’):{ Oifo¢E

This is called the indicator function of the set E. Let s : (Q,. %) — R. Then s is a sim-
ple function if it is of the form s(®) =Y, ¢; Zg, (®) where E; € & and c; € R, the E;
being disjoint. Thus simple functions are those which have finitely many values and are
measurable. In the next theorem, it will also be assumed that each c¢; > 0.

Each simple function is measurable. This is easily seen as follows. First of all, you can
assume the c; are distinct because if not, you could just replace those E; which correspond
to a single value with their union. Then if you have any open interval (a,b),s~! ((a,b)) =
U{E; : ¢; € (a,b)} and this is measurable because it is the finite union of measurable sets.

Theorem 8.1.6 L. f >0 be measurable. Then there exists a sequence of nonnega-
tive simple functions {s,} satisfying

0 <sp(®) 8.1
sn(a)) §5n+1(a))...
flo)= ’}iilgosn(w)for all € Q. (8.2)

If f is bounded, the convergence is actually uniform. Conversely, if f is nonnegative and is
the pointwise limit of such simple functions, then f is measurable.

Proof: Letting I = {®: f (®0) = o}, define

on
()= Z S%f,l([g ﬂ))(a))—FZ”%(w).
k=0

n’> n
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Then 1,(w) < f(w) for all ® and lim,_..7,(®) = f(w) for all ®. This is because 7, (®) =
2" for @ € I and if f (o) € [0,251), then

n

0<f(o)—ty(0) < —. (8.3)

S| =

Thus whenever @ ¢ I, the above inequality will hold for all n large enough. Let
S =11, S = max(tl,tz), §3 = max(tl,tg,t3),--~.

Then the sequence {s,} satisfies 8.1-8.2. Also each s, has finitely many values and is
measurable. To see this, note that s, ! ((a,0]) = Ui_ 1, ((a,]) € F

To verify the last claim, note that in this case the term 2".2;(®) is not present and for
n large enough, 2" /n is larger than all values of f. Therefore, for all n large enough, 8.3
holds for all @. Thus the convergence is uniform.

The last claim follows right away from Theorem 8.1.2. B

Another useful observation is that the set where a sequence of measurable functions
converges is also a measurable set.

Proposition 8.1.7 Let {f,} be measurable with values in (—o,). Let
A={o:{f,(®)} converges}.
Then A is measurable.

Proof: The set A is the same as the set on which {f, (@)} is a Cauchy sequence. This
setis

0 0o 1
Mp=1 Y=1Np,g>m pr (@) _fq(w)H < n

which is a measurable set thanks to the measurability of each f,,. B

8.2 Measures and Their Properties

What is meant by a measure?

Definition 8.2.1 L. (Q, F) be a measurable space. Here F is a & algebra of sets
of Q. Then p : F — [0,9] is called a measure if whenever {F;}"" | is a sequence of disjoint
sets of F, it follows that

oo

w(UZF) = Y u(E)

i=1
Note that the series could equal oo. If 11 (Q) < oo, then W is called a finite measure. An
important case is when 1L (Q) = 1 when it is called a probability measure.

Note that (@) = u (0U0) = u (0)+ 1 (0) and so u (0) = 0.

Example 8.2.2 You could have & (N) = .% and you could define |1 (S) to be the number
of elements of S. This is called counting measure. It is left as an exercise to show that this
is a measure.
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Example 8.2.3 Here is a pathological example. Let Q be uncountable and % will be those
sets which have the property that either the set is countable or its complement is countable.
Let u(E) =0 if E is countable and 1 (E) = 1 if E is uncountable. It is left as an exercise
to show that this is a measure.

Of course the most important measure in this book will be Lebesgue measure which
gives the “volume” of a subset of R".

Lemma 8.2.4 If i is a measure and F; € F, then u (U2 | F) < Y2, u(F). Also if
F, € % and F, C F,| for all n, then if F = U, F;,
1 (F) = lim p (F,)

n—oo

IfFy O Fypy foralln, then if L (Fy) < oo and F = N, F,, then

W (F) = lim pu (F)

n—so0

Proof: Let G| = F; and if Gy,---,G, have been chosen disjoint, let G,y = Fyy1 \
U, G;. Thus the G; are disjoint. In addition, these are all measurable sets. Now

B (Gni1) + 1 (Fye1 0 (UL Gi)) = 1 (Fogr)

and so U (G,) < (F;). Therefore,

(UG = Y (G) < Y (F).

l

Now consider the increasing sequence of F,, € .%. If F C G and these are sets of .7,
then u (G) = u(F)+pu(G\F) so u(G) > u(F). Also F = U | (Fi41 \ F;) + Fi. Then

p(F) =Xy 0 (Fipa \F) + R (F). Now p(Fia \ F) + p(F) = p(Fig). If any p (Fr) =
oo, there is nothing to prove. Assume then that these are all finite. Then u (Fi+1 \ F;) =

1 (Fii1) — i (F;) and so

Y w(F) —p(F)+u(R)
i=1

= lim Y p(Fior) —p(F) +p (F) = lim p (Fuy1)
i=1

u(F)

Next suppose [ (F}) < oo and {F, } is a decreasing sequence. Then F} \ F,, is increasing
to Fi \ F and so by the first part,

H(F) — 1 (F) = (F \ F) = lim t (F1 \ Fy) = Tim (4t (Fy) — ()

This is justified because u (Fy \ F,) + pt (F,) = p (F1) and all numbers are finite by assump-
tion. Hence U (F) = lim,_,o U (F,). W

I like to remember this as E, T E = p(E,) T U (E) and E, | E = u(E,) | u(E) if
H(Er) <ee.

There is a monumentally important theorem called the Borel Cantelli lemma. This is
next.
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Lemma 8.2.5 If (Q,.7, 1) is a measure space and if {E;} C .F and ¥ | 1 (E;) < oo,
then there exists a set N of measure 0 (L (N) = 0) such that if @ ¢ N, then ® is in only
finitely many of the E;.

o

Proof: The set of @ in infinitely many E; is N = N>_, Ug>, Ex because this consists
of those @ which are in some Ej, for k > n for any choice of n. Now pu (N) < Y2 1 (Ey)
which is just the tail of a convergent series. Thus, it converges to 0 as n — . Hence it is
less than € for n large enough. Thus u (N) is no more than € for any € > 0. B

8.3 Dynkin’s Lemma

Dynkin’s lemma is a very useful result. It is like something used in other books called
monotone classes containing something called an algebra of sets, but it is easier to use.

Definition 8.3.1 Ler Q be a set and let 5 be a collection of subsets of Q. Then &~
is called a 7 system if 0,Q € & and whenever A,B € JZ, it follows ANB € J£ .

The following is the fundamental lemma which shows these 7 systems are useful. This
is due to Dynkin.

Lemma 8.3.2 Let # be a & system of subsets of Q, a set. Also let 4 be a collection of
subsets of Q which satisfies the following three properties.

1. ¥ CY
2. IfA€ Y, then A€ c¢ ¥
3. If {Ai} | is a sequence of disjoint sets from & then U7 |A; € 9.
Then 9 D o ('), where o () is the smallest & algebra which contains ¢ .

Proof: First note that if
A ={¥:1-3allhold}

then N7 yields a collection of sets which also satisfies 1 - 3. Therefore, I will assume in
the argument that ¢ is the smallest collection satisfying 1 - 3. Let A € % and define

G ={Bc9Y:ANBcY)}.

I want to show ¥4 satisfies 1 - 3 because then it must equal ¢ since ¢ is the smallest
collection of subsets of Q which satisfies 1 - 3. This will give the conclusion that for
A€ X and B€ ¥, ANB € ¥. This information will then be used to show thatif A,B € ¢4
then ANB € ¢4. From this it will follow very easily that ¢ is a o algebra which will imply
it contains ¢ (). Now here are the details of the argument.

Since . is given to be a 7 system contained in ¢, # C ¥4. Indeed, if C € £ then
ANC e X C¥Y soC e Yy. Property 3 is obvious because if {B;} is a sequence of disjoint
sets in ¢y, then

ANV Bi=UZ | ANB; €9

because AN B; € 4 and the property 3 of ¢4.
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It remains to verify Property 2 so let B € ¥4. I need to verify that B € ¢,. In other
words, I need to show that AN B¢ € 4. However,

ANBC = (ASUANB)) €9

Here is why. Since B € 94, ANB € ¢ and since A € # C ¥ it follows AC € ¢ by as-
sumption 2. It follows from assumption 3 the union of the disjoint sets, A and (AN B) is
in ¢4 and then from 2 the complement of their union is in ¢. Thus ¥, satisfies 1 - 3 and
this implies, since ¥ is the smallest such, that ¥4 O ¢. However, ¥4 is constructed as a
subset of ¢. This proves that for every B€ ¥ and A € #, ANB € 4. Now pick B € 4 and
consider

Ys={Ac9 ANBcY}.

I just proved J#~ C ¥5. The other arguments are identical to show ¥z satisfies 1 - 3 and is
therefore equal to ¢. This shows that whenever A, B € ¢ it follows ANB € ¥.

This implies ¢ is a ¢ algebra. To show this, all that is left is to verify ¢ is closed under
countable unions because then it follows ¢ is a o algebra. Let {A;} C %¢. Thenlet A} = A,
and

A1 = A1\ (UL1A) = At N (MELAT) = N1 (A NAT) €9

because finite intersections of sets of ¢ are in ¢. Since the Aﬁ» are disjoint, it follows
U2, A =Uz Al € 4. Therefore, ¥ D o (%). R

Corollary 8.3.3 Given 2, closed with respect to complements, the condition that 9 is
closed with respect to countable disjoint unions is equivalent to ¢ the condition that ¢ is
closed with respect to countable intersections.

Proof: = Consider N E where E, € 4. Then N E; = (UkE,f)C. Now the EkC are not
necessarily disjoint, but each is in ¢ and so one can use the scheme of the last part of the
proof of Lemma 8.3.2 to reduce to this case and conclude UkEkC € ¢. Then the countable
intersection is just the complement of this last set.

<« Suppose the countable intersection of sets of ¢ is in ¢ and consider a countable

union U E, of sets of 4. Then U E, = (ﬁkEkC)C cv. m

8.4 Outer Measures

There is also something called an outer measure which is defined on the set of all subsets.

Definition 8.4.1 Ler Q be a nonempty set and let A : 2 (Q) — [0,00) satisfy the
following:

L A®0) =0
2. IfAC B, then A (A) < A (B)
3. A(UZE) < X2, A (E)

Then A is called an outer measure.
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Every measure determines an outer measure. For example, suppose that i is a measure
on .# a o algebra of subsets of Q. Then define

LS)=inf{u(E):ED>S,Ec F}.
This is easily seen to be an outer measure. Also, we have the following Proposition.

Proposition 8.4.2 Let u be a measure defined on a ¢ algebra of subsets .F of Q as
just described. Then fi as defined above, is an outer measure and also, if E € %, then

A(E) = p(E).

Proof: The first two properties of an outer measure are obvious. What of the third? If
any fi (E;) = oo, then there is nothing to show so suppose each of these is finite. Let F; D E;
such that F; € 7 and i (E;) + 5 > p (F;). Then

(U E) < u (UL F) Si i( )gﬂ(E,-)Jrg

Since ¢ is arbitrary, this establishes the third condition. Finally, if E € .%, then by defini-
tion, fi (E) < u(E) because E D E. Also, U (E) < u(F) forall F € # suchthat F D E. It
follows that  (E) is a lower bound of all such y (F) andso i (E) > p (E).H

8.5 Measures From Outer Measures

There is a general procedure for constructing a ¢ algebra and a measure from an outer
measure which is due to Caratheodory about 1918.

Thus, when you have a measure on (£2,.%), you can obtain an outer measure on
(Q, Z(Q)) from this measure as in Proposition 8.4.2, and if you have an outer measure on
(Q,Z(Q)), this will define a ¢ algebra .# and a measure on (Q,.%). This last assertion
is the topic of this section.

Definition 8.5.1 Ler Q be a nonempty set and let p : P(Q) — [0,0] be an outer
measure. For E C Q, E is W measurable if for all S C Q,

1(S) = u(S\E)+u(SNE). (8.4)

To help in remembering 8.4, think of a measurable set E, as a process which divides a
given set into two pieces, the part in £ and the part not in E as in 8.4. In the Bible, there
are several incidents recorded in which a process of division resulted in more stuff than
was originally present.! Measurable sets are exactly those which are incapable of such a
miracle. With an outer measure, it is always the case that 4(S) < u(S\ E)+ u(SNE).
The set is measurable, when equality is always obtained for any choice of S € &7 (). You
might think of the measurable sets as the non-miraculous sets. The idea is to show that
these sets form a ¢ algebra on which the outer measure U is a measure.

First here is a definition and a lemma.

Bl Kings 17, 2 Kings 4, Mathew 14, and Mathew 15 all contain such descriptions. The stuff involved was
either oil, bread, flour or fish. In mathematics such things have also been done with sets. In the book by Bruckner
Bruckner and Thompson there is an interesting discussion of the Banach Tarski paradox which says it is possible
to divide a ball in R? into five disjoint pieces and assemble the pieces to form two disjoint balls of the same size as
the first. The details can be found in: The Banach Tarski Paradox by Wagon, Cambridge University press. 1985.
It is known that all such examples must involve the axiom of choice.
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Definition 8.5.2 (u[5)(A) = u(SNA) for all A C Q. Thus 11|S is the name of a
new outer measure, called U restricted to S.

The next lemma indicates that the property of measurability is not lost by considering
this restricted measure.

Lemma 8.5.3 IfA is u measurable, then for any S, A is 1| S measurable.
Proof: Suppose A is (1 measurable. It is desired to to show that for all 7 C Q,

(H[S)(T) = (u[SHT NA) + (1[S)(T\A).
Thus it is desired to show
u(SNT) =pu(TNANS) +u(TNSNAS). (8.5)

But 8.5 holds because A is 4 measurable. Apply Definition 8.5.1 to SN T instead of S. W
If A is 1 | S measurable, it does not follow that A is t measurable. Indeed, if you believe
in the existence of non measurable sets which is discussed later, you could let A = S for
such a 4 non measurable set and verify that S is | S measurable.
The next theorem is the main result on outer measures which shows that starting with
an outer measure you can obtain a measure.

Theorem 8.5.4 Let Q be a set and let U be an outer measure on & (Q). The col-
lection of L measurable sets ., forms a ¢ algebra and

IfFie ., FNF; =0, then u(UZF) = Y u(F). (8.6)
i=1

If---F, CFu1 C---, thenif F = U, _|F, and F, € ., it follows that

p(F) :r}l_rgﬂ(Fn) (8.7)
If---Fy,DF 1 2, and if F =N F, for F, € & then if W(Fy) < oo,
W(F) = tim u(F). (3.39)

This measure space is also complete which means that if W (F) = 0 for some F € . then
if G CF, it follows G € . also.

Proof: First note that @ and Q are obviously in .. Now suppose A, B € .. I will show
A\B=ANBCisin.7. To do so, consider the following picture.
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It is required to show that u (S) = u (S\ (A\B)) + u (SN(A\B)). First consider S\
(A\ B) . From the picture, it equals

(SNASNBC)U(SNANB)U(SNASNB)
Therefore, 1 (S) < pu (S\(A\B))+u(SN(A\B))

< u(SNASNBC)+u(SNANB)+u (SNASNB) +u(SN(A\B))
= u(SNANBY) +u(SNANB)+u (SNA“NB) +pu (SNANBC)

1 (SNASNB) +pu (SNANBS) + 1 (SNANB) + u (SNA“NB)
= u(SNBY)+u(SNB)=u(S)

and so this shows that A \ B € . whenever A,B € ..

Since Q € .7, this shows that A € . if and only if A€ € .. Now if A,B € ./, AUB =
(A°NBC)C = (A°\B)C € .. By induction, if Ay, -+ ,A, € .7, then so is U'_,A;. If
A,BE .7, withANB =0,

H(AUB) = u((AUB) NA) + 1((AUB)\ A) = u(4) + u(B).

By induction, if A;NA; =0 and A; € .7,

n

H(ULA) =Y u(A). (8.9)
i=1

Now let A = U |A; where A;NA; =0 fori # j. Y2, 1u(A;) > u(A) > p(Ur A;) =

" 1 1(A;). Since this holds for all n, you can take the limit as n — oo and conclude,
Y 1(A;) = u(A) which establishes 8.6.

Consider part 8.7. Without loss of generality pt (Fy) < oo for all & since otherwise there
is nothing to show. Suppose {F;} is an increasing sequence of sets of .. Then letting
Fy =0, {Fey1 \ Fx}p is a sequence of disjoint sets of .7 since it was shown above that
the difference of two sets of .% is in .. Also note that from 8.9

W (Frer1 \ Fie) + 1 (Fi) = 1 (Fies1)

and so if i (Fy) < o, then

W (Fer1 \ Fie) = p (Fi1) — 1 (Fi) -

Therefore, letting F = Uy, F;, which also equals Uy, (Fiq1 \ Fx) , it follows from part 8.6
just shown that

o

Y u(Fn \F) = lim Y u(Fer \F)
k=0 k=0

1 (F)
= lim Y p(Fir) = (F) = lim p (Fsr).
n—>ook:0 n—yoo

In order to establish 8.8, let the F,, be as given there. Then, since (F \ F,,) increases to
(Fi\ F), 8.7 implies

lim (11 (F1) — 1 (Fy) = Tim 1 (F1\ Fy) = 1 (Fi \ F).

n—yoo
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The problem is, I don’t know F € .¥ and so it is not clear that y (Fi \ F) = u (F;) — u (F).
However, u (F{\F)+u(F) > u(Fy)and so u (Fi\F) > u(F)— u(F). Hence

lim (1 (F1) — t (F) = i (FL\ F) > () — o (F)

which implies lim,_,  (F,) < (F). But since F C Fy, u (F) < lim,_, U (F,;) and this
establishes 8.8. Note that it was assumed p (F}) < o because u (F}) was subtracted from
both sides.

It remains to show .¥ is closed under countable unions. Recall that if A € .7, then
A€ € .7 and . is closed under finite unions. Let A; € ., A = Uz A;, By = U |A;. Then

u(S)

W(SNB,)+u(S\By) (8.10)
= (u[S)(Bn) + (1|S)(BY).

By Lemma 8.5.3 B, is (1|S) measurable and so is BS. T want to show u(S) > u(S\A) +
W(SNA). If u(S) = o, there is nothing to prove. Assume p(S) < co. Then apply Parts 8.8
and 8.7 to the outer measure p|S in 8.10 and let n — o, Thus B, 1 A, BS LAC and this
yields 1(S) = (1[S)(A) + (1|S)(AC) = u(SNA) + u(S\A).

Therefore A € .% and this proves Parts 8.6, 8.7, and 8.8.

It only remains to verify the assertion about completeness. Letting G and F be as
described above, let S C Q. I need to verify p (S) > p (SNG) + u (S\ G). However,

L(SNG)+u(S\G) < p(SNF)+u(S\F)+u(F\G)
= R(SNF)+u(S\F)=pn(S)

because by assumption, 4 (F\G) < u(F)=0. B

Corollary 8.5.5 Completeness is the same as saying that if (E\ E')U(E'\E)CN € F
and W (N) =0, then if E € Z, it follows that E' € F also.

Proof: If the new condition holds, then suppose G C F where i (F) =0,F € %#. Then
=0
—
(G\F)U(F\G) C F and u (F) is given to equal 0. Therefore, G € .%.
Now suppose the earlier version of completeness and let

(E\E'YU(E'\E)CNe.Z

where i (N) =0 and E € .%. Then we know (E\ E’),(E'\ E) € % and all have measure
zero. It follows E\ (E\E') = ENE' € %. Hence

E'=(ENE)U(E'"\E)e 7 1

Given a measure space (Q, %, 1) we can always complete the measure space by consid-
ering the outer measure described above in Proposition 8.4.2. Denoting this outer measure
by i, the completion will be (Q,.7, 1) where . will be the sets measurable in the sense
of Caratheodory just described as in Proposition 8.4.2, the new measure fi will coincide
with ¢ on .% but will be a complete measure on the larger o algebra ..

Proposition 8.5.6 Ler (Q,.7,u) be a finite measure space, |t (Q) < . Then if E €
(Q,.7, 1), the complete measure space obtained as the above using Caratheodory’s ap-
proach and [1 is the outer measure defined as in Proposition 8.4.2, then there exists F € &
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such that F D E and [l (F) = W (F) = [i (E). The same conclusion holds if (Q, %, 1) is a
o finite measure space meaning that Q = U?_, Qy where the Q € % and are disjoint with
B () < oo

Proof: i (E) =inf{u(F):F 2E,FEF}.Let F, € #, F, O F and i (E)+ 1 >
U (F,) . By taking intersections, we can also assume that F, O F,,;1. Let F = N,F,. Then
using Proposition 8.4.2 we have u(F) = i(F) = fi(E). In o finite case, it was just
shown that there exists F; C Q, F; € .% such that i (F;) = u(F;) = A (ENKy). Then
let F = UFy. [L(E) :Z?:lﬂ(Eka) :ZZ’ZI [J(Fk) :[J,(F) :[:l(F) [ |

As a corollary, we can say something about functions.

Corollary 8.5.7 Let (Q,.7,u) be o finite and let (Q,.7,[1) be the completion just
discussed. Then if f > 0 and . measurable, there exists h > f such that h = f for i a.e.
and h is F measurable.

Proof: From Theorem 8.1.6 there is a sequence of . measurable simple nonnegative
functions s, (@) = Y, ¢} 2t £y (@) which converges pointwise to f. From Proposition
8.5.6, su (0) = §, () where §, (@) = L, ¢} Xy (@) with Er DEP, [ (EM\E}) =0.
Then letting /() = limsup,,_,.,$, (@), it follows that i (®) is % measurable, h(®w) =
f(w) fae.,and h(0) > f(w). B

8.6 Measurable Sets Include Borel Sets?

If you have an outer measure, it determines a measure. This section gives a very convenient
criterion which allows you to conclude right away that the measure is a Borel measure.

Theorem 8.6.1 Le: U be an outer measure on the subsets of (X,d), a metric space.
If u(AUB) = u(A) + w(B) whenever dist(A,B) > 0, then the o algebra of measurable sets
. contains the Borel sets.

Proof: It suffices to show that closed sets are in .%, the o-algebra of measurable sets,
because then the open sets are also in .%” and consequently . contains the Borel sets. Let
K be closed and let S be a subset of Q. Is u(S) > u(SNK)+ 1 (S\ K)? It suffices to assume
1(S) < e. Let K, = {x:dist(x,K) < 1}. By Lemma 3.12.1 on Page 83, x — dist (x,K)
is continuous and so K, is a closed set having K as a subset. That in K¢ is at a positive
distance from K. By the assumption of the theorem,

1(S) > n((SNK)U(S\Ky)) = u(SNK) +u(S\Ky) (8.11)
Now
W(S\Ky) < u(S\K) < p(S\Kn) + p((Ku \ K)NS). (8.12)

If limy, e U((K, \ K)NS) = 0 then the theorem will be proved because this limit along
with 8.12 implies lim,, . it (S\ K,;) = p (S\ K) and then taking a limit in 8.11, u(S) >
U(SNK)+ u(S\K) as desired. Therefore, it suffices to establish this limit.

Since K is closed, a point, x ¢ K must be at a positive distance from K and so

K, \K = Uzc:nKk \Kk+1.

Therefore

(SO (K\K) < Y (S0 (Ki\ Ki 1)). (8.13)
k=n
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If

s

IS (K \ Kiey1)) < oo, (8.14)

k=1

then u(SN (K, \ K)) — 0 because it is dominated by the tail of a convergent series so it
suffices to show 8.14.

M
Y (SN (Ki\Kit1)) =
k=1
Y uSN(K\Ke))+ Y, 1SN (K \Kiy1))- (8.15)
k even, k<M kodd, k<M

By the construction, the distance between any pair of sets, SN (K} \ K1) for different even
values of k is positive and the distance between any pair of sets, SN (K \ K41 ) for different
odd values of k is positive. Therefore,

Y BN (K \Ker))+ ) (SN (Ki\ K1) <
k even, k<M kodd, k<M

H( U (Sm(Kk\Kk+1))>+“< U (Sﬁ(Kk\KkH)))

k even, k<M kodd, k<M
S (S)+u(S)=2u(S)
and so for all M, YA | (SN (K \ Kxv1)) < 24 (S) showing 8.14. W

8.7 Regular Measures

In using measures defined on a ¢ algebra of subsets of a metric space, the idea of regularity
is fundamental.

Definition 8.7.1 A measure U defined on a ¢ algebra F of sets in a metric space
X which includes the Borel sets B (X) will be called inner regular on F if for all F € F,

w(F)=sup{u(K): K CF and K is closed} (8.16)
A measure, | defined on % will be called outer regular on F if for all F € 7,
w(F)=inf{u(V):V D F andV is open} (8.17)

When a measure is both inner and outer regular, it is called regular. Actually, it is more
useful and likely more standard to refer to | being inner regular as

w(F)=sup{u(K): K CF and K is compact} (8.18)

Thus the word “closed” is replaced with “compact”. A complete measure defined on a ©
algebra F which includes the Borel sets which is finite on compact sets and also satisfies
8.17 and 8.18 for each F € % is called a Radon measure. A Gg set, pronounced as G delta
is the countable intersection of open sets. An Fy set, pronounced F sigma is the countable
union of closed sets.

In every case which has been of interest to me, the measure has been ¢ finite.
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Definition 8.7.2 If (X,.%, L) is a measure space, it is called o finite if there are
X, € F with U,X,, = X and i (X,) < . Note that by considering Y, = X, \ X,,—1, X0 =0
we could assume X = U,Y,, where the Y,, are disjoint.

Then there is a useful general result.

Theorem 8.7.3 Let (X,d) be a metric space and suppose I is © finite and outer
regular. Then | is inner regular. If every closed set is the countable union of compact sets,
then in the definition of inner regular, one can replace “closed” with “compact”.

Proof: Whenever p (F), i (G) < oo for GO F,u(G\F) =u(G)—p(F). I will use
this simple observation without comment in the following. To show the measure space is
regular, the following picture might help or it might not. V is between the dotted lines.

am .y
=" S,
- ~

Ve,

Let F be a bounded measurable set and let y (U \ F) < € where U is open and let
K CU, K closed and u (U\K) < €. I can get such a K because every open set is the
countable union of closed sets

1
U=U, {x - dist (x,UC) > k} =Up 1 Kr, .. K € Ky

thus u (U) < p (Ky) for all k large enough since p (U) = limg_,o 14 (K;) by Lemma 8.2.4.
Then let V be open and u(V \ (U\ F)) < € where V DU\ F =UNFC so V€ CUCUF.
This is possible because all sets are in .%. Then VenkK C (UCUF) NK=FNKCF.
Now VENK is compact and

u(F\(KNVve))

w(FN(KCUV)) =p(FNV)+pu (FNKC)
UFENV)+u(U\NK)<u(FNV)+e

IN

However, € > u(V \ (U\F)) = (vn (U mFC)C) —u (VN (USUF)) > u(VNF)and

sop (F\ (KNVC)) <2e. That u (F) = sup{u (K) : K C F} follows from observing that
U (F) =1lim, e (FNB(0,n)) and then applying what was just shown to a suitable F N
B(0,n). As to the last claim, it follows from observing that for K a closed set, there is an
increasing sequence of compact sets {K, } whose union is K and then using Lemma 8.2.4.
|

The following is a nice formulation of the above and also gives a useful claim about
uniqueness.

Theorem 8.7.4 suppose (X, Z#, 1), F DA (X) is a measure space for X a metric
space and WL is © finite, X = U, X, with |1 (X,,) < oo and the X, disjoint Borel sets. Suppose
also that W is outer regular. Then for each E € F, there exists F,G an Fs and Gg set
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respectively such that F C E C G and i (G\F) = 0. In particular; ji is inner and outer
regular on . If ( ,u) has the same properties, outer regular, and o finite, and L = fl
on open sets, then if both W, I are complete measures, it follows that . = [I and F =Z.

Proof: Since p is outer regular and p (X,) < oo, there exists an open set V,, 2 ENX,
such that

LV \(ENXy)) =1 (Vo) —H(ENX,) < -
Then letV = U,V, so that V O E. Then E = U,E N X, and so

L(V\E) < p (U (Vo \ (ENXy))) < Y (Vi \ (ENX,)) <Z£ =€

Similarly, there exists U,, open such that u (Un \ (EC ﬁXn)) < 2%, U, DE°NX, soif U =
UnUn, t (U\E€) = ,LL (E\U®) < &.Now U€ is closed and contained in E because U D E€.
Hence, letting 8 = 2n , there exist closed sets C,,, and open sets V,, such that C,, C E C 'V, and
( W\ Cn) < 2,, st Letting G = ﬂnVn,F UpCp, FCECGand u(G\F) < pu(V,\Cy) <
Since n is arbitrary, u (G\ F) =
Let the disjoint sets X,, work for [I as well as for pt. One can simply take an enumeration
of X, NX,, where the X,, work for fi. Let .# consist of the open sets.This is clearly a
7 system because finite intersections remain in JZ". Also 4 = fI on £ by assumption.
Let ¢ be those Borel sets F such that u (FNX,) = [ (FNX,). Then ¢ is clearly closed
with respect to complements and countable disjoint intersections so ¢4 = % (X). Taking
unions, it follows that i = y on the Borel sets. Now by the first part, there is G a Gg
set and F an F such that u (G\F) = fi(G\F) =0 and G 2 EDF for E€.7. Then
by completeness of fl, it follows that E € .. Thus .% C .%. Similarly .% C .Z. Also,
p(E)=p(G)=p(G)=p(E)sop=[. 1

2)1 n—1*

8.8 Constructing Measures From Functionals

Here is a theorem which is the main result on measures and functionals defined on a space
of continuous functions. The typical situation is of a metric space in which closed balls are
compact like R”.

Definition 8.8.1 C. (X) will denote the complex values functions which have com-
p

pact support in some metric space X. This is clearly a linear space. Then a linear function

L:C.(X)— Cis called “postitive” if whenever f > 0, then Lf > 0.

The following theorem is called the Riesz representation theorem for positive linear
functionals. I will make the way in which it represents something more clear later on. For
now it will just produce lots of measures. Recall that K < f < V means that f is 1 on the
compact set K, has compact support in the open set V and takes values in [0, 1]. Also f <V
means f has values in [0, 1] and has compact support in the open set V.

Theorem 8.8.2 Let L: C.(X) — C be a positive linear functional where X is a
metric space and X is a countable union of compact sets. Then there exists a complete
measure | defined on a ¢ algebra .F which contains the Borel sets 2 (X) which is finite
on compact sets and has the following properties. W is regular. If E is measurable, there
are F5 and Gg sets F,G such that F CE C Gand U (G\F)=0s0 W)F = u(E) = u(G).
Then U and F are uniquely determined.



194 CHAPTER 8. MEASURES AND MEASURABLE FUNCTIONS

Proof: See the notation and lemmas near Definition 3.12.3 having to do with partitions
of unity on a metric space for what is needed in this proof. For V open, let fi (V) =
sup{Lf : f < V}. Then for an arbitrary set F, let i (F) =inf{fi (V):V 2D F},i(0)=0.
In what follows, V will be an open set and K a compact set.

Claim 1: fi is well defined.

Proof of Claim 1: Note there are two descriptions of fi (V) for V open. They need
to be the same. Let fi; be the definition involving supremums of Lf and let it be the
general definition. Let V C U where V,U open. Then by definition, i (V) < ft, (U) and so
g(V)=inf{fi, U):UDV} >, (V). However,V CVandso i (V)< f, (V). R

Claim 2: i is finite on compact sets. Also, if K < f, it follows that fi (K) < L(f) < oo.

Proof of Claim 2: Let K < f < X. Let Ve = {x: f(x) > 1 — €}, an open set since f is
continuous. Then let g < V; so it follows that % > g. Then L(g) < 7L-L(f) < . Then

taking the sup over all such g, it follows that fi (K) < fi (V) < ﬁL f. Now let ¢ — 0 and
conclude that i1 (K) < L(f). B

Claim 3: ji is subadditive: i (U;E;) <Y, i (E;).

Proof of Claim 3: First consider the case of open sets. Let V. =U;V;. Let/ < i (V).
Then there exists f <V with Lf > [. Then sup (f) is contained in U}_, V;. Now let sup y; C

Viand ¥ | w; =1 onsup(f). This is from Theorem 3.12.5. Then
n n
[<Lf=Y Lyf/) <Y B(Vi) <Y B(V).
i=1 i=1 i

Since [ is arbitrary, it follows that fi (V) <Y ;i (V;). Now consider the general case. Let
E =U;E;. If Y; 1 (E;) = oo, there is nothing to show. Assume then that this sum is finite
and let V; 2 Ej, fL (E;) +5; > fi (V). Then

BE)<BOV) < YRV <Y (BE)+5) = LaE) e

Since € is arbitrary, this shows [1 is subadditive. B

Claim 4: If dist (A,B) =3 >0, then i (AUB) = i (A) + i1 (B).

Proof of Claim 4: If the right side is infinite, there is nothing to show so we can assume
that fi (A), ji (B) are both finite. First suppose U,V are open and disjoint having finite outer
measure. Let il (U) < Lf] +¢& where fi < U and let f <V with fi (V) <L(f2)+ €. Then

pRUUV)<pU)+p(V)<Lfi+Lh+2e <L(fi+f2)+2e <pUUV)+2¢

Since € is arbitrary, this shows that i (UUV) = i (U)+ 1 (V). Now in case A, B are as
assumed, let U = Uyey B (x,8/3),V = UyeyB(x,6/3) . Then these are disjoint open sets
containing A and B respectively. Then there is O open, O O AU B such that i (AUB) +
€ > [1(0). Replacing U with U C O and V with VN O, we can assume 1 (AUB) + € >
A (UUV). Then

AA)+RB) € BU)+R(V)=RULY)
< e+R(AUB)<e+i(A)+i(B)

Since € is arbitrary, this shows that il (A) + 1 (B) = i (AUB).
From Theorem 8.5.4 there is a complete measure u defined on a ¢ algebra .# which
equals fi on.%. From Claim 4 and Theorem 8.6.1, .% contains the Borel sets % (X). From
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the definition, u is outer regular and so it follows from Theorem 8.7.4 that u is regular
because it is finite on compact sets and X is the union of countably many compact sets so
p is o finite. Thus p (F) < p(E) < p(G) = pu(F)+u(G\F) = pu(F).

The measure y is uniquely determined. If pt,Vv are two, then if K is compact, there
is a sequence of open sets V, decreasing to K such that y (K) = lim, it (V;,),V (K) =
lim, e V (V). Now let K < f,, < V,,. By Claim 2, Lf,, = p(K) and Lf,, > v(K)sou=v
on all compact sets. Therefore, = v on all F;5 sets. Now every open set V is the countable
union of a sequence of increasing compact sets from the assumptions on X so it = vV on
every open set. It follows that the two ¢ algebras are the same and the measures are
equal. To see this, u (F) < pu(E) <p (G) ,V(F) <v(E) <v(G) where these G and F
are respectively Gs and Fg with (1 (G\ F) = 0 similar with the other pair. So let G = GN
G,F =FUF andthen u (G\ F) =0,v(G\ F) = 0. Now if the two ¢ algebras are .7, . %,
thenif E € &%, u» then E differs from F’ by a subset of a set of v measure zero. Therefore, by
completeness of v it follows that E € .%#,. Also 4 (E) = u(F)=v(F)=vV(E). The same
argument shows that %, C .%,,. B

Definition 8.8.3 Let Lf be given by Theorem 5.8.8. That is
fdx—/ f('xl’xz""?xp)dxp"'d)(:1
RP

whenever f vanishes outside of H,P: 1 (@i, bi). The resulting measure defined in Theorem
8.8.2, denoted as my, is Lebesgue measure.

From the above theorem m,, is a Borel measure meaning that the Borel sets are measur-
able. Also it has the regularity properties. What does it do to boxes?

Theorem 8.8.4 Lebesgue mesure is translation invariant. This terminology means
that my, (E) = my, (E + z). Also my, ([T7_, (ai,bi)) = my, (T2, [ai, bi]) =T1E_, (bi —ai).

Proof: What is m, (R) where R = [17_, (a;,b;)? Let R, = [T, (a;+1,b;— 1) and
let f, = 1 on R, while vanishing off of Ry, and piecewise linear in each varlable Then
from the definition, there is g € C.(R) such that m, (R) < Lg + € where here g < R.
However, since the distance from the support of g to the boundary of R is positive, it

follows that for all n large enough, g < f, and so m, (R) < Lf,, + €. Now letting n —

oo and computing jabl . fflf fn (x1,%2,...,xp) dxp - --dx1, (You could use Problem 17 on
Page 140.) it follows that m, (R) < [1%_, (b —a;) + €. Since € is arbitrary, it follows that
my, (R) <TIZ, (b; —a;). In fact these will be equal because for each n,Lf, < m,(R) and
as just observed, Lf, — Hle (b; — a;). In the case of a closed box, Hle (ai+6,b;—9) C

P lai,bi] CTIZ, (ai — 8,b; + &) and so for every & > 0 and sufficiently small,

mp (IEI [ai,b,’]> S [ﬁ ,IEI a;+25

i=1 =1 i=1

and so my, ([T [ai, bi]) = my (TT, (ai,bi)) =TI}, (bi —ai).
Let ¢ be all sets of the form Hl’.’:l (ai,b;) where —eo < a; < b; < oo, Clearly .7 is
closed with respect to finite intersections. Let ¢ be the Borel sets F' such that

my (z+ F O (=m,m)?) = my (F 0 (~m,m)?).
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Then ¥ is closed with respect to countable disjoint unions and complements. From what
was just shown about rectangles, &4 O J# and so by Dynkin’s lemma, it follows that ¥ =
2 (RP). Since m is arbitrary, this proves the theorem in case E is Borel.

From regularity, if E is only Lebesgue measurable, there is F an F; set and G a G set
such that F C E C G and m, (G \ F') = 0. Then from what was just shown, it follows that

my(E) = mp(F)=mp(z+F)<m,(z+E)
< my(z2+G6) =my(G) =my (F) <mj(E)

By completeness of m,, it follows that z + E is measurable because it lies between the Fg
set z+ F and the G set z+ G and

my (z+G\ (2+F)) =my(2+G\F) =m,(G\F) =0l

Example 8.8.5 On R you could take an increasing function F and for the functional con-
sider L(f) = [ fdF where this is the Riemann Stieltjes integral. This would give a measure
W g with all the properties of the above Theorem 8.8.2.

8.9 Exercises

1. Show carefully that if G is a set whose elements are ¢ algebras which are subsets of
Z(Q), then NG is also a ¢ algebra. Now let ¢ C & (Q) satisfy property P if 4
is closed with respect to complements and countable disjoint unions as in Dynkin’s
lemma, and contains @ and Q. If § C ¢ is any set whose elements are subsets of
& (Q) which satisfies property P, then N$) also satisfies property P. Thus there is a
smallest subset of ¢ satisfying P. In other words, verify the details of the proof of
Dynkin’s lemma.

2. The Borel sets of a metric space (X,d) are the sets in the smallest ¢ algebra which
contains the open sets. These sets are denoted as # (X). Thus Z (X) = o (open sets)
where o (%) simply means the smallest ¢ algebra which contains .%. Show that in
R", (R") = 0 (&) where & consists of the half open rectangles which are of the
form [T}, [ai, b;).

3. Recall that f: (Q,.#) — X where X is a metric space is measurable means that
inverse images of open sets are in .%. Show that if E is any set in % (X), then
f~Y(E) € #. Thus, inverse images of Borel sets are measurable. Next consider
f:(Q,%) — X being measurable and g : X — Y is Borel measurable, meaning
that g~! (open) € % (X). Explain why go f is measurable. Hint: You know that
(gof) ' (U) = f! (7' (U)). For your information, it does not work the other
way around. That is, measurable composed with Borel measurable is not necessarily
measurable. In fact examples exist which show that if g is measurable and f is
continuous, then g o f may fail to be measurable. An example is given later.

4. If you have X; is a metric space, let X = [];_, X; with the metric
d(z,y) =max{d; (x;,y;),i=1,2,--- ,n}

Show that any set of the form [ E;, E; € #(X;) is a Borel set. That is, the
product of Borel sets is Borel. Hint: You might consider the continuous functions
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10.

11.

12.

13.

;- I1}—; X; — X; which are the projection maps. Thus 7; (x) = x;. Then ni’l (E;)
would have to be Borel measurable whenever E; € % (X;). Explain why. You know
7; is continuous. Why would 717;1 (Borel) be a Borel set? Then you might argue that
I Ei =0y m ' (Es).

You have two finite measures defined on % (X) u,v. Suppose these are equal on
every open set. Show that these must be equal on every Borel set. Hint: You should
use Dynkin’s lemma to show this very easily.

Show that (N, & (N), 1) is a measure space where 1 (S) equals the number of el-
ements of S. You need to verify that if the sets E; are disjoint, then u (U7 E;) =

Yo u(E).

Let Q be an uncountable set and let .% denote those subsets of Q. F such that either
F or F€ is countable. Show that this is a ¢ algebra. Next define the following
measure. [ (A) = 1 if A is uncountable and p (A) = 0 if A is countable. Show that
is a measure. This is a perverted example.

Let u(E)=1if0€ E and u (E) =0if 0 ¢ E. Show this is a measure on & (R).

Give an example of a measure ¢ and a measure space and a decreasing sequence of
measurable sets {E;} such that lim,_,. pt (E,) # p (N2 E;).

Let K C V where K is closed and V is open. Consider the following function.

B dist (x, Vc)
~ dist (x, K) +dist (x, VC)

fx)

Explain why this function is continuous, equals O off V and equals 1 on K. It is in
the book earlier, but go through the details.

Let (©,.7) be a measurable space and let f : Q — X be a measurable function. Then
o (f) denotes the smallest o algebra such that f is measurable with respect to this ¢
algebra. Show that o (f) = {f ' (E):E € #(X)}.

Let (Q,.%, 1) be a measure space. A sequence of functions { f,} is said to converge
in measure to a measurable function f if and only if for each

£>0,’}i£130u(w:|fn(w)—f(w)|>s):0.

Show that if this happens, then there exists a subsequence { Jn } and a set of measure
N such thatif @ ¢ N, then limy_,., f,, (®) = f (®). Also show thatif lim,_,. f,, (®) =
f(w),and u (Q) < oo, then f, converges in measure to f. Hint:For the subsequence,
let (o : | f, (@) — f (@)| > €) <27 and use Borel Cantelli lemma.

Let X,Y be separable metric spaces. Then X x Y can also be considered as a metric
space with the metric p ((x,y),(%,9)) = max (dx (x,%),dy (,9)). Verify this. Then
show that if J#  consists of sets A x B where A, B are Borel sets in X and Y respec-
tively, then it follows that o (.#") = (X xY), the Borel sets from X x Y. Extend
to the Cartesian product []; X; of finitely many separable metric spaces.
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Suppose you have (X,.%, ) where . 2 % (X) and also u (B (xo,7)) < oo for all r >
0. Let S(xp,r) ={x € X :d(x,xp) = r}. Show that {r > 0: (S (xo,r)) > 0} cannot
be uncountable. Explain why there exists a strictly increasing sequence r,, — oo such
that pt (x : d (x,x0) = r,) = 0. In other words, the skin of the ball has measure zero
except for possibly countably many values of the radius r.

Lebesgue measure was discussed. Recall that m ((a,b)) = b — a and it is defined on
a o algebra which contains the Borel sets, more generally on &7 (R). Also recall
that m is translation invariant. Let x ~ y if and only if x —y € Q. Show this is an
equivalence relation. Now let W be a set of positive measure which is contained in
(0,1). For x € W, let [x] denote those y € W such that x ~ y. Thus the equivalence
classes partition W. Use axiom of choice to obtain a set S C W such that S consists of
exactly one element from each equivalence class. Let T denote the rational numbers
n [—1,1]. Consider T+ S C [~1,2]. Explain why T+S 2> W. For T = {r;},
explain why the sets {r i +S }j are disjoint. Now suppose S is measurable. Then
show that you have a contradiction if m (S) = 0 since m (W) > 0 and you also have
a contradiction if m (S) > 0 because T + S consists of countably many disjoint sets.
Explain why S cannot be measurable. Thus there exists 7 C R such that m (T) <
m(TNS)+m(TNSC). Is there an open interval (a,b) such that if T = (a,b), then
the above inequality holds?

Consider the following nested sequence of compact sets, {P,}.Let P, = [0,1], P, =
[0,4] U [3,1], etc. To go from P, to P41, delete the open interval which is the
middle third of each closed interval in P,. Let P = N7, P,. By the finite intersection
property of compact sets, P # 0. Show m(P) = 0. If you feel ambitious also show
there is a one to one onto mapping of [0,1] to P. The set P is called the Cantor
set. Thus, although P has measure zero, it has the same number of points in it as
[0,1] in the sense that there is a one to one and onto mapping from one to the other.
Hint: There are various ways of doing this last part but the most enlightenment is
obtained by exploiting the topological properties of the Cantor set rather than some
silly representation in terms of sums of powers of two and three. All you need to do
is use the Schroder Bernstein theorem and show there is an onto map from the Cantor
set to [0, 1]. If you do this right and remember the theorems about characterizations
of compact metric spaces, Proposition 3.5.8 on Page 70, you may get a pretty good
idea why every compact metric space is the continuous image of the Cantor set.

Consider the sequence of functions defined in the following way. Let f (x) = x on
[0,1]. To get from f, to fy+1, let f,+1 = f, on all intervals where f, is constant. If
fn is nonconstant on [a,b], let f,11(a) = fu(a), fusr1(b) = fu(b), fat1 is piecewise
linear and equal to §(f,(a) + f,(b)) on the middle third of [a,b]. Sketch a few of
these and you will see the pattern. The process of modifying a nonconstant section
of the graph of this function is illustrated in the following picture.

s

Show { f,} converges uniformly on [0, 1]. If f(x) = lim,_. f,(x), show that f(0) =
0, f(1) =1, f is continuous, and f’(x ) =0 for all x ¢ P where P is the Cantor set
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18.

19.

20.

21.

22.

23.

of Problem 16. This function is called the Cantor function.It is a very important
example to remember. Note it has derivative equal to zero a.e. and yet it succeeds
in climbing from O to 1. Explain why this interesting function cannot be recovered
by integrating its derivative. (It is not absolutely continuous, explained later.) Hint:
This isn’t too hard if you focus on getting a careful estimate on the difference between
two successive functions in the list considering only a typical small interval in which
the change takes place. The above picture should be helpful.

1 This problem gives a very interesting example found in the book by McShane
[33]. Let g(x) = x+ f(x) where f is the strange function of Problem 17. Let P be the
Cantor set of Problem 16. Let [0, 1]\ P=U7_,1; where [;is openand /;NIy = 0if j #
k. These intervals are the connected components of the complement of the Cantor set.
Show m(g(L})) = m(1;) so m(g(U71,)) = Xy m(g(I})) = £y m(l;) = 1. Thus
m(g(P)) = 1 because g([0,1]) = [0,2]. By Problem 15 there exists a set, A C g (P)
which is non measurable. Define ¢ (x) = Z4(g(x)). Thus ¢(x) =0 unless x € P. Tell
why ¢ is measurable. (Recall m(P) = 0 and Lebesgue measure is complete.) Now
show that 24 (y) = ¢(g~'(y)) for y € [0,2]. Tell why g is strictly increasing and
g~ ! is continuous but ¢ o g~! is not measurable. (This is an example of measurable
o continuous # measurable.) Show there exist Lebesgue measurable sets which are
not Borel measurable. Hint: The function, ¢ is Lebesgue measurable. Now recall
that Borel o measurable = measurable.

Show that every countable set of real numbers is of Lebesgue measure zero.

The Cantor set is obtained by starting with [0, 1], delete the middle third, the open set
(1/3,2/3). Now do the same for the two remaining closed intervals. This results in
a nested sequence of compact sets. The intersection of all of these is the Cantor set.
Show that you can take out open intervals in the middle which are not necessarily
middle thirds, and end up with a set C which has Lebesgue measure equal to 1 — €.
Also show if you can that there exists a continuous and one to one map f: C — J
where J is the usual Cantor set which also has measure 0.

Suppose you have a 7 system Z of sets of Q and suppose &4 O % and that ¥ is
closed with respect to complements and that whenever {F} } is a decreasing sequence
of sets of ¢ it follows that N F; € 4. Show that then ¢ contains ¢ (.#"). This is an
alternative formulation of Dynkin’s lemma. It was shown after the Dynkin lemma
that closure with respect to countable intersections is equivalent.

Let (Q,.%, 1) be a measure space and let s (@) = Y ,¢; ZE, (0) where the E; are
distinct measurable sets but the ¢; might not be. Thus the ¢; are the finitely many
values of s. Say each ¢; > 0 and ¢p = 0. Define [sdu as Y, c;ut (E;). Show that this is
well defined and that if you have s (®) = Yi; ¢; 2, (0) .t (0) = XL, d; ZF,; (@),
then for a,b nonnegative numbers, as (@) + bt (@) can be written also in this form
and that [(as+bt)du = a[sdu +b [tdu. Hint: s(®) =YY ;i ZEnr, (©) =
Y YiciZEnr; (@) and (as+bt) (@) = ¥; ¥ (aci +bd;) ZEr; (0).

THaving defined the integral of nonnegative simple functions in the above problem,
letting f be nonnegative and measurable. Define

/fduzsup{/sd,u:0§s§f,ssimple}.
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Show that if f, is nonnegative and measurable and n — f, (@) is increasing, show
that for f (®) = lim,_,« f,, (@), it follows that [ fdu = lim,_,e [ fodp. Hint: Show
J fadp is increasing to something o < eo. Explain why [ fdu > a. Now pick a
nonnegative simple function s < f. For r € (0,1),[f, > rs|] = E, is increasing in n
and U,E, = Q. Tell why [ fodu > [ ZE, fudu > 1 [sdu. Let n — oo and show that
o >r [sdu. Now explain why o > r [ fdu. Since r is arbitrary, @ > [ fdu > o.

1Show that if f, g are nonnegative and measurable and a,b > 0, then
/(aerbg)d/J :a/fdu er/gd/.t

Let F be increasing on R. Consider the measure (i from Theorem 8.8.2 in which
the functional is the Riemann Stieltjes integral [ fdF. Show that

tp ((ai,bi)) = F (bi—) — F (ai+),

tp(la,b)) = F (b—) = F(a-),

tp ((a;b]) = F (b+) = F (a+),

tp([a;b) = F(b+) = F (a—).

Here F (b+) = lim,_,, F (x) that is, it is the limit from the right. Other notation is

similar. This will give the Lebesgue Stieltjes measures. These measures will NOT
be translation invariant. Why? However, they still have the regularity properties.



Chapter 9

The Lebesgue Integral

The presentation in terms of simple functions of the Lebesgue integral is presented in Prob-
lems starting with 22 on Page 199. I will present it a different way here. The general
Lebesgue integral requires a measure space, (Q,.%, 1) and, to begin with, a nonnegative
measurable function. I will use Lemma 2.5.3 about interchanging two supremums fre-
quently. Also, I will use the observation that if {a,} is an increasing sequence of points of
[0,09], then sup, a, = lim,,_,. a, Which is obvious from the definition of sup.

9.1 Nonnegative Measurable Functions

9.1.1 Riemann Integrals for Decreasing Functions

First of all, the notation [g < f] means {® € Q: g(®) < f(w)} with other variants of this
notation being similar. Also, the convention, 0 - co = 0 will be used to simplify the presen-

tation whenever it is convenient to do so. The notation a A b means the minimum of a and
b.

Definition 9.1.1 L. f i [a,b] — [0,00] be decreasing. Note that e is a possible
value. Define

b b b
/f(/l)d)LE lim M/\f(/'L)d?Lzsup/ MAf(L)dA
a M—oo Jq M Ja

where a A b means the minimum of a and b. Note that for f bounded,

b b
s;p/a M/\f(l)d?tz/a F(A)dA

where the integral on the right is the usual Riemann integral because eventually M > f.
For f a nonnegative decreasing function deﬁned on [0,00),

/ fdA = 11m / fdA = sup fd?L = sup sup f/\Mdl

R>1 R M>0J0

Since decreasing bounded functions are Riemann integrable, the above definition is
well defined. For a discussion of this, see Calculus of One and Many Variables on the web
site or the single variable advanced calculus book. Now here is an obvious property.

Lemma 9.1.2 Let f be a decreasing nonnegative function defined on an interval [a,b] .
Then if [a,b] = U I, where Ij, = [ax, by and the intervals Iy are non overlapping, it follows

b m by
/ far=Yy [ fda.

a k=1"%%

Proof: This follows from the computation,

" an " f AMdd y A=Y [ an
dA = lim / AMdA = lim / AMd d
| sar=m [ Jm s Zakf
Note both sides could equal 4. Wl
In all considerations below, assume 4 is fairly small, certainly much smaller than R.

Thus R—h > 0.

201
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Lemma 9.1.3 Let g be a decreasing nonnegative function defined on an interval [0,R] .
Then

R
/ gAMdA = sup Z (i(h) AM)h
0 h>0 ;=]

where m (h,R) € N satisfies R—h < hm (h,R) <R.

Proof: Since g AM is a decreasing bounded function the lower sums converge to the
integral as 7 — 0. Thus

R m(R,h)
/ gAMdA = lim ( Z (gin)AM)h+ (g(R)AM) (R—hm(h,R))>
0 h—0 =
Now the last term in the above is no more than M and so the above is
m(R,h) m(R,h

lim g(ih) AM)h | =su gihyAM)h |. 1

h—0 1:21 ( ( ) h>18 1:21
9.1.2 The Lebesgue Integral for Nonnegative Functions

Here is the definition of the Lebesgue integral of a function which is measurable and has
values in [0, 9].

Definition 9.1.4 L. (Q, %, U) be a measure space and suppose f : Q — [0,
is measurable. Then define [ fdp = ;" ([f > A])dA which makes sense because A —
W ([f > A]) is nonnegative and decreasing.

Note that if f < g, then [ fdu < [ gdu because u ([f > A]) < u([g>A]).
For convenience Y9, a; = 0.

Lemma 9.1.5 In the above definition, [ fdu = sup,-o Yo, pt ([f > hi]) h

Proof: Let m (h,R) € N satisfy R—h < hm (h,R) < R. Then limg_..m (h,R) = o and
so from Lemma 9.1.3,

| fau

[ > Aan = supsup [y > A b
0 M R JO

m(h,R)

sup supsup Z ([f >kh]) A\M)h
M R>0h>0 (=]

Hence, switching the order of the sups, this equals

m(h,R) m(h,R)
sup sup sup Z f>kh])/\M)h—supsup lim Z (W([f >kh)) A\M)h
R>0h>0 M (= R>0h>0M—= =)
m(R,h) oo
= supsup Z (u([f > kh])) —supZ ([f >kh]))h. 1

h>0 R —| h>0 =
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9.2 Nonnegative Simple Functions

To begin with, here is a useful lemma.

Lemma 9.2.1 if f(A) =0forall A > a, where f is a decreasing nonnegative function,
then |5 f(A)dA = [j f(A)dA.

Proof: From the definition,

/wa(x)da Im/ff(x)dazsup * ) dA = supsup [ £ (A) AMdA

R>1J0 R>1 M JO

R
supsup | f(A) AMdA = supsup f( )AMdA
M R>170 M R>1

szp/O f(x)AdeE/of(z)dx.-

Now the Lebesgue integral for a nonnegative function has been defined, what does it
do to a nonnegative simple function? Recall a nonnegative simple function is one which
has finitely many nonnegative real values which it assumes on measurable sets. Thus a
simple function can be written in the form s (@) = Y| ¢; 2, (®) where the ¢; are each
nonnegative, the distinct nonzero values of s.

Lemma 9.2.2 Let s(w) = YV | a; 2, (®) be a nonnegative simple function where the
E; are distinct but the a; might not be. Thus the values of s are the a;. Then

P
/sdu =Y au(E). 9.1)
i=1

Proof: Without loss of generality, assume 0 =ag <a; <a» <--- <aj,andthat u (E;) <
oo,i > 0. Here is why. If it (E;) = oo, then letting a € (a;_1,a;), by Lemma 9.2.1, the left
side is

[ uts>aar = /“’u([sw)cm
0

sup/ ([s>A]) /\Md?L>supM[.L( i)a; = oo

and so both sides of 9.1 are equal to . Thus it can be assumed for each i, i1 (E;) < e. Then
it follows from Lemma 9.2.1 and Lemma 9.1.2,

[T uts>mpar=["us>apar=¥ [* u(s>apar

k=1" %1

g

(ak*ak—l)i“( ZIJ Zl, ak*ak—l):iaiﬂ(E)
= i=1

k=1 i=k
Note that this is the same result as in Problem 22 on Page 199 but here there is no question

about the definition of the integral of a simple function being well defined.

Lemma 9.2.3 Ifa,b > 0 and if s and t are nonnegative simple functions, then

/as—i—btd,u=a/sdu+b/tdu.
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Proof: Lets(w) =Yl o; 2y, (0), t(w) =Y, B;Z5;(®) where o; are the distinct
values of s and the 8 ; are the distinct values of 7. Clearly as+ bt is a nonnegative simple
function because it has finitely many values on measurable sets. In fact, (as+ bt)(w) =

Ty X (aai +bP ;) Zans; (@) where the sets A; N B are disjoint and measurable. By
Lemma 9.2.2,

/as+btd/.t = i Zn:(aai—kbﬂj)H(AiﬂBj)

j=li=1

Y a) aiu(AinB)+bY Y B;u(AinB))

1 j=1 j=li=1

aZai,u(A,-)+bZ[3ju(Bj) :a/sdu +b/tdu. [ |
i=1 J=1

I
™=

9.3 The Monotone Convergence Theorem

The following is called the monotone convergence theorem. This theorem and related
convergence theorems are the reason for using the Lebesgue integral. If lim, e f;, (©) =
f(w) and f, is increasing in n, then clearly f is also measurable because

@) = Ui f ! ((a,=]) € 7
For a different approach to this, see Problem 22 on Page 199.

Theorem 9.3.1 (Monotone Convergence theorem) Suppose that the function f has
all values in [0,0| and suppose {f,} is a sequence of nonnegative measurable functions
having values in [0,0] and satisfying

lim f,(w) = f(w) for each ®.

n—seo

- fu(@) < fug1(@) -
Then f is measurable and [ fdu =1lim,_,e [ faduL.

Proof: By Lemma 9.1.5 lim,,_ [ f,dit = sup,, [ fndlt

= supsupZu([f,,>kh])h—supsupsupZ/.L ([fu > kh)) R
n h>0k 1 h>0 N n j—|

supsupZu (If > kh])h —supZ,u [f > ki) :/fdu.l
>0 N j—{ h>0 = .

Note how it was important to have [;”[f > A]dA in the definition of the integral and
not [f > A]. You need to have [f, > kh] 1 [f > kh] so u([fn > kh]) — u ([f > kh]). To
illustrate what goes wrong without the Lebesgue integral, consider the following example.

Example 9.3.2 Let {r,} denote the rational numbers in [0,1] and let

fn(z)z{ Lift & {r,-,ra)

0 otherwise
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Then f,(t) T f (t) where f is the function which is one on the rationals and zero on the
irrationals. Each f, is Riemann integrable (why?) but f is not Riemann integrable because
it is everywhere discontinuous. Also, there is a gap between all upper sums and lower
sums. Therefore, you can’t write [ fdx =1im, e [ fudx.

An observation which is typically true related to this type of example is this. If you
can choose your functions, you don’t need the Lebesgue integral. The Riemann Darboux
integral is just fine. It is when you can’t choose your functions and they come to you as
pointwise limits that you really need the superior Lebesgue integral or at least something
more general than the Riemann integral. The Riemann integral is entirely adequate for
evaluating the seemingly endless lists of boring problems found in calculus books. It is
shown later that the two integrals coincide when the Lebesgue integral is taken with respect
to Lebesgue measure and the function being integrated is continuous. It has been correctly
observed that we never compute a Lebesgue integral. We compute Riemann integrals and
sometimes take limits.

9.4 Other Definitions

To review and summarize the above, if f > 0 is measurable,

[ fdu= [ uiir>apan ©.2)

another way to get the same thing for | fdu is to take an increasing sequence of non-
negative simple functions, {s,} with s, (®) — f(®) and then by monotone convergence
theorem, [ fdu = limy e [ 5, where if s, (©) = Y ¢; ZF, (), [ spdu = Yy cip (E;) -
Similarly this also shows that for such nonnegative measurable function,

/fd,u—sup{/s:ogsgf,ssimple}.

Here is an equivalent definition of the integral of a nonnegative measurable function. The
fact it is well defined has been discussed above.

Definition 9.4.1 rorsa nonnegative simple function,
s() =Y a2k, (a’)7/S= crt (Eg) .-

k=1 k=1

For f a nonnegative measurable function,

/fdu—sup{/szogsgf,ssimple}.

Proof: Let V be an open set and let V = U,K,, where K,, C K, for all n. Let

dist (x, K,)
dist (x, K, ) + dist (x,VE)

an(x)=1 fun =max{g; : k <n}

Then using the monotone convergence theorem, it follows that ¢ = v on all open sets. The
conclusion follows from Theorem 8.7.4. B
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9.5 Fatou’s Lemma
The next theorem, known as Fatou’s lemma is another important theorem which justifies

the use of the Lebesgue integral.

Theorem 9.5.1 (Fatou’s lemma) Let f, be a nonnegative measurable function. Let
g(®) = liminf,_,e f,(®). Then g is measurable and [ gdu <liminf, .. [ fudit. In other
words, [ (liminf, e f,,) du < liminf, . [ frdut.

Proof: Let g,(w) = inf{fy(w) : k > n}. Then

g ([a,0) = P (g e0]) = (U f ([a,oa))€) € 2.

Thus g, is measurable by Lemma 8.1.4. Also g(®) = lim,_,. g,(®) so g is measurable
because it is the pointwise limit of measurable functions. Now the functions g, form an
increasing sequence of nonnegative measurable functions so the monotone convergence
theorem applies. This yields

/gdu :’}ggc/gndu < llmnlgi/fnd“-

The last inequality holding because [ g,du < [ fudu. (Note that it is not known whether
limy, e [ frdpt exists.) W

9.6 The Integral’s Righteous Algebraic Desires

The monotone convergence theorem shows the integral wants to be linear. This is the
essential content of the next theorem.

Theorem 9.6.1 L. f,& be nonnegative measurable functions and let a,b be non-
negative numbers. Then af + bg is measurable and

/(aerbg)d/.L :a/fd/.Ler/gdu. 9.3)

Proof: By Theorem 8.1.6 on Page 181 there exist increasing sequences of nonnegative
simple functions, s, — f and t, — g. Then af + bg, being the pointwise limit of the simple
functions as, + bt,, is measurable. Now by the monotone convergence theorem and Lemma
9.2.3,

/(aerbg)d/,L = lim [ as,+bt,dyu = lijn <a/snd,u+b/tnd[,t)

n—oo

a/fd/.Ler/gd/.L. n

As long as you are allowing functions to take the value 4o, you cannot consider some-
thing like f+ (—g) and so you can’t very well expect a satisfactory statement about the
integral being linear until you restrict yourself to functions which have values in a vector
space. To be linear, a function must be defined on a vector space. This is discussed next.
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9.7 The Lebesgue Integral, L

The functions considered here have values in C, which is a vector space. A function f with
values in C is of the form f = Re f +iIm f where Re f and Im f" are real valued functions.

InfactRef:f%?, Imf:%.

Definition 9.7.1 Le: (Q,.7, 1) be a measure space and suppose f : Q — C. Then
f is said to be measurable if both Re f and Im f are measurable real valued functions.

Of course there is another definition of measurability which says that inverse images of
open sets are measurable. This is equivalent to this new definition.

Lemma 9.7.2 Let f: Q — C. Then f is measurable if and only if Re f,Im f are both
real valued measurable functions. Also if f,g are complex measurable functions and a,b
are complex scalars, then af + bg is also measurable.

Proof: = Suppose first that f is measurable. Recall that C is considered as R? with
(x,y) being identified with x + iy. Thus the open sets of C can be obtained with either of

the two equivlanent norms |z| = 1/ (Rez)? + (Imz)? or ||z]|., = max (Rez,Imz). Therefore,
if f is measurable Re f~! (a,b) NIm f~! (¢,d) = f~' ((a,b) +i(c,d)) € Z. In particular,
you could let (¢,d) = R and conclude that Re f is measurable because in this case, the
above reduces to the statement that Re f ! (a,b) € .%. Similarly Im f is measurable.

< Next, if each of Re f and Im f are measurable, then

" ((a,b) +i(c,d)) =Ref ' (a,b)NImf~! (c,d) € F

and so, since every open set is the countable union of sets of the form (a,b) +i(c,d), it
follows that f is measurable.

Now consider the last claim. Let 4 : C x C — C be given by h(z,w) = az+ bw. Then
h is continuous. If f,g are complex valued measurable functions, consider the complex
valued function, io (f,g) : @ — C. Then

(ho(f.,8))" (open) = (f,g)~" (™" (open)) = (f,g) " (open)

Now letting U,V be open in C, (f,g) ' (UxV) = f"1(U)ng ' (V) e .Z. Since ev-
ery open set in C x C is the countable union of sets of the form U x V, it follows that
(f,8) "' (open) is in .%. Thus af + bg is also complex measurable. W

As is always the case for complex numbers, |z|*> = (Rez)* 4 (Imz)?. Also, for g a real
valued function, one can consider its positive and negative parts defined respectively as

_eWlgl - le@l-gw)
¢ () = EEL g (= S

Thus |g| = gt + ¢ and g = g" — g~ and both g™ and g~ are measurable nonnegative
functions if g is measurable.

Then the following is the definition of what it means for a complex valued function f
tobe in L' (Q).



208 CHAPTER 9. THE LEBESGUE INTEGRAL

Definition 9.7.3 Le: (Q,.F, 1) be a measure space. Then a complex valued mea-
surable function f is in L' (Q) if [|f|du < o. For a function in L' (Q), the integral is
defined as follows.

[fau= [ ®Repan- [(Rep) an+i [ [ampan- | (Imf)‘du}

I will show that with this definition, the integral is linear and well defined. First note
that it is clearly well defined because all the above integrals are of nonnegative functions
and are each equal to a nonnegative real number because for / equal to any of the functions,
h] < || and [ |f|dp < e

Here is a lemma which will make it possible to show the integral is linear.

Lemma 9.7.4 Letg,h,g', i be nonnegative measurable functions in L' (Q) and suppose
thatg—h=g —h' .Then [gdu— [hdyu = [g'du— [Hdp.

Proof: By assumption, g+ /' = g’ +h. Then from the Lebesgue integral’s righteous
algebraic desires, Theorem 9.6.1, [gdu + [H'du = [g'du + [hdu which implies the
claimed result. B

Lemma 9.7.5 LetRe (L' (Q)) denote the vector space of real valued functions in L' (Q)
where the field of scalars is the real numbers. Then [du is linear on Re (L' (Q)), the
scalars being real numbers.

Proof: First observe that from the definition of the positive and negative parts of a func-
tion, (f+¢)" —(f+g)” =fT+g" —(f +g ) because both sides equal f +g. Therefore
from Lemma 9.7.4 and the definition, it follows from Theorem 9.6.1 that

[rrean = [0 (e au= [ £ reau- [ ean

/f*du +l/‘g*du - (/fdu +/gdu) = /fdu +./‘gdu.

what about taking out scalars? First note that if @ is real and nonnegative, then (af)" =af*
and (af)” = af~ while if a < 0, then (af)" = —af~ and (af)” = —af". These claims
follow immediately from the above definitions of positive and negative parts of a function.
Thus if a < 0 and f € L' (Q), it follows from Theorem 9.6.1 that

Jatan = [y an- [y du=[(-a)f au- [ (-a)au

—a/fd,li+a/f+d,u:a</f+du—/fdu) Ea/fd,u.

The case where a > 0 works out similarly but easier. B
Now here is the main result.

Theorem 9.7.6 [du is linear on L' (Q) and L' (Q) is a complex vector space. If
feL'(Q), thenRe f,Im f, and | f| are all in L' (Q) . Furthermore, for f € L' (Q),

[ fau

[ eyt au- [ Repyaui [amp)au- [ ) aul
/Refdu—i—i/lmfdu
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and the triangle inequality holds,
‘ / fdu‘ < [1f1du. 9.4)

Also, for every f € L' (Q) it follows that for every € > 0 there exists a simple function s
such that |s| < |f| and [|f —s|dp < €.

Proof: First consider the claim that the integral is linear. It was shown above that the
integral is linear on Re (L1 (Q)) . Then letting a + ib, c + id be scalars and f, g functions in

L'(9),
(a+ib) f+(c+id)g= (a+ib)(Ref+ilmf)+ (c+id) (Reg+ilmg)

=cRe(g) —bIm(f) —dIm(g)+aRe(f)+i(bRe(f)+cIm(g)+alm(f)+dRe(g))

It follows from the definition that

./(a—i—ib)f—i—(c—i-id)gd,u:/(cRe(g)—bIm(f)—dIm(g)+aRe(f))du

+i/(bRe(f)+cIm(g)+aIm(f)+dRe(g)) 9.5)

Also, from the definition,
(a—i—ib)/fd,u—i—(c—i—id)/gdu = (a+ib) (/Refd,u—!—i/lmfdu)

+(c+id) (/Regdu—l—i/lmgdu)

which equals
- a/Refdu—b/Imfdu+ib/Refdu+ia/lmfdu
+c/Regd/.L—d/Imgd/.L+id/Regdu—d/Imgdu.

Using Lemma 9.7.5 and collecting terms, it follows that this reduces to 9.5. Thus the
integral is linear as claimed.

Consider the claim about approximation with a simple function. Letting & equal any
of

(Ref)",(Ref)”,(Imf)",(Imf) ", (9.6)

It follows from the monotone convergence theorem and Theorem 8.1.6 on Page 181 there
exists a nonnegative simple function s < & such that [|h—s|du < §. Therefore, letting
S1,52,53,54 be such simple functions, approximating respectively the functions listed in
9.6,and s =51 —s2+1i(s3—s4),

J1r=sldu < [|Re)" =sifdu+ [ |Ref) = 52| du

+ [lampy* —saldu+ [ [(mg)” —sildu <e
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It is clear from the construction that |s| < |f].
What about 9.4? Let 68 € C be such that |6| =1 and 0 [ fdu = |[ fdu|. Then from
what was shown above about the integral being linear,

’./.fdﬂ' :9(/fd.ll=/9fd,u:/Re(0f)d‘u§./|f|du.

If f,g € L' (Q), then it is known that for a, b scalars, it follows that af + bg is measur-
able. See Lemma 9.7.2. Also [|af+bg|ldu < [|a||f|+ |b||g|du < . R

The following corollary follows from this. The conditions of this corollary are some-
times taken as a definition of what it means for a function f to be in L! (Q).

Corollary 9.7.7 f € L'(Q) if and only if there exists a sequence of complex simple
Sunctions, {s,} such that

sn(®) = f(®) forall ® € Q

liMpnnser | (|80 — sm|) it = 0 ©.7)

When f € L' (Q),
/ fdu = lim [ 5, 9.8)

Proof: From the above theorem, if f € L! there exists a sequence of simple functions
{s,} such that

/|f—s,,\du <1/n, sn(®) = f (@) forall ®

Then [ |sy —sm|dp < [ |sa — fldpu+ [|f = sm|du < %JF%

Next suppose the existence of the approximating sequence of simple functions. Then
f is measurable because its real and imaginary parts are the limit of measurable functions.
By Fatou’s lemma, [|f|dp < liminf, e [ |sy|du < oo because | [ [sy|dp — [ |sm|du| <
S |sn — sm|dp which is given to converge to 0. Thus { [ |s,|du} is a Cauchy sequence and
is therefore, bounded.

Incase f € L' (Q), letting {s,,} be the approximating sequence, Fatou’s lemma implies

‘/fd,u—/s,,du’ g/|f—sn|dugnm inf /|sm—s,,\d/.t<8

provided n is large enough. Hence 9.8 follows. B
This is a good time to observe the following fundamental observation which follows
from a repeat of the above arguments.

Theorem 9.7.8 Suppose A(f) € [0,00] for all nonnegative measurable functions
and suppose that for a,b > 0 and f,g nonnegative measurable functions,

Alaf+bg)=aA(f)+bA(g).

In other words, A wants to be linear. Then A has a unique linear extension to the set of
measurable functions {f measurable : A(|f|) < oo}, this set being a vector space.
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9.8 The Dominated Convergence Theorem

One of the major theorems in this theory is the dominated convergence theorem. Before
presenting it, here is a technical lemma about limsup and liminf which is really pretty
obvious from the definition.

Lemma 9.8.1 Let {a,} be a sequence in [—o0,]. Then lim,_,eay, exists if and only if
liminf, . a, = limsup,,_,., a, and in this case, the limit equals the common value of these
two numbers.

Proof: Suppose first lim, .a, = a € R. Letting € > 0 be given, a, € (a —€,a+¢€)
for all n large enough, say n > N. Therefore, both inf {ay : k > n} and sup{ay : k > n} are
contained in [a — €,a+ €] whenever n > N. It follows limsup,,_, ., a, and liminf,_,. a, are
both in [a — €,a+ €], showing |liminf,_,e. a, — limsup,_, a,| < 2¢. Since € is arbitrary,
the two must be equal and they both must equal a. Next suppose lim, e @, = . Thenif [ €
IR, there exists N such that for n > N,I < a,, and therefore, for such n,! <inf{a; : k > n} <
sup {ay : k > n} and this shows, since [ is arbitrary that liminf,_,. a, = limsup,,_,, a, = .
The case for —oo is similar.

Conversely, suppose liminf,_,.. a, = limsup,,_,., a, = a. Suppose first that a € R. Then,
letting € > 0 be given, there exists N such thatifn > N sup{a; : k > n} —inf{a; 1k > n} <
€. Therefore, if k,m > N, and a; > a,,

|ax — am| = ax — am < sup{ay:k>n} —inf{a;:k>n} <e

showing that {a,} is a Cauchy sequence. Therefore, it converges to a € R, and as in the
first part, the liminf and limsup both equal a. If liminf, ;.. a, = limsup,,_,,, a, = oo, then
given [ € R, there exists N such that for n > N, inf,,~ x a, > [.Therefore, lim,_,ca, = co.
The case for —oo is similar. W

Here is the dominated convergence theorem.

Theorem 9.8.2 (Dominated Convergence theorem) Let f, € L' (Q) and suppose that
f(@) =1im, ... f,(®), and there exists a measurable function g, with values in [0,0)," such
that | f,(0)| < g(®) and [ g(@)du < .Then f € L' (Q) and 0 = lim,, o [ |, — f|dit =
limy, oo | [ fdpt — [ fadpa].

Proof: f is measurable by Theorem 8.1.2. Since |f| < g, it follows that
feLl(Q)and|f - f| <2s.
By Fatou’s lemma (Theorem 9.5.1),
[ 2 <tim int [ 2617~ fildu = [ 2¢ap ~tim sup [ 1f - f,lan.
n—roo n—yoo

Subtracting [2gdu, 0 < —limsup,,_... [ |f — fuldu. Hence

fim sup (/If—fnldu>

lim inf (/|f—f,,|du> > lim inf ‘/fdu—/fndu‘ > 0.

This proves the theorem by Lemma 9.8.1 because the limsup and liminf are equal. W

0

Y

v

"Note that, since g is allowed to have the value o, it is not known that g € L' (Q).
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Corollary 9.8.3 Suppose f, € L' (Q) and f (®) = lim,_so f, (®) . Suppose also there
exist measurable functions, g,, g with values in [0,0] such that lim,_. [ g,du = [ gdpu,
gn (@) — g(®) U a.e. and both [ g,du and [gdu are finite. Also suppose |f, (®)| <
gn (®). Then lim, o [ |f — fu|du = 0.

Proof: It is just like the above. This time g+ g, — |f — f,| > 0 and so by Fatou’s lemma,

[ 2 ~timsup [ 17~ filan = lim [ (g,+g)du~timsup [ If -~ f,ldu

n—oo n—oo

= lim inf/(gn+g)du—1imsup |f = fuldp
n—oo n—soo

— 1imnig§°/((gnJrg)*\fffnl)du 2/2861#

and so —limsup,_,, [ |f— fu|du > 0. Thus

lim sup ( / If—fnldu>
lim inf. (/If—ntdu> > ‘/fdu—/fndu‘ >0.m

Definition 9.8.4 Let E be a measurable subset of Q[ fdu = [ f Zedu.

o
v

Y

If L'(E) is written, the o algebra is defined as {ENA : A € .Z} and the measure is
u restricted to this smaller ¢ algebra. Clearly, if f € L'(Q), then f2% € L'(E) and if
f €L'(E), then letting f be the 0 extension of f off of E, it follows f € L' (Q).

Another very important observation applies to the case where € is also a metric space.
In this lemma, spt(f) denotes the closure of the set on which f is nonzero.

Definition 9.8.5 Let K be a set and let V be an open set containing K. Then the
notation K < f <V means that f(x) =1 for all x € K and spt(f) is a compact subset of
V. spt(f) is defined as the closure of the set where f is not zero. It is called the “support”
of f. A function f € C.(Q) for Q a metric space if f is continuous on Q and spt(f) is
compact. This C.(Q) is called the continuous functions with compact support.

Now that the Lebesgue integral has been presented, it is time to show the way that the
measure of Theorem 8.8.2 represents the functional.

Proposition 9.8.6 Let L be a positive linear functional on C,. (X) for X a metric space
and let | be the measure described by Theorem 8.8.2. Then for all f € C.(X),L(f) =
Jx fdu where this is the Lebesgue integral just described.

Proof: Let f € C.(X), f real-valued, and suppose f(X) C [a,b]. Choose fy < a and let
to<tp < - <ty=b, ti—t;_1 <& Let E;= f~1((t;_1,4]) Nspt(f). Note that U Eiisa
closed set equal to spt(f). U E; = spt(f). Since X = U™, £~ 1((ti—1,1]). Let V; D E;, V; is
open and let V; satisfy

fx)<ti+eforallx eV, u(V;\E;) <¢e/n. (9.9)



9.9. SOME IMPORTANT GENERAL THEORY 213

By Theorem 3.12.5, there exists &; € C.(X) such that

n
hi < Vi, Y hi(x) = 1 on spt(f).
i=1

Now note that for each i, f(x)h;(x) < h;(x)(t; + €). Therefore,

M:

Lf = L(ifh i) <L(ih (ti+¢))=

i=1 i=1

Y- (ol + 15+ €)L(1) ~ ol <Z )

i=1 i=1

(t:+€)L(h:)
1

s -
I

Now note that |fy| +1; + € > 0 and so from the definition of y and Claim 2 of the proof of
Theorem 8.8.2, this is no larger than

(ol +15-+ €D (V) — ol (spt()) < ¥ (0] + 51+ €) ((En) +&/m) — ol (spt(f))
i=1

™=

1

1(spt(f))
&2

<|ro|Zu )+ n|to|+2t, +Zn +Zeu +f—|to|u(spt< )

IN

elto| + & (|to| +[b]) +ep(spt(f)) + & + ) ript (E

elto| +& (|rol + [b1) +2ep(spt(f)) + & + Y ti-1 1 (E7)
i=1

IN

< e 2l + |b| +2u(spt()) +€) + [ fau

Since € > 0is arbitrary, Lf < [ fdu forall f € C.(X), f real. Hence equality holds because
L(—f) < —[fduso L(f) > [ fdu. Thus Lf = [ fdu for all f € C.(X). Just apply the
result for real functions to the real and imaginary parts of f. W

9.9 Some Important General Theory
9.9.1 Eggoroff’s Theorem

You might show that a sequence of measurable real or complex valued functions converges
on a measurable set. This is Proposition 8.1.7 above. Eggoroff’s theorem says that if the
set of points where a sequence of measurable functions converges is all but a set of measure
zero, then the sequence almost converges uniformly in a certain sense.

Theorem 9.9.1 (Egoroff) Let (Q,.F, 1) be a finite measure space, U (Q) < o and
let f,, f be complex valued functions such that Re f,,Im f,, are all measurable and also
that lim, . f,(®) = f(®) for all ® ¢ E where W(E) = 0. Then for every € > 0, there exists
aset, F D E, u(F) < &, such that f, converges uniformly to f on FC.
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Proof: First suppose E = 0 so that convergence is pointwise everywhere. It follows
then that Re f and Im f are pointwise limits of measurable functions and are therefore
measurable. Let Ey,, = {w € Q: | f,(®) — f(®)| > 1/m for some n > k}. Note that

£ (0) = £ ()] = \/ (Re £, (0) —Re £ (@))% + (Im f, (@) — Im £ (@))?

and so, [| fa—f1> %] is measurable. Hence E},, is measurable because

o 1
Ejm = Up—i41 [|fn *f| > m} .

For fixed m,N7_;E, = 0 because f,, converges to f . Therefore, if @ € Q there exists
k such that if n > k, |f, (0) — f (®)| < % which means @ ¢ Ej,. Note also that Ey,, 2
E(i41)m- Since U(E;) < oo, Theorem 8.2.4 on Page 183 implies

0= “(ﬂrzlEkm) = klgllu(Ekm)

Let k(m) be chosen such that u(Ej(),) < €27 and let F = Uy _; Eg (- Then p(F) <
g because t (F) < Yor_y U (Eg(mym) < L) €27 = €.

Now let 1 > 0 be given and pick m such that mgl <n.IfwcFCthenwec N Ekc<m)m.
m=1

Hence o € Elf(mo)mo s0 | fu(w) — f(w)] < 1/my < n for all n > k(mp). This holds for all

o € FC€and so f, converges uniformly to f on FC.

Now if E # 0, consider { Zpc fu},,_,. Each Zpc f,, has real and imaginary parts mea-
surable and the sequence converges pointwise to Zgf everywhere. Therefore, from the
first part, there exists a set of measure less than &, F such that on F€, {Z wcfn} converges
uniformly to Zc f. Therefore, on (EUF )C, {fu} converges uniformly to f. This proves
the theorem. W

9.9.2 The Vitali Convergence Theorem

The Vitali convergence theorem is a convergence theorem which in the case of a finite
measure space is superior to the dominated convergence theorem.

Definition 9.9.2 Ler (Q,.7 1) be a measure space and let S C LY(Q). & is uni-
Sformly integrable if for every € > 0 there exists 8 > 0 such that for all f € &

|/fd/.l,| < € whenever U(E) < 8.
E

Lemma 9.9.3 if & is uniformly integrable, then |&| = {|f| : f € &} is uniformly inte-
grable. Also G is uniformly integrable if G is finite.

Proof: Let € > 0 be given and suppose & is uniformly integrable. First suppose the
functions are real valued. Let & be such that if u (E) < §, then | [ fdu| < § forall f € &.
Let u (E) < 0. Thenif f € G,

[inaw < [ =pdus [ fau=
E EN[f<0] EN[f>0]

e
2

/ fdu‘+‘/ fdu‘
EN[f<0] EN[f>0]

<

+Z=¢

£
2



9.9. SOME IMPORTANT GENERAL THEORY 215

In general, if & is a uniformly integrable set of complex valued functions, the inequalities,

’/ERefdu’ < ‘Lfdu

imply ReG = {Ref: f €&} and Im& = {Imf : f € &} are also uniformly integrable.
Therefore, applying the above result for real valued functions to these sets of functions, it
follows |G| is uniformly integrable also.

For the last part, is suffices to verify a single function in L' (Q) is uniformly integrable.
To do so, note that from the dominated convergence theorem, limg_, || (Lf|>R] |fldu = 0.
Let € > 0 be given and choose R large enough that [\ g [f]dpt < 5. Now let it (E) < 5.
Then

) )

'/;Imfdu‘ < ’/;fdu

[iflaw = [ ipldus [ iflu
E EN(IfI<R] EN[|f|>R]

< R (E)+8 <8+8—£
BTy =272 =*%
This proves the lemma. l
The following gives a nice way to identify a uniformly integrable set of functions.

Lemma 9.9.4 Let & be a subset of L' (Q, 1) where 1 (Q) < oo. Lett — h(t) be a
h(t)

continuous function which satisfies 1im;_,. =~ = . Then & is uniformly integrable and

bounded in L' (Q) if sup{ [oh(|f])di: f € B} =N < oo.

Proof: First I show & is bounded in L' (Q; ) which means there exists a constant M
such that for all f € &, [, |f|du < M. From the properties of A, there exists R, such that
if t > Ry, then h(t) > nt. Therefore, [q |f|du = [jpsp, | fld1 =+ Jjfi<r, |f]d1t. Letting
n=1,and f €&,

/Q|f|dﬂ

[ laws [ ifldu
(If1=R1] [If1<R1]

/WR ]h<|f|)du FRiu([If] <Ri)) SN+Riu(Q) =M. (9.10)

IN

Next let £ be a measurable set. Then for every f € G, it follows from 9.10

[ipan= [ iflau+ |l
E [l fI=Ra]NE (I fI<Ra]NE

1 M
<~ [ Uflau s R (B) < =4 Ropt (E) ©.11)

Let n be large enough that M /n < €/2 and then let u (E) < €/2R,,. Then 9.11 is less than
€/2+R,(€/2R,) =€l

Letting /2 (1) =2, it follows that if all the functions in & are bounded, then the collection
of functions is uniformly integrable. Another way to discuss uniform integrability is the
following. This other way involving equi-integrability is used a lot in probability.

Definition 9.9.5 Lt (Q,.7. 1) be a measure space with 11 (Q) < o. A set & C
L' (Q) is said to be equi-integrable if for every € > 0 there exists A > 0 sufficiently large,
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Then the relation between this and uniform integrability is as follows.

Proposition 9.9.6 In the context of the above definition, & is equi-integrable if and
only if it is a bounded subset of L' (Q) which is also uniformly integrable.

Proof: = I need to show & is bounded and uniformly integrable. First consider
bounded. Choose A to work for € = 1. Then for all f € &,

Jutan= [ iaus | <A@

Thus it is bounded. Now let E be a measurable subset of Q. Let A go with €/2 in the
definition of equi-integrable. Then for all f € G,

)
[ifaw< [ iflaps [ (flap< S au(E)
E [If1>A] EN(|f|<A] 2

Then let p (E) be small enough that A (E) < €/2 and this shows uniform integrability.
< I need to verify equi-integrable from bounded and uniformly integrable. Let & be
such that if u(E) < 8, then [ |f|du < € for all f € &. If not, then there exists f, € &
with [|fu| > n] > 6. Thus [ |fuldpt = [j7 o | ful dtt = npt ([| fu| > n]) > né and so & is not
bounded after all. B
The following theorem is Vitali’s convergence theorem.

Theorem 9.9.7 L {fu} be a uniformly integrable set of complex valued functions,
U(Q) < oo, and fy(x) — f(x) a.e. where f is a measurable complex valued function. Then

feL(Q)and lim, e [o | fn — fldu =0.

Proof: First it will be shown that f € L' (Q). By uniform integrability, there exists
0 > 0 such that if u(E) < 0, then [ |f,|du < 1 for all n. By Egoroff’s theorem, there
exists a set E of measure less than § such that on E€, {f,} converges uniformly. There-
fore, for p large enough, and n > p, [pc |fy — fu|dp < 1 which implies [ic |f,|dp <
1+ [ | fp|d.Then since there are only finitely many functions, f, with n < p, there exists
a constant, M; such that for all n, [zc|fu|du < M;. But also,

/|fm|d:u:/ |fm|du+/‘fm|§M1+15M.
Q EC E

Therefore, by Fatou’s lemma, [q |f|du < liminf, e [|f,|du < M, showing that f € L!
as hoped.

Now G U{f} is uniformly integrable so there exists 8; > 0 such that if u (E) < 91,
then [ |g|du < e/3forallge SU{f}.

By Egoroff’s theorem, there exists a set, F' with u (F) < & such that f, converges
uniformly to f on FC. Therefore, there exists m such that if n > m, then [pc |f — fu|dp < §.
It follows that for n > m,

E € &
Jir=slaus [ 1r=slan+ [Ifldu+ [lldu<S+5+5 =
Q FC¢ F F 3 3 3

which verifies the claim of the theorem. l
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9.10 The Distribution Function

For (Q,.%, 1) a measure space, the integral of a nonnegative measurable function was de-
fined earlier as [ fdu = [;° u ([f > t])dt. This idea will be developed more in this section.

Definition 9.10.1 L. f > 0and suppose f is measurable. The distribution function
is the function defined by t — ([t < f]).

Lemma 9.10.2 If {f,} is an increasing sequence of functions converging pointwise to
f then p([f > 1]) = limp oo pr ([fu > 1]) -

Proof: The sets, [f,, > 1] are increasing and their union is [f > t] because if f(®) > f,
then for all n large enough, f, (@) > t also. Therefore, the desired conclusion follows from
properties of measures, the one which says that if E, T E, then u (E,) T u (E). R

Note how it was important to have strict inequality in the definition.

Lemma 9.10.3 Suppose s > 0 is a simple function, s(®0) = Yi_, ax 2, (®) where the
ay. are the distinct nonzero values of 5,0 < a1 < ay < --- < a, on the measurable sets Ej.
Suppose ¢ is a C' function defined on [0,0) which has the properties that ¢ (0) = 0, and
also that ' (t) > 0 for all t. Then

/Ooofb/(t)u ([s>1]) /¢ )dp (s

Proof: First note that if u (Ey) = oo for any k then both sides equal oo and so without
loss of generality, assume (L (E;) < oo for all k. Letting ag = 0, the left side equals

n "y, n "y n

o Wulls>dnn) =Y [ ¢/ u(E)dn

k=1" k-1 k=1" k-1 i=k

I
1=
1=
=
o

—
S
<
=

3

Il
™
™
=
s>
N
=
<
s

~
Il
—
1
=~
)
RS
|
~
|
—_
|
=~

Il
™=

u(E z 9@ ) = Y uE) @) = [o(s)an. m

I
-

With this lemma the next theorem which is the main result follows easily.

Theorem 9.10.4 L. f > 0 be measurable and let ¢ be a C' function defined on
[0,00) which satisfies ¢’ (t) > 0 for all t > 0 and ¢ (0) = 0. Then

Jondu= [ o u(r>)dm

Proof: By Theorem 8.1.6 on Page 181 there exists an increasing sequence of nonnega-
tive simple functions, {s,} which converges pointwise to f. By the monotone convergence
theorem and Lemma 9.10.2,

[onan = Jim [6(s d,u—hm/ o' (1)1t (fsn > 1)) dim

n—y

/ o' (O (lf > 1])dmm
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9.11 Radon Nikodym Theorem

Let u, Vv be two finite measures on the measurable space (Q,.%) and let o« > 0. Let A =
v — o Then it is clear that if {E;} | are disjoint sets of .#, then A (U;E;) =Y | A (E;)
and that the series converges. The next proposition is fairly obvious.

Proposition 9.11.1 Ler (Q,.7,1) be a measure space and let A : F — [0,%) be a
measure. Then A is a finite measure.

Proof: Since A (Q) < oo this is a finite measure. W

Definition 9.11.2 7. (Q,.F) be a measurable space and let A : F — R satisfy: If
{Ei}| are disjoint sets of F, then A (U;E;) = Y2 | A (E;) and the series converges. Such
a real valued function is called a signed measure. In this context, a set E € .F is called
positive if whenever F is a measurable subset of E, it follows A (F) > 0. A negative set is
defined similarly. Note that this requires A (Q) € R.

Lemma 9.11.3 The countable union of disjoint positive sets is positive.

Proof: Let E; be positive and consider E = U | E;. If A C E with A measurable, then
ANE;CE;andso A (ANE;) >0.Hence A(A)=Y,A(ANE;)>0. 1

Lemma 9.11.4 Let A be a signed measure on (Q,.F). IfE € F with0 < A (E), then E
has a measurable subset which is positive.

Proof: If every measurable subset F of E has A (F)) > 0, then E is positive and we
are done. Otherwise there exists measurable F C E with A (F) < 0. Let the elements of §
consist of sets of disjoint sets of measurable subsets of E each of which has measure less
than 0. Partially order § by set inclusion. By the Hausdorff maximal theorem, Theorem
2.8.4, there is a maximal chain €. Then U% is a set consisting of disjoint measurable sets
F € % such that A (F) < 0. Since each set in U% has measure strictly less than 0, it follows
that U% is a countable set, {F;}; | . Otherwise, there would exist an infinite subset of U%’
with each set having measure less than f% for some n € N so A would not be real valued.
Letting F' = U;F;, then E \ F has no measurable subsets S for which A (S) < 0 since, if it
did, ¥ would not have been maximal. Thus E \ F is positive. I

A major result is the following, called a Hahn decomposition.

Theorem 9.11.5 Let A be a signed measure on a measurable space (Q,F). Then
there are disjoint measurable sets P,N such that P is a positive set, N is a negative set, and
PUN =Q.

Proof: If Q is either positive or negative, there is nothing to show, so suppose Q is
neither positive nor negative. § will consist of collections of disjoint measurable sets F
such that A (F) > 0. Thus each element of § is necessarily countable. Partially order § by
set inclusion and use the Hausdorff maximal theorem to get ¢’ a maximal chain. Then, as
in the above lemma, U%’ is countable, say {P;};-; because A (F') > 0 for each F € U% and
A has values in R. The sets in U% are disjoint because if A, B are two of them, then they
are both in a single element of %. Letting P = U;P;, and N = PC, it follows from Lemma
9.11.3 that P is positive. It is also the case that N must be negative because otherwise, ¢
would not be maximal. l
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Clearly a Hahn decomposition is not unique. For example, you could have obtained
a different Hahn decomposition if you had considered disjoint negative sets F' for which
A (F) < 0 in the above argument. I will only use the case where v < ¢t which is to say that
v is absolutely continuous with respect to ¢ which is defined next.

Definition 9.11.6 L. WU,V be finite measures on (Q,.F). Then v < |1 means that
whenever |1 (E) = 0, it follows that v (E) = 0.

Let k € N, {a',‘l}:;o be equally spaced points X = 27%n. Then af, = 27%(2n) =
2~y = gk~ and ab ! = 27*+1)2n = k. Similarly N5 = N¥ because these depend
on the k. Also let (P¥,N¥) be a Hahn decomposition for the signed measure v—aku
where v, il are two finite measures. Now from the definition, N, +1 \ Nk = N, +1 NPk Also,

N, € Ny for each n and we can take Ny = 0 because v (Ng) < 0 Then {N¥, \Nk}n 0
covers all of Q except for a set of v measure 0.

Lemma 9.11.7 Let S=Q\ (U,N¥) = Q\ (U,N)) for any I. Then p (S) = 0.

Proof: S = N,P so for all n,v(S) — aku (S) > 0. But letting n — oo, it must be that
u(s)=0.1

By the assumption that v < i, we can neglect S because this also implies v (S) = 0.
Thus, asside from a set of i and v measure zero, Q = UnNnk.

As just noted, if E C N:]1{+1 \N,’,‘, then

V(E)— ok (E) > 0> v(E)— ok, i (E), so a, \i(E) > V(E) > aku(E) (9.12)

i 1 H(E) > V(E) > agp(E)

Then define f* (@) = ¥, ok 2k (©) where AX,

NK_ | \N&. Thus,

fk = Z (XIE,TI%(Ngl Nk+1 Z OCkJrl Ak+l + Z 052,, k+|
n=0

<Yy a’gjﬂfml - Z oy Zyen = 14 (9.13)
n=0

Thus k — f*(w) is increasing. Let f(®) = limy_o. X (®). Then using 9.12, if E is a
measurable set,

/%Ef"du < nf‘bafgﬂu (Enak) < ,ibaf’u (Enal) +nf‘bz’<u (Enab)

giv(EmA’;)H—ku(E) V(E)+27*u(E /%EfkdquZ KW(E)  (9.14)
n=0

From the monotone convergence theorem it follows v (E) = [ Zx fdu.
This proves the following major theorem called the Radon Nikodym theorem.
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Theorem 9.11.8 Let v and U be finite measures defined on a measurable space
(Q,.7) where v < . Then there exists a unique up to a set of measure zero nonnegative
measurable function @ — f () such that v (E) = [ fdu.

Proof: If you had f which also works, then consider the set E, where f (®) > f (@) +
1/n. Then 0 = [ (f(0)— f(w))du > %/.L (E,). Thus u (E,) = 0 and so also

[f_f>0] =UnEy

is a set of measure 0. Similarly [ f—f> 0] is a set of measure zero and so f = f for a.e.
o. 1

Sometimes people write [ = % and % is called the Radon Nikodym derivative.
Corollary 9.11.9 In the above situation, let A be a signed measure and let A < U
meaning that if W (E) = 0= A (E) = 0. Here assume that L is a finite measure. Then there
exists a unique up to a set of measure zero h € L' such that A (E) = Jehdu.

Proof: Let PUN be a Hahn decomposition of 4. Let
Ay (E)Y=A(ENP), A_(E)=—-A(ENN).

Then both A and A _ are absolutely continuous measures and so there are nonnegative s,
and h_ with A_ (E) = [z h_du and a similar equation for A,. Then 0 < —A (QNN) <
A_(Q) < oo, similar for A so both of these measures are necessarily finite. Hence
both 2_ and hy are in L' soh=h, —h_isalsoin L' and A(E) = A, (E) —A_(E) =
Ji (e —h_)dp.

Definition 9.11.10 A measure space (Q,.F W) is © finite if there are countably
many measurable sets {Q,} such that |1 is finite on measurable subsets of Q.

There is a routine corollary of the above theorem.

Corollary 9.11.11 Suppose u,v are both ¢ finite measures defined on (Q,.F) with
vV < U. Then a similar conclusion to the above theorem can be obtained. v (E) = [ fdu
for f a nonnegative measurable function. If v (Q) < oo, then f € L' (Q). This f is unique
up to a set of |L measure zero.

Proof: Since both i,V are ¢ finite, there are {Qk}:zl such that v (Q) , 1t (€) are
finite. Let Qo =0 and Q; = Q; \ (U’J‘.;(I)Qj) so that u, v are finite on € and the € are dis-
joint. Let .%; be the measurable subsets of Q, equivalently the intersections with Q; with
sets of .Z. Now let v (E) = v (EN€), similar for u;. By Theorem 9.11.8, there exists
Jic as described there, unique up to sets of 4 measure 0. Thus Vi (E) = [gng, fid ;- Now
let f () = fi (@) for @ € Q. Thus V(ENLY) = [grg, fdi. Summing over all k,v (E) =
Jpfdu. A

9.12 Iterated Integrals

This is about what can be said for the o algebra of product measurable sets. First it is
necessary to define what this means.
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Definition 9.12.1 A measure space (Q,. %, ) is called o finite if there are mea-
surable subsets Q, such that |1 (Q,) < e and Q = Uy Q,,.

Next is a ¢ algebra which comes from two ¢ algebras.

Definition 9.12.2 ret (x,&),(Y,.F) be measurable spaces. That is, a set with a
o algebra of subsets. Then & x % will be the smallest ¢ algebra which contains the
measurable rectangles, sets of the form E X F where E € &, F € %. The sets in this new
o algebra are called product measurable sets.

Definition 9.12.3 Given two finite measure spaces, (X,&,1) and (Y, F,V),one
can define a new measure L X v defined on & x .F by specifying what it does to measurable
rectangles as follows:

(1 v) (A% B) = (4) v (B)
whenever A € & and B € %.

We also have the following important proposition which holds in every context inde-
pendent of any measure.

Proposition 9.12.4 Let E C & x F be product measurable & x F where & is a ¢
algebra of sets of X and F is a © algebra of sets of Y. then if E,={y €Y : (x,y) € E} and
E,={xeX:(x,y)€E}, thenE, € & andE, € F.

Proof: It is obvious that if Z" is the measurable rectangles, then the conclusion of the
proposition holds. If ¢ consists of the sets of & x % for which the proposition holds,
then it is clearly closed with respect to countable disjoint unions and complements. This is
obvious in the case of a countable disjoint union since (U;E') = UEL, similar for y. As
to complement, if E € ¢, then E, € .# and so (Ec)x = (E\)€ € Z. 1tis similar for y. By
Lemma 8.3.2, Dynkin’s lemma, ¥ O & x .%. However ¢ was defined as a subset of & x %
so these are equal. l

Let (X,&,u) and (Y,.%,Vv) be two finite measure spaces. Define . to be the set of
measurable rectangles, A X B,A € & and B € .%. Let

%E{EQXXY://%Edudv://%gdvdu} (9.15)
YJX XJY

where in the above, part of the requirement is for all integrals to make sense.
Then ¢ C %. This is obvious.
Next I want to show that if E € ¢ then E€ € 4. Observe Zzc = | — 2% and so

|| Zreanav = [ [ (1= 2iyanav= [ [ (1~ 2i)avan

/ / %Ecdvd[,l
XJY

which shows that if E € ¢, then E€ € .
Next is to show ¢ is closed under countable unions of disjoint sets of 4. Let {A;}
be a sequence of disjoint sets from ¢. Then, using the monotone convergence theorem as

needed,
L= .ddv:// %,ddv:/ /%.ddv
/Y/x Up A d M Iy Xi:ZI A Gl .Yi;.x AGH
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Y [ | #aanav=Y | [ #iavan

i=17/YJX i=1/XJY

:/ Z/B&”Aidvdu://Z%Aidvdu://%uglmdvdu, (9.16)
XDy XJY ;01 xJy 7

Thus ¥ is closed with respect to countable disjoint unions.

From Lemma 8.3.2,% D ¢ (#), the smallest ¢ algebra containing .’#". Also the com-
putation in 9.16 implies that on ¢ (#") one can define a measure, denoted by y x v and
that for every E € 6 (%),

(Lxv) (E)z/y/xe%”gdudv:/);/;,%gdvdu. 9.17)

with each iterated integral making sense.
Next is product measure. First is the case of finite measures. Then this will extend to &
finite measures. The following theorem is Fubini’s theorem.

Theorem 9.12.5 et f:x xy — [0,00] be measurable with respect to the ¢ alge-
bra, 6 (X') = & x F just defined and let L X v be the product measure of 9.17 where |
and v are finite measures on (X,&) and (Y, F) respectively. Then

| faluxv) = //fdudv—//fdvdu

Proof: Let {s,} be an increasing sequence of o (%) = & x .# measurable simple
functions which converges pointwise to f. The above equation holds for s, in place of f
from what was shown above. The final result follows from passing to the limit and using
the monotone convergence theorem. W

Of course one can generalize right away to measures which are only o finite. This is
also called Fubini’s theorem.

Definition 9.12.6 e (x,&,u),(Y,.7,v) both be 6 finite. Thus there exist disjoint
measurable X, with U;,_, X, and disjoint measurable Y, with U>_,Y, =Y such that u,v
restricted to X,,,Y,, respectively are finite measures. Let &, be intersections of sets of & with
X, and 7, similarly defined. Then letting ¢ consist of all measurable rectangles A X B
forA e &,Be F, and letting & x F = o (X') define the product measure of E contained
in this ¢ algebra as (WX V) (E) =Y, Y, (1, X Vi) (EN (X, X Yy)).

Lemma 9.12.7 The above definition yields a well defined measure on & x F

Proof: This follows from the standard theorems about sums of nonnegative numbers.
See Theorem 2.5.4. For example if you have two other disjoint sequences X, Y; on which
the measures are finite, then

(WxV)(E) = ZZZZ n X Vi) (EN (Xn N X X Y NY)))

n m k

ZZZZ i X Vi) (EN (XN X X Yy NY;))

n m

and so the definition with respect to the two different increasing sequences gives the same
thing Thus the definition is well defined. (it X V) is a measure because if the E; are disjoint
& x . measurable sets and E = U;E;,

(uxVv)(E ZZ (1, X Vi) (UiEi 0 (X X V) ZZZ 2 X Vi) (Ein (X X V)

n m i
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_ZZZ 2 X Vi) (EiN (X x Y)) =) (ux v) (E;) B

i

Theorem 9.12.8 L. f:X XY — [0,00] be measurable with respect to the ¢ alge-
bra, o (') just defined as the smallest G algebra containing the measurable rectangles,
and let U X v be the product measure of 9.17 where L and v are G finite measures on (X, &)
and (Y,F) respectively. (9.12.1) Then

;;nyd(“xv //fd#dv—//fdvdu (9.18)

Proof: Letting E € & x #

oy Zed(UWxv)=(UxV)(E)= ZZ(Nn X Vi) (EN (X X Yn))

~YY | | Zeaw,avi= [ | Zpduav

the last coming from a use of the monotone convergence theorem applied to sums. It
follows that 9.18 holds for simple functions and then from monotone convergence theorem
and Theorem 8.1.6, it holds for nonnegative & x .% measurable functions. l

It is also useful to note that all the above holds for Hle X; in place of X x Y and u; a
measure on &; a o algebra of sets of X;. You would simply modify the definition of ¢ in
9.15 including all permutations for the iterated integrals and for 2" you would use sets of
the form []7_, A; where A; is measurable. Everything goes through exactly as above.

Thus the following is mostly obtained.

Theorem 9.12.9 L. {(Xi, &, 1)}, be o finite measure spaces and T]._ lg de-
notes the smallest ¢ algebra which contalns the measurable boxes of the form Hl:lA
where A; € &. Then there exists a measure A defined on a ¢ algebra ]_[f:1 &; such that
if f 11, Xi — [0,09] is TIE_, & measurable, (iy,--- ,ip) is any permutation of (1,---,p),

then
[ran=[ [ saw,--an, 9.19)
X, X;, P

The conclusion 9.19 is called Fubini’s theorem. More generally

Theorem 9.12.10 Suppose, in the situation of Theorem 9.12.9 f € L' with respect
to the measure A. Then 9.19 continues to hold.

Proof: It suffices to prove this for f having real values because if this is shown the
general case is obtained by taking real and imaginary parts. Since f € L! (H{) lX-)

J1f|dA < oo and so both 1 (|f|+ f) and % (|f| — f) are in L' ([T%_, X;) and are each non-
negative. Hence from Theorem 9.12.9,

[rai=[|30r1+0-5001-p|ar= [ S+ nan- [ Fan

= [ [ S0+ Py auy, ~ [ [ 5071 fdu,an,

= [ [ 30140 =501 = D aw, e, = [ [ gy,

The following corollary is a convenient way to verify the hypotheses of the above theorem.
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Corollary 9.12.11 Suppose f is measurable with respect to Hf’:l &; and suppose for
some permutation, (iy,--- ,ip), [+ [|f|dp;, ~dpl;, <o Then f € L' (T, X)) -

Proof: By Theorem 9.12.9, fg, |f|dA = [--- [ |f (z)|dp; ---dp;, < oo andso fisin
L'(RP). B

You can of course consider the completion of a product measure by using the outer
measure approach described earlier. This could be used to get p dimensional Lebesgue
measure.

9.13 The Brouwer Fixed Point Theorem

I found this proof of the Brouwer fixed point theorem in Evans [16] and Dunford and
Schwartz [14]. The main idea which makes proofs like this work is Lemma 6.11.2 which
is stated next for convenience.

Lemma 9.13.1 Letg: U — R? be C? where U is an open subset of RP. Then it follows

that ©%_, cof (Dg);; ; = O,where here (Dg);; = gi,j = a . Also, cof (Dg),; adg;(llj)g).

ij,J

Definition 9.13.2 7et h be a Sfunction defined on an open set, U C RP. Then h €
ck (U ( ) if there exists a function g defined on an open set, W containng U such that g = h

onU and g is CK(W).

Lemma 9.13.3 There does not exist h € C2 (B (0,R)) with h : B(O,R) — dB(0,R)

which has the property that h (x) = x for all x € dB(0,R) = {x : |x| = R} Such a function
is called a retract.

N—

Proof: First note that if h is such a retract, then for all € B(0,R), det(Dh (x)) = 0.
This is because if det (Dh (x)) # 0 for some such x, then by the inverse function theorem,
h(B(x,8)) is an open set for small enough 0 but this would require that this open set is
a subset of dB(0,R) which is impossible because no open ball is contained in dB(0,R).
Here and below, let Bg denote B (0,R).

Now suppose such an h exists. Let A € [0,1] and let p; () = x + A (h(x) —x). This
function, p, is a homotopy of the identity map and the retract h. Define the function I (1)
by I(A) = [g(0 r) det(Dp; (z)) dx. Then using the dominated convergence theorem,

I/(A,) _ /OR Zadet Dp}, )apll] ($)dx

apkl J A
- 8det Dpl )) ) o
N / B(0,R) ZZ 31’1:1 (hl (33) XI)de

N /B(o,R) ;;COHDPA ()i (hi () = xi) ; dx

Now by assumption, #; (x) = x; on dB(0,R) and so one can integrate by parts, in the
iterated integrals used to compute [z g) and write

Z/ Zcof Dp;, (z));; ; (hi (z) —x;)dx = 0.
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Therefore, I(A) equals a constant. However, /(0) = m, (B(0,R)) # 0 and as explained
above, I(1)=0. B
The following is the Brouwer fixed point theorem for C> maps.

Lemma 9.13.4 [fhc (B (O,R)) and h: B(O,R) — B(O,R), then h has a fixed point
x such that h (x) = x.

Proof: Suppose the lemma is not true. Then for all «,|x — h (x)| # 0. Then define

g(x)=h(z)+ \iiﬁgﬂ\f () where 7 (x) is nonnegative and is chosen such that g (x) €
dB(0,R).

This mapping is illustrated in the following picture.

g(z)

If £ — t (x) is C> near B(0,R), it will follow g is a C? retract onto dB (0, R) contrary
to Lemma 9.13.3. Thus 7 (x) is the nonnegative solution 7 to

x—h(x) 2

‘h(m) o ha) @

=|h(z))*+2 <h(m),w> +2=R>  (9.20)

then by the quadratic formula,

H(m) = — (h(m),M) +\/<h(m),my+ (R In()?)

Is ¢ — ¢ () a function in C2? If what is under the radical is positive, then this is so because
s — +/s 1s smooth for s > 0. In fact, this is the case here. The inside of the radical is
positive if R > |h(x)|. If |h(x)| = R, it is still positive because in this case, the angle
between h (x) and  — h (x) cannot be /2 because of the shape of the ball. This shows
that & — ¢ () is the composition of C? functions and is therefore C2. Thus this g () is a
C? retract and by the above lemma, there isn’t one.

Now it is easy to prove the Brouwer fixed point theorem. The following theorem is the
Brouwer fixed point theorem for a ball.

Theorem 9.13.5 Le: Bpg be the above closed ball and let f : Bg — Bg be continuous.
Then there exists x € Bg such that f (x) = .

Proof: Let f, (z) = L=, Thus

el

511 = max{| L
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Letting ||h|| = max {|h (x)| : © € Bg}, It follows from the Weierstrass approximation the-
orem, there exists a function whose components are polynomials g; such that ||g;, — f]| <

5. Then if & € Bg, it follows

kR

91 (®)] < g () = Fr (@) + [ fi(@)] < T+ =R

and so g; maps B to Bg. By Lemma 9.13.4 each of these g, has a fixed point x; such that
gy (@) = . The sequence of points, {x; } is contained in the compact set, Bg and so there
exists a convergent subsequence still denoted by {a; } which converges to a point « € Bg.
Then from uniform convergence of g, to f, f(x) = limy_e f (x) = limg_yeo gy () =
limy ooy = . A

The ball does not have to be centered at 0. If f: B(a,R) — B(a,R) is continuous,
then y — f (y +a) — a maps B(0,R) to B(0,R) has a fixed point y = f(y+a) —a so
fly+a)=y+a.

Corollary 9.13.6 A continuous function mapping a closed ball having center at a to
itself has a fixed point.

Definition 9.13.7 A set A is a retract of a set Bif A C B, and there is a continuous
map h : B — A such that h(x) = x for all x € A and h is onto. B has the fixed point
property means that whenever g is continuous and g : B — B, it follows that g has a fixed
point.

Proposition 9.13.8 Let A be a retract of B and suppose B has the fixed point property.
Then so does A.

Proof: Suppose f : A — A. Let h be the retract of B onto A. Then foh:B — B is
continuous. Thus, it has a fixed point « € B so f (h(x)) = x. However, h(x) € A and
f:A—Asoinfact, z €A. Now h(x) =z andso f(z) =x. &

Although we won’t use this, every convex compact subset K of R? is a retract of all of
R? obtained by using the projection map. See Problems beginning with 8 on Page 137. In
particular, K is a retract of a large closed ball containing K, which ball has the fixed point
property. Therefore, K also has the fixed point property. This shows the following which is
a convenient formulation of the Brouwer fixed point theorem. However, Proposition 9.13.8
is more general. You can likely imagine sets which are retracts which might not be convex.

Theorem 9.13.9 Every convex closed and bounded subset of RP has the fixed point
property.

As an application of the Brouwer fixed point theorem is the following lemma. It says
roughly that if a continuous function does not move points near p very far, then the image
of a ball centered at p contains a slightly smaller open ball.

Lemma 9.13.10 Let f be continuous and map B (p,r) C R" to R™. Suppose that for all
x € B(p,r),|f (x) — x| < er. Then it follows that f (B (p, r)) OB(p,(1—¢)r)

Proof: This is from the Brouwer fixed point theorem. Consider fory € B(p, (1 —¢€)r),

h(z)=z—f(z)+y
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Then h is continuous and for « € B(p,r),

|h(z)—p|=|x—f(x)+y—pl<er+|ly—pl<er+(1—-¢)r=r

Hence h : B(p,r) — B(p,r) and so it has a fixed point « by Corollary 9.13.6. Thus
z—f(z)+y==
sof(x)=y. 1

9.14 Invariance of Domain

As an application of the inverse function theorem is a simple proof of the important invari-
ance of domain theorem which says that continuous and one to one functions defined on an
open set in R” with values in R” take open sets to open sets. You know that this is true for
functions of one variable because a one to one continuous function must be either strictly
increasing or strictly decreasing. However, the n dimensional version isn’t at all obvious
but is just as important if you want to consider manifolds with boundary for example. The
need for this theorem occurs in many other places as well in addition to being extremely
interesting for its own sake. The inverse function theorem gives conditions under which a
differentiable function maps open sets to open sets.

The notation || f|| x means supx | f (2)|. If you have a continuous function h defined
on a compact set K, then the Stone Weierstrass theorem implies you can uniformly ap-
proximate it with a polynomial g. That is ||k — g||x is small. The following lemma says
that you can also have g (z) = h(z) and Dg(z)" exists so that near z, the function g
will map open sets to open sets as claimed by the inverse function theorem. First is a little
observation about approximating.

Lemma 9.14.1 Suppose det(A) = 0. Then for all sufficiently small nonzero €,
det(A+el) #0

Proof: First suppose A is a p X p matrix. Suppose also that det(A) = 0. Thus, the
constant term of det (A1 — A) is 0. Consider €] +A = A, for small real €. The characteristic
polynomial of A is

det(Al—Ag) =det((A —€)I—A)

This is of the form
A—e)l +ap, 1 (A—e)" '+t (A—€)"an

where the a; are the coefficients in the characteristic equation for A and m is the largest such
that a,, # 0. The constant term of this characteristic polynomial for A, must be nonzero for
all € small enough because it is of the form

(—1)"&™ay, + (higher order terms in €)
which shows that €/ 4 A is invertible for all € small enough but nonzero. B

Lemma 9.14.2 [et K be a compact set in R" and let h : K — R" be continuous, z € K
is fixed. Let & > 0. Then there exists a polynomial g (each component a polynomial) such
that

lg —Rllx < 8, g(z) =h(2), Dg(z)"" exisis
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Proof: By the Weierstrass approximation theorem, Corollary 5.7.8, or Theorem 5.9.5,
there exists a polynomial § such that ||§ — k||, < g. Then define fory € K g (y) =g (y) +
h(z)—g(z) Theng(z)=§(z)+h(z)—g(z) =h(z). Also

lg(y)—h@| < [(Gy)+h(z)-§(z)—-h(y)
28

< 1g(y)—h@)|+lh(z)-g(z)| < =

and so since y was arbitrary, ||g — h||x < % < 8. If Dg(z) ™" exists, then this is what is
wanted. If not, use Lemma 9.14.1 and note that for all 7 small enough, you could replace
g with y — g (y) + 1 (y — 2z) and it will still be the case that ||g — h||x < & along with
g(2z) = h(z) but now Dg (z) " exists. Simply use the modified g. B

The main result is essentially the following lemma which combines the conclusions of
the above.

Lemma 9.14.3 Let f: B(p,r) — R" where the ball is also in R". Let f be one to one, f
continuous. Then there exists § > 0 such that f (B (p,r)) D B(f(p),8). In other words,

f (p) is an interior point of f (B (p,r)).

Proof: Since f (B (p,r)) is compact, it follows that f~!: f (B (p,r)) — B(p,r) is
continuous. By Lemma 9.14.2, there exists a polynomial g : f (B (p,r)) — R” such that

||9*f_1||f(m) < ene<l, Dg(f(p)"

exists,and g (f(p)) = f '(f(p)=p

From the first inequality in the above,
9(F @) ~al =g (F @)~ (F@)| < lla— 7| g < &
By Lemma 9.13.10,
gof (Bp.) 2 B(p.(1-€)r)=B(g(£(p)),(1-€)r)
Since Dg (f (p)) " exists, it follows from the inverse function theorem that g~! also exists

and that g, g~ are open maps on small open sets containing f (p) and p respectively. Thus

there exists 1 < (1 — &) r such that g~! is an open map on B (p,n) C B(p, (1 —€)r). Thus

gof (Bp,r)) 2B(p,(1-€)1) 2B(p,1)

So do g~ to both ends. Then you have g~! (p) = f (p) is in the open set g~ (B(p,n)).
Thus

f(Bpn) 297" (Bpm) 2B(g™ (p).8) =B(f(p).5) W

B(p,(1—¢)r))

p=q(f(p))
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With this lemma, the invariance of domain theorem comes right away. This remarkable
theorem states that if f: U — R” for U an open set in R” and if f is one to one and
continuous, then f (U) is also an open set in R”.

Theorem 9.14.4 Let U be an open set in R" and let f : U — R" be one to one and
continuous. Then f (U) is also an open subset in R”.

Proof: It suffices to show that if p € U then f (p) is an interior point of f (U). Let
B(p,r) CU.By Lemma9.14.3, f(U) 2 f (B (p,r)) D B(f(p),d)so f(p)is indeed an
interior point of f(U). &

The inverse mapping theorem assumed quite a bit about the mapping. In particular it
assumed that the mapping had a continuous derivative. The following version of the inverse
function theorem seems very interesting because it only needs an invertible derivative at a
point.

Corollary 9.14.5 Let U be an open set in RP and let f : U — RP be one to one and con-
tinuous. Then, £~ is also continuous on the open set f (U). If f is differentiable at xy € U
and if Df (z1) " exists for &, € U, then it follows that Df ™" (f (x1)) = Df (@) ".

Proof: || will be a norm on R”, whichever is desired. If you like, let it be the Euclidean
norm. ||-|| will be the operator norm. The first part of the conclusion of this corollary is
from invariance of domain.

From the assumption that Df (z) and Df (x) " exists,

y—f(@)=Ff(f " W)—f(@)=Df (@) (f ' (y)—=1)+o(f ' (y)—x1)

Since Df (1)~ exists, Df (z1) ' (y—f(x1)) = £ ' (y) —x1 +o(f ' (y) —x1) by
continuity, if |y — f (@1)] is small enough, then ‘f*] (y)— a:l‘ is small enough that in the
above, |o (£~ (y)—1)| < 3 |F " (y) — 1. Hence, if |y — f (1)| is sufficiently small,
then from the triangle inequality of the form |p —gq| > ||p| — 4]/,

|pf @) lw = £ @)1= [DF @) (= £ (@)

> |5 )| -5 15 @) -] = 51 ) -
y—F)l> [pran | 51 @) -l
It follows that for |y — f ()| small enough,
o(f 'y -—=)|_|o(f ' (y)—=) 2
e P e oo T

Then, using continuity of the inverse function again, it follows that if |y — f (a1)] is pos-
sibly still smaller, then f~! (y) — x; is sufficiently small that the right side of the above
inequality is no larger than €. Since € is arbitrary, it follows

o(f '(y)—z1)=0o(y—f(z1))
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Now from differentiability of f at xy,

y—f(z) = ( "(y)) - ( )=Df(x) (f ' (y)—z1)+o(f ' (y)—=)
= 1)(f w1)+o(y f (1))
= Df (1) (f~ (@) +oly—f(=1)

Therefore, solving for £ ! (y) — f71 (f (z1)),

F )= (f @) =Df @) (y—f (@) +oly—f (1)
From the definition of the derivative, this shows that Df ' (f (z1)) = Df (z;)"'. W

9.15 Jensen’s Inequality

When you have ¢ : R — R is convex, then secant lines lie above the graph of ¢. Say
x<w<zsow=Az+ (1l —A)xforsome A € (0, 1). Then refering to the following picture,

PW)—9() AP +(-A)9(¥)—9(x) A(#(x)—9(x) _¢(z)—9x)

w—x = (Az+(1—=2A)x)—x A(z—x) 7—x
Fory<w<xsow=Ay+ (1—A)x. Since w—x <0,

OW)—9(x) AP+ -A)9()—¢(x) _¢() -9

w—x A(y—x) y—x

Since x is arbitrary, this has shown that slopes of secant lines of the graph of ¢ over intervals
increase as the intervals move to the right.

Lemma 9.15.1 If ¢ : R — R is convex, then ¢ is continuous. Also, if ¢ is convex,
w(Q)=1,and f,¢ (f): Q= Rare in L'(Q), then ¢(Jq f du) < o ¢(f)dn

Proof: Let A = lim,, .+ % Those slopes of secant lines are decreasing and so

this limit exists. Then in the picture, for w € (x,z),0 (x) + A (w—x) < ¢ (W) < ¢ (x) +
(M> (w—x) and so ¢ is continuous from the right. A similar argument shows ¢ is

=X
continuous from the left. In particular, letting pu = lim,,_,,_ w < A because each
of these slopes is smaller than the slopes whose inf gives A. Then this shows that for

we(y,x)7%<lso¢() o (x)>A(w—x)andso ¢ (w)>¢(x)+A(w—x)and

for these @, 2 ) ¢( ) > o) o 00) 5o ¢ (w) < ¢ (x) + (w) (w—x) so one obtains
continuity from the left. This has also shown that for w not equal to x,¢ (w) > ¢ (x) +
A (w—x) or in other words, ¢ (x) < ¢ (w) +A (x —w) .Letting x = [, fdu, and using the A

whose existence was just established, for each w,

¢(Lﬂw)s¢uwm+l(4ﬂw—fw0
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Do [odu to both sides and use u (Q) = 1. Thus

0 </£;fdu> < [o(du+2 </£;fdu—/gfdu> = [o()an.

There are no difficulties with measurability because ¢ is continuous. H

Corollary 9.15.2 In the situation of Lemma 9.15.1 where p(Q) = 1, suppose f has
values in [0,00) and is measurable. Also suppose ¢ is convex and increasing on [0,00).

Then ¢(Jo f du) < Jo @(f)du.

Proof: Let f, (0) = f (o) if f(w) <n and let f,(w) =n if f(®) > n. Then both
fu,® (f) are in L' (Q). Therefore, the above holds and ¢ ([ fudu) < [o ¢(f,)du. Let
n — oo and use the monotone convergence theorem. ll

9.16 Faddeyev’s Lemma

This next lemma is due to Faddeyev. I found it in [35].

Lemma 9.16.1 Let f, g be nonnegative measurable nonnegative functions on a measure
space (Q, ). Then | fgdp = [§* [y fdudt = [ i ([ > )N\ [g > 1)) dsdr.

Proof: First suppose g = a2 where E is measurable, a > 0. Now [g >1t] =0 if
t > a and it equals 2 if t < a. Thus the right side equals [y [ fdudt = [ [ Zefdu =
JaZE fdu which equals the left side. Thus the first equation is true if g = a 2. Similar
reasoning shows that when you have g a nonnegative simple function, g = Y\, a; ZF;
where we can arrange to have {q;} increasing, the first equation still holds. Now by the
monotone convergence theorem, this yields the desired result for the first equation.

To get the second equal sign, note that

J Syt = [ ] s = [ [T (2t > s
| [ uitr>snie>)dsarm

9.17 Exercises

1. Let Q=N={1,2,---}. Let % = Z(N), the set of all subsets of N, and let u(S) =
number of elements in . Thus u({1}) =1 = pu({2}), u({1,2}) =2, etc. In this
case, all functions are measurable. For a nonnegative function, f defined on N, show
Infdu =Y7  f (k). What do the monotone convergence and dominated conver-
gence theorems say about this example?

2. For the measure space of Problem 1, give an example of a sequence of nonnegative
measurable functions { f;, } converging pointwise to a function f, such that inequality
is obtained in Fatou’s lemma.

3. If (Q, %, 1) is a measure space and f > 0 is measurable, show that if g (@) = f (@)
ae. wand g >0, then [gdu = [ fdu. Show thatif f,g € L' (Q) and g (@) = f (o)
a.e. then [gdu = [ fdu.
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4. Let {f,},f be measurable functions with values in C. {f,} converges in measure if

lim,, et (x € Q: | f(x) — fu(x)| > €) = 0 for each fixed € > 0. Prove the theorem of
F. Riesz. If f, converges to f in measure, then there exists a subsequence { f;, } which
converges to f a.e. In case U is a probability measure, this is called convergence in
probability. It does not imply pointwise convergence but does imply that there is a
subsequence which converges pointwise off a set of measure zero. Hint: Choose n;
such that p(x : [f(x) — fu, (x)| > 1) < 1/2. Choose ny > ny such that p(x: |f(x) —
f (%) > 1/2) < 1/22 n3 > ny such that u(x: [f(x) — fus (x)] > 1/3) < 1/23, ete.
Now consider what it means for f;, (x) to fail to converge to f(x). Use the Borel
Cantelli Lemma 8.2.5 on Page 184.

(X,.7, 1) is said to be a regular measure space if % DO % (X) and for every F € .Z,

u(F) = sup{u(K):K compact, K C F}
w(F) = inf{u(V):Vopen,V2OF}

Let (X,.#, 1) be aregular measure space. For example, it could be R” with Lebesgue
measure, shown later. Why do we care about a measure space being regular? This
problem will show why. Suppose that closures of balls are compact as in the case of
RP.

(a) Let it (E) < oo. By regularity, there exists K C E C V where K is compact and V
is open such that p (V \ K) < €. Show there exists W open such that K CW CV
and W is compact. Now show there exists a function £ such that / has values in
[0,1],h(x) =1 for x € K, and & (x) equals 0 off W. Hint: You might consider
Problem 10 on Page 197.

(b) Show that [|2r —h|du < €
(c) Next suppose s = Y, c;ZE, is a nonnegative simple function where each

W (E;) < oo. Show there exists a continuous nonnegative function 4 which
equals zero off some compact set such that [ |s —h|du < €

(d) Now suppose f >0 and f € L! (Q). Show that there exists 4 > 0 which is
continuous and equals zero off a compact set such that [ |f —h|du < €

(e) If f € L' (Q) with complex values, show the conclusion in the above part of
this problem is the same.

Let (Q,.%, 1) be a measure space and suppose f, g : © — (—oo, 0] are measurable.
Prove the sets {® : f(®) < g(®)} and {® : f(®) = g(w)} are measurable. Hint:
The easy way to do this is to write

{w: f(w) <g(w)}=U,eqlf <r]N[g>r].

Note that [ (x,y) = x —y is not continuous on (—co, 0] so the obvious idea doesn’t
work. Here [g > r] signifies {0 : g (®) > r}.

Let {f,} be a sequence of real or complex valued measurable functions. Let
S={o:{f.(w)} converges}.

Show S is measurable. Hint: You might try to exhibit the set where f;, converges
in terms of countable unions and intersections using the definition of a Cauchy se-
quence.
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. Suppose uy (1) is a differentiable function for ¢ € (a,b) and suppose that for ¢ € (a,b),

Jun(0)], [ ()] < Ky where Y57 Ky < 0. Show (L5 un (1)) = L 1 (1).
Hint: This is an exercise in the use of the dominated convergence theorem and the
mean value theorem.

Suppose {f,} is a sequence of nonnegative measurable functions defined on a mea-
sure space, (Q,.%, ). Show that (Y7 | fidit =Y, [ frdp. Hint: Use the mon-
otone convergence theorem along with the fact the integral is linear.

Explain why for each # > 0,x — ¢~™* is a function in L' (R) and [;*e~"dx = 1. Thus

/ sin ( / / sin (t) e "dxdt

Now explain why you can change the order of integration in the above iterated in-
tegral. Then compute what you get. Next pass to a limit as R — o and show

0 gm( Lt = 2717. This is a very important integral. Note that the thing on the left
1s an 1mproper integral. sin(z) /¢ is not Lebesgue integrable because it is not ab-
solutely integrable. That is [y ]S”” ] dm = oo, It is important to understand that the
Lebesgue theory of integration only applies to nonnegative functions and those which
are absolutely integrable.

Let the rational numbers in [0, 1] be {r};_, and define

[ vifee{r, -}
f"(’)_{ Oift¢{ri,---,rn}

Show that lim,_,. f;, (#) = f () where f is one on the rational numbers and 0 on the
irrational numbers. Explain why each f, is Riemann integrable but f is not. How-
ever, each f; is actually a simple function and its Lebesgue and Riemann integral is
equal to 0. Apply the monotone convergence theorem to conclude that f is Lebesgue
integrable and in fact, [ fdm = 0.

. k .
Show limy, e 5 Y4 % = 2. This problem was shown to me by Shane Tang, a for-
mer student. It is a nice exercise in dominated convergence theorem if you massage
it a little. Hint:

nzk

n n—1 n n—1 n—1
Zk" _Zzl 1222’(1 ) Zz (141)
= = n—1

Give an example of a sequence of functions {f,},f, > 0 and a function f > 0 such
that f (x) = liminf,_,e f;, (x) but [ fdm < liminf,_,. [ fudm so you get strict in-
equality in Fatou’s lemma.

l\-)‘:

"3

Let f be a nonnegative Riemann integrable function defined on [a,b]. Thus there is
a unique number between all the upper sums and lower sums. First explain why,
ifa; >0,[Y!  aiZ; [titi1) (t)dm =Y ;a; (t; —t;_1) . Explain why there exists an in-
creasing sequence of Borel measurable functions {g,} converging to a Borel mea-
surable function g, and a decreasing sequence of functions {4, } which are also Borel
measurable converging to a Borel measurable function £ such that g, < f < h,,,

/ gndm equals a lower sum, / h,dm equals an upper sum
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and [ (h—g)dm = 0. Explain why {x: f(x) # g (x)} is a set of measure zero. Then
explain why f is measurable and | : f(x)dx = [ fdm so that the Riemann integral
gives the same answer as the Lebesgue integral. Here m is one dimensional Lebesgue
measure discussed earlier. Now you know how to compute a Lebesgue integral for
reasonable functions. In case of a multiple integral, you would use the iterated inte-
grals to do it.

Let A, 1 be finite measures. We say A < p if whenever p (E) = 0 it follows that
A (E) = 0. Show that if L < u, then for every € > 0 there exists 6 > 0 such that if
W(E) < d,then A (E) < €.

If A is a signed measure with values in R so that when {E;} are disjoint, }; A (E;)
converges, show that the infinite series converges absolutely also.

Suppose v < u where these are finite measures so there exists # > 0 and measurable
such that v (E) = [z hdp by the Radon Nikodym theorem. Show that if f is mea-
surable and non-negative, then [ fdv = [ fhdu. Hint: It holds if f is x and so it
holds for a simple function. Now consider a sequence of simple functions increasing
to f and use the monotone convergence theorem.

Use Jensen’s inequality in Corollary 9.15.2 to show that if f is nonnegative and
measurable, then for p > 1 show that whenever U is a finite measure, then if f7 €
L' (Q) it follows that f € L' (Q). Give an example to show that this is not necessarily
true if p (Q) = . Hint: For the second part, you might consider Q = N, the ¢
algebra the set of all subsets, and u (S) equal to the number of elements in S. Maybe

fn)=1/n.



Chapter 10

Regular Measures

10.1 Measures and Regularity

Regular measures have already been discussed. In this section are a few general results
which are surprising. The new information involves the possibility that closed balls may
not be compact.

Definition 10.1.1 A poiish space is a complete separable metric space. For a Pol-
ish space E or more generally a metric space or even a general topological space, 2B (E)
denotes the Borel sets of E. This is defined to be the smallest 6 algebra which contains the
open sets. Thus it contains all open sets and closed sets and compact sets and many others.

For example, R is a Polish space as is any separable Banach space. Amazing things
can be said about finite measures on the Borel sets of a Polish space. First the case of a
finite measure on a metric space will be considered.

It is best to not attempt to describe a generic Borel set. Always work with the definition
that it is the smallest o algebra containing the open sets. Attempts to give an explicit
description of a “typical” Borel set tend to lead nowhere because there are so many things
which can be done.You can take countable unions and complements and then countable
intersections of what you get and then another countable union followed by complements
and on and on. You just can’t get a good useable description in this way. However, it is easy

c
to see that something like (ﬁf":l UL E j) is a Borel set if the E; are. This is useful. This

said, you can look at Hewitt and Stromberg [23] in their discussion of why there are more
Lebesgue measurable sets than Borel measurable sets to see the kind of technicalities which
result by describing Borel sets. This is an extremely significant result based on describing
Borel sets, so it can be done.

For finite measures, defined on the Borel sets % (X) of a metric space X, the first
definition of regularity is automatic. These are always outer and inner regular provided
inner regularity refers to closed sets. Note that if A D B then A\ B = B¢ \ AC.

Lemma 10.1.2 Ler u be a finite measure defined on a ¢ algebra F O % (X) where X
is a metric space. Then the following hold.

1. wis regular on B (X) meaning 8.16, 8.17 whenever F € 2 (X).

2. W is outer regular satisfying 8.17 on sets of F if and only if it is inner regular
satisfying 8.16 on sets of F.

3. If W is either inner or outer regular on sets of % then if E is any set of F, there exist
F an Fy set and G a G set such that F CE C Gand u (G\ F) =0.

Proof: 1.) First note every open set is the countable union of closed sets and every
closed set is the countable intersection of open sets. Here is why. Let V be an open set and
let

K= {x eV :dist(x,VE) > 1/k}.

Then clearly the union of the K} equals V. Thus

u(V)=sup{u(K):KCV and K is closed} .

235
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If U is open and contains V, then p (U) > p (V) and so
w(V)<inf{u(U):U DV, Uopen} < u(V) sinceVCV.

Thus p is inner and outer regular on open sets. In what follows, K will be closed and V
will be open.

Let %" be the open sets. This is a 7 system since it is closed with respect to finite
intersections. Let

¢ ={E € #(X): uisinner and outer regularon E} so 4 2 ¥ .

ForE€¥,letV D E DK suchthat u (V\K)=u(V\E)+u(E\K) < &. Thus K¢ D E€
and so u (K¢ \ E€) = u(E\K) < €. Thus p is outer regular on E€ because

1(KS) =p (E€) +p (K\E®) < u (E) +¢, K DEC
Also, E€ D V€ and pu (E€\ V) = u(V\E) < & so p is inner regular on E and so ¢ is

closed for complements. If the sets of & {E;} are disjoint, let K; C E; CV; with u (V;\ K;) <
€27'. Then for E = U;E;,and choosing m sufficiently large,

Zu i (Ei)+e<

and so U is inner regular on E = U;E;. It remains to show that p is outer regular on E.
Letting V = U;V,,

™=

W (KD) 426 = (UL K;) + 2

Il
-

I

L(V\E) <pu (U (V\E)) <Z£2 i—¢

Hence u is outer regular on E since t (V) = p(E)+pu(V\E)<u(E)+eandV D E.

By Dynkin’s lemma, ¥ = ¢ (¢) = %A (X).

2.) Suppose that u is outer regular on sets of .# 2 A (X). Letting E € %, by outer
regularity, there exists an open set V 2 E€ such that (V) — p (E€) < &. Since i is finite,
e>pu(V)—p(EC) =pn(V\EC) =p (E\VE) =p(E) — p (V) and VC is a closed set
contained in E. Therefore, if 8.17 holds, then so does 8.16. The converse is proved in the
same way. There is K C E€ with & > pu (E€\ K) = pu (K¢ \ E) showing outer regularity
from inner regularity.

3.) The last claim is obtained by letting G = N,V, where V, is open, contains E,
V.2 V,i1,and ( ) < U1 (E)+ and K,, increasing closed sets contained in E such that
1(E) < p(Ky)+ 1 Thenlet F = UF and G=N,V,. Then F CE CGand u(G\F) <

uw(V,\K,) <2/n. 'm

Next is a lemma which allows the replacement of closed with compact in the definition

of inner regular.

Lemma 10.1.3 Let u be a finite measure on a ¢ algebra containing % (X) , the Borel
sets of X, a separable complete metric space, Polish space. Then if C is a closed set,

1 (C)=sup{u(K):K CCandK is compact.}

It follows that for a finite measure on B (X) where X is a Polish space, [l is inner regular
in the sense that for all F € 2 (X),u (F) = sup{u (K) : K C F and K is compact}
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Proof: Let {a;} be a countable dense subset of C. Thus U’ ,B (ak, %) D C. Therefore,
there exists m,, such that

0 (C\UZ”’IB (a;ﬁ ;))

Now let K = CN(N;7_;Cy). Then K is a subset of C, for each n and so for each € >0
there exists an € net for K since C, has a 1/n net, namely ay,--- ,ay,. Since K is closed,
it is complete and so it is also compact since it is complete and totally bounded, Theorem
3.5.8. Now pu (C\K) < u(Uy_; (C\Cp)) <Xy 37 = €. Thus p (C) can be approximated
by u (K) for K a compact subset of C. The last claim follows from Lemma 10.1.2. H

The next theorem is the main result. It says that if the measure is outer regular and u is
o finite then there is an approximation for E € . in terms of Fi and G sets in which the
F5 set is a countable union of compact sets. Also u is inner and outer regular on .%.

Next is a very interesting result on approximations in the context of a regular measure
on a metric space in which the closed balls are compact, like R”.

£ 1
1(C\Cy) < > U, B (ak’n> =C,.

Proposition 10.1.4 Suppose (X,d) is a metric space in which the closed balls are com-
pact and X is a countable union of closed balls. Also suppose (X, F 1) is a complete
measure space, ¥ contains the Borel sets, and that [ is regular and finite on measurable
subsets of finite balls. Then

1. For each E € %, there is an F5 set F and a Gg set G such that F C E C G and
H(G\F) =0,

2. Alsoif f > 0is . % measurable, then there exists g < f such that g is Borel measurable
and g = f a.e.

and h > f such that h is Borel measurable and h = f a.e.

3. If E € .Z is a bounded set contained in a ball B(xo,r) =V, then there exists a
sequence of continuous functions in C. (V) {h,} having values in [0,1] and a set
of measure zero N such that for x ¢ N,h, (x) = Zg (x). Also [ |hy— Zg|du — 0.
Letting N be a Gg set of measure zero containing N,hy Xxc — X where F C E and
H(ENF)=0.

4. If fe LV (X, Z,u), there exists g € Cc(X), such that [y |f —g|du < €. There also
exists a sequence of functions in C, (X) {g,} which converges pointwise to f.

Proof: 1. follows from Theorem 8.7.4.

2. If f is measurable and nonnegative, from Theorem 8.1.6 there is an increasing se-
quence of simple functions s, such that lim, .. s, (x) = f (x) . Say s, (x) = L™, c} 2 Ep (x).
Let m, (Ef\ F{) = 0 where F" is an F5 set. Replace EJ' with " and let §, be the result-
ing simple function. Let g(x) = lim,_ 3, (x). Then g is Borel measurable and g < f
and g = f except for a set of measure zero, the union of the sets where s, is not equal to
§2. As to the other claim, let i, (x) = ¥ | Za,, (x) o where Ay, is a G5 set containing
FH (52, &) for which p (A \ £~ (55, %)) = 1 (D) = 0. If N = Uy, Dy, then
N is a set of measure zero. On N€, h, (x) — f(x). Let h(x) = liminf, o, (x). Note
that 2, (x) 2 > 2 (U &) (x) 4 and so Ay, (x) > h(x) and liminf,_,. A, (x) is Borel

LR
measurable because each £, is.
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3. Let K, C E CV, with K, compact and V,, open such that V,, C B (xo,r) and also
that  (V, \ K,,) < 2=+ Then from Lemma 3.12.4, there is h,, with K,, < h, < V,.. Then
Sy — ZE|dp <27 and so

o (et (3) )< () iy om0 ) < )

By Lemma 8.2.5 there is a set of measure zero N such that if x ¢ N, it is in only finitely many
of the sets {|hn - 2E| > (%)n} . Thus on N€, eventually, for all k large enough, |y — 2| <

(%)k 0 Iy (x) — Z (x) off N. The assertion about convergence of the integrals follows
from the dominated convergence theorem and the fact that each £, is nonnegative, bounded
by 1, (K, < h, <V,) and is O off some ball. In the last claim, it only remains to verify
that h, Z5c converges to an indicator function because each h, Zjc is Borel measurable.
(N DN and N is a Borel set and (]V \N ) = 0) Thus its limit will also be Borel measurable.
However, /1, Zc converges to 1 on ENNC,0 on ESNNC and 0 on N. Thus ENN® = F
and hy, Zc (x) — ZF where F CE and p (E\F) < u (N) =0.

4. It suffices to assume f > 0 because you can consider the positive and negative parts
of the real and imaginary parts of f and reduce to this case. Let f, (x) = Zp(y, n) (X) f (%) -
Then by the dominated convergence theorem, if n is large enough, [|f — f,|du < €. There
is a nonnegative simple function s < f, such that [|f, —s|du < €. This follows from
picking k large enough in an increasing sequence of simple functions {s;} converging to f;,
and the dominated convergence theorem. Say s (x) = Y.;" | cx ZE, (x). Then let K, C E; C
Vi where Ky, Vj are compact and open respectively and Y 7" | cx it (Vi \ Ki) < €. By Lemma
3.12.4, there exists hy with Ky < hy < V). Then

/

ick%Ek (x)—ickhk(x) du < ch/|%5k (x) — hy (x) | dx
k=1 k=1 3

< Zchu (Vk\Kk) <2¢
k

Let g =Y7", ckhi (x). Thus [|s—g|dp <2e. Then

J1r=slaw < [17=pildu+ [1g—sldu+ [ls—glan <4

Since € is arbitrary, this proves the first part of 4. For the second part, let g, € C. (X) such
that [ |f — ga|dit < 2. Let A, = {x: If — gal > (%)"} . Then

pan=<(3) [ 1r-slans ()

Thus, if N is all x in infinitely many A, then by the Borel Cantelli lemma, p (N) =0 and
if x ¢ N, then x is in only finitely many A, and so for all n large enough, |f (x) — g, (x)| <
n

(3)". =
10.2 Fundamental Theorem of Calculus

In this section the Vitali covering theorem, Proposition 4.5.3 will be used to give a gener-
alization of the fundamental theorem of calculus. Let f be in L' (R”) where the measure is
Lebesgue measure as discussed above.



10.2. FUNDAMENTAL THEOREM OF CALCULUS 239
Let Mf : R? — [0,00] by

Mf(x)=sup

1
_ dm,ifx & Z.
B ] Dy V10 1 2

We denote as || f]|, the integral [o | f|dm,,.

The special points described in the following theorem are called Lebesgue points. Also
m, will denote the outer measure determined by Lebesgue measure. See Proposition 8.4.2.
m, (E) = inf {m,, (F) : F is measurable and F D E }.

Theorem 10.2.1 Ler my, be p dimensional Lebesgue measure measure and let f €
L' (R?,m,).( [ |f|dm, < o). Then for m, a.e.x,

. 1
ln ) / o @)= F @)l () =0

r—0mp (B(x,r

Proof: First consider the following claim which is called a weak type estimate.
Claim 1: The following inequality holds for N, the constant of the Vitali covering
theorem, Proposition 4.5.3.

my ((Mf > e]) <57 | f]],

Proof: For each x € [Mf > €] there exists a ball B = B(x,ry) with 0 < r,, < 1 and
m, (Bm)_l/ |fldm, > e. (10.1)
B(x,rg)

Let .% be this collection of balls. By the Vitali covering theorem, there is a collection of
disjoint balls ¢ such that if each ball in ¢ is enlarged making the center the same but the
radius 5 times as large, then the corresponding collection of enlarged balls covers [M f > g].
By separability, ¢ is countable, say {B;}7~, and the enlarged balls will be denoted as B;.
Then from 10.1,

_ 5 5P .
iy (M > €]) < Yomy (B) <57 Y my (B) < Y. [ |fldm, <577 |11
This proves claim 1.

Claim 2: If g € C. (R”), then

1

‘L%m/ 8@ —g@)dmy () =0

Proof: Since g is continuous at «, whenever r is small enough,

o
mp (B(,r))

1
[ @ =g @lan 0) < s [ edm ) =e.

This proves the claim.
Now let g € C. (R”). Then from the above observations about continuous functions in
Claim 2,

i ([estimsup s [ )= s@lam0)>e]) a0

r—0Mp
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IN

1 < [m imsup m,,(Bl(w)) / 8@ =g @)dmy () > ED

715 ([ :lg (@)~ £ @) > 5]).

<a (M0 &]) +mp ([ > &) 103)

=gz [ ldmy = Sy (141> 5])

and so using Claim 1 and 10.3, 10.2 is dominated by (% + 5?17) J'|f — g|dm,,. But by Propo-
sition 10.1.4, g can be chosen to make the above as small as desired. Hence 10.2 is 0.

iy ([imsup s [ )= s @lamy )] )

< Lo ([imsop—prs [ )= f@ldm, 0)> 7| ) =0

=1 r—0Mp

By completeness of m,, this implies

1
imsup s [ W)= F(@)dm, )0
{ r—0mp (B(x,r)) JB(.r) ’
is a set of m, measure zero. W
The following corollary is the main result referred to as the Lebesgue Differentiation
theorem.

Definition 10.2.2 fc L} (RP,m,) means f Zp is in L' (R",m,) whenever B is a
ball.

Corollary 10.2.3 if f € L}, .(RP,m,), then for a.e.x,

loc

. 1
lim—— /B o @)= F @)y () =0 (10.4)

r—0mp (B(x,r))
In particular, for a.e.x,

im— L o fy)dm,(y) = f(x)

r>0my (B(x,r)) .
Proof: If f is replaced by f 2p(q k) then the conclusion 10.4 holds for all x ¢ F, where
Fy is a set of m;, measure 0. Letting k= 1,2,---, and F = U_, [}, it follows that F is a
set of measure zero and for any « ¢ F, and k € {1,2,---}, 10.4 holds if f is replaced by
f ZB(0,x)- Picking any such @, and letting k > ||+ 1, this shows

lim— L / o )= @)y )

r—0mp (B(x,r))
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1
=lim—F——— / 2 — %2 x)|dm =0.
r—0 mp (B (1:7 r)) B(a:,r) |f B(0,k) (y) f B(0,k) ( )| 14 (y)
The last claim holds because
1
my (B(x,r))

@) @) dmy () m

@ f Py )

<

mp (Bl(xar)) /B(

Definition 10.2.4 Let E be a measurable set. Then x € E is called a point of
density if
B E
lim "2 (B(@1)NE)
r—0  mp(B(x,r))

Proposition 10.2.5 Let E be a measurable set. Then mp a.e. € E is a point of density.

Proof: This follows from letting f (x) = 2 («) in Corollary 10.2.3. B

10.3 Change of Variables, Linear Maps

This is about changing the variables for linear maps where .%#, denotes the Lebesgue mea-
surable sets.

Theorem 10.3.1 n case h: R? — R? is Lipschitz, satisfying the Lipschitz condi-
tion ||h(x) —h(y)|| < K|z —y||, then if T is a set for which m,(T) = 0, it follows that
my, (h(T)) =0. Also if E € Z,, then h(E) € .

Proof: By the Lipschitz condition, ||k (x4 v)—h(x)| < K||v|| and you can simply
let T C 'V where m, (V) < €/ (K”5P). Then there is a countable disjoint sequence of balls
{B;} such that {Ei} covers T and each ball B; is contained in V each having radius no more
than 1. Then the Lipschitz condition implies k (B;) € B (h (x;),5K) and so

8

mp (h(T)) <} mp (h(B)) <5PKP imp (B;)) <KPS'm, (V) <&

i=1 i=1

Since € is arbitrary, this shows that h (T') is measurable and m, (h (7)) = 0.

Now let E € .%,,, m, (E) < . Then by of the measure and Theorem 8.7.4, there exists
F which is the countable union of compact sets such that E = F UN where N is a set of
measure zero. Then from the first part, h (E\ F) C h(N) and this set on the right has
measure zero and so by completeness of the measure, h (E\F) € #, and so h(E) =
h(E\F)Uh(F) € #, because F = UKy, each K; compact. Hence h (F) = Urh (Ky)
which is the countable union of compact sets, a Borel set, due to the continuity of h. For
arbitrary E, h (E) =U_h(ENB(0,k)) € 7,. A

Of course an example of a Lipschitz map is a linear map. ||[Ax —Ay|| = ||A(z —y)|| <
|A|l |z — y|| - Therefore, if A is linear and E is Lebesgue measurable, then A (E) is also
Lebesgue measurable. This is convenient.

Lemma 10.3.2 Every open set U in R? is a countable disjoint union of half open boxes
of the form Q =T1%_, [ai, a; + 27%) where a; = 127 for I some integer:
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Proof: It is clear that there exists 2, a countable disjoint collection of these half open
boxes each of sides of length 2% whose union is all of R”. Let %, be those sets of 2,
which are contained in U, if any. Having chosen %, let % consist of those sets of 2
which are contained in U such that none of these are contained in %;_;. Then U;?_; % is
a countable collection of disjoint boxes of the right sort whose union is U. This is because
if R is a box of 2, and R is a box of 2;_, then either R C R or RNR = 0. If p € U then
it is ultimately contained in some %, for k as small as possible because p is at a positive
distance from UC. B

Corollary 10.3.3 If D is a diagonal matrix having nonnegative eigenvalues, and U is
an open set, it follows that m, (DU ) = det (D) m,, (U).

Proof: The multiplication by D just scales each side of the boxes whose disjoint union
is U, multiplying the side in the i/ direction by the i’" diagonal element. Thus if R is
one of the boxes, m, (DR) = det(D)m,, (R). The desired result follows from adding these
together. H

I will write dx or dy instead of dm,, (x) or dm,, (y) to save on notation.

Theorem 10.3.4 LeE € Fp and let A be a p x p matrix. Then A (E) is Lebesgue
measurable and m,, (A (E)) = |det(A)|my, (E). Also, if E is any Lebesgue measurable set,
then | 2 (y)dy = | i (@) |det (4)] .

Proof: First note that if C(x,r) = {y € R? : |[y —x| =r}, then m,, (C (x,r)) = 0. This
follows from translation invariance and Corollary 10.3.3 applied to diagonal D having di-
agonal entries r (1 + ¢€) and one with diagonal entries (1 — €) to obtain that for arbitrary
£>0,

mp(C(0,r)) < my(B(0,(1+€)r)\B(0,(1-¢)r))
mp (B(0,7))[((1+€&)r)" = ((1—¢&)r)"]

Here || is the Euclidean norm so all orthogonal transormations acting on a ball centered
at 0 leave the ball unchanged. Now let U be an open set, then by Theorem 4.5.6, there are
disjoint open balls {B;};"; such that U = (U;B;) UN where m, (N) = 0.

From the right polar decomposition, Theorem 1.5.5 and the fact that one can diagonal-
ize a symmetric matrix S, A = RS = RQ*DQ where R and Q are orthogonal matrices and
D is a diagonal matrix with all nonnegative diagonal entries. Thus, if B is an open ball
centered at O,

mp(A(B)) = mp(RQ"DQ(B)) =m,(RQ"D(B))
|det (R)[[|det(Q")|det (D) m,, (B) = [det(A)|m), (B)

By continuity of translation, the same holds if B has a center at some other point than
0. It follows that m,, (A (U)) = Y.;m, (AB;) = ¥;|det(A)|m, (B;) = |det(A)|m, (U). Now
let " be the open sets and & be those Borel sets E such that m, (A(ENB(0,n))) =
|det (A)|m, (ENB(0,n)). It is routine to verify that & is closed with respect to countable
disjoint unions and complements. Therefore, S = 6 (_#") and so this holds for all Borel E.
Letting n — oo, it follows that for all E Borel, m, (A (E)) = |det(A)|m, (E).

If E is only Lebesgue measurable, then by regularity and Proposition 10.1.4, there exists
G and F, G and F; sets respectively such that F C E C G and mp, (G) =my, (E) =m,, (F).
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Then AF C AE C AG and and for 711, the outer measure determined by m,,,

det (A)|m, (F) = my(AF) < m, (AE) < m, (AG)
— det(A)m, (G) = |det (4)|m, (E) = |det (4)|m, (F)

Thus all inequalities are equal signs. l

Theorem 10.3.5 L. f > 0 and suppose it is Lebesgue measurable. Then if A is a
P X p matrix,

[ Zaen W) w)dmy () = [ 740 @), (0. 103)

Proof: From Theorem 10.3.4, the equation is true if det(A) = 0. It follows that it
suffices to consider only the case where A~! exists. First suppose f (y) = 2 (y) where E
is a Lebesgue measurable set. In this case, A (R") = R". Then from Theorem 10.3.4

| Zaen) @) F W)y = [ 2 () dy =m, (E) = |det (4) m, (47'E)

:/Rn |det(A)|%A,1E(m)dx=/R" \det (4)] 2 (Aw)dx:/f(Aw)|det(A)|dx

It follows from this that 10.5 holds whenever f is a nonnegative simple function. Fi-
nally, the general result follows from approximating the Lebesgue measurable function
with nonnegative simple functions using Theorem 8.1.6 and then applying the monotone
convergence theorem. W

This is now a very good change of variables formula for a linear transformation. Next
this is extended to differentiable functions.

10.4 Differentiable Functions and Measurability

To begin with, certain kinds of functions map measurable sets to measurable sets. It was
shown earlier, Theorem 10.3.1, that Lipschitz functions do this. So do differentiable func-
tions.

In this part of the argument it is convenient to take all balls with respect to the norm
on R” given by ||«| = max {|x|: k=1,2,---,p}. Thus from the definition of this norm,
B(a,r) is the open box, [T;_, (xx — ,xx +r) and so m, (B (x,r)) = (2r)” = 2PrP. Also for
a linear transformation A € . (R, R?),, T will continue to use [|A|| = sup| <, [|Az]|.

Lemma 10.4.1 Let T C U, where U is open, h is continuous, and let h be differentiable
at each x € T and suppose that m, (T) =0, then m,, (h (T)) = 0.

Proof: For k € N, let T) = {x € T :||Dh(x)|| < k} and let € > 0 be given. Since
T; is a subset of a set of measure zero, it is measurable, but we don’t need to pay much
attention to this fact. Now by outer regularity, there exists an open set V, containing 7
which is contained in U such that m, (V) < &. Let « € T;. Then by differentiability,
h(x+wv)=h(x)+Dh(x)v+o(v) and so there exist arbitrarily small r,, < 1 such that
B(x,5r,) CV and whenever ||v]| < 5rg,|lo(v)|| < % |lv]|. Thus, from the Vitali covering
theorem, Theorem 4.5.3,

h(B(x,5ry)) C Dh(x)(B(0,5r%))+h(x)+B(0,r5) C B(0,k5ry)+
+B(0,rg)+h(x) C B(h(x),5k+1)r,) CB(h(x),6krs)
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From the Vitali covering theorem, there exists a countable disjoint sequence of these
balls, {B(x;,r;)};-, suchthat {B(xz;,5r;)} | = {B:} | covers Ty Then letting 717, denote
=

the outer measure determined by 1,

= (6k)" Y my (B (i, ra;)) < (6k)" m, (V) < (6k) &.
i=1
Since € > 0 is arbitrary, this shows m,, (h(T;)) = m, (h(T;)) = 0. Now m, (h(T)) =
limy 0oy (R (7)) = 0. B

Lemma 10.4.2 Let h be continuous on U and let h be differentiable on T C U. If S is
a Lebesgue measurable subset of T, then h (S) is Lebesgue measurable.

Proof: By Theorem 8.8.2 there exists F which is a countable union of compact sets
F = U K such that F C S, m, (S\F) =0. Then h(F) = Uch (Ky) € % (R”) because
the continuous image of a compact set is compact. Also, h (S\ F) is a set of measure zero
by Lemma 10.4.1 and so h(S) = h(F)Uh (S\ F) € .%, because it is the union of two sets
which are in .%,. B

In particular, this proves the following theorem from a different point of view to that
done before, using * — Ax being differentiable rather than & — Ax being Lipschitz. Later
on, is a theorem which says that Lipschitz implies differentiable a.e. However, it is also
good to note that if h has a derivative on an open set U, it does not follow that h is Lipschitz.

I will also use the following fundamental assertion, Sard’s lemma.

Lemma 10.4.3 (Sard) Let U be an open set in RP. Let h : U — RP be continuous and
let h be differentiable on A CU. Let Z = {x € A : detDh (x) = 0}. Then m,, (h(Z)) = 0.

Proof: Suppose first that A is bounded. Let € > 0 be given. AlsoletV D ZwithV CU
open, and m, (Z) +€ > m, (V). Now let € Z. Then since h is differentiable at x, there
exists 8, > 0 such that if » < 8, then B(x,r) C V and also,

h(B(x,r)) C h(x)+Dh(x)(B(0,r))+B(0,m), n < 1.

Regard Dh () as an n x n matrix, the matrix of the linear transformation Dh () with
respect to the usual coordinates. Since x € Z, it follows that there exists an invertible matrix
M such that MDh () is in row reduced echelon form with a row of zeros on the bottom.
Therefore, using Theorem 10.3.4 about taking out the determinant of a transformation,

mp(h(B(z,r))) = |det(M~")|m, (M (h(B(z,r))))
|det (M~")|m,, (M (Dh (z)) (B(0,r)) + MB(0,rn))

IN

IN

[det (4171) oty [ (D (@)~ 2+ 2" ]| 2m
C (M, |det (M), DR ()] 47 r2m

N
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Here o, is the volume of the unit ball in R". This is because M (Dh (x)) (B(0,r)) +
MB(0,rn) in the third line up is contained in a cylinder, the base in RP~! which has
radius ||M (Dh(x))|| (2r+2nr) and height |M||2rn. Thus its measure is no more than
Jro1 ﬂ]\mﬂ\\ dxpdm,_.Then letting &, be still smaller if necessary, corresponding to suf-
ficiently small 17 ,

mp (h (B (x,r))) < emy, (B(x,r)).

The balls of this form constitute a Vitali cover of Z. Hence, by the covering theorem Corol-
lary 4.5.6, there exists {B;};- | ,B; = B; (x;,ri), a collection of disjoint balls, each of which
is contained in V, such that m, (h(B;)) < em, (B;) and m, (Z\ U;B;) = 0. Hence from
Lemma 10.4.1,

mp (h(Z) \Uih (B;)) <mj (h(Z\UiB)) =0

Therefore,

my (1 (2) < Yoy (R(B)) < €Y my (B) < £(my (V) < £ m, (2) +€).
l 14

Since ¢ is arbitrary, this shows m, (h (Z)) = 0. What if A is not bounded? Then consider

Z,=ZNB(0,n) CANB(0,n). From what was just shown, h (Z,) has measure 0 and so it

follows that h (Z) also does, being the countable union of sets of measure zero. Bl

10.5 Change of Variables, Nonlinear Maps

This preparation leads to a good change of variables formula. First is a lemma which is
likely familiar by now.

Lemma 10.5.1 Let h: Q — R” where (Q,.7) is a measurable space and suppose h is
continuous. Then h™' (B) € .F whenenver B is a Borel set.

Proof: Measurability applied to components of h shows that A~ (U) € & whenever
U is an open set. If & is consists of the subsets G of R? for which h~! (G) € .7, then ¥ is
a o algebra and ¢ contains the open sets. l

Definition 10.5.2 reth: U — h(U) be continuous, U open, and let H C U be
measurable and h is one to one and differentiable on H. Define A (F) =m, (h(FNH)).

Lemma 10.5.3 A is a well defined measure on measurable subsets of U and A < mp,.

Proof: Since the E; are disjoint and h is one to one. A (U;E;) = m, (h(UE;NH)) =
Yim,(h(E;NH))=Y,;A(E;). Ifm,(E) =0, then A (E) =m, (h(ENH)) =0 because of
Lemma 10.4.1. B

Since A < m,, it follows from the Radon Nikodym theorem of Corollary 9.11.11 that
there exists g € L} (U) such that for F a measurable subset of U,

loc
A(F) =m, (h(FﬂH)):/ngmp (10.6)

where g = 0 off H. To see that this corollary applies, note that both A and m,, are finite on
compact sets and that every open set is a countable union of compact sets.
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Now let F be a Borel set so that h ™! (F)NH is measurable and plays the role of F in
the above. Then
ARTH(F)=m (h (R (F) ﬂH))

:/[J‘%h"(F)ﬂH( x)g(x)dmp(x / Zr (h (x)dm, (x)
Thus also for s a Borel measurable nonnegative simple function,

S @y 0) = [ (@) @)g @)y (2

Using a sequence of nonnegative simple functions to approximate a nonnegative Borel
measurable f, we obtain from the monotone convergence theorem that

[ f@dm 0 = [ fh(@) @) (@)dm, ()

h(H) H

If f is only Lebesgue measurable, then there are nonnegative Borel measurable functions
k,lsuch that k (y) < f (y) <[ (y) with equality holding off a set of m,, measure zero. Then
k(h(x))g(x) < f(h(x))g(x) <I(h(x))g(x) and the two on the ends are Lebesgue

measurable which forces the function in the center to also be Lebesgue measurable by
completeness of Lebesgue measure because
/ ! (y)dm, - / k(y)dm,

[, 11 (@) g (@) ~k(h (@) g (@) dm,
/ f dmp / f dm,, =0

Thus I/ (h(x))g(x) —k(h(x))g(x) =0 a.e. Then for f nonnegative and Lebesgue mea-

surable,
[ mns@am = [ - r)am,

This shows the following lemma.

Lemma 10.5.4 Leth:U — h(U) be continuous, U open, and let H C U be measurable
and h is one to one and differentiable on H. Then there exists nonnegative measurable
g €L} such that whenever f is nonnegative and Lebesgue measurable,

/ f(y dmpf/f x)dm,

where all necessary measurability is obtained.

loc

It remains to identify g.
Lemma 10.5.5 For a.e. z, satisfying |detDh (x)| > 0, and r small enough,
Dh()B(0.(1—€)) € h(B(z.r)<h(B@r)<Dh(x)B0.(1+e)),

)

mp (h (B (1))

(())
x,r)
)

m

[|detDh ()| (1 — &), |det Dh ()| (1 +€)”]

Ho—mp(( ] |detDh ()|
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Proof: For r small enough,

h(B(z,r)) C h(xz)+Dh(x)B(0,r)+Dh(x)Dh(x) 'B(0,er)
h(x)+Dh(x)B(0,r)+Dh(x)B (O €r)
h(x)+Dh(x)(B (0,(1+e)r

and so m, (h (B (x,r))) < |det(Dh (x))|m, (B(0,(

NN

(z )
0,(1+¢€)r)). Also,
h(z)" o(v)

and so HDh ()" (h(z+v)—h(z)) —'vH - HDh ()" o(v)H — |lo(v)]. Thus if r is
chosen sufficiently small, it follows that for v € B(0,r)

r)
h(x+v)=h(x)+Dh(x)v+Dh(x)D

HDh (@) (h(z+v)—h(z)) va <er
and so, from Lemma 9.13.10, B (0, (1 — &) r) C Dh ()~ (h (:c—i—W) - h(az)) .

h(B@.r)) =h(a+B(0,7)) —h () 2 Dh(2) B(0,(1-¢)r)
Therefore, since m, (B(x,r)) =m, (m) ,

|det(Dh (x))|mp, (B(0,(1—¢)r)) = |det(Dh (x))| (1 — &)’ rPa, < mp (h(B(z,r)))
so for r small enough,
mp (h(B(x,r)))
mp (B(0, (1+¢€)r))

The claim follows from this since € > 0 is arbitrary. B

<|det(Dh(z))| <

. . mp(h(B(xz,r)NH)) ()
Lemma 10.5.6 For a.e.  with |detDh (z)| > 0,lim,_ (B = |dethh @

Proof: Using the result of Lemma 10.5.5, for a.e. x satisfying |detDh (x)| > 0, if r
small enough, then
my, (h (B(z,r))) € [|detDh (x)|m, (B(x,r)) (1 —¢€)”,|detDh (x)|m, (B(x,r)) (1 +¢€)"]

mp(h(B(x,r)NH)) 1
W B(a)) > DRy B TTey J(e.) §4mp s0

1 / g
my, (B(0,r)) (14 ¢€)” JB(a,r) |detDh ()|

V

Therefore, for Q, =

dmp <0

! 8
———d
my (B(0,r)) (1—¢)” /B(wﬂ [detDh (z)] "
and so for Lebesgue points of g, a.e. « with |detDh (x)| # 0,

1 g(x) 1
(I1e) = [detbh (@) = (1—¢)?

1 1
Then for such x, L m < liminf,_0 Q, < limsup,_,(, O, < ey ‘dethh( ] S0

since € is arbitrary, lim,_0 Q, = %. [ |
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Lemma 10.5.7 Fora.e. x € H,g(x) = |detDh (x)|.
Proof: First consider & such that |det (Dh (x))| # 0. Then by Lemmas 10.5.5 and 10.5.6

limmp(h(B(ac,r)ﬂH)) _ Hmmp(h(B(sc,r)ﬂH))mp(h(B(:c,r)))
r—0 my (B (x,r)) r—0  my(h(B(x,r))) my (B (x,r))

_ detgglg:)(xﬂ |detDh (x)| = g (x)

for a.e.  where |det(Dh (x))| # 0.
If |det Dh ()| = O then for r small enough,

1 _ my,(h(B(z,r)NH))
/B(m,r)gdmp_ :

mp (B(x,r)) mp (B(z,r))
< my (h(x)+Dh(x)B(0,r)+B(0,er)) _m (Dh(x)B(0,r)+B(0,¢r))
- myp (B(z,r)) myp (B(z,r))

Now Dh (x)B(0,r) + B(0,er) has finite diameter and lies in a p — 1 dimensional sub-
set. Therefore, from Theorem 10.3.4 on linear mappings, there is an orthogonal matrix Q
preserving all distances such that

|detQ|m,, (Dh (x)B(0,r)+ B (0,er)) = m, (ODh (x) B(0,r) + B(0,¢r))

where QDh (x) B(0,r) lies in a ball in RP~! of some radius # = ||Dh (z)| r,. Thus the set
on the right side is contained in a cylinder of radius 7+ €r and height 2r€ so its measure is
no more than &, (#+ re)? ! 2er for op_1 =mp_1(B(0,1)). Thus,
—1
1 / gdm, < (IDh ()| + 1) otp—1 (r+re)’~ 2er
mp (B(x,r)) JB(a.r) apr?

2(IDh @)+ 1) 2= (1+e) e
p

Since € is arbitrary, for every Lebesgue point where |detDh (x)| = 0, it follows g =0 =
|detDh (2)|. A

Here is the change of variables formula which follows from Lemma 10.5.4 now that g
has been identified.

Theorem 10.5.8 Let U bean open setand let h : U — h (U) be continuous and one
to one and differentiable on the measurable H C U. Then if f > 0 is Lebesgue measurable,

./h<H>f (y)dmy = /Hf (h(x))|det(Dh (x))|dm,

10.6 Mappings Which are Not One to One

Now suppose h : U —V = h(U) and h is only C!, not necessarily one to one. Note that
I am using C', not just differentiable. This makes it convenient to use the inverse function
theorem. You can get more generality if you work harder. See my book “Real and Abstract
Analysis” for example. For

Ui ={x €U :|detDh(x)| >0}
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and Z the set where |detDh ()| = 0, Lemma 10.4.3 implies m,(h(Z)) = 0. For x € U,
the inverse function theorem implies there exists an open set B, C U, such that h is one
to one on B,,.

Let {B;} be a countable subset of {B;}.cy, such that Uy = U | B;. Let E; = B;. If
Ey,--- ,E; have been chosen, Ey | = By \UfleEi. Thus

U~ Ei=Uy, hisonetooneonE;, E;NE; =0,

and each E; is a Borel set contained in the open set B;. Now define

mw_2%@@+%@@.

The sets h (E;) , h (Z) are measurable by Proposition 10.4.1. Thus n (-) is measurable.

Lemma 10.6.1 Let F C h(U) be measurable. Then
/ o)) 7 y)my = [ Z¢(h(@)|detDh (@) dm,.

Proof: Using Lemma 10.4.3 and the Monotone Convergence Theorem
mp(h(2))=0

" > ——
[ @ 2eam, = [ | iy @)+ 2o @) | Zi(y)dm,
h(U) h(U) \ i=1

A 2 d
;/’L(U) h(E,)(y) F(y)dmy,

— i /h ) Py (y) Zr(y)dm, = i /B ’_ 2 (x) 2 (h(z))|det Dh(z)|dm,

i=1

lil /U Z5,(2) 2 (h(x))| det Dh(x)|dm,

/U Y 25, (x) 2 (h(x))|det Dh()|dm,
“Yi=1
= [ 2 (h(x))|detDh()|dm, = / 25 (h(2))|detDh(z)|dm,. W
Us U
Definition 10.6.2 ror y € h(U), define a function, #, according to the formula
#(y) = number of elements in h™' (y).

Observe that
#(y) =n(y) ae. (10.7)

because n(y) = #(y) if y ¢ h(Z), a set of measure 0. Therefore, # is a measurable function
because of completeness of Lebesgue measure.
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Theorem 10.6.3 Let g >0, g measurable, and let h be C'(U). Then
/ o FWst)am, = | #lh(@)|detDh(@) dm,. (10.38)

In fact, you can have E some Borel measurable subset of U and conclude that

o 8@, = [ ()] detDR(z)ldm,

Proof: From 10.7 and Lemma 10.6.1, 10.8 holds for all g, a nonnegative simple func-
tion. Approximating an arbitrary measurable nonnegative function g, with an increasing
pointwise convergent sequence of simple functions and using the monotone convergence
theorem, yields 10.8 for an arbitrary nonnegative measurable function g. To get the last
claim, simply replace g with gﬁ&”h(E) in the first formula. W

10.7 Mollifiers and Density of Smooth Functions

Definition 10.7.1 Let U be an open subset of R". C*(U) is the vector space of all
infinitely differentiable functions which equal zero for all x outside of some compact set
contained in U. Similarly, CI' (U) is the vector space of all functions which are m times
continuously differentiable and whose support is a compact subset of U.

Example 10.7.2 Let U = B(z,2r)

v (x) = €Xp {(Ia:—z|2 _r2>

Oif le—z|>r

Maz—zm

Then a little work shows y € CZ(U). The following also is easily obtained.
Lemma 10.7.3 Let U be any open set. Then C>(U) # 0.
Proof: Pick z € U and let r be small enough that B(z,2r) C U. Then let
Y €C (B(2,2r) CCT(U)
be the function of the above example.

Definition 10.7.4 LetU = {x cR": |x| < 1}. A sequence {y,,} CC2(U) is called
a mollifier ' if w, () >0, v, (x) =0, if |z| < %,andfwm(a:) = 1. Sometimes it may be
written as {y,} where Yy, satisfies the above conditions except Y, (x) =0 if |x| > €. In
other words, € takes the place of 1/m and in everything that follows € — 0 instead of
m —» oo,

As before, [ f(x,y)du(y) will mean « is fixed and the function y — f(x,y) is being
integrated. To make the notation more familiar, dx is written instead of dm,, (x).

I'This is sometimes called an approximate identity if the differentiability is not included.
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Example 10.7.5 Let y € C(B(0,1)) with w(z) > 0 and [wdm = 1. Let y,(x) =
cmW(max) where ¢y, is chosen in such a way that [y, dm = 1. By the change of variables
theorem ¢y, = m". Also y,, is zero off B(0,1/m).

Definition 10.7.6 A function f, is said to be in L}OC(R", W) if f is W measurable and
if | f| Zk € L' (R", 1) for every compact set K. Here W is a regular, complete measure on R".
Usually @ = m,, Lebesgue measure. When this is so, write L} (R"), etc. If f € L} (R", 1),

loc loc
and g € C(R"), f+g(x) = [ f(y)g(x —y)du.

The following lemma will be useful in what follows. It says that one of these very

un-regular functions in Lllo . (R", ) is smoothed out by convolving with a mollifier.

Lemma 10.7.7 Let f € L}, (R", 1), and g € C>(R"). Then f g is an infinitely dif-
ferentiable function. Here U is a Radon measure on R". In case f is continuous with

compact support spt(f), and if v, is a mollifier as described above, then spt(f*y,,) C
spt(f) +B(0,1/m). Also [|f — f+ || = 0.

Proof: Consider the difference quotient for calculating a partial derivative of f *g.

frg(x+tie)) —frg(x) :/f(y)g(w+fej—y)—g(w—y)

. ; dp(y).

Using the fact that g € C° (R"), the quotient sltiej—y)gl@y) i uniformly bounded.

To see this easily, use Theorem 6.5.2 on Page 149 to gé:t the existence of a constant, M
depending on max {||Dg (x)|| : @ € R"} such that |g(x +re; —y) — g (@ — y)‘ < M|t for
any choice of « and y. Therefore, there exists a dominating function for the integrand of
the above integral which is of the form C|f (y)| Zx where K is a compact set depending
on the support of g. It follows the limit of the difference quotient above passes inside the
integral as t — 0 and a%j (f*g)(x) = ff(y)%jg (x—1y)du(y). Now letting %jg play
the role of g in the above argument, partial derivatives of all orders exist. A similar use of
the dominated convergence theorem shows all these partial derivatives are also continuous.

For the last claim, it is clear that spt (f * y,,) C spt(f) + B(0,1/m) since off spt(f) +
B(0,1/m) the integral for f * y,, will be 0. To verify the last claim, let € > 0 be given. By
uniform continuity of f,|f () — f (x — y)| < € whenever |y| is sufficiently small. There-
fore,

F@-rva@] = |[ @)~ s @)y wan0)

Jrga o £ @)= =) vy () ) <& [ v = e

IN

whenever m is large enough. B

Another thing should probably be mentioned. If you have had a course in complex
analysis, you may be wondering whether these infinitely differentiable functions having
compact support have anything to do with analytic functions which also have infinitely
many derivatives. The answer is no! Recall that if an analytic function has a limit point in
the set of zeros then it is identically equal to zero. Thus these functions in CZ° (R") are not
analytic. This is a strictly real analysis phenomenon and has absolutely nothing to do with
the theory of functions of a complex variable.
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10.8 Smooth Partitions of Unity

Partitions of unity were discussed earlier. Here the idea of a smooth partition of unity is
considered. The earlier general result on metric space is Theorem 3.12.5 on Page 84. Recall
the following notation.

Notation 10.8.1 7 will write ¢ <V to symbolize ¢ € C.(V), ¢ has values in [0,1], and ¢
has compact support in V. I will write K < ¢ <V for K compact andV open to symbolize
¢ is I on K and ¢ has values in [0, 1] with compact support contained in V.

Definition 10.8.2 4 coliection of sets F is called locally finite if for every x, there
exists r > 0 such that B (x,r) has nonempty intersection with only finitely many sets of .
Of course every finite collection of sets is locally finite. This is the case of most interest in
this book but the more general notion is interesting.

The thing about locally finite collection of sets is that the closure of their union equals
the union of their closures. This is clearly true of a finite collection.

Lemma 10.8.3 Let o7 be a locally finite collection of sets of a normed vector space V.
Then
U =U{H:HexX}.

Proof: It is obvious O holds in the above claim. It remains to go the other way. Suppose
then that p is a limit point of U5 and p ¢ Us#. There exists r > 0 such that B(p,r) has
nonempty intersection with only finitely many sets of ¢ say these are Hy,--- ,Hy,. Then I
claim p must be a limit point of one of these. If this is not so, there would exist # such that
0 < ¥ < r with B(p,r’) having empty intersection with each of these H;. But then p would
fail to be a limit point of UsZ. Therefore, p is contained in the right side. It is clear U7’
is contained in the right side and so This proves the lemma. l

A good example to consider is the rational numbers each being a set in R. This is not a
locally finite collection of sets and you note that Q = R # U{x : x € Q}. By contrast, Z is
a locally finite collection of sets, the sets consisting of individual integers. The closure of
Z is equal to Z because Z has no limit points so it contains them all.

Lemma 10.8.4 Let K be a closed set in RP and let {V;} 7=, be a locally finite sequence
of bounded open sets whose union contains K. Then there exist functions, y; € C* (V;) such
that for all x € K,1 =Y. | v;(x) and the function f (x) given by f(x) =Y ¥, (x) is
in C” (RP).

Proof: Let K; = K\ U?,V;. Thus K; is compact because it is a closed subset of a
bounded set and K| C V;. Let W; be an open set having compact closure which satisfies

KiCW i CW, TV

Thus Wy,Vs,--- covers K and W C V;. Suppose Wy, --,W, have been defined such that
W; C V; for each i, and Wy, - -+ ,W,,V,_1,--- covers K. Then let

K1 =K\ ((UZ,12V1) U (U= W)).
It follows K, is compact because K| C V1. Let W, satisfy

Kip1 CWepg CWopy © Vg, Wiy is compact
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Continuing this way defines a sequence of open sets {W;}- , having compact closures with
the property

W; C Vi, K C UL Wi
Note {W;};", is locally finite because the original sequence, {V;};. ; was locally finite. Now

let U; be open sets which satisfy

W, CU; CU; CV;, U;is compact.

Similarly, {U;};-, is locally finite.

TN
A W
. Lw T v

Now the local finiteness implies U | W; = U, W; . Define ¢; and ¥, continuous having
compact support such that

Ui=<¢;, <V, U \W; <y < U~ U,.

by convolving each of these with a mollifier, we can use Lemma 10.7.7 to preserve the
above and also have each of these functions infinitely differentiable. Now define

Y(@)9;(x)/ L7y ¢(x)if X7y ¢ () #0,
"’i(‘”):{ 0if z;;lq)j(é)l:j(). L

All of these infinite sums are really finite sums because of the local finiteness of the {V;}.
Thus for y near a given x, all ¢ ; (y) are zero. Therefore, all continuity and differentiability
of the individual ¢ ; is retained by the “infinite” sum.

If x is such that 7, ¢ ;(x) = 0, then = ¢ U7, U; because @, equals one on U;. Conse-
quently y(y) = 0 for all y near @ thanks to the fact that U, U; is closed and so y,(y) =0
for all y near . Hence ; is infinitely differentiable at such @. If Y7, ¢ () # 0, this
situation persists near « because each ¢ ; is continuous and so y; is infinitely differentiable
at such points also. Therefore y; is infinitely differentiable. If « € K, then y(x) = 1 and
soY 7 y;(x)=1. Clearly 0 < y;(z) < 1 and spt(y;) CV;. B

The functions, {y;} are called a C* partition of unity. The following is very useful.

Corollary 10.8.5 In the context of Lemma 10.8.4, if H is a compact subset of V; for
some V; there exists a partition of unity such that W; (x) = 1 for all x € H in addition to the
conclusion of Lemma 10.8.4.

Proof: Keep V; the same but replace all the V; with I7j =V;\ H. Now in the proof
above, applied to this modified collection of open sets, if j # i, ¢ ; (x) = 0 whenever x € H.
Therefore, y; (x) =1 on H. B

If K is compact, we can always reduce to a finite cover and so we obtain the following:

Theorem 10.8.6 Let K be a compact set in R" and let {Ui}7_| be an open cover of
K. Then there exist functions, Y, € C= (U;) such that y; < U; and for all x € K, it follows
that Y72y, (x) = 1. If K| is a compact subset of U) there exist such functions such that
also y, (x) =1 forall x € K.
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10.9 Spherical Coordinates in p Dimensions

Sometimes there is a need to deal with spherical coordinates in more than three dimen-
sions. In this section, this concept is defined and formulas are derived for these coordinate
systems. Recall polar coordinates are of the form

y; =pcosf
y2 =psinf

where p > 0 and 0 € R. Thus these transformation equations are not one to one but they
are one to one on (0,00) x [0,27). Here I am writing p in place of r to emphasize a pattern
which is about to emerge. I will consider polar coordinates as spherical coordinates in
two dimensions. I will also simply refer to such coordinate systems as polar coordinates
regardless of the dimension. This is also the reason I am writing y; and y; instead of the
more usual x and y. Now consider what happens when you go to three dimensions. The
situation is depicted in the following picture.

R ()’17)’27)’3)

R2
From this picture, you see that y3 = pcos¢,. Also the distance between (y;,y,) and
(0,0) is psin(¢,). Therefore, using polar coordinates to write (y;,y2) in terms of 6 and
this distance,
yi =psing,cos0,
Y2 =psing,sin0,
V3 =pcosg,.
where ¢, € R and the transformations are one to one if ¢, is restricted to be in [0, 7] . What
was done is to replace p with psin¢, and then to add in y3 = p cos ¢,. Having done this,
there is no reason to stop with three dimensions. Consider the following picture:

R (V1,Y2,¥3,74)

R3
From this picture, you see that y4 = pcos@,. Also the distance from (y1,y2,y3) to
(0,0,0) is psin(@,). Therefore, using polar coordinates to write (y;,y2,y3) in terms of
0, ¢, and this distance,
Y1 =psing,sin¢, cos0,
Y2 =psing,sing,;sin6,
y3 =psing,cos¢;,
Y4 =pPcos¢,
where ¢, € R and the transformations will be one to one if ¢,,¢, € (0,7), 6 € (0,27),
p € (0,00).
Continuing this way, given spherical coordinates in R”, to get the spherical coordinates
in R?*!, you let Yp+1 =pcos¢, | and then replace every occurance of p with psin¢g,,_,
to obtain yy,---,yp interms of ¢, ¢,,---,9,_;.6,and p.
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It is always the case that p measures the distance from the point in R? to the origin in
R?, 0. Each ¢; € R and the transformations will be one to one if each ¢, € (0,7), and
6 € (0,2m) . Denote by h), (p, ?, 0) the above transformation.

It can be shown using math induction and geometric reasoning that these coordinates
map Hf:lz (0,7) x (0,27) x (0,°) one to one onto an open subset of R” which is ev-
erything except for the set of measure zero ¥, (N) where N results from having some

¢, equal to O or 7 or for p = 0 or for 8 equal to either 27 or 0. Each of these are sets
of Lebesgue measure zero and so their union is also a set of measure zero. You can see

that h), (]‘[{’:_12 (0,7) x (0,27) x (O,oo)) omits the union of the coordinate axes except for

maybe one of them. This is not important to the integral because it is just a set of measure
Zero.

Theorem 10.9.1 L. y=h, ((_]5, O,p) be the spherical coordinate transformations

in RP. Then letting A = Hf;lz (0,7) x (0,27) , it follows h maps A x (0,e0) one to one onto
all of R? except a set of measure zero given by h, (N) where N is the set of measure zero

(Ax[0,2)) \ (A x (0,e0))

Also |detDh _‘7 0, will always be of the form
P p

’dechp (Zp’,e,p)’ — @ (Z;S,e). (10.9)

where ® is a continuous function of (ﬁ and 0.> Then if f is nonnegative and Lebesgue
measurable,

Rpf(y)d’”":/,LP(A>f(y)de:Af<hP (6.6.0))p"'®(8,6)dm, (10.10)

Furthermore whenever f is Borel measurable and nonnegative, one can apply Fubini’s
theorem and write

/ﬂ%pf(y)dyz ./prf’*‘ ./f;f(h (Ep’,e,p)) @ (6,9) d$dedp (10.11)

where here d(}de denotes dm,_1 on A. The same formulas hold if f € L' (RP).

Proof: Formula 10.9 is obvious from the definition of the spherical coordinates because
in the matrix of the derivative, there will be a p in p — 1 columns. The first claim is also
clear from the definition and math induction or from the geometry of the above description.
It remains to verify 10.10 and 10.11. It is clear b, maps A x [0,0) onto R”. Since h,, is
differentiable, it maps sets of measure zero to sets of measure zero. Then

R = hy (NUA x (0,00)) = by (N) Ul (A x (0,9)),

the union of a set of measure zero with h, (A x (0,e0)). Therefore, from the change of
variables formula,

dm, — / d
Rpf (y)dm,, ny (Ax((),w»f (y)dmy,

/Ax(o,oo)f (hp (a,e,p)) pr~'® ((_25,9> dm,,

2 Actually it is only a function of the first but this is not important in what follows.
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which proves 10.10. This formula continues to hold if f is in L! (R”) by consideration of
positive and negative parts of real and imaginary parts.

Finally, if f >0orin L' (R") and is Borel measurable, the Borel sets denoted as % (R”)
then one can write the following. From the definition of m,,

/AX(O’w)f (ry (6,0.0)) p7"'®(5,0) dm,

/ / »(6,6.0))p" '@ (4,6)dm,1dm
[ o500

Now the claim about f € L! follows routinely from considering the positive and negative
parts of the real and imaginary parts of f in the usual way.

Note that the above equals fo[o,oo) f (hp ((_]5, 6,p)> pP~ld ((7), 9) dm, and the iter-
ated integral is also equal to

/ pP- 1/f (3.0.0))®(3,0)dm, 1am

because the difference is just a set of measure zero.

Notation 10.9.2 Often this is written differently. Note that from the spherical coordinate
formulas, f (h (Zﬁ,@,p)) = f(pw) where |w| = 1. Letting SP~! denote the unit sphere,
{w eR?: |w| =1}, the inside integral in the above formula is sometimes written as
f(pw)do
sp—1
where & is a measure on SP~'. See “Real and Abstract Analysis” for another description
of this measure. It isn’t an important issue here. Either 10.11 or the formula

/Ompp—l (/SP‘ f(Pw)dc> dp

will be referred to as polar coordinates and is very useful in establishing estimates. Here
o(sr=/,® (57 6) dmy,_1.

N
Example 10.9.3 For what values of s is the integral |, B(0,R) (1 + \ac|2> dy bounded inde-
pendent of R? Here B(0,R) is the ball, {x € R” : |x| <R}.

I think you can see immediately that s must be negative but exactly how negative? It
turns out it depends on p and using polar coordinates, you can find just exactly what is
needed. From the polar coordinates formula above,

s R
141z a // 14p2) pPlded
./B(O,R)( +|w|) Y 0 SP‘l( TP ) P odp

‘R
c,,./o (1+p%) p"'dp

Now the very hard problem has been reduced to considering an easy one variable prob-
lem of finding when f(f pP~! (1 + pz)s dp is bounded independent of R. You need 2s +
(p—1) < —1soyouneeds < —p/2.
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10.10 Exercises

1. Use a change of variables to find the volume of the ellipsoid % + %2 +2z2 < 1. Hint:
You might let u = 3, v, w defined similarly and reduce to volume of a ball of radius 1.

2. A random vector X, with values in R” has a multivariate normal distribution written
as X ~ N, (m,X) if for all Borel E C R?,

1 -1 o1
Ax (E :/ Vole) L G emyEleem)y
X( ) RP E(:E) (27r)”/2det(2)1/ze mp

Here X is a positive definite symmetric matrix. Recall that A x (E) = P(X €E).
Using the change of variables formula, show that A x defined above is a probability
measure. One thing you must show is that

1 -1 -1
S (2—m)" 2" (x—m) _
—————¢2 dm, =1
/RP (2m)"" det (z)'/? !

Hint: To do this, you might use the fact from linear algebra that ¥ = Q*DQ where D
is a diagonal matrix and Q is an orthogonal matrix. Thus £~! = 0*D~!Q. Maybe you
could first let y = D~'/2Q (z — m) and change the variables. Note that the change
of variables formula works fine when the open sets are all of R”. You don’t need
to confine your attention to finite open sets which would be the case with Riemann
integrals which are only defined on bounded sets.

3. Consider the positive integers N. Explain why every function defined on these is
continuous. Here the distance function is just the absolute value of the difference.
What are the functions in C. (N)? Define L(f) as ¥; f (i) for every f in C (N). From
the Riesz representation theorem for positive linear functionals, what is the measure
which results in this way? What if L(f) =Y, a;f (i) where a; > 0?

4. Let g be an increasing function on R. Consider the Rieman Stieltjes integral L(f) =
Jr fdg where f € C.(R). These integrals are described in “Analysis of Functions
of One Variable. Use the Riesz representation theorem to obtain a measure v which
is regular and complete and Borel representing this functional. Recall that in these
Stieltjes integrals, one typically has one of f,g continuous and the other increasing
or of bounded variation. In this case, g is of bounded variation on any interval and
the Riesz representation theorem shows we can give meaning to an integral in which
f could be Borel measurable or worse. The next several problems will develop the
fundamentals of the L? spaces.

5. Show that for a,b >0 and p > 1, ab < %,, + % where ¢ is defined by %—Fé =1.
Hint: Show that p—1 = p/gand g— 1 = ¢/p.It is obvious if b = 0 so fix b > 0 and
use calculus procedures on a — % + % —ab.

6. TLet (Q,#, 1) be any measure space. Show that if f, g are nonnegative measurable
functions, then it is always the case that [ fgdu < (ffpd,u)l/” (fqu,u)l/q where
here p,q > 1 and 1/p+ 1/ = 1. Hint: If either of the terms on the right is 0, then
there is nothing to show. If either of the terms on the right is oo, there is also nothing
to show by using the above inequality. Assume these are finite and positive. Denoting
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them as | f||, and [|g||, respectively, consider the above inequality in [ Wﬁd u.
P q

This is Holder’s inequality. When does equality hold? See previous problem to
determine this.

1 LP (Q,u) consists of those measurable functions f such that |f|” is integrable.
Show using Holder’s inequality that if pt (Q) < eo that if 1 < p < g, then L?(Q) C
L? (Q). Give an example which shows that sometimes the opposite inclusion holds
if 1 (Q) = oo.

1 Show that if [|£],lg], < ==, then ||/ +ll, < ||, + gl Hint: Show

[1r+elrdu< [1f+el i fiau+ [ 1f +gl”lgldu

Now apply Holder’s inequality.

11If we regard f = g when the two differ only on a set of measure zero, explain why
[£1l, is a norm. The collection of these functions with this convention for [|-[|, is
called L? (Q, 1)

TNow suppose {f,} is a Cauchy sequence in LP. That is: For every € > O there
exists ng such that if m,n > ne then ||f, — full, < € Show there exists f € L?
such that lim, e || f — fu||, = 0. Hint: Recall from Theorem 3.2.2 on Page 65 that
we only need to obtain a subsequence which converges. Here is how you can get
such a subsequence. Pick a subsequence { fnk} denoted as {g } for short such that
I8k — gty <47 Now let Ex = {o: |gk (@) — giy1 (@)]7 > 27} . Explain why

42 [ o) =gt (@) du =2 (B p(B) <27
k

Now recall the Borel Cantelli lemma, Lemma 8.2.5, there is a set of measure zero
N such that if @ ¢ N then o is in only finitely many of the E;. Thus for such
o {gi (@)} is a Cauchy sequence which converges to some f(®). Now explain
using Fatou’s lemma how |[[gx — f||, — 0 and that f € LP. First argue that | ]|, <
liminfy_, [|gk[|, < o because the ||gk||, are bounded due to the fact that {g;} is a
Cauchy sequence. Next pick m such that if k,/ > m, then || gx — g;|| < €. Use Fatou’s
lemma again to obtain that for k > m, [|gx — f||, < & which was to be shown.

1Show that the simple functions are dense in L”. Hint: Consider positive and nega-
tive parts of f € L” and use Theorem 8.1.6 about pointwise limits of simple functions
along with the dominated convergence theorem or some such thing.

11In case the measure space is (X,.%#, ) where u is regular and Borel and X is a
Polish space, show that C, (X) is dense in L? (X).

1In the situation of (R",.%,,m,), Lebesgue measure, define fy () = f(x—1y).
Show limy o || fy — |, = 0. This is very important and is called continuity of trans-
lation in L?. Hint: Let g € C, (R"). Then

1y = £1, < 1y = sull, + gy — g1, +llg— 71,

Now from the above problem, pick g € Cc (R") such that || f —gl|, = [l fy — gyl , <&
This comes from a change of variables exercise of using translation invariance of the
measure. Now if y is small enough, the right side is no more than 3&.
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14.

15.

16.

tLet {y,,} be a mollifier. Explain why if f € L (R") then f € L} _(R"). You might
use Holder’s inequality to show this. Thus from Lemma 10.7.7, f * y,, is infinitely
differentiable. Now fill in the details of the following:

~|[ e - s @) v wan,

p

[ f@=y) v, (w)dm, -

<([re@-v-r@lv dmn) < [17 @)~ 1 @I v,y (w) dmn )

Then
1w =< [ 1 @= )= @I 0 () dma () dm ()

= /V’m /|f & —y) — (@) dmy (x) dmy ()
- [R;(o?]/,w Vin (y) ||f'!l _fHﬁdmn (y) <e

whenever m large enough. You will want to use Jensen’s inequality at the third
relation in the top. Indeed, y,,dm, is a probability measure. This shows that even
though the functions in L” might be discontinuous everywhere, the space of infinitely
differentiable functions is dense in L?.

Minkowski’s inequality is very useful. Fill in the details for finite measure spaces
and f > 0 product measurable. Recall 1/p+1/q =1 where p > 1.

/y (/X |f(x,Y)|du>”d/1 /YJ(y)ﬁ/q/X ()| dudA
= [ [ 171 )7 dnan

Use Holder’s inequality on the inside integral to get

<(f(/ f(x,y>|du)pdx>l/q L/ f(x7y)|”d/1)1/pdu

Now divide both sides by ([, (Jfx |/ (x,y)|du)” dl)l/". This gives the Minkowski

inequality
([ (L) a)” < [ ([ireopan)”

Extend to o finite measure spaces.

You have a measure space (Q,.%,P) where P is a probability measure on .%. Then
you also have a measurable function X : Q@ — Z where Z is some metric space. Thus
X~'(U) € .# whenever U is open. Now define a measure on % (Z) denoted by Ax
and defined by Ax (E) =P ({w : X (w) € E}) . Explain why this yields a well defined
probability measure on % (Z) which is regular.

Ax(F) = sup{Ax(K):K compact, K C F}

Ax(F) = inf{Ax(V):V open, V2O F}

This is called the distribution measure.
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Chapter 11

Integration on Manifolds

Till now, integrals have mostly pertained to measurable subsets of R” and not something
like a surface contained in a higher dimensional space. This is what is considered in this
chapter. First is an abstract description of manifolds and then an interesting application of
the representation theorem for positive linear functionals is used to give a measure on a
manifold. This is the higher dimensional version of arc length for a smooth curve seen in
calculus.

Definition 11.0.1 et S be a nonempty set in a metric space (X,d). 9S is the set
of points x, if any with the property that B (x,r) contains points of S and points of X \ S for
each r > 0. The interior of S consists of the union of all open subsets of S.

Lemma 11.0.2 Let U be a nonempty open set in a metric space (X,d). dU = U\ U.

Proof: If x € JU, then x can’t be in U because some ball containing x is contained in
U. However, it must be in U because if not, some ball containing x would contain no points
of U since U is closed.

If x € U\ U then if some ball containing x fails to contain other points which are in U
then that ball would show x ¢ U. Hence every ball containing x must contain points of U.
However, x itself isnotin U and sox € oU. R

11.1 Manifolds

Definition 11.1.1 An essential part of the definition of a manifold is the idea of
a relatively open set defined next. Recall that a homeomorphism is a one to one, onto,
continuous mapping from one metric space to another which has continuous inverse. A
half space will be of the form {x : x; > a;} or {x : x; < a;}.

Definition 11.1.2 et X be a metric space and let Q C X. Then a set U is called a
relatively open set or open in Q if it is the intersection of an open set of X with Q. Thus Q is
a metric space with respect to the distance d (x,y) inherited from X and all considerations
such as limit points, closures, limits, closed sets, open sets etc. in this metric space are taken
with respect to this metric. Continuity is also defined in terms of this metric on Q inherited
from X. Q is a p dimensional manifold with boundary if there is a locally finite cover {U;}
(here it will be a finite cover) of sets open in Q such that each U; is homeomorphic to a set
open in H where H is a half space or some finite intersection of such half spaces. Denote
the open sets and homeomorphisms by (U, R;) . The collection of these is called an atlas.
Thus R;U; is a set open in Hg, where Hg, is described above. Note that it could be a closed
box. Then a point x is called a boundary point if and only if Rix is a boundary point of the
interior of some Hp, for some i.

[

I will be assuming that we can replace “locally finite” with finite in the above definition.
This would happen, for example if Q2 were compact, but this is not necessary. First I need
to verify that the idea of dQ is well defined.

261
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Lemma 11.1.3 0Q is well defined in the sense that the statement that x is a boundary
point does not depend on which chart is considered.

Proof: Suppose x is not a boundary point with respect to the chart (U,R) but is a
boundary point with respect to (V,S). Then UNV is open in Q so Rx e BC R(UNV)
where R (U NV) is open in Hg and B is an open ball contained in R (U NV). But then, by
Theorem 9.14.4, SoR~! (B) is open in R” and contains Sx so x is not a boundary point with
respect to (V,S) after all. B

Definition 11.1.4 1. v C RY. Ck (V;RP ) is the set of functions which are restric-
tions to 'V of some function defined on R? which has k continuous derivatives which has
values in RP . When k = 0, it means the restriction to V of continuous functions. A function
isin D (V; RP) if it is the restriction to V of a differentiable function defined on R9. A
Lipschitz function f is one which satisfies || f (x) — f (y)|| < K ||z —y||.

Thus, if f € C*(V;R?) or D (V;RP), we can consider it defined on V and not just on
V. This is the way one can generalize a one sided derivative of a function defined on a
closed interval.

Lemma 11.1.5 Suppose A is a m x n matrix in which m > n and A is one to one. Then
||lv]] = |Av| is a norm on R" equivalent to the usual norm.

Proof: All the algebraic properties of the norm are obvious. If ||v|| = 0 then |[Av| =0
and since A is one to one, it follows v = 0 also. Now recall that all norms on R" are
equivalent. l

We have in mind, from now on that our manifold will be a compact subset of R? for
some g > p.

Proposition 11.1.6 Suppose in the atlas for a manifold with boundary it is also the
case that each chart (U, R) has R™' € C! (m) and DR™" () is one to one on R(U).
Then for two charts (U, R) and (V,S) , it will be the case that SoR™' : R(UNV) — S (V)
will be also C' (W) .

Proof: Then

DR '(z)h+o(h)

R '(x+h)-R ! (x)
ST(S(R " (z+h))-S (SR () (LD

= DSH(S(R () (S(R ' (z+h))-S (R (x)))
+o(S(R'(z+h)-S(R ' (x))) (11.2)
By continuity of R™!, S, if h is small enough, which will always be assumed,
lo(S(R™ (z+h)) =S (R (@)
< ZIS(R@+h) -8 (R (@)
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where here there is & > 0 such that

DS~ (S ( (x))) (S (R w+h>) S(R(x)))]
> a|(S(R w+h> S(R™'(2)))]
(

thanks to the assumption that DS™~' (S (R™'(z))) is one to one. Thus from 11.2

f|(( "(z+h))-S(R'(2)))| <|DR™'(z)h+o(h)] (11.3)

Now

[o(S(R™! (z+h)) - S (R (2)))]

||
lo(S(R ' (xz+h))-S(R'(@))||S(R'(x+h)—-S (R ()]
- SR ' (z+h)-S(R ' (2)) |h|

From 11.3, the second factor in the above is bounded. Now continuity of S o R™! implies
that as h — 0, the first factor also converges to 0. Thus

o(S(R™! (@ +h))~ S (R (x))) = o(h)
Returning to 11.2,
DR '(z)h+o(h)=DS ' (S(R ' (z))) (SoR '(z+h)—SoR ' (z))
Thus if h = tv,

limDS~! (S (R (x))) <(S°Rl (@+1v)-SoR™! (m))>

t—0 t
t
— DR (@) +1im 2V
t—0 t

=DR ! (x)v

(SoR_1 (z+tv)—SoR™! (ac))
t

DS ' (S(R'(x))) Dy (SoR ") (z) =DR ™' (z)v

By the above lemma, lim,_ =D, (SoR™") () exists. Also

Let A(x) =DS™' (S(R™'(x))). Then A*A is invertible and  — A (z) is continuous.
Then

A(z) A(x)Dy (SoR™ ) (z) = A(z)'DR '(z)v
D,(SoR ") (z) = (A(x)'A(z)) 'A(z)"DR (z)v

s0 D, (S ) R’l) () is continuous. It follows from Theorem 6.6.1 that S o R™! is a func-
tion in C' (R (W)) because the Gateaux derivatives exist and are continuous. Hl

Saying DR ™! (z) is one to one is the analog of the situation in calculus with a smooth
curve in which we assume the derivative is non zero and that the parametrization has con-
tinuous derivative.

I will assume in what follows that Q is a compact subset of R?, ¢ > p. You could get
by with less using Stone’s theorem about paracompactness but this is enough for what will
be used here.
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Definition 11.1.7 4 compact subset Q of R? will be called a differentiable p di-
mensional manifold with boundary if it is a C° manifold and also has some differentiable
structure about to be described. Q is a differentiable manifold if R ;o R;l is differentiable
on R;(U;NU;). This is implied by the condition of Proposition 11.1.6. If, in addition to
this, it has an atlas (U;, R;) such that all partial derivatives are continuous and for all

det (DR (R;(2)))" (DR; ' (R;(z))) #£0

then it is called a smooth manifold. This condition is like the one for a smooth curve in
calculus in which the derivative does not vanish. If, in addition “differentiable” is replaced
with CK meaning the first k derivatives exist and are continuous, then it will be a smooth C*
manifold with boundary.

Next is the concept of an oriented manifold. Orientation can be defined for general C°
manifolds using the topological degree, but the reason for considering this, at least here,
involves some sort of differentiability.

Definition 11.1.8 4 differentiable manifold Q with boundary is called orientable
if there exists an atlas, {(Uy, R:)}_,, such that whenever U;N\U; # 0,

det(D(RjoR;")) (u) >0 forallu € R; (UiNU;) (11.4)

An atlas satisfying 11.4 is called an oriented atlas. Also the following notation is often
used with the convention that v = R; o R;l (u)

A(vi-vy) -
(9(1,{171,;) =detD (RIORJ 1) (U)

In this case, another atlas will be called an equivalent atlas (V;, S;) if
det(D(S;joR; ")) (u) >0 forallu € R;(U;NV;)

You can verify using the chain rule that this condition does indeed define an equivalence
relation. Thus an oriented manifold would consist of a metric space along with an equiv-
alence class of atlases. You could also define a piecewise smooth manifold as the union of
finitely many smooth manifolds which have intersection only at boundary points.

Orientation is about the order in which the variables are listed or the way the positive
coordinate axes point relative to each other. When you have an n X n matrix, you can always
write its row reduced echelon form as a product of elementary matrices, some of which are
permutation matrices or involve changing the direction by multiplying by a negative scalar,
which also changes orientation the others having positive determinant. If there are an odd
number of switches or multiplication by a negative scalar, you get the determinant is non-
positive. If an even number, the determinant is non-negative. This is why we use the
determinant to keep track of orientation in the above definition.

Example 11.1.9 Lez f : R — R is C! and suppose and that Df (x) # 0 for all  con-
tained in the set {x : f (x) =0}. Then if {z : f (x) = 0} is nonempty, it is a C' manifold
thanks to an application of the implicit function theorem.
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Note that this includes S”~!, { € R” : || = 1} and lots of other things like x* +y? +
7% = 1 and so forth. The details are left as an exercise.

Recall from calculus how you can get pointy places in a space curve when the derivative
of the parametrization is allowed to vanish. Here this would correspond to some DRi_1 (u)
not being one to one which is the same as having D (Ri o Rfl (u)) having zero determi-
nant.

In the above, it is not assumed that DR~ is one to one. This can be used to include
the concept of a higher dimensional version of a piecewise smooth curve. Suppose, for
example you have 0 = [—1,0] x [17, [ai, bi] , @2 = [0,1] x [17_, [a;, bi] so there are two
boxes joined along a common side. Let Rl_l.1 Ry jl be as described above on these boxes
and that Rl_i1 and RZ_jl are continuous along the common face. We assume the union
of R;l (Uyi),r = 1,2 is a smooth manifold so that DR;l exists on Q,. Maybe DRfil,
DREJ'I are one to one on Q1,Q, but on the common face, there is a difference in D Rl’il,

D jol at a point on that face. Thus, if the restriction of Rfl to O, is R;il then R;l is not
differentiable at points on this face. However, we could change the parametrization at the
expense of allowing DR;1 to equal zero on the common face which will result in R, ! be-
ing differentiable. One simply replaces x — R;l (x1,...,xp) with ® — R;l (x?,xz, ...,x,,) .
This could be generalized to strings of boxes, successive pairs intersecting along a face
thereby obtaining a higher dimensional notion of “piecewise smooth” as a case where the
determinant of DR;' is allowed to vanish. This is why it is useful in what follows to
have a change of variables formula which does not require the non-vanishing of the de-
terminant of the derivative of the transformation. This is the higher dimensional notion
of pointy places occuring in space curves at points where the derivative vanishes. Note
that the resulting union of the two smooth manifolds would end up being orientable if
det (D (RyjoR5;')) (u) > 0 for all pertinent u on the common face. Here we would take
the partial derivative D from the appropriate side in the chain rule. This is all very fussy
but is mentioned to illustrate that in order to include piecewise smooth manifolds it suffices
to only require that an atlas be differentiable. Thanks to Theorem 10.3.1 edges of a differ-
entiable manifold can be ignored in the development of the area measure on a manifold if
they result from some lower dimensional curve in R” or more generally a set of measure
zero in R”. In this regard, see the rank theorem, Theorem 7.6.3 which identifies this as
happening when DR, ! has smaller rank.

11.2 The Area Measure on a Manifold

Next the “surface measure” on a manifold is given. In what follows, the manifold will be a
compact subset of R?. This has nothing to do with orientation. It will involve the following
definition. To motivate this definition, recall the way you found the length of a curve in
calculus where ¢ € [a,b]. It was f: v (¢)|dt = fah det (Dr ()" Dr (t))l/zdt. where () is a

parametrization for the curve. Think of dI = det (Dr (t)" Dr (1)) 2 4t and you sum these
to get the length.

Definition 11.2.1 7 (Ui, R;) be an atlas for a p dimensional differentiable man-
ifold with boundary Q. Also let {y;};_, be a partition of unity from Theorem 3.12.5
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spty; C U;. Then for f € C.(Q), define

LF= Y [ o R ) v (B ) g ()
i=1 i(Ui)
Here du signifies dm, (u) and
Ji(u) = (det (DR; " (w)* DR; ' (w)))'"?

I need to show that the same thing is obtained if another atlas and/or partition of unity
is used. This is an application of the change of variables theorem.

Theorem 11.2.2 77e functional L is well defined in the sense that if another atlas
is used, then for f € C.(Q), the same value is obtained for Lf.

Proof: Let the other atlas be {(Vj, S j)};:l where v € V; and §; has the same prop-
erties as the R;. Then (SjoR;') (u) =v so R (u) = S;l (v) and so R; ' (u) =
S;l ((SjoR; ") (w)) implying DR; " (u) = D.S’jT1 (v)D (S0 R; ") (u). Therefore,

Ji () = (det (DR; " (w)* DR} ()"

pxp (px4q)(axp) pxp 1/2
= | det D(SjoR;l)*(u)\bS;l (1})*DS;l (v)D(SjoR; ") (u)
= |det(D(Sj0R")" (w)) det (D (S R;™) (u))r/zjj (v)
=|det (D(S;oR; ") (w))]J; (v) (11.5)
Similarly
Ji(v) = ‘det (D (R,-os;l)(v)) Ji (w). (11.6)

Let L go with this new atlas. Thus

Z/ )) Tl/( (v))fj (v)dv (11.7)

where 1 ; is a partition of unity associated with the sets V; as described above. Now letting
; be the partition of unity for the U;, v = Sjo R; ' (u) foru € R; (V,NU;).

(V,) ( ( )) n; (S;l (v)) Jj(v)dv

(57 @) w55 ) 1, (557 ) w1



11.2. THE AREA MEASURE ON A MANIFOLD 267

By Lemma 10.4.1, the assumptions of differentiability imply that the boundary points of
Q are always mapped to a set of measure zero so these can be neglected if desired. Now
S;(V;nU;) = S0 R, (R;(V;NU;)) and so using 11.6, the above expression equals

igi/Ri(V mU;)f(lLZ;1 (w)) w; (B (w)) n; (B (w) -

det (D (R,-os;‘) (u)) (J,» (u)|detD (S0 R™) (u)| du

Now [ = (Ri oS ]’1> ) (S joR- 1) and so the chain rule implies that the product of the two
Jacobians is 1. Hence 11.7 equals

™-
ol

<
Il

=
Il

—_

F(R7 (W) w; (R (w)n; (R () J;: (w) du

i(vinu:)

R (R (w) v (R (w) n; (R () Ji (w) du

Il
-
-

g

Il
-
~.

Il
=

£ (R (w) y; (R 2 w)) Ji (u) du

I
[ aoh
5

i(Ui)

= Z/Ri(Ui)f(Rfl (w) v, (R (w)) Ji (u)du = L(f)

i=1

~

Thus L is a well defined positive linear functional. ll

Definition 11.2.3 By the representation theorem for positive linear functionals,
Theorem 8.8.2, there exists a complete Radon measure G, defined on the Borel sets of
Q such that Lf = [ fdo ). Then G, is what is meant by the measure on the differentiable
manifold Q.

If O is an open set in Q, what is ¢, (0)? Let f,, T 2 where f,, is continuous. Then by
the monotone convergence theorem,

n—yoo n—yoo

c,(0) = limL(f,) —hmZ/ o () v; (R ! (w)) Ji (u)du

- hm,zl/ oy T (B () i (B () s o)

n—oo

- X /R,-wm) Zo (R (w)) w; (R () Ji () du.

If K is a compact subset of some U;, then use Corollary 10.8.5 to obtain a partition of
unity which has y; = 1 on K so that all other y; equal 0. Then

/Q Vxdo, = /R o7 (R;! (w)) J; (u) du

It then follows from regularity of the measure and the monotone convergence theorem that
if E is any measurable set contained in U;, you can replace K in the above with E. In
general, this implies that for nonnegative measurable f, having support in Uj;,

/Q fdo, = /R o f (R (w))Ji(u)du
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Indeed, 0dQ is a closed subset of Q and so 2 is measurable. That part of the boundary
contained in U; would then involve a Lebesgue integral over a set of measure zero. This
shows the following proposition.

Proposition 11.2.4 Let Q be a differentiable manifold as discussed above and let & p
be the measure on the manifold defined above. Then G, (d€2) = 0.

Note that it suffices in the above to assume only that DR, !'(u) exists for a.e. u.

11.3 Divergence Theorem

The divergence theorem considered here will feature an open set in R” whose boundary has
. . . . T
a particular form. For convenience, if ¢ € R, & = ( x1 -+ X1 Xig1 -+ Xp )

Definition 11.3.1 .t v C R? satisfy the following conditions. There exist open

boxes, Q1,-++,0n, Qi = 5’:1 (a?-,b?) such that oU = U \ U is contained in their union.

Also, there exists an open set, Qg such that Qo C Qo C U and U C QgU Q1 U---U Qy.
Assume for each Q;, there exists k and a function g; such that U N Q; is of the form

. k=1 ( i pi
&€ (-xla"' s Xk— 15 Xk415""° 7xp) € Hj:] (alj7bl]) X (11 8)
H?:k+1 (al]7bl]> andaj; <Xk < &i (xlv"' s Xk—1,Xk+1,""" 7x17)
or else of the form
. k—1 i 70
@ (e ek ) € T2 (d,6)) x o)

Ty (aobh) and gioreee v %) < e < B
The function, g; is differentiable and has a measurable partial derivatives on
k=1 )4 o .
A€ [T (a)b5) < TT (aj.0)) = O
j=1 j=k+1

where

k=1 p .
s (T TT ) ) <o

j=1 j=k+1

and we assume there is a constant C such that for all i and j,

%’ < C off A; and that each

gi is Lipschitz. Thus there are no measurability issues by Theorem 10.3.1.

To illustrate the above here is a picture.

Qi\\/ /Ur%Ql

Ung;

Recall from calculus that if z— g () = 0 then to get a normal vector to the level surface,
it will be + the gradient.
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Lemma 11.3.2 Let o, -+, a, be real numbers and let A(aty,---,a,) be the matrix
which has 1 + &2 in the ii'" slot and o;a; in the ij™ slot when i # j. Then detA = 1+
Yo

Proof of the claim: The matrix, A (a1, -, ¢,) is of the form
l+a? ajor - a0
ooy 1403 aa,

Aoy, ,0p) =
o, oa, - lJrOCIZ7
Now consider the product of a matrix and its transpose, B’ B below.
1 o .- 0 o 1 0 - 0 -—-m
0 1 0 0 1 0 —a
: : : (11.10)
0 1« 0 1 —a,
-0y —0py - =0, 1 o 0y - 0O 1

This product equals a matrix of the form

Aoy, -, 0p) 0
0 1+Y0 o2

Therefore, (1+Y7, oF) det(A (a1, -+, @,)) = det(B)* = det (BT)Z. However, using row
operations,

1 0 0 (048]

0 1 0 o ,
detB” = det :1_,_2051_2

0 1 a, =1

0 0 0 1+%0, 02

and therefore,

2
(H—Za?) det(A(ay, -, ap)) = <1+Zal~2>
i=1 =

which shows det(A (a1, ,0,)) = (1+ X7, 7). B
Now consider the case of o on dU. The maps will be of the form

:f:EQk—>(X1 s Xi—d g(:fii) Xiy1 0 Xp )T:h(;i;i)
I need to describe det (Dh (&;)" Dh (%)) 12—y (2).

Consider an example sufficient to see what happens in general in which p =3 and i = 2.
Then in this case, J (&) will be the square root of the determinant of

1 0
( I gy O ) P ( g+l g )
0 8x3 1 6' i@ 8x18x3 g,%3 +1
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One can verify that this is just a special case in which Dh (&;)" Dh (&;) will be of the form
considered in Lemma 11.3.2. Thus by this lemma, J () = /1 +2k¢l-g72xk.

Then if UNQ is of the form in 11.8 or in 11.9 one can identify the unit exterior normal
to the surface either on the top or the bottom of U N Q from beginning calculus. These are
respectively

( 8wy _g’xp—l e 1 )T (g7X1 g,xp71 A | )T

+X 8% I+ X 8
The first pointing up away from U and the second pointing down away from U.

If you simply assume g; is differentiable, there is no problem in Definition 11.3.1.
One can show with Rademacher’s theorem that it suffices to assume these functions are
Lipschitz continuous.

In the following proof, I will regard f (x1,x2, ...,X,) as a function of the listed variables.

n=—

Definition 11.3.3 7t F eC! (U;RP ) and the rectangular coordinates are denoted
as € = (x1,...,xp). Then the divergence of F written as div (F') is defined as }_; % =Y, F..
It is also written as V - F'.

Theorem 11.3.4 Let U be a bounded open set in RP satisfying the conditions of
Definition 11.3.1 and let F € C' (U;RP). Then

p
Fi(x)dm :/ F-ndo,_
/U;u()p_w p—1

where n is the unit exterior normal to U just described. Y| F; ; () is denoted V - F. Thus
this is written as [; V- Fdm, = [, F -ndo,_. Sometimes you see div (F') in place of
V.F.

Proof: Let spt(y;) be a compact subset of Q; and YN ,w; = 1 on U and each v, is
infinitely differentiable. This partition of unity exists by Lemma 10.8.4. There is an explicit
description of the unit outer normal for each point of the boundary of U described above in
either of the two cases described in Definition 11.3.1 and illustrated in the above picture.
Then

N N
/, L Fis(a)dmy = / LY k), (@)dm =L Y |, vy, (@)dm,

N
= Z/Q Y (WiF);,; (z)dm, (11.11)
k=07 i

Now consider one of the terms in the above. For the sake of simplicity assume k = p so that
the special direction corresponds to x,,. Also, I will assume that the function g (&) is on the
top, so it is like the left picture in the above. A similar argument works if g (&) were on the
bottom. Either way we can specify a unit exterior normal a.e. I will omit the subscript on

8k> Q> and Y. X
Case that i < p : Pick i < p. Letting Q be (x1,...,x,_1) where « € Q, For any i,

8(x1seeript) . 0 o N A
S wirgdmy = [ [ wibnas= [ pi(yr) (m’w(x))ﬁdfm
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Now for i < p, that in the integrand is not % (YE) (&,y+g(&)). Indeed, by the chain
rule,
9g (&)

S (WE) (B ¢ (@) = D1 (WE) (8.7-+ 4 (8)) + D, (WE) (3. + ¢ (@) 251

Since spt(y) C Q, it follows that 11.12 reduces to

/_OOO/Q;X[ (VEF) (if%erg(ﬂf:))d)?dy/Q/_iD,,(wE) (&,y+g(&)) aéf)dyd)?

=0 [ (vE) (@8 () ds
Case that i = p : In this case, 11.12 becomes [, (WFp) (&,g(&))d%. Recall how it
—8xy e 8x )1 _
was just shown that the unit normal is % and do = \/Zlel g,%k + ldmp_y.

Z,‘:] éxk‘H
Then the above reduces to [ony) (WF) - ndo. The same result will hold for all the Q;.
The sign changes if in the situation of 11.9. As to Qo, o, Xi (WoF); ; (x)dm) = 0 because
spt (¥) € Qo. Returning to 11.11, it follows that

N N
J, Eri@am, = ¥ [ EnF);@dmy= Y [ T ) (@) dm,

N N
F)-ndo — / F)-ndo
;A(QkﬁU)(Wk ) k;l aU(‘I’k )

N

/ ( le)F-ndO':/ F-ndo
w \ & ou

Definition 11.3.5 7ne expression Y? | Fi(x)is called div (F). It is defined above
in terms of the coordinates with respect to a fixed orthonormal basis (e1,-- - ,ep,). However,
it does not depend on such a particular choice for coordinates.

If you had some other orthonormal basis (v, ---,v,) and if (y1,---,y,) are the coordi-
nates of a point z with respect to this other orthonormal system, then there is an orthogonal
matrix Q such that y = Qx for y the coordinate vector for the new basis and a the coordi-
nate vector for the old basis. Then
1/2

Ji(x) = (det (DR ()" DR; ' () = (det ((DR;1 (¥)0) DR (y) Q))l/2

1/2 12 _

= (det (O"'DR; ' (y)*DR; ' (y)Q)) '~ = (det (Q*DR; ' (y)"DR; ' (y)0)) '~ =i (y)

so the two definitions of do will be the same with either set of coordinates.

List the v; in the order which will give det (Q) = 1. That is to say, the two bases have
the same orientation.The insistence that detQ = 1 will ensure that the unit normal vectors
defined as above will point away from U. Thus we could take the divergence with respect
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to coordinates of any orthonormal basis having the same orientation. Note that for a.e.
geometric point z

. . 1 . . 1

() (2) = lim s /B(m i () dmy = lim s /amz,r) F-ndo, |
the first equal sign from the fundamental theorem of calculus and the last expression on the
right being independent of the choice of basis. This implies that we could have generalized
the kind of region to be one for which the little rectangles are allowed to be slanted. Creases
and pointy places in the manifold can result from places where some J; (x) = 0, due to some
DR;1 not being one to one, but this will not matter because in the definition of the surface
measure this will be a set of measure zero on the manifold. The change of variables formula
which was so important in the above argument is unaffected by these creases.

Globally the region could be quite complicated. As an example in two dimensions, it
might look like this:

Corollary 11.3.6 If the divergence is computed with respect to y where y = Qx for Q
orthogonal with determinant 1, and each box used in the argument of Theorem 11.3.4 is

taken with respect to such a new basis (vy,--- ,v,), then one still obtains [, div(F)dm, =
faU F. ndefl.

11.4 Volumes of Balls in R”

This short section will give an explicit description of surface area given in Section 10.9.
Recall, B (x,r) denotes the set of all y € R” such that |y — x| < r. By the change of
variables formula for multiple integrals or simple geometric reasoning, all balls of radius
r have the same volume. Furthermore, simple reasoning or change of variables formula
will show that the volume of the ball of radius r equals o ,r” where o, will denote the
volume of the unit ball in R”. With the divergence theorem, it is now easy to give a simple
relationship between the surface area of the ball of radius r and the volume. Let dot,_ be

p
the area measure above. By the divergence theorem, [pq ) div (@)dx = [550 ) ‘:—‘d Op_1

because the unit outward normal on dB (0, r) is fa]- Therefore, pa,r? = rap- (dB(0,r))
and so &1 (0B (0,r)) = po,rP~1.

Let @, denote the area of the sphere S”~! = {& € RP : |z| = 1}. I just showed that
O, = pa,.

I want to find o, now.

Rnfl

Taking slices at height y as shown and using that these slices have p — 1 dimensional

2 2)(1771)

area equal to (x,,,lrp_l, it follows o ,p? = 2f0p O p—1 (p -y /2 dy since the r at a
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given y is \/p? —y?. In the integral, change variables, letting y = pcos 8. Then a,p? =
2pP 00, fon/z sin” (0)d6. It follows that

/2
a,,:Za,,,l/O sin” (6)d6. (11.13)

From this we find a formula for .
First note that I' (1) = [y e"t~12dt = [ e u 2udu = 2y e~ = /7 from ele-
mentary calculus using polar coordinates and change of variables.
Theorem 11.4.1 o, = % where I denotes the gamma function, defined for
2
a>0by(a)= [y et dr.

Proof: Let p =1 first. Then @) =7 = % because I'(a+1) = al'(a) so the
2
right side is % = 2 which is indeed the one dimensional area of the unit ball in one
212

dimension. Similarly it is true for p = 2,3. Assume true for p > 3. Then using 11.13 and
induction,

op
7'[17/2 ”/2
o :27/ sin”™1(8)d6

. . . . p/2 2 .o
Using an integration by parts, this equals ZF(”gH) ﬁ O”/ sin”~1(8)d6. By 11.13 and

induction this is

xlp—1)/2
W2 p @y @R p M) (s pp
P (2 22 -
C(5+1) p+1ap F(2+1)P+1r’(f:%izﬂ) F(3+1)r (2! +1) P+
2xptD)/2r (g + 1) 1 apt)/2 alp+1)/2

= — 7:7.
r(g+nr(st+1)prt (o) 5 (et

There is a general treatment of Stoke’s theorem which involves differential forms. This
is developed in my book on the web site, “Real and Abstract Analysis”. I have given a
fairly general version of the divergence theorem above. However, I have chosen here to
deal with the versions of these theorems which are of most use in applications. These are
known as Green’s theorem and Stokes theorem in Calculus and they are the original forms
of these theorems, not that algebraic extravaganza involving differential forms which is
in the other book. I prefer seeing this other approach in terms of the area formula and
Hausdorff measures which are not topics in this book.

11.5 Space Curves and Line Integrals

Here is a short discussion of line integrals and space curves.

Definition 11.5.1 Let[a,b) be a half open interval and let v - [a,b) — RY be one to

one and continuous such that r € C [mb);Rq) and r~' : 7 ([a,b)) — [a,b) is continuous.
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If v is the restriction of a C' function to [a,b) then it is called a C' curve. It is called a
simple closed curve if lim;_,r (t) = r (a) and we can define r (b) = r (a). This r plays
the role of R~ in the above and so C is a one dimensional manifold in RY. Here we
have just one chart in the atlas. If 7 : [c,d) is defined similarly mapping to C such that
7' or is increasing, this would be an equivalent atlas and so from the above general
presentation, if this transition map is differentiable we could use either one to describe the
one dimensional measure on C. Also, since #~' or is one to one, this function is either
increasing or decreasing. To say that its derivative is nonnegative is to say that the two go
over C in the same direction and deliver the same orientation. These functions are called
parametrizations in this context. It is piecewise smooth if ' # 0 on a succession of non-
overlapping intervals whose union is [a,b) but possibly at the ends of these intervals the
derivative from left and right are different.

Suppose you have a < b < ¢ and 7 () # 0 on [a,b],r) () # 0 on [b,c] but | (b) #
rl(b+(t—b) 1) e [a,b]

(b—a)®
) (b +(t—b)® (H))2> 1€ [b,c]
Then # (¢) moves from | (a) to # (b) in the same direction as 7| and 75 and is differentiable

on all of [a,c] although #' (b) = 0. Thus this piecewise smooth curve can be expressed as a
C! curve not smooth because of the vanishing of the derivative at b.

) (b) although r| = 7, at b. Then consider 7 (1) =

Lemma 11.5.2 Ifr:[a,b) — RY is a piecewise smooth curve smooth on successive non-
overlapping intervals. Then there exists a C' space curve which has the same orientation,
parametrizing the curve.

Therefore a C! curve, as defined above, includes the case of curves which are piecewise
smooth because modifying the parameter we can have finitely many ¢ with 7/ (1) = 0 to
account for pointed places which have a discontinuity in the derivative from either side,
allowing the inclusion of piecewise smooth curves as a special case. Then as a case of
the above theory if f is Borel measurable or continuous defined on C, then for a particular
orientation of C,

/fda—/ £ () (det (v (1) ' (1))t /f ()| dr

where 7/ (t) -7/ (1) = det (' (t)" 7/ (). Indeed, v’ ()" ' () is just a nonnegative number.
Now a unit tangent vector to the curve consistent with its orientation is =’ (r) /|7’ ()| and
at a point of C the same unit tangent vector would be obtained from another equivalent
parametrization. For a piecewise smooth curve, there will be finitely many points where
this tangent vector will not be defined but this is of no importance here since the interest is
in an integral. For f (x) a vector valued function for each & € C where the components are
Borel measurable, the line integral [ f-dr is defined as

[ sy wla= [ w0 war

and the above discussion shows that this is independent of the choice of parametrization,
having the same orientation.
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Notation 11.5.3 It is customary to write the line integral [ f-dr as

/Cﬁ (@) dxs + fo (@) dxs + -+ f, () dxg

which is called differential form notation.

11.6 Exercises

1. A random vector X, with values in R” has a multivariate normal distribution written
as X ~ N, (m,X) if for all Borel E C R,

- 1 S (@—m) = (w—m)

Ax (E)= /RI’ e (@) (271:)”/2 det (Z)l/ze

Here X is a positive definite symmetric matrix. Recall that A x (E) = P(X € E).
Using the change of variables formula, show that A x defined above is a probability
measure. One thing you must show is that

l =1 *y—1
S (2—m)" 27 (x—m) _
—————¢72 dm, =1
/Rn (27)"" det (5)'/2 !

Hint: To do this, you might use the fact from linear algebra that £ = Q*DQ where D
is a diagonal matrix and Q is an orthogonal matrix. Thus ~! = 0*D~!Q. Maybe you
could first let y = D~'/2Q (x —m) and change the variables. Note that the change
of variables formula works fine when the open sets are all of R”. You don’t need
to confine your attention to finite open sets which would be the case with Riemann
integrals which are only defined on bounded sets.

dmy

2. Consider the surface z = x* for (x,y) € (0,1) x (0,1). Find the area of this sur-
face. Hint: You can make do with just one chart in this case. Let R™!(x,y) =

(x,3,2) ", (x,y) € (0,1) x (0,1). Then

DR_1_<1 0 2x >T

01 O
2
It follows that DR DR ! = ( 4x 0+1 (1) )

3. A parametrization for most of the sphere of radius a > 0 in three dimensions is x =
asin(@)cos(0),y=asin(¢)sin(0),z=acos(¢). where we will let ¢ € (0,7),0 €
(0,2m) so there is just one chart involved. As mentioned earlier, this includes all of
the sphere except for the line of longitude corresponding to & = 0. Find a formula
for the area of this sphere. Again, we are making do with a single chart.

4. Let V be such that the divergence theorem holds. Show that [, V- (vWu) dV =
Ly v% dA where n is the exterior normal. Here % =Vu-n.

5. To prove the divergence theorem, it was shown first that the spacial partial deriva-
tive in the volume integral could be exchanged for multiplication by an appropriate
component of the exterior normal. This problem starts with the divergence theorem
and goes the other direction. Assuming the divergence theorem, holds for a region
V, show that [5, nudA = [, VudV. Note this implies [, % dV = [3y mudA.
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10.

11.

12.

13.

14.

15.

16.

17.
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Fick’s law for diffusion states the flux of a diffusing species, J is proportional to
the gradient of the concentration c. Write this law getting the sign right for the
constant of proportionality and derive an equation similar to the heat equation for
the concentration c¢. Typically, c is the concentration of some sort of pollutant or a
chemical.

Sometimes people consider diffusion in materials which are not homogeneous. This
means that J = —KVc where K is a 3 X 3 matrix and c is called the concentration.
Thus in terms of components, J; = —Y, iKi /8876,-' Here c is the concentration which
means the amount of pollutant or whatever is diffusing in a volume is obtained by
integrating ¢ over the volume. Derive a formula for a nonhomogeneous model of

diffusion based on the above.

Let V be a ball and suppose V>u = f in V while u = g on dV. Show that there is at
most one solution to this boundary value problem which is C? in V and continuous
on V with its boundary. Hint: You might consider w = u — v where u and v are
solutions to the problem. Then use the result of Problem 4 and the identity wViw =
V- (WVw) — Vw - Vw to conclude Vw = 0. Then show this implies w must be a
constant by considering 4 (1) = w (r x+ (1 —t) y) and showing £ is a constant.

Show that 5, V x v-ndA =0 where V is a region for which the divergence theorem
holds and v is a C? vector field.

Let F'(x,y,z) = (x,y,z) be a vector field in R? and let V be a three dimensional shape
and let n = (ny,nz,n3). Show that [5,, (xn; +yn +zn3) dA = 3x volume of V.

Let F =xi+yj +zk and let V denote the tetrahedron formed by the planes, x =0,y =
0,z=0, and %x—|— % y+ %z = 1. Verify the divergence theorem for this example.

Suppose f : U — R is continuous where U is some open set and for all B C U where
Bisaball, [ f(x)dV =0. Show that this implies f (x) =0 for all x € U.

Let U denote the box centered at (0,0,0) with sides parallel to the coordinate planes
which has width 4, length 2 and height 3. Find the flux integral [, F'-ndS where
F = (x+3,2y,3z). Hint: If you like, you might want to use the divergence theorem.

Find the flux out of the cylinder whose base is x> 4+ y? < 1 which has height 2 of
the vector field F = (xy,zy,z* +x). The flux is the surface integral in the divergence
theorem.

Find the flux out of the ball of radius 4 centered at O of the vector field F' =
(x,2y,2+x).

In one dimension, the heat equation is of the form u; = ctu,,. Show that u (x,7) =
e~ gin (nx) satisfies the heat equation

The contour integral for C, an oriented piecewise smooth in C = R?, written as
Jo £ (z)dz is defined as fabf(z (t))Z (t)dt where we can take z(t) to be a C' curve
which might vanish at finitely many points. Here f(z) = u(x,y) +iv(x,y) for z =
x+iy. Show f(z)7/ = ux’ — vy’ +i(vx’ +uy’). Show that the real part of this contour
integral is [ (u,—v)-dr and the imaginary part is [ (v,u) - dr. Thus, contour inte-
grals, important in complex analysis, reduce to the consideration of line integrals in
R2.



11.7. HARMONIC FUNCTIONS 277

18. You have a ball B in three dimensions and there is a material of some sort having
density p moving through this ball. Then if v is the velocity of the material, it being a
function of  and ¢, the rate at which the material leaves B is [5; pv - ndo where n is
the exterior normal. Thus the rate at which material enters B is — [, pv - ndo. This

must equal % Jp pdm3 m3 being Lebesque measure. Explain why it is reasonable to

expect that %—p + V. (pv) =0. Here V- signifies the divergence. In general, V- f

13
means ) % Thus V- (pv) means ¥;_, (pv); ;- This is called mass balance. See
“Calculus of One and Many Variables” to see many other examples of similar uses
of the divergence theorem to physical models.

19. Let V be such that the divergence theorem holds. Show that for Vi=A

du v
/V(vAuquv) dv = - (Van u3n> do

where 7 is the exterior normal and % is defined in Problem 4. Here V2u = Yily =
Au. Hint: Show that V-gf =Vg-f+gV-f. Useforg=vand f=Vuso V- f=
V.-Vv=Av.

11.7 Harmonic Functions

I am going to give a brief presentation on harmonic functions. To begin with, this features
a ball of radius r centered at 0. I will refer to this ball as U to save notation. Later U will
be allowed to be more general. A, will indicate partial derivatives are taken with respect to
the y; components of y. Also, for x,y € U, I will use the following definition. For more
on these topics see [16].

L] _ *(1172)
Definition 11.7.1 = (y) = e Jorn=3 , and also define
In|ly — x| forn=2
ylz| re ~(n=2)
v 2]

ylz| _ re
r []

, r_("_z)form:OifnZS
,In(r) ife=0ifn=2

v (y) =

In

Lemma 11.7.2 The following hold.

1. When |ly| =rand x # 0,y* (y) = r* (y).

2. %_‘% £0if |yl < rx #0.
3. limg_o | Y2 —=l=r

ay+b
l[ay+b]*

4. If ais a real number and b a vector, Vy|ay +b| = a
5 AYT =0=Ar".

ylz|
.

2
Proof: 1.) For 1., = |z]*+|y]*—2(x - y) = |& — y|* because |y| = ~Thus

v (y) =r*(y).
2)1f U2l - 2

=
||

= 0 then y ||* = 22 which cannot happen if |y| < r,x # 0.

ro =l
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ylz| _ re
r []

2 z?
—limgo (2 |y + 72— 2(2-y) ) =2,

3.) limy 50 ‘

1/2
4.)|ay+b| = (az\y|2+2a(y-b)+\b|2> and so

1 2\"V2 5 2
v, lay+b| = 3 (|ay+b| ) (2a%y, +2aby, .., 2a%y, + 2aby,)
1 ) 2 5 ay+b
= —— (a“y; +aby,...,a’y,+ab,) = — (a“y+ab) =a
|ay+b\ ( yl 1 yVl n) \ay+b| ( y ) |ay+b|

5.) Say n > 2. The other case will be similar. From 4.) and the chain rule,

v, (lay +b1"2) =~ (2= 2) lay + 5"V ¥y ay +

+b _
W (n—2)|ay+b| "a(ay+b)

——(n=2 p|—(n=1) _
(n—2)|ay +b| ey b

Then V-V, (Jay + b ) =

n(n—2)lay+b" "IV, |ay+b|-a(ay +b)—a(n—2)|ay+b| "V, (ay +b)

—(n a b n
= n(n—2)|ay+b| (+1)a|azib|oa(ay+b)fa(n72)|ay+b\ an
—n b|? .
= n(n—2)a*|ay+b| (+1)%a2(n2)nay+b| =0

In case n = 2 it works similarly. Thus if = 0,Ay® =0 = Ar®. In case € =0 and b
might not be defined, there is nothing to show because W is a constant. This shows 5.)
since both functions fit into the above situation. l

Now let B(x,€) = Be be a small ball inside U and let V¢ be the region between them.

Cex Ve
LU

Note that when |y| =r,

202 2002
et e
= i + ‘2| —2y-x=|y—=z|.
|z|

ylz| rz|’
r2

ro =

Lemma 11.7.3 Let v(y) = r® (y) — y® (y). Thus v=0on dU. Then Vyv-n = % =

— 2_,2 2 _|p|? x
Lf) ‘ij:c\" ifn>2and % = %r\yjajlz if n=2. This is on dB(0,r). ‘%‘ is uniformly

bounded on dB; for all € small enough.
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Proof: Say n > 2 first. Then from Lemma 11.7.2 above, for |y| =r,V,v(y) =

ylz| _ re
-2yl LT )y 2L T
ly — | r ylmliﬁ
yla/’
y—x 5 — X
= (-2 [~ (n-2)
ly — x| ly —x|"
2 2
= (n-2) Eow y-e = (n-2) e y-e

ly—z|" |y—=z| ly—z|"  |ly—z|"

The unit outer normal is % = ¥ on JU and so dotting with this we get

[yl
21,12 21,12
v r\%\,%my r— oy 1 rlrigsl 2
aﬁ = (nfz) 7 - 7 :(niz)f n n
n ly — | ly — | r\ly—z" |y—=z|
||| =2
rly—z|

The case where & = 0, 7% (y) — y° (y) = |y|~""? — /"2, Thus

Vv (y)=—(n—-2)y "y

8\) *(I’l*Z)

so taking the dot product with y/r gives g, = Tyl which is the desired formula in case
z=0. s
In case n = 2, It works exactly the same but in this case you get % = % Ty:‘;\‘z .

. . € p— .
Now consider the claim about %Ln on dB;. Here n = \Z*i\' In case « = O there is

nothing to show because all partials equal O in this case since w® = =2 or In(r). So
assume x 7 0. First let n > 2. From Lemma 11.7.2,

vy (y) (n—2)|¥l2l_r= Rl et
= —(n— - Ll I A i B
VY r || r lylzl e
r ||
(n=2)|z||yla| ra| "V
vy©® < ~— = -
Vy® (y)| < . r Tl
—(n—1) _
Now y — ’y‘f‘ — ﬁ is continuous, bounded, and nonzero on B, for all € suffi-
dy*®

ciently small and so ‘ ~,~ | is uniformly bounded on dBe for all € small enough. It works

the same forn =2. W
Next I want to represent solutions to Au = 0,u = g on dB (0, r) where g is some contin-
uous function and u € C? (U) This will use Problem 19 on Page 277 on V; also the above
lemmas.
dv  du

li Av —vAu)dm, = 1i — —v=—d 11.14
e vg(u v viu) dm e aveuan Yon? ( )
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= v _o8udc lim (uavvau>d6

“Jow¥on Vom =0/, \ dn  dn
' ' ary, u
2 de —1i g 97
0= / &9 dO' sl—r>r<l) 9B (u an rn8n>d0
Now r=2% is bounded uniformly on @B, for small € and &> = —(=2) vz vz _
oan on ly—z| ly—=[ |y— m\
—(n—2)
ly—a|""
dv : (n—2)
0 = —do + lim @, ——do
/augan T O l/amuwnflfsn_l
v
= —d -2)0,_ 11.15
| e5mdo+ (-2, 1u(@) (11.15)
1 : (n—2) |z’ - / 17— |z
ulx)=——— ——do = ——do
() —(n—2) 0, ./aug(y) rooly—az| aUg(y)r ly—z|"

2
Incasen=2,u(x) = [5,8(y )”:lmlde'.

Theorem 11.7.4 Leruc? (B (0, r)> satisfy Au =0 and u = g on dB(0,r), and

also B(0,r) CR". Ifn>2, u(x)= ﬁ Jono0.n8 W)+ i Ty_‘;:“n do (y). Ifu(x) is given by

this formula, then in fact Au= 0 and u = g on dB(0,r) in the sense that limg_,z, u(x) =
g (xo) and u is infinitely differentiable since all partial derivatives exist.

Proof: I know a solution to Au = 0,u = 1 on B (0, r) namely u = 1. Tt follows from

what was just shown that if n > 2,1 = ﬁfaB(o,r o= zl‘n do (y) and if n = 2, then it

2|z

do(y).

Let n > 2. It is similar if n = 2. Let @9 € dB(0,r) and x will be close to x( and it is
desired to show that |g (x¢) — u ()| is small.

follows that 1 = 5 Joo.) |

w\z

g(@0)—u(@) < — /aB(O_r)|g(y)—g(wo)|<|y_|;B||>d0()

Wp—11

! e
ol N IR IC0) ( o )do( )+

! 2= o’
- — | d 11.16
o s W g<m0>|<|y_w|n> o(y) (1116)

Now since g is continuous, there is a constant M such that |g (y)| < M for all y. Therefore,

2M / 2 —|x|?
To)—u(x) < — 7 |do(y)+
glo) —u(@) On17 [y —ao|>5] (y—scl W)

1 |

r2 —
@p—17 /Hy7w0\<6] ‘g(y) _g(w0)| <|y—m"> do (y)

IN
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By continuity of g the second term is no more than € if d is chosen small enough. Now hav-
ing picked 8, the first term converges to 0 as & — @ by an application the dominated con-
vergence theorem. Letting @, — @, then eventually |y — ,| > 8 /2 and so the integrands
are bounded for all n large enough. Since € is arbitrary, this shows limg 4, u () = g (o).

2
As o Au =0, this will follow from & — F-2

U follows from the observation that the difference quotients used to compute the partial
derivatives converge uniformly in y € dU for any given « € U. To see this note that for y €

272 ) .
Ty_li - taken with respect to the k" variable

x;. are uniformly bounded and continuous for y € JU and @ € U. This continues to hold
for higher order partial derivatives also. Therefore you can take the differential operator
inside the integral, using the dominated convergence theorem, and write

1 2 — || 1 r?— |z
A / P e (y) = / A ) o () =o.
o Jou 8 W Ty —ar 00 = o L, s WA g | 4o 0)

2 2
It involves a computation to verify that A, (%) =0forz#y. A
The Laplace equation and boundary conditions described above is called the Dirichlet
problem.

Here is a remarkable result on harmonic functions.

being harmonic. That Au = 0 in

dU, the partial derivatives of the expression,

Theorem 11.7.5 (Liouville’s theorem) If u is bounded and harmonic on R", then u

is constant.
Proof: From Theorem 11.7.4 when n > 2,

r? —|z|?
- —x|"do (y) = .
o, aB(O.r)u(y) ly — x| () =u(x)

Now, as mentioned, we can take partial derivatives inside the integral.

dul) 2y [ _uw) P~ Jaf’ (e~ )
= —do(y)+ ——— —n) ————=do
dxy, @nr JoB(o,) |y — x| ) @,r  JaB(o,r) " ly — w|<"+2) )

Therefore, letting |u (y)| < M for all y € R”,

ou(x 2|z M (r27|w\2)M 1
e < o OO [ o)
el m oy (PoleP)M .
T o ol T e el
and these terms converge to 0 as r — oo. Since the inequality holds for all » > ||, it follows
asg) = 0. Similarly all the other partial derivatives equal zero as well and so u is a constant

by using the mean value inequality Theorem 6.5.2. It works the same way forn =2. Bl
What about Au = 0 on B(x,r) and u = g on dB(xo,r)? Consider Aw =0 on B(0,r)
and w(y) = g(y+xy) at § € dB(0,r). The above shows that if n > 2,

1 r
= 77d6 fl
W(z) O /{93(07r>g(y+w0) r |])—Z|n (y)
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for z € B(0,r). So let x = z+ xg,§ + xy = y Then let

1 172 —|& — x|
U\x = w(lx —a = *76{6
() (@—20)= 5 — /(;B(%r)gw)r e 4o )
r2—|9c—x0\2 1
= 7ol —~ _do 11.17
o aB(zmg(y) P ) (11.17)

In particular, if # is harmonic on all of R”",

r 1 1
! (wO) B Wy /33(m0,r) . (y) mda (y) B W /33(m0,r) ! (y) do (y)

So a harmonic function at a point is always equal to the average of its values around any
sphere centered at that point.

Corollary 11.7.6 If u is harmonic, then u(x) is equal to the average of its boundary
values around any sphere centered at x.

This implies the following theorem.

Theorem 11.7.7 Let U be an open connected set in R" and let u be continuous on
UandforallzeU,u(z) < ﬁ Jon(z)u(y)do (y) for every r > 0 sufficiently small.

- Op
Then ifu(z) =sup{u(x):x € U} for some z € U, it follows that u equals a constant.

Proof: Let z € B(z,r) CU. Thenu(z) < W Jon(zu(y)do (y) and so

1

02 G [, W) 0@ 0) 20, u(2) 2w

Then u(y) = u(z) for all y € dB (z, r) since otherwise the inequality could not hold. Since
this holds for all r it follows that u is identically equal to u (z) on some open disk containing
z. Thusif S={@ :u(x) =u(z)}, Sis open and it is also closed. Therefore, U \ S must be
empty since otherwise U is not connected and so u is constant. ll

Definition 11.7.8 LetU bean open set and let u be a function defined on U. Then u
is subharmonic if it is continuous on U and for all z € U,u(x) < ﬁ Jop@ru(y)do

whenever r > 0 is small enough.

Proposition 11.7.9 (Maximum principle)Let U be a bounded open set and u is subhar-
monic on U and continuous on U. Then u achieves its maximum on oU.

Proof: Apply 11.7.7 Theorem 11.7.7 to V a connected component of U. Recall these
are connected open sets, Theorem 3.11.12. If u achieves its maximum at some point of V
then it is constant on V and by continuity, it achieves its maximum on 0V C JU. R

11.8 The Dirichlet Problem in General

Here is a general result about the supremum of continuous functions.

Lemma 11.8.1 Let {f,} be continuous real valued functions and f (x) = sup; { fx (z)} -
Then f is lower semicontinuous.
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Proof: I need to show that if @, — x, then f(x) < liminf, . f (x,). If not, then
there exists, for some € > 0 a subsequence, still denoted by n such that lim, e f (x,) <
f(x) — €. But then there is f; such that fi (z) > f(z) — § and so by continuity of fi,
S () =1lim, o0 fi (x,) <limy o0 f (24) < fi () — £, a contradiction. B

This lemma is about finitely many subharmonic functions.

Lemma 11.8.2 Let U be an open set and let uy,us,--- ,up be subharmonic functions
defined on U. Then letting v =max (u,uz,- - - ,up) , it follows that v is also subharmonic.

Proof: Let € U. Then whenever r is small enough to satisfy the subharmonic condi-
tion for each u;.

V(m) = max(ul (w)aMZ(m)a"'aup(m))
1 1
< - U
< max(wnlrn1 /a s (y)do(y), -, o /a B(m’r)up(y)dc(y)>
s [ max( Jwdo) = ——— [ v()do()
_— x(uy,up,--,u = v .
= Op 1 3Bz i P WO = T Jap(any | OV

This proves the lemma. l

Definition 11.8.3 et U e an open set and let u be subharmonic on U. Then for
B(xo,r) C U define

Uz r (T) = { (@) i g Bl

rzf\

. xr—a 2 .
a7 JoB(wer () ?w‘no‘do- (y) if e € B(o,r)

Thus gy, is harmonic on B (o, r), and equals to u off B(x,r) . This is because there
exists a harmonic function w whose boundary values on dB (g, r) are given by u (y) and it
equals ug, - at © € B(xo, r). The wonderful thing about this is that i, , is still subharmonic
on all of U. Also note that, from Corollary 11.7.6 on Page 282, every harmonic function is
subharmonic.

Lemma 11.8.4 Let U be an open set and B(xo,r) C U as in the above definition where
u is subharmonic. Then uy, , is subharmonic on U and u < ug,, ,.

Proof: First I show that u < ug, . This follows from the maximum principle. Indeed,
the function u — ug, , is subharmonic on B (x, ) and equals zero on dB (xo,r). Thus for
all p small enough,

u(2) =gy (2) < !

< oo / o )~ (W) 4O ()

thanks to the mean value property of harmonic functions, Corollary 11.7.6. Since this is
true for all small p, it follows from continuity that u (z) — ug,  (2) < 0.The two functions
are equal off B (x,r) . Thus for such z,

1 1
x(,r = < do < / x()," do
g (2) = () < ooy [ wl)do ) < i [ e ()0 ()

The second inequality is because there may be points of B(xo,r) in dB(z,p) if z €
dB (xo,r). B
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Definition 11.8.5 For U a bounded open set and g € C (dU), define

we (z) =sup{u(z):ucS,}

where Sg consists of those functions u which are subharmonic with u(y) < g(y) for all
y€dU andu(y) > min{g(y):y €U} =m.

Note that S, # 0 because u(x) = m is in S,. Also all functions in S, have values
between m and max {g(y) : y € dU}. The fundamental result is the following amazing
result.

Proposition 11.8.6 Let U be a bounded open set and let g € C(U). Then wg € S,
and in addition to this, wg is harmonic.

Proof: Let B(xo,2r) C U and let {x;};_, denote a countable dense subset of B (x, r).
Let {u1;} denote a sequence of functions of S, with the property that lim_. 1% (x) =
wg (7). By Lemma 11.8.4, it can be assumed each uy is a harmonic function in B (x¢,2r)
and continuous on B (xg, r) since otherwise, you could use the process of replacing u with
Uz, 2r- Now define wy = (max (uig,- - v“kk))mo,zr- Then each wy, € S, each wy is harmonic
in B (xo,2r), and for each &, limy_,e wi (1) = wg () .

From the representation theorem for harmonic functions, 11.17, if € B(xo,r)

1 2 —|z— x|
wi(x) = w ———do 11.18
{@) = o oy @) T o) aLg)
and so there exists a constant C which is independent of k such that for all i = 1,2,--- ,n
and = € B(azo,r),‘% < C. Indeed, you could differentiate under the integral sign

with respect to the x;. The wy are all bounded functions thanks to the maximum princi-
ple Proposition 11.7.9. Therefore, this set of functions, {w;} is equicontinuous on B (xo, )
as well as being uniformly bounded, thanks to the mean value inequality, and so by the
Ascoli Arzela theorem, Theorem 3.10.5, it has a subsequence which converges uniformly
on B(xo,r) to a continuous function I will denote by w which has the property that for all
k, w(xx) = wq (). Also since each wy is harmonic,

1 2 — |z —xo
wi(x) = w ————do (11.19)
)= [ ) T e )
Passing to the limit in 11.19 using the uniform convergence, it follows
1 P2 — |z —:co\z
w(x) = w(y) ————do 11.20
@)= gy o, WO o ) (1120

which shows that w is also harmonic. I have shown that w = w, on a dense set. Also, it
follows by definition of w, that w(x) < wg (x) for all € B(xo,r). It remains to verify
these two functions are in fact equal. By Lemma 11.8.1 wy is lower semicontinuous on U.
Let « € B(xo,r) and pick @y, — @ where {xy, } is a subsequence of the dense set, {@}.
Then

we () >w(x) = limlinf w () = limlinf we (i) > we ().
—o0 —>o0

This proves w = w, and since w is harmonic, so is we. B
It remains to consider whether the boundary values are obtained. This requires an
additional assumption on the set U.



11.8. THE DIRICHLET PROBLEM IN GENERAL 285

Definition 11.8.7 4 bounded open set U has the barrier condition at z € U, if
there exists a continuous on dU function, b,, called a barrier function which has the prop-
erty that b, is subharmonic on U, b, (z) =0, and for all x € U \ {z},b, (x) < 0.

The main result is the following remarkable theorem.

Theorem 11.8.8 Let U be a bounded open set which has the barrier condition at
z € dU and let g € C(JU). Then the function wq, defined above, is in C* (U) and satisfies
Awe=0inU, limg_, . w, () =g(2).

Proof: From Proposition 11.8.6 it follows Aw, = 0. Let z € JU and let b, be the barrier
function at z. Note that S, # 0 because v € S, where v(x) =m=min{g(x): x € JU}.

Claim: For K large enough, g(z) —€+ Kb, (z) < g(x) forall z € JU and g (z) + € —
Kb, (x) > g(x) forall x € JU.

Proof of claim: If x is close enough to z that g(x) — g(z) +€ > Osay | — 2| < 6,
then it does not matter what K > 0 is picked. You will have £ g(@)-g(z)+e ( J+e > b, () because
b, (x) <0. On the other hand if | — z| > 6 then max {b, (x) : m € dU\B(z,6)} <0.
Thus, for K > 0 sufficiently large, if # € 9U \ B(z,6) b, (x) < = EEE Thyg for K
this large, b, () < w for all © € JU which gives the first claim.

Next, if € JU is close enough to z that g(x) —g(z) —€ <0, say if [z —z| < &
then for any K > 0, % > b, (x) because the left is positive while the right is
<0.If |z — z| > &, then max {b, () : © € JU\ B(2,0)} < 0 and so if K is large enough
and positive, then % > b, (@) and so there is K large enough that for all €
dU,g(x)—g(z)—e < —Kb,(x)and so forall x € dU,e > g(x) — g(z) + Kb, (). This
proves the claim.

We have two subharmonic functions of « € U,

<—g(z) if z€dU <g(x)if zedU

—g(2)—€+Kb,(x) and g(z) — €+ Kb, (x) (11.21)

For x € dU, the first < —g () and the second < g () from the above claim. Let u € S,.
Then © — u(x) + (—g(z) — €+ Kb, (x)) is subharmonic and when x € U, it is no more
than g (x) — g (@) = 0. By the maximum principle, Proposition 11.7.9, for ¢ € U,

u(x)+(—g(z)—€+Kb,(x)) <0

It follows that w, (x) < g(z) +€& — Kb, (x) for all x € U. Now consider the second in
1121 g(z) —€+Kb, (x) < g(z) for x € U and so g(z) — €+ Kb, (x) < w, () for all
x € U by definition of wg. Thus for x € U,

g(z2)—€e+Kb.(x) <wg(x) <g(z)+e—Kb, (x)
It follows that if &, — z, then from the above and continuity of b, (x),

g(z)—€e<lim 1nf f wg (@) < lim sup wg (@) < g(2) +&.
n—yoo

Since € is arbitrary, this shows lim,,_,., w, (,) exists and equals g (z). B
How can you recognize that a point on the boundary of a bounded open set U has the
barrier condition? One way would be to check the following condition.
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Condition 11.8.9 For z € dU, there exists x, ¢ U such that |z, — z| < |z, —y| for every
yedU\{z}.

It says that there is a point z, ¢ U and a ball B centered at =, with dBNoU = {z}.

Proposition 11.8.10 Suppose Condition 11.8.9 holds. Then dU satisfies the barrier
condition at such z € dU. Consequently for such a z,limg_,, we () = g (z) where Awy =
0 and wy is given above.

Proof: Forn >3, letb, (y) =r*= (y —x,) —r® (z —x), r* in Lemma 11.7.2. Then
b (z) =0and if y € U with y # z, then clearly b, (y) < 0. H
Here is a picture of a domain which has a barrier at each point of the boundary.

You might try to think of some examples which won’t satisfy the above condition.
Maybe an inward pointing cusp would give such an example. Let z be the point of the

cusp. N

You might also consider U = B(0, 1) \ {positive z axis} in R*. However, for many ordinary
regions, the above condition would hold for all points, and perhaps fail to hold only at
finitely many exceptional points or points in a set of ¢ measure zero.

11.9 Exercises
1. Suppose U is an open bounded set in R, u € C>(U)NC (U), and Au > 0in U. Then

max {u(z): @ €U} =max{u(x):xcdU}.

Here Au = Zf’zl Uy,x;. This is called the weak maximum principle. Hint: Suppose
not. Then w (o) is the maximum at &y € U. Letting ue (z) = €|z|* +u(x), it
follows that if € > 0 is small enough, u, also has its maximum at an interior point,
say Tg. For some x;, tyy, (Te) > 0 SO gy, (Te) > 0. A C? function is harmonic if
Au = 0. Show that if a C? function is harmonic on a bounded open set U, continuous
on U, then if it equals 0 on U, it must be 0 on U. Show that this proves uniqueness
for the Dirichlet problem which is to find harmonic # on U with given boundary
values.

2. Show that Au > 0 implies u is subharmonic. Hint: Let v = |x —x0|7("72) —p(n=2)

forn>2,s0v=0o0n dB(xg,r) and Av = 0. Modify using In if n = 2. Then consider
identity [, (uAv —vAu)dmy, = [, u3: —v9ido for V = B\ Be.

3. For n > 2 show that @ — |ax — b|* is harmonic away from a'b if and only if k =
— (n—2). What of the case where n = 2?



Chapter 12

Theorems Involving Line Integrals

12.1 Green’s Theorem

Green’s theorem is an important theorem which relates line integrals to integrals over a
surface in the plane. It can be used to establish the seemingly more general Stoke’s theorem
but is interesting for it’s own sake. Historically, theorems like it were important in the
development of complex analysis.

Here is a proof of Green’s theorem from the divergence theorem. This discussion is
also in “Calculus of One and Many Variables” which discusses line integrals or see Section
11.5 for a short treatment based on the general case of differentiable manifolds.

Theorem 12.1.1 (Green’s Theorem) Let U be an open set in the plane for which
the divergence theorem holds and let

F(x,y) = (P(x,y),0(x,y))
be a C" vector field defined near U. Then

_ 20 0P
aUF.dR = /U (8x (x,y) — FN (x,y)) dmy.

In the other notation,

/aUde—f-Qdy:/U(Qx—Py)dmz

Proof: Suppose the divergence theorem holds for U. Consider the following picture.

(x,y) o, =)

Counter clockwise motion around the curve is determined by imagining you stand up-
right with your left hand over U and walk in the direction you are facing. Your right hand
will then be in the direction of the outer normal. The tangent vector in direction of motion
is (x',y) is as shown. The unit exterior normal is a multiple of

(x/vy/70> X (ana 1) = (y/7_xla0) .

This would be the case at all the points where the unit exterior normal exists.
Now let G (x,y) = (Q(x,y),—P(x,y)). Also note the area (length) element on the

bounding curve AU is 4/ (x/ )2 + (' )2dt. Then by the divergence theorem,

(/U(Qx—Py)dmz=l/[;div(G)dm2:./(;UG-nd6:

287
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——

¥ / (0 (0 31 0)) . ~P (31 (0) 34 0))) — s () () + (7

— 2 2
=1 ()™ +O7)

- i/bi (Q(xi (1), yi (£)) s =P (xi (1) ,yi () - (v}, —x]) ddt

=174
= 3 [T 000 )0+ P 0) ()X Wi = [ pae 0ay
X/, ou

This proves Green’s theorem from the divergence theorem. l

Proposition 12.1.2 Let U be an open set in R? for which Green’s theorem holds. Then
Area of U = [3,, F-dR where F (x,y) = % (—y,x),(0,x), or (—y,0).

Proof: This follows immediately from Green’s theorem.

Example 12.1.3 Use Proposition 12.1.2 to find the area of the ellipse Z% + Zé <1

You can parameterize the boundary of this ellipse as x = acost, y = bsint, t € [0,27].
Then from Proposition 12.1.2,

1 (2= 1 2@
Area equals = 5/ (—bsint,acost) - (—asint,bcost)dt = 5/ (ab)dt = mab.
0 0

Example 12.1.4 Find [, F-dR where U is the set {(x,y) : x*+3y* <9} and F (x,y) =
(y7 _x)‘

One way to do this is to parameterize the boundary of U and then compute the line
integral directly. It is easier to use Green’s theorem. The desired line integral equals
Ju ((=1)=1)dA = =2 f,;dA.Now U is an ellipse having area equal to 3v/3 and so the
answer is —6v/3.

Example 12.1.5 Find [;,; F-dR where U is the set {(x,y) : 2 <x<4,0<y <3} and
F (x,y) = (xsiny, ¥ cosx)

From Green’s theorem this line integral equals
4 3 81 81
/ / (—y3 sinx — xcosy) dydx = — cos4 — 6sin3 — — cos 2.
2 Jo 4 4

This is much easier than computing the line integral because you don’t have to break the
boundary in pieces and consider each separately.

Example 12.1.6 Find [,,; F-dR where U is the set {(x,y) : 2 <x <4,x <y <4} and
F (x,y) = (xsiny,ysinx)

From Green’s theorem, this line integral equals f24 fx4 (ycosx —xcosy)dydx =4cos2 —
8cos4 —8sin2 —4sin4.
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12.2 Stokes Theorem from Green’s Theorem

Stoke’s theorem is a generalization of Green’s theorem which relates the integral over a
surface to the integral around the boundary of the surface. These terms are a little different
from what occurs in R%. To describe this, consider a sock. The surface is the sock and its
boundary will be the edge of the opening of the sock in which you place your foot. Another
way to think of this is to imagine a region in R? of the sort discussed above for Green’s
theorem. Suppose it is on a sheet of rubber and the sheet of rubber is stretched in three
dimensions. The boundary of the resulting surface is the result of the stretching applied to
the boundary of the original region in R%. Here is a picture describing the situation.

Recall the following definition of the curl of a vector field. Why do we even consider
it?

Definition 12.2.1 1 F (x,5,2) = (F1 (x,5,2) , F> (x,,2) , F3 (x,9,2)) be a C" vector
field defined on an open set V in R3. Then

_ [(OdFs O0R)\ . or, J0F)\ . oFr, O0F
= (ay‘az>’+ (az‘ax)”@‘ay)"’-

This is also called curl (F') and written as indicated, V x F.

VxF =

J Yo,
J Yo &

7
F
dx
F

The following lemma gives the fundamental identity which will be used in the proof of
Stoke’s theorem.

Lemma 12.2.2 Let R:U — V C R where U is an open subset of R* and V is an open
subset of R3. Suppose R is C* and let F be a C' vector field defined in V.

(RyxR,) (VX F)(R(uv)=((FoR), R,—(FoR), R,)(uyv).  (12.1)

Proof: Start with the left side and let x; = R; (u,v) for short.

JF, JF;
(Ru X Rv) : (V X F) (R (uav)) = EijkXjuXivEirs 3 = (5jr6ks - 6j58kr)xjuxkvi
ox, ox,
B dF; oF; d(FoR) d(FoR)
_.X]M.Xk‘/aixj _x]MkaTM( = Rv . T —Ru . T

which proves 12.1. B
The proof of Stoke’s theorem given next follows [10]. First, it is convenient to give a
definition.

Definition 12.2.3 A vector valued function R : U C R" — R" is said to be in
ck (U, R") if it is the restriction to U of a vector valued function which is defined on R™

and is C*. That is, this function has continuous partial derivatives up to order k.
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Theorem 12.2.4 (Stoke’s Theorem) Let U be any region in R? for which the con-
clusion of Green’s theorem holds and let R € C* (U, ]R3) be a one to one function satisfying
|(Ry x Ry) (u,v)| # 0 for all (u,v) € U and let S denote the surface

S={R(u,v): (u,v) €U}, dS={R(u,v): (u,v) € U}

where the orientation on 9S is consistent with the counter clockwise orientation on oU (U
is on the left as you walk around dU ). Then for F' a C" vector field defined near S,

F.dR— /curl(F)-ndG
S JS

_ RyXR,

= [RyxRy|"

where v is the normal to S defined by n

Proof: Letting C be an oriented part of dU having parametrization, 7 (1) = (u(¢),v (¢))
for € [a, B] and letting R (C) denote the oriented part of d corresponding to C, [ F'-
dR =

B
/a F(R@u()v(1) (Rud (1) + R (1)) dt

B
| FRu),v(0) Rulu0) v (0)id (1)
B
+./a F(R(u(t),v(t) Ry (u(t),v (1) (r)dr
_ /C((FoR)~Ru,(FoR)~R‘,)-dr.
Since this holds for each such piece of dU, it follows
/aSleR:/aU((FoR)-RL,,(FoR)-RV)-dr.

By the assumption that the conclusion of Green’s theorem holds for U, this equals

| (FoR)-R),~ (FoR)- Ry),Jdm:

/U[(FOR)M-RV—i—(FoR)-Rvu—(FoR)-Rw—(FoR)V-Ru]dmz

— [ (FoR),-R,~ (FoR), -R,)dm;

the last step holding by equality of mixed partial derivatives, a result of the assumption that
R is C?. Now by Lemma 12.2.2, this equals

/(Ruva)-(vXF)dmZ:/VxF-(Ruva)dmz:/VxF-ndc
U U S

_ _ (RuxRy)
because do = |(R, X R,)|dmy and n = RxRy Thus

(R, x R,)

R, xXR,)dmy = —F—=
o B = 1R Ry

(R, x R,)|dmy =ndo.
This proves Stoke’s theorem. l

Note that there is no mention made in the final result that R is C2. Therefore, it is not
surprising that versions of this theorem are valid in which this assumption is not present. It
is possible to obtain extremely general versions of Stoke’s theorem.
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12.2.1 The Normal and the Orientation

Stoke’s theorem as just presented needs no apology. However, it is helpful in applications
to have some additional geometric insight.

To begin with, suppose the surface S of interest is a parallelogram in R3 determined by
the two vectors a,b. Thus S = R(Q) where Q = [0,1] x [0, 1] is the unit square and for
(u,v) € Q,

R(u,v) =ua+vb+p,

the point p being a corner of the parallelogram S. Then orient dS consistent with the

counter clockwise orientation on dQ. Thus, following this orientation on S you go from p
top+atop+ a+btop+ btop. Then Stoke’s theorem implies that with this orientation

on dS,
/ F~dR:/V><F~nds
S S

where n = R, X R,/|R, x R,| = axb/|a x b|. Now recall a,b,a x b forms a right
hand system.

p+a-+b

p+a

axb

Thus, if you were walking around dS in the direction of the orientation with your left
hand over the surface S, the normal vector a x b would be pointing in the direction of your
head.

More generally, if S is a surface which is not necessarily a parallelogram but is instead
as described in Theorem 12.2.4, you could consider a small rectangle Q contained in U
and orient the boundary of R (Q) consistent with the counter clockwise orientation on dQ.
Then if Q is small enough, as you walk around d R (Q) in the direction of the described
orientation with your left hand over R (Q), your head points roughly in the direction of
R, xR,.

Av

Uuo Au

R, (ug)Au

As explained above, this is true of the tangent parallelogram, and by continuity of
R,, R,, the normals to the surface R(Q) R, x R, (u) for w € Q will still point roughly in
the same direction as your head if you walk in the indicated direction over d R (Q), meaning
the angle between the vector from your feet to your head and the vector R, x R, (u) is less
than 7 /2.

You can imagine filling U with such non-overlapping regions Q;. Then orienting
JdR(Q;) consistent with the counter clockwise orientation on Q;, and adding the resulting
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line integrals, the line integrals over the common sides cancel as indicated in the following
picture and the result is the line integral over 9.

Thus there is a simple relation between the field of normal vectors on § and the ori-
entation of dS. It is simply this. If you walk along 9§ in the direction mandated by the
orientation, with your left hand over the surface, the nearby normal vectors in Stoke’s the-
orem will point roughly in the direction of your head.

This also illustrates that you can define an orientation for dS by specifying a field of
unit normal vectors for the surface, which varies continuously over the surface, and require
that the motion over the boundary of the surface is such that your head points roughly in
the direction of nearby normal vectors as you walk along the boundary with your left hand
over S. The existence of such a continuous field of normal vectors is what constitutes an
orientable surface.

12.2.2 The Mobeus Band

It turns out there are more general formulations of Stoke’s theorem than what is presented
above. However, it is always necessary for the surface S to be orientable. This means
it is possible to obtain a vector field of unit normals to the surface which is a continuous
function of position on S.

An example of a surface which is not orientable is the famous Mobeus band, obtained
by taking a long rectangular piece of paper and gluing the ends together after putting a twist
in it. Here is a picture of one.

There is something quite interesting about this Mobeus band and this is that it can be
written parametrically with a simple parameter domain. The picture above is a maple graph
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of the parametrically defined surface

x:4cos9+vcos%

R(0,v)={ y=4sin0+vcos, 6€[0,2n],ve[-1,1].
— vain @
z=vsing
An obvious question is why the normal vector R g x R ,,/ ‘R79 X R7V| is not a continuous
function of position on S. You can see easily that it is a continuous function of both 8 and
v. However, the map, R is not one to one. In fact, R(0,0) = R(2x,0). Therefore, near
this point on S, there are two different values for the above normal vector. In fact, a tedious
computation will show that this normal vector is

(4sin%900597 %v,4sin%95in9+%v,fSCOSZ%Bsin%G —8cos? %9 +4cos%6)
D

where

0 2 0
D = 16sin’ (2)+v2+4sin <2>v(sin9c059)

0 1 1 1 1\?
3..2(9 1 (L 2 1a) 1
+4° cos <2> <cos<26>sm<29)+cos (29> 2>

and you can verify that the denominator will not vanish. Letting v =0 and 6 = 0 and 27
yields the two vectors (0,0,—1),(0,0,1) so there is a discontinuity. This is why I was
careful to say in the statement of Stoke’s theorem given above that R is one to one.

The Mobeus band has some usefulness. In old machine shops the equipment was run
by a belt which was given a twist to spread the surface wear on the belt over twice the area.

The above explanation shows that R g x R,/ |R79 X va{ fails to deliver an orientation
for the Mobeus band. However, this does not answer the question whether there is some
orientation for it other than this one. In fact there is none. You can see this by looking at the
first of the two pictures below or by making one and tracing it with a pencil. There is only
one side to the Mobeus band. An oriented surface must have two sides, one side identified
by the given unit normal which varies continuously over the surface and the other side
identified by the negative of this normal. The second picture below was taken by Ouyang
when he was at meetings in Paris and saw it at a museum.

12.3 A General Green’s Theorem

Now suppose U is a region in the uv plane for which Green’s theorem holds and that
V = R(U) where R is C? (U, Rz) and is one to one, R, X R, # 0. Here, to be specific,
the u,v axes are oriented as the x,y axes respectively.
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Also let F(x,y,z) = (P(x,y),Q(x,y),0) be a C! vector field defined near V. Note that
F does not depend on z. Therefore, V x F'(x,y) = (Qx (x,y) — P, (x,y)) k.You can check
this from the definition. Also

XuYv—XvVu
‘XMYV —XvVu ‘

Suppose x,y, — x,y, > 0. Then the unit normal is k. Then Stoke’s theorem applied to this
special case yields

and so, from the definition of R, X R,, the desired unit normal vector to V is

Xy Xy
yu yv

[ Frar= [ (Qur(ur).y () =P (e(uv) y w,v) -k do

Now by the change of variables formula, this equals [, (Qx (x,y) — P, (x,y))do. This is just

Green’s theorem for V. Thus if U is a region for which Green’s theorem holds and if V is

another region, V = R (U), where | R, x R,| # 0, R is one to one, and twice continuously

differentiable with R, X R, in the direction of k, then Green’s theorem holds for V also.
This verifies the following theorem.

Theorem 12.3.1 (Green’s Theorem) Let V be an open set in the plane for which
the divergence theorem holds and F (x,y) = (P (x,y),Q(x,y)) be a C! vector field defined
nearV. Then if V is oriented counter clockwise,

(90 P
/aVF~dR/V<ax(x,y)ay(x,y)> do. (12.2)

In particular, if there exists U for which the divergence theorem holds and V = R(U)
where R:U =V is C? (U, Rz) such that |Rx X Ry| # 0 and R, x Ry is in the direction
of k, then 12.2 is valid where the orientation around dV is consistent with the orientation
around U.

This is a very general version of Green’s theorem which will include most if not all
of what will be of interest. However, there are more general versions of this important
theorem. ! The exercises will present a development of the main topics in complex analysis.
For more, see “Analysis of Functions of Complex and Many Variables” or “Analysis of
Functions of one Variable”. Here I am celebrating the role of Green’s theorem more than
in the latter of the two books. See the listed books for residue theory.

IFor a general version see the advanced calculus book by Apostol. Also see my book on calculus of real and
complex variables. The general versions involve the concept of a rectifiable Jordan curve. You need to be able
to take the area integral and to take the line integral around the boundary. This general version of this theorem
appeared in 1951. Green lived in the early 1800’s.
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12.4 Exercises

1.

2.

10.

Show using Green’s theorem that the area enclosed by a closed C! curve is Joxdy.

Use the above problem to find the area of the ellipse Z—i + —z < 1. Here a,b are

y
b
positive constants.

Let p; = (x;,y;) and consider the polygon pyp;p; - - - P, meaning the polygonal curve
going from p, to p; etc. till you get to p, = py and suppose this polygon forms a
curve which does not cross itself and the area is on the left as you walk over the curve
with you head pointing in the direction of k. Use Green’s theorem to obtain an easy
to use formula for the area of this polygon. Use |- xdy is the area and obtain a simple
description for the line integrals from p; to p,, | then add these together.

Using the chain rule, show the following: Suppose C is a piecewise smooth curve
which goes from p to g. Also suppose that F'(x) = V¢ (). Then [ F-dR =
¢ (q) — ¢ (p). Such vector fields are called conservative. Hint: To make easier, you
could use Lemma 11.5.2 to consider a single parameter domain.

. Recall that a connected open set is arcwise connected. Show that between any two

points in such a connected open set, the is a piecewise smooth curve.

Use the above problem to show that in a connected open set U, if the line integral
Jo F-dR joining any two points does not depend on the particular piecewise smooth
curve joining them then there exists ¢ a scalar function defined on U such that V¢ =
F'. Thus a vector valued function F' defined on U is conservative if and only if the
line integrals are path independent.

Let U be an open connected set in R> = C and consider the points as complex
numbers. That is x + iy means (x,y) and the usual conventions for multiplication
hold in which > = —1. Let f: U — C. Then f is said to be analytic if f'(z) =
limy,_,o w exists and is a continuous function of z. Show that for f(z) =
u(x,y)+iv(x,y) with u,v respectively the real and imaginary parts of f (z) that f is
analytic if and only if the partial derivatives of u,v are continuous and the Cauchy
Riemann equations hold, u, = vy,u, = —v,. Hint: You should let 7 =t and = it for
t real and see what happens. Both choices must yield the derivative. The first would
be u, + iv, the second something similar and these would need to be the same.

. Using Problem 7 show that u, v are both harmonic. That is Au = Av = 0. Use Theo-

rem 11.7.5 to verify that if f is bounded and analytic on all of C then f is constant.

Show that many of the usual differentiation formulas hold. For example, the chain
rule and product rule and quotient rule. Show (z")' = nz"~! for n an integer. Show
that polynomials are analytic.

Using Problem 17 on Page 276 which defines contour integrals, show that for f an
analytic function defined on an open set V C C = R? and U a region contained in
V such that U is a region for which the divergence theorem holds, [~ f(z)dz=0
where C is the oriented dU. Recall this contour integral is just [ f (z(¢))Z (¢)dt
where z(-) : [a,b) — C is a closed curve and z is a C' differentiable map whose
derivative might vanish at finitely many points. Hint: Show that for u, v the real and
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imaginary parts of f, f (z)Z = ux’ — vy’ +i(vx’ +uy’) . Show that the real part of this
contour integral is [ udx—vdy and the imaginary partis [ vdx+udy. Apply Greens
theorem and Problem 7 to conclude that this contour integral is 0. This is the Cauchy
integral theorem which is from Cauchy in the early 1800’s and is the foundation for
complex analysis. This is roughly the way Cauchy did it.

Suppose f is analytic, explain why f will usually not be analytic. f(z) = u(x,y) —
iv(x,y) where f(z) = u(x,y) +iv(x,y).

Let C be a piecewise smooth oriented curve in C and let f : C — C be continuous
and bounded so that |f (z)| < M for some M. Show that | [ f (z) dz| < ML where L
is the length of this curve. For C an oriented curve, let —C be the same set of points
but oriented in the opposite direction. Explain how [ fdz = — [_ fdz. Go right to
the definition, —C involves ¢ going from b to a where the interval for the parameter
is [a,b].

Consider the following picture which illustrates a region for Green’s theorem U and
inside a small disk of radius r called U, centered at a which also is a region for
Green’s theorem. The boundaries of these two are oriented as shown.

Show that the small circle is parametrized by a+ re~* for t € [0,27]. Then justify the
following for f(z) = u(x,y) +iv(x,y), analytic on an open set containing U. First

of all show z — 5_—?1 is analytic on the region between U and U,.. Next verify that this
region is one which works for Green’s theorem.

&dz—f— Mdz=0
cz—a cz—a

fc,. f(Z)—(f(a)iri'(a)(z—a))d

Then show that lim,_,q -

Z‘ = 0 using the differentiability of
f and the estimate of Problem 12. Thus |- {(ngdz—k le, Wdz =e(r) where

lim,,pe(r) = 0. Now show that lim,_,o J¢, MWCZZ = —2mif (a). Explain

why f(a) = 5= J¢ %dz. This is the famous Cauchy integral formula.

Use whatever convergence theorem is useful to show that in the above situation,

) (q) = M / AC R
f (a) 27 Jo (Z_a)rH-I 2
Also show that if f(z) is analytic on all of C (entire) and f (z) = 0 for all z then f (z)

is a constant. Show using the formula of this problem and the estimate of Problem
12 that if f is bounded and entire, then f is a constant. This is Liouville’s theorem.

The easiest proof of the fundamental theorem of algebra which states that every non-
constant polynomial having complex coefficients has a zero comes from the above
Liouville’s theorem. If p(z) is a nonconstant polynomial with no zeros, explain why



12.4.

16.

17.

18.

19.

20.

EXERCISES 297

1/p(z) is analytic and bounded, thus yielding a contradiction to p (z) being noncon-
stant thanks to Liouville’s theorem. Hint: If p (z) = a,7" + ¢ () w1th q(z) a polyno-

mial with all exponents less than n then lim|,|_,., Bl ( = =lim; e e HZ\" % =0and

1/p(z) is continuous if p (z) never is 0.

Let f : C — C be entire (has a derivative on all of C) and suppose that
max {|f (z)| : || < R} < CR".

Then show that f (z) is actually a polynomial of degree k. Hint: Recall the formula
for the derivative in terms of the Cauchy integral in Problem 14. Nothing like this
holds for functions of a real variable.

Suppose you have a sequence of functions {f,} analytic on an open set U. If they
converge uniformly to a function f, show that f is also analytic on U. This is totally
opposed to what takes place in real analysis.

Suppose F' (z) = f(z) . Show that if 7 is an oriented piecewise smooth curve from z
toz, then [, f (z)dz=F (z) — F (z0). In particular, if y is a closed curve, [, f (z)dz=
0. This F is called a primitive.

Suppose f has a derivative on a convex set open set U. Let T be a triangular re-
gion along with its boundary dT. Orient this boundary counter clockwise. Show

Jrf(z)dz=0.

To do this, suppose | [7 f (z) dz| = & > 0. Cut up the triangle into four pieces as shown
above. Then ’fT] (@ dz’ > o/4 for one of those triangles. Do the same thing for
J

it, and pick ‘ Jr2 f(2) dz‘ > o /4? each time making the diameter of the new triangles
half the diamelter of the one before. This yields a nested sequence of compact sets
{T"} such that diam (T") < C27". Let z be a point of the intersecton of all of these.
Then forw € T", f (w) = f (z) + f' (z) (w—2) + 0 (w—z) and for all n large enough,
lo(w—2z)| < €C27". Now explain why [;7.(f(z)+f" (z) (w—2))dw = 0. Now
explain why 7= < eC(27")(27") and so o < Ce a contradiction if € is chosen small
enough. Now pick a point of U called zp. Let zoz denote the straight line segment
from zo to z. Let F (z) = [, f (w)dw. Show that F' (z) = £ (2). From the Liouville

problem above, the same procedure will show that F (") (z) = z’zl fc ,, +1 which is

a continuous function of z. Here C is a circle enclosing zg. Thus f is contlnuous as
are all of its derivatives. Note how different this is than the situation in real analysis.
If the derivative exists on an open set, then it has to be continuous along with all of
the higher order derivatives.

In calculus, if you have a continuous function f there is F' an antiderivative. Show
that this is not true for functions of a complex variable unless f is analytic.
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Show the Weierstrass approximation theorem will not work to approximate arbitrary
continuous functions of a complex variable. Hint: You might use the Cauchy integral
formula and the above problems to show that continuity is not enough.

The region between two circles centered at zg is called an annulus.

In the above picture C, is oriented so that the area is on left hand as you walk around
with head pointed up from the plane and Cp is also oriented this way. Let C, be the
same circle as C, but oriented counter clockwise so the area inside this circle is on
the left. Then using the Cauchy integral formula of Problem 13

f(Z)=]< 100 (W)dW>

27i \Jeg w—z2 CW—2

Then show using the formula for the sum of geometric series that for z in the annulus

1 e W > £ () (w— z0)F
f(Z):<'/CR];)(f())kH(Z—Zo)kdw+ ZW)G’W

2mi w—20 JCi= (z—20
To get this, do the following. On the second integral, CV(—XVZ) = —% and
i 720 )

something similar for the first integral. Use formula for sum of geometric series.
Explain why for fixed z in the annulus convergence is uniform in both terms so

ol f(w) v ! !
f(z)l;bzm/CRde(zzo)hr];)zm . (W)(szo)km

In case f is analytic on all of the inside of C, the C, disappears and so by Problem 14

the above reduces to f (z) =Y, % (z— zO)k showing that if f is analytic near a
point zg then its power series expansion converges to the function on the largest open
disk which does not contain a point where f fails to be analytic. In fact one could
define analytic functions as being those correctly given by their power series but this
approach is not done here. When the second sum is a finite sum, we say that f has a
pole at zg. Otherwise z is called an essential singularity.

Show thatif f (z) =Y. oax (z— Zo)k for |z — zo| < r, then f is analytic on B (zo, ) for
7 < r. Hint: You might show uniform convergence and then use the Cauchy integral
formula.

If f is analytic on an open connected set U, and if Z is the set of zeros of f, show that
f is identically zero if and only if the set of zeros has a limit point in U. Hint: Sup-
pose z is a limit point of Z. Then by continuity f (z) = 0 so the set of zeroes is closed.
On the other hand, if z is a limit point of Z then f(w) = a,, (w—2z)" g(w) where
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g(z) # 0 and a,, is the first nonzero coefficient in the power series expansion about
z. But you could pick w,, — z where f (w,) = 0 thus a,, = 0 after all. Thus all coef-
ficients of the power series of f at z =0 so f = 0 in an open ball containing z. Take
a piecewise smooth curve ¥ from z to some 2 € U. Let T = sup{r: f(y(¢)) =0}.
Then repeat the argument to show that f (£) = 0.

Using the above problem, show that if you want e® to be analytic and agree with e*
whenever z = x € R then you have no choice but to define % = ¢* (cos (y) + isin (y)).
Give similar treatments for sin (z) and cos (z). Explain why sin (z),cos (z) cannot be
bounded using Liouville’s theorem. Also verify that all the usual trig identities will
continue to hold for arbitrary complex z.

Let r be a ray, straight line starting at 0 and proceeding in one direction from there,
and let a be an angle associated with this ray r. For z ¢ r let arg(z) = 0 where z =
|z|€®, for @ € (a — m,a+ &) . Then defining log (z) = In (|z|) +iarg (z), this delievers
a “branch” of the logarithm associated with this ray. Show that if a = —, this is the
principle branch and in this case log(x) = In(x) for x > 0. In any case, show that
€1°2(2) = 7 and that, from geometric reasoning, z — log (z) is continuous and satisfies
the usual functional equation for logarithms, log(z+w) = log(z) + log (w). Note
that z 4w stays in the complement of r if both z,w are.

Show that if f is analytic and one to one on a connected open set U with f’ (z) # 0 on
U and f ~! is continuous, then f~! will also be analytic on the connected open set
S (U). This will show that the above log function is analytic and the usual calculus
theorem holds ( i _1)/ (f(z)) f'(z) = 1. Hint: You could make this an exercise in
using the inverse function theorem and the Cauchy Riemann equations. You could
prove f~!is continuous if desired, using either invariance of domain or inverse func-
tion theorem.

Suppose g (z9) # 0 where g is analytic near zg. Then if m € N, is given. Show that on
some ball B (zo,r), there is an analytic function ¢ (z) such that g (z) = ¢ (z)". Hint:
Pick a ray from 0 which misses g(zo). Then pick » small enough that g (B(zo,r))
does not intersect this ray. Let log(z) be a branch of the logarithm associated with
this ray as described. Then let ¢ (z) = ¢n1°2)_ This must be analytic because it is
the composition of analytic functions.

Suppose f is analytic on B = B(z9,7) \ {z0}. Show that f can be defined at zo such
that the resulting function is analytic on B (zo,r) if and only if lim__,, (z — z0) f (2) =
0. Such a zg is called a removable singularity. Hint: One direction is obvious. For the
other, consider & (z) = (z—20)* £ (2) ,h (z0) = 0. Argue that  is analytic on B (zo,r)
and in fact, /' (z9) = 0. Thus h (z) has a power series. Note %ﬁéz‘)) =(z—20)f(2).
Use the above problem here. Suppose f is analytic near zo and f (3) is not dense in
C. This means that there is w and § > 0 such that B (w, §) has no points of f (B).
Then, the Casorati Weierstrass theorem says that f (z) = g (z) + X1, (bik)k for some
=20
m < oo. That is, f has a pole at zop. Show this is the case. Note that this implies

the surprising result that if f(z) = g(z) + ¥, —%— for z near z, then f (B) is

(z—20)
dense in the plane. In this second case, zy is called an isolated essential singularity.

The Picard theorems say something even more dramatic, that f (B) actually is all
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of C except for one exception and in addition, other than this single exception, for
w € C, there are infinitely many z € B such that f(z) = w. This theorem is for a
more advanced presentation of complex analysis than this short introduction. Hint
for Casorati Weierstrass: If f (é) is not dense, then there exists w and 8 > 0 such
that B(w,8) N f (B) = 0. Consider f(z)%w This is analytic near zo and show that
lim,_,;, (z—2z0) ﬁ = 0. Thus there is & (z) analytic which equals f(z)%w near zg
but which also makes sense at zg. Consider two cases, /i (z9) =0 and h(zo) # 0. In
the second case, f(z) —w = ﬁ which is analytic near 0. Now consider the first
case. The zero of h at zg has some multiplicity m. Otherwise, you would have 2 =0
on some ball having zg as center.

Let C be an oriented closed piecewise smooth curve. Then for z ¢ C, n(C,z) =
= e w—l_zdw is an integer called the winding number. To show this, let y: [0,27] — C
be a C! parametrization for C where maybe ¥ (1) = 0 for some finite number of

t,7(27) = lim, 27 ¥(z). Then define F (1) = [ XL ds. Show

—Z

(efF(z) (7(1) —z))/ _ y—(z; (j)zefF(t) (v(t)—2) +e*F(l)'}/ (t)=0

thus e ) (y(r) — z) is a constant. ¢ ¥ %) (y(27) —z) = (y(0) —z) so, —F (27) =
—2min for some integer n and so n(C,z) = n.

Suppose U is a connected open set and f : U — C is analytic. Show that f(U)
is either a single point or a connected open set. Hint: Suppose f(U) is not a
single point. Then pick zo € U. Then near zo, f (z) = f(z0) + X, ak (2 —20)* =
f(z0) +g(2) (z—z0)" where g(z0) # 0. Not all a; can equal zero because if so, you
would have f — f(zo) zero in a set with a limit point and f would be constant con-
trary to the assumption that it is not. Using Problem 28, for z sufficiently close to zp,

m
f@)=f(z0)+ (g ()" (Z—ZO)) = f(20) + ¢ ()" where ¢ (z0) = 0,8 (z0) # 0,
and ¢’ (z9) # 0. Now apply the inverse function theorem and Cauchy Riemann equa-
tions to obtain that f (B (zo,r)) is an open set for r small enough. This is called the
open mapping theorem.

Use the above open mapping theorem to show the maximum modulous theorem. If
f is analytic on an open connected, bounded set U and continuous on U then |f]
achieves its maximum value on the boundary of U.

If U is an open connected subset of C and f : U — R is analytic, what can you say
about f? Hint: You might consider the open mapping theorem.

When we count the zeros of an analytic function f we count them according to multi-
plicity. This means that if zg is a zero of f so that for z near zo, f (z) = am (2 —20)" +
am+1 (2— Zo)mH + ..., then we would regard this zp as a zero of multiplicity m. Show
that if C is the boundary of a ball B (a,r) and if f (z) is analytic on an open connected
set containing this ball and f has no zeros on C, then the number of zeros of f in the

ball is ﬁ Jo ‘;%)dz if these zeroes are counted according to multiplicity.



Chapter 13

Degree Theory

This chapter is on the Brouwer degree, a very useful concept with numerous and important
applications. The degree can be used to prove some difficult theorems in topology such
as the Brouwer fixed point theorem, the Jordan separation theorem, and the invariance of
domain theorem. A couple of these big theorems have been presented earlier, but when you
have degree theory, they get much easier. Degree theory is also used in bifurcation theory
and many other areas in which it is an essential tool. The degree will be developed for R? in
this book. When this is understood, it is not too difficult to extend to versions of the degree
which hold in Banach space. There is more on degree theory in the book by Deimling [ 1]
and much of the presentation here follows this reference. Another more recent book which
is really good is [13]. This is a whole book on degree theory.

The original reference for the approach given here, based on analysis, is [24] and dates
from 1959. The degree was developed earlier by Brouwer and others using different meth-
ods. The more classical approach based on simplices and approximations with these is in
[26]. T have given an approach based on singular homology as an appendix in [31].

To give you an idea what the degree is about, consider a real valued C! function defined
on an interval 7, and let y € f () be such that f’(x) # 0 for all x € f~! (y). In this case the
degree is the sum of the signs of f’ (x) for x € £~ (y), written as d (f,1,y).

In the above picture, d (f,1,y) is 0 because there are two places where the sign is 1 and
two where it is —1.

The amazing thing about this is the number you obtain in this simple manner is a spe-
cialization of something which is defined for continuous functions and which has nothing
to do with differentiability. The reason one can extend the above simple idea to continuous
functions is is an integral expression for the degree which is insensitive to homotopy. It is
very similar to the winding number of complex analysis. The difference between the two
is that with the degree, the integral which ties it all together is taken over the open set while
the winding number is taken over the boundary, although proofs of it in the case of the
winding number sometimes involve Green’s theorem which involves an integral over the
open set. I think these analogies are better seen in the other presentation in [31].

In this chapter Q will refer to a bounded open set.

Definition 13.0.1 For Q a bounded open set, denote by C (ﬁ) the set of functions
which are restrictions of functions in C.. (RP) , equivalently C (R”) to Q and by C™ (Q) ,m <
oo the space of restrictions of functions in C™ (R?) , equivalently C™ (RP) to Q. If f €C (ﬁ)
the symbol f will also be used to denote a function defined on R? equalling f on Q when

convenient. The subscript c indicates that the functions have compact support. The norm
inC (Q) is defined as follows.

1l = 1]l = sup{|f (@)| : @ € O}

301
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If the functions take values in R? write C"™ (ﬁ; R? ) orC (ﬁ; RP ) for these functions if there
is no differentiability assumed. The norm on C (ﬁ; RP ) is defined in the same way as above,

£l = £l = sup{| f (®)| : x € Q} .

If m = oo the notation means that there are infinitely many derivatives. Also, C (Q;RP)
consists of functions which are continuous on Q that have values in R? and C™ (Q;RP)
denotes the functions which have m continuous derivatives defined on Q. Also let & con-
sist of functions f (x) such that fi (x) is a polynomial, meaning an element of the alge-
bra of functions generated by {l,xl, e ,xp}. Thus a typical polynomial is of the form
Yiywip @iy ip)x't---x'? where the i; are nonnegative integers and a(iy---iy) is a real
number.

Some of the theorems are simpler if you base them on the Weierstrass approximation
theorem.

Note that, by applying the Tietze extension theorem to the components of the function,
one can always extend a function continuous on  to all of R” so there is no loss of gener-
ality in simply regarding functions continuous on Q as restrictions of functions continuous
on R”. Next is the idea of a regular value.

Definition 13.0.2 For W an open set in R? and g € C! (W;RP) | y is called a reg-
ular value of g if whenever © € g~' (y), det(Dg (x)) # 0. Note that if g~' (y) = 0, it
follows that y is a regular value from this definition. That is, y is a regular value if and
only if

y ¢ g({x €W :detDg(x)=0})

Denote by Sq the set of singular values of g, those y such that det(Dg (x)) = 0 for some
zeg ' (y).

Also, dQ will often be referred to. It is those points with the property that every open
set (or open ball) containing the point contains points not in € and points in Q. Then the
following simple lemma will be used frequently.

Lemma 13.0.3 Define oU to be those points x with the property that for every r > 0,
B(x,r) contains points of U and points of UC. Then for U an open set, dU = U \ U. Let
C be a closed subset of RP and let ¢ denote the set of components of RP\ C. Then if K is
one of these components, it is open and 0K C C.

Proof: Let z € U\ U. If B(x, r) contains no points of U, then « ¢ U. If B (z, r) contains
no points of U, then € U and so « ¢ U \ U. Therefore, U \U C dU. Now let x € JU.
If x € U, then since U is open there is a ball containing  which is contained in U contrary
to « € dU. Therefore, ¢ U. If x is not a limit point of U, then some ball containing x
contains no points of U contrary to « € dU. Therefore, © € U \ U which shows the two
sets are equal.

Why is K open for K a component of R? \ C? This follows from Theorem 3.11.12 and
results from open balls being connected. Thus if k € K, letting B (k,r) C CC, it follows
KUB (k,r) is connected and contained in C® and therefore is contained in K because K is
maximal with respect to being connected and contained in C¢.

Now for K a component of R?\ C, why is JK CC?Letx € dK. If x ¢ C, then x € K,
some component of R? \ C. If K; # K then x cannot be a limit point of K and so it cannot
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be in JK. Therefore, K = K| but this also is a contradiction because if « € dK then x ¢ K
thanks to the first part that QU = U \U. &

Note that for an open set U C R”, and h: U — R?, dist(h (9U) ,y) > dist (h (U) ,y)
because U D dU.

The following lemma will be nice to keep in mind.

Lemma 13.04 fcC (5 X [a,b) ;R”) if and only if
t— f (1) € C([a,b];C(QR?))

Also
1o = max (15 (1) ez

Proof: =By uniform continuity, if € > 0 there is § > 0 such that if |t —s| < §, then for
allz € Q, || f (x,t) — f (x,5)| < §. It follows that

€
||f(7t) _f('as)Hoo S 5 <E€
<=Say (@y,t,) — (z,t) . Does it follow that f (x,,t,) — f (z,1)?

1f (@ns10) = f (@n, Ol + 1 f (@n,7) = f (1)

| £ (@nsta) — F(zt)|| <
< NFCt) = FC0)llw+I1F (@n,t) — f (@,0)]

both terms converge to 0, the first because f is continuous into C (Q; RP ) and the second
because x — f (x,t) is continuous.

The claim about the norms is next. Let («,¢) be such that HmeﬁX[a b < IIf (x,0)] +e.
Then

1£]

w0 Qx[ab] < I f (x,2)]| +€ < g{sﬁ] (Hf('7t)||m§> te

and so ||f||w§x[a_h] < max;¢[q ) Max (||f (~,t)||w§> because € is arbitrary. However, the
same argument works in the other direction. There exists ¢ such that

£ 60l = max (15 (20)]-)

by compactness of the interval. Then by compactness of Q, there is z such that

1 Ct)lleeg = I1F (@) < 110 310y

and so the two norms are the same. ll

13.1 Sard’s Lemma and Approximation

First are easy assertions about approximation of continuous functions with smooth ones.
The following is the Weierstrass approximation theorem. It is Corollary 5.5.3 presented
earlier.
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Corollary 13.1.1 If f € C([a,b];X) where X is a normed linear space, then there exists
a sequence of polynomials which converge uniformly to f on |a,b]. The polynomials are of

the form
Y o (t)f<l (Z)) (13.1)
k=0

where 1 is a linear one to one and onto map from [0, 1] to [a,b] and po (a) = 1 but py (a) =0
ifk # 0, pm (b) =1 but py (b) = 0 for k # m.

Applying the Weierstrass approximation theorem, Theorem 5.7.7 or Theorem 5.9.5 to
the components of a vector valued function yields the following Theorem.

Theorem 13.1.2 IffecC (ﬁ; R”) Jor Q a bounded subset of RP, then for any € > 0,
there exists g € C* (Q;RP) such that ||g — fllog <e

Recall Sard’s lemma, shown earlier. It is Lemma 10.4.3. T am stating it here for conve-
nience.

Lemma 13.1.3 (Sard) Let Q be an open set in RP and let h : Q — RP be differentiable.
Let

S={x e Q:detDh(x)=0}.
Thenm, (h(S))=0.

First note that if y ¢ g (Q), then y ¢ g ({x € Q:detDg (x) =0}) so it is a regular
value.

Observe that any uncountable set in R” has a limit point. To see this, tile R” with
countably many congruent boxes. One of them has uncountably many points. Now sub-
divide this into 2” congruent boxes. One has uncountably many points. Continue sub-
dividing this way to obtain a limit point as the unique point in the intersection of a nested
sequence of compact sets whose diameters converge to 0.

Lemma 13.1.4 Let g € C* (RP;R?) and let {y;}; | be points of R? and let > 0. Then
there exists e with ||e|| < 1 and y; + e is a regular value for g for all i.

Proof: Let S = {x € R” : detDg (x) = 0}. By Sard’s lemma, g (S) has measure zero.
Let N = U7, (g (S)—y;). Thus N has measure 0. Pick e € B(0,1) \ N. Then for each

Next we approximate f with a smooth function g such that each y; is a regular value
of g.

Lemma 13.1.5 Let f € C(:;R?),Q a bounded open set, and let {y;}| be points not
in f (0Q) and let 8§ > 0. Then there exists g € C* (Q;R?) such that ||g — f||., < 6 and
y; is a regular value for g for each i. That is, if g (x) = y;, then Dg (m)_1 exists. Also,
if 6 < dist(f(dQ),y) for some y a regular value of g € C* (Q;Rp) , then g~ (y) is a
finite set of points in Q. Also, if y is a regular value of g € C* (RP,RP), then g~ (y) is
countable.
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Proof: Pick g € C* (Q:R”),||g — f|l..q < 8. From Lemma 13.1.4, y, + e is a regular
value for g for each i where e can be chosen as small as desired. Let g = g — e where e is
so small that also ||g — f||m7§ < 8. Thus y; is a regular value of g for all i. (same as y; + e
regular value of g). This shows the first part.

It remains to verify the last claims. Since [|g — f||g.. < 8, if x € JQ, then

lg (@) —yll = || f (@) —yll = || f (=) — g (x)[| = dist(f (IQ) ,y) =6 >6-5 =0

and so y ¢ g (9Q), so if g(z) = y, then € Q. Thus g~ (y) is a compact subset of Q
and so for each x € g~! (y) there is a ball containing x, B, contained in Q such that there
is at most one point in g~! (y) N B, this by the inverse function theorem. Finitely many of
these balls cover g~! (y) so this set must be finite and at each point, the determinant of the
derivative of g is nonzero. For y a regular value, g ! (y) is countable since otherwise, there
would be a limit point z € g~! (y) and g would fail to be one to one near x contradicting
the inverse function theorem. H
Now with this, here is a definition of the degree.

Definition 13.1.6 Let Q be a bounded open set in RP and let f : Q — RP be con-
tinuous. Let y & f (dQ). Then the degree is defined as follows: Let g be infinitely differ-
entiable,

1f = 9gll.g <8 =dist(f(0Q),y),
and y is a regular value of g. Then y ¢ g (dQ) and we define

d(f,2y) =Y {sen(det(Dg(z))):zcg ' (y),z € Q}
where the sum is finite by Lemma 13.1.5, defined to equal 0 if g~ (y) is empty.

Note that if g is such an approximation of f then if x € dQ and ¢ € [0,1],

tg(x)+(1-0)f(x)—yl = [f(x)-yl-tlg—fl.
> dist(f(9Q),y) —dist(f (dQ),y) =0

Thus t g+ (1 —¢) f maps no point of dQ to y. In particular, g maps no point of dQ to y.

Lemma 13.1.7 The above sum in the definition makes sense for a single g and, assum-
ing this definition of d (f,Q,y) is well defined, then it would follow that if y ¢ f (), then

d(f,Q,y) =0.

Proof: As just noted, if || f — gl|.. g < dist(f (dQ),y) then y ¢ g (d€). In fact

y ¢ (tg(x) +(1-1) f(2)) (9Q)

for any 7 € [0, 1]. Thus the sum is a finite sum and makes sense by Lemma 13.1.5. What if
y ¢ f(Q)? In this case, assuming the definition is well defined, you could pick g such that
y is a regular value for g and also || f —gl|,, 5 < dist (f (Q),y) so the above definition
would say that d (f,Q,y) = 0 because there would be no terms in the sum. W

We really need to verify that this definition is well defined, not dependent on which g
is chosen. This involves the use of an integral.

Next is an identity. It was Lemma 6.11.2 on Page 159.
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Lemma 13.1.8 Ler g : Q — R? be C* where Q is an open subset of RP. Then
P
Z cof(Dg)l-j"j =0,
j=1

where here (Dg)ij =gij= % Also, cof(Dg)ij = adgtg(i?g).

Next is an integral representation of ¥, {sgn (det(Dg(x))) : @ € g~' (y)} but first is a
little lemma about disjoint sets.

Lemma 13.1.9 Ler K be a compact set and C a closed set in RP such that KN C = 0.
Then
dist(K,C) =inf{||k—c||: k€ K,c€C} > 0.

Proof: Letd =inf{||k —c| : k € K,c € C}. Let {k;},{c;} be such that
1
d+; > Hki_CiH-

Since K is compact, there is a subsequence still denoted by {k;} such that k; — k € K.
Then also
lei = emll < llei = Kill + ki = k|l 4 l[en — Kl

If d =0, then as m,i — oo it follows ||¢; — ¢;|| — 0 and so {¢;} is a Cauchy sequence
which must converge to some ¢ € C. But then ||c— k|| = limj_« ||¢; — k;|| = 0 and so
c =k € CNK, acontradiction to these sets being disjoint. H

In particular the distance between a point and a closed set is always positive if the point
is not in the closed set. Of course this is obvious even without the above lemma.

Definition 13.1.10 L. gec” (ﬁ; ]R”) where Q is a bounded open set. Also let
@, be a mollifier.

0. €C(B(0,€)), ¢, >0, /¢£dx: 1.
The idea is that € will converge to 0 to get suitable approximations.

First, here is a technical lemma which will be used to identify the degree with an inte-
gral.

Lemma 13.1.11 Lery ¢ g (9Q) for g € C (Q:;R?). Also suppose y is a regular value
of g. Then for all positive € small enough,

|9 (9(@)~y)detDg () dr = ¥ {sen(detDg (@) :w € g ' (1))

Proof: First note that the sum is finite from Lemma 13.1.5. It only remains to verify
the equation. If y ¢ g (Q), then for € < dist (g (Q),y), ¢, (g(x)—y) =0forall x € Q
so both sides equal 0.

I need to show the left side of this equation is constant for € small enough and equals the
right side. By what was just shown, there are finitely many points, {z;}/~, = g~! (y). By
the inverse function theorem, there exist disjoint open sets U; with x; € U, such that g is one
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to one on U; with det (Dg (x)) having constant sign on U; and g (U;) is an open set contain-
ing y. Then let € be small enough that B(y,&) C N, g (U;). Also,y ¢ g (Q\ (U ,U})),
a compact set. Let € be still smaller, if necessary, so that B(y,€)Ng (Q\ (U, U;)) =0
andletV; =g~ (B(y,€))NU;.

g(U3) 9(Us)

ga(th)

Therefore, for any € this small,
/ 0. (g y)detDg (z)dx = Z / o ( y)detDg () dx

The reason for this is as follows. The integrand on the left is nonzero only if g () —y €
B(0,¢) which occurs only if g (z) € B(y,&) which is the same as « € g~! (B(y,¢€)).
Therefore, the integrand is nonzero only if « is contained in exactly one of the disjoint sets,
V;. Now using the change of variables theorem, (z = g (x) —y,g9~ ' (y +2) = x.)

= Z/(V) ¢ (2)detDg (g7 ' (y+2))|detDg ™" (y+2)|dz (13.2)
i=179WVi)~Yy

By the chain rule, I = Dg (g~ ' (y+ z)) Dg~' (y + z) and so in the above for a single V;,
detDg (g~ (y+2)) |detDg ™" (y+ 2)|

= sgn (detDg (97" (y+2))) [detDg (97" (y + 2)) | [detDg " (y + 2))|
=sgn (detDg (g~ ' (y+2))) = sgn(detDg (z)) = sgn(detDg (z;)).

Therefore, 13.2 reduces to

3. sen(detDg (z:) | CEE

i=1
Y sen(@eDg @) [ 9. (2)ds = L sen(detDg ).

In case g~ ' (y) = 0, there exists € > 0 such that g (ﬁ) NB(y, &) =0 and so for & this small,

/ 0. (g(x)—y)detDg () dx=0. M

As noted above, this will end up being d (g, Q, ) in this last case where g~ (y) = 0.
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Lemma 13.1.12 Suppose g,§ both satisfy Definition 13.1.6. For & given there, § =

dist(f (0Q),y),
6> |f—gllog: 6> 1f—-dll.ga

Then for t € [0,1] so does tg+ (1 —1)§. In particular, y ¢ (tg+ (1 —1)g) (dQ). Also
d(f—y,2,0) =d(f,Qy).

Proof: This follows from the fact that B(y, §) in ||-||., 5 is convex. From the triangle
inequality, if 7 € [0,1],

[f=tg+(1-09)l. < tllf—gle+0=-0)f -9l
< t6+(1—1)0=6.

If ||h— f||.. < &, as was just shown for h =tg+ (1 —1) g, then if € dQ,
ly—h(@) = lly—f (@) —[lh(x) - f (@) > dist(f (0Q),y) -6 25 -6 =0

Now consider the last claim. This follows because ||g — f||.. small is the same as
lg —y— (f —y)||.. being small. They are the same. Also, (g—y) ' (0) =g~ (y) and

Dg(x)=D(g—y)(x) M
Next is an important result on homotopy which is used to show that Definition 13.1.6
is well defined.

Lemma 13.1.13 IfhisinC” (Q x [a,b],RP) ,and 0 ¢ h (9Q x [a,b]) then for 0 < & <
dist (0, (0Q % [a,b])),

t—)/Q¢£ (h(,1))detDyh (w,1) dx

is constant for t € [a,b]. As a special case, d (f,Q,y) is well defined. Also, ify & f (ﬁ) ,
thend (f,Q,y) =0.

Proof: By continuity of h, h (dQ x [a,b]) is compact and so is at a positive distance
from 0. Let € > 0 be such that for all z € [a,b],

B(0,6)Nh(9Q x [a,b]) =0 (13.3)

Define for ¢ € (a,b), H(t) = [ ¢, (h(x,t))detDh (x,t)dx. 1 will show that H' (t) =0
on (a,b). Then, since H is continuous on [a, b], it will follow from the mean value theorem
that H (¢) is constant on [a,b]. If ¢ € (a,b),

H’(r):/gzqsw(h(w,t))ha,, (a,1)detDyh (w,1) dx

+/Q¢g (h(2,1)) Y. detDy (h(x,1)) oo jidx = A+ B. (13.4)
a,j
In this formula, the function det is considered as a function of the n? entries in the n x n

matrix and the , & j represents the derivative with respect to the o " entry hq.j. Now as in
the proof of Lemma 6.11.2 on Page 159, detD (h (1)) ,; = (cof D (h(x,1))),; and so

B= [ Y Y 0. (h(w.0)) (of D1 (b (@,1)))g ha .

Qo
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By hypothesis
x — ¢, (h(z,1)) (cof Dy (h(z,1))),; forz e Q

is in C* (Q) because if x € dQ, it follows that for all ¢ € [a,b],h (x,t) ¢ B(0,€) and so
0. (h(z,t)) =0 off some compact set contained in Q. Therefore, integrate by parts and
write

/QZ): (e ((,0))) (cof Dy (R (,0))) g st
J

_/Q;;% (R (,1)) (cof D (h(2,1))) o ; ; horsdlx

The second term equals zero by Lemma 13.1.8. Simplifying the first term yields

B

_/szyw (h(,1)) hg jhos (cof Dy (h(x,1)))g; dx

a

[ XX 0 (@) s L, (€f Dy (e (:0)))
<P J

Now the sum on j is the dot product of the ﬁ row with the &’ row of the cofactor matrix
which equals zero unless B = & because it would be a cofactor expansion of a matrix with
two equal rows. When 8 = «, the sum on j reduces to det (D (h (z,7))) . Thus B reduces
to

— [ X e (@0 s det (D (A (1)) d

Which is the same thing as A, but with the opposite sign. Hence A+ B in 13.4 is 0 and
H'(t) =0 and so H is a constant on [a, b].

Finally consider the last claim. If g, § both work in the definition for the degree, then
consider h(x,t) =tg (x)+ (1 —1)§(x) —y forz € [0,1]. For x € 9Q,

ltg (x) +(1-1)g(x) -yl
= li(g(@) - f(2)+(1-1)(G(x) - f (@) + f(z) -yl

|f (@) —y|—t(g(x)— f(x)+(1-1)(§(x)— f(x))]
dist(f (0Q),y) — (t]lg— fll+(1=1) 19— fll.)
dist (£ (0Q),y) — (15 +(1—1)8) =0

VAR \VARLY,

From Lemma 13.1.12, h satisfies what is needed for the first part of this lemma. Namely,
0¢ h(dQx[0,1]). Then from the first part, if 0 < € < dist(0,h (dQ x [0,1])) and € is
also sufficiently small that the second and last equations hold in what follows,

d(f,Q,y):Z{sgn(det(Dg(m)) cxeg (y)} = /(1) ))detDih(x,1)dx

= /Q(ps (h(x,0))detDih (x,0)dx = Z{sgn(det(Dg () :zecg! (y)} |
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13.2 Properties of the Degree

Now that the degree for a continuous function has been defined, it is time to consider
properties of the degree. In particular, it is desirable to prove a theorem about homotopy
invariance which depends only on continuity considerations.

Theorem 13.2.1 i1 h is in C(Q x [a,],RP), and 0 ¢ h(dQ x [a,b]) for each 1,
thent — d (h(-,1),Q,0) is constant for t € |a,b).

Proof: Let 0 < 0 = min|h (dQ X [a,b])|. By Corollary 13.1.1, there exists hy, (-,7) =
Yiopk(t) h(-,1) for py (¢) a polynomial in 7 of degree m such that pg (a) = 1 but p (a) =
0if k # 0 and p,, (b) =1 but py (b) =0 if k # m and

max [[hy (1) —h(1)|.g <8,to=atw=> (13.5)

t€la,b]

Now replace h (-,7) with g7 (-) € C* (Q,RP”) and 0 is a regular value of g}’ and let
I (1) = X1 pi (t) g (-) where the functions g}' are close enough to h (-, 1) that

max Hgm("t)_h('7t>||oo,§<8' (136)

t€la,b)

g, €C7 (ﬁ X [a,b];RP ) because all partial derivatives with respect to either ¢ or x are
continuous. Thus gf' (-) = g,,(~,a), g (-) = g,,(-,b). Also, from the definition of the
degree and Lemma 13.1.13, for small enough &,

d(h(a).2,0) =d(g§ ().2.0) = | 9. (g, (@.a))detDig, (z.0)dx

= A¢£ (gm (wvb))detDlgm (wab)dx:d(gﬁ (')"Q"O) :d(h(~,b),g,0)

Since a, b are arbitrary, this proves the theorem. l
Now the following theorem is a summary of the main result on properties of the degree.

Theorem 13.2.2 Definition 13.1.6 is well defined and the degree satisfies the fol-
lowing properties.

1. (homotopy invariance) If h € C (Q x [0,1],R?) and y (t) ¢ h (dQ,1) forallt € [0,1]
where y is continuous, then

t—=d(h(,1),Qy(1))
is constant for t € [0,1].
2. If Q D Q1 UQ) where Q1 Ny = 0, for Q; an open set, then if
y ¢ f(Q\(Qu)),

then
d(faglvy)+d(f7927y) :d(fvgvy)

3.d(1L,Qy)=1ifyeQ.
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4. d(f,Q,") is continuous and constant on every connected component of RP \ f (dQ).
5.d(9,2y) =d(f,2,9)ifglsa = Flia:
6. Ify ¢ f(9Q), and if d (f,Q,y) # 0, then there exists x € Q such that f (x) =y.

Proof: That the degree is well defined follows from Lemma 13.1.13.

Consider 1., the first property about homotopy. This follows from Theorem 13.2.1
applied to H (x,t) = h(x,t) —y (1).

Consider 2. where y ¢ f (Q\ (2 UQ;)) . Note that

dist (y, f (Q\ (1 UQy))) <dist(y, f (9Q))
Then let g be in C (Q;R?) and

lg—fll. < dist(y, £ (@\(@1U)))
< min(dist(y, £ (), dist(y, f (922)) dist (y, £ (92))

where y is a regular value of g. Then by definition,

d(£,Q,y) =Y {det(Dg(z)):xcg ' (y)}

Y {det(Dg(z)):xzcg ' (y),z€Q}
+) {det(Dg(x)):zc g (y), 2 €}
= d(f,Q1,y)+d(f0,y)

It is of course obvious that this can be extended by induction to any finite number of disjoint
open sets ;.

Note that 3. is obvious because /(x) = x and so if y € Q, then I~ (y) = y and
DI (x) = I for any  so the definition gives 3.

Now consider 4. Let U be a connected component of R?\ f (dQ). This is open as well
as connected and arc wise connected by Theorem 3.11.12. Hence, if u,v € U, there is a
continuous function y (¢) which is in U such that y (0) = w and y (1) = v. By homotopy
invariance, it follows d (f,Q,y (¢)) is constant. Thus d (f,Q,u) =d (f,Q,v).

Next consider 5. When f = g on dQ, it follows that if y ¢ f (dQ), theny ¢ f (x)+
t(g(x)— f(x))forte[0,1]andx € dQsod (f +t(g— f),Q,y) is constant for 7 € [0, 1]
by homotopy invariance in part 1. Therefore, let # = 0 and then # = 1 to obtain 5.

Claim 6. follows from Lemma 13.1.13 which says thatif y ¢ f (Q) , thend (f,Q,y) =
0.0

From the above, there is an easy corollary which gives related properties of the degree.

Corollary 13.2.3 The following additional properties of the degree are also valid.
I Ify ¢ f(Q\Qi) and Q is an open subset of Q, then d (f,Q,y) =d (f,Q1,y).
2. d(-,Q,y) is defined and constant on
{geC(QR):|lg—fll. <7}

where r = dist (y, f (dQ)).
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3. Iy € £(Q), dist(y, £ (9Q)) > 8 and |z —y| < 8, then d (,Q.9) = d (£, 2).

Proof: Consider 1. You can take ; = 0 in 2 of Theorem 13.2.2 or you can modify
the proof of 2 slightly. Consider 2. To verify, let h (x,t) = f (x) 4+ (g (z) — f (x)). Then
note that y ¢ h (dQ,t) and use Property 1 of Theorem 13.2.2.

Finally, consider 3. Let y (t) = (1 —¢) y +7z. Then for x € dQ

(I-t)y+1z—f(z) = |ly—f(x)+t(z—y)
> O0—t|lz—y|>6-6=0

Then by 1 of Theorem 13.2.2, d(f,Q,(1 —t)y+1rz) is constant. When 7 = 0 you get
d(f,Q,y) and whens=1you getd (f,Q,z). R

Corollary 13.2.4 Let h € C (Q,R") where Q is a bounded open set in R'and let
y ¢ h(dQ). Thend (h,Q,y) =lime_o [ ¢, (h(x) —y)detDh (x)dx.

Proof: Let Hfz - hH 5 < 6 where 0 < § < dist(y,h (dQ)) and y is a regular value
for h, and Dh () = Dh (z). Then
d(h,Qy) = d(ﬁ,g,y) - lim/ 0, (ﬁ(a:)—y) detDh () dx
e—=0J0Q
= lim [ ¢, (iz (x)— y) detDh (z) dx
Q

£—0

- lim/Qq)g(h(w)—y)dech(m)dx

£—0,

because for b (x,t) =1 (h(x) —y)+ (1 —1) (fz (z)— y) ,
1= [ 9 (h(@,r)) detDih (w.1)dx
Q
is constant for 7 € [0,1]. B

13.3 Brouwer Fixed Point Theorem

The degree makes it possible to give a very simple proof of the Brouwer fixed point theo-
rem.

Theorem 13.3.1 (Brouwer fixed point) Let B= B

(0,r) CR? and let f : B— B be
continuous. Then there exists a point © € B, such that f (x) = .

Proof: Assume there is no fixed point. Consider h (x,7) =x —tf (x) forr € [0,1].
Then for ||z|| =, 0¢ x—tf (x), t € ]0,1]. By homotopy invariance, t — d (I —t f,B,0)
is constant. But when ¢t = 0, this is d (I, B,0) = 1 # 0. This is a contradiction so there must
be a fixed point after all. l

You can use standard stuff from Hilbert space to get this the fixed point theorem for
a compact convex set. Let K be a closed bounded convex set and let f : K — K be con-
tinuous. Let P be the projection map onto K as in Problem 10 on Page 138. Then P is
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continuous because |Px — Py| < |x —y|. Recall why this is. From the characterization of
the projection map P, (t—P x,y— Px) < 0 for all y € K. Therefore,

(z—Px,Py—Px) <0, (y—Py,Px—Py) <0so (y—Py,Py—Px) >0
Hence, subtracting the first from the last,
(y—Py—(z—Pz),Py—Pz)>0

consequently,
| —y||Py—Pz| > (y—z,Py—Pz) > |Py—Paf

and so |Py — Px| < |y — x| as claimed.

Now let r be so large that K C B(0,r). Then consider f o P. This map takes B(0,r) —
B(0,r). In fact it maps B (0,r) to K. Therefore, being the composition of continuous func-
tions, it is continuous and so has a fixed point in B (0, r) denoted as x. Hence f (P (x)) = x.
Now, since f maps into K, it follows that € K. Hence Px = « and so f () = x. This

has proved the following general Brouwer fixed point theorem.

Theorem 13.3.2 L. f : K = K be continuous where K is compact and convex and
nonempty, K CRP. Then f has a fixed point.

Definition 13.3.3 f is aretract of B(0,r) onto dB(0,r) if f is continuous,
7 (B(0.7)) caB(0,)
and f (x) = x for all x € dB(0,r).

Theorem 13.3.4 There does not exist a retract of B(0,r) onto dB(0,r), its bound-
ary.

Proof: Suppose f were such aretract. Then forall x € dB(0,r), f () =« and so from
the properties of the degree, the one which says if two functions agree on dQ, then they
have the same degree, 1 =d (I,B(0,r),0) =d (f,B(0,r),0) which is clearly impossible
because £ ! (0) = 0 which implies d (f,B(0,r),0) =0. B

You should now use this theorem to give another proof of the Brouwer fixed point
theorem.

13.4 Borsuk’s Theorem

In this section is an important theorem which can be used to verify thatd (f,Q,y) #0. This
is significant because when this is known, it follows from Theorem 13.2.2 that f ! (y) #0.
In other words there exists € Q such that f (z) = y.

Deﬁnitign 13.4.1 A bounded open set, Q is symmetric if —Q = Q. A continuous
function f: Q = RP isodd if f (—x) = —f ().

Suppose Q is symmetric and g € C” (ﬁ; RP ) is an odd map for which O is a regular
value. Then the chain rule implies Dg (—x) = Dg (x) and so d (g,2,0) must equal an
odd integer because if & € g~! (0), it follows that —x € g~! (0) also and since Dg (—x) =
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Dg (), it follows the overall contribution to the degree from « and —a must be an even in-
teger. Also 0 € g~! (0) and so the degree equals an even integer added to sgn (det Dg (0)),
an odd integer, either —1 or 1. It seems reasonable to expect that something like this would
hold for an arbitrary continuous odd function defined on symmetric Q. In fact this is the
case and this is next. The following lemma is the key result used. This approach is due to
Gromes [21]. See also Deimling [ |] which is where I found this argument. I think it is
one of the cleverest calculus manipulations I have seen.

To get an idea consider the case of p = 1. Then Q is bounded and symmetric and &

is odd and in C% (ﬁ) Suppose that /' (0) £ 0. T want to find arbitrarily small € such that

I (x) = h(x) — ex® has 0 as a regular value for x # 0. Let € be a regular value for % =f(x)

for x # 0. By Sard’s lemma the singular values of f (x) contain no balls so we can take € as
small as desired and have € a regular value of f. Then at a point where 4 (x) =0, f (x) = €
and so /1 (x) +&x® = x> f (x). Now differentiate this. i’ (x) +3ex? = 3xf (x) + x> f' (x) =
3x%e + 13 f' (x) so i’ (x) =23 ' (x) # 0. This is the motivation for the following process.
The idea is to start with a smooth odd map and approximate it with a smooth odd map
which also has 0 a regular value. Note that 0 is a value because g (0) = —g (0).
Process: Suppose hy € C* (Q,R?) is odd and det (Dhyg (0)) # 0. Let & be those
points of Q where x; # 0. Here = (x1,...,x,) . Then = — % is a smooth map defined
k
on  so by Sard’s lemma, its singular values do not contain B (0,1). Therefore, there is
y* with y* a regular value and ||y*|| < where 17 > 0 is given. Then consider h (z) =
hy (x) fx,%yk. I want to argue that O is a regular value of h on Q. Note that hi—(f)
k
and only if h (x) = 0.
. _ ho(z) _ h(z)+xjyk 2 _ .3 k fo
Letting f (z) = =05~ = =5, then h(x) = x; (f (x) —y*) and Df () is invert-
k k

ible at the z of interest, one where h (x) = 0 and f (x) — y* = 0. Then

=ykif

=0

Dh (z) (u) = 3x2 (f () —yk> (u) +x;Df () (u). (13.7)
At the point of interest, the first term on the right is 0 and so
det (Dﬁ (:13)) = det(Df (z)) 0.

If 0 is a regular value for hg on % C Q, will 0 be a regular value for h on % where
h is described above? The only points of concern are those © € % for which x; =0
because if x; # 0 then x € Q. But for these points where x; = 0, ﬁ(w) = ho(x) and
Dh (z) = Dhy (x) because 3x? = 0 when x; = 0. Thus the new function h has 0 a regular
value for all x € % U€;. This Process is the basis for the following lemma.

Lemma 13.4.2 Let hy € C* (Q,R?) is odd and det(Dhy (0)) # 0 for Q a symmetric
open set and let 1 > 0. Then there are vectors y* each with ||ka < M such that h (x) =
ho () —Y;_, xzyk has 0 as a regular value.

Proof: Use the above process leading to 13.7 repeatedly. Start with ho which has 0 a
regular value on {0} . Then use the process to get by (z) = ho (z) — y'x] which has 0 as
a regular value on {0} UQ,. Then repeat the process to get h, (x) = hy (x) — y*x3 which
has 0 as a regular value on {0} U UQ,. Continue this way and let h = h, which has 0
aregular value on {0} UQ U---UQ,=Q. 1
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Lemma 13.4.3 Letg cC~ ( Q;RP ) be an odd map. Then for every € > 0, there exists
h € C* ( Q;RP) such that h is also an odd map, ||h — g||,, < €, and 0 is a regular value of
h,0 ¢ g (dQ). Here Q is a symmetric bounded open set. In addition, d (g,Q,0) is an odd
integer.

Proof: In this argument 1 > 0 will be a small positive number. Let ho (x) = g () + nx
where 7 is sufficiently small but nonzero that detDhg (0) # 0. See Lemma 9.14.1. Note
that ho is odd and O is a value of h( thanks to hy(0) = 0. This has taken care of 0.
However, it is not known whether O is a regular value of hy because there may be other
x where ho(xz) = 0. By Lemma 13.4.2, there are vectors y/ with Hka <nandOis a
regular value of h () = ho (z) — L/_, y/x}. Then

P
Ih=gl.o < mgg{|nw||+):uykﬂ||w||}
x k=1
< n((p+1)diam(Q)) < & < dist (g (9Q),0)

provided 1 was chosen sufficiently small to begin with.
So what is d (h,Q,0)? Since 0 is a regular value and h is odd,

h! (0)=A{x, -, zp,—x1, - ,—x,,0}.
So consider Dh (x) and Dh (—x).
Dh(—xz)u+o(u)=h(—z+u)—h(—x)=—h(xz+(—u))+h(x)
— — (Dh () (—u)) + 0(~u) = Dh () (u) + o (u)

Hence Dh () = Dh(—x) and so the determinants of these two are the same. It follows
from the definition that d (g,Q,0) = d (h,Q,0)

1 sgn (det(Dh (x;))) + Zr‘{ sgn (det (Dh (—x;) +sgn(det (Dh (0)))))
=2m= 1 some integer m W

Theorem 13.4.4 (Borsuk) Let f € C ( Q; RP) be odd and let Q be symmetric with
0¢ f(dQ). Thend (f,Q,0) equals an odd integer.

Proof: Let y,, be a mollifier which is symmetric, y (—x) = y (z). Also recall that f

is the restriction to Q of a continuous function, still denoted as f which is defined on all of
RP. Let g be the odd part of this function. That is,

g@)==(f(x)—f(—x))=f(x) onQ
Thus d (f,Q,0) =d (g,Q,0). Then

I
™-

an(~2) =gy, (-2) = [ g(-o—y)v, W)dy

= f/gg(w-lry) v, (y)dy = */Qg(w* (—y) v, (—y)dy=—g,(x)
Thus g, is odd and is infinitely differentiable. Let n be large enough that
190 = 9llwg < & < dist(f (9€),0) = dist(g (d€),0)

Then by definition of the degree, d (f,Q,0) =d(g,Q,0) =d(g,,Q,0) and by Lemma
13.4.3 this is an odd integer. B
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13.5 Some Applications

With Borsuk’s theorem it is possible to give relatively easy proofs of some very important
and difficult theorems.

Lemma 13.5.1 Let g : B(0,r) C R” — RP be one to one and continuous. Then there
exists 0 > 0 such that B(g(0),8) C g (B(0,r)).

Proof: Fort € [0,1], let h (x,7) = g (x) — g (—tx). Then for x € dB(0,r), h(x,t) #
0 because if this were so, the fact g is one to one implies * = —tx and this requires
x = 0, not the case since ||x| = r. Then d(h(-,#),B(0,r),0) is constant by Theorem
13.2.1, homotopy invariance. Hence it is an odd integer for all ¢ thanks to Borsuk’s
theorem, because h(-,1) is odd. Now let B(0,0) be such that B(0,6) Nh (dQ,0) = 0.
Then 0 # d (h(-,0),B(0,r),0) =d (h(-,0),B(0,r),z) for z € B(0,8) because the de-
gree is constant on connected components of R? \ h (dQ,0) by Theorem 13.2.2. Hence
z=nh(x,0) =g (x) —g(0) for some « € B(0,r). Thus

g(B(0,r)) 2g(0)+B(0,6) =B(g(0),5). W

Theorem 13.5.2 (invariance of domain)Let Q be any open subset of R? and let
[ Q — RP be continuous and one to one. Then f maps open subsets of Q to open sets in
RP.

Proof: Let B(xo,r) C Q where f is one to one on B(xg,r). Let g be defined on
B(0,r) given by

g(z) = f(z+x0o)

Then g satisfies the conditions of Lemma 13.5.1, being one to one and continuous. It
follows from that lemma that there exists 6 > 0 such that

F(Q) 2 f(B(zo,r))=f(xo+B(0,r))

g (B(O,r)) 2 9(0) +B(0, 6)
f(z0) +B(0,6) = B(f (x0),9)

This shows that for any o € Q, f (o) is an interior point of f (Q) which shows f (Q) is
open.

Definition 13.5.3 If f: U CRP? — RP where U is an open set. Then f is locally
one to one if for every x € U, there exists 6 > 0 such that f is one to one on B(x, ).

Then an examination of the proof of the above theorem shows the following corollary.
Corollary 13.5.4 In Theorem 13.5.2 it suffices to assume f is locally one to one.

With the above, one gets easily the following amazing result. It is something which is
clear for linear maps but this is a statement about continuous maps.

Corollary 13.5.5 If p > m there does not exist a continuous one to one map from R” to
R™.
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Proof: Suppose not and let f be such a continuous map, f () = (f1 (x),-- -, fm (2))" .
Thenlet g (x) = (fi (z),--- , fm (x),0,---,0)" where there are p—m zeros added in. Then
g is a one to one continuous map from R? to R? and so g (R”) would have to be open from
the invariance of domain theorem and this is not the case. ll

Corollary 13.5.6 Let f : R? — R and lim |, | f ()| = o where f is locally one to
one and continuous. Then f maps RP onto RP.

Proof: By the invariance of domain theorem, f (R”) is an open set. It is also true that
f (RP) is a closed set. Here is why. If f () — v, the growth condition ensures that {x; }
is a bounded sequence. Taking a subsequence which converges to € R” and using the
continuity of f, it follows f () = y. Thus f (RP) is both open and closed which implies
f must be an onto map since otherwise, R” would not be connected. l

The proofs of the next two theorems make use of the Tietze extension theorem, Theo-
rem 5.7.5.

Theorem 13.5.7 Let Q be a symmetric open set in R? such that 0 € Q and let
f:9Q — V be continuous where V is an m dimensional subspace of R? ,m < p. Then
f(—z) = f () for some x € Q.

Proof: You could reduce to the case where V = R" if desired. Suppose not. Using the
Tietze extension theorem on components of the function, extend f to all of R?, f (ﬁ) cV.
(Here the extended function is also denoted by f.) Let g(x) = f(x)— f(—x). Then
0¢ g(dQ) and so for some r > 0, B(0,r) CR”\ g(dQ). For z € B(0,r), d(g,Q,z) =
d(g,9,0) # 0 because B(0,r) is contained in a component of R? \ g (dQ2) and Borsuk’s
theorem implies that d (g,Q,0) # 0 since g is odd. Hence V 2 g (Q) D B(0,r) and this is
a contradiction because V is m dimensional. ll

This theorem is called the Borsuk Ulam theorem. Note that it implies there exist two
points on opposite sides of the surface of the earth which have the same atmospheric pres-
sure and temperature, assuming the earth is symmetric and that pressure and temperature
are continuous functions. The next theorem is an amusing result which is like combing
hair. It gives the existence of a “cowlick”.

Theorem 13.5.8 L. p be odd and let Q be an open bounded set in RP with 0 € Q.
Suppose f: dQ — RP\ {0} is continuous. Then for some x € IQ and A £0, f (x) = Ax.

Proof: Using the Tietze extension theorem, extend f to all of R”. Also denote the
extended function by f. Suppose for all x € dQ, f (x) # Ax for all A € R. Then

0¢tf(x)+(1—t)x, (z,t) €dQx[0,1].

0dtf(x)—(1-1t)x, (z,t) €dQx][0,1].

Thus there exists a homotopy of f and / and a homotopy of f and —I. Then by the
homotopy invariance of degree,

d(f,Q,0)=d(1,2,0),d(f,Q2,0)=d(-1,Q,0).

But this is impossible because d (I,Q,0) = 1 butd (—1,Q,0) = (—-1)"=—-1.1
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13.6 Product Formula, Separation Theorem

This section is on the product formula for the degree which is used to prove the Jordan sep-
aration theorem. To begin with is a significant observation which is used without comment
below. Recall that the connected components of an open set are open. The formula is all
about the composition of continuous functions.

ot f(Q) Ccr SR

Lemma 13.6.1 Let {K,-}évzl ,N < oo be the connected components of RP \ C where C is
a closed set. Then dK; C C.

Proof: Since K; is a connected component of an open set, it is itself open. See Theorem
3.11.12. Thus JK; consists of all limit points of K; which are not in K;. Let p be such a
point. If it is not in C then it must be in some other K; which is impossible because these
are disjoint open sets. Thus if x is a point in U it cannot be a limit point of V for V disjoint
fromU. A

Definition 13.6.2 Let the connected components of RP\ f (dQ) be denoted by K;.
From the properties of the degree listed in Theorem 13.2.2, d (f,Q,-) is constant on each
of these components. Denote by d (f,Q,K;) the constant value on the component K;.

The following is the product formula. Note that if K is an unbounded component of
f (8Q)C, then d (f,Q,y) = 0 for all y € K by homotopy invariance and the fact that for
large enough ||y||, f ' (y) = 0 since f (Q) is compact.

Theorem 13.§.3 (product formula)Let {K;};_ | be the bounded components of R \
f(9Q) for f € C(Q:RP), let g € C(RP,RP), and suppose that y ¢ g (f (9Q)) or in other
words, g~ (y) N £ (dQ) = 0. Then

d(gof,Quy)=Y d(f,Q.K)d(g.Ky). (13.8)
i=1

All but finitely many terms in the sum are zero. If there are no bounded components of
£(0Q)°, thend(go f,Q,y) =0.

Proof: The compact set f (@) Ng~! (y) is contained in R”\ £ (dQ) so f (Q)Ng~! (y)
is covered by finitely many of the components K; one of which may be the unbounded
component. Since these components are disjoint, the other components fail to intersect
f(Q)Ng~! (y). Thus, if K; is one of these others, either it fails to intersect g~' (y) or K;
fails to intersect f (ﬁ) . Thus either d (f, €, K;) = 0 because K; fails to intersect f (ﬁ) or
d(g,K;,y) = 0 if K; fails to intersect g~' (). Thus the sum is always a finite sum. I am
using Theorem 13.2.2, the part which says that if y ¢ h (ﬁ) , then d (h,Q,y) = 0. Note
that by Lemma 13.6.1 dK; C f(dQ) so g (dK;) C g (f (dQ)) and so y ¢ g (dK;) because
it is assumed that y ¢ g (f (9Q)).

Let g be in C* (RP,RP) and let ||g —guw’f@ < dist(y,g (f (d))). Thus, for each

of the finitely many K; intersecting f (@) Ng~' (y),

d(g7Ki7y) = d
d

d(gof,Q,y) = QOf,Q,y) (13.9)
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By Lemma 13.1.5, there exists g such that y is a regular value of g in addition to 13.9
and ! (y) N f (dQ) = 0. Then g~ ' (y) is contained in the union of the K; along with the
unbounded component(s) and by Lemma 13.1.5 § (y) is countable. As discussed there,

L) M
g! (y) NK; is finite if K; is bounded. Let g! (y)NK; = {w’l} - ,m; < eco. m; could only
j=

be co on the unbounded component. _ B
Now use Lemma 13.1.5 again to get f in C™ (Q;R”) such that each ', is a regular

value of f on Q and also Hf— f” is very small, so small that

d(gof.2y)=d(Gof.Qy)=dgof.Qy)

andd(f,Q,wi-) :d(f,Q,zc;> for each i, j.
Thus, from the above,
dgof.Qy) = d(gofy).
d(f.0a)) = d(f.Qa)=d(f.Q.K)
d(g.Kiy) = d(g.Kiy)

Is y a regular value for §o f on Q? Suppose z € Qandy = go f (z)so f(2) €' (y).

Then f(z) = m’/ for some i, j and D f (z) " exists. Hence

D(gof)(z) =g (a}) D (=),

both linear transformations invertible. Thus y is a regular value of g o f on Q.
What of wlj in K; where K; is unbounded? As observed, the sum of sgn (detD f (z))

~1 . ~ .
forze f (:1:’]) isd (f,Q,:c’j) and is O because the degree is constant on K; which is

unbounded.
From the definition of the degree, the left side of 13.8 d (go f,Q,y) equals

Z {sgn (deth (f(z))) sgn (deth(z)) 1z € j?i1 (Qfl (y))}

The §~' (y) are the w‘j Thus the above is of the form

:ZZ Z sgn (det (Dg (w’]))) sgn (det (Df(z)))
[ ] zef*l (m,j)
As mentioned, if a:’] € K; an unbounded component, then
Y sgn(det(Dg(')))sgn (det (Df(z))) =0
zefﬁl (w'/)

and so, it suffices to only consider bounded components in what follows and the sum makes
sense because there are finitely many «; in bounded K;. This also shows that if there are
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no bounded components of f (8Q)C, thend (go f,Q,y) =0. Thus d (go f,Q,y) equals

= ;;sgn (det (Dg (m’l))) Y sen (det (Df(z)))

zej:"fl (ac’]>

= Zd(g’Khy)d(faQaI{l)
To explain the last step,

Z sgn(det(Df(z)))Ed(f,Q,m?):d(f,Q,Ki>.

zef (=)

This proves the product formula because g and f were chosen close enough to f, g respec-
tively that

Zd (faQaKl)d(g7Kay) = Zd(fagaKl)d(gﬂKhy) u

Before the general Jordan separation theorem, I want to first consider the examples of
most interest.

Recall that if a function f is continuous and one to one on a compact set K, then f
is a homeomorphism of K and f (K). Also recall that if U is a nonempty open set, the
boundary of U, denoted as dU and meaning those points & with the property that for all
r >0 B(z,r) intersects both U and US, is U\ U.

Proposition 13.6.4 Let C be a compact set and let f : C — D C RP, p > 2 be one to
one and continuous so that C and f (C) = D are homeomorphic. Suppose C€ has only one
connected component so C€ is connected. Then D also has only one component.

Proof: Extend f, using the Tietze extension theorem on its entries to all of R” and let
g be an extension of £~ ! to all of R”. Suppose D€ has a bounded component K. Then
from Lemma 13.6.1,dK C D, g (dK) C g (D) =C. It follows that d (f 0 g,K, z) = | where
z € K because on dK, fog =id.

If z € K, then z # fog (k) for any k € JK because fog = id on dK C C, this by
Lemma 13.6.1. Then g (9K)“ D CC. If Q is a bounded component of g (9K) then if Q
contains a point of C€ it follows that C€ is connected, has no points of C and hence no
points of g (9K) so Q D C€ and Q is not bounded after all. Thus g (9K)C has no bounded
components. Then from the product formula Theorem 13.6.3, d (f 0 g,K, z) = 0 which is
a contradiction. Thus there is no bounded component of D. H

This says that if a compact set H fails to separate R” and if f is continuous and one to
one, then also f (H) fails to separate R?.

It is obvious that the unit sphere SP~! divides R? into two disjoint open sets, the inside
and the outside. The following shows that this also holds for any homeomorphic image of
sp=1.

Proposition 13.6.5 Let B be the ball B(0,1) with SP~" its boundary, p > 2. Suppose
f:srlsc=f (S”’l) C R? is a homeomorphism. Then C€ also has exactly two com-
ponents, one bounded and one unbounded.
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Proof: By Proposition 13.6.4 there is at least one component of f (8B)C called K since
it is clear that (SP’I)C is not connected. Let f denote the extension of f to all of R” and
let g = f ' on f(dB) where g is also extended using the Tietze extension theorem to all
of R”. Let H be the unbounded component of R” \ P~

From Lemma 13.6.1, dK C f (dB) so g (dK) C dB. Also,

fog(dK)C fog(f(dB))=f(dB).

Recall that K has no points in f (dB) so if p € K, then p cannot be in f (dB) and conse-
quently p cannot be in f o g (dK) either. Summarizing this,

dKC f(dB), g(dK) CdB, fog(dK)NK=0
Then picking p € K, by the product rule,
I =d(id,K.p)=d(fog,K.p) =} d(g.K,01)d (f,0:.p)

where here the Q; are the bounded components of (g (dK ))C These are maximal open
connected sets in R”. Recall g (dK) C dB. If Q; has a point of H, then H would be
connected and contain no points of g (dK) and so H would be contained in Q; which does
not happen because Q; is bounded. Thus Q; C B but also Q; is open and so it must be
contained in B. Now B is connected and open and contains no points of g (dK) because it
contains no points of dB which is a larger set than g (JK) and so in fact Q; = B and there
is only one term in the above sum. Thus, from properties of the degree,

1 = d(id,K,p)=d(fog,K,p)=d(g,K,B)d(f,B,p)
= d(g,K,0)d(f,B,K)=d(go f,B,0)

so by the product rule there is no more than one bounded component of f (aB)C the K just

mentioned. To emphasize this, if you had bounded components K; of f (dB),i < m < oo

Then 1 =d(g,K;,0)d (f,B,K;) =d(go f,B,0), but then, by the product rule, you would
=1

have for K = Ky, 1 =d(go f,B,0) = ZZ’ZOd(g,Ki,Ojd (f,B,K;) = m+ 1. Thus there is
exactly one bounded component of f (9B)C. B
A repeat of the above proof yields the following corollary. Replace B with Q.

Corollary 13.6.6 Let Q CR?, p > 2be a bounded open connected set such that dQC
has two components, a bounded and an unbounded component. Suppose f:9dQ — C =
f (0Q) CRP? is a homeomorphism. Then C€ also has exactly two components, one bounded
and one unbounded.

As an application, here is a very interesting little result. It has to do with d (f,Q, f (x))
in the case where f is one to one and € is open and connected. You might imagine this
should equal 1 or —1 based on one dimensional analogies. Recall a one to one map defined
on an interval is either increasing or decreasing. It either preserves or reverses orientation.
It is similar in n dimensions and it is a nice application of the Jordan separation theorem
and the product formula.

Proposition 13.6.7 Let Q be an open connected bounded set in RP,p > 2 such that
RP\ 0Q consists of two connected components. Let f € C (ﬁ;R” ) be continuous and one
to one. Then f (Q) is the bounded component of RP \ f (dQ) and fory € f(Q),d (f,Q,y)
either equals 1 or —1.
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Proof: By the Jordan separation theorem, Corollary 13.6.6, R” \ f (dQ) consists of
two components, a bounded component B and an unbounded component U. Using the
Tietze extention theorem, there exists g defined on R” such that g = f~' on f (ﬁ) . Thus
on dQ,go f =id. It follows from this and the product formula that

1 :d(1d797g(y)) :d(gofvgvg(y)) :d(ng’g(y))d(f7Q7B)

Therefore, d (f,Q,B) # 0 and so for every z € B, it follows z € f(Q). Thus B C f(Q).
On the other hand, f (Q) cannot have points in both U and B because it is a connected set.
Therefore f (Q) C B and this shows B = f (Q). Thus d (f,Q,B) =d (f,Q,y) for each
Yy € B and the above formula shows this equals either 1 or —1 because the degree is an
integer. l

The one dimensional case also fits into this although it is easier to do by more elemen-
tary means. In the case where n = 1, the argument is essentially the same. There is one and
only one bounded component for R\ f ({a,b}). This shows how to generalize orientation.
It is just the degree. One could use this to describe an orientable manifold without any
direct reference to differentiability.

In the case of f(SP~') one wants to verify that this is the is the boundary of both
components, the bounded one and the unbounded one.

Theorem 13.6.8 Lt 57! be the unit sphere in RP, p > 2. Suppose v : SP~! T C
R? is one to one onto and continuous. Then R \ T consists of two components, a bounded
component (called the inside) U; and an unbounded component (called the outside), U,,.
Also the boundary of each of these two components of RP\T is I" and T has empty interior.

Proof: ~~!is continuous since S”~! is compact and - is one to one. By the Jordan

separation theorem, R? \I" = U, UU; where these on the right are the connected compo-
nents of the set on the left, both open sets. Only U; is bounded. Thus TUU; UU, = R?.
Since both U;, U, are open, dU = U\ U for U either U, or U;. If & € T', and is not a limit
point of Uj;, then there is B (i, r) which contains no points of U;. Let S be those points @ of
I for which, B (z,r) contains no points of U; for some r > 0. This S is open in . Let I be
'\ S. Then if C=~"" (f‘) , it follows that C is a closed set in SP~'and is a proper subset
of §P~!. Tt is obvious that taking a relatively open set from S?~! results in a compact set
whose complement in R” is an open connected set. By Proposition 13.6.4, R? \f is also an
open connected set. Start with « € U; and consider a continuous curve which goes from x
to y € U, which is contained in R” \f" . Thus the curve contains no points of [". However,
it must contain points of I" which can only be in S. The first point of I" intersected by this
curve is a point in U; and so this point of intersection is not in S after all because every ball
containing it must contain points of U;. Thus S = @ and every point of T"is in U;. Similarly,
every point of Tis in U,. Thus ' C U; \ U; and T’ C U, \ U,. However, if x € U; \ U;, then
x ¢ U, because it is a limit point of U; and so « € I. It is similar with U,,. Thus I = U; \ U;
and I' = U, \ U,. This could not happen if I" had an interior point. Such a point would be
in I but would fail to be in either JU; or JU,. R

When p = 2, this theorem is called the Jordan curve theorem.

What if 4 maps B to R” instead of ~ only being defined on S”~!? Obviously, one should
be able to say a little more.

Corollary 13.6.9 Let B be an open ball and let ~ : B — RP be one to one and contin-
uous. Let U;,U, be as in the above theorem, the bounded and unbounded components of
v (dB)C. Then U; = ~ (B).
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Proof: This follows from Proposition 13.6.7.

Note how this yields the invariance of domain theorem. If f is one to one on U an open
set, you could consider B C U and then f (B) is the bounded component of f (9B) . You
can do this for each ball contained in U. Thus f (U) is open.

13.7 General Jordan Separation Theorem

What follows is the general Jordan separation theorem. First note that if C, D are compact
sets and f : C — D is a homeomorphism, continuous, one to one and onto, then if C,D are
both in R and if CC, has no bounded components, then C would be a closed interval and so
would D. Thus C¢, D¢ have the same number of bounded components. In general for R”,
Proposition 13.6.4 says C¢, D¢ both have no bounded components together. The Jordan
Separation Theorem shows that C¢, D€ have the same number of bounded components in
general.

Lemma 13.7.1 Let Q be a bounded open set in R?, f € C(Q;R?), and suppose the
sequence {Q;}r | are disjoint open sets contained in Q such that

y¢f (Q\U;(’:lgj)

Then d (f,Q,y) = Y7_1d (f,Q;),y) where the sum has only finitely many terms equal to
0.

Proof: By assumption, the compact set f ! (y) = {w €eQ: f(x)= y} has empty
intersection with Q '\ U7 1€2; and so this compact set is covered by finitely many of the Q;,

say {Qq, -+, Qu,1tandy & f (U;":nﬂj) - By Theorem 13.2.2 and letting O = U7_,Q;,

n—1 oo
p= =

because d (f,0,y) =0asisd (f,Q;,y) forevery j >n. A

Theorem 13.7.2 (Jordan separation theorem) Let f be a homeomorphism of C and
f (C) = D where C is a compact set in RP. Then RP \ C and RP \ D have the same number
of connected components.

Proof: If either C or D has no bounded components, then so does the other, this from
Proposition 13.6.4. Let f denote a Tietze extension of f to all of R” and let g be a Tietze
extension of f ! to all of R”. Let the bounded components of C¢ be {J:}'_, = # andlet
the bounded components of D¢ be {K,} | = ,n,m < 0. If both are oo then we consider
the theorem proved. Assume one of n,m is less than e. Pick =, € J, and y, € K;. By
Lemma 13.6.1, dK; C D and so g (dK;) Cg(D)=C. fog(dK;) C f(C)=Dand K;is a
component of D€ and so y, ¢ fog(dK;). Then from the definition of the degree and its

properties along with the product formula,

1=d(fog,Ks,y,) = Z_d(g,Ks, 0,)d(f,0),y;) (13.10)
J

where the Q; are the bounded components of g (3Ks)c. If the unbounded component of
CC is U, then considering Q j, it can’t have any point of U. This is because U has no points
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of g (dKy) a smaller set than C and so Q;UU would be connected, open, and contained
ing (8KS)C so it would equal Q; resulting in Q; not being bounded after all. Could Q;
intersect some J,? If it does, then J, C Q; because J, is connected and does not intersect
g (9K,)C. Consider f (Oj\\U _7;) where ¢; are the components J, contained in Q;. Is
ys € £ (O;\U _7;)? From Lemma 13.6.1, 0Q; C g (dK,) € C so f(9Q;) C 9K, and so
Yy, & f(dQ;). Suppose y, = f (z) where z € Q;. If z is not in any of the J, but is in Q then
z € Cso f(z) =y, € D.But y, is in K; a component of D so this is impossible. Hence
z is in one of the J, and so this J, is in _¢#;. Therefore, y, ¢ f (Qj\U /,) and so we can
apply Lemma 13.7.1 in 13.10. First note that if J. € _#; then d (g,K;,Q;) = d (g,K;,J;)

=d(fog,K,y,) =Y d (9K, 0)d (£,05,y,) =Y. Y d(g,K.,J)d(f.J,y,)
J JjJEZ;

Since the Q; cover at least CC, it follows that each J intersects some Q; and from the above
is contained in Q;. Thus the _#; cover U_Z . Therefore, the above equals
n
= Z d(g,Ks,J)d (fJ,y,) Z (9,Ks,Jr)d (f,Jr, Ks)
Je g r=1

where ¢ is the set of components of CC€. Recall that in the product formula the sums are
finite. Then adding over s, it follows

HM§

n
Z (g,Ks, ) d (o7, Ky)

However, we could do the same thing in the other order starting with components in C¢
and obtain

1= Zd(gaKS7Jr)d(fa]r7Ks)

s=1

and then summing over 7,

)

r=l1s

m n

d(9,Ks,Jr)d (fJr.Ks) = Z Zd(gaKer)d(faJhKS) =m. B

1 s=1r=1

Ms

13.8 Uniqueness of the Degree

I am mainly interested in the topological theorems which can be proved using the above
topological degree. To me this justifies its importance. Nevertheless, there are other meth-
ods for finding the degree which are based more directly on topological considerations and
algebra. These other methods are older than the presentation given here. Nevertheless if
the degree satisfies the properties of the degree given in Theorem 13.2.2 along with the
following condition, then this is sufficient to determine the degree.

Condition 13.8.1 Ler f : B(w,R) — R? be such that ' (f (w)) = {w} and suppose
Df (w) is invertible. Then d (f,B(w,R), f (w)) =sgn (det (D f (w))).

This follows from a repeat of the arguments which led to the degree in the above.
Homotopy invariance and the properties of Theorem 13.2.2 can be used to get the same
definition of the degree for continuous functions given in the above. From this all the rest
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followed. In an appendix to my book “Linear Algebra and Analysis” such an approach to
the degree based on algebra is given and it verifies the above condition. Thus this other
approach based on homology gives the same degree function. Also, the above condition
will end up following from Theorem 13.2.2 and by insisting that if s (x) = & where & has
two components switched so it corresponds to that elementary matrix then the degree is
—1, this will suffice with the other properties to show the above condition. This process
is followed in that other approach to the degree. That something more is required follows
because the degree also keeps track of orientation.

13.9 Exercises

1. Show that if yy,---,y, in R\ £ (9Q), then if f has the property that
| 77| < mindist(y,. £ (02)).
) i<r
thend (f,Q,y;,)=d (f,Q,y,») for each y;. Hint: Consider for

re0.1.f @) +1(f (@)~ £ @) -y,
and homotopy invariance.

2. Show the Brouwer fixed point theorem is equivalent to the nonexistence of a contin-
uous retraction onto the boundary of B (0, 7).

3. Give a version of Proposition 13.6.7 which is valid for the case where n = 1.

4. Tt was shown that if lim g e |f (z)| = oo, f : R" — R" is locally one to one and
continuous, then f maps R” onto R”. Suppose you have f : R™ — R” where f is
one to one, continuous, and lim|g|_,. |f (x)| = e, m < n. Show that f cannot be
onto.

5. Can there exist a one to one onto continuous map, f which takes the unit interval to
the unit disk?

6. Let m < n and let B, (0,r) be the ball in R™ and B, (0,r) be the ball in R”. Show
that there is no one to one continuous map from By, (0,r) to B, (0,r). Hint: It is like
the above problem.

7. Consider the unit disk, {(x,y) : x> +y* < 1} = D and the annulus

1
{(x,y): §x2+y2 < 1} =A.

Is it possible there exists a one to one onto continuous map f such that f (D) = A?
Thus D has no holes and A is really like D but with one hole punched out. Can you
generalize to different numbers of holes? Hint: Consider the invariance of domain
theorem. The interior of D would need to be mapped to the interior of A. Where do
the points of the boundary of A come from? Consider Theorem 3.11.3.
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10.

11.
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Suppose C is a compact set in R” which has empty interior and f : C - T CR" is
one to one onto and continuous with continuous inverse. Could I" have nonempty
interior? Show also that if f is one to one and onto I' then if it is continuous, so is

.

Let K be a nonempty closed and convex subset of R”. Recall K is convex means that
if x,y €K, thenforalls € [0,1],fx+ (1 —1)y € K. Show that if € R? there exists
a unique z € K such that |z — z| = min{|x —y|: y € K}. This z will be denoted
as Px. Hint: First note you do not know K is compact. Establish the parallelogram
identity if you have not already done so,

lu—v +|u4v|* =2ul*+2v).
Then let {z;} be a minimizing sequence,
lim |z — x> =inf{|lz —y|:y €K} = A.
k—reo
Using convexity, explain why

2 2
r—Z

2

x— 2z,

2

2
Zk— Zm

2

=2 +2

2
Zk+ 2,
x_
2

and then use this to argue {z;} is a Cauchy sequence. Then if z; works fori = 1,2,
consider (z1 + z3) /2 to get a contradiction.

In Problem 9 show that Px satisfies the following variational inequality. (z—Px) -
(y—Px) <0 for all y € K. Then show that |Px; — Px;| < |z — x2|. Hint: For the
first part note that if y € K, the function

t = |lz— (Pz+1t(y—Px))]
achieves its minimum on [0, 1] at # = 0. For the second part,
(x1 — Pxy) - (Pxy — Pxy) <0, (X2 — Pxy) - (P2) — P2p) < 0.

Explain why
(xy — Pz — (1 — Pxy)) - (P2 — Px1) >0

and then use a some manipulations and the Cauchy Schwarz inequality to get the
desired inequality.

Suppose D is a set which is homeomorphic to B(0,1). This means there exists a

continuous one to one map, h such that h (B (0, 1)) = D such that h~! is also one

to one. Show that if f is a continuous function which maps D to D then f has a fixed
point. Now show that it suffices to say that h is one to one and continuous. In this
case the continuity of ™! is automatic. Sets which have the property that continuous
functions taking the set to itself have at least one fixed point are said to have the fixed
point property. Work Problem 7 using this notion of fixed point property. What about
a solid ball and a donut? Could these be homeomorphic?

Using the definition of the derivative and the Vitali covering theorem, show that
if fec! (U,]R”) and dU has n dimensional measure zero then f (dU) also has
measure zero. (This problem has little to do with this chapter. It is a review.)
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Suppose Q is any open bounded subset of R” which contains 0 and that f : Q — R”
is continuous with the property that f (x)-a > 0 for all x € Q. Show that then
there exists © € Q such that f () = 0. Give a similar result in the case where
the above inequality is replaced with <. Hint: You might consider the function
ht,z)=tf(x)+(1—1).

Suppose £ is an open set in R” containing 0 and suppose that f : Q — R" is continu-
ous and | f (x)| < |z| for all € dQ. Show f has a fixed point in Q. Hint: Consider
h(t,z)=t(x— f(x))+(1—t)xfort €[0,1]. If t = 1 and some x € IQ is sent to
0, then you are done. Suppose therefore, that no fixed point exists on dQ. Consider
¢t < 1 and use the given inequality.

Let © be an open bounded subset of R” and let f,g : Q — R” both be continu-
ous, 0 ¢ f(dQ), such that |f (x)| —|g(x)| > 0 for all x € JQ. Show that then
d(f—g,Q,0)=d(f,Q,0). Show that if there exists 2 € f~! (0), then there exists
x € (f—g)~' (0). Hint: Consider h(r,z) = (1 —1) f (z) 4+t (f (x) — g ()) and
argue 0 ¢ h(1,0Q) fort € [0,1].

Let f: C — C where C is the field of complex numbers. Thus f has a real and
imaginary part. Letting z = x+ iy, f (z) = u(x,y) +iv(x,y). Recall that the norm in
C is given by |x+iy| = y/x2+y? and this is the usual norm in R? for the ordered
pair (x,y). Thus complex valued functions defined on C can be considered as R?
valued functions defined on some subset of R%. Such a complex function is said to
be analytic if the usual definition holds. That is f’ (z) = limy,_o M In other
words,

fa+h) =f@)+f ()h+o(h) (13.11)

at a point z where the derivative exists. Let f(z) = " where n is a positive integer.
Thus 7" = p (x,y) +iq (x,y) for p,q suitable polynomials in x and y. Show this func-
tion is analytic. Next show that for an analytic function and « and v the real and
imaginary parts, the Cauchy Riemann equations hold, u, = vy, uy, = —vy. In terms of
mappings show 13.11 has the form

u(x+hy,y+hy)
v(x+h1,y+h2)

= (s ) (i) Bl ) (i ) ot
= () () ) () o

where h = (I ,hz)T and A is given by hj + ihy. Thus the determinant of the above
matrix is always nonnegative. Letting B, denote the ball B(0,r) = B((0,0),r) show
d(f,B,,0) =n where f(z) =7". As a mapping on R?, f (x,y) = ( :8’;}; ) . Thus
show d (f,B,,0) = n. Hint: You might consider g (z) = []}_, (z— a;) where the a;
are small real distinct numbers and argue that both this function and f are analytic
but that O is a regular value for g although it is not so for f. However, for each a;
small but distinct d (f,B,,0) =d (g, B,,0).
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Using Problem 16, prove the fundamental theorem of algebra as follows. Let p(z)
be a nonconstant polynomial of degree n, p(z) = a,z" + a,_12"~' +--- Show that
for large enough r, |p (z)| > |p (z) — anz"| for all z € dB(0,r). Now from Problem 15
you can conclude d (p,B,,0) =d (f,B,,0) = n where f(z) = a,z".

Suppose f : R? — R? satisfies | f (z) — f (y)| > a |z —y|, & > 0. Show that f must
map R” onto R”. Hint: First show f is one to one. Then use invariance of domain.
Next show, using the inequality, that the points not in f (R”) must form an open set
because if y is such a point, then there can be no sequence {f (x,)} converging to
it. Finally recall that R? is connected.

Suppose D is a nonempty bounded open set in R? and suppose f : D — dD is con-
tinuous with f () = « for © € dD. Show this cannot happen. Hint: Let y € D
and note that id and f agree on dD. Therefore, from properties of the degree,
d(f,D,y)=d(id,D,y). Explain why this cannot occur.

Assume D is a closed ball in R? and suppose f : D — D is continuous. Use the
above problem to conclude f has a fixed point. Hint: If no fixed point, let g (x) be
the point on dD which results from extending the ray starting at f () to . This
would be a continuous map from D to dD which does not move any point on dD.
Draw a picture. This may be the easiest proof of the Brouwer fixed point theorem
but note how dependent it is on the properties of the degree.



Appendix A

Basic Vector Analysis

A.1 The Cross Product

The cross product is the other way of multiplying two vectors in R>. It is very different
from the dot product in many ways. First the geometric meaning is discussed and then
a description in terms of coordinates is given. Both descriptions of the cross product are
important. The geometric description is essential in order to understand the applications
to physics and geometry while the coordinate description is the only way to practically
compute the cross product.

Definition A.1.1 Tnree vectors a,b,c form a right handed system if when you ex-
tend the fingers of your right hand along the vector a and close them in the direction of b,
the thumb points roughly in the direction of c.

For an example of a right handed system of vectors, see the following picture.

In this picture the vector ¢ points upwards from the plane determined by the other
two vectors. You should consider how a right hand system would differ from a left hand
system. Try using your left hand and you will see that the vector ¢ would need to point in
the opposite direction as it would for a right hand system.

From now on, the vectors ¢, 7,k will always form a right handed system. To repeat,
if you extend the fingers of our right hand along ¢ and close them in the direction j, the
thumb points in the direction of k.

k The following is the geometric description of the cross
product. It gives both the direction and the magnitude and
therefore specifies the vector.

Definition A.1.2 et a and b be two vectors in R3.
i Then a x b is defined by the following two rules.

1. |a x b| = |a||b|sin B where 6 is the included angle.

2.axb-a=0,axb-b=0,and a,b,a x b forms a right hand system.

Note that |a x b| is the area of the parallelogram spanned by a and b.

329
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The cross product satisfies the following properties.
axb=—-(bxa),axa=0, (1.1)

For « a scalar,
(aa)xb=o(axb)=ax(ab), (1.2)

For a,b, and c vectors, one obtains the distributive laws,
ax(b+c)=axb+axc, (1.3)

(b+c)xa=bxa+cxa. (1.4)

Formula 1.1 follows immediately from the definition. The vectors a x b and b x a
have the same magnitude, |a||b|sin 6, and an application of the right hand rule shows they
have opposite direction. Formula 1.2 is also fairly clear. If ¢ is a nonnegative scalar, the
direction of (@) xb is the same as the direction of a x b,o (a x b) and ax (ab) while
the magnitude is just ¢ times the magnitude of a x b which is the same as the magnitude
of a(a xb) and ax (ab). Using this yields equality in 1.2. In the case where o < 0,
everything works the same way except the vectors are all pointing in the opposite direction
and you must multiply by |&| when comparing their magnitudes. The distributive laws are
much harder to establish but the second follows from the first quite easily. Thus, assuming
the first, and using 1.1,

(b+c)xa=—-ax(b+c)=—(axb+axc)=bxa+cxa.

A proof of the distributive law is given later.
Now from the definition of the cross product,

ixj=k, jxi=-k
kxi=3j, ixk=—j
jxk=14, kxj=—i

With this information, the following gives the coordinate description of the cross product.

Proposition A.1.3 Let a = aji+ayj +azk and b = byi + byj + b3k be two vectors.
Then
axb= (azbg 7a3b2) 1+ (a3b1 7a1b3)j-|— (a1b2 7a2b1)k. (1.5)

Proof: From the above table and the properties of the cross product listed,
(a1i+azj +ask) x (bri+byj +b3k) =

arbyt X j+a1byi X k+axb1j xt+axb3j x k+asbik x 1+ asbyk x g



A.l1. THE CROSS PRODUCT 331

=aibyk —a1b3j —axb1k + apyb3i +asbj — azbyi
= (a2b3 7a3b2) 1+ (a3b1 7a1b3)j—|- (a1b2 7a2b1)k (1.6)
|

It is probably impossible for most people to remember 1.5. Fortunately, there is a
somewhat easier way to remember it.

i J k
axb=|a a a3 (1.7
by by b3

where you formally expand the determinant along the top row. For those who have not seen
determinants, here is a short description. All you need here is how to evaluate 2 x 2 and
3 x 3 determinants.

x oy |_
ZW‘—xw vz
and
a boc z X z X
xyzzay —b +c Y
vow u u v
u v ow

Here is the rule: You look at an entry in the top row and cross out the row and column
which contain that entry. If the entry is in the i’ column, you multiply (—1) " times the
determinant of the 2 x 2 which remains. This is the cofactor. You take the element in the
top row times this cofactor and add all such terms. The rectangular array enclosed by the
vertical lines is called a matrix and a lot more can be said about these, but this is enough
for our purposes here.

Example A.1.4 Find (i —j+2k) x (3t —2j+ k).

Use 1.7 to compute this.

i i k| -
ST S I Rl S P S P3N U Sl AU PR P
3 o 21 301 3 -2

Example A.1.5 Find the area of the parallelogram determined by the vectors
(i—j+2k), 3i—25+k).
These are the same two vectors in Example A.1.4.

From Example A.1.4 and the geometric description of the cross product, the area is just
the norm of the vector obtained in Example A.1.4. Thus the area is v/9+ 25+ 1 = 1/35.

Example A.1.6 Find the area of the triangle with verticies (1,2,3),(0,2,5), and (5,1,2).

This triangle is obtained by connecting the three points with lines. Picking (1,2,3) as
a starting point, there are two displacement vectors (—1,0,2) and (4, —1, —1) such that the
given vector added to these displacement vectors gives the other two vectors. The area of
the triangle is half the area of the parallelogram determined by (—1,0,2) and (4,—1,—1).
Thus (—1,0,2) x (4,—1,—1) = (2,7,1) and so the area of the triangle is % 44+49+1=
3./6.
2
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Observation A.1.7 In general, if you have three points in R?, P,Q, R the area of the
triangle is given by

Jl@-P)x(R-P).

Q

P R

A.2 The Box Product

Definition A.2.1 a parallelepiped determined by the three vectors a,b, and c con-
sists of
{ra+sb+tc:rs,t €[0,1]}.

That is, if you pick three numbers, r,s, and t each in [0, 1] and form r a+ sb+tc, then the
collection of all such points is what is meant by the parallelepiped determined by these
three vectors.

The following is a picture of such a thing.

A

You notice the area of the base of the parallelepiped, the parallelogram determined by
the vectors a and b has area equal to |a x b| while the altitude of the parallelepiped is
|c|cos © where 0 is the angle shown in the picture between ¢ and a x b. Therefore, the
volume of this parallelepiped is the area of the base times the altitude which is just

la xbl|c|cosd=axb-c.

This expression is known as the box product and is sometimes written as [a,b,c]. You
should consider what happens if you interchange the b with the ¢ or the a with the ¢. You
can see geometrically from drawing pictures that this merely introduces a minus sign. In
any case the box product of three vectors always equals either the volume of the paral-
lelepiped determined by the three vectors or else minus this volume.

Example A.2.2 Find the volume of the parallelepiped determined by the vectors © + 23 —
Sk,i+ 33 —6k,31+27 + 3k.

According to the above discussion, pick any two of these, take the cross product and
then take the dot product of this with the third of these vectors. The result will be either the
desired volume or minus the desired volume.

v J k
(3425 —5k)x (i+3j—6k)=| 1 2 —5|=3i+j+k
1 3 -6
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Now take the dot product of this vector with the third which yields
(3i+j+k)- (3i+2j+3k)=9+2+3=14.

This shows the volume of this parallelepiped is 14 cubic units.
There is a fundamental observation which comes directly from the geometric definitions

of the cross product and the dot product.
Lemma A.2.3 Let a,b, and c be vectors. Then (a xb)-c=a-(bxc).

Proof: This follows from observing that either (a x b) -¢ and a- (b X ¢) both give the
volume of the parallelepiped or they both give —1 times the volume. ll

A.3 Proof of the Distributive Law

Let & be a vector. From the above observation,

z-ax(b+c)=(xxa) (b+c)=(xxa) b+ (xxa) -c

=x-axb+x-axc=z(axb+axc).

Therefore,
z-lax(b+c)—(axb+axc)=0

for all . In particular, this holds for = ax (b4 ¢) — (a x b+ a x ¢) showing that
ax(b+c)=axb+axc
and this proves the distributive law for the cross product.

Observation A.3.1 Suppose you have three vectors, u = (a,b,c),v = (d,e, f), and
w = (g,h,i). Then w-v X w is given by the following.

k

T j
uw-vxw = (abyc)|d e f|=a ¢ f —b d f +c ¢
. h i g i h
g h i
a b c
= det| d e f
g h i

The message is that to take the box product, you can simply take the determinant of the
matrix which results by letting the rows be the rectangular components of the given vectors
in the order in which they occur in the box product.

A.4 Vector Identities and Notation

To begin with consider u X (v X w) and it is desired to simplify this expression. It turns
out this expression comes up in many different contexts. Let w = (u;,uz,u3) and let v and
w be defined similarly.
i J k
vxw=| v vy v3 |=(vawz—viwp)it+ (wivz—viw3)j+ (viwa—vowi)k
wr w2 w3
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Next consider ux (v x w) which is given by
i i k
ux (vXw) = u up u3
(vaw3 —v3wa)  (wivz—viws)  (viwz —vowp)
When you multiply this out, you get

1 (v1u2w2 + uzviw3z —wiupvy — M3W1V3) +3 (vzulwl +Vvow3uz —wouvy — M3W2V3)

+k (M1W1V3 +V3wouy — U1 vViw3 — V2W3u2)

and if you are clever, you see right away that

(ivl +Jva+ kV3) (u1w1 “+ Uurwy +M3W3) — (iwl +gwoy + kW3) (u1v1 +urvy + u3V3) .

Thus
ux (vxw)=v(u - w)—w(u-v). (1.8)
A related formula is
(uxv)xw = —[wx(uxv)]=—|u(w-v)—v(w-u)
= v(wu)—u(w-v). (1.9)

This derivation is simply wretched and it does nothing for other identities which may arise
in applications. Actually, the above two formulas, 1.8 and 1.9 are sufficient for most appli-
cations if you are creative in using them, but there is another way. This other way allows
you to discover such vector identities as the above without any creativity or any cleverness.
Therefore, it is far superior to the above nasty and tedious computation. It is a vector iden-
tity discovering machine and it is this which is the main topic in what follows. I cannot
understand why it is not routinely presented in calculus texts. The engineers I have known
seem to know all about it.

There are two special symbols, 6;; and €;x which are very useful in dealing with vector
identities. To begin with, here is the definition of these symbols.

Definition A.4.1 7ne symbol 8;j, called the Kroneker delta symbol is defined as

follows.
S = Lifi=j
PE\0ifit)

With the Kroneker symbol i and j can equal any integer in {1,2,--- n} for any n € N.

Definition A.4.2 ror i, j, and k integers in the set, {1,2,3}, &;j. is defined as fol-
lows.
Lif (i,j,k) =(1,2,3),(2,3,1), or (3,1,2)
gijn=< —Lif (i,j,k) =(2,1,3),(1,3,2), or (3,2,1)
0 if there are any repeated integers

The subscripts ijk and ij in the above are called indices. A single one is called an index.
This symbol €; i is also called the permutation symbol.
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The way to think of €;; is that €123 = 1 and if you switch any two of the numbers in the
list i, j, k, it changes the sign. Thus &; = —€; and &;;; = —&;; etc. You should check that
this rule reduces to the above definition. For example, it immediately implies that if there
is a repeated index, the answer is zero. This follows because €;;; = —&;;; and so g;;; = 0.

It is useful to use the Einstein summation convention when dealing with these symbols.
Simply stated, the convention is that you sum over the repeated index. Thus a;b; means
Yiaib;. Also, §; jXj means Zj o; xj = x;. When you use this convention, there is one very
important thing to never forget. It is this: Never have an index be repeated more than once.
Thus a;b; is all right but a;;b; is not. The reason for this is that you end up getting confused
about what is meant. If you want to write };a;b;c; it is best to simply use the summation
notation. There is a very important reduction identity connecting these two symbols.

Lemma A.4.3 The following holds.
Eijk€irs = (6jr6ks - 6kr6js) .

Proof: If {j,k} # {r,s} then every term in the sum on the left must have either &;
or & contains a repeated index. Therefore, the left side equals zero. The right side also
equals zero in this case. To see this, note that if the two sets of indices are not equal, then
there is one of the indices in one of the sets which is not in the other set. For example, it
could be that j is not equal to either r or s. Then the right side equals zero.

Therefore, it can be assumed {j,k} = {r,s}. If i =r and j = s for s # r, then there
is exactly one term in the sum on the left and it equals 1. The right also reduces to 1
in this case. If i = s and j = r, there is exactly one term in the sum on the left which is
nonzero and it must equal —1. The right side also reduces to —1 in this case. If there is
a repeated index in {j,k}, then every term in the sum on the left equals zero. The right
also reduces to zero in this case because then j = k = r = s and so the right side becomes

MM =(=H(-1)=0.m
Proposition A.4.4 Let u,v be vectors in RP where the Cartesian coordinates of u are
(u1,--- ,up) and the Cartesian coordinates of v are (vi,---,vp). Then w-v = uv;. If u,v
are vectors in R, then

(u X v)i = & jkUjVk-
Also, dya, = a;.

Proof: The first claim is obvious from the definition of the dot product. The second is
verified by simply checking it works. For example,

i j k
UXV=| Uy U U3
Vi v2 V3

and so
(u X ’U)l = (u2v3 — M3V2) .

From the above formula in the proposition,
E1jkUjVk = U2V3 — U3 V2,

the same thing. The cases for (u x v), and (u x v) are verified similarly. The last claim
follows directly from the definition.

With this notation, you can easily discover vector identities and simplify expressions
which involve the cross product.
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Example A.4.5 Discover a formula which simplifies (u X v) Xw.
From the above reduction formula,

(wxv)xw); = gj(ux v)j Wk = €;jk€ jrsUrVsWi

—E&ik€ jrsUrVsWk = — (8,’,6]“ - 6[56kr) UrVswi

— (Uiviwg — Ugviwy) = w-wWv; — v - wu;

= ((w-w)v—(v-w)u),.
Since this holds for all i, it follows that

(uxv)xw=(u-w)v— (v w)u.

A.5 Divergence and Curl of a Vector Field

Here the important concepts of divergence and curl are defined in terms of rectangular
coordinates.

Definition A.5.1 e f:U —R? for U CRP denote a vector field. A scalar valued
function is called a scalar field. The function f is called a C* vector field if the function f
is a C* function. For a C' vector field, as just described V - f (x) = div f (x) known as the
divergence, is defined as

B

2 of
V~f(w)5divf(m)5§ . (x).

NS

Using the repeated summation convention, this is often written as
fii(x) = difi(z)

where the comma indicates a partial derivative is being taken with respect to the i'" variable
and 9; denotes differentiation with respect to the i'" variable. In words, the divergence is
the sum of the i'* derivative of the i'" component function of f for all values of i. If p =3,
the curl of the vector field yields another vector field and it is defined as follows.

(curl (f) (2)); = (V x f (®)); = €ixdjfi ()

where here d; means the partial derivative with respect to x;j and the subscript of i in
(curl (f) (x)); means the i'" Cartesian component of the vector curl (f) (x). Thus the curl
is evaluated by expanding the following determinant along the top row.

7 k
2 9
dy dz
fl (x,y,z) fZ(xvva) f3(-x,y7Z)

Note the similarity with the cross product. Sometimes the curl is called rot. (Short for
rotation not decay.) Also

i
9
dx

Vif=V.(Vf).
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This last symbol is important enough that it is given a name, the Laplacian.It is also de-
noted by A. Thus sz = Af. In addition for f a vector field, the symbol f -V is defined as
a ‘“differential operator” in the following way.

F-Vig =h (m)agi)(czf)+fz(az)ag7)(czm)++ﬁ)(w) agi:)

Thus f -V takes vector fields and makes them into new vector fields.

This definition is in terms of a given rectangular coordinate system but later coordinate
free definitions of the curl and div are presented. For now, everything is defined in terms
of a given Cartesian coordinate system. The divergence and curl have profound physical
significance and this will be discussed later. For now it is important to understand their
definition in terms of coordinates. Be sure you understand that for f a vector field, div f
is a scalar field meaning it is a scalar valued function of three variables. For a scalar field
f. Vfis a vector field described earlier. For f a vector field having values in R?, curl f is
another vector field.

Example A.5.2 Let f (x) =xyi+ (z—y)J + (sin(x) +z) k. Find div f and curl f.
First the divergence of f is

d(xy) d(z—y)  Jd(sin(x)+z)
ox + dy + dz

=y+(-1)+1=y.

Now curl f is obtained by evaluating

]

o &

3
ox z
xy z—y sin(x)+z

Q
|

J
9
dy

i(55 60+~ 5 c-) - (5 G0 +a) - 2 ()] +

k (aax(z—y)—gy(xy)) = —i—cos(x)j —xk.

A.6 Vector Identities

There are many interesting identities which relate the gradient, divergence and curl.

Theorem A.6.1 Assuming f,g are a C? vector fields whenever necessary, the fol-
lowing identities are valid.

1. V- (Vxf)=0
2. VxVp=0

3. VX (VX f)=V(V-f)—V>f where V?f is a vector field whose i component is
V2 fi.

4 V- (fxg) =g (Vxf)—F(Vxg)
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5. Vx(fxg)=(V-9) f=(V-flg+(gV)f-(fV)g

Proof: These are all easy to establish if you use the repeated index summation conven-
tion and the reduction identities.

0 (VX f); = 0i (€9 fx) = €ijx0; (9;fx)

€ikd; (i fi) = —€ijxd; (9ifk) = —€ij0i (djfi)
V- (Vxf).

V(Vxf)

This establishes the first formula. The second formula is done similarly. Now consider the
third.

(V X (V X f))z = ei/kaj (V X f)k = gijkaj (ekrsarfs)

=&ijk
~~

= Ekij ekrsaj (arfv) = 5ir6js - 6is8jr) aj (arfs)

= 0;(9if;) — 9;(9;fs) = i (9;f;) — 9, (9;fi)

)

This establishes the third identity.
Consider the fourth identity.

V-(fxg) = 9di(fxg);=de€infis

= € (9if)) gk +€ijufi (digk)
(€1j9if7) 8k — (€jik0igk) fi
= Vxf.g—Vxg-f.

This proves the fourth identity.
Consider the fifth.

(Vx(fxg)); = ¢€iudj(f*xg)=€ijkdj€krstrgs

€kij€krs9j (fr8s) = (8ir0 js — 8is8 jr) I; (fr8s)
d;(figj) — 9; (fisi)

(0j8)) fi+8;9ifi — (9;f;) & — £ (9j8i)

= (V-@)f+(g-V)(£)=(V-Flg—(f-V)(9);

and this establishes the fifth identity. ll
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Curvilinear Coordinates

B.1 Basis Vectors

In this chapter, I will use the repeated index summation convention unless stated otherwise.
Thus, a repeated index indicates a sum. Also, it is helpful in order to keep things straight
to always have the two repeated indices be on different levels. That is, I will write a{ bj and

not a;;b;. The reason for this will become clear as the exposition proceeds.
The usual basis vectors are denoted by 2, , k and are as the following picture describes.
K The vectors, ¢, 7, k, are fixed. If v is a vector, there are unique scalars called
components such that v = v+ v2j+ vk . This is what it means that 1,9,k

! j isabasis.
Now suppose ey, ez, e; are three vectors which satisfy

e Xep-e3 ;é().

Recall this means the volume of the box spanned by the three vectors is not zero.
es Suppose ey, e, e are as just described. Does it follow that they form
a basis? In other words, for any vector v, there are unique scalars v such
% that v = v'e;. Of course this is the case because the box product is really

€1 the determinant of the matrix which has e; as the i row (column). This is
the content of the following theorem.
Theorem B.1.1 If e, en,e5 are three vectors, then they form a ba-
sis if and only if

e xey-e3#£0.

This gives a simple geometric condition which determines whether a list of three vectors
forms a basis in R3. One simply takes the box product. If the box product is not equal to
zero, then the vectors form a basis. If not, the list of three vectors does not form a basis.
This condition generalizes to R” as follows. If e; = a1}, then {e;}?_, forms a basis if and

only if det (al’) #£0.
These vectors may or may not be orthonormal. In any case, it is convenient to define
something called the dual basis.

Definition B.1.2 L. {e; le form a basis for RP. Then {ei f:l is called the dual
basis if

i _si_ ) 1ifi=]
e e/_éj_{Oifi#j ) 2.1
Theorem B.1.3 If{e;}'_, is a basis then {ei}le is also a basis provided 2.1 holds.

Proof: Suppose
v =ve'. (2.2)

Then taking the dot product of both sides of 2.2 with e;,yields
vi="v-e;. 2.3)

339
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Thus there is at most one choice of scalars v; such that v = v jej and it is given by 2.3.
('u—'u-ejej) e =0

and so, since {e,-}f:1 is a basis,
(v—v-eje/)-w=0

for all vectors w. It follows v — v - ejej = 0 and this shows {ei}le is a basis.

In the above argument are obtained formulas for the components of a vector v, v;,
with respect to the dual basis, found to be v; = v-e;. In the same way, one can find the
components of a vector with respect to the basis {e; ip:1 . Let v be any vector and let

v=1rle;. (2.4)

Then taking the dot product of both sides of 2.4 with e’ we see v/ = e’ - v.
Does there exist a dual basis and is it uniquely determined?

Theorem B.1.4 If {e,-}f:l is a basis for R then there exists a unique dual basis,
{ej }fz | satisfying

el-e = 5{ .
Proof: First I show the dual basis is unique. Suppose { f/ }?:1 is another set of vectors
which satisfies f/ - e; = 5{ Then
fl=f-ee =8le=¢€

Note that from the definition, the dual basis to {’L /}?:1 is just i/ =4 j- It remains to verify
the existence of the dual basis. Consider the matrix g;; = e; - e;. This is called the metric
tensor. If the resulting matrix is denoted as G, does it follow that G™! exists? Suppose you
have e; - ejx/ = 0. Then, since i is arbitrary, this implies e ;x/ = 0 and since {e;} is a basis,
this requires each x/ to be zero. Thus G is invertible. Denote by g/ the i entry of this
inverse matrix. Consider e/ = g/e;. Is this the dual basis as the notation implies?

. . . 4
e-ei=g"er-ei =g g1 = 9]

so yes, it is indeed the dual basis. This has shown both existence and uniqueness of the
dual basis. H
From this is a useful observation.

Proposition B.1.5 {e;}_, is a basis for R? if and only if when e; = aljij, det (a{) #£0.

Proof: First suppose {e;}?_, is a basis for R?. Letting A;; = alj , we need to show that
det(A) # 0. This is equivalent to showing that A or AT is one to one. But

axX=0=axij=0=ex'=0=x"=0

so AT is one to one if and only if det(A) = det (A”) #0.
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Conversely, suppose A has nonzero determinant. Why are the e; a basis? Suppose
xkey = 0. Is each x* = 0? Then x*a]i; = 0 and so for each j, ajx* = 0 and since A has
nonzero determinant, x* = 0. H

Summarizing what has been shown so far, we know that {e;}?_, is a basis for R” if and

only if when e; = a; 1,

det (a{) £0. 2.5)
If {e;}/_, is a basis, then there exists a unique dual basis, {e’}"_, satisfying
el e =5/, (2.6)
and that if v is any vector, ' ‘
v=ve/, v="le;. 2.7

The components of v which have the index on the top are called the contravariant compo-
nents of the vector while the components which have the index on the bottom are called the
covariant components. In general v; # v/! We also have formulae for these components in
terms of the dot product. ‘ ‘

vi=v-ej, vV =v-e. (2.8)

As indicated above, define g;; = e; - e; and ¢/ = e'-e/. The next theorem describes the
process of raising or lowering an index.

Theorem B.1.6 7he following hold.

gijej =, gijej =€, 2.9)
glvi =V, gl = v, (2.10)
/g = 5y, 2.11)

det (g;j) >0, det (g") > 0. 2.12)

Proof: First,
e'=¢e-elej=g'¢;

by 2.7 and 2.8. Similarly, by 2.7 and 2.8,
e = el--ejej = gl-jej.
This verifies 2.9. To verify 2.10,
vi=ev :gijej-v :gijvj.

The proof of the remaining formula in 2.10 is similar.
To verify 2.11,

glgu=eelejer=((e")e)) ex=e' e =5

This shows the two determinants in 2.12 are non zero because the two matrices are inverses
of each other. It only remains to verify that one of these is greater than zero. Letting
e; = ajij = b%i/, we see that since i; = 3/,a] = b',. Therefore,
k k

2

ra’

e;-ej=ali, bli = afb',iﬁf =d'b] = d|
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It follows that for G the matrix whose ij™" entry is e; - €, G = AAT where the ik’ entry of
Ais a. Therefore, det (G) = det (A) det (A7) = det (A)* > 0. It follows from 2.11 that if H
is the matrix whose i/ entry is g'/, then GH =I and so H = G~! and

det(G)det (G™') = det (") det (G) = 1.

Therefore, det (G‘l) > (0 also. B
Note that det (AA”) > 0 always, because the eigenvalues are nonegative.
As noted above, we have the following definition.

Definition B.1.7 7he matrix (g; i) = G is called the metric tensor.

B.2 Exercises

1.

Lete; =i+ j,e,=i—j,e;=j+k.Finde' e?, e, (8ij) 5 (gij) JIf
v=1+25+k, find v and vj, the contravariant and covariant components of the
vector.

Lete! =2i+j,e’ =i—2j,e’ =k.Find e|, e, €3, (g;7), (g") . If
v =21—2j+k, find v and v;, the contravariant and covariant components of the

vector.

Suppose e, e;,e3 have the property that e; - e; = 0 whenever i # j. Show the same
is true of the dual basis.

Let e;,---,e3 be a basis for R” and let v = vie; = vie!,w = wjej = wjej be two
vectors. Show
vow = gijv'w! = glvw;.

Show if {e;}7_, is a basis in R

1 €e) Xes 62— e| Xes 63— e| Xer
62X63-€1’ 61><83-627 61><62-e3.

Let {e;}?_, be a basis and define

* €; *i
i

Show e*' - e = 5'j.

If v is a vector, v} and v* are defined by

v=vie" =v'el.

1%

These are called the physical components of v. Show

vi = — v =1'|e;| (No summation on i ).
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B.3 Curvilinear Coordinates

There are many ways to identify a point in n dimensional space with an ordered list of real
numbers. Some of these are spherical coordinates, cylindrical coordinates and rectangu-
lar coordinates and these particular examples are discussed earlier. I will denote by y the
rectangular coordinates of a point in n dimensional space which I will go on writing as R".
Thus y = ( y! " ) It follows there are equations which relate the rectangular co-
ordinates to some other coordinates ( x! x" ) In spherical coordinates, these were
P, 9,0 where the geometric meaning of these were described earlier. However, completely
general systems are to be considered here, with certain stipulations. The idea is

Y=k (xl,...,x") , Y=y (xl,...,x")
Let ( xo ¥ ) € D CR" be an open set and let
w—>y(x17...,x") = M(xl,...7x")

satisfy
M is C?, (2.13)
M is one to one. (2.14)

Letting « € D, we can write
M (x) = M* (x) 4y

where, as usual, ¢; are the standard basis vectors for R", 7; being the vector in R” which
has a one in the k' coordinate and a 0 in every other spot. Thus y* = M* (x) where this y*
refers to the k™ rectangular coordinate of the point ¥ as just described.

For a fixed € D, we can consider the space curves,

t—M ($+tik) =vy (CB—Flik)
for t € I, some open interval containing 0. Then for the point x,we let

oM d - J
0= B )= S e ih= 10

Denote this vector as e («) to emphasize its dependence on x. The following picture
illustrates the situation in R3.

t— M(x(l),nxg)
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I want {e; };_, to be a basis. Thus, from Proposition B.1.5,

oM’
det<8k) =det(Dy(x)) =det(D(M)(x)) #0O0. (2.15)
X

Let _ ‘

y=M(x)i=1,---,n (2.16)
so that the y' are the usual rectangular coordinates with respect to the usual basis vectors
{ix};_, of the point y = M (x). Letting = (x',--- ,x"), it follows from the inverse
function theorem (See Chapter 7) that M (D) is open, and that 2.15, 2.13, and 2.14 im-
ply the equations 2.16 define each x' as a C? function of y = (y‘ R y”) . Thus, abusing
notation slightly, the equations 2.16 are equivalent to

xizxi(yl,...,y")7 i=1,---,n

where x' is a C? function of the rectangular coordinates of a point y. It follows from the
material on the gradient described earlier,

2,
dyl

Vit (y) =

Then Sk g Sk
Vi () e = P Dy X s
M N ML N i

by the chain rule. Therefore, the dual basis is given by

ek (x) = Vit (y (x)). (2.17)

Notice that it might be hard or even impossible to solve algebraically for x' in terms of
the y/. Thus the straight forward approach to finding e by 2.17 might be impossible. Also,
this approach leads to an expression in terms of the y coordinates rather than the desired
x coordinates. Therefore, it is expedient to use another method to obtain these vectors in
terms of x. Indeed, this is the main idea in this chapter, doing everything in terms of x
rather than y. The vectors, ef () may always be found by using formula 2.9 and the result
is in terms of the curvilinear coordinates x. Here is a familiar example.

Example B.3.1 D = (0,) x (0,7) x (0,27) and

y! x!sin (x?) cos (%)
2 | _ Lain (+2) <in (43
y = x'sin(x?)sin(x*)
y? x! cos (x?)
(We usually write this as
X psin(¢)cos(0)
v | = | psin(9)sin(e)
: pcos(9)

where (p, ¢, 0) are the spherical coordinates. We are calling them x!, %2, and x> to preserve
the notation just discussed.) Thus

e (x) =sin (xz) cos (x3) 21 +sin (xz) sin (x3) 2, + cos (xz) 13,
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e> (z) = x' cos (x*) cos (x*) 4
+x' cos (xz) sin (x3) i, —x'sin (xz) i3,
es3(x) = —x'sin (xz) sin (x3) i1 +x'sin (xz) cos (x3) 5 + 0is.
It follows the metric tensor is

10 0
G=| o0 () 0 = (gi;) = (ei-€;). (2.18)
0 0 (x')’sin?(2)

Therefore, by Theorem B.1.6

=(e,e)=| 0 (x1)72 ) 0

To obtain the dual basis, use Theorem B.1.6 to write
e'(z)=g"ej(x) = el (z)
¢ (@) =g7e;(z) = (+') "ex(w)
e (x)=gVej(x) = (xl)f2 sin”? (x?) e3 (z) .

k

Note that % = ey (y) = i* = i where, as described, ( y' -~ " ) are the rectan-

gular coordinates of the point in R".

B.4 Exercises

1. Let
y1 xl 242
yz _ 243
y? x!h —2x?

where the y' are the rectangular coordinates of the point. Find e,eji=1,2,3 and
find (g;;) (x) and (g" ()).

2. Let y = y(x,t) where ¢ signifies time and € U C R™ for U an open set, while
y € R" and suppose x is a function of z. Physically, this corresponds to an object
moving over a surface in R” which may be changing as a function of #. The point
y =1y (x(t),t) is the point in R" corresponding to 7. For example, consider the pen-
dulum
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in which n =2,/ is fixed and y' = sin@,y?> = [ —[cos 8. Thus, in this simple exam-
ple, m = 1. If [ were changing in a known way with respect to #, then this would be
of the form y = y («,¢) . In general, the kinetic energy is defined as

1

where the dot on the top signifies differentiation with respect to . Show

oT . dy
a5~ MY
Hint: First show 3 3
o —9Y .. %Y
V=00 o (%)
and so
9y _ 9y
dxi  dxi’
1 Show
d (dT :mg.&l+my. I’y 4 my- 9’y ,
dt \ dxk oxk dxkox otdxk
1 Show

or _ . ( Py v o’y
ok~ MY\ ook T groxk )
Hint: Use * and * * .

1 Now show from Newton’s second law ( mass times acceleration equals force ) that

for F the force,
d (0T oT . dy _ dy
m(ag«)‘axk—m”axk—F'axk' ()

1 In the example of the simple pendulum above,

y= < l—lsllgoese > =1sin@i+4 (I —IcosB)j.
Use * x x to find a differential equation which describes the vibrations of the pendu-
lum in terms of 8. First write the kinetic energy and then consider the force acting
on the mass which is —mgj.

Of course, the idea is to write equations of motion in terms of the variables Xk , instead
of the rectangular variables y*. Suppose y = y (z) and z is a function of 7. Letting G
denote the metric tensor, show that the kinetic energy is of the form %m:i:TGac where
m is a point mass with m its mass.

The pendulum problem is fairly easy to do without the formalism developed. Now
consider the case where « = (p,0,¢), spherical coordinates, and write differential
equations for p, 0, and ¢ to describe the motion of an object in terms of these coor-
dinates given a force, F.
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9. Suppose the pendulum is not assumed to vibrate in a plane. Let it be suspended at
the origin and let ¢ be the angle between the negative z axis and the positive x axis
while 6 is the angle between the projection of the position vector onto the xy plane
and the positive x axis in the usual way. Thus

x=psingcosO,y=psin@sinf,z = —pcosP

10. If there are many masses, mq, = 1,---,R, the kinetic energy is the sum of the
kinetic energies of the individual masses. Thus,

1 5 |2
- m .
2 , alYa

M=

T=

o

Generalize the above problems to show that, assuming

Yo =Yg (T5t),
d (9T or & Yy
m<w>_M_O;F“'axk

where F' is the force acting on m,.

11. Discuss the equivalence of these formulae with Newton’s second law, force equals
mass times acceleration. What is gained from the above so called Lagrangian for-
malism?

12. The double pendulum has two masses instead of only one.

my

Write differential equations for 6 and ¢ to describe the motion of the double pendu-
lum.

B.5 Transformation of Coordinates.

How do we write e (x) in terms of the vectors, e/ (z) where z is some other type of
curvilinear coordinates? This is next.

Consider the following picture in which U is an open set in R"”, D and D are open sets in
R”, and M, N are C> mappings which are one to one from D and D respectively. The only
reason for this is to ensure that the mixed partial derivatives are equal. We will suppose
that a point in U is identified by the curvilinear coordinates « in D and z in D.
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U
% ‘\N
D D
(x!,x%,x%) (z!,2%,2%)

Thus M () = N (2z) and so z = N~ ! (M (x)). The point in U will be denoted in
rectangular coordinates as y and we have y () = y (z) Now by the chain rule,

_Jdy  Jdyox  ox/

Define the covariant and contravariant coordinates for the various curvilinear coordinates
in the obvious way. Thus,

v=vi(@)e (2) =V (@) ei (@) = v (2)e/ (2) =/ () ) (2).
Then the following theorem tells how to transform the vectors and coordinates.

Theorem B.5.1 7he following transformation rules hold for pairs of curvilinear

coordinates. . '
8)Cj i 8Zl .
vi(z)= a—Zivj (), V' (z) = % v (x), (2.20)
dx! , 27 .
ei(z)= a—zej (x), e (z)= 8)?/' el (x), (2.21)
ox" dx* py 7 97
8ij (Z) = Tfa?igm (:B)a gJ (z) = Ox" %g ' (:B) (2.22)

Proof: We already have shown the first part of 2.21 in 2.19. Then, from 2.19,

. . . 4 97k 4
€(zx) = €(2)-ei@el (@) =el(2) T elz)el ()
;05 7
— SiZ% Li(g) = J
= 5k8x/e (x) = 9 € (x)
and this proves the second part of 2.21. Now to show 2.20,
ox/ ox/ ox/

w(z) =v-er(z) =05 s (@) = 5v-e; (@) = Sou (@)

1
and ' ' '
azl . 8Zl . aZl

vi(z):v-ei(z):v-8xjej(x): axjv-ej(:c): 8xjvj(w).

To verify 2.22,

ox" ox* ox" ox*
i1 (2) = €i(2) €5 (2) = ex () o e () 25 = g () 5y 2
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B.6 Differentiation and Christoffel Symbols

Let F : U — R”" be differentiable. We call F' a vector field and it is used to model force,
velocity, acceleration, or any other vector quantity which may change from point to point

in U. Then 85}5;” is a vector and so there exist scalars, F ’j (z) and F; j (x) such that
JdF (x) ; JdF (x) ;
5 L (x)ei(z), 5 = Fi (x) e () (2.23)

We will see how these scalars transform when the coordinates are changed.
Theorem B.6.1 If x and z are curvilinear coordinates,

. r J r
Fl (@) = Fi (=) ox" dz ox" ox*

32 g g s (@) 5 =Fui(2), (2.24)

Proof: 5 5 Ny
- F(x F(z) dz/
e e e e

. 07/ ; dzl ox"
Fj(z)ei(z) o~ Fi (2) A ()
which shows the first formula of 2.23. To show the other formula,
dF (z) _JF(z)dx' _

0z ox¢ d7

.o ox ax* Ix"
Frs(z)e" (x) 5 =F; (w)a—zj azie (2),

Fj(z)€ (z)=

and this shows the second formula for transforming these scalars. Bl
Now F (x) = F' (x) e; () and so by the product rule,
de; (x)
ox/

dF OF!

w = ﬁel(w)+Fl($)

(2.25)

Now % is a vector and so there exist scalars, { zlj } such that
8ei (:B) k
o i JA®
Thus
k e (z) = aziy
1] k o 8xf8xi
and so

Therefore, from 2.25, 2€ — %—’jek (x) +F'(x) { i’;' }ek (x) which shows

> Ox/
oFk . k
k _ i
Fj(z)= o7 +F'(x) { ij } . (2.27)

This is sometimes called the covariant derivative.
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Theorem B.6.2 7he Christoffel symbols of the second kind satisfy the following

50} Jorn
delz) __ { g }ek (). (2.29)
()5
(G)sPms e

Proof: Formula 2.28 is the definition of the Christoffel symbols. We verify 2.29 next.
To do so, note

e (x)- e (x) = 5i.
Then from the product rule,
del (x)
oxJ

. dey (x) _

-ep(x)+ € (x) oxi

Now from the definition,

a«gif)_ek(m):_ef(m).{ G }er(m:—{ " }55:‘{ { }

But also, using the above,

8‘;}573) - aea:f]w) ey (x) e (x) = —{ kl] }ek (x).

This verifies 2.29. Formula 2.30 follows from 2.26 and equality of mixed partial deriva-
tives.
It remains to show 2.31.

z?gl-j_&ei. 4 ‘.861»_ r eite- r
oxk ok SITEGk T ik [EreiTEre Jk |-

Therefore,
8g,‘]‘ r r
= = j i 2.32
Ok {ik}grj+{jk}gn ( )
Switching i and k£ while remembering 2.30 yields
dgkj r r

Now switching j and & in 2.32,

dgx [ r r
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Adding 2.32 to 2.33 and subtracting 2.34 yields

dgij  9gk Igik r
dxk + oxi  Jxi =2 ik 8

Now multiplying both sides by g/ and using the fact shown earlier in Theorem B.1.6 that

grjg’™ = 87, it follows
2 m :gjm agij + agkj . agilf
ik oxk  oxl ox/
which proves 2.31. B

This is a very interesting formula because it shows the Christoffel symbols are com-
pletely determined by the metric tensor and its partial derivatives which illustrates the fun-
damental nature of the metric tensor. Note that the inner product is determined by this
metric tensor.

B.7 Gradients and Divergence

The purpose of this section is to express the gradient and the divergence of a vector field in
general curvilinear coordinates. As before, (yl7 e y”) will denote the standard coordinates
with respect to the usual basis vectors. Thus

y =i, e (y) =ik =€ (y).

Let ¢ : U — R be a differentiable scalar function, sometimes called a “scalar field” in
this subject. Write ¢ () to denote the value of ¢ at the point whose coordinates are «. The
same convention is used for a vector field. Thus F () is the value of a vector field at the
point of U determined by the coordinates x. In the standard rectangular coordinates, the
gradient is well understood from earlier.

Vo(y) - 25 Wet ) - 251t

However, the idea is to express the gradient in arbitrary coordinates. Therefore, using the
chain rule, if the coordinates of the point of U are given as x,

Vo(@) = Vo (y) - 25 et (y) -

0 ox" dy* 2] ) 0
0120 0 808 ) 42

This shows the covariant components of V¢ (x) are
_9¢(z)

(Vo (@), =5 (2.35)

Formally the same as in rectangular coordinates. To find the contravariant components,
“raise the index” in the usual way. Thus

(V9 @) =™ () (V9 (@), = ¢ (@) 2212 230
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What about the divergence of a vector field? The divergence of a vector field F' defined
on U is a scalar field, div (F') which from calculus is

oFk
Tyk (y) = Fi (y)

in terms of the usual rectangular coordinates y. The reason the above equation holds in
this case is that e, (y) is a constant and so the Christoffel symbols are zero. We want an
expression for the divergence in arbitrary coordinates. From Theorem B.6.1,

P e 0x 0y

-(BEr@f [ @) 5

From 2.27,

Letting j =i yields
ey = (o] o) 2
- (L] ) @)
= (algx(,w)JrF"(m){ krr }(w)). (2.37)

{ krr } is simplified using the description of it in Theorem B.6.2. Thus, from this theorem,

{ r }_ g {8&,- +9gk/ B &grk}
rk 2 [ dxk  odxt dx/
Now consider %ﬂ times the last two terms in [-] . Relabeling the indices r and j in the second
term implies
g gy g dgm _ & dgi g7 dgjk —o
2 9x" 2 dx) 2 dx 2 ox

r _ gjr agrj
{ k }— 5ok (2.38)

Now recall g = det (g;;) = det(G) > 0 from Theorem B.1.6. Also from the formula for the
inverse of a matrix and this theorem,

Therefore,

g" =A" (detG) ' = A/ (detG) !

where A’/ is the rj"* cofactor of the matrix (g;;) . Also recall that

g= grjA’j no sum on j.

n

r=1
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Therefore, g is a function of the variables { gr ,-} and % = A"/, From 2.38,
. .

{ r }_gjragrj_lagrjAjr_l dg agrj 1 dg

rk [ 2 Jxk  2g Jx _27g8g,j oxk :ﬁﬁ

and so from 2.37,
. IF* (x)
div (F) = W
1 Jdg(x) 1 d ;
= 2 (F ). 2.39
2g(x) Ok /7g(w) Oxi ( (x)veg(z) ( )
This is the formula for the divergence of a vector field in general curvilinear coordinates.

Note that it uses the contravariant components of F'.

The Laplacian of a scalar field is nothing more than the divergence of the gradient. In
symbols, A¢ =V -V¢. From 2.39 and 2.36 it follows

_ 1 J i 99 (x)
80 (w) = i (0 20 Vi) ). .40

We summarize the conclusions of this section in the following theorem.

_|_

+F* ()

Theorem B.7.1 7ne following hold for gradient, divergence, and Laplacian in gen-
eral curvilinear coordinates.

(Vo (@), = — (2.41)

(Vo @) = g () 22 &) 4

div(F) = @i(ﬁ(m) g(sc)), (2.43)
89 = A (o @ 25 Ve .44

Example B.7.2 Define curvilinear coordinates as follows
x=rcos0,y=rsin0
Find V? f(r,0). That is, find the Laplacian in terms of these new variables r, 6.

First find the metric tensor. From the definition, this is

(10 (1 0
(o ) =(0 )

The contravariant components of the gradient are

1 O fr _ fr
0 r2 fo | ,sze
Then also ,/g = r. Therefore, using the formula,
Vi )= r {(rf’)ﬂr (rrzfe) (j =7 (rfe), + 360

Notice how easy this is. It is anything but easy if you try to do it by brute force with none
of the machinery developed here.
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B.8 Exercises

1.

10.

11.

Lety! = x! +2x2,y2 = x> +3x3,y% = x! +x3. Let
F(x)=x'e| (x)+x°e; () + (x3)2 e(x).
Find div (F) (x).
For the coordinates of the preceding problem, and ¢ a scalar field, find
3
(Vo (z))
in terms of the partial derivatives of ¢ taken with respect to the variables x'.
Lety' =7x!' +2x2,y2 = 22 +3x3,y° = x' +x3. Let ¢ be a scalar field. Find V>¢ (z).
Derive Vu in cylindrical coordinates, 7, 8, z, where u is a scalar field on R>.

x=rcosB, y=rsinb, z=z.

1 Find all solutions to V2u = 0 which depend only on r where r = 1/x? + y2.
Derive VZu in spherical coordinates.

Let u be a scalar field on R3. Find all solutions to V>4 = 0 which depend only on
p=Vx2+y?+22

The temperature, u, in a solid satisfies V2u = 0 after a long time. Suppose in a long
pipe of inner radius 9 and outer radius 10 the exterior surface is held at 100° while
the inner surface is held at 200° find the temperature in the solid part of the pipe.

Show velocity can be expressed as v = v; (z) €’ (x), where

ar; dx’ dxk
Vl‘<“’>axjdtrﬂ(””>{ i }dt

and r; (x) are the covariant components of the displacement vector,

r=r(x)e (x).

Find the covariant components of velocity in spherical coordinates. Hint: v = ‘Z—’t’.
Now use chain rule and identify the contravariant components. Then use the tech-

nique of lowering or raising index.

Show that v - w = g;; (z) v (z)v/ (z) = g7 (x) vi (x)v; ().
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metric space, 63

compact sets, 70

complete, 66

completely separable, 67

open set, 63

separable, 67
metric tensor, 340, 342
metric tensor, 351
min max theorem, 134
min-max theorem, 133
minor, 41
mixed partial derivatives, 156
Mobeus band

graph, 292
mollifier, 250
monotone convergence theorem, 204
multi - index, 117
multi-index, 152
multi-index notation, 152
Muntz theorem, 139

negative part, 207
Newton’s second law, 346
no retract onto boundary of ball, 313
non equal mixed partials
example, 158
norm
p norm, 98
normal, 257, 275
Normed linear space, 98

open ball, 63
open set, 63
open cover, 68
open mapping theorem, 300
open set, 63
open sets
countable basis, 67
relative, 261
ordered
partial, 60
totally ordered, 60
orientable, 292
oriented atlas, 264
orthonormal, 100
outer measure, 185
measurable, 186
outer regular, 191
G delta and F sigma sets, 192

p norms, 99
parallelepiped
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definition, 332
volume, 332
partial derivatives, 147, 155
continuous, 155
partial order, 60
partially ordered set, 60
partition of unity, 84
partitioned matrix, 11
permutation, 35
permutation matrix, 18
permutation symbol, 334
pi systems, 184
piecewise smooth
differentiable, 265, 274
pivot column, 27
point of density, 241
pointwise compact, 78
pointwise convergence, 77
pole, 298
Polish space, 68, 235
polynomial
in many variables, 117
polynomials, 117
positive linear functional
measure, 193
positive part, 207
power set, 49
preserving distance, 16
primitive, 297
product measure, 223
product of matrices
inverse, 24
products of Borel sets, 196

Radon measure, 191
Radon Nikodym

theorem, 220
Radon Nikodym derivative, 220
rank, 29
rank of a matrix, 44
rank theorem, 173
rational function, 117
real and imaginary parts, 207
regular, 191

measure space, 232
regular values, 302
removable singularity, 299
retract, 226

fixed point property, 226
right handed system, 329
right inverse, 31-33
right polar factorization, 15
rot, 336
row equivalent, 27
row operations, 18
row operations

linear relationships, 25
row rank, 44
row reduced echelon form, 26
row reduced echelon form

existence, 27

uniqueness, 28
Russell’s paradox, 51

saddle point, 134
Sard’s theorem, 244, 304
scalar field, 336
scalars, 91
Schroder Bernstein theorem, 52
Schur’s theorem, 13
second derivative, 151
second derivative test, 171, 172
sections of open sets, 154
separable metric space
Lindeloff property, 68
separated sets, 80
sequence, 64
Cauchy, 65
subsequence, 65
sequentially compact set, 69
series
double sum, 56

set

F sigma, 191
sets, 49

G delta, 191
sgn, 33

uniqueness, 35
sigma algebra, 179
sign of a permutation, 35
signed measure, 218

Hahn decomposition, 218
signed measures

Hahn decomposition, 218
simple functions

approximation, 180
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singular values, 302
smooth

piecewise, 264
smooth manifold, 264
span, 38, 92
spherical coordinates, 344
Stieltjes integrals, 257
Stokes theorem, 290
strictly convex

norm, 133
subharmonic, 282
subspace, 92
support of a function, 84, 212
symmetric domain

degree, 315
symmetric matrix, 14

Tietze extension theorem, 122
totally bounded, 70, 78
totally ordered, 60
transformation rules, 348
triangle inequality, 98

trivial, 92

uniform continuity, 74

uniform continuity and compactness, 74
uniform convergence, 77

uniform convergence and continuity, 77
uniformly integrable, 214

uniqueness of limits, 141

upper semicontinuous, 89

vector
contravariant components, 341
covariant components, 341
vector field, 336
vector identities, 334
vector space
dimension, 94
vector space axioms, 91
vector valued function
limit theorems, 141
vectors, 91
Vitali
convergence theorem, 214
Vitali convergence theorem, 216
Vitali covering, 106
Vitali covering theorem, 105
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Weierstrass
approximation theorem, 120
Stone Weierstrass theorem, 129
Weierstrass approximation
estimate, 117
well ordered sets, 61
well ordering, 62
winding number, 300

Zorn’s lemma
Hausdorff max.principle, 62
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