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Preface

These informal notes are intended to complement more detailed treatments, as
in the references. Some familiarity with basic analysis and linear algebra would
be helpful, and some definitions and results along these lines are reviewed here.
My colleague Frank Jones’ book [141] may be a very helpful resource for this.
Some familiarity with Lebesgue measure and integration could be helpful as
well, but we shall normally not be getting into this too much here.

Of course, there are many connections between complex analysis and partial
differential equations. The reader is not necessarily expected to be familiar
with complex analysis here, although some familiarity would be helpful in some
places.

The subject of partial differential equations is obviously closely related to
that of ordinary differential equations. Often only basic facts about ordinary
differential equations are used here, but some familiarity with standard results
related to existence and uniqueness of solutions would be helpful in some places.
More precisely, some familiarity with standard results concerning the depen-
dence of solutions on initial conditions and other parameters would be helpful
in some places.

There are many connections between partial differential equations, Fourier
analysis, and functional analysis too. We shall not get into this too much here,
but some of these connections will be mentioned a bit, or are fairly close.

A number of the texts in the bibliography include some aspects of the his-
tory of differential equations and related matters, such as Fourier analysis. In
particular, one may be interested in [13, 14, 43, 44, 45, 88, 93, 94, 100, 103, 105,
106, 123, 171, 172, 173, 177, 178, 181, 182, 183] in this regard.

Some additional perspectives concerning partial differential equations may
be found in [3, 57, 110, 115, 135, 142, 143, 146, 153, 210, 215, 222, 275, 279].

I would like to dedicate these notes to Eli Stein and Guido Weiss, whose
influence should hopefully be clear here, and in a variety of related directions.
Of course, Alberto Calderén and Antoni Zygmund are also very important here,
in connection with various related aspects of harmonic analysis, for which I have
endeavored to include some basic indications.
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Chapter 1

Some basic facts

Some very interesting introductory remarks about partial differential equations
can be found in the first chapter of [70]. Another interesting overview with
a somewhat different perspective is in Section A of Chapter 1 of [75]. Here
we begin with some basic notions related to Euclidean spaces and functions on
them, which are helpful for this.

1.1 Some preliminaries about R”

Let n be a positive integer, and let R™ be the usual space of n-tuples x =
(21,...,xp) of real numbers. If z,y € R™ and t € R, then « + y and tx can be
defined as elements of R™ using coordinatewise addition and scalar multiplica-
tion, as usual.

1.1.1 The standard Euclidean norm

The standard Fuclidean norm of x € R™ is defined by
n 1/2
(1.1.1) 2| = (Zm?) :
j=1

using the nonnegative square root on the right side. This reduces to the usual
absolute value of a real number when n = 1. Observe that

(1.1.2) [tz| = |t] |z
for every t € R and z € R™. It is well known that
(1.1.3) [z +y| < ||+ ly|

for every x,y € R"™. This is called the triangle inequality for the standard
Euclidean norm.
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1.1.2 The standard Euclidean metric
The standard Fuclidean metric on R™ is defined by

(1.1.4) d(z,y) = |z —y|

for every xz,y € R™. This may also be described as the distance between x and
y, with respect to the standard Euclidean metric.

1.1.3 Open sets

If z € R™ and r is a positive real number, then the open ball in R™ centered at
x with radius r is defined by

(1.1.5) B(z,r)={yeR": |z —y| <r}.

Similarly, the closed ball in R™ centered at x with radius r is defined by

(1.1.6) B(z,r)={yeR": |z —y| <r}.
A subset U of R™ is said to be an open set with respect to the standard
Euclidean metric if for every & € U there is an r > 0 such that

(1.1.7) B(z,r) CU.
It is well known and not too difficult to show that
(1.1.8) every open ball in R™ is an open set

in this sense. Similarly, if ¢ is a nonnegative real number, then one can check
that
(1.1.9) {yeR": |z —y| >t}

is an open set.

1.1.4 Convergent sequences

Let {x;}52; be a sequence of points in R". There is a well-known definition of
what it means for {x; }]O';l to converge to a point x € R™ with respect to the
standard Euclidean metric, and we shall not repeat this here. In this case, x is
said to be the limit of {z;}32,, which may be expressed by
(1.1.10) lim z; = .
‘]*)OO

It is well known and not difficult to show that the limit of a convergent sequence
is unique, and this works in any metric space.

Let x;; be the lth coordinate of x; for each j > 1 and [ = 1,...,n, and

similarly let x; be the Ith coordinate of = for each I = 1,...,n. It is well known
and not difficult to show that (1.1.10) holds if and only if

(1.1.11) lim x;; = 2

Jj—oo
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for each [ = 1,...,n. More precisely, this means that {xj’l};?‘;l converges to x;
as a sequence of real numbers for each [ = 1,...,n, with respect to the standard
Euclidean metric on the real line R.

1.1.5 Closures of subsets of R"

Let E be a subset of R™. The closure of F in R™ with respect to the standard
Euclidean metric is defined to be the set

(1.1.12) E

of all z € R™ with the following property: for every r > 0 there is a y € F such
that
(1.1.13) |z —y| <.

Equivalently, this means that for every r > 0,

(1.1.14) EnNB(z,r) #0.
Note that -
(1.1.15) ECE
automatically.

Alternatively, one can check that

(1.1.16) zeE

if and only if

(1.1.17) there is a sequence {z;}32; of elements of £ that converges to x.
If z € R™ and r > 0, then one can check that

(1.1.18) the closure of B(z,r) in R™ is equal to B(z,7).

However, this does not always work in arbitrary metric spaces.

1.1.6 Closed sets
If
(1.1.19) E=E,

then E is said to be a closed set in R™ with respect to the standard Euclidean
metric. This is the same as saying that

(1.1.20) ECE,

because of (1.1.15). Equivalently, E is a closed set in R™ if and only if for every
sequence {z;}22, of elements of £ that converges to an element z of R"™, we
have that

(1.1.21) reE
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It is well known and not too difficult to show that
(1.1.22) every closed ball in R" is a closed set.
If E is any subset of R™, then it is well known and not too hard to show that

(1.1.23) E is a closed set.

1.1.7 Boundaries of subsets of R"

If U is an open subset of R™, then the boundary may be defined as the set
(1.1.24) oU

of points in the closure of U that are not in U,

(1.1.25) oU =U\U.

If z € R™ and r > 0, then

(1.1.26) OB(z,r) ={y € R" : |[x —y| =r},

but this does not always work in arbitrary metric spaces.
If F is any subset of R", then the boundary of F is defined by

(1.1.27) OE=FEnN(R"\E).

One can check that this is equivalent to the definition in the preceding paragraph
when E is an open set.

1.2 Some spaces of functions

Let E be a nonempty subset of R", for some n > 1, and let f be a real-valued
function on E. It is well known that f is continuous at a point x € F if and
only if for every sequence {z;}32, of elements of E' that converges to x, we have
that

(1.2.1) lim f(z;) = f(z).

Jj—o00
If f is continuous at every point in E, then f is said to be continuous on E.
The space of continuous real-valued functions on F may be denoted

(1.2.2) C(E).

1.2.1 Continuous differentiability

Let U be a nonempty open subset of R", let f be a real-valued function on U,
let = be an element of U, and let | be a positive integer less than or equal to n.
The partial derivative of f at z in the [th variable may be denoted

- L

(1.2.3) O f(x) =D f(x) = 21
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when it exists.

If (1.2.3) exists for every z € U and [ = 1,...,n, and is continuous on U for
each [, then f is said to be continuously differentiable on U. It is well known
that this implies that
(1.2.4) f is continuous on U,

although this may sometimes be included in the definition, for convenience. The
space of continuously-differentiable real-valued functions on U may be denoted

(1.2.5) ().

1.2.2 k-Times continuous differentiability

If k£ is any positive integer, then we may say that f is k-times continuously
differentiable on U if f is continuous on U, and all derivatives of f up to order
k exist at every point in U, and are continuous on U. The space of k-times
continuously-differentiable real-valued functions on U may be denoted

(1.2.6) CH(U).

More precisely, this may be defined recursively when k& > 2, by saying that
Ck(U) consists of all continuously-differentiable real-valued functions f on U
such that

Of _ k1
1.2.7 —ecC U
(12 5 € CFNU)
for each [ =1,...,n. It is sometimes convenient to take
(1.2.8) co(U) = C(U).

If derivatives of f of all orders exist everywhere on U and are continuous,
then f is said to be infinitely differentiable, or smooth, on U. The space of
infinitely-differentiable real-valued functions on U may be denoted

(1.2.9) C>(U).

1.2.3 Multi-indices

An n-tuple @ = (a1, . .., a,) of nonnegative integers is said to be a multi-index,
of order

(1.2.10) o] =) oy
j=1

Of course, this is not necessarily the same as the standard Euclidean norm of
«, as an element of R™, and it should normally be clear which is intended. If
f € CHU) for some k > 1 and |a| < k, then the corresponding derivative of f
of order |&| may be denoted

olal f

915" - 0z

(1.2.11) O°f =D f =
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Note that this function is continuously differentiable of order
(1.2.12) k—laf

on U under these conditions.
If f is a twice continuously-differentiable function on U, then it is well known
that

2 2
(1.2.13) oFr _ o

Ox;0x;  Ox;0x;
on U forevery j,l = 1,...,n. Similarly, if f is k-times continuously differentiable

on U, then derivatives of f up to order £ may be taken in any order.
Sometimes derivatives are expressed using subscripts to indicate the variables
in which the derivative is taken. Thus one may put

of 0 f
1.2.14 L —— ,
( ) f ’ 81’]‘ f 4 = an 6:61
and so on, where appropriate.
1.2.4 Monomials
If x € R™, then we may put
(1.2.15) x =aft - xn,

where x?j is interpreted as being equal to 1 when o; = 0, even when z; = 0.
This defines a real-valued function on R™, which is the monomial of degree |«|
associated to a.

Similarly, (1.2.11) corresponds to

(1.2.16) 9% = oL ... o
or
(1.2.17) D® = D ... Do

applied to f. More precisely, 9; = D; defines a linear mapping from CH(U)
into C*~1(U) for each k£ > 1. Composition of these mappings can be considered
as a type of multiplication, with 8;% = D?j interpreted as being the identity
mapping when o; = 0.

1.3 Partial differential equations

Let k and n be positive integers, and let U be a nonempty open subset of R™.
Also let u be a k-times continuously-differentiable real-valued function on U. A
kth-order partial differential equation for u on U can be expressed as

(1.3.1) F(D*u(z), D* Yu(z),. .., Du(x),u(x),z) = 0,
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as in Section 1.1 of [70], and Section A of Chapter 1 of [75]. Here D'u(w) is
intended to represent the collection of all possible derivatives of u of order [ at
2, which may be identified with an element of R"l(: R("l)). Thus F may be
considered as a real-valued function on

(1.3.2) R xR" "x. xR"xRxU.

A linear kth-order partial differential equation for u on U can be expressed
as
(1.3.3) Z aq(z) 0%u(z) = f(x),

|| <k

as in Section 1.1 of [70], and Section A of Chapter 1 of [75]. More precisely, the
sum is taken over all multi-indices o with || < k, which is of course a finite
set. Thus aq(x) should be a function on U for each such «, as well as f(z). If
f(z) =0 for every z € U, then (1.3.3) is said to be homogeneous.

One may also consider systems of partial differential equations, as in [70].
In this case, one can think of u as taking values in R™ for some positive integer
m. Continuous differentiability of u of order £ on U means that each of the m
components of u is k-times continuously differentiable as a real-valued function
on U. One considers finitely many equations involving the components of u and
their deriviatives of order up to k& on U, as before.

1.3.1 Invariance under translations

Let us say that a partial differential equation as in (1.3.1) is invariant under
translations if F' does not depend on x in the last variable. This means that F’
may be considered as a real-valued function on

(1.3.4) R" xR" ' x.--xR" xR,

so that (1.3.1) becomes

(1.3.5) F(D*u(z), D*Yu(z),..., Du(z),u(z)) = 0.
If u satisfies this equation on U and a € R", then

(1.3.6) u(z — a)

satisfies the same equation on

(1.3.7) U+a={z+a:2eU}

Note that this is also an open set in R™. Of course, there are analogous notions
for systems.

The left side of (1.3.3) is said to have constant coefficients if a,(x) is a
constant for each multi-index «. If f is also a constant, then (1.3.3) is invariant
under translations, as in the preceding paragraph. There are analogous notions
for linear systems, as before.
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1.3.2 Divergence and directional derivatives

Let v be a continuously-differentiable R"™-valued function on U. The divergence
of v is the real-valued function on U defined as usual by

N
1.3.8 dive = —
139 om0
Jj=1
where v;(x) is the jth coordinate of v(z) for each j =1,...,n.

Let f be a real-valued function on U. The directional derivative of f at
x € U in the direction w € R™ is defined to be the derivative of

(1.3.9) fla+ tw)

as a function of ¢ € R at t = 0, if it exists. If f is continuously differentiable on
U, then it is well known that the directional derivative exists, and is equal to

(1.3.10) > w; (;Z(x).

1.4 Complex numbers
A complex number z can be expressed in a unique way as
(1.4.1) z=x+yi,

where z,7 € R and i> = —1. In this case, z and y are called the real and
1maginary parts of z, and may be denoted Re z, Im z, respectively. The complex
conjugate of z is the complex number

(1.4.2) Z=x—y1,
and the absolute value or modulus of z is the nonnegative real number
(1.4.3) 2| = (2% 4 y?)V/2.
In particular, the complex conjugate of Z is z, and |z| = |z|.
The real line R may be considered as a subset of the set C of complex

numbers, and addition and multiplication of real numbers can be extended to
complex numbers in a standard way. Note that

N

(1.4.4) z+w =

+ w,
Zw = w

N

and
(1.4.6) 2% = |z
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for every z,w € C. One can use this to get that
(1.4.7) |z w| = |z |w]|

for every z,w € C. If z € C and z # 0, then z has a multiplicative inverse in
C, namely,

1 zZ

1.4.8 -=—.

Of course, (1.4.3) is the same as the standard Euclidean norm of (z,y) € R?.
The triangle inequality for the standard Euclidean norm on R? is the same as
saying that
(1.4.9) |z +w| < |z| + |w|
for every z,w € C, which can also be verified more directly in this case. The
standard metric on C is defined by

(1.4.10) d(z,w) = |z — w),

which corresponds exactly to the standard Euclidean metric on R2.

1.4.1 Complex-valued functions

Let n be a positive integer, let U be an open subset of R", and let f be a
complex-valued function on U. Continuity of f on U can be defined in the
same way as for real-valued functions, and is equivalent to continuity of the
real and imaginary parts of f. Similarly, differentiability properties of f can
be defined in the same way as for real-valued functions, and are equivalent to
the corresponding differentiability properties of the real and imaginary parts of
f. Complex analysis deals with different types of differentiability properties of
complex-valued functions on open subsets of C. This is related to the Cauchy-
Riemann equations for the real and imaginary parts of such a function.

1.5 Complex exponentials

The exponential of a complex number z can be defined by

oo

27
(1.5.1) exp z = Zﬁ,

j=0 "

where the absolute convergence of the series can be obtained from the ratio test,
for instance. This is equivalent to taking

(1.5.2) exp(z +yi) = (expx) (cosy + isiny)

for every z,y € R.
It is well known that

(1.5.3) exp(z + w) = (exp z) (exp w)
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for every z,w € C. This can be obtained using the binomial theorem, and
standard results about products of absolutely convergent series.

In particular, if z € C, then one can take w = —z in (1.5.3) to get that
exp z # 0, with
(1.5.4) 1/(exp z) = exp(—=2).

Of course, if z € R, then expz € R, with expx > 1 when z > 0. If x <0, then
0 <expx =1/(exp(—z)) <1.

It is easy to see that
(1.5.5) (expz) = expZ

for every z € C. One can use this to get that

(1.5.6) lexp(iy)] =1

for every y € R. Indeed,

(1.5.7) lexp(iy)|* = exp(iy) exp(iy) = exp(iy) exp(—iy) = 1,

using (1.4.6) in the first step, (1.5.5) in the second step, and (1.5.3) in the third
step.

1.5.1 Differentiating complex exponentials

It is well known that exp z is complex-analytic, or equivalently holomorphic, as
a complex-valued function of z € C. Here we shall be more concerned with
related complex-valued functions of real variables. If a € C, then exp(at) may
be considered as a complex-valued function of t € R. It is well known that this
function is differentiable, with

(1.5.8) %(exp(at)) = a (exp(at)).

Let n be a positive integer, and let C™ be the space of n-tuples a =
(a1,...,an) of complex numbers. If a,b € C", then put

(1.5.9) a-b=> a;b;.
j=1

If a € C" and = € R™, then exp(a - x) is a complex number, which defines a
complex-valued function of x on R™. This function is continuously differentiable
on R™, with

(1.5.10) 881’] exp(a-z) = a; (exp(a - x))

for every j=1,...,n.

More precisely, exp(a-x) is infinitely differentiable as a complex-valued func-
tion of x on R™. If « is a multi-index, then

(1.5.11) 0%exp(a-x) = a® exp(a - x).

Here a® = af" ---a%", as in Subsection 1.2.4, which is now a complex number.
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1.6 More on complex-valued functions

Let n be a positive integer, and let ' be a nonempty subset of R™. The space
of continuous complex-valued functions on F may be denoted

(1.6.1) C(E,C),

and we may use
(1.6.2) C(E,R)

for the space of continuous real-valued functions on E to be more precise. Re-
member that a complex-valued function on E is continuous if and only if its
real and imaginary parts are continuous. Note that C(E,R) and C(F, C) are
vector spaces over the real and complex numbers, respectively, with respect to
pointwise addition and scalar multiplication of functions.

Similarly, if U is a nonempty open subset of R™, and k is a positive integer,
then we let
(1.6.3) c*(U,C)

be the space of k-times continuously-differentiable complex-valued functions on
U. Equivalently, these are the complex-valued functions on U whose real and
imaginary parts are k-times continuously differentiable. We may use

(1.6.4) C*(U,R)

for the space of k-times continuously-differentiable real-valued functions on U.
As before, we may use the same notation with k& = 0 for the corresponding
spaces of real and complex-valued continuous functions. The space of infinitely-
differentiable complex-valued functions on U may be denoted

(1.6.5) Cc>(U,C),
and we may use
(1.6.6) C*(U,R)

for the space of smooth real-valued functions on U. We may consider C*(U, R),
C*(U, C) as linear subspaces of C(U,R), C(U, C), respectively, for each k > 1.
Similarly, C*°(U,R), C*(U,C) are linear subspaces of C*(U,R), C*(U,C),
respectively, for each k.

1.6.1 Some linear mappings and eigenfunctions

If « is a multi-index with || < k, then 0% defines a linear mapping from each
of C*(U,R), C*(U, C) into C*~1el(U,R), C*~1*/(U, C), respectively. Similarly,
0% defines a linear mapping from each of C*(U,R), C*(U, C) into itself.

Let a € C” be given, so that

(1.6.7) exp(a - x)
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is a smooth complex-valued function on R", as in Subsection 1.5.1. This func-
tion is an eigenvector for 9/0x; for each j =1,...,n, as a linear mapping from
C*(R"™,C) into itself, with eigenvalue a;, as before. Similarly, (1.6.7) is an
eigenvector for 9% for each muli-index «, as a linear mapping from C*°(R", C)
into itself, with eigenvalue a®.

1.7 Polynomials in n variables

Let n be a positive integer, and let us consider polynomials in the n variables

wy, ..., w, with coefficients in R or C. Such a polynomial can be expressed as
(1.7.1) p(w) = Z o W,
la|<N

where N is a nonnegative integer, and the sum is taken over all multi-indices
a with |a| < N. The coefficients a, may be real or complex numbers for each
such «, and the monomial w® is as defined in Subsection 1.2.4. More precisely,
p is said to have degree less than or equal to NV in this case. Note that p(w) € C
when w € C”, and p(w) € R when w € R"™ and the coefficients a, are real
numbers.

If pis as in (1.7.1), then put

(1.7.2) p) = > and°,

|| <N

or equivalently
(1.7.3) p(D) = Y aq D"
|| <N

This defines a differential operator on R™ with constant coefficients in R or C,
as appropriate, of order less than or equal to N.

Let U be a nonempty open subset of R", and suppose that f is a k-times
continuously-differentiable real or complex-valued function on U, with N < k.
Under these conditions,

(1.7.4) p(O)(f)= Y aad"f

|| <N

defines a (k — N)-times continuously-differentiable real or complex-valued func-
tion on U, as appropriate. More precisely, this defines a linear mapping from
C*(U,R) or C*(U, C) into C*~N(U,R) or C*~N (U, C), respectively, as appro-
priate. Similarly, this defines a linear mapping from C*°(U,R) or C*(U, C)
into itself, as appropriate.

If b € C™, then exp(b - ) defines an infinitely-differentiable complex-valued
function of x on R™, as in Subsection 1.5.1. Observe that

(1.7.5) p(9)(exp(b-x)) = p(b) exp(b- ).

Thus exp(b- x) is an eigenvector for p(d) as a linear mapping from C°(R", C)
into itself, with eigenvalue p(b).
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1.7.1 Products of polynomials

If «, 8 are multi-indices, then a+ 8 can be defined by coordinatewise addition,
as usual, and is another multi-index. Clearly

(1.7.6) la+ 8| = laf + 18],

where | - | refers to the order of the multi-index, as in Subsection 1.2.3. Observe
that

(1.7.7) w® w? = wtP,
Similarly,
(1.7.8) 0% 9% = 9°th,

because of the commutativity of derivatives under suitable conditions, as in
Subsection 1.2.3.

Let p1(w), p2(w) be polynomials in wy, ..., w, with real or complex coeffi-
cients, and of degrees less than or equal to nonnegative integers Ny, No. The
product

(1.7.9) p(w) = p1(w) p2(w)

can be defined as a polynomial of degree less than or equal to N7 + N5 in the
usual way, using (1.7.7). Similarly,

(1.7.10) p(9) = p1(9) pa(0),

because of (1.7.8).

More precisely, let f be a k-times continuously-differentiable real or complex-
valued function on a nonempty open subset U of R" again. If o, 8 are multi-
indices with |a|+|8| < k, then 97 f is (k —|3])-times continuously differentiable
on U, and

(1.7.11) (0% f) = 0°tF f

on U. If p1, pa, and p are as in the preceding paragraph and Ny + Ny < k, then
p2(0)(f) is (k — Na)-times continuously differentiable on U, and

(1.7.12) p1(9)(p2(0)(f)) = p(9)(f)
on U.

1.8 Connectedness and convexity

Let n be a positive integer, and let E be a subset of R™. We say that
(1.8.1) E is convex

if for every z,y € F and t € R with 0 <t¢ <1, we have that

(1.8.2) (1-t)z+tycE.



14 CHAPTER 1. SOME BASIC FACTS

It is well known and not too difficult to show that
(1.8.3) open and closed balls in R™ are convex.

More precisely, this means that open and closed balls in R™ with respect to
the standard Fuclidean metric are convex, although one could also use a metric
associated to any norm.

1.8.1 Path connected sets

We say that
(1.8.4) E is path connected

if for every x,y € F,
(1.8.5) there is a continuous path in F connecting = and y.

More precisely, this means that there is a continuous mapping f from the closed
unit interval [0, 1] in the real line into R™ such that

(1.8.6) f0) ==, [fQ1)=y,
and
(1.8.7) fitye E

for every t € [0,1]. If f;(t) is the jth coordinate of f(t) for every j =1,...,n
and ¢t € [0,1], then the continuity of f as a mapping from [0, 1] into R™ is
equivalent to the continuity of f; as a real-valued function on [0, 1] for each j.
It is easy to see that

(1.8.8) if E is convex, then E is path connected.

1.8.2 Connected sets

The precise definition of connectedness of subsets of R"™ is a bit complicated, and
although we shall not discuss it here, we shall mention some of its properties.
It is well known and not too difficult to show that

(1.8.9) path-connected sets are connected.
It is also well known that
(1.8.10) a subset of the real line is connected if and only if it is convex.
Another well-known theorem states that
(1.8.11) connected open subsets of R™ are path connected.
Let U be an open subset of R™. In this case,

(1.8.12) U is not connected
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if and only if

(1.8.13) U can be expressed as the union of two

nonempty disjoint open subsets of R".

This is close to the definition of connectedness, depending on how it is formu-
lated.

1.8.3 Nonemptiness of the boundary

If U # (0, R™, then
(1.8.14) oU # (.

This is the same as saying that U is not a closed set, because of the description
of the boundary of an open set in R™ mentioned in Subsection 1.1.7. This can be
obtained from the connectedness of R™. Alternatively, if x € U and z € R"\ U,
then one can show that there is a ¢ty € R such that 0 < 5 <1 and

(1.8.15) (1—to)x+toz € dU.

More precisely, one can take ty to be the infimum or greatest lower bound of
the set of t > 0 such that

(1.8.16) (1—t)z+tzeR"\U.

1.8.4 Locally constant functions

Let E be a nonempty subset of R™, and let f be a function on FE with values
in any set. Let us say that

(1.8.17) f is locally constant at a point z €

if there is an r > 0 such that

(1.8.18) f(@) = f(y)

for every y € E with |z —y| < r. If E is connected, and f is locally constant at
every point in F, then one can show that

(1.8.19) f is constant on E.

One can also show that connectedness is characterized by this property.
Let U be a nonempty open subset of R", and let f be a real or complex-
valued function on U. Observe that if

(1.8.20) f is locally constant at every point in U,
then
(1.8.21) f is continuously differentiable on U, with all

of its first partial derivatives equal to 0 on U.



16 CHAPTER 1. SOME BASIC FACTS

If U is convex, then it is well known and not difficult to show that (1.8.21)
implies that
(1.8.22) f is constant on U.

Using this, one can check that (1.8.21) implies (1.8.20) for any open set U in
R"™. If U is connected, then it follows that (1.8.22) holds, as in the preceding
paragraph, although this is a bit simpler in this case.

1.9 Compactness in R"

Let n be a positive integer, and let E be a subset of R™. We say that E is
bounded if there is a nonnegative real number C such that

(1.9.1) 2| < C

for every x € E. It is easy to see that open and closed balls in R™ with respect
to the standard Euclidean metric are bounded sets.

The precise definition of compactness of a subset of R", or of an arbitrary
metric space, is a bit complicated, and we shall not discuss it here. However, we
would like to mention the following two well-known results about compactness.
The first is that a subset £ of R™ is compact if and only if it is closed and
bounded. The second is the extreme value theorem, which states that if f is a
continuous real-valued function on a nonempty compact set F, then

(1.9.2) the maximum and minimum of f on E are attained.

1.9.1 Relative closure

Let U be an open subset of R™. The relative closure of a subset E of U may be
defined to be the intersection of the closure of E in R™ with U,

(1.9.3) ENU.
In particular, E is said to be relatively closed in U if
(1.9.4) E=EnU.

If E is closed as a subset of R, then it follows that E is relatively closed in U.
Note that U is automatically relatively closed as a subset of itself.

There is a notion of compactness of a subset E of U relative to U, with
respect to the restriction of the standard Euclidean metric on R™. However, it
is well known that this holds if and only if E is compact as a subset of R".

1.9.2 Supports of functions

Let f be a real or complex-valued function on R"™, or a function with values in
R™ for some positive integer m. The support of f is the subset of R™ defined
by

(1.9.5) supp f = {z € R": f(z) # 0}.
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Of course, this is a closed set in R™, by construction.
Thus the support of f is compact exactly when it is bounded. This is the
same as saying that

(1.9.6) f(z) = 0 when |z| is sufficiently large.

Suppose now that f is a function defined on an open set U C R”. We say
that f has compact support in U if there is a compact set £ C R™ such that
E CU and
(1.9.7) {reU: f(x)#0} CE.

1.9.3 Sequential compactness

Let {z;}32, be a sequence of elements of R", and let {j;};2, be a strictly
increasing sequence of positive integers. Under these conditions,

(1.9.8) {12

is said to be a subsequence of {x;}52,. Note that {z;}32, may be considered as
a subsequence of itself. If {z;}22, converges to a point € R", then it is easy
to see that every subsequence of {;}32, converges to = as well.

A subset E of R” is said to be sequentially compact every sequence {z; };";1
of elements of E has a subsequence that converges to an element of E. It is well
known that this is equivalent to compactness. More precisely, this works in any
metric space.

1.10 Some derivatives

Let n be a positive integer, and let o be a multi-index. It is customary to put
(1.10.1) al = aylag! - ay),

which is a positive integer. Observe that

(1.10.2) 0%z® = al.

Let 8 be another multi-index. If

(1.10.3) Bj < o for some j,
then
(1.10.4) o°zP =0.

In particular, this holds when |«| = |8] and « # 3.

Suppose now that a; < §; for each j = 1,...,n, so that 8 — a is a multi-
index. Of course, 9%z? is a multiple of 2°~® in this case. If a # 3, so that
a; < B; for some j, then we get that 9% 2 is equal to 0 at 0.
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1.10.1 Taylor polynomials

Let U be a nonempty open subset of R", let k be a positive integer, and let f
be a k-times continuously-differentiable real-valued function on U. The degree
k Taylor polynomial of f at a point w € U may be expressed as

(1.10.5) P(z)= Y %&Bf(w) z”,
1BI<k "

where the sum is taken over all multi-indices 8 with |8| < k. Using the remarks
in the previous paragraphs, we get that

(1.10.6) A“P(0) = 9° f(w)
for every multi-index « with |a| < k.

Put
(1.10.7) g(z) = f(w+x) — P(x)

for x € U —w. Here U —w = U + (—w) is as in Subsection 1.3.1. This is a
k-times continuously-differentiable function on U — w, with

(1.10.8) 8°g(0) = 8 P(0) — 8° f(w) = 0

for every multi-index « with |a| < k.
If x € R™ and |z| is sufficiently small, then

(1.10.9) trel—w

for all ¢t € [0, 1]. More precisely, this uses the fact that U — w is an open set in
R” that contains 0, by hypothesis. In this case,

(1.10.10) g(tz)

may be considered as a k-times continuously-differentiable function of ¢ on an

open set in the real line that contains [0,1]. The derivatives of g(¢x) in ¢ up to

order k can be expressed in terms of derivatives of g, as a function on U — w, of

the same order. These derivatives are equal to 0 at ¢t = 0, because of (1.10.8).
One can use this to show that

(1.10.11) lim |z| =% g(z) = 0,

z—0
which is Taylor’s theorem in n dimensions. This uses the fact that 9%g is
small near 0 when |a| = k, because of (1.10.8) and the continuity of 9%g on
U — w. More precisely, this implies that the kth derivative of (1.10.10) in ¢ is
small when |z| is small and ¢ € [0,1]. This permits one to reduce (1.10.11) to
standard versions of Taylor’s theorem in one variable.
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1.11 Some smooth functions
Consider the real-valued function defined on R by

(1.11.1) P(t) = exp(—1/t) whent >0
0 when t < 0.

It is well known and not too difficult to show that 1 is infinitely differentiable
on R, with all of its derivatives at 0 equal to 0. This uses the fact that

. 1 _ _
(1.11.2) t£%1+t exp(—1/t) =0

for every positive integer [.

1.11.1 Some functions associated to intervals

Let a, b be real numbers with a < b, and put

(1.11.3) Vap(t) =¢(t —a) (b —1).

This is an infinitely-differentiable function on R that is positive on (a,b), and
equal to 0 otherwise.

One can integrate 1, 5 to get an infinitely-differentiable function on R that is
equal to 0 when t < a, is a positive constant when ¢ > b, and strictly increasing
on (a,b). Using this, one can get infinitely-differentiable nonnegative real-valued
functions on R that are equal to 1 on any given closed interval, and equal to 0
on the complement of a slightly larger open interval.

Alternatively, observe that

(1.11.4) Y(t—a)+ (b —1)

is a positive smooth function on R. This implies that

(1.11.5) SE—a) T o(b—1)
and
(1.11.6) v ?)

Pt —a) +y(b—1t)

are nonnegative smooth functions on R that are less than or equal to 1, by
construction. It is easy to see that (1.11.5) is equal to O when ¢ < a, and to 1
when t > b. Similarly, (1.11.6) is equal to 0 when ¢ > b, and to 1 when ¢ < a.
Note that the sum of (1.11.5) and (1.11.6) is equal to 1 for every ¢t € R.
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1.11.2 Some smooth functions on R"

If n is any positive integer, then one can use functions like these to get a lot of
infinitely-differentiable nonnegative real-valued functions on R™ with compact
support. One can take products of smooth functions on R with compact support
in each variable, for instance. If a € R™, then

n
(1.11.7) |z — al? :Z(xj —a;)?
j=1
is a polynomial in x, and infinitely differentiable on R™ in particular. If ¢ is a
smooth real-valued function on R, then

(1.11.8) ¢(|z —al?)

is a smooth function on R™. If ¢(t) = 0 when ¢t € R is sufficiently large, then
(1.11.8) has compact support in R™.

1.12 Semilinearity and quasilinearity

Let k and n be positive integers, let U be a nonempty open subset of R™, and let
u be a k-times continuously-differentiable real-valued function on U. One may
be interested in kth-order partial differential equations for v on U that have
some linearity properties, without being linear in v and its derivatives. Such a
differential equation is said to be semilinear if it can be expressed as

(1.12.1) Z ao(x) 0%u(x) + ag(DFtu(x),.. ., Du(z), u(z),z) =0,
jal=k

as in Section 1.1 of [70]. Here the sum is taken over all multi-indices « with
|| = k&, and a,(z) should be a real-valued function on U for each such «. As
before, ap may be considered as a real-valued function on

(1.12.2) R x. . xR"xRxU.

Similarly, a kth order partial differential equation for u on U is said to be
quasilinear if it can be expressed as

(1.12.3) > aa(DF u(@),. .., Du(x), u(@), x) 0 u(z)
la|=k

+ag(DFYu(@), ..., Du(a), u(), z) =0,

as in Section 1.1 of [70], and Section A of Chapter 1 of [75]. In this case,
the coefficients a, as well as ap may be considered as real-valued functions on
(1.12.2).

A kth-order partial differential equation for v on U is said to be fully non-
linear if it depends nonlinearly on at least some of the kth-order derivatives
of u, as in [70]. Of course, there are analogous notions for systems of partial
differential equations.
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1.12.1 More on invariance under translations

As in Subsection 1.3.1, one may be interested in partial differential equations
that are invariant under translations. In the case of a semilinear equation as in
(1.12.1), this means that a, is a constant for each multi-index o with |a| = k,
and that ag does not depend on z in the last variable. Thus agp may considered
as a real-valued function on

k—1

(1.12.4) R"” x---xR"xR.

Similarly, a quasilinear equation as in (1.12.3) is invariant under translations
when the a,’s and ayp do not depend on z in the last variable, so that they
may be considered as real-valued functions on (1.12.4). There are analogous
statements for systems of partial differential equations, as usual.

1.13 More on R"

Let n be a positive integer, and let U be an open subset of R™. Suppose that
K is a compact subset of R™ such that

(1.13.1) K CU.

Under these conditions, it is well known that there is a positive real number ¢
such that for every x € K, we have that

(1.13.2) B(x,t) C U.

1.13.1 Closed balls contained in U

Suppose now that w is an element of U and r is a positive real number such
that -
(1.13.3) B(w,r) CU.

Remember that closed balls in R™ are closed and bounded, as in Subsection
1.1.6 and Section 1.9, and thus compact. It follows that there is a positive real
number e such that

(1.13.4) B(w,r +¢€) CU,

by the remarks in the preceding paragraph.

1.13.2 Open balls of maximal radius
Let y € U be given, and let A be the set of positive real numbers r such that
(1.13.5) B(y,r) CU.

Note that A is nonempty, because U is an open set, by hypothesis. Suppose
that
(1.13.6) U#R",
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so that there is a point z in the complement of U in R™. If » € A, then we get
that
(1.13.7) r<|y—z,

because z € B(y,r). This means that |y — z| is an upper bound for A in R.
It is well known that A has a least upper bound or supremum p in R under
these conditions. One can check that

(1.13.8) B(y,p) CU,

because otherwise A would have an upper bound strictly less that p. We also
have that

(1.13.9) B(y,p+¢€¢) U

for every € > 0, because p is an upper bound for A.
Using (1.13.9), we obtain that

(1.13.10) B(y,p) Z U,
because of the earlier remarks. This means that
(1.13.11) 0B(y,p) L U,

because of (1.13.8).
It is easy to see that - -
(1.13.12) B(y,p) €U,

using (1.13.8). Combining this with (1.13.11), we get that
(1.13.13) dB(y, p) N AU # .

In particular, OU # (3, as mentioned in Subsection 1.8.3.

1.14 More on complex exponentials

Let a be a complex number. Suppose that f is a differentiable complex-valued
function on the real line such that

(1.14.1) f=af

on R. This implies that

(1.14.2) %(exp(—at) Ft) =0

on R. Of course, this means that exp(—at) f(¢) is constant on R. It follows
that

(1.14.3) f(t) = f(0) exp(at)

for every t € R.
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Let n be a positive integer, and let b be an element of C™. Suppose that u

is a complex-valued function on R"™ such that for each j = 1,...,n, the partial
derivative of u in the jth variable exists at every point in R™, with
ou
1.14.4 — =bju.
( ) 817]‘ J

Under these conditions, one can check that
(1.14.5) u(z) = u(0) exp(b - x)

for every x € R™, using the remarks in the preceding paragraph. Alternatively,
one can use the same type of argument as before, by verifying that

(1.14.6) aZj(exp(b ~z)u(z)) =0
foreach j=1,...,n and x € R™.

1.14.1 The definition of t*

Let a be a complex number again. If ¢ is a positive real number, then put
(1.14.7) t* = exp(a logt).

This is a smooth complex-valued function of ¢ on the set Ry of positive real
numbers, with

d
(1.14.8) () = at®!
for every ¢t > 0. Note that
(1.14.9) t*#0
for each ¢t > 0, and that
(1.14.10) 17 h = ¢t

for all ¢ > 0 and b € C, because of the properties of the exponential function
mentioned in Section 1.5.
Let g be a differentiable complex-valued function on R such that

(1.14.11) g ) =at gt

for every t > 0. Using this, we get that

(1.14.12) %(t_ag(t)) =0

on R. This implies that t~% g(t) is constant on R, so that
(1.14.13) g(t) = g(1) t°

for every t > 0.
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1.15 The dot product on R”

If x,y € R™ for some positive integer n, then their dot product is defined by
n
(1.15.1) x~y:ijyj,
j=1

which is consistent with the notation in Subsection 1.5.1. This is also known as
the standard inner product on R™. Clearly

(1.15.2) T Yy=y-x
for every z,y € R".
Note that .
(1.15.3) cox=>Y a)=|af
j=1

for every x € R"™. This means that the standard Euclidean norm on R" is the
same as the norm associated to the standard inner product.

It is well known that
(1.15.4) |2yl < |2yl

for every =,y € R™, which is a version of the Cauchy—Schwarz inequality. This
can be used to obtain the triangle inequality for the standard Euclidean norm
on R™, by a standard argument.

If x,y € R™, then

(L15.5) [e+y’=(r+y)-(e+y) = z-ata-y+ty-a+y-y
2 +22 -y +[yl*.

Thus

(1.15.6) z-y=(1/2) (Jz +y* — |2[> = [y]*),

which is known as a polarization identity.

1.15.1 Orthogonal transformations
Let T be a linear mapping from R"™ into itself. It is easy to see that
(1.15.7) kerT ={z € R" : T(x) = 0}

is a linear subspace of R™, which is called the kernel of T

One can check that T is one-to-one on R™ if and only if ker ' = {0}, using
linearity. It is well known that T is one-to-one on R" if and only if 7" maps R™
onto itself, which is to say that T(R™) = R™. In this case, the inverse mapping
T—! is linear on R™ too.

A one-to-one linear mapping 1" from R onto itself is said to be an orthogonal
transformation if T preserves the standard inner product on R™. This means
that
(1.15.8) T(x) - Tly)=z-y
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for every z,y € R"™. Under these conditions, the inverse mapping 7! is an
orthogonal transformation on R™ as well.
If we take z = y in (1.15.8), then we get that

(1.15.9) IT(2)] = |-

Conversely, if (1.15.9) holds for every x € R™, then (1.15.8) holds for every

z,y € R™. This uses the linearity of T' and the polarization identity (1.15.6).
Of course, if (1.15.9) holds for every x € R", then ker I' = {0}. This implies

that T is one-to-one on R"™, and thus that 7" maps R™ onto itself, as before.

1.15.2 The adjoint of T

If T is any linear mapping from R™ into itself, then it is well known that there
is a unique linear mapping 7" from R" into itself such that

(1.15.10) T(x)-y=x-T'(y)

for every z,y € R™. More precisely, every linear mapping from R" into itself
corresponds to an n X n matrix of real numbers in a standard way using the
standard basis for R™. The matrix associated to T in this way is the transpose
of the matrix associated to T

If T is an orthogonal transformation on R"™, then one can check that T” is
the same as the inverse of 1. Conversely, if T' is an invertible linear mapping
on R™, with inverse equal to 7", then one can verify that T is an orthogonal
transformation on R".

If T is an orthogonal transformation on R"™, then it is well known that the
determinant of T is &1, because T—! = T". If the determinant of T is equal to
1, then T is said to be a rotation on R™.
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Some related notions

2.1 The Laplacian

Let n be a positive integer. The Laplacian on R™ defined by

(2.1.1) A= Z 37
Jj=1 "7
Let p(w) be the polynomial in n variables wy, ..., w, with real coefficients
defined by
n
(2.1.2) plw) => w}.
j=1
Observe that
(2.1.3) p(d) =) 97 =A,
j=1
using the notation in Section 1.7.
If w € C”, then
(2.1.4) p(w) =w - w,

using the notation in Subsection 1.5.1. If w € R"™, then
(2.1.5) p(w) = [w]*.

If b € C™, then
(2.1.6) Aexp(b-z)) = (b-b) exp(b- z),

as in Section 1.7. In particular,
(2.1.7) A(exp(b-z)) =0
when b-b = 0.

26
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2.1.1 Laplace’s equation

Let U be a nonempty open subset of R™, and let u be a twice continuuously-
differentiable real or complex-valued function on U. We say that u is harmonic
on U if it satisfies Laplace’s equation

(2.1.8) Au=0

on U.
Let T be a linear mapping from R"™ into itself. It is easy to see that T is
continuous, so that the inverse image

(2.1.9) T U)={zcR":T(z) €U}

of U under T is an open subset of R™ too. If u is any twice continuously-
differentiable function on U, then the composition uw o T of T and w is twice
continuously differentiable on T-1(U).

If T is an orthogonal transformation on R™, then one can check that

(2.1.10) A(uoT)=(Au)o T

on T7Y(U), as on p3 of [18]. In particular, if u is harmonic on U, then uo T is
harmonic on 7 1(U), as in Problem 2 in Section 2.5 of [70].

2.2 Two differential operators on R?

Consider the differential operators

1,0 .0
(2.2.1) L=3 (871 . 872)
and L, 8 9
on R2. Observe that
and B

If 2z = x1 + ixy is considered as a complex variable, then L and L may be
denoted 9/0z and 0/0%, respectively.

Let U be a nonempty open subset of R2, and let f be a continuously-
differentiable complex-valued function on U. If

(2.2.5) L(f)=0

on U, then f is said to be complex analytic or holomorphic on U, as a function
of the complex variable z. More precisely, (2.2.5) is equivalent to the usual
Cauchy—Riemann equations for the real and imaginary parts of f. In this case,

(2.2.6) F' = L(f)

is the usual complex derivative of f.
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2.2.1 Some connections with the Laplacian
Note that 1
(2.2.7) LL=TL= A

Let u be a twice continuously-differentiable complex-valued function on U. This
implies that L(u) and L(u) are continuously differentiable on U, and we have
that

(2.2.8) L(T(w) = T(L(u) = i Au)

on U. If w is harmonic on U, then it follows that L(u) is holomorphic on U.
If f is holomorphic on U, then it is well known that f is smooth on U, and
twice continuously differentiable in particular. It follows that

(2.2.9) A(f) =4L(L(f)) =0,
so that f is harmonic on U.

2.2.2 Additional properties of L, L

If f, g are any continuously-differentiable complex-valued functions on U, then

(2.2.10) L(fg)=L(f)g+ f L(g)
and
(2.2.11) L(fg)=L(f)g+ f L(9)

on U, by the product rule. In particular, if f and g are holomorphic on U, then
their product f g is holomorphic on U.

If f is any continuously-differentiable complex-valued function on U again,
then it is easy to see that

(2.2.12) ) = I(7)

on U. It follows that L(f) =0 on U if and only if f is holomorphic on U.
Observe that

(2.2.13) V= {(z1,—2x2) : (z1,22) € U}

is an open subset of R? as well. If f is a continuously-differentiable complex-
valued function on U again, then

(2.2.14) f(zr, ) = fla1, —22)

is a continuously-differentiable complex-valued function on V. One can check
that f is holomorphic on U if and only if

(2.2.15) flar,22) = flar, —x2)

is holomorphic on V.
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2.3 Some complex first-order operators

Let n be a positive integer, and let U be a nonempty open subset of R™. Suppose
that aq,...,a, are n complex-valued functions on U. Thus

(2.3.1) a(x) = (a1(x),...,an(x))

may be considered as a mapping from U into C". If u is a continuously-
differentiable complex-valued function on U, then

(2.3.2) (La(w)(@) = 3 a;(x) ;’;@_@)

defines a complex-valued function on U. If a; is a real-valued function on U for
each j, so that (2.3.1) is an element of R™ at each z € U, then (2.3.2) is the
same as the directional derivative of u at x in the direction a(x).

Let v be another continuously-differentiable complex-valued function on U,
so that the product of v and v is continuously-differentiable on U as well. Ob-
serve that

(2.3.3) Lo(uv) = Lo(u) v+ u Ly (v)
on U, by the product rule. If L,(u) =0 on U, then
(2.3.4) Lo(uv) =uLy(v)
onU. If L,(v) =0 on U too, then

(2.3.5) Lo(uv) =0

onU.

2.3.1 Some commutators
Suppose now that aq,...,a, are continuously differentiable on U, and let
(2.3.6) bi,...,b,

be another n continuously-differentiable complex-valued functions on U. Let b
and Ly be as in (2.3.1) and (2.3.2), and put

(237) Cj = La(bj) — Lb(aj)

for j = 1,...,n. These are continuous complex-valued functions on U, and we
let ¢ and L, be as in (2.3.1) and (2.3.2) again.
Suppose that u is twice continuously differentiable on U. This implies that

(2.3.8) L,(u) and Ly(u) are continuously differentiable on U,

because the a;’s and b;’s are continuously differentiable on U, by hypothesis. It
is easy to see that

(2.3.9) La(Ly(u)) — Ly(La(w)) = Le(u)

on U. This is because the terms on the left side involving second derivatives of
u cancel each other out.
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2.3.2 Real and imaginary parts

Put
(2.3.10) Rea(r) = (Reai(x),...,Reay(x))
and
(2.3.11) Ima(z) = (Imay(z),...,Imay,(z))

for each z € U, which define mappings from U into R™. If u is any continuously-
differentiable complex-valued function on U, then Lgeq(u) and Ly, o (u) can be
defined on U as in (2.3.2), and we have that

(2.3.12) Lo(t) = Lpea(w) + i Lim o (1).

Of course, if u is real-valued on U, then Lreq(u) and Ly (u) are real-valued
on U as well. Otherwise,

(2.3.13) Re Ly(u) = Lreq(Rew) — Lim o (Imuw)
and
(2.3.14) I Lo (1) = Lie o(Im ) + Lim o(Re )

on U. In particular, L,(u) = 0 may be considered as a system of first-order
homogeneous linear partial differential equations in the real and imaginary parts
of u, with real coefficients.

2.4 Linear differential operators

Let n be a positive integer, and let U be a nonempty open subset of R™ again.
Also let N be a nonnegative integer, and for each multi-index « with order
la] < N, let aq be a real or complex-valued function on U. If u is an N-times
continuously-differentiable real or complex-valued function on U, then put

(2.4.1) L(u) = Y aq0®u

lo| <N

on U, where the sum is taken over all multi-indices o with |a] < N, as usual.
This defines a differential operator on U, which can have variable coefficients.
Let r be a nonnegative integer, and suppose that

(2.4.2) aq is r-times continuously differentiable on U
for each multi-index a with |o| < N. If
(2.4.3) w is (N + r)-times continuously differentiable on U,

then
(2.4.4) L(u) is r-times continuously differentiable on U.
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In this case, L defines a linear mapping from CV*7(U, C) into C"(U, C). If a, is
real-valued on U for each a, then L defines a linear mapping from CV+" (U, R)
into C" (U, R).

Similarly, suppose that

(2.4.5) aq is infinitely differentiable on U

for every multi-index « with |a| < N. If

(2.4.6) u is infinitely differentiable on U,
then
(2.4.7) L(u) is infinitely differentiable on U

too. This means that L defines a linear mapping from C'*°(U, C) into itself. If a,,
is real-valued on U for each «, then L defines a linear mapping from C*°(U,R)
into itself.

One can check that the coefficients a, are uniquely determined by L(u) for
polynomials u of degree less than or equal to V. More precisely, ag is the same
as L(u) when u(z) = 1 on U. If B # 0, then ag can be obtained from L(z")
and the coefficients a., with || < |5].

2.4.1 Composing linear differential operators

Let N be another nonnegative integer, and let bg be a real or complex-valued

function on U for each multi-index 8 with || < N. If u is an N-times
continuously-differentiable real or complex-valued function on U, then

(2.4.8) Lu)= Y bsd’u
18I<N

defines a real or complex-valued function on U, as appropriate.
Suppose that

(2.4.9) bg is N-times continuously differentiable on U
for each multi-index 8 with |3] < N. If

(2.4.10) wis (N + N)-times continuously differentiable on U,

then
(2.4.11) L(u) is N-times continuously differentiable on U.

This means that

(24.12)  L(L(w) = Y aad*(Lw)= > Y and(bgd’u)

la|<N lel<N |g1<N

is defined as a real or complex-valued function on U, as appropriate.
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Under these conditions, (2.4.12) may be expressed as

(2.4.13) L(u) = Z cy u,

ly|<N+N

where ¢, is a real or complex-valued function on U for every multi-index v with
[v] < N+ N. More precisely, the c,’s can be expressed as sums of products of
the ay’s with the bg’s and their derivatives of order less than or equal to N.

Let r be a nonnegative integer again, and suppose that a, is r-times contin-
uously differentiable on U for every o with |o| < N. If the bg’s are (N +r)-times
continuously differentiable on U for every 8 with || < N , then the c,’s are r-
times continuously differentiable on U for every v with |y| < N + N. If wis also
(N 4 N + r)-times continuously differentiable on U, then L(u) is (N + r)-times
continuously differentiable on U, and Z(u) is r-times continuously differentiable
on U.

Similarly, if the a,’s and bg’s are infinitely differentiable on U, then the c,’s
are infinitely differentiable on U. If w is infinitely differentiable on U too, then
L(u) and L(u) are infinitely differentiable on U as well.

2.5 Some remarks about polynomials

Let n be a positive integer, and let
(2.5.1) p(z) = Z ao T
la]<N

be a polynomial in the n variables z1,...,x, with complex coefficients, as in

Section 1.7. Thus N is a nonnegative integer, a, € C for each multi-index «

with order |a| < N, and the sum is taken over all such multi-indices, as before.
If

(2.5.2) p(z) =0 for every x € R",

then 0°p(z) = 0 for every z € R™ and multi-index 8. In particular, this implies
that
(2.5.3) 9°p(0) = 0 for every multi-index §.

In this case, this means that
(2.5.4) ao = 0 for every multi-index «, |a| < N.

If € C™, then p(x) can be defined as a complex number as in (2.5.1). If
(2.5.4) holds, then we get that

(2.5.5) p(z) = 0 for every z € C".
Let r be a positive real number, and suppose that

(2.5.6) p(z) =0 for every x € R™ with |z| < r.
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This implies that 0°p(x) = 0 for every x € R™ with |x| < 7, and every multi-
index 5. It follows that (2.5.3) holds in particular under these conditions.
If b € R or C", then

(2.5.7) p(z+0b) = Z aq (x4 b)*
jal <N

can be expressed as a polynomial in x with complex coefficients too. If
(2.5.8) p(x +b) =0 for every x € R" with |z| <,

then the previous remarks imply that p(x 4+ b) = 0 for every € C". This is
the same as saying that (2.5.5) holds.

2.5.1 The zero set of p

Note that
(2.5.9) {zx e R" : p(x) =0}

is a closed set in R"™, because p is continuous on R™. If this set contains a ball
of positive radius, then (2.5.9) is equal to R™, as in the preceding paragraph.
Equivalently, if (2.5.9) is not all of R™, then the interior of (2.5.9) in R™ is
the empty set. In this case, (2.5.9) may be considered to be rather sparse in
R”™. There are stronger results of this type, although we shall not pursue this
here. This is related to the remarks in Section 3.10.
The fact that (2.5.9) is a closed set in R™ implies that

(2.5.10) {zr e R" : p(z) # 0}

is an open set in R™, which could also be verified more directly. If this set
is nonempty, then its intersection with any ball in R™ of positive radius is
nonempty, as before. This means that the closure of (2.5.10) in R™ is equal to
R" in this case, which is the same as saying that (2.5.10) is dense in R"™, with
respect to the standard Euclidean metric. One may consider (2.5.10) as being
rather large everywhere as a subset of R™ under these conditions, and there are
other results of this type, as before.

Of course, if n = 1 and a, # 0 for some «, then it is well known that
p(z) = 0 for at most N points z € C.

2.6 Some remarks about C"

Let n be a positive integer, and consider the space C™ of n-tuples of complex
numbers. If z = (21,...,2,) € C", then put

(261) A= (1sr) "
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using the nonnegative square root on the right side, as usual. Here |z;]| is the
modulus of z; € C for each j = 1,...,n, as in Section 1.4. We may call (2.6.1)
the standard Euclidean norm on C".

If z,w e C" and t € C, then z+w and ¢ z may be defined as elements of C™
using coordinatewise addition and scalar multiplication. It is easy to see that

(2.6.2) [t z| = |t] |2
for every z € C™ and t € C. One can check that
(2.6.3) |z +w| < |z + |w]

for every z,w € C™, using the analogous statements for the modulus of a com-
plex number and the standard Euclidean norm on R™, as in Subsection 1.1.1
and Section 1.4. The standard Euclidean metric on C™ is defined by

(2.6.4) d(z,w) = |z — w|

for every z,w € C".
If z,w € C", then we put

(2.6.5) (z,w) = (z,w)cn = sz w; .

This is the standard inner product on C™. Observe that (2.6.5) is Hermitian
symmetric, in the sense that

(2.6.6) (z,w) = (w, 2)

for every z,w € C".
Of course,

(2.6.7) (z,2) = Z |21 = |2|?

for every z € C". This means that the standard Euclidean norm on C” is the
same as the norm associated to the standard inner product. It is well known
that

(2.6.8) (2, w)] < |2] |w]

for every z,w € C™, which is another version of the Cauchy—Schwarz inequality.
This can also be used to obtain the triangle inequality for the standard Euclidean
norm on C”.

Every z € C™ can be expressed in a unique way as

(2.6.9) z=x+1Y,

with 2,y € R™. One can use this to identify C™ with R?". Using this iden-
tification, the standard Euclidean norm and metric on C" correspond exactly
to their analogues on R?". Similarly, one can check that the real part of the

standard inner product on C” corresponds to the standard inner product on
R2".
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2.6.1 Holomorphic functions

Consider the differential operators

0 1,0 0
2.6.10 L:iz,(igi)
( ) J 82’]‘ 2 81‘]‘ ‘ 6yj
and o 1,0 0
2.6.11 1:7:,<7 —)
(26.11) 1=z " 2\ar, ey,
on C", as identified with R?", for each j = 1,...,n. These are the analogues

of the operators L = 9/9z and L = /9% in Section 2.2 with respect to

foreach j =1,...,n.

Let U be a nonempty open subset of C™, which may be identified with an
open subset of R?™. Also let f be a continuously-differentiable complex valued
function on U, as an open subset of R?”. This means that the partial derivatives
of f in x; and y; exist and are continuous on U for each j =1,...,n. If

(2.6.13) Li(f)=0

on U for each j =1,...,n, then f is said to be holomorphic on U. This is the
same as saying that

(2.6.14) f(z)=f(z1,-..,2n)

is holomorphic as a function of z; for each j =1,...,n, with z fixed for j # L.

It is easy to see that products of holomorphic functions on U are holomor-
phic. The coordinate functions z; are holomorphic on C” for each [ =1,...,n.
Of course, constant functions are holomorphic on C™. It follows that polyno-
mials in z1, ..., z, with complex coefficients are holomorphic on C".

2.7 Polynomials on C"

Let n be a positive integer, and let p(z) be a polynomial in n complex variables
21,...,2n with complex coefficients on C". If n = 1, and p(z) is not constant,
then it is well known that p(z) = 0 for some z € C. More precisely, the number
of zeros of p, counted with their multiplicities, is equal to the degree of p.
Suppose now that n > 2, and let us identify C™ with C*" ! x C. If z =
(21,...,2,) is an element of C", then 2’ = (21,...,2,.1) € C"" ! and we
identify » with (2',z,) € C"~! x C. Using this, we may express p(z) as

(2.7.1) p(z) = (', 20) = 3 mu(+) 2L,
=0

where 7 is a nonnegative integer, and p;(z’) is a polynomial on C"~! for each
l=0,...,r.
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Suppose that r > 1, and that p,(z’) is not identically 0 on C"~1. Otherwise,
if p;(2') is identically 0 on C"~! for each [ > 1, then p(z) would not depend on
zn, and we could consider it as a polynomial in a smaller number of variables.

Let 2/ € C"! be given, and suppose that p,.(z') # 0. Under these condi-
tions, (2.7.1) may be considered as a polynomial of degree r in z,, which has r
roots, with multiplicities, as before. There is an analogous statement as long as
pi(2") # 0 for some [ > 1.

2.8 The Euler operator

Let n be a positive integer, and put

(2.8.1) a;(x) = x;
for each j =1,...,n and x € R™. In this case,
(2.8.2) a(@) = (a1(), ..., an(z)) = (z1,...,25)

is the identity mapping on R™.

Let U be a nonempty open subset of R™, and let u be a continuously-
differentiable real or complex-valued function on U. Let L,(u) be the continuous
real or complex-valued function on U, as appropriate, defined by

2:83) (L) (@) = 3 5@

for every x € U, as in Section 2.3. The differential operator L, is known as the
Euler operator.

In this case, (L,(u))(z) is equal to the directional derivative of u at z in
the direction z. Alternatively, if x € U, then u(tx) may be considered as a
continuously-differentiable real or complex-valued function of ¢ in an open subset
of R that contains 1. The derivative of u(tz) in t at 1 is equal to (Lq(u))(x).

2.8.1 Homogeneous functions

Let b be a complex number. A real or complex-valued function u on R™\ {0}
is said to be homogeneous of degree b if

(2.8.4) u(tz) = t° u(x)

for every x € R"\{0} and ¢ € R. If u is continuously differentiable on R™\{0},
then (2.8.4) implies that
(2.8.5) Lo(u) =bu

on R™\ {0}.
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Let z € R™\ {0} be given. If u is continuously differentiable on R™ \ {0},
then w(tx) is continuously differentiable as a function of ¢t € R. In this case,

(2.8.6) Luta) =3y @u)ta) = 1 (Lafw)(t2)
j=1

for every t > 0. If (2.8.5) holds, then we get that

(2.8.7) %(u(tm)) =bttu(tr)

for every ¢t > 0. This implies that (2.8.4) holds, as in Subsection 1.14.1.

2.8.2 Differentiating homogeneous functions

Let U be a nonempty open subset of R™, and let ¢t be a positive real number.
Observe that
(2.8.8) t U ={t"r:2cU}

is an open set in R™ too. If u is a continuously-differentiable real or complex-
valued function on U, then u(tx) is continuously differentiable as a function of
x on t~1 U. The partial derivatives of u(tz) are equal to

0

(2.8.9) o,

(u(t)) =t (95u)(tx)
foreach j =1,...,nand z €t~ 1 U.

Let us now take U = R™ \ {0}, so that t 71U = U for every t > 0. If u is
homogeneous of degree b € C on R™ \ {0}, then

0

dz;

(ult ) = (> u(x)) = t* (Bju)(z)

2.8.1 =
(2.8.10) e

for each j =1,...,n. It follows that
(2.8.11) t(Oju)(tx) = t* (Oju)(x)

for each j, so that 9;u is homogeneous of degree b — 1 on R™ \ {0} under these
conditions.

2.8.3 More on homogeneous functions

One can check that
(2.8.12) |tV = tReb

for every t > 0 and b € C. Suppose that Reb > 0, and let us interpret ¢ as being
equal to 0 when ¢t = 0. Let us say that a real or complex-valued function u on
R™ is homogeneous of degree b if (2.8.4) holds for every x € R™ and nonnegative
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real number ¢. This means that u(0) = 0, and that « is homogeneous of degree
bon R™\ {0}.

It is customary to interpret t° as being equal to 1 for every ¢t € R, including
t = 0. Using this, one may interpret a real or complex-valued function u on R"™
as being homogeneous of degree 0 on R™ when w is constant on R”.

Let u, v be real or complex-valued functions on R™ \ {0} that are homoge-
neous of degrees b, c € C, respectively. It is easy to see that

(2.8.13) their product u v is homogeneous of degree b+ ¢ on R™ \ {0}.

Of course, there is an analogous statement for homogeneous functions on R".

2.9 Some spaces of polynomials
Let n be a positive integer, and let
(2.9.1) P(R",R) and P(R", C)

be the spaces of polynomials on R™ with real and complex coefficients, respec-
tively. These are linear subspaces of the spaces C*°(R",R) and C*°(R", C) of
smooth real and complex-valued functions on R"™.

Let N be a nonnegative integer, and suppose that a,, is a polynomial on R”
for each multi-index « of order |a| < N. Under these conditions,

(2.9.2) L=3% .0

|| <N

defines a differential operator on R"™ with polynomial coefficients. Of course,
the sum is taken over all mutli-indices « with |a| < N, as usual.

It is easy to see that L defines a linear mapping from P(R"”, C) into itself.
If a4 is a polynomial with real coefficients for each a, then L maps P(R™,R)
into itself.

The composition of two differential operators on R™ with polynomial coeffi-
cients is a differential operator with polynomial coefficients too, as in Subsection
2.4.1.

2.9.1 Homogeneous polynomials

Let k be a nonnegative integer. If « is a multi-index of order |a| = k, then
(2.9.3) the monomial % is homogeneous of degree k

as a real-valued function on R". If a polynomial p on R™ can be expressed as
a finite linear combination of monomials * with |«| = k, then it follows that

(2.9.4) p is homogeneous of degree k on R".
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Conversely, if a polynomial on R is homogeneous of degree k on R", then one
can check that it is of this form.
Let

(2.9.5) Pk (Rn, R) and 'Pk (Rn, C)

be the space of polynomials on R™ with real and complex coefficients, re-
spectively, that are homogeneous of degree k. These are linear subspaces of
P(R™ R) and P(R", C), respectively.

Let N be a nonnegative integer, and let p be a polynomial on R™ with real
or complex coefficients of degree less than or equal to N. It is easy to see that
p can be expressed in a unique way as a sum of homogeneous polynomials of
degrees from 0 to N.

If a real or complex-valued function v on R" is k-times continuously differ-
entiable and homogeneous of degree k, then one can check that w is equal to its
degree k Taylor approximation at the origin.

2.10 Polynomials on R?

Of course,
(2.10.1) z=x1+1x9, Z=T1 — 122

are homogeneous polynomials of degree 1 with complex coefficients on R2. We
also have that

(2.10.2) x1=(1/2) (2 + %), x2 = (—i/2) (z — Z).

This means that every polynomial on R? with complex coefficients corresponds
to a polynomial in z and Z with complex coefficients, and that every polyno-
mial in z and Z with complex coefficients determines a polynomial in z1, x2
with complex coefficients. More precisely, homogeneous polynomials in z1, x5
correspond to homogeneous polynomials in z, Z of the same degree in this way.

2.10.1 The Laplacian of 2/ 7

Let 9/0z and 9/0Z be as in Section 2.2, and remember that (0/0z)(z) =
(0/0z)(z) = 1 and (0/02)(z) = (0/0z)(z) = 0. If j is a positive integer,
then it follows that

0

(2.10.3) a(zﬂ') = %(zj) =0,

by the product rules for these operators. Similarly,

9 .
() = 55371
(2.10.4) o ()=3j=z

and

0 . .
I\ — ;57—1
(2.10.5) 82(2 y=47"".
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If [ is another positive integer, then we get that
. 0 0 )
7=l _ 7=l
(2.10.6) A2 Z) 4 P —ag(z z')
9 . 9 ,
7 =l — . Jj—1=l-1
4(8,2(2 )) (82(2 )> djtzrz

Note that 27 Z' is harmonic when j or [ is equal to 0.

2.10.2 Homogeneous polynomials on R?

If k is a nonnegative integer, then a homogeneous polynomial of degree k on R?
with complex coefficients may be expressed as

k
2.10.7 e
( 4
j=0
for some complex coefficients ¢;, 0 < j < k. If j < k/2, then
(2.10.8) S FhT = |2 g2
If 7 > k/2, then . ‘ . ‘
(2.10.9) 2 FRT = 20k |2h=20
If
(2.10.10) 22 =22 +a2i=1,
then we get that 4 ' 4
(2.10.11) Y
when j < k/2, and that _ _ _
(2.10.12) Jigh—i _ 25—k

when j > k/2. It follows that there is a harmonic polynomial on R? of degree
less than or equal to k that is equal to (2.10.7) on the unit circle.

Using this, it is easy to see that every polynomial on R? agrees with a
harmonic polynomial on the unit circle. This corresponds to some remarks on
p138 of [268].

2.10.3 The Dirichlet problem

Let U be a nonempty bounded open subset of R™ for some positive integer n.
If f is a continuous real or complex-valued function on QU, then the Dirichlet
problem asks one to find a continuous real or complex-valued function v on U,
as appropriate, such that

(2.10.13) u = f on QU,

and v is harmonic on U.

The remarks in the previous subsection show that if n = 2, U is the open
unit disk in R2, and f is the restriction to the unit circle of a polynomial on
R?, then one can take u to be the restriction to U of a harmonic polynomial on
R2.
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2.11 Poisson’s equation

Let n be a positive integer, and let U be a nonempty open subset of R". If f
is a real or complex-valued function on U, then one might like to find a real or
complex-valued function u on U, as appropriate, such that

(2.11.1) Au=f

on U. This is Poisson’s equation, as on pl193 of [18], and p20 of [70].

Of course, one might like u to be twice continuously-differentiable on U,
which would mean that f should be continuous on U. There are extended
formulations of the equation, which allow for less regularity. One may also be
interested in additional boundary conditions on w.

If f is a homogeneous polynomial of degree k > 0 on R?, then one can find
a homogeneous polynomial u of degree k + 2 on R? that satisfies (2.11.1) on
R?, using (2.10.6). It follows that if f is any polynomial on R?, then one can
find a polynomial v on R? that satisfies (2.11.1).

2.11.1 Dirichlet boundary conditions

Let g be a real or complex-valued function on OU. Another version of the
Dirichlet problem asks one to find a real or complex-valued function u on U, as
appropriate, such that (2.11.1) holds on U and

(2.11.2) u =g on OU,

as in Section C of Chapter 2 of [75]. One might like u to be continuous on U,

so that g should be continuous on QU. There are extended versions of this too.
The case where

(2.11.3) u =0 on oU

is known as Dirichlet boundary conditions. If one can solve Poisson’s equation
(2.11.1) without restrictions on w on OU, and if one can solve the Dirchlet
problem for harmonic functions on U with arbitrary boundary values, then
one can get a solution to Poisson’s equation on U with prescribed boundary
values. Similarly, if one can solve Poisson’s equation U with Dirichlet boundary
conditions, then one can try to use that to solve the Dirichlet problem for
harmonic functions on U.

2.12 An interesting inner product

Let n be a positive integer, and let p, ¢ be polynomials on R™ with complex
coefficients. Note that the complex conjugate g of ¢ is a polynomial on R™ too.
Put

(2.12.1) (0,9) = 0. Qpwr,c) = (0(9)(Q))(0),

where p(9) is as in Section 1.7.
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If p and ¢ are homogeneous polynomials of the same degree k, then p(9)(q)
is a constant, and (2.12.1) is the same as

(2.12.2) (r,q) = 0, O p,(rn,c) = P(0)(@)-

This is the definition that is used in the proof of Proposition 2.47 in Section G
of Chapter 2 of [75], on p175 of [161], on p69 of [262], and on pl139 of [268]. If
p and ¢q are homogeneous polynomials of different degrees, then it is easy to see
that

(2.12.3) (p,q) =0.

More precisely, if «, 8 are multi-indices, then

(2.12.4) (z*,2°) = ol whena=4
= 0 whena#p.

Using (2.12.4), one can check that

(2.12.5) (p.q) = (a:p)

for all polynomials p, ¢ on R™ with complex coefficients. Of course, (2.12.1)
is linear in p over the complex numbers, and conjugate-linear in ¢. If p(z) =
Zla\< N @a & for some nonnegative integer N and complex coefficients a., then

(2.12.6) (pp) = laa*al.
la|<N
In particular, this is strictly positive, except when p = 0. It follows that

(2.12.7) (2.12.1) defines an inner product on P(R", C),

as a vector space over the complex numbers, as in the proof of Proposition 2.47
in Section G of Chapter 2 of [75], and on pl76 of [161], p69 of [262], and p139
of [268].

2.12.1 Laplacians of polynomials

Note that the Laplacian maps Pi(R", C) into Pr_2(R", C) for every integer
k > 2. Let us use this inner product to show that

(2.12.8) A(Pr(R",C)) = Pr—2(R",C)

when k£ > 2, as in the proof of Proposition 2.47 in Section G of Chapter 2 of
[75], and of Theorem 2.1 on pl39 of [268]. Suppose that ¢ € Pr_2(R"™, C) is
orthogonal to every element of A(P(R", C)) with respect to this inner product,
so that

(2.12.9) (g, A(p)) =0
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for every p € Pr(R", C). This means that

(2.12.10) 2(9)(A®@)) =0,

because A(p) = A(p). This is the same as saying that
(2.12.11) A(q(8)(p)) = 0.

If we take p(x) = |x|? q(), then we get that
(212.12) {p,p) = p(9)(p) = A(q(9)(P)) = 0.

This implies that p = 0, as before. This means that ¢ = 0, because of the way
that we chose p. It follows that (2.12.8) holds, by standard arguments in linear
algebra. This also uses the fact that Pr_o(R™,C) has finite dimension, as a
vector space over C.

2.13 An orthogonality argument

Let us continue with the same notation as in the previous section. If k is any
nonnegative integer, then let

(2.13.1) Ay, = {p € Pr(R",C) : A(p) = 0}

be the space of homogeneous polynomials on R™ of degree k£ with complex
coefficients that are harmonic, which is a linear subspace of P;(R", C). Of
course, this is the same as Pr(R"™,C) when k =0 or 1. If k£ > 2, then put

(2.13.2) B = {|z]? ¢(z) : ¢ € Pr_o(R™, C)},

which is also a linear subspace of Py (R", C).
Let £ > 2 and p € Pr(R™, C) be given, and put

(2.13.3) rq(a) = |z|* g(x)

for every ¢ € Pr_2(R"™, C). Thus r, € Px(R",C), and

(2.13.4) (rg;p) = 14(0)(P) = q(9)(A(P)) = (¢, A(p)).
Observe that
(2.13.5) (¢, A(p)) =0

for every q € Pr_o(R", C) if and only if A(p) = 0. It follows that
(2.13.6) (r¢,p) =0

for every q € Pr_o(R™, C) if and only if A(p) = 0. This means that A is the
orthogonal complement of By in Pi(R™, C) with respect to this inner product,
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as in the proof of Proposition 2.47 in Section G of Chapter 2 of [75], on p69 of
[262], and p140 of [268].
This implies that

(2.13.7)  every element of Pi(R",C) can be expressed in a unique way

as a sum of elements of A; and By,

by standard arguments in linear algebra. More precisely, this uses the fact that
Pr(R™, C) is a finite-dimensional vector space over C. This also corresponds to
Proposition 5.5 on p76 of [18].

2.13.1 Repeating the process

We can repeat the process, to get that every element of Px(R™, C) can be
expressed as

l
(2.13.8) > _la*pi(a),
j=0

where 21 < k, and p; € Pr_2;(R",C) is harmonic for each j = 1,...,l. This
corresponds to Theorem 5.7 on p77 of [18], Corollary 2.48 in Section G of Chap-
ter 2 of [75], Proposition 4.1.1 on p176 of [161], some remarks on p70 of [262],
and Theorem 2.1 on p139 of [268].

One can use this to get that every polynomial on R™ agrees with a harmonic
polynomial on the unit sphere, as in some remarks on p77 of [18], Corollary 2.50
in Section G of Chapter 2 of [75], Corollary 4.1.2 on p177 of [161], mentioned
on p70 of [262], and Corollary 2.2 on pl40 of [268]. This corresponds to the
Dirichlet problem on the open unit ball in R", for the restriction to the unit
sphere of a polynomial on R".

2.14 The binomial theorem

If m is a positive integer and z, y are real or complex numbers, then the binomial
theorem states that

m m . .
2.14.1 Tz +y)" = )l Yy,
(214.1) o= WEY

=
where

m m!

2.14.2 )=
( ) (J ) gt (m = j)!
is the usual binomial coefficient for each j =0,1,..., m. Note that

GRES
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for j =0,1,...,m. If we take y = 1 in (2.14.1), then we get that

(2.14.4) (z+1)™ = Z (m) @l

=0 \J

Conversely, (2.14.1) can be obtained from (2.14.4) by replacing = with z/y when
y # 0.

Of course, it is easy to see that (z + 1)™ can be expressed as a sum of
positive integer multiples of 27, 0 < j < m. To get that the multiples are given
by binomial coefficients as before, one can look at the jth derivative of (x+1)™ at
0 foreach j = 0,1,...,m. In particular, this shows that the binomial coefficients
are positive integers. Alternatively, one can verify (2.14.4) more directly, using
induction on m.

One can expand (z+ 1) into a sum of 2™ terms, each of which is a product
of m factors, where every factor is equal to = or to 1. The coefficient of z7 in
(x + 1)™ is the same as the number of these terms with exactly j factors of
x, and m — j factors of 1. This is also the same as the number of subsets of
{1,...,m} with exactly j elements.

2.14.1 Multi-indices of order k

Let k and n be positive integers. It is well known that the number of multi-
indices a = (a1, ..., q,) with order |a| = k is equal to

(2.14.5) ("*:1> = <”Zfll>

This corresponds to Problem 2 in Section 1.5 of [70]. Equivalently, this is the
dimension of the spaces Pr(R™, R), Pr(R", C) of homogeneous polynomials of
degree k on R™ with real or complex coefficients, as vector spaces over R or C,
as appropriate. This is mentioned on p78 of [18], in Proposition 2.52 of Section
G of Chapter 2 of [75], on pl74f of [161], and on p139 of [268].

2.14.2 The multinomial theorem

If x € R™ or C”, then the multinomial theorem states that
2.14.6 I L [l yo
(2.14.6) ) %(a #

as in Problem 3 in Section 1.5 of [70]. More precisely, the sum is taken over all
multi-indices a with order |a| = k, and we put

(2.14.7) ('Z) = %'

where a! is as in Section 1.10. One may refer to this as the multinomial coef-
ficient associated to «. Note that (2.14.6) is trivial when n = 1, and that the
n = 2 case is the same as the binomial theorem.
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2.14.3 Another interesting identity

Let a be a multi-index, and let z,y € R™ or C" be given. One can check that

(2.14.8) = > B' 7' v,

Bty=a

where the sum is taken over all multi-indices 3, v with 8 + v = «. This is the
same as the binomial theorem when n = 1.

If p(x) is a polynomial in z1,...,x, with real or complex coefficients and
b€ R™ or C", then p(x 4 b) can be expressed as a polynomial in = with real or
complex coefficients, as appropriate, as in Section 2.5. One can use (2.14.8) to
get a more precise version of this.

2.15 Leibniz’ formula

Let n be a positive integer, and let «, 8 be multi-indices. If
(2.15.1) B, < ay

for each j =1,...,n, then put
(2.15.2) B <a,

as in Problem 4 in Section 1.5 of [70]. Equivalently, this means that o« — 3 is a
multi-index too. In this case, we put

s ()= e

as in [70].

Let u, v be smooth real-valued functions on R™. Leibniz’ formula states
that
(2.15.4) 0%(uv) = Z (a) (aﬂu) (8‘”_511)7

Bl s

as in Problem 4 in Section 1.5 of [70]. More precisely, the sum is taken over all
multi-indices § with 8 < a. Of course, this also works when u, v are |«a|-times
continuously-differentiable real or complex-valued functions on a nonempty open
subset of R™. If |a| = 1, then this reduces to the usual product rule for partial
derivatives.

2.15.1 More on composing differential operators

Let U be a nonempty open subset of R", and let IV, N be nonnegative integers.
Suppose that for each multi-index o with order |a| < N, a,, is a real or complex-
valued function on U. This permits us to define the corresponding differential
operator

(2.15.5) L= Y a,0%

la|<N
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as in Section 2.4. Similarly, suppose that bg is a real or complex-valued function
on U for each multi-index 8 with |3 < N. This permits us to define the
differential operator
(2.15.6) L= Y b30°

1BI<N
as before.

Suppose that bg is N-times continuously differentiable on U for each multi-
index 3 with || < N. If uis an (N+N)-times continuously-differentiable real or
complex-valued function on U, then L(u) is N-times continuously differentiable
on U, so that L(L(u)) is defined as a real or complex-valued function on U,
as appropriate, as in Subsection 2.4.1. In fact, this can be expressed as E(u),
where
(2.15.7) L= > ¢,

[v|SN+N

and ¢y is a real or complex-valued function on U for every multi-index v with
|y| < N 4+ N, as before. Remember that the cy’s can be expressed in terms of
sums of products of the a,’s with the bg’s and their derivatives of order less
than or equal to N. This can be described more precisely using (2.15.4).



Chapter 3

Some integrals and other
matters

3.1 Eigenfunctions of differential operators

Let n be a positive integer, and let U be a nonempty open set in R™. Also let
N be a positive integer, and let a, be a complex-valued function on U for each
multi-index o with order || < N. If f is an N-times continuously-differentiable
complex-valued function on U, then put

(3.1.1) L(f)= Y aad"f
la]<N

on U, as in Section 2.4.
We say that f is an eigenfunction for L with eigenvalue A € C if

(3.1.2) L(f)=X\f

on U. One may wish to ask that f satisfy additional boundary conditions or
other restrictions, depending on the circumstances.

3.1.1 A related partial differential equation
Let us identify R™ x R with R™*!, so that

(3.1.3) V=UxR

may be considered as an open subset of R**!. Put

(3.1.4) u(z,t) = exp(At) f(x)

for every x € U and t € R, which defines an N-times continuously-differentiable

complex-valued function on V. It is easy to see that
ou

3.1.5 — =1L

(3..5) = L)

48
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on V. We also have that
(3.1.6) u(z,0) = f(z)

for every x € U.

3.1.2 Two derivatives in t

Suppose that u € C satisfies

(3.1.7) =,
and put
(3.1.8) v(z,t) = exp(pt) f(x)

for every x € U and t € R. Observe that v and all of its partial derivatives in ¢
are N-times continuously-differentiable on V', and that

0%v
on V. In addition,
(3.1.10) v(z,0) = f(x)
and 5
v
(3.1.11) & (2,0) = f (@)
for every x € U.
Similarly,
(3.1.12) w(x,t) = exp(—pt) f(x)

and all of its partial derivatives in ¢ are N-times continuously-differentiable on
V. As before,
0%w

(3.1.13) S = Lw)

on V, because (—u)? = ) too. In this case,

(3.1.14) w(z,0) = f(x)
and 5
(3.1.15) 5 (©0) = —p f(z)

for every x € U.

Of course, one may consider multiple eigenfunctions of L on U, with possibly
different eigenvalues, to get more solutions of partial differential equations like
these on V. One may also consider infinite sums, under suitable conditions.

3.1.3 Hearing shapes of drums

Mark Kac’ famous question of whether one can hear the shape of a drum involves
eigenvalues for the Laplacian. See [47, 97, 98, 99, 143] for more information.
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3.2 The spherical Laplacian

Let n be a positive integer, and let
(3.2.1) Sl ={zcR":|z| =1}

be the unit sphere in R™, with respect to the standard Euclidean norm. If u is
a complex-valued function on R™ \ {0} that is homogeneous of degree b € C,
then

(3.2.2) u(z) = |z u(|z) 7t 2)

for every x € R™\ {0}, as in Subsection 2.8.1. In particular, this means that u
is uniquely determined by its restriction to the unit sphere. Similarly, any real
or complex-valued function on the unit sphere can be extended to a function on
R™\ {0} that is homogeneous of any given degree in C.

Suppose that n > 2, and let v be a twice continuously-differentiable real
or complex-valued function on R™ \ {0} that is homogeneous of degree 0. The
restriction of u to the unit sphere may be considered as a twice continuously-
differentiable function on S™~!. Smoothness of functions on S”~! can be defined
in terms of suitable local coordinates, but it is more convenient for us to look
at it here in terms of smoothness of homogeneous extensions to R™ \ {0}.

3.2.1 Defining the spherical Laplacian
The spherical Laplacian of u is the function Agu defined on S™~! by
(3.2.3) Agu = Au on S"L

Note that Awu is homogeneous of degree —2 on R™ \ {0}, as in Subsection 2.8.2.
Thus
(3.2.4) |z|? (Au)(x)
is homogeneous of degree 0 on R™ \ {0}. Of course, this is the same as (3.2.3)
on S"~ L.

Now let v be a twice continuously-differentiable complex-valued function on
R"™\ {0} that is homogeneous of degree b € C. Observe that

(3.2.5) |z| % v(z)

is a twice continuously-differentiable function on R™\ {0} that is homogeneous
of degree 0 and equal to v on S"~!. The spherical Laplacian of the restriction
of v to S"1 is

(3.2.6) (Agv)(z) = A(|lz| P v(x)) on S™7L.

3.2.2 Some eigenfunctions

Suppose that p is a homogeneous polynomial of degree k¥ > 0 on R", and that
p is harmonic on R™. It is well known that the spherical Laplacian of the
restriction of p to S™~! satisfies

(3.2.7) Asp=—k(k+n—2)pon S



3.3. CONNECTED COMPONENTS 51

as in Lemma 2.61 in Section G of Chapter 2 of [75], and on p70 of [262].

3.3 Connected components

Let n be a positive integer, and let U be a nonempty open subset of R™. It
is well known that U can be expressed in a unique way as a union of a family
of pairwise-disjoint nonempty connected open subsets of R™. These nonempty
connected open sets are called the connected components of U. If U is connected,
then U is the only connected component of itself.

In fact, one can define the notion of connected components for any subset £
of R™, as well as subsets of arbitrary metric spaces or topological spaces. One
can show that the connected components of E are relatively closed in E, but
they are not necessarily relatively open in E.

The connected component of E that contains a point € F can be obtained
by taking the union of all of the connected subsets of E that contain x. One
can verify that this is a connected set too. By construction, this is the largest
possible connected subset of E that contains x.

Connected components of open subsets of R™ are open sets, basically because
R™ is locally connected. This follows from the connectedness of open balls in
R™

More precisely, R"™ is locally path connected, because every point in an open
ball in R™ can be connected to the center of the ball by a line segment, which
is contained in the ball. Because of this, the connected components of U are
the same as the path connected components. These can be defined by saying
that x,y € U are in the same path connected component of U when there is a
continuous path in U connecting x and y.

3.3.1 Some properties of connected components
If V is a connected component of U, then it is easy to see that
(3.3.1) vV CU,

because V' C U. In particular, this implies that

(3.3.2) v CU.

One can check that
(3.3.3) oV C oU

under these conditions. Otherwise, if there is an element of dV in U, then one
can show that that point should be in V', to get a contradiction.

Suppose that U # R™, so that V # R". This implies that OV # ), and thus
that 9V has an element in OU.
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3.4 Smoothness near the boundary

Let n be a positive integer, and let V' be a nonempty open subset of R". We

shall sometimes be concerned with smoothness properties of functions on V,
including on the boundary. Suppose that U is an open subset of R™ with

(3.4.1) VCU.

If w is a function on U with some smoothness property, then the restriction of
u to V may be considered as having that property on V.

However, we may also be concerned with functions that are defined only on
V. If k is a positive integer, then we let C*(V,R), C*¥(V,C) be the spaces
of k-times continuously-differentiable real or complex-valued functions v on V,
respectively, such that u and all of its derivatives 0%u with || < k can be
extended continuously to V, as in Section A of Chapter 0 of [75]. A continuous
extension of a function on V to V is unique when it exists, by standard argu-
ments, and so we may consider u and its derivatives of order less than or equal
to k as being defined on V in this case.

This is initially defined a bit differently in Appendix A.3 of [70], where one
considers k-times continuously-differentiable functions u on V' such that u and
its derivatives 0%u with || < k are uniformly continuous on every bounded
subset of V. It is well known that continuous functions on compact sets are
uniformly continuous, which implies that continuous functions of V are uni-
formly continuous on bounded subsets of V. Conversely, if a function on V is
uniformly continuous on all bounded subsets of V, then it is well known and
not too difficult to show that the function has a continuous extension to V.

If m is a positive integer, then we may also be concerned with continuity
or smoothness properties of functions with values in R™ or C™. Such a func-
tion may be considered as an m-tuple of real or complex-valued functions, and
the continuity or smoothness properties of the function are equivalent to the
analogous properties holding for each of the corresponding m components.

We may be concerned with smoothness properties of the boundary of V' as
well. Properties like these are discussed in Appendix C.1 of [70], and Section B
of Chapter 0 of [75].

3.5 The divergence theorem

Let » > 2 be an integer, although one could include n = 1, with suitable
interpretations. Also let V' be a nonempty bounded open subset of R™ with
reasonably smooth boundary. Thus we may consider n-dimensional integrals
over V, and surface integrals over JV, of suitable functions on V and 9V,
respectively.

Let w be a continuously-differentiable function on V' with values in R" or
C"™. The divergence theorem states that

(3.5.1) /Vdivw(x) dz = /av w(y') - v(y)dy',
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where dy’ is the element of surface area on 9V, and v(y’) is the outward-pointing
unit normal to 9V at y' € V.

3.5.1 Using the divergence theorem

Let u be a twice continuously-differentiable real or complex-valued function on
V. If we take

ou

3.5.2 ==

( ) wy axj
for each j = 1,...,n, then w defines a continuously-differentiable function on V'

with values in R™ or C"™, as appropriate. In this case, the divergence theorem
implies that

(3.5.3) Amwmm=4¢mwmwmm

where D, denotes the directional derivative in the direction of v(y'). In
particular, if u is also harmonic on V, then

(3.5.4) /av(DV(y/)U)(y/> dy' = 0.

3.5.2 Using the divergence theorem again

Suppose that v is a continuously-differentiable real or complex-valued function
on V, as appropriate. Under these conditions,

(3.5.5) /V(Au dx—l—/ Zax] 8x] (x) da

= | Duu) o)y
oV

This follows from the divergence theorem, with

(3.5.6) w;(z) = v(z) gai(x)
for each j = 1,...,n. In particular, we can take v = u, to get that

{E

z;

(3.5.7)/V(Au) d:r+/ Z

M=Aﬁmwmwmwm¢

3.5.3 The Dirichlet integral

If u is any continuously-differentiable real or complex-valued function on V,
then

(3.5.8) / Z

&Tj
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is called the Dirichlet integral of u on V, as in Section E of Chapter 2 of [75],
and Section 4 of Chapter 5 of [266]. This is equal to 0 exactly when all of the
first partial derivatives of u are equal to 0 on V. This happens if and only if u
is constant on each of the connected components of V.

3.6 Some consequences

Let n be a positive integer, and let V' be a nonempty proper open subset of
R™. Suppose that u is a continuous real or complex-valued function on V that
satisfies Dirichlet boundary conditions, so that w = 0 on OV. If u is constant
on any connected component of V', then it is easy to see that u = 0 on that
component. If w is constant on every connected component of V', then it follows
that u=0o0on V.

3.6.1 Using Dirichlet boundary conditions

Suppose now that V' is bounded, with reasonably smooth boundary, and that
u is twice continuously differentiable on V. If u satisfies Dirichlet boundary
conditions on V, then (3.5.7) reduces to

(3.6.1) /V (Aw) () u(@) da + /V 3|2
j=1

2

If w is harmonic on V, then it follows that v = 0 on V, as in the preceding
paragraph. This corresponds to Theorem 16 in Section 2.2.5 a of [70]. The
same conclusion could also be obtained using the maximum principle, as in
Section 6.7.

3.6.2 Neumann boundary conditions

Let v(y’) be the outward-pointing unit normal to OV at y' € 9V, as in the
previous section. If

(3.6.2) (Duynu)(y') =0

for every y’ € 9V, then u is said to satisfy Neumann boundary conditions on
V. Note that (3.5.7) reduces to (3.6.1) in this case too. If u is harmonic on V/,
then this implies that u is constant on every connected component of V. This
corresponds to part (a) of Problem 10 in Section 6.6 of [70] and Proposition 3.3
in Section A of Chapter 3 of [75], and is related to part (a) of Exercise 18 on
pl08 of [18].

Part (b) of Problem 10 in Section 6.6 of [70] asks one to show the same
statement using the maximum principle, under suitable smoothness conditions
on V. This is related to Exercise 27 on p29 of [18].
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3.6.3 Eigenvalues of the Laplacian

Suppose that u is an eigenfunction for the Laplacian on V' with eigenvalue A € C,
so that

(3.6.3) Au=\u

on V. If u satisfies Dirichlet or Neumann boundary conditions on V, then we
get that

)2
(3.6.4) / |u(x)|? da: +/ Z 8% =0,
by (3.6.1). If u # 0 somewhere on V', then
(3.6.5) / lu(x)|? dz > 0.
1%

Under these conditions, we obtain that A € R, and that A < 0. More precisely,
if u satisfies Dirichlet boundary conditions on V', then we get that A < 0.

3.7 Some more consequences

Let n > 2 be an integer, and let V' be a nonempty bounded open subset of R™
with reasonably smooth boundary again. Also let u be a twice continuously-
differentiable real or complex-valued function on V, and let v be a continuously-
differentiable real or complex-valued function on V, as appropriate. Suppose
that v satisfies Dirichlet boundary conditions on V, so that

(3.7.1) v(y’") = 0 for every y' € OV.

In this case, (3.5.5) reduces to

(3.7.2) /V(Au d:ch/ Z@m] axj (z)dz = 0.

This means that
" du ov
(3.7.3) /VZ b @) (@) dr =0
j_
if and only if
(3.7.4) / (Au)(z) v(z) dz = 0.
1%

Of course, (3.7.4) holds when u is harmonic on V. Conversely, if (3.7.4) holds
for every smooth function v on R™ with compact support contained in V', then
one can check that u is harmonic on V', as follows.
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3.7.1 Checking that u is harmonic on V'

More precisely, suppose that u is a twice continuously-differentiable real or
complex-valued function on V. If v is a continuous real or complex-valued
function on R™ with compact support contained in V', then

(3.7.5) (Au)(x) v(z)

may be extended to a continuous function on R™ with support contained in the
support of v, by setting it equal to 0 on R™\ V. Note that this implies that the
integral of (3.7.5) over V may be defined in the usual way. If u is not harmonic
on V, then there is a point xy € V such that

(3.7.6) (Au)(zo) # 0.
One can find a nonnegative real-valued smooth function vy on R™ such that
(377) ’Uo(l‘o) >0

and the support of vg is contained in a ball centered at xy with arbitrarily small
radius rg > 0, as in Sectionl.11. If rg is sufficiently small, then

(3.7.8) w is always positive or always negative on the support of vy,

because u is continuous at xg. One can also take ry small enough so that the
support of vy is contained in V. It is easy to see that

(3.7.9) /V(Au)(x) vo(z) dx # 0

under these conditions. It follows that u is harmonic on V' when (3.7.4) holds
for all smooth functions v on R™ with compact support contained in V.

3.7.2 Another version of (3.7.2)

Suppose that u is a twice continuously-differentiable real or complex-valued
function on V again, and now let v be a continuously-differentiable real or
complex-valued function on R"™ with compact support contained in V. In this
case, for each j = 1,...,n, we can define w; as a continuously-differentiable real
or complex-valued function on R™ with compact support contained in V', using
(3.5.6) on V, and putting

(3.7.10) wj(z) =0 when z € R" \ V.
Similarly, (Au)(z)v(z) and

(3.7.11) Z aaxi(x) ;;(x)

can be extended to continuous real or complex-valued functions on R" with
compact support contained in V. One can use the divergence theorem to get
that (3.7.2) holds in this case as well. Thus (3.7.3) is equivalent to (3.7.4) under
these conditions too.
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3.8 The Dirichlet principle

Let n > 2 be an integer, and let V be a nonempty bounded open subset of
R™ with reasonably smooth boundary. Suppose that u and v are continuously-
differentiable complex-valued functions on V. Put

(3.8.1) D(u,v):/vzéi:(m)g;;(x)dx,

as in Section E of Chapter 2 of [75]. It is easy to see that this is Hermitian
symmetric, in the sense that

(3.8.2) D(u,v) = D(v,u).

Of course, if v and v are real-valued, then D(u,v) is a real number, and sym-
metric in u and v.

If u = v, then (3.8.1) is the same as the Dirichlet integral (3.5.8), which is
a nonnegative real number. One might be interested in trying to minimize this
quantity, under suitable conditions.

3.8.1 Computing D(v,v) when u = v on 9V

We can express v as

(3.8.3) v=u+ (v—u),
to get that
D(w,v) = D(u+ (v—u),u+ (v—u))
(3.8.4) = D(u,u)+ D(u,v —u) + D(v —u,u) + D(v — u,v — u)

D(u,u) 4+ 2 Re D(u,v —u) + D(v — u,v — u).

Suppose now that u is twice continuously differentiable on V, and that

(3.8.5) u=wv on V.

This means that

(3.8.6) v—u=0ondV,

so that

(3.8.7) D(u,v —u) = —/ (Au)(z) (v(z) — u(x)) dz,
v

as in (3.7.2).

3.8.2 Minimizing the Dirichlet integral

If u is harmonic on V, then it follows that

(3.8.8) D(u,v —u) =0.
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This implies that

(3.8.9) D(v,v) = D(u,u) + D(v — u,v — u),
by (3.8.4). In particular, we get that

(3.8.10) D(u,u) < D(v,v),

which is part of the Dirichlet principle.
More precisely, equality holds in (3.8.10) if and only if

(3.8.11) D(v—u,v—u) =0.
This condition holds if and only if
(3.8.12) u=uvonV,

because of (3.8.5), as in the remarks in Subsection 3.5.3 and at the beginning
of Section 3.6.

3.8.3 Minimizers are harmonic

Conversely, suppose that (3.8.10) holds whenever (3.8.5) holds. If ¢ € C, then
(3.8.13) w=u+t(v—u)

is another continuously-differentiable complex-valued function on V, and
(3.8.14) u=w on 9V,

by (3.8.5). This means that

(3.8.15) D(u,u) < D(w,w),

by hypothesis. Note that

(3.8.16) D(w,w) = D(u,u) +2 Ret D(u,v — u) + [t|* D(v — u,v — u),

as in (3.8.4), because
(3.8.17) w—u=t({v—u).

One can use this and (3.8.15) to get that (3.8.8) holds, because t € C is
arbitrary. This is a bit simpler when u and v are real-valued, in which case
one may as well take ¢ € R. This implies that u is harmonic on U, because of
(3.8.7), as in Subsection 3.7.1. This is another part of the Dirichlet principle.
See also Section 4 of Chapter 5 of [266].
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3.8.4 Minimizing sequences

Let f be a continuously-differentiable real or complex-valued function on V,
and let & be the collection of continuously-differentiable real or complex-valued
functions on V', as appropriate, such that

(3.8.18) u=f on OV.

Note that f € &, by construction. In connection with the Dirichlet principle,
one may be interested in the infimum or greatest lower bound

3.8.19 inf D
(3.8.19) inf D(u.u)

of the Dirichlet integral over all of the elements of £¢, and whether the infimum
is attained.

It is well known and not too difficult to show that there is always a min-
1mizing sequence, namely, a sequence {uj}fil of elements of £ such that the
corresponding sequence of Dirichlet integrals

(3820) D(Uj,Uj)
converges to the infimum (3.8.19). More precisely, one can choose u; such that

(3.8.21) inf D(u,u) < D(uj,u;) < inéf D(u,u)+1/j
uel;

u€€y

for each j.

3.9 Another helpful fact about integrals

Let n > 2 be an integer, and let V' be a nonempty bounded open subset of R"™
with reasonably smooth boundary. One could also include n = 1, with suitable
interpretations, as before. If u, v are twice continuously-differentiable real or
complex-valued functions on V, then

(3.9.1) /V(u(x) (Av)(x) — v(z) (Au)(x)) dx
= /av(u(y') (D)) = v(y) (Duyhuw)(y)) dy'.

Here v(y’) is the outward-pointing unit normal to OV at y" € 9V, and D,
denotes the directional derivative in the direction of v(y’), as usual. This can
be obtained from the divergence theorem, with

Ov ou

foreach j=1,...,n.
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3.9.1 Dirichlet or Neumann boundary conditions

Suppose for the moment that v and v both satisfy Dirichlet boundary conditions
on V, so that
(3.9.3) u=v=0ondV.

In this case, (3.9.1) reduces to

(3.9.4) /V(u(x) (Av)(z) — v(z) (Au)(x)) dz = 0.

Similarly, suppose that v and v both satisfy Neumann boundary conditions on
V', which is to say that

(3.9.5) (Dyynyu)(y') = (Duyyv)(y') =0

for every 3/ € V. Clearly (3.9.1) reduces to (3.9.4) in this case as well.

3.9.2 Eigenfunctions for the Laplacian

Suppose now that uw and v are eigenfunctions for the Laplacian on V with
eigenvalues \ and p, respectively. This means that

(3.9.6) Au = \u
and
(3.9.7) Av=pv

on V. Suppose also that either v and v both satisfy Dirichlet boundary condi-
tions on V', or that they both satisfy Neumann boundary conditions on V', so
that (3.9.4) holds. This means that

(3.9.8) (n—2N) /V u(z) v(z)dx = 0.

If X # p, then it follows that

(3.9.9) /v u(z)v(x)dr = 0.

3.10 Some remarks about zero sets

Let n be a positive integer, and let U be a nonempty open subset of R™. Also
let ¢ be a continuous real-valued function on U, and consider the corresponding
zero set of ¢ in U,

(3.10.1) {x €U : ¢(x) = 0}.

This is a relatively closed set in U.

Suppose now that ¢ is continuously-differentiable on U. Let w be an element
of U such that
(3.10.2) d(w) =0
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and
9¢
3.10.3 — 0
(310.3) oo (w) #
for some [ € {1,...,n}. Under these conditions, the implicit function theorem

implies that near w, the zero set (3.10.1) can be represented as the graph of a
continuously-differentiable real-valued function of the other variables x;, j # [.
Note that the implicit function theorem for real-valued functions can be shown
more directly than for R™-valued functions with m > 2, as in Theorem 3.2.1
on p36 of [170].

One can also look at this in terms of the inverse function theorem. Consider
the mapping ® from U into R™ defined by

(3.10.4) O(z) = (x1,. .., 21—1, P(X), X141, - - -, Tny)

for each « € U. Equivalently, the jth coordinate of ®(x) is defined to be z; when
Jj # 1, and to be ¢(x) when j = [. This mapping is continuously differentiable
on U, because ¢ is continuously differentiable on U, by hypothesis.

The differential of ® at a point « € U is the linear mapping from R™ into
itself that sends v € R™ to the directional derivative (D,®)(z) of ® in the
direction v at x. This linear mapping corresponds to the matrix of partial
derivatives of the components of ®. One can check that the differential of ® at
w is invertible as a linear mapping on R"™, because of (3.10.3).

Under these conditions, the inverse function theorem implies that the restric-
tion of @ to a small neighborhood of w is invertible, where the inverse mapping
is continuously differentiable too. Of course, the zero set (3.10.1) is the same as
the inverse image of the x; = 0 hyperplane under ®.

3.11 The Neumann problem

Let n be a positive integer, and let U be a nonempty bounded open subset
of R™ with reasonably smooth boundary. If ¢ € OU, then we let v(y’') be
the outward-pointing unit normal to U at y’, and we let D, denote the
directional derivative in the direction v(y’), as usual.

Let f be a real or complex-valued function on U, and let g be a real or
complex-valued function on QU. A version of the Neumann problem asks one
to find a real or complex-valued function u on U, as appropriate, such that

(3.11.1) Au=f
on U, and
(3.11.2) (Duyyw) (') = 9(y")

for every 3/ € OU. This is discussed in Section C of Chapter 2 of [75].
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3.11.1 Uniqueness for the Neumann problem

Of course, one could add a constant to u without affecting (3.11.1) or (3.11.2).
More precisely, one could add a different constant to v on each connected com-
ponent of U, without affecting these conditions.

If u is twice-continuously differentiable on U, harmonic on U, and satisfies
Neumann boundary conditions on U, then u is constant on every connected
component of U, as in Subsection 3.6.2. This implies an appropriate uniqueness
result for the Neumann problem.

3.11.2 A necessary condition for the existence of solutions

Suppose that u is a twice continuously-differentiable real or complex-valued
function on U that satisfies (3.11.1) and (3.11.2). If V is a connected component
of U, then the restriction of u to V satisfies the analogous conditions there. It
follows that

(3.11.3) /Vf(x)dx:/avg(y’)dy’,

as in Subsection 3.5.1.

3.11.3 Two particular cases

One may be particularly concerned with the Neumann problem with f =0 on
U, which may be described as the Neumann problem for harmonic functions.
Of course, (3.11.3) reduces to

(3.11.4) /av g(y)dy' =0

in this case. Alternatively, one may be particularly concerned with the case
where g = 0 on 9U, so that u satisfies Neumann boundary conditions on U. In
this case, (3.11.3) reduces to

(3.11.5) /Vf(m) dx = 0.

As with the Dirichlet problem, these two cases of the Neumann problem are
related to each other. If one can solve the Poisson equation (3.11.1) without
(3.11.2), then a solution to a Neumann problem for harmonic functions could
be used to obtain (3.11.2). If one can solve the Poisson equation with Neumann
boundary conditions, then one can use that to try to solve the Neumann problem
for harmonic functions.

The Dirichlet and Neumann problems for harmonic functions are also dis-
cussed in Chapter 3 of [75]. Another approach is discussed in Chapter 7 of [75].
See also Problem 4 in Section 6.6 of [70].
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3.12 The unit ball in R"
Let n be a positive integer, and let us consider the case where
(3.12.1) U = B(0,1)

is the open unit ball in R™ in the previous section. If 3’ is an element of
OU = 0B(0,1), which is the unit sphere in R", then

(3.12.2) v(y') =9

is the outward-pointing unit normal to 0B (0, Q at y'. If u is a continuously-
differentiable complex-valued function on U = B(0, 1), then

(3.12.3) (Dynyuw)(y')

is the same as the Euler operator applied to u at y’, as in Section 2.8.

3.12.1 Homogeneous polynomials and normal derivatives

Suppose that p is a polynomial on R™ with complex coefficients that is homo-
geneous of degree k for some nonnegative integer k. If ¢/ € 9B(0,1), then

(3.12.4) (Dyyp)(¥') = kp(y'),
as in Subsection 2.8.1.
If k> 1, and
(3.12.5) q=Fk"p,
then
(3.12.6) (Duynya) (') = p(y").

This may be considered as an instance of the Neumann problem for harmonic
functions on B(0,1) when p is harmonic, so that ¢ is harmonic as well.

If p is a harmonic polynomial on R™ that is homogeneous of degree k > 1,
then

(3.12.7) / p(y")dy’ = 0.
2B(0,1)

This follows from (3.5.4) and (3.12.4).

3.12.2 The Neumann problem for polynomials

If g is any polynomial on R™ with complex coefficients, then g agrees with a
harmonic polynomial on dB(0, 1), as in Subsection 2.13.1. More precisely, g is
equal to a sum of homogeneous harmonic polynomials on 9B(0,1), as before.
If these homogeneous harmonic polynomials are all homogeneous of positive
degree, then one can get a polynomial solution to the corresponding Neumann
problem for harmonic functions on B(0, 1), using (3.12.6).
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If g is of this type, then
(3.12.8) [ s =0
9B(0,1)

because of (3.12.7). Conversely, it is easy to see that g is of this type when
(3.12.8) holds, because homogeneous polynomials of degree 0 are constants.
This condition is necessary to have a solution of the Neumann problem for
harmonic functions on B(0,1), as in (3.11.4). This is related to Exercise 18 on
p108 of [18].

3.12.3 An orthogonality property

Let p1, p2 be harmonic polynomials on R™ with complex coefficients that are
homogeneous of degrees k1, ko > 0, respectively. Observe that

(3.12.9) (k1 — ko) / my)p2(y) dy’ =0,
8B(0,1)
because of (3.9.1) and (3.12.4). If k; # ko, then we get that
(3.12.10) / »(y)p2(y) dy’ = 0.
8B(0,1)

Note that this includes (3.12.7) as a particular case. This corresponds to Propo-
sition 5.9 on p79 of [18], part of Theorem 2.51 in Section G of Chapter 2 of [75],
Proposition 4.1.5 on pl179 of [161], 3.1.1 on p69 of [262], and Corollary 2.4 on
pl41 of [268].

3.13 Some integrals over spheres

Let n be a positive integer, and let p be a polynomial on R™ with complex
coefficients. If p is harmonic on R™ and homogeneous of degree k > 1, then

(3.13.1) / p(y")dy =0
oB(0,r)

for every r > 0. This is the same as (3.12.7) when r» = 1. Otherwise, one can
reduce to that case using a change of variables, or use an analogous argument
for any r > 0.

3.13.1 Homogeneous harmonic polynomials

If p is any polynomial on R™ of degree less than or equal to IV for some nonnega-
tive integer IV, then p can be expressed in a unique way as a sum of homogeneous
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polynomials of degrees from 0 to N, as in Subsection 2.9.1. If p is a harmonic
polynomial, then one can use this to get that

(3.13.2) p can be expressed as a sum of harmonic homogeneous

polynomials of degrees from 0 to V.

This uses the fact that the Laplacian of a homogeneous polynomial of degree [ is
a homogeneous polynomial of degree [ — 2 when [ > 2. Of course, the Laplacian
of a homogeneous polynomial of degree [ is 0 when [ =0 or 1.

3.13.2 A mean-value property
If p is a harmonic polynomial on R™, then

1 / o
(3.13.3) BB Joson p(y') dy' = p(0)

for every r > 0. Here |0B(0, )| denotes the (n — 1)-dimensional surface area of
0B(0,r). More precisely, (3.13.3) follows from (3.13.1) when p is homogeneous
of degree k > 1. If p is homogeneous of degree 0, and thus a constant, then
(3.13.3) is clear. One can reduce to the case where p is homogeneous of some
degree k > 0, using the remarks in the preceding paragraph.

It follows that

(3.13.4) !

0B p(y') dy' = p(a)

9B (a,r)
for every a € R™ and r > 0 under these conditions. This uses the fact that
p(z 4 a) is also a harmonic polynomial in = on R™. If one replaces p(x) with
p(x + a) in (3.13.3), then the result is the same as (3.13.4), using a translation
by a to go from an integral over dB(0,r) to an integral over B(a,r). Of course,
the surface area |0B(a, r)| of B(a, r) is the same as the surface area of 9B(0, ).
This is known as the mean-value property of p, which will be discuseed
further in Chapter 6. Any harmonic function on an open subset of R™ has
a suitable version of this property, as in Section 6.2. A twice continuously-
differentiable function with the mean-value property is harmonic, as in Section
6.3. One can also use the mean-value property to get smoothness, as in Section
6.4.

3.14 Some remarks about compositions
Let W be a nonempty open subset of R2, and suppose that f is a continuously-
differentiable complex-valued function on W. If v € R2?, then the directional

derivative of f in the direction v is equal to

(3.14.1) Dyf =viof+v20af
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on W, as mentioned in Subsection 1.3.2. If we identify v with the complex
number v; + i vg, then it is easy to see that

(3.14.2) D,f=v—=—+4+7—=
z

where 0f/0z and 0f /0% are as in Section 2.2.

3.14.1 Some derivatives of compositions

Let n be a positive integer, let U be a nonempty open subset of R™, and let u
be a continuously-differentiable complex-valued function on U. Suppose that

(3.14.3) w(U) C W,

where W is considered as a subset of C, so that the composition f ow of v and
f is defined as a complex-valued function on U. Suppose also that

(3.14.4) f is holomorphic on W.

Under these conditions, we get that

(3.14.5) aij(f(u(ac))) = f(u(x)) g;(w)

on U for each j = 1,...,n, where f' = 8f/0z is the usual complex derivative
of f. This is the same as the directional derivative of f at u(z) in the direction
Oju(z), which can be expressed as in (3.14.2).

3.14.2 The n =2 case

If n =2 and (3.14.4) holds, then one can check that

0 0
(3.14.6) S ew)=(feu) ;Z
on U, using (3.14.5). Similarly,
(3.14.7) %(fou):(f’ou)%
on U. If
(3.14.8) u is holomorphic on U,
then it follows that
(3.14.9) f o w is holomorphic on U,
by (3.14.6). In this case, we also get that
(3.14.10) (fou) = (f ou)u

on U, by (3.14.7).
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3.14.3 Some more derivatives of compositions

It is well known that and not too difficult to show that
(3.14.11)  the complex exponential function is holomorphic on C,

with complex derivative equal to itself. If n is any positive integer again and u
is any continuously-differentiable complex-valued function on U, then it follows
that

ou

(3.14.12) 6(2j(exp u(x)) = (expu(x)) a—%(x)

on U for each j =1,...,n, as in (3.14.5).

Suppose now that u is a continuously-differentiable real-valued function on
U, and that W is an open subset of R that satisfies (3.14.3). If f is any
continuously-differentiable complex-valued function on W, then (3.14.5) holds
on U, by the usual chain rule.

3.15 More on first-order operators
Let n be a positive integer, and let U be a nonempty open subset of R™. Also
let ay,...,a, be n complex-valued functions on U, so that a = (a1, ...,a,) may

be considered as a mapping from U into C™. If u is a continuously-differentiable
complex-valued function on U, then

- ou
3.15.1 Ly(u) = P —
(3.15.1) =30 5
Jj=1
defines a complex-valued function on U, as in Section 2.3.
Let b be another complex-valued function on U, and put
(3.15.2) Lop(u) = Lg(u) + bu.

This defines a differential operator on U, as in Section 2.4, with N = 1.

3.15.1 An auxiliary function ¢

If ¢ is a continuously-differentiable complex-valued function on U, then
(3.15.3) Lo(cu) = Lo(c) u+ ¢ Ly (u)

on U, as in Section 2.3. If ¢(x) # 0 for every = € U, then we get that
(3.15.4) ¢ Lay(cu) = Lo(u) + ¢ La(c)u

on U. If
(3.15.5) b=c"'Lu(c)
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on U, then it follows that

(3.15.6) Lap(u) = c ! Ly(cu)
on U. Of course, (3.15.5) is the same as saying that
(3.15.7) Lo(c)=bc

on U.
If 7 is a continuously-differentiable complex-valued function on U, then

(3.15.8) c(z) = expy(x)

is a continuously-differentiable complex-valued function on U with ¢(z) # 0 for
every x € U. We also have that

(3.15.9) c ' Ly(c) = La(v)

on U, as in (3.14.12). If

(3.15.10) b= La(7),

then (3.15.5) holds, so that (3.15.6) holds, as before.

3.15.2 Products of eigenfunctions of L,

Suppose that u, v are continuously-differentiable complex-valued functions on U
that are eigenfunctions for L,, with eigenvalues A\, u € C, respectively. Observe
that

(3.15.11) Lg(uv) = Lo(u)v+uLy(v) = Auv +u(pv) = (A+p)uv

on U, so that wv is an eigenfunction for L, with eigenvalue A + p.



Chapter 4

First-order equations

4.1 Some real first-order operators

Let n be a positive integer, and let U be a nonempty open subset of R™. Also
let ay,...,a, be n real-valued functions on U. Alternatively,

(4.1.1) a(z) = (a1(x),...,an(x))

defines a mapping from U into R™.
If w is a continuously-differentiable real-valued function on U, then put

n 8u
(4.1.2) Lo(u) = a; ooy

This defines a real-valued function on U. The value of this function at z € U is
the directional derivative of u at x in the direction a(x), as in Subsection 1.3.2.

4.1.1 Some related functions w(t), z(t)

Let I be a nonempty open interval in the real line, or an open half-line, or
the whole real line, and let w(t) be a continuously-differentiable function of
t € I with values in R™. Equivalently, this means that the jth component
w;(t) of w(t) is a continuously-differentiable real-valued function on I for each
j =1,...,n. One could also allow I to contain one or both endpoints, with
suitable interpretations using one-sided derivatives at the endpoints.

Suppose that

(4.1.3) w(t) € U for every t € I,
so that
(4.1.4) z(t) = u(w(t))

69
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defines a real-valued function on I. It is well known that z(t) is continuously
differentiable on I under these conditions, with

n

(4.1.5) 2 () =) wji(t) (9u)(w(t))

j=1
for every ¢ € I. This is the same as the directional derivative of u at w(t) in the
direction w'(t).

4.1.2 A differential equation for w(t)

Suppose that
(4.1.6) wi(t) = az(w(t))

foreach j =1,...,n and t € I. This is the same as saying that
(4.1.7) w'(t) = a(w(t))

for every t € I, as elements of R™. In this case, we get that
(4.1.8) 2(t) =Y aj(w(t)) (95u)(w(t)) = (La(u))(w(?))
j=1

for every t € I.
Suppose for the moment that we also have that

(4.1.9) Ly(u)=0o0nU.

This implies that
(4.1.10) 2'(t) =0

for every t € I, so that z(t) is constant on I.

4.1.3 Semilinear first-order equations

Suppose now that u satisfies the semilinear equation

(4.1.11) (Lo(u))(x) + b(u(z),z) =0

for some real-valued function b on R x U. Under these conditions, we get that
(4.1.12) 2'(t) + b(z(t),w(t)) =0

for every t € I, because of (4.1.8).

The equations (4.1.7) and (4.1.12) are called the characteristic equations for
(4.1.11). This is related to some remarks in Section 3.2.2 a of [70], and Section
B of Chapter 1 of [75].

It is interesting to consider the case where a is a nonzero constant, as in
Section 2.1 in [70].
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4.2 Quasilinear first-order equations

Let n be a positive integer again, and let U be a nonempty open subset of
R™. In this section, we let aq,...,a, and b be real-valued functions on R x U.
Consider the quasi-linear first-order partial differential equation

(4.2.1) Zaj g;i () + b(u(z),z) =0,

where u is a continuously-differentiable real-valued function on U.

4.2.1 Corresponding functions w(t) and z(t)

Let I be an interval in the real line with nonempty interior, which may be
unbounded, as in Subsection 4.1.1. Also let w(t) be a continuously-differentiable
function of ¢ € I with values in R™, and in fact in U, as before. If u is a
continuously-differentiable real-valued function on U, then

(4.2.2) z(t) = u(w(t))
is a continuously-differentiable real-valued function of ¢t € I, with derivative as
n (4.1.5).
Suppose that
(42.3) wj(t) = aj(u(w(t)), w(t))
foreach j =1,...,n and t € I. If we consider a = (aq,...,a,) as an R™valued
function on R x U, then this is the same as saying that
(4.2.4) w'(t) = alu(w(t)), w(t))

for every t € I, as elements of R™. In this case,
ou
(4.2.5) Z a;(u w(t) 5~ (@)
Zj

for every t € I, because of (4.1.5). If (4.2.1) holds, then we get that

(4.2.6) 2'(t) + b(z(t),w(t) =0

for every t € I.
Observe that (4.2.3) is the same as saying that

(4.2.7) wj(t) = a; (2(t), w(t))

for each j =1,...,n and t € I. Equivalently, this means that
(4.2.8) w'(t) = a(z(t), w(t))

for every t € I, as elements of R™. This together with (4.2.6) forms a coupled
system of ordinary differential equations for w(t) and z(¢) that does not depend
on u. These are the characteristic equations for (4.2.1). This is related to some
remarks in Section 3.2.2 b of [70], and in Section B of Chapter 1 of [75].
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4.2.2 Comparison with the previous case

There is an important difference between this case and the one discussed in the
previous section. It is well known that solutions of the initial value problem for
systems of ordinary differential equations are unique under suitable conditions.
This implies that different curves corresponding to solutions of (4.1.7) cannot
cross each other, under suitable conditions. Although one also has uniqueness for
the initial value problem for the system (4.2.6), (4.2.8) under suitable conditions,
it is possible for the curves corresponding to the w(t)’s to cross each other. This
corresponds to some remarks in Sections 3.2.5 a, b of [70].

4.3 Fully nonlinear first-order equations

Let n be a positive integer, let U be a nonempty open subset of R™, and let

(4.3.1) F(g,y,2)

be a real-valued function on

(4.3.2) R" xR xU.

Consider the fully nonlinear first-order partial differential equation
(4.3.3) F(Du(zx),u(z),z) =0,

where v is a continuously-differentiable real-valued function on U.

4.3.1 The functions w(t), z(t), p(t)

As in the previous sections, we would like to find some systems of ordinary
differential equations that are related to (4.3.3). Let I be an interval in the real
line with nonempty interior, and which may be unbounded, and let w(t) be a
continuously-differentiable function of ¢ € I with values in U again. Suppose
that u is a continuously-differentiable real-valued function on U, so that

(4.3.4) 2(t) = u(w(t))

is a continuously-differentiable real-valued function of ¢ € I, as before.
If t € I, then let p(t) € R™ be defined by

(4.3.5) p(t) = Du(w(t)),

so that

(4.3.6) P () = (D) (w(t))

for each j = 1,...,n. We would like to find a nice system of ordinary differential

equations for w(t), z(t), and p(t) related to (4.3.3), as before. To do this,
we suppose that u is twice continuously-differentiable on U, so that p(t) is
continuously differentiable on I. More precisely,

(4.3.7) pi(t) = Y wi(t) (9;0ru) (w(t))
=1

forevery j=1,...,nand t € I.
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4.3.2 Differentiating the equation

Suppose that u satisfies (4.3.3) on U, and that F' is continuously differentiable
on (4.3.2). If we differentiate the left side of (4.3.3) with respect to z;, then we
get that

(438) 0

n OF 62u
= D 5 (Dul@),u(@).2) 5z, 0m )

+8£(Du(x),u($)7x) g:j(x) + 35](

on U. If t € I, then we can take x = w(t) and use the definition (4.3.6) of p,(t),
to get that

Du(x), u(z), x)

(4.3.9) Z%MWMWW@MWW+%wWMMMMH
=1
+$ﬁmwmmm=o

foreach j=1,...,n.

4.3.3 The characteristic equations

Suppose that
oF
(4.3.10) wi(t) = Equ(p(t)’ z(t), w(t))
for each I = 1,...,n and t € I. If we substitute this into (4.3.7), then we get
that

(4.3.11) pi(t) = ng;(p(t),z(t),w(t))afjgm(w(t))

=-ﬁﬂmwmwwmm—$ﬁmﬂmwm

foreach j =1,...,n and ¢ € I, using (4.3.9) in the second step.
Remember that z'(t) can be expressed as in (4.1.5). Using (4.3.10) and the
definition (4.3.6) of p,(t), we get that

— OF
(4.3.12) ()= ag, P, 2(0), w(®) p; (®)
j=1 "4
for every t € I.
Thus (4.3.10), (4.3.11), and (4.3.12) form a coupled system of ordinary dif-
ferential equations for w(t), z(t), and p(t) that does not depend on u. These
are the characteristic equations for (4.3.3). This corresponds to some remarks

in Section 3.2.1 of [70], and Section B of Chapter 1 of [75].
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4.4 More on fully nonlinear equations

Let n be a positive integer, let U be a nonempty open subset of R", and let
F(q,y,x) be a continuously-differentiable real-valued function on R" x R x U
again. If w(t), z(t), and p(t) are any continuously-differentiable functions on I
with values in R™, R, and U, respectively, then

(@a1) TR0 00) = D O (plt), (1), w(t) 1)

on I.
If w(t), z(t), and p(t) satisfy the characteristic equations (4.3.10), (4.3.11),
and (4.3.12) on I, then it is easy to see that

(4.4.2) %F(p(t), 2(t), w(t)) = 0

on I. Of course, this means that F(p(t), z(t), w(t)) is constant on I.

4.4.1 Related initial value problems

If

(4.4.3) F(p(t),z(t),w(t)) =0

for some t € I, then it follows that this holds for all ¢ € I under these conditions.
This corresponds to step 2 in the proof of Theorem 2 in Section 3.2.4 of [70],
and a remark near the end of Section B of Chapter 1 of [75].

Of course, if w(t), p(t), and z(t) are associated to a solution u of (4.3.3) as in
the previous section, then (4.4.3) holds by construction. Alternatively, one may
consider initial value problems for the characteristic equations (4.3.10), (4.3.11),
and (4.3.12) that satisfy (4.4.3) for some ¢, and thus for all ¢. Solutions to initial
value problems of this type can be used to try to find solutions of (4.3.3), as in
the next section.

4.4.2 The quasilinear case

In the quasilinear case, we have that
(444) F((Lya‘r) = Za’j(yax) q; + b(y7x)
j=1

for some real-valued functions a;(y,x), 1 < j <n, and b(y,z) on R x U. Note
that (4.3.10) is the same as (4.2.7) in this case. If (4.4.3) holds, then it is easy to
see that (4.3.12) is the same as (4.2.6). This corresponds to a remark in Section
3.2.2 b of [70], and just after (1.14) in Section B of Chapter 1 of [75].
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4.4.3 A related partial differential equation

If ¢ is a real number, then

~

(4.4.5) F(q,y,z) = F(q,y,2) —c

is another continuously-differentiable real-valued function on R" x R x U. If
u is a continuously-differentiable real-valued function on U, then the first-order
partial differential equation

~

(4.4.6) F(Du(z),u(x),z) =0
on U is the same as saying that
(4.4.7) F(Du(z),u(x),z) =c¢

on U. Note that the characteristic equations associated to F as in the previous
section are the same as for F', because they only involve the derivatives of F,
F.

If Fis as in (4.4.4), then

(4.4.8) F(g,y,2) = a;(y,7) ¢; + b(y, ),
j=1

with B(y, x) = b(y, z)—c. However, the characteristic equations associated to the
quasilinear equations corresponding to F' and F' as in Subsection 4.2.1 are not
the same when ¢ # 0. The equations for w; (t) are the same, but the analogue

of the equation (4.2.6) for z/(t) with Z(y,x) instead of b(y,x) is a bit different.
The conditions under which this equation is supposed to be the same as in the
previous section are also a bit different.

4.5 Non-characteristic conditions

Let n be a positive integer, and let U be a nonempty open set in R™. In Sections
4.1 - 4.3, we started with a solution u of a first-order partial differential equation
on U, and found systems of ordinary differential equations that described the
behavior of u along certain curves. These systems of ordinary differential equa-
tions do not depend on wu, and may be used to try to find solutions of the partial
differential equation, at least locally, as in Section 3.2.4 of [70], and Section B
of Chapter 1 of [75].

4.5.1 The corresponding Cauchy problem

More precisely, this normally involves additional regularity conditions on the
functions used to define the original partial differential equation, in order to use
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appropriate results about systems of ordinary differential equations. One might
suppose that

(4.5.1) w is given along a nice (n — 1)-dimensional submanifold ¥ of R",
with suitable regularity on 3, as in [70, 75]. One would like to

(4.5.2) find a solution to the partial differential equation near X,

with the given values on X,

perhaps at least near a given point on Y. This may be considered as an initial
value problem or Cauchy problem for the partial differential equation.

4.5.2 Initial value problems for the characteristic equa-
tions

Remember that we considered systems of ordinary differential equations for
w(t), z(t), and possibly p(t) defined on an interval I in the real line. To deal
with the initial value problem for the partial differential equation along X, we
want to consider suitable initial value problems for these systems of ordinary
differential equations associated to points in X. Let

(4.5.3) ceXandtp €R

be given, although one might normally simply take tg = 0. The initial conditions
for w(t) and z(t) at t = ¢ty are

(4.5.4) w(ty) =0
and
(4.5.5) z(tg) = u(o),

where u(c) € R should be given as in (4.5.1). In the fully nonlinear case, we
would also need to specify p(tg) € R™, and we shall return to that later.

4.5.3 The non-characteristic condition

We would like to define u near ¥ in such a way that
(4.5.6) u(w(t)) = z(t)

on I. In particular, we would like to be able to reach points in U near ¥ by
such a path w(¢). In order to do this, there is an additional non-characteristic
condition, as in Section 3.2.3 c of [70], and Section B of Chapter 1 of [75]. The
non-characteristic condition at o asks that

(4.5.7) w’(tp) not be tangent to ¥ at w(tp).

If v(o) is a nonzero element of R™ that is normal to ¥ at o, then this means
that

(4.5.8) w'(to) - v(w(ty)) = w'(ty) - v(o) # 0.
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4.5.4 The semilinear and quasilinear cases

In Section 4.1, the ordinary differential equations for w are given in terms of
the functions a;(x), 1 < j < n, and the non-characteristic condition at o € X
can be expressed as

(4.5.9) a(o) - v(o) =Y _a;(o)v;(0) # 0.
j=1

In Subsection 4.2.1, the ordinary differential equations for w are coupled with
those for z, and the non-characteristic condition at o can be expressed as

(4.5.10) a(u(0),0) v(o) = a;(u(o),o)vi(o) #0.
j=1
In particular, this depends on the value of u at o.

4.5.5 The fully nonlinear case

In Subsection 4.3.3, the ordinary differential equations for w are coupled with
those for z and p, and the non-characteristic condition at o can be expressed as

(4.5.11) > OF (bt 2(t0), wlto) w3 (o))

= 3 pfte), u(). 0) vi(o) 0.

This depends on the value of u at o, and p(g), which is supposed to represent
the values of the first partial derivatives of u at o.

4.5.6 Choosing p(ty)

Observe that

(4.5.12) the directional derivative of u at ¢ in a direction that is tangent
to ¥ at o is determined by the restriction of u to 3.

Another condition on the first partial derivatives of u at o is given by the partial
differential equation (4.3.3) at x = o, i.e.,

(4.5.13) F(Du(o), u(0),0) = 0.

One basically needs to be able to choose p(ty) in a way that is compatible with
these conditions, and the non-characteristic condition (4.5.11) depends on the
choice of p(tp).

In particular, p(to) should satisfy

(4.5.14) E(p(to), 2(to), w(to)) = F(p(to), u(0), o) = 0,

where the second step is as in (4.5.13). This implies that (4.4.3) holds along the
curve, as before.



78 CHAPTER 4. FIRST-ORDER EQUATIONS
4.5.7 Initial conditions for p corresponding to other points
in X

In Section 3.2.3 ¢ of [70], one starts with a suitable choice of p(ty) for a point o in
Y. If the non-characteristic condition (4.5.11) holds at o, then one can use the
implicit function theorem to get suitable initial conditions for p corresponding
to other points in ¥ that are close to o.

In Section B of Chapter 1 of [75], one simply asks to have suitable initial

conditions for p corresponding to points along . An important case where this
is easy to get will be discussed in Section 4.10.

4.6 More on the Euler operator

Let n be a positive integer, and put a;(z) = z; on R™ for each j = 1,...,n.
Thus a = (aq,...,a,) is the identity mapping on R", and

- 0
(461) La = ZJ?] aixj
Jj=1

is the Euler operator, as in Section 2.8. In this case, (4.1.6) reduces to
(4.6.2) wh(t) = w;(t).

This is solved on the real line by

(4.6.3) w;(t) = ¢; expt,

with ¢; € R for j =1,...,n. Equivalently, (4.1.7) reduces to

(4.6.4) w'(t) = w(t),

which is solved on the real line by

(4.6.5) w(t) = (expt)c,

where ¢ = (c1,...,¢,) € R™

4.6.1 Relation with homogeneous functions

Let u be a continuously-differentiable real or complex-valued function on
(4.6.6) R™\ {0}.

Suppose that ¢ # 0, so that (4.6.5) is nonzero for each ¢ € R. Observe that

n

(167) L (ul(expt) ) = Y (expt) ¢; (Bu)((exp ) €) = (La(w)((exp 1))

j=1
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for every t € R. This is the same as (4.1.8) in this case. Of course, this is
analogous to considering u(7 z) for z € R™ \ {0} and 7 > 0, and differentiating
in 7, as in Section 2.8.

If
(4.6.8) Lo(u)=bu
on R™\ {0} for some b € C, then (4.6.7) implies that
d
(4.6.9) a(u((exp t)c)) = bu((expt)c)

for every t € R. This means that
(4.6.10) u((expt) c) = u(c) exp(bt)

for every t € R, as in Section 1.14, which holds automatically when t = 0.
One can use this to get that u is homogeneous of degree b on R™ \ {0}, as in
Subsection 2.8.1. Conversely, if u is homogeneous of degree b on R™\ {0}, then
(4.6.10) holds, which implies that (4.6.9) holds, and thus (4.6.8) holds.

4.7 Angular derivatives in the plane

Let a;(z), az(x) be the real-valued functions on R? defined by

(4.7.1) ar(z) = —x9, az(x) = 21.
Thus
(4.7.2) a(x) = (a1(x),a2(x)) = (—x2,21)

defines a mapping from R? onto itself. If we identify x = (z1,22) € R? with
1+ x21 € C, then

(4.7.3) a(r) = —xo+x1i =1,

The corresponding system of ordinary differential equations (4.1.6) reduces
to
(4.7.4) Wl () = —wa(t), wh(t) = wy(t)

in this case. If we identify w(t) = (w1 (), wa(t)) with
(4.7.5) wy (t) + we(t) 1,

as before, then this is the same as saying that
(4.7.6) w'(t) = iw(t),

as in (4.1.7). This is solved on the real line by
(4.7.7) w(t) = (exp(it))c,

where ¢ = (c1,c2) € R? is identified with ¢; + c2i € C, as usual. Note that
w(0) = c.
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4.7.1 Angular derivatives and exp(it)

Let U be a nonempty open subset of R?, and suppose that v is a continuously-
differentiable real or complex-valued function on U. Let L, (u) be the continuous
real or complex-valued function on U, as appropriate, defined by

(4.7.8) (Lo(u))(z) = —29 8—;(36) + xlﬁ(az)

for every x € U, as in Section 4.1. This is the same as the directional derivative
of u at x, in the direction corresponding to i x, because of (4.7.3).
Let x € R? be given, and consider

(4.7.9) {teR:exp(it)z € U},
where R? is identified with C as before. This is an open subset of R, and
(4.7.10) u(exp(it) x)

may be considered as a continuously-differentiable real or complex-valued func-
tion of ¢ in (4.7.9). Observe that

(4.7.11) %(U(exp(i t)x)) = (La(u))(exp(it) x)

for every t in (4.7.9), as in (4.1.8).
A nice example related to this case is discussed in Section 3.2.2 a of [70].

4.8 Another example on R?

Now let a1 (z), as(z) be the real-valued functions on R? defined by

(4.8.1) ar(z) = 21, as(x) = —x4,
and put
(4.8.2) a(x) = (a1(x), az(x)) = (z1, —x2)

for every x € R2. This leads to the system of ordinary differential equations
(4.8.3) Wi (8) = w (1), wh(t) = —wa(t),

as in (4.1.6) again. These equations are solved on the real line by

(4.8.4) wi(t) = c¢1 expt, wa(t) = co exp(—t),

with ¢1,c2 € R. If we put w(t) = (wy(t),wz(t)) and ¢ = (c1,¢2), then we get
that w(0) = c¢. It follows from (4.8.4) that

(485) ’U)l(t) Wa (t) = C1C2

for every t € R.
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4.8.1 The corresponding operator L,

Let U be a nonempty subset of R? again, and suppose that u is a continuously-
differentiable real or complex-valued function on U. Also let L,(u) be the
continuous real or complex-valued function defined on U by

ou ou

(4.8.6) (La(u)(@) = 21 5= (2) = 22 5~ (@),

as in Section 4.1.
Let = € R? be given, and note that

(4.8.7) {reRy:(ray,rtay) €U}
is an open subset of R. We may consider
(4.8.8) u(razy,r~tx)

as a continuously-differentiable real or complex-valued function of r on (4.8.7).
If r is in (4.8.7), then

dir(u(r 1, a2)) = @y (ru)(raoy,r we) — P an (Gou)(ray, T @)
(4.8.9) = N (Lo(w)(razy,rt ag).

4.8.2 Using w(t)

Alternatively,

(4.8.10) {t e R : ((expt)x1, (exp(—t))z2) € U}
is an open subset of R, and

(4.8.11) u((expt) z1, (exp(—t)) x2)

may be considered as a continuously-differentiable real or complex-valued func-
tion of ¢ on (4.8.10). If ¢ is in (4.8.10), then

(4.8.12) %(u((exp t) z1, (exp(—t)) x2)) = (La(u))((expt) z1, (exp(—t)) x2),

as in (4.1.8).

This is related to Exercise (3) in Section B of Chapter 1 of [75]. In particular,
if f is a continuously-differentiable real or complex-valued function on an open
subset V of the real line, then

(4.8.13) u(wy, x2) = f(x122)
is a continuously-differentiable function on the open set
(4.8.14) {(z1,22) e R" : 21290 €V}

in the plane, and
(4.8.15) Lo(u)=0

on (4.8.14).
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4.9 Some simpler quasilinear equations

Let n be a positive integer, and let U be a nonempty open subset of R™. Also let
ai,...,ay, be real-valued functions on R x U, and let b be a real-valued function
on R. Consider the quasilinear first-order partial differential equation

(4.9.1) S 4 (u(x), 2) ;Z‘j(x) + bu(x)) = 0,

j=1

where u is a continuously-differentiable real-valued function on U. This is the
same as in Section 4.2, with b not depending on x € U.

4.9.1 A simpler equation for z(t)

Let I be an interval in the real line with nonempty interior, and which may be
unbounded, and let w(t) be a continuously-differentiable function of ¢ € I with
values in U, as before. We previously considered a system of ordinary differential
equations for w(t) and a continuously-differentiable real-valued function z(t) of
t € I. The equation for w(t) is

(4.9.2) w'(t) = a(z(t),w(t))

for every t € I, as before. In this case, the equation for z(¢) is

(4.9.3) 2Z'(t)+b(2(t) =0

for every ¢ € I. This does not depend on w(t), and so a solution to (4.9.3) can

be used to get that (4.9.2) may be considered as a system of ordinary differential
equations for w(t) on I.

4.9.2 The case where b =0
If b= 0 on R, then (4.9.1) reduces to

" ou
(4.9.4) S aj(u(@), 7) 5 (@) =0,
j=1 J
on U. Similarly, (4.9.3) reduces to
(4.9.5) 2(t)=0

for every t € I. Of course, this means that z(t) is constant on I. In this case,
(4.9.2) is simpler than before, although it depends on the constant value of z(t)
on I.
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4.9.3 Another simplification

Suppose now that a1, ..., a, are real-valued functions on R, which is to say that
they do not depend on = € U. This means that (4.9.1) reduces to

(4.9.6) > aj(u()) 3—7(17) + b(u(x)) =0

(4.9.7) w'(t) = a(z(t))

on I. If z(t) satisfies (4.9.3), then (4.9.7) can be solved more directly than
before.

4.9.4 Another simplification with b6 =0
If we also ask that b =0 on R again, then (4.9.4) reduces to

(4.9.8) Zaa 3% () =0

on U. Because (4.9.3) reduces to (4.9.5) in this case, as before, z(t) is constant
on I, so that the right side of (4.9.7) is constant on I as well. This means that
the curve corresponding to w(t) follows a straight line, at constant speed. Of
course, the constant value of the right side of (4.9.7) depends on the constant
value of z(t) on I.

Thus, although these curves follow straight lines at constant speeds, these
lines do not have to be parallel to each other, nor do the constant speeds of the
individual curves need to be the same. In particular, it is possible for curves
like these to cross each other, as mentioned in Section 3.2.5 b of [70]. This can
lead to limitations on continuously-differentiable solutions of (4.9.8), as in [70].

Some equations like these will be mentioned in Section 4.12.

4.10 A simplification with =z,

Let n be an integer greater than or equal to 2, and let U be a nonempty open
subset of R™. Also let

(4.10.1) F(q,y,x) = Flq1,---,qn,y, )

be a real-valued function on R" xR x U, as in Section 4.3. If u is a continuously-
differentiable real-valued function on U, then the first-order partial differential
equation corresponding to F(q,y,x) can be expressed as

F( ou ou

(m),u(m),x) =0.
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Suppose that F'(g,y,x) can be expressed as

(4103) F(q17 vy qn—1, qn,y,x) =dqn + ﬁ((ha cee aqn—lvyax)
for some real-valued function ﬁ(ql, s qn_1,y,z) on R" ! x R x U. In this
case, (4.10.2) is the same as saying that
Ju ~/ Ou ou
4.10.4 g F(— e =2 (), (), ):0.
@04 @)+ (@) g @) ule). o

4.10.1 The corresponding characteristic equations

Suppose that Fis continuously differentiable on R*~* x R x U, so that F is
continuously differentiable on R™ x R x U. This leads to a coupled system of
ordinary differential equations for w(t), z(t), and p(t) as in Subsection 4.3.3.
The differential equation for the nth component wy,(t) of w(t) reduces to

(4.10.5) wh(t) =1

n

for every t in the interval I.

In the quasilinear case, as in Section 4.2, the condition analogous to (4.10.3)
is that
(4.10.6) a, =1

on R x U. In this case, we have a coupled system of ordinary differential
equations for w(t) and z(t), as before. The differential equation for w,, (¢) reduces
to (4.10.5) again.

Similarly, one may consider the condition (4.10.6) in Section 4.1, where a,
is a real-valued function on U. The system of ordinary differential equations
for w(t) depends only on «a, and the differential equation for w,(t) reduces to
(4.10.5).

4.10.2 Some non-characteristic conditions

Suppose that the hypersurface 3 mentioned in Subsection 4.5.1 is contained in
a hyperplane

(4.10.7) {zeR": 2, =c}

for some ¢ € R. Note that the non-characteristic condition holds when the
differential equation for w, (¢) is as in (4.10.5) and ¥ is of this type.

The directional derivatives of u at a point in ¥ in directions tangent to X
are determined by the restriction of u to X, as before. In this case, this means
that the partial derivative of u with respect to z; on X is determined by the
restriction of uw to ¥ for j = 1,...,n — 1. If u satisfies a partial differential
equation as in (4.10.4), then it follows that the partial derivative of u with
respect to z,, on X is determined by the restriction of u to ¥ as well.

If u is given on X, then this makes it easy to get initial conditions for p at
points in 3, as in Subsection 4.5.5. More precisely, the initial condition for p;
at a point in ¥ is given by the partial derivative of u with respect to z; at the
point when j =1,...,n — 1, and is determined by (4.10.4) when j = n.
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4.11 Some simpler fully nonlinear equations

Let n be a positive integer, and let U be a nonempty open subset of R™. Also
let
(4.11.1) F(q,x)

be a real-valued function on R™ x U, and consider the fully nonlinear first-order
partial differential equation

(4.11.2) F(Du(z),z) =0,

where u is a continuously-differentiable real-valued function on U. This is the
same as in Section 4.3, where the function F(q,y,2) on R™ x R x U does not
depend on y € R.

4.11.1 Simpler characteristic equations

Let I be an interval in the real line with nonempty interior, and which may be
unbounded, and let w(t), z(t), and p(t) be continuously-differentiable functions
of t € I with values in U, R, and R", respectively. If F(q,x) is continuously
differentiable on R™ x U, then we get a system of ordinary differential equations
for w(t), z(t), and p(t), as in Subsection 4.3.3, which has some simplifications
in this case. The equations for w’(t) are now

_OF

(4.11.3) wi(t) = P

(p(t), w(t))

for each I =1,...,n and t € I. The equations for p’(t) reduce to

(4.11.4) Pi(t) = _gfj@(a,wu»

for each j =1,...,n and ¢t € I. The equation for 2/(t) is

(1.11.5) (0) = 3 S lt). wle) 1)

on I.

The right sides of these equations do not involve z(t). Thus (4.11.3) and
(4.11.4) form a system of ordinary differential equations for w(t) and p(¢). If
one has solutions for these equations, then (4.11.5) can be solved directly.

4.11.2 Another simplification with z,

Suppose now that n > 2, and that F(q, ) can be expressed as

(4116) F(Qla-~-7Qn—1aQn7$) = dn +ﬁ(CI17~-~aQn—17$)
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for some real-valued function ﬁ(ql, ey Gn_1,7) on R"1 x U, as in the previous
section. This means that (4.11.2) is the same as saying that

(4.11.7) Ou N( u Ou

@(I)JFF —(x),...,

Oxq (z), I) =0,

8$n71

on U, as before. Of course, (4.11.3) reduces to (4.10.5) when | = n. Similarly,
(4.11.5) can be reexpressed as

(4.11.8)  Z( Z aq (P1(t), -« Pae1(t), w(t) pj () + Pa(t)
in this case.

4.11.3 The Hamilton—Jacobi equation

If B B

(4119) F(q17 s 7Q7lfl7x) = F(qla sy Qn—1,T1, - -, xnfhxn)

does not depend on x,,, then (4.11.7) is the same as the Hamilton-Jacobi equa-
tion. Under these conditions, (4.11.4) says that

(4.11.10) P, (t) =0

for every t € I when j = n, so that p, is constant on I. This type of equation
is discussed in [70], starting in Section 3.2.5 c¢. These equations are normally
expressed a bit differently, as in the next section.

4.12 Other notation in n + 1 variables

Let n be a positive integer, and let us identify R™ x R with R"*! in the usual
way. An element of R™ x R may be expressed as (z,7), where z € R™ and
7€ R.

Let U be a nonempty open subset of R” x R, and let

(4121) F(q1;~~~7qn7Qn+lay7va)

be a real-valued function on R"*! x R x U. This means that (4.12.1) is de-
fined for ¢1,...,qn,qn+1,y € R and (z,7) € U. If u(x,7) is a continuously-
differentiable real-valued function on U, then the first-order partial differential
equation corresponding to (4.12.1) can be expressed as

ou ou ou
(4.12.2) F(a—(x,r),...,ai(x,T),a—T(a:,T),u(xﬂ-),x,T):(),

T n

Suppose that (4.12.1) can be expressed as

(4123) dn+1 +ﬁ(q1a---7Qn7y7x7T)
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for some real-valued function ﬁ(ql, ce s qn,y,x,7) on R” x R x U. Under these
coditions, (4.12.2) is the same as saying that

0 ~7 0 0
(4.12.4) a—i(m, T) + F(a—;l(xﬁ), e %(1‘, T),u(z, 7),, T) =0.

This corresponds to (4.10.4), in this notation.

If F is continuously differentiable on R™ x R x U, then we can consider the
associated system of characteristic equations, as before. The analogue of (4.10.5)
with n replaced by n+ 1 permits us to identify ¢ with 7, perhaps with a suitable
translation. Of course, an equation of the form (4.12.4) is often expressed with
t in place of 7.

If F(q1,...,qn,y,2,7) does not depend on y or 7, then (4.12.4) is the same as
the Hamilton—Jacobi equation, as in the previous section, with slightly different
notation.

4.12.1 Some quasilinear equations

Let ® be a continuously-differentiable function on the real line with values in
R”™. The partial differential equation

0
(4.12.5) T divd(u) = 0

or
is called a scalar conservation law, as in Example 5 in Section 3.2.5 b of [70].
More precisely, the divergence is taken in the z variables here. Equivalently,

this can be expressed as

n

ou , Ju
(4.12.6) 5 T ; O’ (u) o, = 0,

where ®; is the jth component of ® for each j =1,...,n. This may be consid-
ered as an equation of the type mentioned in Subsection 4.9.4.
If n=1and b € R, then

%(x, 7))+ u(x, 7) @(1‘,7) =b

or Ox

is a quasilinear first-order equation that is a simpler version of the type men-
tioned in Subsection 4.9.3. This is the inviscid form of Burger’s equation when
b = 0, which is discussed in Section 3.4.1 of [70]. In this case, this equation is
an example of a scalar conservation law. This equation with b = 1 is mentioned
in Problem 5 (c) in Section 3.5 of [70], as well as Example 2 and Exercise (4) in
Section B of Chapter 1 of [75].

(4.12.7)

4.13 Some other fully nonlinear equations

Let n be a positive integer, and let

(4.13.1) F(q,y)
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be a real-valued function on R™ x R. Also let U be a nonempty open subset of
R"”, and consider the fully nonlinear first-order partial differential equation

(4.13.2) F(Du(z),u(z)) =0,

where u is a continuously-differentiable real-valued function on U. This is the
same as in Section 4.3 again, where the function F(q,y,2z) on R"® x R x U does
not depend on x € U.

4.13.1 Simpler characteristic equations again

Let I be an interval in the real line with nonempty interior, and which may be
unbounded, and let w(t), z(¢), and p(t) be continuously-differentiable functions
of t € I with values in U, R, and R", respectively, as before. If F(q,y) is
continuously differentiable on R™ x R, then the system of ordinary differential
equations for w(t), z(t), and p(t) discussed in Subsection 4.3.3 can be simplified
in this case too. The equations for w'(t) are

oF
(4.13.3) wi(t) = 7 (p(t), 2(1))
a
for each I =1,...,n and t € I. The equations for p’(t) now reduce to
OF
(4.13.4) pi(t) = —a—y(p(t), z(t)) p; (1)

for each j =1,...,n and ¢t € I. The equation for 2'(¢) reduces to
"~ OF
(4.13.5) Z() = 2—(p(t), 2(t)) p;(t)

for every t € I.

The right sides of these equations do not involve w(t), so that (4.13.4) and
(4.13.5) form a system of ordinary differential equations for p(¢) and z(t). If one
has solutions to these equations, then (4.13.3) can be solved directly, as before.

4.13.2 An additional simplification

Suppose for the moment that the derivative of F'(q,y) in y does not depend on
y. This means that

(4.13.6) Fla.) = Fla.0)+ 5 (0.0)y

for every ¢ € R™ and y € R. Equivalently, if we put

(4.13.7) Fi(q) = F(q,0) and F(q) = (9F/0y)(q,0),
then

(4.13.8) F(q,y) = Fi(q) + Fx(q)y
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for every ¢ € R™ and y € R. Note that Fi(¢q) and Fy(q) can be arbitrary
continuously-differentiable real-valued functions of ¢ € R™ here. In this case,
(4.13.2) reduces to

(4.13.9) Fi(Du(z)) + Fo(Du(x)) u(z) = 0.
Similarly, (4.13.4) reduces to
(4.13.10) p;(t) = —Fa(p(t)) p;(t)

under these conditions. The right side of this equation depends only on p(t), so
that one gets a system of ordinary differential equations for p(t). If one has a
solution for this system, then (4.13.5) gives an ordinary differential equation

n

OFy OF,
4.13.11 2(t) = —— (1) + = (p(t)) 2(t) ) p;(t
(4.1311) (t ;(aqj () + 5 (0l0) 20)) 3 )
for z(t), that is linear in z(t). Observe that (4.13.3) reduces to

(4.13.12) wj(t) = %—S(p(t)) + %—Zj(p(t)) (1)

under these conditions. This can be solved directly using solutions to (4.13.10)
and (4.13.11), as before.

4.13.3 Taking F»(q) to be constant

Suppose now that the derivative of F(g,y) in y is a constant ¢ € R, so that
(4.13.13) F(q,y) = F(q,0) + cy
for every ¢ € R™ and y € R. This is the same as saying that
(4.13.14) Fy(q)=c
on R in the notation of (4.13.8), so that
(4.13.15) F(g,y) = Fi(q) +cy
for every ¢ € R™ and y € R, as in (4.13.8). Thus (4.13.9) reduces to
(4.13.16) Fi(Du(x)) + cu(z) = 0.
In this case, (4.13.10) reduces to
(4.13.17) P(t) = —cp;(t)
on [ for each j = 1,...,n. This is solved by taking

(4.13.18) p;(t) = aj exp(—ct)
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for some real numbers aq, ..., a,. Similarly, (4.13.11) reduces to
"~ OF
(413.19) 20 =3 500 pi()
j=1 =Y

and (4.13.12) reduces to

(4.13.20) w)(t) = oF

= g, P®);

Note that the right sides of these equation do not involve z(¢) under these
conditions. Example 3 in Section 3.2.2 ¢ of [70] is a nice example of this type.

4.14 A simpler case
Let n be a positive integer again, and let
(4.14.1) F(q)

be a real-valued function on R™. Consider the fully nonlinear first-order partial
differential equation
(4.14.2) F(Du(z)) =0,

where u is a continuously-differentiable real-valued function on a nonempty open
subset U of R™. This is the same as in Section 4.3, where the function F(q,y, x)
on R” x R x U does not depend on either y € R or x € U. This may also
be considered as a particular case of the classes of fully nonlinear equations
discussed in each of Sections 4.11 and 4.13. If « € R™ and b € R, then

(4.14.3) wz)=a-z+b
satisfies (4.14.2) on R™ if and only if

(4.14.4) F(a) = 0.

4.14.1 Much simpler characteristic equations

Let I be an interval in the real line with nonempty interior, and which may be
unbounded, and let w(t), z(t), and p(t) be continuously-differentiable functions
on I with values in U, R, and R", respectively, as usual. If F(q) is continuously
differentiable on R™, then the system of ordinary differential equations for w(t),
z(t), and p(t) discussed in Subsection 4.3.3 can be simplified further, as follows.
The equations for w’(t) are

(4.14.5) wi(t) = 5—(p(t))
for each I =1,...,n and ¢t € I. The equations for p’(t) are simply

(4.14.6) pi(t) =0



4.14. A SIMPLER CASE 91

for each j =1,...,n and t € I. The equation for 2’(¢) is
"~ OF
(4.14.7) ()= afq(P(t))pj (t)
j=1

for every t € I.
Of course, (4.14.6) implies that p(t) is constant on I. This means that the
right sides of (4.14.5) and (4.14.7) are constant on I as well.

4.14.2 The eikonal equation

The eikonal equation

(4.14.8) [Vu(z) =1

is a partial differential equation of this type. More precisely, this is equivalent
to saying that
(4.14.9) |Vu(z)|* =1

on U. This corresponds to taking
(4.14.10) Flg)=laf-1=) ¢ -1,
j=1
which is a smooth function on R”™.
4.14.3 More on Hamilton—Jacobi equations

Suppose that n > 2, and that F(¢) can be expressed as

(4.14.11) F(qi,- . qn) = qn + F(q1, ..., qn-1)

for some real-valued function ﬁ(ql, e yqn_1) on R"71 as in Section 4.10. In
this case, (4.14.2) is the same as saying that

ou ~7 Ou ou

on U, as before. Remember that (4.14.5) reduces to (4.10.5) when I = n.
Similarly, (4.14.7) reduces to

(4.14.12)

(4.14.13) ()= 2= i(t),. . pa-1(8) (1) + Pa(t)

under these conditions. Of course, (4.14.12) is a type of Hamilton—Jacobi equa-
tion, as in Subsection 4.11.3. This may normally be expressed a bit differently,
as in Section 4.12. This type of Hamilton—Jacobi equation is discussed in Section
3.3 of [70].



92 CHAPTER 4. FIRST-ORDER EQUATIONS

4.15 Quasilinearity and derivatives

Let n be a positive integer, let U be a nonempty open subset of R", and let
F(q,y,z) be a continuously-differentiable real-valued function on R™ x R x U.
Also let u be a twice continuously-differentiable real-valued function on U, and
suppose that

(4.15.1) F(Du(z),u(x),x) is constant on U.

This implies that

(4.15.2) ai](F(Du(x), u(z),z)) =0

on U for each j = 1,...,n. This can be expanded using the chain rule to get

partial differential equations that are linear in the second derivatives of u, as in
Subsection 4.3.2.

4.15.1 A simplification in y

Suppose that there is a real number ¢ such that

(4.15.3) F(q,y,z) = F(q,0,z) + cy

on R” x R x U. Equivalently,

(4.15.4) F(q,y,7) = Fo(qg,z) + cy

on R™ x R x U, where Fy(q,z) = F(q,0,z) is a continuously-differentiable
real-valued function on R™ x U. In this case, (4.15.1) is the same as saying that

(4.15.5) Fo(Du(z),z) + cu(x) is constant on U.
This implies that
(4.15.6) O (By(Dua), ) + e 24 (2) = 0
o a$j 0 ’ 8$j B
on U for each j = 1,...,n, as before. It is easy to see that these equations only

involve the first and second derivatives of u, and not u itself.

4.15.2 Some related quasilinear equations

Suppose now that n > 2, and that F(q,y,x) can be expressed as

(4.15.7) F(q,y,7) = F(q1,2) + Y aia+cy
=2

on R"xRxU. Here F (g1, ) is a continuously-differentiable real-valued function
on R x U, and as,...,a, and c are real numbers. Under these conditions,
(4.15.1) is the same as saying that

n

~( Ou ou .
(4.15.8) F(a—xl(x),x) + ;ala—xl(x) + cu(z) is constant on U.
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In this case, the equation (4.15.2) with j = 1 reduces to

OF / du 0%u " 0%y
4.15. — — _—
(4.15.9) Oq (&Tl (@), m) 0x? (@) + ; “ 0x1 Ox; (@)
ou OF / du
g @)+ g (g @) =0

This may be considered as a first-order quasilinear partial differential equation
in du/0xy on U.
Suppose that n = 2, and that F(q,y, ) can be expressed as

(4.15.10) F(q,y,x) = F(q1) + g,

where F is a continuously-differentiable real-valued function on R. This corre-
sponds to taking F(q1,2) = F(q1), a2 = 1, and ¢ = 0 in (4.15.7). This means
that (4.15.9) reduces to

o (Ou 1\ O Pu_ v
(4.15.11) F (ax1 ($)> 527 )+ gy, @) =0

This may be considered as a scalar conservation law in du/dx1, as in Subsection
4.12.1. This corresponds to a remark about the initial value problem (26) in
Section 3.4.2 in [70].



Chapter 5

Some flows and
exponentials

5.1 Some flows on R"

Let n be a positive integer, and let us identify R™ x R with R**!, as in Section
4.12. An element of R™ x R may be expressed as (z,7), with z € R™ and
7 € R, as before. Let I be an interval in R with nonempty interior, which may
be unbounded, and let W be a nonempty open subset of R".

Suppose that for each t € I,

(5.1.1) ¢; is a mapping from W into itself.

Typically we might have that 0 € I, and that ¢g is the identity mapping on W.
If £ € W, then we ask that

(5.1.2) ¢+(&) be differentiable as a function of t € T with values in R".

This should be interpreted in terms of one-sided derivatives at any endpoints of
I that are contained in I.

5.1.1 Functions on W x [

Let u(x, 7) be a continuously-differentiable real or complex-valued function on
W xI. If x € W and 7 is an endpoint of I that is contained in I, then the partial
derivative of u at (z,7) in x; can be defined in the usual way for j =1,...,n,
and the partial derivative in 7 can be defined as a one-sided derivative.

If £ € W, then u(¢:(€),t) is differentiable as a real or complex-valued func-
tion of t € I, with

(5.1.3) %(u(@(f),t}) =3 = (¢y(€),1) + %(@(E)J)-

~ doy ;(€) Ou
dt (%vj

j=1

Here ¢, ;(€) is the jth coordinate of ¢,(§) for each j =1,...,n.

94



5.1. SOME FLOWS ON RY 95

5.1.2 An additional hypothesis on ¢;

Note that
(5.1.4) (&, t) = (de(§), 1)

defines a mapping from W x I into itself. Suppose now that for each t € I,
(5.1.5) ¢; is a one-to-one mapping from W onto itself.
Equivalently, this means that

(5.1.6) ® is a one-to-one mapping from W x I onto itself.

If 1 < j < n, then let a; be the real-valued function on W x I such that

(5,17 i (6(0),1) = 1)
for every £ € W and t € I. Also put

(5.1.8) apy1 =1

on W x I, so that

(5.1.9) a=(a1,...,0n,ans1)

defines a mapping from W x I into R™+!.

5.1.3 The associated operator L,

Put

Z Oou  Ju
(5.1.10) Lo (u) :jz_;aja—%JrE
on W x I, as in Section 4.1. By construction,

d

(5.1.11) (La(u)(@e(€),1) = — (u(¢x(€), 1)
for every £ € W and t € I. Similarly, if £ € W, then
(5.1.12) (¢:(£):1)

satisfies the system of ordinary differential equations associated to a as a func-
tion of ¢t € I as for w(t) in Subsection 4.1.2.

5.1.4 Another additional hypothesis on ¢,
Suppose for the moment that I = R, and that

(5.1.13) Qj)rth(f) = ¢r(¢t(§))

for every £ € W and r,t € R. This implies that the derivative of ¢;(£) in ¢ at ¢
is the same as the derivative of ¢, (¢+(£)) in r at » = 0. This means that

(5.1.14) a(9:(£),1) = a(¢:(£),0),

so that a(x,7) does not depend on 7. Note that (5.1.13) implies that ¢q is the
identity mapping on W, because ¢ is supposed to map W onto itself.



96 CHAPTER 5. SOME FLOWS AND EXPONENTIALS

5.2 A more local version

Let n be a positive integer, and let us identify R™ x R with R"™! again. Let
U be an open subset of R™ x R, and put

(5.2.1) U ={zeR": (z,t) €U}

for each t € R, which is an open set in R™. Let V be another open subset of
R" x R, and let V; be as in (5.2.1) for each t € R. If £ € R", then

(5.2.2) {teR: () eV}

is an open subset of R.
Suppose that for each t € R,

(5.2.3) ¢¢ is a mapping from V; into Us.

This means that
defines a mapping from V into U. If £ € R™, then we ask that

(5.2.5) ¢¢(€) be differentiable as a function of ¢

in (5.2.2) with values in R".

5.2.1 Functions on U

Let w be a continuously-differentiable real or complex-valued function on U,
and let £ € R™ be given. If ¢ is an element of (5.2.2), then (£,¢t) € V, £ € V,
&¢(€) € Uy, and thus

(5.2.6) (¢:(§),t) € U.
This means that
(5.2.7) u(¢e(€),t)

is defined as a real or complex-valued function on (5.2.2). In fact, (5.2.7) is
differentiable as a real or complex-valued function of ¢ in (5.2.2), with derivative
intasin (5.1.3).

5.2.2 An additional bijectivity condition

Suppose now that for each t € R,
(5.2.8) ¢ is a one-to-one mapping from V; onto Us.

Equivalently, this means that the mapping ® in (5.2.4) is a one-to-one mapping
from V onto U. If 1 < j < n, then let a; be the real-valued function on U such

that o
(5.2.9) i (6(), 1) = 25
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for every (§,t) € V. Also put a,41 = 1 on U, so that a = (a1,...,an,ant1)
defines a mapping from U into R™t1.
Let Lo(u) be defined on U as in (5.1.10). If (£,¢t) € V, then

(5210 (L)) (@0(6),1) = 2 (u(00(€),1),
as before. Similarly, if £ € R"™, then
(5211) (6:(6).)

satisfies the system of ordinary differential equations associated to a as a func-
tion of ¢ in (5.2.2) as for w(t) in Subsection 4.1.2.
Let (¢,t) € V be given, and suppose that

(5.2.12) (¢:(£),0) € V.
This implies that
(5.2.13) (6e(8),r) eV

for every r € R with |r| sufficiently small. Of course, we also have that
(5.2.14) (& t+r)eV

when |r| is sufficiently small.

5.2.3 An additional condition on ¢,

Suppose that
(5215) ¢r+t(£) = ¢7(¢f(§))

when r is sufficiently small. This implies that the derivative of ¢.(£) in ¢ at ¢
is equal to the derivative of ¢,.(¢¢(£)) in r at r = 0, as in the previous section.
This means that

(5.2.16) a(@e(§),t) = a(¢:(£), 0),

as before.

5.3 Some basic first-order operators

Let n be a positive integer, and suppose that a;(z) is a real-valued linear function

on R"™ for each j = 1,...,n. This can be expressed as
n
(5.3.1) a;j(z) = Zaﬂ x
1=1
forx € R" and j = 1,...,n, where (a;;) = (a;,)7,—; is an n X n matrix of real

numbers. Equivalently,

(5.3.2) a(z) = (a1(x),...,an(x))
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is a linear mapping from R™ into itself, which corresponds to this matrix in the
usual way.

Let U be a nonempty open subset of R™, and let v be a continuously-
differentiable real or complex-valued function on U. Thus

(5.3.3) (Lau) () = 3 a5(a)

defines a continuous real or complex-valued function on U, as appropriate. Note
that the examples mentioned in Sections 2.8, 4.7, and 4.8 are of this form.

5.3.1 Some homogeneity conditions

Suppose for the moment that U = R™ \ {0}, and that
(5.3.4) u is homogeneous of degree b € C.
It is easy to see that

(5.3.5) L, (u) is homogeneous of degree b

as well, because the partial derivatives of u are homogeneous of degree b — 1, as
in Subsection 2.8.2. Similarly, if p is a polynomial on R"™ with real or complex
coefficients that is homogeneous of degree k for some nonnegative integer k,
then L,(p) is a homogeneous polynomial of degree k on R™ too.

5.3.2 Commutators in this case

Let by(x),...,by(x) be n more real-valued linear functions on R™, and let b and
Ly be as before. Observe that

(536) Cj = La(bj) — Lb(aj)

is a real-valued linear function on R™ for each j = 1,...,n, as in the preceding
paragraph. If ¢ and L. are as before, then L. corresponds to the commutator
of L, and L, as in Subsection 2.3.1.

Let (bj,;) and (c;;) be the matrices corresponding to b and ¢, respectively,
as before. Clearly

(5.3.7) Zzakzdfl ZZ ik 1bj k1
k=1 I=1 k=1 I=1
for each j = 1,...,n. Similarly,

(5.3.8) Ly(aj) = Zzbk,l aj.k L1

k=11=1
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for each j =1,...,n. It follows that

(5.3.9) cu=> bikari— Y kb
k=1 k=1

for each 5,1 =1,...,n.

5.4 Exponentiating real matrices

Let n be a positive integer, and let A be a linear mapping from R™ into itself.
This corresponds to an n X n matrix of real numbers in a standard way, as in
the previous section. Of course, the composition of two linear mappings on R"
is another linear mapping on R"™. It is well known and not difficult to see that
this corresponds to matrix multiplication of the corresponding matrices.

If j is a positive integer, then A7 denotes the composition of A with itself
a total of j — 1 times, so that there are j factors of A. This is interpreted as
being the identity mapping I on R™ when j = 0. One would like to define the
exponential of A by

(5.4.1) exp A=Y (1/j) A7,
j=0

as another linear mapping on R™.

5.4.1 Absolute convergence of the sum

More precisely, it is well known and not difficult to show that there is a non-
negative real number C' such that

(5.4.2) |A(v)| < Cv|

for every v € R™. The smallest such C is known as the operator norm of A
with respect to the standard Euclidean norm on R™. It follows that

(5.4.3) A7 (v)] < C7 o]

for every 5 > 1 and v € R™. This also works with j = 0, and C” interpreted as
being equal to 1, as usual.
If v € R", then
oo

(5.4.4) >/ e

is a convergent series of nonnegative real numbers, with sum equal to
(5.4.5) (exp C) |vl,

because of the usual series expansion for exp C. It follows that

o

(5.4.6) S (141 [49(0)]

=0
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is a convergent series of nonnegative real numbers, with sum less than or equal
o (5.4.5), because of (5.4.3) and the comparison test. Let (A7(v)); be the Ith
coordinate of A7(v) € R™ for every [ = 1,...,n, so that

(5.4.7) (A7 ()] < |47 (v)]
for each j > 0and I =1,...,n. Thus
(5.4.8) CVED! )il
7=0
is a convergent series of nonnegative real numbers for every I = 1,...,n. This
means that -
(5.4.9) > (/) (A (v)y
j=0
is an absolutely convergent series of real numbers for every [ =1,...,n.

We would like to put

oo

(5.4.10) (exp A)(v) = > (1/41) A (v

j=0

as an element of R™. The Ith coordinate of the right side is equal to (5.4.9) for
every [ = 1,...,n. It is easy to see that this defines a linear mapping from R"™
into itself. One could also look at this in terms of matrices, where the entries
of the matrix corresponding to exp A can be expressed as absolutely convergent
series of real numbers.

5.4.2 Exponentials and eigenvectors
Suppose that v is an eigenvector of A with eigenvalue A € R, so that
(5.4.11) A(v) = Aw.

This implies that . .
(5.4.12) Al (v) =M

for every j > 0. It follows that
(5.4.13) (exp A)(v) = (exp A) v.

5.4.3 Exponentials and conjugations

Let T be a one-to-one linear mapping from R”™ onto itself, so that the inverse
mapping 7! is linear on R™ too. It is easy to see that

(5.4.14) ToAloT ' =(ToAoT 1)
for every j > 0. This means that

(5.4.15) To(expA)oT t=exp(ToAoT™ ).
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5.5 Exponentials of sums

Let n be a positive integer, and let A, B be linear mappings from R"™ into itself.
Suppose that A and B commute on R", so that

(5.5.1) AoB=DBoA.

If [ is a positive integer, then one can check that

l
(5.5.2) (A+B)=>" (;) Al o B9,

j=0
as in the binomial theorem.

This implies that

(5.5.3) exp(A+ B) = i(l/”) (A+B)l
1=0

o 1

= Z <Z(1/]') (1/([ _])|) AJ OBl*j)'

=

0 j=0

The right side corresponds to the Cauchy product of the series used to define
exp A and exp B. In particular, this means that the same terms are being
summed, but in different ways. One can use this to show that

(5.5.4) exp(A + B) = (exp A) o (exp B)

under these conditions. More precisely, this also uses absolute convergence of
the sums, to ensure that the different ways of arranging the sums lead to the
same results.

5.5.1 Invertibility of exp A

Note that exp A automatically commutes with A. Similarly, if A commutes with
B, then exp A commutes with B. Of course, if A =0, then expA = 1. If A is
any linear mapping on R"”, then

(5.5.5) (exp A) o (exp(—A)) = (exp(—A)) o (exp A) =1,

by (5.5.4). This implies that exp A is invertible on R”, with inverse equal to
exp(—A).

5.5.2 The exponential of A’

Let A, B be any two linear mappings on R", and let A’, B’ be the linear

mappings corresponding to them as in Subsection 1.15.2. If v,w € R™, then
(AoB)(v) -w=A(BMW)) - w = Bv) A(w)
(5.5.6) = v-B'(A(w))=v- (B oA")(w).
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This means that

(5.5.7) (AoB) =B'o A
In particular, ‘ A
(5.5.8) (A7) = (A")?
for each j > 0. It follows that
(5.5.9) (exp A) = exp(A").
If
(5.5.10) A =—A,
then we get that
(5.5.11) (exp A) = exp(A") = exp(—A) = (exp A)~*

This means that exp A is an orthogonal transformation on R, as in Subsection
1.15.1.

5.6 The exponential of t A

Let n be a positive integer, let A be a linear mapping from R™ into itself, and
let t be a real number. Of course, t A may be considered as a linear mapping on
R", with (¢t A)(v) = t A(v) for every v € R™. Thus the exponential of ¢ A may
be defined as before, so that

oo

(5.6.1) exp(tA) =Y (1/j)t/ A7,

7=0

This may be considered as a power series in t, whose coefficients are linear
mappings on R™. If v € R™, then

o0
(5.6.2) (exp(t A))(v) =Y (1/5) Al (v

7=0
may be considered as a power series in ¢, with coefficients in R"™.

More precisely, for each [ = 1,...,n, the lth coordinate of (exp(t A))(v) is

oo

(5.6.3) ((exp(t A)) () = D (1/) ¢ (A7 (0))r.

=0

This is an absolutely convergent power series in ¢ with coefficients in R. Sim-
ilarly, the entries of the matrix associated to exp(t A) may be expressed as
absolutely convergent power series in ¢t with real coefficients.

In particular, these are smooth functions of ¢ on R, by standard results
about power series. We can differentiate these series termwise, to get that

(5.6.4) %((exp(t A))(v)) = A((exp(t A))(v))
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for every v € R™. This can be expressed by

(5.6.5) %(exp(t A)) = Ao (exp(t A)).

5.6.1 Differential equations related to exp(t A)

Let U be a nonempty open subset of R", and let u be a real or complex-valued
function on U that is continuously-differentiable on U. Put

(5:6:6) (Ea@)) = Y (@) g (@)

=1

for each x € U. This is the same as in Section 5.3, with different notation. This
is related to the system of ordinary differential equations

(5.6.7) w'(t) = A(w(t)),

as in Subsection 4.1.2, where w(t) is a continuously-differentiable function on
an interval in the real line with nonempty interior, and with values in R"™. If
v € R™, then

(5.6.8) w(t) = (exp(t A))(v)

satisfies (5.6.7), as in (5.6.4).
Let I be an open interval in the real line, which may be unbounded, with

(5.6.9) (exp(t A))(v) € U

for each t € I. Under these conditions,

d
(5.6.10) 7 W(exp(t A))(v)) = (La(u))((exp(t 4))(v))
on I, as in Subsection 4.1.2. This can be used to analyze first-order semilinear
equations on U involving L 4, as before.

5.7 Traces and determinants

Let n be a positive integer, and let (a;;) be an n x n matrix of real numbers.
The trace of this matrix is defined as usual as

(5.7.1) > a;;
j=1

The determinant of (a;;) is defined in a standard way, that we shall not repeat
here.

If A is a linear mapping from R"™ into itself, then A corresponds to an n x n
matrix (a;;) of real numbers in a standard way. The trace tr A and determinant
det A of A are defined as the trace and determinant of (a;,;), respectively.
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Let B be another linear mapping from R”™ into itself. It is well known and
not difficult to verify that

(5.7.2) tr(Ao B) =tr(Bo A).
It is also well known that
(5.7.3) det(A o B) = (det A) (det B).

If ¢ is a real number, then I + ¢t A is another linear mapping from R”. It is
clear from the definition of the determinant that

(5.7.4) det(I +t A)

is a polynomial in ¢ of degree at most n. One can check that this polynomial is
of the form

(5.7.5) 1+ (trA)t+4---,

where the additional terms are multiples of ¢/, 2 < j < n. This means that the
derivative of (5.7.4) in t at ¢ = 0 is equal to tr A.

5.7.1 A connection with the exponential

It is well known that
(5.7.6) det(exp A) = exp(tr A).

One way to see this is to use calculus to show that

(5.7.7) det(exp(t A)) = exp(t tr A)

for every t € R. Note that both sides of this equation are equal to 1 at t = 0.
The right side of (5.7.7) satisfies the differential equation

(5.7.8) f(t) = (tr A) f(¢)

on R. We would like to check that the left side of (5.7.7) satisfies the same
differential equation. If we can do that, then (5.7.7) follows, by standard argu-
ments.

One can verify directly that the left side of (5.7.7) satisfies (5.7.8) at ¢t = 0.
Let ¢y € R be given, and observe that

(5.7.9) exp(t A) = (exp((t — to) A) o (exp(ty A))

for every t € R, as in Section 5.5. One can use this to obtain that the left side
of (5.7.7) satisifes (5.7.8) at to from the analogous statement at 0.
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5.8 Exponentiating complex matrices

Let m be a positive integer, and let A be a linear mapping from C™ into itself, as
a vector space over the complex numbers. This corresponds to an m X m matrix
of complex numbers in the usual way. The composition of two linear mappings
on C™ corresponds to matrix multiplication of the corresponding matrices of
complex numbers.

If j is a positive integer, then A7 denotes the composition of A with itself a
total of j — 1 times, so that there are j factors of A, and which is interpreted
as being the identity mapping I on C™ when j = 0. As in the real case, it is
well known and not difficult to show that there is a nonnegative real number C'
such that
(5.8.1) |A(v)] < C |

for every v € C™, and the smallest such C' is the operator norm of A with
respect to the standard Fuclidean norm on C™. This implies that

(5.8.2) |A7(v)] < C7 o]

for every j > 0 and v € C™.
One would like to define the exponential of A as another linear mapping on
C™ by

(5.8.3) exp A=) (1/j!) A,
=0

as in Section 5.4. More precisely, if v € C™, then we would like to put

WK

(5.8.4) (expA)(v) = ) (1/51) A?(v),

§=0
as an element of C™, as before. This means that for each [ = 1,...,m, the [th
coordinate of (exp A)(v) is equal to

(5.8.5) (exp A)()) = p_(1/3!) (A7 (0):.

<
I
=)

The right side is an absolutely convergent series of complex numbers, by the
comparison test. This defines a linear mapping on C™, and the entries of
the corresponding matrix can be expressed as absolutely convergent series of
complex numbers in an analogous way.

Note that a linear mapping from R™ into itself, as a vector space over the
real numbers, has a unique extension to a linear mapping from C™ into itself, as
a vector space over the complex numbers. Both linear mappings correspond to
the same m x m matrix of real numbers, which may be considered as an m x m
matrix of complex numbers too. The exponential of the linear mapping on C™
is the same as the extension of the exponential of the linear mapping on R™ to
a linear mapping on C™.
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5.8.1 Some additional properties of exp A

Suppose that v € C™ is an eigenvector of A with eigenvalue A € C, so that

(5.8.6) A(v) = Aw.

It is easy to see that

(5.8.7) (exp A)(v) = (exp \) v,

as before. If T' is a one-to-one linear mapping from C™ onto itself, then
(5.8.8) To(expA)oT ' =exp(ToAoT™),

as before.

Let B be another linear mapping from C™ into itself, and suppose that A
and B commute on C™, so that

(5.8.9) AoB=DBoA.
Under these conditions,
(5.8.10) exp(A + B) = (exp A) o (exp B),

as in Section 5.5. We also have that exp A commutes with B in this case, as
before. If we take B = —A, then we get that exp A is invertible on C™, with
inverse equal to exp(—A), as in Subsection 5.5.1.

The trace and determinant of an m xm matrix of complex numbers can be de-
fined in the same way as for real numbers. Similarly, the trace and determinant
of A are defined to be the trace and determinant of the matrix corresponding
to A, respectively. These satisfy the same basic properties as in the real case.
In particular, it is well known that

(5.8.11) det(exp A) = exp(tr 4),

which can be shown using an argument like the one in Subsection 5.7.1. Alter-
natively, one can use results from linear algebra to reduce to the case where A
corresponds to an upper triangular matrix, for which (5.8.11) can be verified
more directly.

5.9 More on C™"

Let m be a positive integer, and let (v, w) = (v,w)cm be the standard inner
product on C™, as in Section 2.6. If v,w € C™, then

(5.9.1) v+w?=@w+wv+tw) = (v,0)+ (v,w)+ (w,v) + (w,w)
[v|> 4+ 2 Re(v, w) + |wl|?.

If we replace w with ¢ w, then we get that

(5.9.2) |v+iw|* = |v|* + 2Re(—i (v, w)) + |w|* = [v]* + 2 Im(v, w) + |w]|?.
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It follows that
(5.9.3) (v, w) = (1/2) (Jv + w]* = [o|* = [w[*) + (i/2) (Jv + i w]* — [v|* = |w]*).

This is another polarization identity.
Let T be a linear mapping from C™ into itself, as a vector space over the
complex numbers. As in the real case,

(5.9.4) kerT ={ve C™:T(v) =0}

is a linear subspace of C™, called the kernel of T. This is equal to {0} if and
only if T' is one-to-one, as before. It is is well known that 7" is one-to-one on C™
if and only if T maps C™ onto itself, in which case the inverse mapping 7! is
linear on C™ too.

5.9.1 Unitary transformations

A one-to-one linear mapping T from C™ onto itself is said to be unitary if
(5.9.5) (T(v), T(w)) = (v, w)

for every v, w € C™. Note that this implies that T~ is unitary as well. In this
case, we can take v = w in (5.9.5), to get that

(5.9.6) IT(v)] = [o].

Conversely, if (5.9.5) holds for every v € C™, then (5.9.5) holds for every v. w
in C™, because of the polarization identity (5.9.3). Of course, (5.9.6) implies
that ker T' = {0}.

If T is any linear mapping from C™ into itself, then it is well known that
there is a unique linear mapping 7™ from C™ into itself such that

(5.9.7) (T(v),w) = (v, T*(w))

for every v, w € C™. This is called the adjoint of T. As in the real case, every
linear mapping from C™ into itself corresponds to an m x m matrix of complex
numbers in a standard way. The matrix associated to T™ is obtained by taking
the complex conjugates of the entries of the transpose of the matrix associated
to T

If T is a unitary transformation on C™, then one can verify that 7™ is the
same as the inverse of T. Conversely, if T is an invertible linear mapping on
C™, with inverse equal to T, then T is a unitary transformation on C™.

5.9.2 Some additional properties of adjoints

Let A, B be linear mappings from C™ into itself, and let ¢ be a complex number.
Under these conditions, A+ B and t A are linear mappings on C™, and one can
check that

(5.9.8) (A+ B)*=A"+ B*
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and

(5.9.9) (tA)" =t A"
One can also verify that

(5.9.10) (Ao B)" =DB"0o A™.
This implies that _ _
(5.9.11) (A7)" = (A*)!

for each nonnegative integer j, so that

(5.9.12) (exp A)* = exp(A").
If
(5.9.13) A*=—A,

then it follows that
(5.9.14) (exp A)* = exp(A*) = exp(—A) = (exp A) ™,

so that exp A is a unitary transformation on C™.

5.9.3 Self-adjoint linear mappings

A linear mapping A on C™ is said to be self-adjoint with respect to the standard
inner product on C™ if
(5.9.15) A* = A

If T is any linear mapping on C™, then it is easy to see that
(5.9.16) (T*)* =T.

One can use this to check that

(5.9.17) A= (1/2)(T+T")
and
(5.9.18) B=(—i/2)(T —T%)

are self-adjoint. Note that
(5.9.19) T=A+iB.

5.10 The exponential of z A

Let m be a positive integer, let A be a linear mapping from C™ into itself, and
let z be a complex number. Thus z A is another linear mapping from C™ into
itself, whose exponential

(5.10.1) exp(z A) =Y (1/4!) 27 A7
7=0
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may be considered as a power series in z, with coefficients that are linear map-
pings on C™. If v € C™, then

o0

(5.10.2) (exp(z A))(v) =Y (1/4!) 27 A7 (v)

=0

may be considered as a power series in z, with coefficients in C™.
As in Section 5.6, the Ith coordinate of (exp(z A))(v) is

oo

(5.10.3) ((exp(z A)) = (1/5) 27 (A (v)),
7=0
for each | = 1,...,m, which is an absolutely convergent power series in z with

complex coefficients. Similarly, the entries of the matrix associated to exp(z A)
may be expressed as absolutely convergent power series in z with complex co-
efficients. One can differentiate these series termwise, to get that they are
holomorphic functions of z, with

(5.10.4) %((exp(z A))(v)) = A((exp(z A))(v))

for every v € C™. This can be expressed by

9 (exp(z 4)) = Ao (exp(z A)),

(5.10.5) o

as before.

5.10.1 Nilpotent linear mappings

Let r be a nonnegative integer, and suppose that
(5.10.6) ATl =0

on C™. In this case, A is said to be nilpotent on C™. It is well known that if A
is nilpotent on C™, then one can take r < m — 1. Of course, if (5.10.6) holds,
then A7 =0 when j > r + 1. This means that

s

(5.10.7) exp(z A) =Y (1/j!) 27 A/

Jj=0

is a polynomial in z, with coefficients that are linear mappings on C™.
Note that
(5.10.8) exp(czI) = (exp(cz)) T

for every ¢,z € C, where I is the identity maping on C™. If A is any linear
mapping on C™, then A commutes with ¢I on C™. This implies that

(5.10.9) exp(z(cI+ A)) = (exp(cz1))o (exp(z A)) = (exp(cz)) exp(z A).



110 CHAPTER 5. SOME FLOWS AND EXPONENTIALS

5.11 Polynomials and differential operators

Let n be a positive integer, and remember that P(R",R) and P(R", C) are the
spaces of polynomials on R™ with real and complex coefficients, respectively, as
in Section 2.9. If k is a nonnegative integer, then let P*(R™, R) and P*(R", C)
be the spaces of polynomials on R™ with real and complex coefficients and degree
less than or equal to k, respectively. These are linear subspaces of P(R™, R)
and P(R"™, C), as vector spaces over R and C, respectively.

Consider the collection of monomials 2, where 3 is a multi-index with order
|3] < k. This collection is a basis for P*(R", R) and P*¥(R", C), as vector spaces
over R and C, respectively. In particular, P*(R" R) and P¥(R", C) have the
same finite dimension, as vector spaces over R and C, respectively.

Let N be a nonnegative integer, and suppose that a,, is a polynomial on R”
with real or complex coefficients for each multi-index « with |a| < N, so that

(5.11.1) L= Y a,0"

la|<N

defines a differential operator on R™ with polynomial coefficients, as in Section
2.9. Remember that L maps P(R"™, R) or P(R"™, C) into itself, as appropriate.
Suppose that

(5.11.2) degas < |af

for each o, |a] < N. If p is a polynomial on R™ with real or complex coefficients,
as appropriate, then
(5.11.3) deg L(p) < degp.

This means that L maps P*(R",R) or P*(R", C) into itself for each k > 0, as
appropriate.

5.11.1 A more precise condition

Similarly, let ¢ be a nonnegative integer, and suppose that

(5.11.4) dega, < |a|—c¢

for each «, |a] < N. This is interpreted to mean that

(5.11.5) ae, = 0 when |o| < c.

If p is a polynomial on R™ with real or complex coefficients, as appropriate,
then
(5.11.6) deg L(p) < degp — c.

As before, this means that
(5.11.7) L(p) = 0 when degp < c.
If 5 is a positive integer, then we get that

(5.11.8) deg L7 (p) < degp — cj.
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This means that

(5.11.9) LI (p) = 0 when degp < cj,

as usual. Suppose that ¢ > 1, and let k be a nonnegative integer. If
(5.11.10) k< cj,

then it follows that

(5.11.11) L7 =0 on P*(R™,R) or P*(R",C),

as appropriate. Thus the restriction of L to P*(R™ R) or P¥(R",C), as ap-
propriate, is nilpotent under these conditions.

5.12 Some related differential equations

Let n be a positive integer, let N be a nonnegative integer, and let L be a
differential operator of order less than or equal to NV on R™ with polynomial
coefficients, as in the previous section. Suppose that the coefficients satisfy
(5.11.2) for each a, |o| < N, and let k be a nonnegative integer. Thus L maps
PER™, R) or PX(R", C) into itself, as before. Let Ly be the restriction of L to
PF(R",R) or P*(R", C), as appropriate.

Let m = m(k) be the number of multi-indices 5 with order |8| < k. We can
identify P¥(R", R) and P*(R",C) with R™ and C™, respectively, by listing
the coefficients of a polynomial on R™ with degree less than or equal to k in
any reasonable way. This means that we can identify L; with a linear mapping
from R™ or C™ into itself, as appropriate.

If t € R, then we can define the exponential of ¢ Ly as a linear mapping on
PER™, R) or P*(R", C), as appropriate, as before. Let p be a polynomial on
R”™ with real or complex coefficients, as appropriate, and of degree less than or
equal to k. Thus
(5.12.1) (exp(t L) (p)

is another polynomial on R™ with real or complex coefficients, as appropriate,

and degree less than or equal to k. Of course, the coefficients of (5.12.1), as a

polynomial on R™, depend on ¢, and in fact they are smooth functions of ¢. It

follows that

(5.12.2) u(x,t) = ((exp(t L)) (p))(2)

is smooth as a function of (z,t) on R" x R, which we can identify with R”**.
Note that

(5.12.3) u(z,0) = p(z)
for every x € R™. We also have that
0
(5.12.4) g ((exp(t Li))(p)) = Li((exp(t Lt)) (p));
as before. This means that 5
(5.12.5) a—? = L(u)

on R"” x R.
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5.12.1 Some nilpotency conditions

Suppose for the moment that the coefficients of L satisfy (5.11.4) for some ¢ > 1.
This implies that Lj, is nilpotent on P*(R™,R) or P¥(R", C), as appropriate,
as in the previous section. It follows that exp(t L) is a polynomial in ¢ with
coefficients that are linear mappings on P*(R"™,R) or P*(R", C), as appropri-
ate, as in Subsection 5.10.1. This means that (5.12.2) is a polynomial in = and
t in this case.

5.13 Some additional related equations

Let us continue with the same notation and hypotheses as at the beginning of the
previous section. Suppose now that we are interested in the partial differential
equation

0%u

on R” x R. If we put
ou
5.13.2 =
( ) V=g
then (5.13.1) is the same as saying that
ov

5.13.3 — = L(u).
(5.13) %~ Lw)

Let us consider (5.13.2) and (5.13.3) as a system of partial differential equations
in v and v on R™ x R.

Of course, we can identify R™ x R™ and C™ x C™ with R?™ and C?™,
respectively. Similarly, we can identify

(5.13.4) P¥R",R) x P*(R",R)
and
(5.13.5) PF¥(R",C) x P*(R",C)

with R?™ and C?™, respectively, using the analogous identifications mentioned
in the previous section. Let T} be the mapping from (5.13.4) or (5.13.5) into
itself, as appropriate, defined by

(5.13.6) Ti(p,q) = (¢, Lr(p))
for every p,q € P¥(R™, R) or P*(R", C), as appropriate. Observe that
(5.13.7)  TZ(p,a) = Te(Ti(p, 0)) = Te(a: Le(p) = (Le(p), Li(q))

for all such p, g. We can identify T} with a linear mapping from R?™ or C?™
into itself, as before.
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If t € R, then we can define the exponential of ¢t T}, as a linear mapping on
(5.13.4) or (5.13.5), as appropriate, in the usual way. Let p, ¢ be elements of
PE(R"™, R) or P*(R", C), as appropriate, so that

(5.13.8) (exp(t Tx))(p, q)

is an element of (5.13.4) or (5.13.5), as appropriate. Let u(-,t), v(-,t) be the
elements of P*(R",R) or P*(R", C), as appropriate, such that

(5.13.9) (exp(tT3)) (P, q) = (u(:,t),v(:,1)).

The coefficients of u(z,t) and v(x,t), as polynomials in z on R"™, are smooth

functions of ¢, as before. This implies that u(x,t) and v(z,t) are smooth as

functions of (z,t) on R™ x R, which we can identify with R"*!, as usual.
Note that

(5.13.10) 2 ((exp(t i) (0. ) = Til(exp(t T1)) (. ),

as before. This means that

(5.13.11) g(u(-,t),v(~,t)) = Ty (u(-,t),v(,t)) = (v(-,t), L(u(: 1)),

ot
which is the same as saying that u and v satisfy (5.13.2) and (5.13.3). We also
have that

(5.13.12) u(-,0) =p, v(-,0) =q.

5.13.1 Some more nilpotency conditions

Suppose that the coeflicients of L satisfy (5.11.4) for some ¢ > 1, so that Ly is
nilpotent on P*(R™, R) or P*(R", C), as appropriate, as before. This implies
that Ty, is nilpotent on (5.13.4) or (5.13.5), as appropriate, because of (5.13.7).
This means that exp(tT})) is a polynomial in ¢ with coefficients that are linear
mappings on (5.13.4) or (5.13.5), as appropriate, as in Subsection 5.10.1. Tt
follows that u(z, t) and v(z, t) are polynomials in  and ¢ under these conditions.

5.14 Some products with exp(b- z)

Let n be a positive integer, and let b € R™ or C" be given. Also let N be
a nonnegative integer, and let p be a polynomial on R™ with real or complex
coefficients of degree less than or equal to N. Thus

(5.14.1) po(r) = p(x +b)

can be expressed as a polynomial of degree less than or equal to N with real or
complex coefficients, as appropriate, as in Section 2.5.
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Let p(0) and py(0) be the differential operators corresponding to p and p; as
in Section 1.7, respectively. If f is a continuously-differentiable real or complex-
valued function on R"™, then

O (@) expv-2)) = (2L (w) b, £(a)) exp(v- ).

.14.2 —
(5 ) 8acj aa:j

If f is N-times continuously differentiable on R, then we get that

(5.14.3) p(9)(f(z) exp(b- x)) = (ps(9)(f))(x) exp(b- z).
If b € R™, then let
(5.14.4) PR™R) exp(b- )

be the space of functions on R™ of the form
(5.14.5) q(z) exp(b- x),

where ¢ € P(R™, R). This is a linear subspace of C*°(R™, R), as a vector space
over the real numbers. If p is a polynomial with real coefficients, then p;, is a
polynomial with real coefficients as well. In this case, p(9) maps (5.14.4) into
itself, because of (5.14.3).

Similarly, if b € C™, then let

(5.14.6) PR",C) exp(b- z)

be the space of functions on R™ of the form (5.14.5), with ¢ € P(R"™, C). This

is a linear subspace of C*>°(R™, C), as a vector space over the complex numbers.

We also have that p(9) maps (5.14.6) into itself, because of (5.14.3), as before.
Let k£ be a nonnegative integer, and if b € R"™, then let

(5.14.7) PF*(R™, R) exp(b- )

be the space of functions on R"™ of the form (5.14.5), with ¢ € P*(R"™, R). This
is a linear subspace of (5.14.4), as a vector space over the real numbers. If p is
a polynomial with real coefficients, then p(9) maps (5.14.7) into itself, because
of (5.14.3) again.

If b € C™, then let
(5.14.8) P*R™, C) exp(b- x)

be the space of functions on R” of the form (5.14.5), with ¢ € P*(R", C). This
is a linear subspace of (5.14.6), as a vector space over the complex numbers. As
usual, p(9) maps (5.14.8) into itself, because of (5.14.3).

5.14.1 Another nilpotency condition

Suppose that
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If ¢ is a polynomial on R™ with real or complex coefficients, then

(5.14.10) deg(py(0))(q) < degq — 1.

This implies that the restriction of py(9) to P*(R", C) is nilpotent, as in Sub-
section 5.11.1. It follows that the restriction of p(d) to (5.14.8) is nilpotent,
because of (5.14.3). If b € R™, and p is a polynomial with real coefficients, then
the restriction of p(9) to (5.14.7) is nilpotent, for the same reasons.

5.15 Some remarks about derivatives

Let m be a positive integer, and let I be an interval in the real line, which may
be unbounded, and which has nonempty interior. One can define continuity of a
mapping from I into C™ in the usual way, using the restriction of the standard
Euclidean metric on R to I, and the standard Euclidean metric on C™. It is
well known and not difficult to see that this is equivalent to the continuity of
the corresponding m component functions, as complex-valued functions on I.
Similarly, a complex-valued function on I is continuous if and only if its real
and imaginary parts are continuous.

Suppose that for each t € I, A(t) is a linear mapping from C™ into itself, as a
vector space over the complex numbers. The continuity of A(t) as a function on
I with values in the space £(C™) of linear mappings from C™ into itself can also
be defined in the usual way, using the restrction of the standard Euclidean metric
on R, and a suitable version of the standard Euclidean metric on £(C™). More
prcisely, we can use the standard correspondence between elements of £(C™)
and m x m matrices of complex numbers to identify £(C™) with C™, and use
the standard Euclidean metric there. The continuity of A(t) on I is equivalent
to the continuity of the m? complex-valued functions on I corresponding to the
matrix entries of A(t). This is equivalent to the continuity of

(5.15.1) (A1) ()

for each v € C™, as a function of t € I with values in C™.

One can define differentiability of a mapping from I into C™ directly, using
one-sided derivatives at any endpoints of I. This is equivalent to the differen-
tiability of the m component functions, as complex-valued functions on I. The
differentiability of a complex-valued function on I is equivalent to the differen-
tiability of its real and imaginary parts.

Differentiability of A(t) on I can be defined directly, and is equivalent to
the differentiability of the m? complex-valued functions on I corresponding to
the matrix entries of A(¢). This is equivalent as well to the differentiability of
(5.15.1) for each v € C™, as a function of ¢ € I with values in C™.

Let v(t) be a function on I with values in C™, so that

(5.15.2) (A())(v(t))



116 CHAPTER 5. SOME FLOWS AND EXPONENTIALS

is an element of C™ for each t € I. Of course, the components of (5.15.2) can
be expressed as a sum or products of matrix entries of A(t) and components
of v(t) in the usual way. If v(¢) is continuous at a point ¢ty € I, and if A(t) is
continuous at tg, then (5.15.2) is continuous at ¢y too, as a function of ¢ € I
with values in C™. If v(t) is differentiable at to, and A(t) is differentiable at tg,
then (5.15.2) is differentiable at to, with derivative equal to

(5.15.3) (A'(t0))(v(to)) + (A(to)) (' (t0))-

This is basically another version of the product rule.

5.15.1 A particular case for A(t)
Let B be a linear mapping from C™ into itself, and consider
(5.15.4) A(t) = exp(—t B).
This is a differentiable function of ¢ € R with values in £(C™), with derivative
(5.15.5) A'(t)=—Bo A(t) = —A(t) o B.
Suppose that v(t) is differentiable on I, and put
(5.15.6) w(t) = (A1) (v(t) = (exp(—t B))(v(t))
for each ¢t € I. Thus w(t) is differentiable on I, with
(5.15.7) w'(t) = =B(w(t)) + (A(1))(v'(1)),
as before, using (5.15.5). Note that
(5.15.8) v(t) = (exp(t B))(w(t))
for each t € I.
Suppose for the moment that
(5.15.9) v'(t) = B(v(t))
on I. In this case,
(5.15.10) w'(t)=0

on I, by (5.15.7). This means that w(t) is constant on I, because of the analo-
gous statement for real-valued functions.
Similarly, consider the differential equation

(5.15.11) V'(t) = B(v(t)) + 2(1),

where z(t) is a function of ¢ € I with values in C™. This corresponds to the
differential equation
(5.15.12) w'(t) = (exp(—t B))(2(t))

on I. Note that the right side is continuous on I when z(t) is continuous on I.



Chapter 6

More on harmonic functions

Some nice references concerning harmonic functions include [18, 70, 75, 268],
and some additional information may be found in [262]. See also [7, 249, 266],
for instance.

6.1 Some particular harmonic functions
It is well known and not difficult to verify that
(6.1.1) ||~
is harmonic on R™ \ {0} when n > 3. This implies that
(6.1.2) |z —al?>™™
is harmonic on R™ \ {a} for every a € R™ when n > 3. Of course, this is much
simpler when n = 1.
Similarly, one can check that
(6.1.3) log |z| = (1/2) log |z|?
is harmonic on R?\ {0}. This means that
(6.1.4) log |z — al

is harmonic on R? \ {a} for every a € R?, as before.

6.1.1 Using complex variables when n = 2

If we put z = 21 + i x9, then we can express (6.1.3) as
(6.1.5) (1/2) log |2|*.

117
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Let 0/0z and 0/0% be the differential operators defined in Section 2.2. Observe
that

0 1 0 1 0 1 1
6.1.6) —((1/2) 1 = —(|z]?) = Z(2%) = T=_—
(0:16) 5((1/2) o) = g () = 57 3-(:9) = g7 = 5
when z # 0.

It is well known and not difficult to check that
0 1
1. — (=)=
(6.L.7) 3?(2) 0

for z # 0, which is to say that 1/z is holomorphic for z # 0. It follows that
(6.1.3) is harmonic on R?\ {0}, as in Subsection 2.2.1.

6.1.2 Some more harmonic functions

Ifn >3 and 1 <j <n, then

8 2—n _ 8 2\(2—n)/2
S () = G (el
(6.1.8) = ((2=n)/2) (|x>)@/D=1 (24,) = (2_”)%
on R™\ {0}. Similarly,
(61.9) —(loglal) = - (1/2) log|]?) = (1/2)[«| 2 (22)) = %5
P N 8$j 833]‘ J |JE|2

on R?\ {0} for j = 1,2, which is basically the same as (6.1.6). Note that
these are harmonic functions too, because the partial derivatives of three-times
continuously-differentiable harmonic functions are harmonic.

6.2 The mean-value property

Let n > 2 be an integer, and let V' be a nonempty bounded open subset of
R"™ with reasonably smooth boundary. It is convenient to use |V| for the n-
dimensional volume of V', and |0V for the (n — 1)-dimensional surface area of
ov.

In particular, if « € R™ and r > 0, then |B(a,r)| denotes the volume of
B(a,r), and |0B(a,r)| denotes the surface area of dB(a,r). Note that

(6.2.1) |B(a,r)| =r™|B(0,1)]

and
(6.2.2) |0B(a,r)| = r""10B(0,1)|.
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Let U be a nonempty open subset of R"™, and let u be a twice continuously-
differentiable real or complex-valued function on U that is harmonic on U. Also
let a € U and r > 0 be given, with

(6.2.3) B(a,r) CU.
Under these conditions, it is well known that

1

(6.2.4) u(a) = OB

u(y') dy'.
)‘ OB(a,r)

This works when n = 1 as well, with suitable interpretations, and is much

simpler.

6.2.1 Some preliminary steps

To see this, it suffices to show that

1 / / 1 ’ /
BB U(y)dy=7/ u(y') dy
|8B(a7 t)| 9B(a,t) ‘6B(a7 T‘)‘ OB(a,r)

when 0 < t < r. Indeed, one can check that

(6.2.5)

1

6.2.6 lim
(6.26) BB BB Joss

u(y') dy' = u(a),

because w is continuous at a. This permits one to obtain (6.2.4) from (6.2.5).
Note that

(6.2.7) / (Dyyryu)(y') dy’ =0,
0B (a,r)

where v(y’) is the outward-pointing unit normal to dB(a,r) at a point y’ in
0B(a,r). This follows from (3.5.4), with V' = B(a,r). Similarly,

(6.2.8) / (Dyiyy) (') dy = 0,
OB(a,t)

where v(y') is the outward-pointing unit normal to 9B(a,t) at a point y’ in
0B(a,t).

6.2.2 Using a previous integral identity

To get (6.2.5), consider

(6.2.9) V = B(a,r)\ B(a,t) = {r e R" : t < |z| < 1},
which is a nonempty bounded open subset of R™. Observe that

(6.2.10) AV = (8B(a,r)) U (8B(a,1)).
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The outward-pointing unit normal to 0V is the same as the outward-pointing
unit normal to dB(a,r) at points in dB(a,r), and it is —1 times the outward-
pointing unit normal to dB(a,t) at points in 9B(a,t).

Put
(6.2.11) v(z) = |z —al*™"

on R™\ {a} when n > 3, and
(6.2.12) v(z) = log |z — al

on R?\ {a} when n = 2. In both cases, v(z) is harmonic on R™\ {a}, as in the
previous section.

We would like to use (3.9.1) in this case. The left side of that equation is
equal to 0, because u and v are harmonic on V. One can check that

(6.2.13) | ) Dy =0

under these conditions, because of (6.2.7) and (6.2.8). This also uses the fact
that v is constant on 0B(a,r) and 0B(a,t).
It follows that

(6.2.14) |t Do)y’ o

One can use this to get (6.2.5), as desired.

6.2.3 Another approach

Alternatively,

1
u(y' ) dy' = u(a+t2")d

1
6.2.15) ———
6219 BB@T Jopan B0 Jonon

when 0 < t < r. This uses the change of variables where
(6.2.16) y' € 0B(a,t)

corresponds to
(6.2.17) a+tz with 2’ € 9B(0,1).

Note that the derivative of u(a+t z’) in t is the same as the directional derivative
of u in the direction 2’ at a + ¢ 2z’. The derivative of the right side of (6.2.15) in

t is equal to
n

1 U
—(a+1t2) 2 d
B0 Jyson 2= 92, 107

More precisely, one can verify that differentiation under the integral sign is
permitted here, using the continuous differentiability of w.

(6.2.18)



6.3. MORE ON MEAN VALUES 121

We can change variables again, to get that (6.2.18) is equal to

1 " du
2.1 —_— — OVt (s —a) dy
(6.2.19) |0B(a,t)] aB@,ﬂga% W) (W)~ ag)dy
. 1 / /
~ 10B(a,t)] SB(a,t)(DV(y/)U)(y ) dys

where v(y’) is the outward-pointing unit normal to dB(a,t) at vy’ € dB(a,t)
again. If u is harmonic on U, then the right side of (6.2.19) is equal to 0, as in
(6.2.8). This implies that the left side of (6.2.15) is constant for 0 < ¢t < r, so
that (6.2.5) holds.

6.3 More on mean values

Let n be a positive integer, let U be a nonempty open subset of R™, and let u
be a continuous real or complex-valued function on U. Let us say that u has the
mean-value property on U if for every a € U and r > 0 such that B(a,r) C U,
we have that (6.2.4) holds. Equivalently, this means that

(6.3.1) / u(y')dy' = 0B (a,r)|u(a) = r"~|0B(0,1)| u(a).
OB(a,r)
In this case, we get that
(6.3.2) / u(z) dx = |B(a,r)|u(a) = r" |B(0,1)| u(a),
B(a,r)

by integrating in r. Of course, this is the same as saying that
1

(6.3.3) ula) = [ZICRRI s

u(x) dz.
Conversely, one can get (6.3.1) from (6.3.2), by differentiating in r.

6.3.1 Some basic integrals

One can check that

(6.3.4) / (y; —aj)dy’ = / (xj —aj)dz =0
OB(a,r) B(a,r)
for every a € R™, r > 0, and j = 1,...,n. Similarly,
(6.3.5) / (V; —aj) (y —a)dy’ = / (= aj) (21 —a)dz =0
dB(a,t) B(a,t)

when j # [. We also have that

(6.3.6) / () —a;)*dy’ = / (y; — ) dy’
dB(a,r)

dB(a,r)
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and
(6.3.7) / (zj —a;)?dx = / (z1 —a;)? da
B(a,r) B(a,r)
for every j,I = 1,...,n. One can use these remarks to show directly that a

polynomial on R"™ of degree less than or equal to 2 satisfies the mean-value
property if and only if it is harmonic.

6.3.2 Using the mean-value property

If w is twice continuously differentiable on U, and u has the mean-value property
on U, then v is harmonic on U. This can be seen using the Taylor approximation
to u at a point a € U of degree 2, to estimate the difference between the average
of u on balls or spheres centered at a with small radius and u(a).

Alternatively, the mean-value property implies that the right side of (6.2.19)
is 0 when B(a,t) C U, using the same type of argument as before. This means
that

(6.3.9) / (Aw)(z) dz = 0,
B(a,t)
because of (3.5.3). One can use this to get that (Au)(a) = 0, by taking ¢ to be
sufficiently small.
6.4 Mean values and smoothness

Let n be a positive integer, and let U be a nonempty open subset of R™. Also
let u be a continuous real or complex-valued function on U with the mean-value
property. Let r > 0 be given, and let ¢ be a continuous real-valued function
on R" supported in B(0,7). Suppose too that ¢ is a radial function on R", so
that ¢(x) depends only on |z|.

Let a € U be given, and suppose that B(a,r) C U. If 0 <t < r, then

(6.4.1) /BBW) u(y') oy —a)dy’ = (/BBW) oy —a) dy’) u(a).

This uses the mean-value property of u, and the fact that ¢(y’ — a) is constant
as a function of 3’ on dB(a,t), because ¢ is radial on R™. Tt follows that

(6.4.2) /8 oy M9 ey = /8 o S8 @)

We can integrate over t to get that
(6.4.3) / u(@) ¢(z — a) dz = ( / o(w) dw) u(a).
B(a,r) B(0,r)

If
(6.4.4) /B(O}r) d(w)dw =1,
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then we get that
(6.4.5) / u(z) p(xz — a) de = u(a).
B(a,r)

Of course, we can get (6.4.4) by dividing ¢ by its integral over B(0,r), as long
as the integral is not zero. It is easy to see that the integral is positive when ¢
is nonnegative and not equal to 0 at every point in B(0, 7).

6.4.1 Points b near «

Remember that B(a,r) C U implies that

(6.4.6) B(a,r+¢) CU
for some € > 0, as in Section 1.13. If b € R™ and |a — b| < ¢, then it follows that
(6.4.7) B(b,r) C B(a,7+¢) CU,

using the triangle inequality in the first step. This means that
(6.4.8) u(b) = / () ( — b) da,

B(b,r)
as before. This can also be expressed as

(6.4.9) u(b):/B( IRCECL

because ¢ is supported in B(0,r).

Suppose that ¢ is a smooth function on R™ too, which can be arranged
by taking a suitable smooth function of |x|2. Under these conditions, one can
differentiate under the integral sign in (6.4.9), to get that w is smooth near a.
More precisely, this shows that the derivatives of u may be expressed in terms
of suitable integrals of u.

6.4.2 Harmonicity and smoothness

One can use this type of argument at every point in U, to get that u is smooth
on U. It follows that u is harmonic on U, as in Subsection 6.3.2.

If u is twice continuously differentiable and harmonic on U, then u has the
mean-value property, as in Section 6.2. This implies that u is smooth on U, as
in the preceding paragraph.

6.5 Uniform convergence

Let E be a nonempty set, let { fj}?i1 be a sequence of real or complex-valued
functions on E, and let f be another real or complex-valued function on E. We
say that

(6.5.1) {fj}721 converges to f pointwise on E
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if for every x € F, {f;(x)}32, converges to f(x) in the usual sense, as a sequence
of real or complex numbers, as appropriate. We say that

(6.5.2) {fj}721 converges uniformly to f on E

if for every € > 0 there is a positive integer L such that

(6.5.3) |[fi(x) = fla)] <€

for every z € E and j > L. Uniform convergence on E clearly implies pointwise
convergence on F, because L is only supposed to depend on ¢, and not on x.

6.5.1 Uniform convergence and continuity

Let n be a positive integer, and suppose now that F is a nonempty subset of
R™. If {f;}52, is a sequence of continuous real or complex-valued functions on
FE that converges uniformly to a real or complex-valued function f on F, as
appropriate, then it is well known that

(6.5.4) f is continuous on E

too. This does not always work for pointwise convergence, as one can see by
taking

(6.5.5) fi(z) =27
on [0,1].

6.5.2 Uniform convergence on compact subsets

Let U be a nonempty open subset of R", let {f; 521 be a sequence of real or
complex-valued functions on U, and let f be a real or complex-valued function
on U. We say that {f; 521 converges to f uniformly on compact subsets of U if

(6.5.6) for every compact subset E of R"™ such that E C U,

{fi}521 converges to f uniformly on E.

Uniform convergence on U implies uniform convergence on compact subsets of
U, and uniform convergence on compact subsets of U implies pointwise conver-
gence on U.

If {f;}52, is a sequence of continuous real or complex-valued functions on
U that converges to f uniformly on compact subsets of U, then

(6.5.7) f is continuous on U

as well. More precisely, in order to show that f is continuous at a point z € U,
one can use the uniform convergence of {f;}52, to f on a closed ball centered
at z with sufficientlly small radius so that the ball is contained in U.
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6.5.3 Uniform convergence of harmonic functions

Let {u;}32, be a sequence of harmonic functions on U that converges to a
function w on U, uniformly on compact sets contained in U. This implies that
u is continuous on U, as before. One can use the mean-value property for u;
for each j to get that

(6.5.8) u has the mean-value property on U

too, because of standard results about uniform convergence and integration.
This means that u is harmonic on U, as in the previous section. One can also
show that derivatives of the u;’s converge to the corresponding derivatives of
u, uniformly on compact subsets of U, by expressing the derivatives in terms of
suitable integrals of the functions, as in the previous section.

6.6 Liouville’s theorem

Let n be a positive integer, and let u be a bounded harmonic function on R™.
Under these conditions, Liouville’s theorem states that

(6.6.1) u is a constant function on R".

6.6.1 Differences of averages
To see this, let z,y € R™ and r > 0 be given, so that
1 1

) =) = B o " T BOA Jagn
1
(6.6.2) = Boor ( /B (w’r)u(w)dw— /B - u(w) dw)
1
~ B0, 1)[rm /B(I,r)\B(y,r) u(w) dw

o7 .
S S u(w) dw
[BO, D™ Jpy.m\Ba.r)

If r > |z — y|, then one can check that

(6.6.3)  B(x,7)\ B(y,r) < B(z,r)\ B(z,r — |z —yl|)
= {zeR":r—|z—y|<|z—2z <r}

and similarly with the roles of x and y interchanged. The n-dimensional volume
of the right side is equal to

|B(z,r)| = [B(z,r — |z - yl) [B(O, D) (" = (r — [z —y])")

n—1

BODIS () (0 ey

=0

(6.6.4)
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and similarly with the roles of x and y interchanged. It follows that the n-
dimensional volume of the left side of (6.6.3) is less than or equal to this, and
similarly with the roles of z and y exchanged.

The right side of (6.6.4) is small compared to r™ when r is large. If w is
bounded on R, then one can use this to check that each of the two terms on
the right side of (6.6.2) tends to 0 as r — co. This implies that u(z) = u(y), as
desired.

6.6.2 Estimating first derivatives

Alternatively, we can use arguments like those in Section 6.4 to estimate first
derivatives of harmonic functions. These estimates will show that bounded
harmonic functions on R™ have all of their first derivatives equal to 0.

Let ¢ be a smooth real-valued radial function on R™ supported on the closed
unit ball B(0,1), and with

(6.6.5) /B oy P =1
Put
(6.6.6) br(w) =17 p(r~tw)

for every w € R™ and r > 0. It is easy to see that ¢, is a smooth real-valued
radial function on R"™ that is supported on B(0,r) and satisfies

(6.6.7) /B(o ) ¢dr(w) dw = 1.

Let U be a nonempty open subset of R", and let u be a real or complex-
valued harmonic function on U. If a € U, r > 0, and B(a,r) C U, then

(6.6.8) u(a) = /B @),

as in (6.4.5). If e > 0 is as in (6.4.6), b € R™, and |a — b| < ¢, then we get that

(6.6.9) u(b) = /B(G,H_e) u(z) ¢ (x — b) dz,
as in (6.4.9).

Observe that 5
(6.6.10) af%(%(w)) =r7"7H(9;0)(r " w)

for each j = 1,...,n. We can differentiate under the integral sign in (6.6.9) to
get that
(6.6.11) (Oju)(a) = —r~"1 / u(x) (9;0)(r~! (z — a)) da
B(a,r)

for each j =1,...,n. This also uses the fact that 0;¢ is supported in B(0,1).

If U = R™ and w is bounded on R", then one can check that the right side
of (6.6.11) tends to 0 as  — oo. This implies that 0ju = 0 on R™ for each
j=1,...,n,so that u is constant on R".
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6.7 The maximum principle

Let n be a positive integer, let U be a nonempty open subset of R™, and let u
be a continuous real-valued function on U. Suppose that for every a € U there
is an r > 0 such that B(a,r) C U and

(6.7.1) the average of u on B(a,r) is equal to u(a),

as in (6.3.3). In particular, this happens when u is harmonic on U, as in Section
6.2.

6.7.1 The strong maximum principle

Let A be a real number such that

(6.7.2) u(z) < A

for every x € U. Note that

(6.7.3) {z €U :u(x) = A}

is a relatively closed set in U, because u is continuous on U. Equivalently,
(6.7.4) {z €U :ux) < A}

is an open set.
Suppose that
(6.7.5) ula) = A

for some a € U. If B(a,r) C U and (6.7.1) holds, then one can verify that
(6.7.6) u(z)=A

for every x € B(a,r). Equivalently, if u(x) < A for some = € B(a,r), then one
can check that the average of w on B(a,r) is strictly less than A.

This shows that (6.7.3) is an open set under these conditions. If (6.7.3) is
nonempty, and U is connected, then it follows that (6.7.3) is equal to U, so that

(6.7.7) u=AonU.

This is often called the strong mazimum principle.

6.7.2 Bounded open sets

Suppose now that U is also bounded, and let u be a continuous real-valued
function on U. As before, we ask that for each a € U there be an r > 0 such
that B(a,7) C U and (6.7.1) holds. Note that U is a nonempty compact subset
of R”, so that u attains its maximum on U, by the extreme value theorem.
Suppose that v attains its maximum on U at a point a € U. If V is the
connected component of U that contains a, then it follows that u is constant
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on V, as before. Of course, if v is constant on V, then u is constant on V, by
continuity. This implies that u attains its maximum on U at a point in 9V,
which is contained in OU, as in Subsection 3.3.1.

Otherwise, if u does not attain its maximum on U at a point in U, then

(6.7.8) u attains its maximum on U at a point in QU.

It follows that this holds in either case, which is another version of the mazimum
principle.

In particular, if
(6.7.9) u(z) = 0 for every z € 90U,

then we get that u(x) < 0 for every z € U. The same argument can be used for
—u, to obtain that

(6.7.10) u(z) = 0 for every x € U.

6.7.3 Some simple variants

Let U be any nonempty open set in R™ again, and let v be a continuous real or
complex-valued function on U. Suppose that v is harmonic on U, which is the
same as saying that the restriction of v to u satisfies the mean-value property.
Thus, if a € U, r > 0, and B(a,r) C U, then

(6.7.11) the averages of v on B(a,r) and 0B(a,r) are equal to v(a).
In fact, one can check that this holds when
(6.7.12) Bla,r) CU

under these conditions. Note that this implies that

(6.7.13) B(a,r) CU.
Indeed, if 0 < ¢t < r, then
(6.7.14) B(a,t) C B(a,r) CU.

This implies that the averages of v on B(a,t) and 0B(a,t) are equal to v(a), by
hypothesis. One can use this to get (6.7.11), by considering the limit as t — r—.

Let u be a continuous real-valued function on U, and suppose that for each
a € U there is an r > 0 such that (6.7.12) and (6.7.1) hold. More precisely,
(6.7.12) imples (6.7.13), so that the integral of u on B(a,r) may be defined in
the usual way in this case. If u attains its maximum on U at a € U, and if
V' is the connected component of V' that contains a, then u is constant on V,
for essentially the same reasons as before. This implies that (6.7.8) holds, as
before. If U is bounded, then we get that (6.7.8) holds without asking that u

attain its maximum on U at a point in U, as before.
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6.8 A helpful integral formula

Let n > 2 be an integer, and let N(x) be the real-valued function defined on
R™\ {0} by

|x|27n
6.8.1 N h >3
(63.1) @)= Goweson 2
1
= — log|z| when n = 2.
2T

Thus N(x) is harmonic on R™ \ {0}, as in Section 6.1.

Let V be a nonempty bounded open subset of R™ with reasonably smooth
boundary, and let u be a twice continuously-differentiable real or complex-valued
function on V, as in Section 3.4. Also let a € V be given, and suppose that

(6.8.2) B(a,r) CV

for some r > 0. Put
(6.8.3) V, =V \ B(a,7),

which is an open subset of R™. Note that

(6.8.4) V. =V\ B(a,r)
and that
(6.8.5) oV, = (0V) U (0B(a,r)).

6.8.1 Using a previous identity again

We would like to use (3.9.1), with V replaced with V,, and v(z) = N(z — a).
This implies that

—/V N(z —a) (Au)(z) dz
(6.8.6) = /av (u(¥) (Dy, () N)(Y' —a) = N = a) (D)) dy',

where D,, (/) denoted the directional derivative in the direction v,(y’) of the
outward-pointing unit normal to 9V, at 3y’ € 9V,.. It follows that

- /V N(z —a) (Au)(z) dz
- /a () (Duty N’ =) = N/ =) (Duty0)(4)

(68.7) - /8 o, W0 Py NI =) = N =) (D))
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where v(y’) is the outward-pointing unit normal to OV at ¢y’ € OV, and u(y’) is
the outward-pointing unit normal to dB(a,r) at ¢y’ € 9B(a,r). Of course,

(6.8.8) ve(y) = v(y) wheny €dV
= —u(y') wheny € dB(a,r).

One can check that

1
6.8.9 / w(y) (D Ny —a)dy = ——— u(y') dy’,
( ) dB(a,r) ( ) ( u@) )( ) laB(a7 T)l OB(a,r) ( )

by expressing the partial derivatives of N as in Section 6.1. This tends to u(a)
as v — 04, because w is continuous at a.
One can also verify that

6.8.10 lim Ny —a) (D,,nu) ) dy = 0.
o820t [ NG =0 D)

This uses the continuous differentiability of u to get that the first derivatives of
u are bounded near a.

6.8.2 The integral formula

This implies that

(6.8.11) rl_i>%1+ v N(z —a) (Au)(x) dz

= /aV(N(y’ —a) (Dynu)(y') — u(¥) (Dun) Ny — a)) dy’ + u(a).
The left side may be considered as
(6.8.12) /v N(z — a) (Au)(x) dz,

defined as an improper integral, because N(z — a) is unbounded near a. One
can check that

(6.8.13) /V IN(z — a)| |(Au)(2)] dz

stays bounded as r — 0+, using polar coordinates near a, and the fact that
|(Au)(z)| is bounded near a, because Aw is continuous, by hypothesis. In fact,
if one uses polar coordinates centered at a, then one does not really need to
use an improper integral. In particular, (6.8.12) can be defined as a Lebesgue
integral.

6.8.3 A formula for harmonic functions

If w is harmonic on V', then we get that
(6.8.14) u(a) = /8 () (Duy ) = 0) = N/ =) (Dygy)(4)

In particular, this gives another way to look at the regularity of u on V.
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6.9 Poisson’s equation on R”

Let n > 2 be an integer, and let N(z) be as in (6.8.1). If f is a real or
complex-valued function on R"™, then one might like to define u as a real or
complex-valued function on R™, as appropriate, by

(6.9.1) w)= [ N(-y)fly)dy= | N(y) flz—y)dy.
Rn Rn

If f is a continuous function on R™ with compact support, then the integral
on the right may be considered as an improper integral over a bounded region
for each € R™. This is similar to the earlier remarks about (6.8.13), and one
does not really need to use an improper integral if one uses polar coordinates
centered at x for the first integral, or polar coordinates centered at 0 for the
second integral, as before. One can use the Lebesgue integral to define u as a
locally integrable function on R™ under suitable integrability conditions on f.

6.9.1 The Laplacian of u

One would like to have
(6.9.2) Au=f

on R"™, under suitable conditions, or interpreted in a suitable way. Suppose for
the moment that f is twice continuously differentiable on R™, with compact
support. In this case, one can show that u is twice continuously differentiable
on R™, by differentiating the second integral in (6.9.1) in x under the integral
sign. In particular, one gets

(6.9.3) (Au)(z) = N N(y) (Af)(z —y)dy
for each x € R™.
One can check that

(6.9.4) . N(y) (Af)(x —y)dy = f(=)

for every x € R"”, usng the remarks in the previous section. More precisely, one
can take V' large enough so that the support of f is contained in V. It follows
that (6.9.2) holds on R™. This corresponds to some remarks on p193 of [18],
and to Theorem 1 in Section 2.2.1 b in [70].

6.9.2 A distributional-type version
Let v be a twice continuously-differentiable real or complex-valued function on

R"™ with compact support. Thus

(6.9.5) - N(z —y) (Av)(x) dz = v(y)
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for every y € R", as in the previous section, with V taken large enough to
contain the support of v. Of course, this is very similar to (6.9.4).
Observe that

©9) [ @) @@= [ | [ NG =) ) dy) (A) (@) do,

by the definition (6.9.1) of u(z). Under suitable integrability conditions on f,
we can interchange the order of integration on the right side, to get that

(6.9.7) / u(x) (Av)(x) dr = / ( | N —y) (o)) d;z:) F(y)dy.
This implies that
(6.95) [ uw @o@de= [ ) d.

n R’n.

by (6.9.5). This means that u satisfies (6.9.2) in the sense of distributions, as
in Theorem 2.16 in Section B of Chapter 2 of [75].

6.9.3 More on Au

If w is twice continuously differentiable on R, then one can verify that

(6.9.9) / i u(z) (Av)(x) dx = / n(Au)(x) v(z) dz.

In this case, (6.9.8) implies that

(6.9.10) | @i@e@d= [ 1)) ds

One can use this to get that (6.9.2) holds on R™ when f is continuous on R™.
If f has a bit more regularity, then one can get that w is twice continuously
differentiable under suitable conditions, as in Theorem 2.17 in Section B of
Chapter 2 of [75].

Some topics related to integrals like those in (6.9.1) are discussed in Chapter
5 of [262).

6.10 The Poisson kernel

Let n > 2 be an integer, and put

1 (A=)
6.10.1 ' x) =
( ) p(w .’E) |8B(0, 1)| Ix_w/|n
for every w’,xz € R™ with |w'| = 1 and = # w’. This is the Poisson kernel

associated to the unit ball in R™.
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6.10.1 Harmonicity in x

Let w’ € R™ with |w’| =1 be given, and let us check that
(6.10.2) p(w’, z) is harmonic as a function of z for x # w'.
Observe that

(6.10.3) |z)* = |(z—w)+w' P =]z —w P +2(x—w) w +|uw?
= |lz—wP+2@x—-w) w +1.

Thus . ) ( N !
— z—w') - w
6.10.4 W', z) = ( —2 )
G104 P = pEe w2
The first term on the right is harmonic in z for z # w’, as mentioned in
Section 6.1 when n > 3, and trivially when n = 2. The second term on the right
can be expressed as a linear combination of derivatives of harmonic functions
in z for z # w’, as in Subsection 6.1.2, and these are harmonic too, as before.

6.10.2 A symmetry property

Suppose that w', 2’ € R™, |w'| = |2/|, and r € R.. Tt is easy to see that

(6.10.5) [ra’ —w'| = |2 —ru'|,
because
(6.10.6) |ra’ —w'|> = r?|2/)? —2ra2’ - w + |w'?

= =24 (rw) + |22 = |2’ —ru')?

If |w'| = |2'| =1 and either @’ # w’ or r # 1, then r 2’ # w', rw’ # 2/, and
it follows that

(6.10.7) (', ra) L Lo
o Pue 10B(0,1)| [ra’ — w'|"
1 1—1r2

— !/ !
B0, )] 7 —rwr P

6.10.3 Integrating the Poisson kernel

If 2 e R", |2'| =1, and 0 < r < 1, then the mean-value property for harmonic
functions implies that

1
p(x’,rw')dw’ = p(x’,0) =

1
6.10.8 [ — S
6108 FBOD] Joson, 9B(0,1)]

because p(2’,z) is harmonic as a function of z for z # 2/, as before. More
precisely, the first step is clear when r = 0, and if 0 < 7 < 1, then the left side
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is the same as the average of p(a’, z) over z € dB(0,r). This is equal to p(z’,0),
because p(z’, z) is harmonic as a function of z on B(0, 1).
This means that

(6.10.9) p(a’,rw')dw' = 1.
9B(0,1)

It follows that
(6.10.10) / p(w',ra’)dw =1,
8B(0,1)

because of (6.10.7).

6.10.4 Positivity of the Poisson kernel

Note that

(6.10.11) pw',z) >0

for every w',x € R™ with |w'| =1 and |z| < 1. We also have that
(6.10.12) p(w',z) =0

for every w',x € R™ with |w'| = |z| =1 and z # w’.

6.11 More on the Poisson kernel

Let us continue with the same notation and hypothese as in the previous section.

6.11.1 Some simple estimates

If x,y € R", then

(6.11.1) 2] < ly| + [z -y
and
(6.11.2) lyl < la| + |z =y,

by the triangle inequality for the standard Euclidean norm on R"™. This implies
that
(6.11.3) 2] — [yl| = max(|a| - [yl, 9] - |2]) < |&  y.

Suppose for the moment that

(6.11.4) lz —y| < lyl/2,
so that
(6.11.5) lyl < [z + [yl/2,

by (6.11.2). This implies that
(6.11.6) lyl/2 < |z,

or equivalently
(6.11.7) ly| < 2|zl
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6.11.2 Some additional simple estimates

Let w’,z,3 € R™ and 1 > 0 be given, and suppose that

(6.11.8) [w' —y'[ >
and

(6.11.9) |z —y'| < n/2

so that

(6.11.10) |z —y'| < v —y]/2,

Under these conditions,
(6.11.11) |’ =y | < |0 —z|+ |z — | < |0 — 2|+ |0 —|/2.

It follows that
(6.11.12) lw' —y'|/2 < |w' — 2],

or equivalently
(6.11.13) lw' —y'| <2|w — z|.

In particular,
(6.11.14) n/2 < |w' — x|,

by (6.11.8) and (6.11.12).

6.11.3 A localization property

Suppose now that we also have that

(6.11.15) [w'| =y =1
and
(6.11.16) | <1,

in addition to (6.11.8) and (6.11.9). In this case, we obtain that

/ 1 (1-]=P) AR Sl
. . = <
(6.11.17) p(w',x) |[0B(0,1)| |z —w'|™ — [0B(0,1)] |w' —y'|"
207" (1 - 2f?)
= 0B(0,1)]

using (6.11.12) in the second step, and (6.11.8) in the third step.
It follows that

(6.11.18) p(w', ) dw’ <27y~ (1 — |z|?).

/(03(0,1)\B(y’m))

Of course, the right side tends to 0 as |z| — 1.
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Observe that
(6.11.19) 1 —[a> = (1+|2]) (1 = |2]) <2(1 = [a]) < 2]z — ¢/,

where the third step is as in (6.11.3). Combining this with (6.11.18), we get
that

(6.11.20) / p(w',z) dw < 2" ™" |z — /).
(0B(0,)\B(y’,n))
Thus
(6.11.21) / p(w',x)dw’ — 0asz —y'.
(0B(0,D)\B(y’,n))

6.12 The Poisson integral

Let us continue with the same notation and hypotheses as in the previous two
sections. Let f be a continuous complex-valued function on the unit sphere
0B(0,1). Consider the complex-valued function u defined on the closed unit
ball B(0,1) by
(6.12.1) u(z) = / fw)p(w',r)dw’  when |z| <1
9B(0,1)
= f(z) when |z] = 1.

This is the Poisson integral of f at x when |z| < 1.

6.12.1 Harmonicity of the Poisson integral
It is not too difficult to show that

(6.12.2) w is harmonic on B(0,1),

because p(w’, x) is harmonic in x on B(0,1) for every w’ € 9B(0,1), as in the
previous section. One way to do this is to use standard results about differ-
entiation under the integral sign. Another way to do this is to check that u
is continuous and satisfies the mean-value property on B(0,1). This uses the
mean-value property for p(w’, ) in x for each w’, and well known results about
interchanging the order of integration.

6.12.2 Continuity at the boundary

One can also show that
(6.12.3) u is continuous on B(0,1).

The continuity of w on B(0, 1) is reasonably straightforward, as in the preceding
paragraph. If 4/ € 9B(0, 1), then one would like to verify that

(6.12.4) u is continuous at ', as a function on B(0, 1).
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Equivalently, this means that

(6.12.5) u(@) = u(y') = f(y')

as x € B(0,1) tends to y’. More precisely, it suffices to consider only € B(0, 1)
here, because f is continuous on 0B(0,1), by hypothesis.
Note that

(6.12.6) / pw',z)dw' =1
9B(0,1)

for every x € B(0,1), by (6.10.10). This implies that

wo) - 1) = [ pwofw)de - [ ) f)d
9B(0,1) 9B(0,1)
(6.12.7) - / P, @) (f(') — f(y)) du’
0B(0,1)
for every x € B(0,1). It follows that

(6.12.8)  |u(z) — f(¥)| =

/ p(w', ) (F(w') = f(z)) du/
0B(0,1)

< [ e lfw) - S dw
8B(0,1)
for every x € B(0,1), because of (6.10.11).

6.12.3 Estimating two terms

We would like to get that the right side of (6.12.8) is as small as we like when
z is sufficiently close to y’. If n > 0, then the right side of (6.12.8) can be
expressed as the sum of

(6.12.9) / p(w',2) [f(w') = f(y")| dw’
(0B(0,1))NB(y’n)

and

(6.12.10) / p(w, ) | F(w') — £(3/)| du'.
(OB(0,1)\B(y',n)

If 7 is sufficiently small, then
(6.12.11) |f(w') = f()]

is as small as we like when |w’ — 3’| < 7, because f is continuous at y’, by
hypothesis. We can use this to get that (6.12.9) is as small as we like, because
of (6.12.6). Let us now fix n > 0 in this way.

With 7 fixed, we can get that (6.12.10) is as small as we like when z is
sufficiently close to ¢, as in (6.11.21). This also uses the fact that f is bounded
on 9B(0,1), because f is continuous on 0B(0,1), and dB(0,1) is compact.
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6.12.4 Uniqueness of the Poisson integral

If v is any continuous complex-valued function on B(0,1) that is harmonic on
B(0,1) and equal to f on 9B(0,1), then

(6.12.12) v=wu on B(0,1),

as in Subsection 6.7.2.

6.13 Some more integral formulas

Let n be a positive integer, and let N(x) be the real-valued function defined on
R™\ {0} as in Section 6.8. Put

7,27n
-19. r = 2
(6.13.1) c 2= n)[0B(0, 1] when n > 3

1
= — logr when n = 2
2

for each r > 0, so that N(z) = ¢, when |z| = r. Let a € R™ and r > 0 be given,
and suppose that u is a twice continuously-differentiable real or complex-valued
function on B(a,r), as in Section 3.4.

6.13.1 Using the earlier identity again

Let 0 < t < r be given, and put
(6.13.2) V = B(a,r)\ B(a,t).

If y € OV = (0B)(a,r)) U (0B)(a,t)), then let v(y") be the outward pointing
unit normal to OV at y/, as usual. We would like to use (3.9.1), with

(6.13.3) v(z) = N(z —a) — ¢,
This implies that
(6.13.4) —/Vv(x) (Au)(z) dz
— [ @) (Dury)!) ~ o(6") (Dury) )
ov
6.13.2 The integral over 0V

If p>0and y' € 0B(a,p), then put

(6.13.5) 1o(y') =p " (y — a),
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which is the outward-pointing unit normal to dB(a, p) at y’. Thus

(6.13.6) v(y) = w(y) wheny' € 9B(a,r)
= —u(y") when y' € 9B(a,t).

Using this and (6.13.4), we get that
_ / o(z) (Au)(z) dz
\4
= [l D))
OB(a,r)

(6.13.7) —/83( t)(U(y') (Do) 0)W') = 0(y") (Dpp(yyw)(y') dy's
because v = 0 on dB(a,r), by construction.

6.13.3 Some simplifications and modifications

It follows from this and (6.13.3) that

/ (¢, — N(z — a)) (Au)(x) dzx
v

1 1
6.13.8) = u(y dy’—i/ u(y) dy’
G135 = BB@n Jastar "™ T 0B@H] Jonun "

Heme) [ (D) dy
OB(a,t)
using also (6.8.9) and its analogue for 0B(a,t). Remember that

(6.13.9) /83( t)(Dm(y/)u)(y') dy' = / (Au)(x) dx

B(a,t)

as in Subsection 3.5.1. Using this, we can reexpress (6.13.8) as
/ min(c, — N(z — a), ¢ — ¢t) (Au)(z) dx
B(a,r)

1
u(y') dy' — u(y') dy'.

10B(a,7)| Jop(a,r 0B(a, 1) Jop(a

We can take the limit as ¢t — 04+ on both sides of (6.13.8) or (6.13.10) to get
that

(6.13.11) /B( )(chN(x—a))(Au)(z)dx

(6.13.10) =

1 / /
= = u(y') dy' — u(a),
|aB((L,’I")| dB(a,r)
as in Section 6.8. More precisely, the left side of the equation should be consid-
ered as an improper integral, or a Lebesgue integral, as before.
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6.13.4 Another argument

Alternatively, if 0 < p < r, then
d 1
dp ( |0B(a,p)| Jap(a,p)
1
|0B(a,p)| Jop(a,p)

as in Subsection 6.2.3. This means that

(6.13.12) u(y) dy')

(Dup(y')u) (7/) dylv

d 1
6.13.13 —\ a0 uly') dy
( ) dp(\aB(a,pﬂ 2B(a.p) v y)
1
_ - AU X dl‘,
|0B(a, p)| B(a,p)( )
by (6.13.9).

One can get (6.13.10) by integrating both sides of (6.13.13) in p from ¢ to
r. This also involves interchanging the order of integration on the right side.
In some cases, we may be particularly interested simply in the nonnegativity of
some of these integrals of Au when Au > 0, as in the next section.

6.14 Subharmonic functions

Let n be a positive integer, and let U be a nonempty open subset of R™. A twice
continuously-differentiable real-valued function « on U is said to be subharmonic
if

(6.14.1) Au >0

on U. Equivalently, © may be considered as a subsolution of the Laplace equation
in this case. If n = 1, then this corresponds to convexity of u.

6.14.1 Sub-mean-value inequalities

Let a € U and r > 0 be given, with B(a,r) C U. If u is subharmonic on U,
then it is well known that

1
(6.14.2) uwla) < ———— u(y') dy'.
|(9B(a7r)| dB(a,r)
This can be obtained from suitable integral formulas, as in the previous section.
This corresponds to Theorem 4.3 on p76 of [268]. This is also related to Exercises
5 and 8 on p236 of [18], and we shall discuss this further in Chapter 11.

One can use this to get that

1
(6.14.3) u(a) < —— u(z) dx,
|B(a77n)| B(a,r)
as before. Conditions like these may be used to extend the notion of subhar-
monicity to functions with less regularity. This will be discussed further in
Chapter 11 as well.
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6.14.2 Points at which the maximum is attained

Suppose that v is a continuous real-valued function on U, and that there is a
real number A such that
(6.14.4) u(z) < A

for every x € U. Suppose also for the moment that
(6.14.5) ula) = A

for some a € U, and that (6.14.3) holds for some r > 0 such that B(a,r) C U.
Under these conditions, one can check that

for every x € B(a,r). More precisely, A — u(z) > 0 for every z € U, and

(6.14.7) / (A —wu(z))de <0,
B(a,r)
because of (6.14.3) and (6.14.5).

6.14.3 Maximum principles for subharmonic functions

Suppose now that for every a € U there is an r > 0 such that B(a,r) C U and
(6.14.3) holds. This implies that the set of € U such that (6.14.6) holds is an
open set, as in the preceding paragraph. This set is relatively closed in U as
well, because w is continuous on U. If this set is nonempty, and U is connected,
then this set is equal to U, so that

(6.14.8) uw=AonU.

This is another version of the strong maximum principle.

Suppose that U is bounded, and that w is a continuous real-valued function
on U such that for every a € U there is an r > 0 with B(a,r) € U and for
which (6.14.3) holds. The extreme value theorem implies that u attains its
maximum on U. In fact, the maximum of u on U is attained as a point in U,
as in Subsection 6.7.2. More precisely, this uses the remarks in the previous
paragraph too. This is another version of the maximum principle.

6.15 Another approach to local maxima

Let n be a positive integer, let U be a nonempty open subset of R™, and let u
be a twice continuously-differentiable real-valued function on U. If u has a local
maximum at a point a € U, then

(6.15.1) %(a) =0
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foreachl=1,...,n, and
0%u
6.15.2 —(a) <0
(615.2) Ok
for each [ = 1,...,n, by the second-derivative test.

In particular, this means that

(6.15.3) (Au)(a) <O0.
If
(6.15.4) (Au)(x) >0

for every x € U, then it follows that

(6.15.5) u has no local maxima in U.

6.15.1 Positive Laplacian on U

Suppose from now on in this section that U is bounded, and that u is a contin-
uous real-valued function on U that is twice continuously differentiable on U.
The extreme value theorem implies that u attains its maximum on U. If (6.15.4)
holds at every point in U, then the maximum of % on U cannot be attained at
a point in U, as in the preceding paragraph. This implies that the maximum of
w on U is attained at a point in OU.

6.15.2 An approximation argument

Suppose that u is subharmonic on U, so that Au > 0 on U. Let € > 0 be given,
and put
(6.15.6) ve(w) = u(x) + € |z|?

for every 2 € U. Note that v, is continuous on U, twice continuously differen-
tiable on U, and that
(6.15.7) (Ave)(x) >2ne>0

for every x € U. It follows that
(6.15.8) the maximum of v. on U is attained at a point in AU,

as in the previous paragraph.

6.15.3 The maximum principle for «

Of course, U is bounded in R™, because U is bounded, so that there is a non-
negative real number R such that

(6.15.9) 2| <R
for every x € U. This means that

(6.15.10) ve(w) < u(zw) + e R?
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for every x € U. It follows that

6.15.11 (x) = (x) < R?,
( ) Tgv(x) max ve(z) < max u(z) +e

using (6.15.8) in the first step.
This implies that

(6.15.12) max u(r) < max u(x) + € R?
€U zedU

because u < v, on U, by construction. Thus

6.15.13 < ;
( ) ?E%U(w) < max u(z)

because € > 0 is arbitrary.

This is the same as saying that the maximum of u on U is attained at a
point in QU. This is another approach to the maximum principle under these
conditions.

6.15.4 Some milder differentiability conditions

The argument mentioned at the beginning of this section works if instead of
asking that u be twice continuously differentiable on U, we ask that

(6.15.14) the first and second derivatives of u in each variable

exist at every point in U.

Similarly, the arguments in the previous subsections work if we ask that u
be continuous on U, and satisfy (6.15.14) on U, instead of twice continuous
differentiability on U.

If u satisfies (6.15.14), then we can define the Laplacian of u on U in the
usual way, as in Section 2.1. If wu is also continuous on U and satisfies the
Laplace equation on U, then u is in fact harmonic on U. This is mentioned on
p243 of [7] when n = 2, and the same argument, due to Carathéodory, works in
all dimensions.

More precisely, if u is a continuous real-valued function on the closed unit
ball B(0,1) that satisfies (6.15.14) on U = B(0,1), and if u satisfies the Laplace
equation on B(0,1), then wu is equal to the Poisson integral of its restriction
to 0B(0,1), as in Section 6.12.4. This uses the fact that the difference of u
and the Poisson integral of its restriction to 9B(0, 1) is a continuous function
on B(0,1) that is equal to 0 on dB(0,1) and satisfies the Laplace equation in
the same sense on B(0,1). One can use translations and dilations to get the
analogous statement for any closed ball in R™. If w is continuous on U and
satisfies (6.15.14) and the Laplace equation on U, then we can get that u is
harmonic on U, by considering closed balls contained in U.



Chapter 7

The heat equation

7.1 Some basic solutions

Let n be a positive integer, and let us identify R™ x R with R"*!, as usual. Let
U be a nonempty open subset of R x R, and let u be a twice continuously-
differentiable real or complex-valued function on U. We shall use Au = A u to
refer to the Laplacian of u(x,t) as a function of x, with ¢ fixed.

We say that u(x,t) satisfies the heat equation on U if

ou " 9%y
j=1 "

on U. One may also consider continuously-differentiable functions u(x,t) on U
whose second derivatives in x exist and are continuous on U.

Let V be a nonempty open subset of R™, and let v be a twice continuously-
differentiable real or complex-valued function on V. Thus W =V x R is an
open set in R™ x R, and
(7.1.2) w(z,t) = v(x)

is twice continuously-differentiable on W. Clearly w satisfies the heat equation
on W if and only if v is harmonic on V.
Let a € C and b € C™ be given, and put

(7.1.3) u(z,t) =exp(at+b-x)

for every x € R™ and t € R. This satisfies the heat equation on R™ x R if and
only if
(7.1.4) a=b-b.

If b € R", then it follows that a > 0. If b = ic for some ¢ € R, then (7.1.4)
implies that
(7.1.5) a=—c-c<0.

144
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7.1.1 The heat kernel

Put
(7.1.6) K(z,t) = (4 t) ™2 exp(—|z|?/(41))

for x € R™ and t > 0. One can check directly that this satisfies the heat
equation on R™ x R. This is known as the Gauss—Weierstrass or heat kernel,
as in Section A of Chapter 4 of [75] and p8 of [268]. This is also discussed in
Section 2.3.1 a of [70].

With this normalization, we have that

(7.1.7) K(z,t)de =1
R’!L

for every t > 0. The integral on the left may be considered as an improper
integral or as a Lebesgue integral, and this will be discussed in the next two
sections.

Put
(7.1.8) K(z,t)=0
when t = 0 and x # 0, and for every x € R™ when ¢t < 0. This together with
(7.1.6) defines K(z,t) on (R™ x R) \ {(0,0)}. One can verify that K(z,t) is
smooth on this set, and satisfies the heat equation there, as in Section 2.3.1 b
of [70], and Section A of Chapter 4 of [75].

Of course, the heat equation is invariant under translations. In particular,
if y € R™ and r € R, then
(7.1.9) K(x—y,t—r)

is smooth as a function of (z,t) on (R™ x R) \ {(y,7)}, and satisfies the heat
equation there.
Note that

(7.1.10) (=)~ exp(—|z|*/(4t))

satisfies the heat equation on R™ x (—00,0), for the same reasons as before. If
y € R™ and r € R, then it follows that

(7.1.11) (r = )72 exp(|lz — y?/(4(r = 1))

satisfies the heat equation as a function of (z,t) on R™ x (—oo, 7).

7.2 Integrable continuous functions

Let f be a nonnegative real-valued continuous function on the real line. If a, b
are real numbers with a < b, then

b
(7.2.1) / f(x)dx
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is defined as a Riemann integral, and is a nonnegative real number. Let us say
that f is integrable on R if the integrals (7.2.1) are bounded. In this case,

(7.2.2) /_Zf(m)dx:Af(x)dx

may be defined as the supremum or least upper bound of the integrals in (7.2.1)
over all a,b € R with a < b. This could also be considered as an improper
integral, which is obtained by taking a suitable limit of (7.2.1) as a — —oco and
b — o0.

One could use the Lebesgue integral to define (7.2.2) as a nonnegative ex-
tended real number for any nonnegative continuous function on R. Integrability
of f in the sense considered in the preceding paragraph is the same as the finite-
ness of (7.2.2) as a Lebesgue integral, which implies that f is Lebesgue integrable
on R.

7.2.1 Integrable real-valued functions

If f is a real-valued continuous function on R, then

(7.2.3) f+ =max(f,0), f- = max(—f,0)
are nonnegative continuous functions on R such that
(7.2.4) f=Fr—fo 1= fo+ S

Let us say that f is integrable on R if
(7.2.5) | f| is integrable as a nonnegative continuous function on R,

which happens if and only if f; and f_ are integrable as nonnegative continuous
functions on R. This permits us to define the integral (7.2.2) as the difference of
the integrals of fy and f_ on R. This could also be considered as an improper
integral, as before. This is the same as the Lebesgue integral of f on R as well.

7.2.2 Integrable complex-valued functions

Similarly, a complex-valued continuous function f on R is said to be integrable
on R if (7.2.5) holds. This happens if and only if the real and imaginary parts
of f are integrable as real-valued continuous functions on R, and the real and
imaginary parts of the integral (7.2.2) are defined as the integrals of the real and
imaginary parts of f on R. This could be considered as an improper integral
too, and it is the same as the Lebesgue integral of f on R.

7.2.3 Integrability on R"

There are analogous notions on R™ for any positive integer n. If f is a non-
negative real-valued continuous function on R"”, then the integrability of f on
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R”™ can be defined in terms of the boundedness of the integrals of f over any
reasonable family of balls, cubes, or other regions that exhaust R™. Under these
conditions, the integral
(7.2.6) f(z)dx
Rn

of f on R™ can be defined as the supremum or least upper bound of these
integrals, and this could also be considered as a limit of these integrals.

If f is a real or complex-valued continuous function on R”, then the inte-
grability of f is defined to mean that

(7.2.7) |f] is integrable as a nonnegative continuous function on R",

and this can be used to define the integral of f on R™ as before. This implies
that f is Lebesgue integrable on R™, and the integral of f on R™ is the same
as the Lebesgue integral. In this case, it is well known and not too difficult to
show that

(7.2.8) f(z) dx

< [ 1t

One might like to express an integral over R" as an iterated integral too.
There are standard results for doing this when using Lebesgue integrals. Oth-
erwise, one can use standard results for doing this over nice bounded regions in
R™, and pass to a limit under suitable conditions.

‘R”

7.3 Some examples of integrable functions
Let n be a positive integer, and let o be a positive real number. Note that
(7.3.1) min(1, |z]7%)

is continuous on R”™, which is interpreted as being equal to 1 at z = 0. One can
check that this function is integrable on R" exactly when

(7.3.2) a>n.

7.3.1 Integrating Gaussians

It is easy to see that exp(—|z|?) is integrable on R™. It is well known that
(7.3.3) / exp(—|z|?) dz = 7"/2.
R’IL

More precisely, the n = 2 case can be obtained using polar coordinates. The
2-dimensional integral is the same as the square of the one-dimensional integral,
which can be used to get the n = 1 case. Similarly, the n-dimensional integral
is equal to the nth power of the one-dimensional integral.
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If a is a positive real number again, then exp(—a |x|?) is integrable on R™.
One can check that

(7.3.4) /Rn exp(—a|z|?) dx = (7/a)"/?,

using a change of variables.

7.3.2 Linear terms in the exponential

If b € R™, then it is easy to see that

(7.3.5) exp(—alz* +b-x)

is integrable on R™. Observe that

(7.3.6)  exp(—alz]* +b-z) =exp(—alr — (2a) "1 b> + (4a)71|b]?)

for every x € R™. It follows that
/ exp(—alz]* +b-2)de = / exp(—alz — (2a) " 0> + (4a)7 1 |b]?) dx
RTL "

(7.3.7) - /R exp(—alef? + (4a)1 |b2) dz
= (7/a)"? exp((4a)~" [b]*),

using a change of variables in the second step, and (7.3.4) in the third step.

7.3.3 Linear terms with complex coefficients

In fact, (7.3.5) is integrable on R™ when b € C™. It is well known that
(7.3.8) / exp(—a |z +b-x)de = (r/a)"? exp((4a)~' b-b)
RTI,

for every b € C", which is the same as (7.3.7) when b € R"™. One can first
reduce to the case where n = 1, because the left side is the same as the product
of n analogous integrals over R. If n = 1, then one can show that both sides of
(7.3.8) are holomorphic functions of b € C. This permits one to reduce to the
case where b € R, using standard results in complex analysis.

Alternatively, one can use the fact that

(7.3.9) exp(—az® +bz) = exp(—a(z — (b/(2a)))* + b*/(4a))

is a holomorphic function of z € C. One can reduce to the case where b € R
again, using Cauchy’s theorem to make a suitable change of contour.

As another approach, one can reduce to the case where b is purely imaginary,
using a change of variables in x, as before. This corresponds to a Fourier
transform, as on p105f of [161], and Theorem 1.4 on p138 of [264].
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7.4 Some integral solutions

Let n be a positive integer, and let f be a continuous real or complex-valued
function on R™. If z € R™ and ¢ > 0, then we would like to put

(7.4.1) u(z,t) = - K(x—y,t) f(y)dy

[ am )2 exp—fo — yf2/(40) 1 (o) dy

This is called the Gauss—Weierstrass integral of f. The integral on the right is
defined as long as

(74.2) exp(—|z —y?/(41)) f(y)

is integrable as a function of y on R™, as in Subsection 7.2.3. Equivalently, this
means that

(7.4.3) exp((2z -y — |y|*)/(40) | f(y)]
is integrable as a function of y on R", because
(7.4.4) z—y|* =z =2z -y + |y|?

for all x,y € R™.

7.4.1 A sufficient condition for integrability

Let 7 be a positive real number, and suppose that there is a nonnegative real
number C'(7) such that

(7.4.5) [f(y)] < C(7) exp(ly[*/(47))
for every y € R™. If x € R™ and ¢ > 0, then (7.4.5) implies that
(7.4.6) exp((2z -y — [y1*)/(41)) | f ()|

< C(1) exp((2z-y)/(41) — [y]* (41) ™' = (47) ™)
for every y € R™. If t < 7, then
(7.4.7) (47)7t < (4t)7h

and one can check that (7.4.3) is integrable as a function of y on R™. Thus
u(z,t) can be defined as in (7.4.1) in this case.
One can differentiate under the integral sign, to show that

(7.4.8) u(zx,t) is smooth on R™ x (0, 7)

under these conditions. In particular, one can check that any number of deriva-
tives of (7.4.2) in « and ¢ is integrable as a function of y on R™ when 0 < ¢ < 7,
because of (7.4.5). We also get that

(7.4.9) u(x,t) satisfies the heat equation on R"™ x (0, 1),

because K (z — y,t) satisfies the heat equation as a function of (z,t) for every
y € R™
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7.4.2 Some convergence properties

It is easy to see that
(7.4.10) K(x—y,t)dy =1
R’Vl
for every z € R™ and ¢t > 0, using (7.1.7). If z € R™ and ¢ < 7, then it follows
that

K(x—y,t) fly)dy— | Kz —y,t)f(z)dy
Rn Rn

K(z —y,t) (f(y) — f(2)) dy.

R»

=
S
=
|
~
O
I

(7.4.11)
This implies that

(7412)  Ju(et) - f(z)] = K(zy,t)(f(y)f(Z))dy‘

‘R”

< K(z —y,t)|f(y) — f(2)|dy,
R

because K (z —y,t) > 0. One can use this to show that
(7.4.13) u(z,t) = f(2)

as (z,t) = (2,0) in R™ x R.
More precisely, if n > 0, then the right side of (7.4.12) is equal to the sum of

(7.4.14) / K(@—y,t) |f(y) — £()] dy
B(z,n)
and
(7.4.15) / Kz —y.0) () - £(2)|dy.
R"\B(z,1)

If 7 is sufficiently small, then we can get that (7.4.14) is as small as we like,
because f is continuous at z, and using (7.4.10) again. If we fix n > 0 with
this property, then we can get that (7.4.15) is as small as we like when (z,t)
is sufficiently close to (z,0). This uses (7.4.5) and the definition (7.1.6) of the
heat kernel.

This means that

(7.4.16) u(z,t) extends continuously to 0 <t < T,

by taking it to be equal to f(x) when ¢t = 0. Properties like these are mentioned
in Theorem 1 in Section 2.3.1 b of [70], and Theorem 4.3 in Section A of Chapter
4 of [75].

A related convergence property is that

(7.4.17) u(z,t) = f(z)
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uniformly on bounded subsets of R™ as t — 0. This can be obtained using the
uniform continuity of f on compact subsets of R™. The previous convergence
property can be obtained from this one and the continuity of f on R™. This
convergence property could also be obtained from the continuous extension of
u(z,t) to t > 0, and the uniform continuity of this extension on compact sets.

7.4.3 Integrability for all ¢ > 0

Suppose now that for every 7 > 0 there is a nonnegative real number C(7) such
that (7.4.5) holds. This implies that u(z,t) can be defined as in (7.4.1) for every
zeR"and t > 0.

Of course, this condition holds when f is bounded on R"™. This condition
also holds when f is the exponential of a linear function on R".

7.5 Some related integrability conditions

Let n be a positive integer, and let f be a continuous real or complex-valued
function on R™. Also let 71 be a positive real number, and suppose that

(7.5.1) exp(—|y*/(4 7)) |f ()|

is integrable on R"™, as in Subsection 7.2.3. This implies that (7.4.3) is integrable
as a function of y on R™ when 0 < t < 7y and z € R™. This means that u(z,?)
can be defined as in (7.4.1) under these conditions.

Of course, (7.4.5) is the same as saying that

(7.5.2) exp(=y|*/(47)) [/ (y)]

is bounded on R"™, where 7 is a positive real number, as before. This implies
that (7.5.1) is integrable on R" for 0 < 71 < 7, as mentioned in the previous
section. If (7.5.1) is integrable on R™ for some 73 > 0, then u(x,t) satisfies
the same properties on R™ x (0, 71) as mentioned in the previous section when
(7.4.5) holds.

If (7.5.1) is integrable on R™ for every 71 > 0, then u(z,t) can be defined
as in (7.4.1) for every x € R™ and ¢ > 0. In particular, this holds when (7.5.2)
is bounded on R"™ for every 7 > 0. Of course, if f is integrable on R™, then
(7.5.1) is integrable on R for every 7 > 0.

7.5.1 Using Lebesgue integrals

If one is familiar with Lebesgue integrals, then one may consider real or complex-
valued Lebesgue measurable functions f on R™. The integral on the right side of
(7.4.1) can be defined as a Lebesgue integral when (7.4.2) is Lebesgue integrable
as a function of ¥ on R™. This is equivalent to the Lebesgue integrability of
(7.4.3) as a function of y on R™, as before. Note that this implies that f is
locally integrable with respect to Lebesgue measure on R™.
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If (7.5.1) is Lebesgue integrable on R™ for some 7 > 0, then (7.4.3) is
Lebesgue integrable as a function of ¥y on R™ when 0 < t < 7y and x € R"”, as
before. This implies that u(x,t) can be defined as in (7.4.1) on R™ x (0, 71). One
can differentiate under the integral sign under these conditions too, to get that
u(z,t) is smooth on R™ x (0, 7). Note that any number of derivatives of (7.4.2)
in x and ¢ is Lebesgue integrable as a function of y on R™ when 0 < ¢t < 7,
because of the Lebesgue integrability of (7.5.1) on R™. We also have that u(x,t)
satisfies the heat equation on R™ x (0,7), as before.

However, the convergence of u(x,t) to f(x) as t — 0+ is more complicated
in this case. Some results along these lines are mentioned in Theorem 4.3 in
Section A of Chapter 4 of [75], and Theorems 1.18 and 1.25 on p10, 13 of [268].

There are continuity and convergence results like those mentioned in the
previous section at points where f is continuous. One can also use Riemann
integrals on suitable regions in R”, and corresponding improper integrals on
R”, to deal with some types of functions that may not be continuous, instead
of Lebesgue integrals.

7.6 Translations and integrability

Let n be a positive integer, and let f be a continuous real or complex-valued
function on R™. If a € R™, then

(7.6.1) fa(z) = f(z —a)

is a continuous function on R™ as well. Note that f is integrable on R if and
only if f, is integrable on R", in which case

(7.6.2) folz)de = f(zx) da.
R~ R"

Of course, this also holds with |f| in place of f, so that

(7.6.3) [ 1fa@ldz = [ (@) ds.

7.6.1 Some related properties of translates
Let x € R™ and t > 0 be given. Observe that
(7.6.4) exp(—|z —y|?/(41) f(y — a)

= exp(—|(z —a) — (y —a)]?/(41)) f(y — a)
is the same as
(7.6.5) exp(—|(z —a) —y*/(41)) f(y)

with y replaced by y — a. Thus (7.6.4) is integrable on R™ if and only if (7.6.5)
is integrable on R, as in the preceding paragraph. In this case, we get that

(166) ule—at)= [ (dnt) /2 exp(-fo ol /(40) fy - @) d
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where the left side is defined as in (7.4.1).

Note that
(7.6.7) exp(—|y*/(41)) |f(y — a)]
is integrable on R" if and only if
(7.6.8) exp(—|y +al*/(41)) | £ (y)]
is integrable on R"™. This is equivalent to the integrability of
(7.6.9) exp((=2a-y — [y[*)/(41) | f ()]

If (7.5.1) is integrable on R™ for some 7; > 0, then (7.6.9) is integrable on R"™
when 0 < t < 71, as in the previous section. This means that

(7.6.10) (7.6.7) is integrable on R"™ when 0 < ¢t < 1.

Of course, there are analogous statements for Lebesgue measurable functions f
using Lebesgue integrability.

Similarly, (7.6.7) is bounded on R™ if and only if (7.6.8) is bounded on R™,
which is equivalent to the boundedness of (7.6.9) on R™. Suppose that (7.5.2)
is bounded on R™ for some 7 > 0, which is the same as saying that (7.4.5) holds
for some C(7) > 0. It follows that (7.6.9) is bounded on R™ when 0 < t < 7, so
that
(7.6.11) (7.6.7) is bounded on R"™ when 0 < t < 7.

Let 0 < 79 < 400 be given. Consider the condition that
(7.6.12) (7.5.1) be integrable on R" for every positive real number 7 < 7g.

This implies that f, satisfies the analogous condition, as in (7.6.10). Similarly,
consider the condition that

(7.6.13) (7.5.2) be bounded on R" for every 0 < 7 < 79.

This implies that f, satisfies the analogous condition, as in (7.6.11).

7.7 Some properties of these solutions

Let n be a positive integer, and let f be a continuous real or complex-valued
function on R™. Also let z € R™ and ¢ > 0 be given, and suppose for the
moment that (7.4.2) or equivalently (7.4.3) is integrable as a function of y on
R™. Thus u(x,t) may be defined as in (7.4.1), and we have that

1) ] < | K- 1)l

[ amt) 7 expl-lo = o/ (00) £0) .

This also works when f is Lebesgue measurable on R", and (7.4.2) or equiva-
lently (7.4.3) is Lebesgue integrable as a function of y on R™.
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7.7.1 Upper and lower bounds

Of course, if f is real-valued on R™, then u(z,t) € R. If f is also nonnegative
on R”, then
(7.7.2) u(z,t) > 0.

Similarly, if f(y) > a for some a € R and every y € R™, then
(7.7.3) u(z,t) > a,
because of (7.4.10). If f(y) < b for some b € R and every y € R™, then
(7.7.4) u(z,t) < b,

for basically the same reasons.

7.7.2 Bounded complex-valued functions

If f is a bounded continuous complex-valued function on R"™, then wu(z,t) is
defined for every x € R™ and ¢ > 0, as in Subsection 7.4.3. More precisely,
suppose that

(7.7.5) Ify)l <C
for some C > 0 and every y € R™. This implies that

(7.7.6) lu(z,t)] < C

for every x € R™ and t > 0, because of (7.4.10) and (7.7.1). This works when
f is a bounded Lebesgue measurable function on R™ as well. If f is a constant
on R", then u(z,t) is equal to the same constant for every x € R™ and ¢ > 0.

7.7.3 Integral bounds and convergence

Note that
(7.7.7) K(x—y,t)de =1
RW,
for every y € R™ and ¢ > 0, because of (7.1.7). Of course, this is essentially the
same as (7.4.10).

Suppose now that f is a real or complex-valued function on R™ that is
continuous and integrable, or simply Lebesgue integrable. This implies that
u(z,t) may be defined as in (7.4.1) for every x € R™ and ¢ > 0. In this case,
u(z,t) is integrable as a function of z on R™ for every ¢ > 0, with

(.79 | lunide< [ sl

This can be obtained from (7.7.1) by interchanging the order of integration, and
using (7.7.7). Similarly,

(7.7.9) / ) u(z,t) de = - f(y)dy
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for every t > 0.
One can also show that

(7.7.10) tgrg+ - lu(z,t) — f(x)| dx = 0.

This corresponds to taking p = 1 in Theorem 4.3 in Section A of Chapter 4 of
[75], and Theorem 1.18 on p10 of [268]. This is simpler when f is a continuous
function on R™ with compact support. Otherwise, one can approximate f by
such functions.

7.8 Parabolic boundaries and maxima

Let n be a positive integer, let V be a nonempty bounded open subset of R"™,
and let T be a positive real number. Thus

(7.8.1) U=V x(0,T)

is a bounded open subset of R" x R, which we identify with R™t! as usual.
The closure U of U in R™ x R is given by

(7.8.2) U=V x|0,T],

where V is the closure of V in R™. The boundary U of U in R™ x R is given
by

(7.8.3) oU = (Vx {0Hu((oV) x [0, T)) U (V x {T}),
where JV is the boundary of V' in R™.

Note that
(7.8.4) (V x {0}H)u((oV) x [0,T))

is a closed set in R™ x R that is contained in 0U. This may be called the
parabolic boundary of U, as in Section 2.3.2 of [70], although the term is used
slightly differently there. This is the same as

(7.8.5) (V x{0})u((oV) x [0,TY),

because (OV') x {0} is contained in the second part of the union.

7.8.1 Some related maximum principles

Let u be a continuous real-valued function on U, and suppose that « is contin-
uously differentiable on U, and that the second derivatives of u(x,t) in x exist
and are continuous on U. Remember that u attains its maximum on U, by the
extreme value theorem. If u satisfies the heat equation on U, then it is well
known that

(7.8.6) the maximum of u on U is attained on the parabolic boundary of U.
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This is the mazimum principle for the heat equation, as in Theorem 4.10 in
Section B of Chapter 4 of [75].

This corresponds to part (i) of Theorem 4 in Section 2.3.3 a of [70]. Part (ii)
of that theorem is a version of the strong maximum principle for the heat equa-
tion. The proof uses a mean-value property for the heat equation in Theorem
3 of Section 2.3.2 of [70]. A more direct approach to the first part is indicated
in Problem 16 in Section 2.5 of [70], which is similar to the argument in [75],
that we shall follow here. This version of the maximum principle also works for
subsolutions of the heat equation, which will be discussed in the next section.

7.8.2 Uniqueness and the parabolic boundary

If w = 0 on the parabolic boundary of U, then the maximum principle implies
that -
(7.8.7) u<0onU.

The same argument could be applied to —u, to get that
(7.8.8) u=0onU.

This corresponds to Theorem 5 in Section 2.3.3 a of [70], and to Corollary 4.11
in Section B of Chapter 4 of [75].

7.8.3 A remark about the maximum of u on U

Of course, the parabolic boundary (7.8.4) of U is closed and bounded in R" xR,
and thus compact. If v is any continuous real-valued function on U, then the
maximum of u on the parabolic boundary of U is attained, by the extreme
value theorem. In order to show that the maximum of « on U is attained on
the parabolic boundary of U, it suffices to show that for each (z,t) € U, u(x,t)
is less than or equal to the maximum of v on the parabolic boundary of U.

7.8.4 The maximum of |u| when u is complex-valued

Suppose now that u is a continuous complex-valued function on U that is con-
tinuously differentiable on U, and that the second derivatives of u(zx, t) in x exist
and are continuous on U. Thus the previous statements for real-valued func-
tions can be applied to the real and imaginary parts of u. Similarly, if a € C,
then the previous statements can be applied to

(7.8.9) Re(au(z,t)).
If w € C, then it is easy to see that
(7.8.10) |w| = max{Re(aw) : @ € C, |a| = 1}.

One can use this to show that the maximum of |u| on U is attained on the
parabolic boundary of U, because of the analogous statement for (7.8.9).
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7.9 Subsolutions of the heat equation

Let n be a positive integer, let U be a nonempty open subset of R™ x R, and let
u be a real-valued function on U. Suppose that v is continuously differentiable
on U, and that the second derivatives of u(x,t) in x exist and are continuous
onU. If

7.9.1 — <A
(7.9-1) at =~
on U, then v is said to be a subsolution of the heat equation, as in Problem
17 in Section 2.5 of [70]. Let us say that u is a strict subsolution of the heat
equation if

ou

(7.9.2) 5 < Au

onU.

7.9.1 Strict subsolutions and local maxima

Suppose that u has a local maximum at (§,7) € U. This implies that (§,7) is a
critical point of u, and that the second derivative of u at (£, 7) in z; is less than
or equal to 0 for each j = 1,...,n. It follows that u is not a strict subsolution
of the heat equation on U.

7.9.2 An argument for strict subsolutions

Now let V, T, and U be as in the previous section, and let u be a continuous
real-valued function on U. Suppose that u is continuously differentiable on U
again, and that the second derivatives of u(x,t) in x exist and are continuous on
U. Suppose for the moment that w is a strict subsolution of the heat equation
on U.

Let R be a positive real number with R < T, and note that

(7.9.3) V x [0, R]

is closed and bounded in R™ x R, and thus compact. This means that the max-
imum of w on (7.9.3) is attained, by the extreme value theorem. The maximum
of w on (7.9.3) cannot be attained at a point in

(7.9.4) V x(0,R),

as before.

Suppose for the sake of a contradiction that u has a local maximum at (¢, R)
for some £ € V, as a function on (7.9.3). In particular, (£, R) is a local maximum
for u as a function on

(7.9.5) V x{R},

so that & is a critical point for u(z, R) as a function of z, and the second
derivative of w at (£, R) in z; is less than or equal to 0 for each j =1,...,n.
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We also get that the derivative of w in ¢ at (£, R) is greater than or equal
to 0, because (£, R) is a local maximum for u on (7.9.3). This is not possible,
because u is supposed to be a strict subsolution of the heat equation on U.

It follows that the maximum of u on (7.9.3) can only be attained at a point
in
(7.9.6) (V x {0})u((aV) x [0, R]).

This is the parabolic boundary of (7.9.4), as in the previous section.

Remember that the maximum of w on the parabolic boundary (7.8.4) of U
is attained, by the extreme value theorem. Of course, the maximum of u on
(7.9.6) is less than or equal to the maximum of u on (7.8.4), because (7.9.6) is
contained in (7.8.4). This implies that the maximum of w on (7.9.3) is less than
or equal to the maximum of u on (7.8.4), by the statement in the preceding
paragraph. One can use this to get that the maximum of u on U is attained on
(7.8.4), because the previous statement holds for all R € (0,T).

In [70], one typically asks that the regularity properties of u extend to the
“parabolic cylinder”, which includes

(7.9.7) V x{T}.
In this case, one can get directly that the maximum of v on U can only be
attained on the parabolic boundary of U, as before.

7.9.3 Non-strict subsolutions

Suppose now that u is a non-strict subsolution of the heat equation on U, and
let € > 0. It is easy to see that

(7.9.8) uc(z,t) = u(x,t) —et
and
(7.9.9) ve(w,t) = u(w,t) + e |z|?

are strict subsolutions of the heat equation on U. Thus the maxima of u,. and
ve on U are attained on the parabolic boundary of U, as before. One can use
either of these to get that the maximum of u on U is attained on the parabolic
boundary of U. This is a version of the maximum principle for subsolutions of
the heat equation, as mentioned in the previous section.

7.10 Another approach to uniqueness

Let n be a positive integer, let V' be a nonempty bounded open subset of R™
with reasonably smooth boundary, and let 7' be a positive real number. Put
U =V x(0,T), which is a bounded open subset of R"™ x R, as before. Let u
be a continuously-differentiable real or complex-valued function on U, which is
twice continuously differentiable in z. More precisely, this means that u(z,t) is
twice continuously differentiable as a function of x on V for each t € [0, T, and
that all of the second derivatives of u(z,t) in = are continuous on U.
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7.10.1 A related function e(t)

If 0 <t < T, then put

(7.10.1) e(t) :/ lu(z,t)|? d.
14

Observe that

S a0 = ety ulw D) = 0 e a0 + ule 1) S 1)
(7.10.2) — 2Re (u(x,t) %(x,t)).
We can differentiate under the integral sign under these conditions, to get that
de —— Ou

.10. —(t) =2 — .
(7.10.3) (1) =2 Re /V u(w.) S (1) do
If u satisfies the heat equation, then this implies that
(7.10.4) %(t) =2 Re/ u(z,t) (Au)(z,t) dz.

v

7.10.2 Some boundary conditions

Suppose that either

(7.10.5) u(y',t) =0 on (V) x [0,T]
(7.10.6) (Duiyyu)(y/st) =0 on (3V) x [0, T,

where v(y') is the outward-pointing unit normal to 0V in R™ at y' € 9V, as
usual, and D,y indicates the directional derivative in the direction v(y’). In
both cases, we can use the divergence theorem, as in Subsection 3.5.2, to get
that

de

(7.10.7) E(Tc):—2/V|vu(q:,t)\2dx.

More precisely, Vu(z,t) = V,u(x,t) refers to the gradient of u(z,t) in z. In
particular, the right side of (7.10.7) is less than or equal to 0, so that e(t)
decreases monotonically on [0, 7.

7.10.3 Some initial conditions

If we also have that

(7.10.8) w(z,0) =0onV,

then we get that e(0) = 0. This implies that e(t) = 0 for every ¢t € [0,7],
because e(t) decreases monotonically on [0,7]. This means that

(7.10.9) w(x,t) =0o0n U =V x [0,T].

This corresponds to Theorem 10 in Section 2.3.4 a of [70] in the case of the
Dirichlet boundary conditions (7.10.5), and Problem 1 in Section 7.5 of [70] for
the Neumann boundary conditions (7.10.6).
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7.11 Some integrals of products

Let n be a positive integer, let V' be a nonempty bounded open subset of R™
with reasonably smooth boundary, and let a, b be real numbers with a < b. Thus
U =V x (a,b) is a bounded open subset of R" x R, with closure U = V x [a, b].
Let u, v be continuously-differentiable real or complex-valued functions on U
that are twice continuously differentiable in z. Suppose that u satisfies the heat

equation, and that v satisfies the “backwards” heat equation

ov
(7.11.1) 5 = —Aw.

Equivalently, this means that v(x, —t) satisfies the heat equation.

7.11.1 Some derivatives in t

Observe that

(7.11.2) 0 Ou dv

E(uv): aU—|—ua:(Au)v—u(Av).

If a <t <b, then one can differentiate under the integral sign to get that

(7.11.3) % /Vu(x,t) v(z,t)de = /V((Au)(x,t)v(x,t) —u(z,t) (Av)(z,t)) dz.

This implies that

(7.11.4) % /Vu(x,t)v(x,t)dx

- /3 (D) /1) (') = /1) (Du) 4 )

as in Section 3.9. Here v(y’) is the outward-pointing unit normal to 9V in R™
aty’ € OV, and D, indicates the directional derivative in the direction v(y’),
as before.

If we integrate in ¢ over [a, b], then we get that

(7.11.5) /u(x,b)v(x,b)dw—/ u(z,a)v(z,a)de

v

1%
b
= //{jv((DV(y’)“)(y/at)U(y/at)—U(y/,t)(Dy(yr)v)(y/,t)))dy’dt,

This corresponds to Problem 3 in Section 7.5 of [70]. This could also be obtained
from the divergence theorem on U, as in the proof of Theorem 4.4 in Section A
of Chapter 4 of [75].
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7.11.2 An interesting v

Let K(x,t) be the heat kernel as defined on (R™ x R) \ {(0,0)} in Subsection
7.1.1, so that K (x,t) is smooth and satisfies the heat equation on this set. Let
z € R™ and t; € R with ¢; > b be given, and consider

(7.11.6) v(z,t) = K(x —z,t1 —t),
which is a smooth function on (R™ x R) \ {(2,t1)} that satisfies the backward
heat equation. In particular, (7.11.6) is smooth and satisfies the backward heat

equation on U, so that (7.11.4) and (7.11.5) hold in this case.
If z € V, then

(7.11.7) / u(z,b) K(xz — z,t; — b)dx — u(z,b)
\%
as t; — b+, as in Subsection 7.4.2. This implies that

(7.11.8) wu(z,b) = /V u(z,a) K(z — 2,b—a)dx
b
+/ /8V(Du(y/)u)(y’) K(y —2,b—t)dy dt

b
—/ / u(y',t) (D K) (Y — z,b—t) dy dt,
a JOV
by taking the limit as t; — b+ in the other terms in (7.11.5).

7.11.3 Integrals over R"

Suppose now that u is a continuously-differentiable real or complex-valued func-
tion on R™ X [a, b] that is twice continuously differentiable in = and satisfies the
heat equation. If z € R™, then we would like to use (7.11.8) to get that

u(z,b) = / u(z,a) K(x — 2z,b—a)dx
(7.11.9) = / u(x,a) (47 (b—a)) ™2 exp(—|z — 2>/ (4 (b — a))) dz
under suitable conditions, as in the proof of Theorem 4.4 in Section A of Chapter

4 of [75].
Suppose that there are real numbers by > b and C,C’ > 0 such that

(7.11.10) fu(w, )] < C exp(|al2/(4 (b —1)))
and
(7.11.11) |Vu(z,t)] < " exp(|z|>/(4 (b — 1))

for every x € R™ and a <t < b. Here Vu(x,t) = Vyu(z,t) refers to the gradient
of u(z,t) in x, as before. In particular, if we take ¢ = a in (7.11.10), then we
get that the integrand on the right side of (7.11.9) is integrable on R™.
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If r is a positive real number with |z| < r, then we can take V = B(0,r) in
(7.11.8). The second and third terms on the right side of (7.11.8) tend to 0 as
r — 00, because of (7.11.10) and (7.11.11). The first term on the right side of
(7.11.8) tends to the right side of (7.11.9) as r — oo, because of (7.11.10) with
t = a. Thus (7.11.9) holds, as desired.

7.11.4 An integral representation

Suppose that 0 < T < oo, and let u(z,t) is a continuously-differentiable real or
complex-valued function on R™ x (0,T) that is twice continuously differentiable
in z and satisfies the heat equation. If 0 < a < b < T, then (7.11.9) holds for
every z € R™ under the conditions mentioned earlier. If u(z,t) has boundary
values as t — 0+ in an appropriate sense, then one can use (7.11.9) to express
u as the Gauss—Weierstrass integral of its boundary values, under suitable con-
ditions. A version of this is given by Theorem 4.4 in Section A of [75] and its
proof.

7.12 Upper bounds and t =0

Let n be a positive integer, and let T be a positive real number. Also let u be
a continuous real-valued function on R™ x [0,T]. Suppose that on R™ x (0,T),
u(x,t) is continuously differentiable, twice continuously differentiable in z, and
satisfies the heat equation. If

(7.12.1) u(z,0) <0 for every z € R",
then we would like to be able to say that
(7.12.2) u(z,t) <0 for every (z,t) € R" x [0,T],

at least under suitable conditions.
We shall do this here when

(7.12.3) lz| 2 max(u(zx,t),0) — 0 as |z| — oo,

uniformly over ¢ € [0,T]. An analogous statement with a much weaker condition
on u(z,t) is given in Theorem 6 in Section 2.3.3 a of [70], which will be discussed
in the next section. More precisely, it suffices to ask that u be a subsolution of
the heat equation on R™ x (0,7, instead of satisfying the heat equation there.

7.12.1 Approximation by other subsolutions
Let € > 0 be given, and observe that

(7.12.4) |22 +2nt

satisfies the heat equation on R™ x R. Thus

(7.12.5) ve(x,t) = u(x,t) — e (|z]* +2nt)



7.13. A WEAKER CONDITION ON U(X,T) 163

is a subsolution of the heat equation on R™ x (0,7"). Note that
(7.12.6) ve(2,0) <wu(r,0) <0

for every x € R™. We also have that

(7.12.7) ve(z,t) <0

for every t € [0,T] when |z| is sufficiently large, by hypothesis.

It follows that (7.12.7) holds for every (z,t) € R™ x [0, 7], by the maximum
principle. This implies (7.12.2), because € > 0 is arbitrary.

7.12.2 The corresponding uniqueness statement

Suppose now that u satisfies the heat equation on R™ x (0,7"), and that

(7.12.8) u(z,0) =0 for every x € R™.

If

(7.12.9) lz| "2 u(z,t) = 0 as |z| — oo,

then

(7.12.10) u(z,t) = 0 for every (z,t) € R"™ x [0,T],

by the previous argument for v and —wu. This corresponds to Theorem 7 in
Section 2.3.3 a of [70], which has a much weaker condition on the size of u(z,t),
as before.

7.13 A weaker condition on u(z,t)

Let n, T, and u be as at the beginning of the previous section, and suppose that
(7.12.1) holds. Suppose also that there are nonnegative real numbers a, A such
that

(7.13.1) u(z,t) < A exp(a|z|?)

for every (x,t) € R™ x [0,T]. Under these conditions, we have that (7.12.2)
holds, as in Theorem 6 in Section 2.3.3 a of [70]. As in the previous section,
it suffices to ask that u be a subsolution of the heat equation on R™ x (0,7,
instead of satisfying the heat equation there.

7.13.1 An initial step
As in [70], we suppose first that

(7.13.2) 4aT < 1.

This implies that
(7.13.3) 4a(T+n) <1
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for some 7 > 0. Note that
(7.13.4) (T +n—1)""% exp(|z)?/(4 (T 4+ n —t)))

satisfies the heat equation on R"™ x (—o00,T 4 n), as in Subsection 7.1.1. Tt
follows that for each p > 0,

(7.13.5) w(x,t) = w(x,t) — p(T+n—1t)""? exp(|z>/(4 (T +n —1t)))

is a subsolution of the heat equation on R™ x (0,T).
Clearly

(7.13.6) w(z,0) < u(z,0) <0
for every x € R™. One can check that
(7.13.7) w(z,t) <0

for every ¢t € [0,T] when |z| is sufficiently large, using (7.13.1) and (7.13.3).
This implies that (7.13.7) holds for every (z,t) € R™ x [0,T], by the maximum
principle. It follows that (7.12.2) holds, because p > 0 is arbitrary.

7.13.2 Repeating the argument

If (7.13.2) does not hold, then we can use the same argument on smaller inter-
vals that satisfy this condition. One can use this repeatedly to get the same
conclusion as before, as in [70].

7.13.3 Another uniqueness statement

If u satisfies the heat equation on R™ x (0,7, (7.12.8), and
(7.13.8) lu(z,t)| < A exp(alz|?)

for some a,A > 0 and all (z,t) € R™ x [0,T], then (7.12.10) holds, as in the
previous section. This corresponds to Theorem 7 in Section 2.3.3 a of [70], as
before.

7.14 Some more integrals of products

Let n be a positive integer, let V' be a nonempty bounded open subset of R™
with reasonably smooth boundary, and let a, b be real numbers with a < b, as
in Section 7.11. Put U =V x (a,b), and let u, v be continuously-differentiable
real or complex-valued functions on U that are twice continuously differentiable
in z.
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7.14.1 Some more derivatives in t
If a <t <b, then
d 0 0
(r141) & /V w(a t) vl t) do = /V (5r ety viat) +ute,t) S 1)) do.
We can combine this with an identity from Section 3.9 to get that
i ), u(z,t)v(z,t) da

= @(x,t) — (Au)(z,t) ) v(z, t) dzx
v \ Ot

(7142)  + /V (@, ) (%(gg, 0+ (A0)(e. 1)) dr

+ / (u(t/ 1) (Dogyy0) W+ 1) — 0" D)D) (/1) '
ov

Here v(y’) is the outward-pointing unit normal to 9V in R™ at ¢y’ € 9V, and
D, indicates the directional derivative in the direction v(y’), as usual.
Let us integrate in ¢ over [a, b], to get that

/Vu(x,b)v(x,b)da:—/ u(z,a)v(z,a)dr

\4

_ /ab/v(g?(x,t)—(Au)(x,tD v(z, 1) dz dt
(7.14.3) —|—/ab/vu(:1:,t) (%(x,t)+(Av)(z,t)> dz dt

b
+/a /av<“<y” 1) Do) (4 1) =0y’ 1) Dugyryu) v/, 1) dy d.

Of course, this can be simplified when u satisfies the heat equation, or v satisfies
the backward heat equation.

7.14.2 Using an interesting v

Let K(x,t) be the heat kernel as defined on (R™ x R) \ {(0,0)} in Subsection
7.1.1, which is smooth and satisfies the heat equation on this set. If z € R™ and
t1 € R, then

(7.14.4) v(z,t) = K(x — z,t1 — t)

is a smooth function on (R™ x R)\ {(z,¢1)} that satisfies the backward heat
equation, as in Subsection 7.11.2. If #; > b, then (7.14.4) is smooth and satisfies
the backward heat equation on U, as before. In this case, we get that

/Vu(a:,b)K(x—z,tl—b)dx—/vu(m,a)K(a:—z,tl—a)da:
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// — (Au)(z, ))K(m—z,tl—t)dxdt

(7.14.5) +/ / u(y',t) (DynK)(y — z,t1 —t)dy' dt
a ov
b
- / K — 2.t — ) (Do) ) dy’ dt.
a ov

Suppose that z € V', and consider the limit as t; — b+ of both sides of the
equation, as in Subsection 7.11.2. We would like to say that

u(z,b) — / w(z,a) K(zx — z,b— a)dz

/ / — (Au)(0)) K — 2,b— 1) dds
(7.14.6) / /{w ) (D K)(y — 2,b—t) dy' dt
- / Ky — b= 1) (Dugyyu) 5/, ) dy’ .
oV

More precisely, the first term on the right side should be handled a bit carefully,
as in the next section.

7.14.3 Using an interesting u

Similarly, if z € R™ and ¢y € R, then

(7.14.7) u(z,t) = K(xz — 2z,t —to)

is a smooth function on (R™ x R) \ {(z,t0)} that satisfies the heat equation. If

to < a, then (7.14.7) is smooth and satisfies the heat equation on U. If v is as
at the beginning of the section again, then we obtain that

/K:sz b—to)v(x,b) dacf/ K(x—z,a—ty)v(z,a)dx
/ /K:r—zt )(gt( 1)+ (A0, 1)) da i
(7.14.8) +/a ; K(y' — z,t —to) (Dyyyv) (¥, t) dy dt

v
b
—/ / v(y',t) (Dyn K) (Y — z,t — to) dy’ dt.
a ov

Suppose that z € V' again, and consider the limit as tg — a— of both sides
of the equation. Of course, this is basically the same as the previous version,
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and we get that

/Kxfz b—a)v(xz,b)dr —v(z,a)

/ /K )(%(m,t) +(Av)(x,t)> da dt

(7.14.9) +/ K(y' —z,t—a) (Dynv)(y' ) dy' dt
a JOV

b
[ ] o) Duy K = - )
a ov

7.15 Some integrals with K(z,t)

Let K(z,t) be the heat kernel as defined on (R™ x R)\{(0,0)}, as in Subsection
7.1.1. Remember that
(7.15.1) K(z,t)de =1

R"'L

for every t > 0. This implies that
ro
(7.15.2) / K(z,t)dedt =ry — 1
RIL

when rq, ro are positive real numbers with r; < ry. One could also allow r; = 0
here, by considering the integral over ¢ as an improper integral, or defining the
integrand at ¢ = 0, or using Lebesgue integrals.

One may consider the left side of (7.15.2) as an (n + 1)-dimensional integral
over R™ x [r1,72], even when r; = 0, using suitable improper integrals, or
Lebesgue integrals. In particular, K (x,t) is locally integrable on R™ x R, with
respect to (n + 1)-dimensional Lebesgue measure.

7.15.1 Some integrals on bounded sets

Let W be a nonempty bounded open subset of R", let T" be a positive real
number, and let f be a continuous real or complex-valued function on W' x [0,T].
Note that f is bounded on W x [0, 7], so that

(7.15.3) |f(z, )] <C

for some C' > 0 and every z € W, t € [0,T]. If one is using Riemann integrals,

then one should ask for a bit more regularity of the boundary of W, or that f is

equal to 0 on (OW) x [0,T]. If one is using Lebesgue integrals, then one might

simply ask that f be bounded and measurable on W x [0, T7].
If0<t<T, then

(7.15.4) /W K(z,8)|f(2,0)| dz < C,
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by (7.15.1) and (7.15.3). This implies that

(7.15.5) / /W K(.t) |f(e.8)] dedt < C (rs — 1)

when 0 < r; < r9 < T. This also works with 1 = 0, with suitable inter-
pretations when 0 € W, or using Lebesgue integrals, as before. In particular,
this means that K (x,t) |f(x,t)| is integrable with respect to (n+ 1)-dimensional
Lebesgue measure on W x [0, T7.

Similarly, if  is a positive real number, then

(7.15.6) /W K(z,t+n)|f(z,t)]de < C

for every t € [0,T]. It follows that

(7.15.7) /T2 /WK(:E,t+77)\f(x,t)|dmdt <Cl(reg—r)
1

when 0 <7ry <ry <T.

7.15.2 Some more integrals

Of course,

(7.15.8) ‘/ K(z,t) f(z,t)dz| < C

when 0 <t < T, by (7.15.4). If r € [0,T], then

(7.15.9) / / K(z,t) f(z,t)dxdt
o Jw

may be defined directly unless 0 € W, in which case the integral over ¢ may
be considered as an improper integral, or defined a bit carefully as a Riemann
integral, or using Lebesgue integrals, as before. Note that

(7.15.10)

/ K(z,t) f(z,t) dxdt' <Cwr.
If0<r; <ry <T, then
(7.15.11) lim / / K(z,t+n) f(z,t)drdt
™1 w

n—0+
/ / K(z,t) f(x,t) dx dt,
r1 w

by standard arguments. It is not too difficult to show that this works with
r1 = 0 as well, using the previous remarks.



Chapter 8

Some more equations and
solutions

8.1 Another uniqueness argument

Let n be a positive integer, let V' be a nonempty bounded open subset of R™
with reasonably smooth boundary, and let T" be a positive real number. Put
U =V x (0,T), which is a bounded open subset of R™ x R, with closure
U =V x[0,T)]. Let u(x,t) be a twice continuously-differentiable real or complex-

valued function on U.

8.1.1 A related function E(t)

If 0 <t < T, then put

(8.1.1) E(t) = % /v( 2) d.

We can differentiate under the integral sign in ¢, to get that

%(l’ t) : +zn:
ot st

ou
07%_(1?’ t)

(8.1.2) %E(t) :Re/v (%(x,t)@(x,tnza%“(x,t) : jat(as,t)) da.

8.1.2 Using some boundary conditions

Suppose that

(8.1.3) u(y’,t) =0 on (V) x [0,T7,
so that
(8.1.4) %(y’,t) =0on (0V) x [0,T).

169



170 CHAPTER 8. SOME MORE EQUATIONS AND SOLUTIONS

Under these conditions,

(8.1.5) /V (Au)(x,t) / Z 05, %t(x £)dz = 0,

as in Subsection 3.5.2, where (Au)(x,t) refers to the Laplacian of u(z,t) in .
This also works when

(8.1.6) (Dy(yyu)(y'st) =0 on (OV) x [0,T],

where v(y') is the outward-pointing unit normal to 9V in R™ at ' € 9V, and
D, indicates the directional derivative in the direction »(y’). Combining
(8.1.2) and (8.1.5), we obtain that

d ou 0%u
(8.1.7) B0 =Re | Sr) (W(‘T’t) - (Au)(x,t)) dz.
8.1.3 The wave equation

Suppose now that u satisfies the wave equation

0%u
1. — =A
(8.1.8) 9 u
on U. In this case, (8.1.7) reduces to
d
1. —EB(t) =
(8.1.9) CE()=0
If
(8.1.10) E(0) =0,
then it follows that
(8.1.11) E(t)=0

for every t € [0,7]. This means that the first derivatives of u(x,t) in z and ¢
are equal to 0 on U.
Of course, (8.1.10) holds when

0
(8.1.12) w(z,0) = 22 (2,0) = 0
ot
for every x € V. If
Ou
8.1.13 —(z,t) =0
on U, then (8.1.12) implies that
(8.1.14) u(z,t) =0

on U.

Thus (8.1.14) holds on U when (8.1.12) holds, and (8.1.11) holds for each
t € [0,7]. This means that (8.1.14) holds on U when u satisfies (8.1.3), (8.1.8),
and (8.1.12). This corresponds to Theorem 5 in Section 2.4.3 a in [70].

A more localized version of this will be discussed in the next section.
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8.2 A more localized version

Let n be a positive integer, let T' be a positive real number, and let u(z,t) be a
twice continuously-differentiable real or complex-valued function on R™ x [0, T.
Also let £ € R™ and a positive real number ¢ty < T be given, and if 0 < ¢ < ¢,
then put

(821)  e(t) = % /B(m_t) ( 5;2(3371?)’2) da.

Here B(&,to — t) is the open ball in R™ centered at & with radius to — ¢, which
may be interpreted as the empty set when ¢ = ¢y, in which case the integral is
interpreted as being equal to 0.

2 n

>

Jj=1

ou
E(.% t)

8.2.1 Differentiating e(t)
Observe that

d ou 9% ", du 0%u
= Re/B<g,t0_t) (8t<x’t)8t2(x’t)+;6( ) g g0 do
fl
Oz

1
(8.2.2) 1 / (
2 JoB(¢ to—t)

8.2.2 More on differentiating e(t)
As in Subsection 3.5.2, we have that

E(y7

(8.2.3) /B oy B %(Js, 1) da

"L Ou 0%u
+/ —(z,t) ——=(,t)dx
B(s,to—w; 5‘%‘( Oz O )

= [ Du ) 0
OB(&,to—t)

More precisely, if y' € 0B(£,to — t), then v;(y’) denotes the outward-pointing
unit normal to dB(&,to—t) at ¢/, and D,,(, indicates the directional derivative
in the direction v4(y’), as usual.

If w(x,t) satisfies the wave equation (8.1.8), then the integral in the first
term on the right side of (8.2.2) is the same as the left side of (8.2.3). This
means that

d ou
—e(t) = Re/ Dy, ! t)dy’
9 oft e P >8t< )

1 8u
8.2.4 —f/ ( !
(524 2 Job(eto—t) \| Ot .

2
) dy'.
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8.2.3 A monotonicity property

We would like to use this to get that
d

2. — <
(8.2.5) dte(t) <0
To do this, note that
ou ou
(82:0) Re (D)) Gr00,0) < Du)/o0l| 00

Ju
< (V001 G0
for every y' € OB(,to — t), where (Vu)(z,t) is the gradient of u(z,t) in z,
as before. This uses the Cauchy-Schwarz inequality in the second step, as in

Section 1.15.
The right side of this inequality is less than or equal to

1 ou 2
.2. - / 2 e /
8:27) 5 (1vww.oP + o) ).
because of the well-known fact that 2ab < a?+ b2 for all a,b € R. One can use
this to obtain (8.2.5) from (8.2.4).

8.2.4 Using monotonicity to get uniqueness

This shows that e(t) decreases monotonically on [0, %]. If
(8.2.8) e(0) =0,

then we get that

(8.2.9) e(t)=0

when 0 <t < tg.

Suppose now that
Ju

(8.2.10) u(z,0) = E(x,()) =0
for every x € B(&,tg), which implies that (8.2.8) holds. If
(8.2.11) 0<t<tyand x € B({,tg —t),
then it follows that 5
(8.2.12) (Vu)(z,t) = a—?(w,t) =0,
by (8.2.9).
One can use (8.2.10) and (8.2.12) to get that
(8.2.13) u(z,t) =0

when (8.2.11) holds. More precisely, in this argument, we only need that u(x,t)
be twice continuously differentiable and satisfy the wave equation on the set
where (8.2.11) holds. This corresponds to Theorem 6 in Section 2.4.3 b of [70],
and Theorem 5.3 in Section A of Chapter 5 of [75].
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8.3 Some differential equations on R?

Let w(y1, y2) be a twice continuously-differentiable real or complex-valued func-
tion on R?, and consider the partial differential equation

8%w

Oy1 Oy2

(8.3.1)

This equation obviously holds when w(y1,y2) depends only on y; or ys.
Conversely, it is well known and not too difficult to show that if w(y1,y2)
satisfies (8.3.1) on R?, then w(y;,y2) can be expressed as the sum of a function
of y; and a function of yo. More precisely, (8.3.1) implies that dw/dy; does not
depend on s, so that it depends only on ;. This means that there is a function
of y; whose derivative is equal to dw/dyi, so that the derivative with respect
to y; of w minus this function of y; is equal to 0. It follows that w minus this
function of y; depends only on ys, so that w is the sum of a function of y; and
a function of y,. Alternatively, one could use (8.3.1) to get that Ow/dys does
not depend on y;, and use this to get the same type of representation of w.

8.3.1 The wave equation with n =1

Let u(x,t) be a twice continuously-differentiable real or complex-valued function
on R?, and consider the partial differential equation

Pu_ Pu _

(8.3.2) 97 o

This is the same as the wave equation with n = 1, and it can also be expressed
as
0 0 0 0
8.3.3 (5:+5) (5, = 5 )u=0.
(8.3.3) ot " ox) \&r " oz
Tt is easy to see that (8.3.1) corresponds to (8.3.3) under the change of variables
(834) yn=x+¢t yo=x—1.

Clearly any function of x + t or of & — t satisfies (8.3.2). Conversely, if u(z,t)
satisfies (8.3.2) on R2, then u(x,t) can be expressed as a sum of a function of
r + t and a function of z — t, as before.

8.3.2 Related first-order equations

Alternatively, put
0 0
(8.3.5) v(x,t) = (a - %) u(z,t),

which is a continuously differentiable function on R?. Thus (8.3.3) is the same

as saying that

ov  Ov
(8.3.6) 5 + et 0.
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This is a linear first-order partial differential equation in v, as in Section 4.1,
whose solutions are given by functions of x — ¢ on R?. Given such a solution,
(8.3.5) may be considered as a linear first-order partial differential equation in
u. This corresponds to some remarks in Section 2.4.1 a in [70]. Of course, we
could consider 5

(8.3.7) v(x,t) = (a + (,%) u(z,t)

instead, which is another continuously differentiable function on R2. Using this,
(8.3.3) is the same as saying that

o 0
(8.3.8) 5% an ="

8.3.3 Some remarks about uniqueness

Suppose that
(8.3.9) u(z,t) = dplx +t) +(xz —1t)

for some continuously-differentiable real or complex-valued functions ¢, ¥ on
the real line. This implies that

(8.3.10) u(z,0) = ¢(x) + ¥ (x)
and P
(8.3.11) 2 (2,0) = ¢ (x) — ' ()

for every z € R. Of course,

(8.3.12) %(as, 0) = ¢'(x) +¢'(x)
x

for every x € R, by (8.3.10). It follows that ¢’ and ¢’ are uniquely determined
by (Ou/0t)(z,0) and (Ou/0x)(x,0) on R.

This means that ¢ and i are uniquely determined on R, up to adding
a constant to ¢ and subtracting the same constant from 1, by u(x,0) and
(Ou/0t)(x,0) on R. Note that the right side of (8.3.9) is not affected by adding
a constant to ¢, and subtracting the same constant from . Thus we get that
u(z,t) is uniquely determined on R? by u(z,0) and (du/dt)(x,0) on R. This
corresponds to some more remarks in Section 2.4.1 a of [70], and some remarks
in Section B of Chapter 5 of [75].

8.3.4 Arbitrary initial conditions

Observe that ¢’ and v’ may be arbitrary continuous real or complex-valued
functions on R, so that the right sides of (8.3.11) and (8.3.12) may be arbitrary
continuous functions on R. Similarly, the right side of (8.3.10) may be any
continuously-differentiable function on R, which can be chosen at the same
time as the right side of (8.3.11), as an arbitrary continuous function on R.



8.4. SOME REMARKS ABOUT THE LAPLACIAN 175

If we take ¢ and v to be twice continuously-differentiable functions on R,
then the right side of (8.3.10) can be any twice continuously-differentiable func-
tion on R, which can be chosen at the same time as the right side of (8.3.11), as
an arbitrary continuously-differentiable function on R. In this case, (8.3.9) is a
twice continuously-differentiable function on R? that satisfies the wave equation
(8.3.2). This corresponds to Theorem 1 in Section 2.4.1 a of [70], and Theorem
5.6 in Section B of Chapter 5 of [75].

8.4 Some remarks about the Laplacian
Let n be a positive integer, and let a, b be real numbers with
(8.4.1) 0<a<b,

although one could also permit b = +o00 here. Also let f be a twice continuously-
differentiable real or complex-valued function on (a,b). Note that

(8.4.2) {xreR" :a < |z| < b}

is an open set in R™. Put
(84.3) F(z) = f(|z])

on (8.4.2), which is a twice continuously-differentiable function on this set. A
function of the form (8.4.3) is said to be radial on (8.4.2).
One can check that

(8.4.4) AF () = f"(l2]) + (n = 1) 27 £ (|a])

on this set, as in Lemma 2.60 in Section G of Chapter 2 of [75]. In particular,
F' is harmonic on (8.4.2) if and only if

(8.4.5) ")+ (n—=1r"tf(r)=0

on (a,b), as in (5) in Section 2.2.1 a of [70]. This is related to some of the
remarks about harmonic functions in Section 6.1.

Let p be a homogeneous polynomial of degree £k > 0 on R™, and suppose
that p is harmonic on R”. Thus

(8.4.6) q(z) = |z[ 7" p(x)

is a smooth function on R™\ {0} that is homogeneous of degree 0 and equal to
p on the unit sphere. One can check that

(8.4.7) Aq(z) = —k (k+n —2) |z 2 q(z)

on R\ {0}, as in Lemma 2.61 in Section G of Chapter 2 of [75]. This was
mentioned in Subsection 3.2.2 when |z| = 1.
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Under these conditions, one can also verify that
A(Fq)(z)
(84.8) = (f"(lz)) + (n =) [a|™" f'(|x]) — k (k +n —2) 2|72 f(jz)) a(2)

on (8.4.2), as in Lemma 2.62 in Section G of Chapter 2 of [75]. More precisely,
it is not too difficult to see that

(8.4.9) VF(z)-Vq(z)=0

on (8.4.2). This only uses the fact that ¢ is homogeneous of degree 0, and not
the hypothesis that p be harmonic. Using this, one can get (8.4.8) from (8.4.4)
and (8.4.7).

8.4.1 Some eigenfunctions for the Laplacian

Suppose that
(84100 f')+(—=1)r7 f'(r) —k(k+n—2)r" f(r) = p f(r)

on (a,b) for some real or complex number p. Combining this with (8.4.8), we
get that
(8.4.11) A(Fq)=unFq

on (8.4.2). This is discussed further in Section G of Chapter 2 of [75].

8.5 More on radial functions

Let n be a positive integer, and let b be a positive real number, or +00. Also
let f(r) be a real or complex-valued function defined for 0 < r < b, so that F'

may be defined on
(8.5.1) {z e R" : |z| < b}

asin (8.4.3). If f(r) is continuous for 0 < r < b, then F' is continuous on (8.5.1).
If f is [-times continuously differentiable on (0,b) for some positive integer I,
then F' is [-times continuously differentiable on

(8.5.2) {x e R": 0 < |z| < b}.

Suppose that f is differentiable at 0, where the derivative f/(0) of f at 0 is
actually a derivative from the right. If

(8.5.3) 7(0) =0,

then it is easy to see that F' is differentiable at 0, with differential at 0 equal to
0. Equivalently, this means that

(8.5.4) ||t F(x) = 2|~ f(|z]) — 0 as z — 0.
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In particular, this implies that the partial derivatives of I’ at 0 are equal to 0,
and in fact that the directional derivative of F' at 0 in any direction is equal to
0.

If f(r) is continuously differentiable for 0 < r < b, and (8.5.3) holds, then
one can check that

(8.5.5) F is continuously differentiable on (8.5.1).

More precisely, F is continuously differentiable on (8.5.2), as before. To get
(8.5.5), one can verify that the partial derivatives of F are continuous at 0,
which is to say that they tend to 0 as z — 0.

8.5.1 Second derivatives

Suppose that f(r) is twice continuously differentiable for 0 < r < b, and that
(8.5.3) holds, and note that

(8.5.6) Jim =t f'(r) = f(0).

Under these conditions, one can verify that
(8.5.7) F is twice continuously differentiable on (8.5.1).

Of course, F' is twice continuously differentiable on (8.5.2), as before. Thus it
suffices to show that the second derivatives of F' exist at 0, and are continuous
at 0.

If
(8.5.8) f"(0) =0,

then one can show that the second derivatives of F' at 0 are equal to 0, using
(8.5.6). One can also check that the second derivatives of F at z # 0 tend to 0
as x — 0 in this case.

If f(r) =72, then F(z) = |z|? is a polynomial. Otherwise, one can reduce
to these two cases.

One can verify that (8.4.4) holds at = 0 under these conditions, suitably
interpreted, using (8.5.6) to define =1 f/(r) at r = 0.

8.5.2 Higher derivatives

Similarly, let [ be a positive integer, and suppose that f(r) is [-times continuously
differentiable for 0 < r < b. If

(8.5.9) the derivatives of f at 0 of odd order less than or equal to [

are equal to 0,

then
(8.5.10) F is [-times continuously differentiable on (8.5.1).
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As usual, F' is [-times continuously differentiable on (8.5.2), and so it is enough
to show that the derivatives of F' of order up to [ exist at 0, and are continuous
at 0.

As before, if all of the derivatives of f at 0 of order less than or equal to I
are equal to 0, then the derivatives of F' at 0 of order less than or equal to [ are
equal to 0. One can verify that the derivatives of F' at x # 0 of order less than
or equal to [ tend to 0 as x — 0 as well.

If f(r) is a polynomial of 72, then F(z) is a polynomial. Otherwise, one can
reduce to these two cases.

8.6 Some spherical means

Let n be a positive integer, and let ¢ be a continuous real or complex-valued
function on R”. If x € R™ and r € R, then the corresponding spherical mean
of ¢ may be defined by

1
8.6.1 My(z;7) = =——— olx+ry)dy,
(8.6.1) Y =GB Sonen Y

as in Section B of Chapter 5 of [75]. Note that

(8.6.2) Mg (x; —r) = Mg (x;7),
and that
(8.6.3) My (2;0) = ¢(),

as in [75]. If r > 0, then

(8.6.4) My(z;r) = m S o(2') d2’.
If x € R is fixed, then
(8.6.5) My(x;r) is continuous as a function of r € R.
Similarly, if
(8.6.6) ¢ is k-times continuously differentiable on R"

for some positive integer k, then
(8.6.7) My(x;r) is k-times continuously differentiable as a function of r € R,

as in [75]. In this case,

(8.6.8) "My (w; )

ort
when [ < k and [ is odd, because of (8.6.2).

Let us consider
(8.6.9) My(x; |w|)

=0atr=0
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as a real or complex-valued function of w € R™. If (8.6.6) holds, then we get
that

(8.6.10) Mg(z; |w|) is k-times continuously differentiable

as a function of w € R",

because of (8.6.8), as in Section 8.5.

8.6.1 Spherical means and orthogonal transformations

Let T be an orthogonal transformation on R, and consider

(8.6.11) ¢(z + T'(w))

as a real or complex-valued function of w € R™. We can average (8.6.11) over T'
in the set O(n) of orthogonal transformations on R™, as mentioned in Subsection
A.5.1. Tt may be reasonably clear that the average is equal to (8.6.9), without
getting into too many details.

Of course, if (8.6.6) holds, then (8.6.11) is k-times continuously differentiable
as a function of w € R™ for each T € O(n). This is another way to look at
(8.6.10) under these conditions.

8.7 More on spherical means

Let a and b be real numbers with a < b, although we could also allow a = —oo or
b = 400 here. Suppose now that ¢(x,t) is a continuous real or complex-valued
function on R™ x (a,b). If z € R™ and t € (a,b), then put

1
[0B(0, D] Jos(o,1)

for each € R. This is the same as (8.6.1) for ¢(z,¢) as a function of z on R"
for each ¢ € (a,b). In particular,

(8.7.1) My(z;r,t) = dlx+ry t)dy

(8.7.2) My (x5 —r,t) = My (x;7,t)

for each r € R,

(8.7.3) My (2;0,t) = ¢(, 1),

and 1

(8.7.4) My(z;r,t) = ¢(2',t) d2’

|aB( )| OB(z,r)

when r > 0, as before.
If x € R™ is fixed, then

(8.7.5)  My(z;r,t) is continuous as a function of (r,t) € R x (a,b),
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as before. Similarly, if
(8.7.6)  ¢(w,t) is k-times continuously differentiable on R™ x (a, b)
for some positive integer k, then

8.7.7 My (x;7,t) is k-times continuously differentiable
( p\Ls Ty y
as a function of (r,t) € R x (a,b).

Under these conditions, we get that

(9ZM¢(3U;7“7 t)

(8.7.8) oo

=0atr=20

when [ < k and [ is odd, because of (8.7.2), as before.

8.7.1 The Euler—Poisson—Darboux equation

Let us now take ¢ = 0 and b = 400, and let u(z,t) be a twice continuously-
differentiable real or complex-valued function on R™ x R, that satisfies the
wave equation. If z € R™, then M, (z;r,t) satisfies

0?M,,

n—10M,
ot? (

r or

2 M,
— 5 (T t) +

(8.7.9) 5

;7 t) = (27, t)
for r,t > 0, as in Proposition 5.8 in Section B of Chapter 5 of [75]. This
corresponds to part of Lemma 1 in Section 2.4.1 b of [70]. This is known as the
Euler—Poisson—Darbouz equation, as in [70].

More precisely, in [75], M, (z;r,t) is considered as a function of r € R and
t > 0. Of course, one should be a bit careful about (8.7.9) at r = 0, and (8.7.8)
is relevant here, with [ = 1. If r < 0, then (8.7.9) corresponds to the analogous
statement for —r > 0, because of (8.7.2).

The right side of (8.7.9) corresponds to the Laplacian of
(8.7.10) M, (x5 |w|, t)

as a function of w € R™ \ {0}, with r = |w|, as in (8.4.4). Thus (8.7.9) is the
same as saying that

(8.7.11) M, (z;|w|,t) satisfies the wave equation

as a function of w and t > 0,

as in the remark after Proposition 5.8 in [75]. This also corresponds to a remark
after the statement of Lemma 1 in Section 2.4.1 b of [70]. More precisely, this
works at w = 0 too, suitably interpreted, as in the preceding paragraph.
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8.7.2 Using orthogonal transformations

Let T be an orthogonal transformation on R”, and consider
(8.7.12) u(z + T(w),t)

as a real or complex-valued function of w € R™ and ¢ > 0. It may be reasonably
clear that the average of (8.7.12) over T' € O(n) is equal to (8.7.10), without
getting into too many details, as in the previous section. In particular, this is
another way to look at the regularity of (8.7.10) as a function of w and ¢ in
terms of the regularity of u, as before.

Remember that the Laplacian on R" is invariant under orthogonal transfor-
mations, as in Subsection 2.1.1. Using this, it is easy to see that

(8.7.13) u(x 4+ T(w),t) satisfies the wave equation, as a function of w and ¢,

for each T' € O(n). One can use this to get (8.7.11), by averaging over T' € O(n),
as before. This is another way to look at (8.7.9).

8.8 The n = 2,3 cases

Suppose for the moment that n = 3, and let u(x,t) be a twice continuously-
differentiable real or complex-valued function on R3 x R that satisfies the wave
equation. Also let # € R? be given, and let M, (z;r,t) be as in the previous
section. This is a twice continuously-differentiable function of r € R and ¢ > 0,
as before. Put

(8.8.1) v(r,t) = r My (z;r,t)

for r € R and ¢ > 0. This corresponds to U in (17) in Section 2.4.1 ¢ of [70].
Clearly

(8.8.2) v(r,t) is twice continuously differentiable in r and ¢,
because M, (x;r,t) has this property. One can check that

0%v 0%

using (8.7.9), with n = 3. This corresponds to a remark in Section 2.4.1 ¢ of

[70], and to a remark after (5.10) in Section B of Chapter 5 of [75], with n = 3.
Note that

(8.8.4) v(0,t) =0

for all ¢ > 0, by construction. We also have that

(8.8.5) lim Y o(r,t) = u(x,t)

r—0

for every t > 0, by construction.
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In [70], v(r,t) is considered as a solution of (8.8.3) for r,¢ > 0, and (8.8.4) is
considered as a boundary condition. An additional argument is used to reduce
to a solution of the wave equation on R x R. This is used to obtain Kirchhoff’s
formula for u(z,t) in terms of initial values of w and du/dt, as in (22) of Section
2.4.1 ¢ of [70]. This corresponds to an analogous formula (5.12) in Section B in
Chapter 5 of [75], with n = 3.

More precisely, u(x,t) can be obtained from a suitable formula for v(r,t) in
terms of initial values of v and dv/dt, using (8.8.5). The initial values of v and
O0v /0t are easily obtained from the initial values of w and du/0t.

8.8.1 Reducing the n = 2 case to the n = 3 case

A solution to the wave equation on R™ x R4 may be considered as a solution
to the wave equation on R"*! x R, by considering the solution to be constant
in ;1. This can be used to obtain Poisson’s formula for solutions of the wave
equation when n = 2, in terms of the initial values of the function and its
derivative in ¢, from Kirchhoff’s formula. This corresponds to (27) in Section
2.4.1 ¢ of [70]. This also corresponds to Theorem 5.14 in Section B in Chapter
5 of [75], with n = 2.

If n > 5 is odd, then there is an analogous although somewhat more com-
plicated way to get solutions of (8.8.3) from solutions of the Euler—Poisson—
Darboux equation. This will be discussed in the next section.

If n > 4 is even, then n + 1 is odd, and one can use the results for n + 1, by
considering functions that are constant in z,11, as before. This is discussed in
Section 2.4.1 e of [70], and in Section B of Chapter 5 of [75].

8.9 Some helpful identities

Let k be a positive integer, and let ¢ be a (k+1)-times continuously-differentiable
real or complex-valued function on an open set in R\ {0}. Under these condi-
tions, it is well known that

(89.1) jTQz GO o0 = (- 4) (7 %2

rdr r dr
and s
1 d\k-1 — i A
(892) GO % 000 = X sty i+ T20),

Jj=

where ¢;(k) is a constant that does not depend on ¢ for each j. More precisely,
(8.9.3) c(k)=1-3-5---(2k —1).

This also works when ¢ is defined on an open subset of R that contains 0, with
suitable interpretations, because there are sufficiently many factors of r being
differentiated that there are not really any factors of 1/r left after expanding
out the derivatives, as in (8.9.2).
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This corresponds to Lemma 2 in Section 2.4.1 d of [70], and to (5.9) and
(5.10) in Section B of Chapter 5 of [75]. The proof by induction is left as an
exercise in [70], and some additional hints are given in [75].

8.9.1 Using these identities

Let n be an odd integer with n > 3, so that n = 2k + 1 for some positive
integer k. Also let u(x,t) be a (k + 1)-times continuously-differentiable real
or complex-valued function on R™ x R that satisfies the wave equation. Let
x € R™ be given, and let M, (x;r,t) be as in Section 8.7, which is a (k+1)-times
continuously-differentiable function of r,¢ > 0. Put

1d

(8.9.4) o(r,t) = (; dr)k_1 (271 M (27, 1)),

as mentioned some time after (5.10) in [75]. This corresponds to U(r,t) in (28)
in Section 2.4.1 d of [70].

Note that v(r,t) is twice continuously differentiable, because M, (z;r,t) is
(k4 1)-times continuously differentiable in r, ¢, as in Section 8.7. One can show
that

2 2
(8.9.5) O _ 0%

or?2 o2’
using (8.7.9) and (8.9.1). This corresponds to part of Lemma 3 in Section 2.4.1
d of [70], and some remarks after (5.10) in [75].

In fact, M, (x;r,t) is (k+ 1)-times continuously differentiable as a function
of (r,t) € R x Ry, as in Section 8.7. This implies that v(r,t) may be defined
as a twice continuously-differentiable function of (r,t) € R x R, because of
(8.9.2). Tt is easy to see that
(8.9.6) v(0,t) =0

for all ¢t > 0, using (8.9.2), which is another part of Lemma 3 in Section 2.4.1 d
of [70]. Indeed, we have that

v(r,t) . . B
r—0 Co(k) r - }LI}(I) Mu(]}, T, t) - u(xat)v

(8.9.7)

using (8.9.2) in the first step, and the definition of M, (x;r,t) in the second step.
This is mentioned after Lemma 3 in Section 2.4.1 d of [70], and after (5.11) in
Section B of Chapter 5 of [75].

If n = 3, then k£ = 1, and (8.9.4) is the same as (8.8.1). If [70], v(r,t) is
considered as a solution of (8.9.5) for r,¢ > 0, and (8.9.6) is considered as a
boundary condition, as before. An additional argument is used to reduce to
a solution to the wave equation on R x R, exactly as before. This is used to
obtain a formula for u(z,t) in terms of initial values of v and du/dt, as in (31)
in Section 2.4.1 d of [70].

More precisely, u(x,t) can be obtained from a suitable formula for v(r,t) in
terms of initial values of v and dv/0t, using (8.9.7), in essentially the same way
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as before. The initial values for v and dv/0t may be obtained from the initial
values of u and Ou/dt, as before. A slightly different version of this formula for
u(z,t) may be found in Section B of Chapter 5 of [75], as before.

8.10 An inhomogeneous problem

Let n be a positive integer, and let [n/2] be the integer part of n/2, which is
equal to n/2 when n is even, and to (n —1)/2 when n is odd. Also let f be real
or complex-valued function on R"™ x (R4 U {0}) that is

(8.10.1) ([n/2] + 1)-times continuously differentiable.

This may be interpreted as in Section 3.4, which amounts in this case to using
one-sided derivatives in ¢ from the right at ¢ = 0.

Consider the problem of finding a twice continuously-differentiable real or
complex-valued function v on R™ x (R, U{0}), as appropriate, such that

0%u
on R"” x R4, with
(8.10.3) u(x,0) = @(aj, 0)=0

ot

on R™. To deal with this, one can use a version of Duhamel’s principle, as in
Section 2.4.2 of [70], and Section C of Chapter 5 of [75].

8.10.1 Duhamel’s principle

If 7 is a nonnegative real number, then let v(z, ¢; 7) be the real or complex-valued
function of (z,t) on R™ x (R4 U {0}) that satisfies the wave equation

(8.10.4) ‘Z—Z] —Av=0
on R” x R4, with

(8.10.5) v(z,0;7) =0
and

(8.10.6) %(%0;7) = flx,7)

on R™. More precisely, this may be obtained as in [70, 75], and is twice contin-
uously differentiable under these conditions. Equivalently,

(8.10.7) v(z,t —7;7)

satisfies the wave equation on R™ x (7,400), is equal to 0 when ¢t = 7, and its
derivative in t is equal to f(z,7) at t = 7, as in [70].
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If x € R™ and t > 0, then we take

(8.10.8) u(x,t) = /0 v(x,t —7;7)dT,

as in [75], which is expressed a bit differently in [70]. Of course, this is equal to
0 when t = 0. We also have that

ou L ov L ov
E(m,t)—v(x,o,t)—l—/o a((ﬂ,t—’r,’]’)d’f— ot

using (8.10.5) in the second step. This is equal to 0 when ¢ = 0 as well.
Similarly,

(8.10.9) (z,t —1;7)dT,

0%u

(8.10.10) oz (@1)

ov t 92y
E(ﬂc,o,t) —l—/o w(a&,t —7;7)dT

t 92y
) 0t

flz,t) + (z,t —T1;7)dT.

Note that

Lo
| o
using (8.10.4) in the second step. Clearly (8.10.2) follows from these two equa-
tions. One can get solutions of (8.10.2) with other initial conditions using this

and solutions of the wave equation with prescribed initial conditions, as men-
tioned in [70, 75].

t
(8.10.11)  Awu(z,t) = / Av(z,t —7;7)dT = (@t —7,7)dr,
0

8.11 More on holomorphic functions

Let n be a positive integer, and remember that C™ is the space of n-tuples of
complex numbers, as in Section 2.6. Every z € C™ can be expressed in a unique
way as z = = + iy, with z,y € R", and one can use this to identify C™ with
R?", as before. Let U be a nonempty open set in C", which may be identified
with an open set in R?", as in Subsection 2.6.1. Equivalently, this means that
U is an open set in C™ with respect to the standard Euclidean metric on C™.

Let f be a continuously-differentiable complex-valued function on U, as an
open subset of R?*. Suppose that

(8.11.1) f is holomorphic on U,

as in Subsection 2.6.1. It is well known that this implies that

(8.11.2) f is smooth on U,

although we shall not get into that here. Let us simply ask for the moment that

(8.11.3) f be twice continuously differentiable as a complex-valued

function on U, as an open set in R?".

This will be clear in many cases of interest, and anyway it holds automatically,
as before.
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8.11.1 Harmonicity of holomorphic functions

If n = 1, then it follows that f is harmonic on U, as an open subset of R?, as
in Subsection 2.2.1. Similarly, for any n, we have that

o 0 o 0
114 _— — —f =
(8 ) 8$j 8xj f+ 8@/]- 8yj 0

on U for each j =1,...,n. Of course, this implies that

99 a 0
(8.11.5) > 50, 95, Z T

on U. This means that

(8.11.6) f is harmonic on U, as an open subset of R?".

It follows that (8.11.2) holds, as in Subsection 6.4.2. Remember that (8.11.3)
is part of the hypothesis here. There are other arguments for obtaining (8.11.2)
without this hypothesis, as mentioned earlier.

Observe that

o 0 o 0
8.11.7 — — —f=0
( ) 07 azjf 0z; 0z
on U for each 7,1 = 1,...,n under these conditions. This uses the twice con-

tinuous differentiability of f in the first step, and the hypothesis that f be
holomorphic in the second step. This means that

(8.11.8) if is holomorphic on U
6zj
for each j = 1,...,n. Similarly,
0 0 0 0
(8.11.9) =

92, 027 ~ 021 02

on U for each j,l = 1,...,n, because f is twice continuously differentiable on
U, as an open set in R?".

8.11.2 A complex Laplace equation

Consider the partial differential equation
"9 0
(8.11.10) Y o f=0

on U. This may be considered as a complex version of the Laplace equation.
This equation clearly holds when f is constant, or

(8.11.11) f(z)==2
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for some [. If
(8.11.12) f(2) = 21 2m,

then this equation holds if and only if [ # m. We also have that (8.11.10) holds
when
(8.11.13) f(z) =2 — 22,

It is well known that the complex exponential function is holomorphic on C,
as mentioned in Subsection 3.14.3. If a € C™, then one can use this to check
that
(8.11.14) exp(a-z) =exp(a; z1 + -+ an 2p)

is a holomorphic function on C™. We also have that
0
(8.11.15) —exp(a-z) =a; exp(a- 2)
8Zj
for each j. One can use this to get that (8.11.14) satisfies (8.11.10) if and only
if

(8.11.16) a-a=)» al=0.

j=1

8.12 More on this differential equation

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Let f be a holomorphic function on U that satisfies (8.11.3) and thus
(8.11.2) again. In particular, this means that f is three-times continuously
differentiable on U, as an open set in R?". In this case, it is easy to see that

(8.12.1) % % f is holomorphic on U
J

for all 7, [, using (8.11.8). It follows that

n
(8.12.2) Z 9 90 f is holomorphic on U.
=1 0] 5 82’]'

8.12.1 Real and complex derivatives

If f is any complex-valued continuously-differentiable function on U, as an open
subset of R2", then

(8.12.3) —ftoi=5—f

on U for each j, because of the way that 0/0z; and 0/0%; are defined, as in
Subsection 2.6.1. If f is holomorphic on U, then it follows that

0 0
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on U for each j. Similarly,

0 0 0 0

on U for all j, [ if we also ask that f be twice continuously differentiable on
U, as an open set in R?", which holds automatically anyway, as before. This
implies that

12, _—
(8.12.6) Z azj (‘32'] Z (%cj 81‘] !

on U under these conditions. Thus (8.11.10) is the same as saying that

(8.12.7) i 0 i =0

i=1 81’]‘ 8xj
on U in this case.
If y € R™, then put
(8.12.8) Uy={zeR":x+iyecU}.

One can check that this is an open set in R™, because U is an open set in C",
which may identified with an open set in R?", as before. Put

(8.12.9) fy(@) = f(z +iy)

for each x € Uy, so that f, defines a complex-valued function on U, that is twice
continuously differentiable, by hypothesis. The condition that (8.12.7) hold on
U is the same as saying that f, is harmonic on U, for each y € R". This is
considered to hold vacuously when U, = (.

8.12.2 The case of polynomials

Let p be a polynomial in zq,...,z, with complex coefficients, as in Section
1.7. Remember that p defines a holomorphic function on C™, as mentioned in
Subsection 2.6.1. Suppose more precisely that the degree of p is less than or
equal to N for some nonnegative integer N, as in Section 1.7 again. It is easy
to see that

0 0

8.12.10 =

( ) 957" o, ?
is a polynomial in z1,..., 2, for each j, with degree less than or equal to N — 1
when N > 1. Similarly,

o 0 o 0

8.12.11 —_— —p=— —

( ) 8zj 8zl p 8xj a’Cl p
is a polynomial in z1, ..., z, for each j, [, with degree less than or equal to N —2

when N > 2.
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In particular,

8.12.12 —
( ) g ﬁzj 62’] b= ; 8xj 8:17j
is a polynomial in z1,..., 2z, of degree less than or equal to N —2 when N > 2.

Suppose that this is equal to 0 on R"™, so that p is harmonic on R™. In this
case, (8.12.12) is equal to 0 on all of C", as in Section 2.5. More precisely, if
y € R", and py(x) is defined as in (8.12.9), then p,(z) can be expressed as a
polynomial in 1, ..., x, with complex coefficients, as mentioned in Section 2.5.
If p, is harmonic on R™ for some y € R™, then (8.12.12) is equal to 0 on all of
C", as in Section 2.5 again.

8.13 The complex wave equation

Let n > 2 be an integer, and let U be a nonempty open subset of C™, which
which may be identified with an open set in R2", as usual. Also let f be a twice
continuously-differentiable complex-valued function on U, as an open subset of
R?", and suppose that f is holomorphic on U. Consider the partial differential
equation

(8131) Z 823 823 (9Zn O0zp, f=0

on U. This may be considered as a complex version of the wave equation. This
is the same as saying that

0 0
(8.13.2) Z a% amj e e 0

on U under these conditions, as in Subsection 8.12.1.
If y € R", then let U, be as in (8.12.8), and let f,, be defined on U, as in
(8.12.9). Of course, (8.13.2) holds on U if and only if

n—1
o 9 d
(8.13.3) Z——jfy Bor ax fy=0

on U, for each y € R". This is considered to hold vacuously when U, = 0, as
before. If f is a polynomial in 21, ..., z, with complex coefficients, and (8.13.3)
holds on R™ for some y € R™, then (8.13.2) holds on C", as in Subsection 8.12.2.
There are analogous statements for holomorphic functions more broadly, under
suitable conditions, that we shall not pursue here.

8.13.1 A simple change of variables

Put ~
(8.13.4) U={2€C":(21,...,2n-1,12n) EU}.
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One can check that this is an open set in C" too, or equivalently that it corre-
sponds to an open set in R?". Let f be the complex-valued function defined on
U by B

(8.13.5) f(2)=f(z1,. . 2n-1,92n)

for each z € U. One can verify that f is twice continuously differentiable on
U, as an open subset of R?", and that f is holomorphic on U, because of the
analogous properties of f on U. We also have that (8.13.2) holds on U if and
only if f satisfies the complex version of the Laplace equation

n a a .

on U.

8.13.2 Some solutions with n =2

Let V' be a nonempty open subset of the complex plane, which may be identified
with R2, as before, and let ¢ be a twice continuously-differentiable complex-
valued function on V| as an open subset of R?, that is holomorphic on V, as in
Section 2.2. One can check that

(8.13.7) {2€C?:21—2,€V}

is an open set in C?, so that it corresponds to an open set in R*. One can also
verify that
(8.13.8) d(z1 — 22)

is twice continuously differentiable on (8.13.7), as an open subset of R*, and
that (8.13.8) is holomorphic on (8.13.7), because of the analogous properties of
¢ on V. It is easy to see that (8.13.8) satisfies the complex version of wave
equation on (8.13.7). Of course, if V = C, then (8.13.7) is all of C2.

Similarly, let W be a nonempty open subset of C, which may be identified
with R2, as usual, and let 9 be a twice continuously-differentiable complex-
valued function on W, as an open set in R?, that is holomorphic on W. As
before, one can check that

(8.13.9) {€C?: 21+ 20 e W}

is an open set in C?2, so that it corresponds to an open set in R*. We also have
that
(8.13.10) ’(/J(Zl + 22)

is twice continuously differentiable on (8.13.9), as an open subset of R*, and that
(8.13.10) is holomorphic on (8.13.9), because of the corresponding properties of
¢ on W. In fact, (8.13.10) satisfies the complex version of the wave equation
on (8.13.9), as before. Note that (8.13.9) is all of C* when W = C, as before.
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Let V and ¢ be as before, and observe that
(8.13.11) {2€C?:21—izn €V}

is an open set in C2, or equivalently that it corresponds to an open set in R*.
If (8.13.7) is denoted U, then (8.13.11) is the same as (8.13.4). One can check
that
(8.13.12) Bz —izo)
is twice continuously differentiable on (8.13.11), as an open set in R*, and that
(8.13.12) is holomorphic on (8.13.11). One can also verify that (8.13.12) satisfies
the complex version of the Lapalce equation on (8.13.11). If (8.13.8) is denoted
f, then (8.13.12) is the same as (8.13.5).

Similarly, if W and 1 are as before, then

(8.13.13) {z€C?: 2 +izg €W}

is an open set in R?, so that it corresponds to an open set in R*. If (8.13.9) is
denoted U, then (8.13.13) is the same as (8.13.4). As usual,

(8.13.14) P(z1 41 22)

is twice continuously

8.14 Another inhomogeneous problem

Let n be a positive integer, and let f(x,t) be a real or complex-valued function
defined for x € R™ and ¢t > 0. Suppose that f(x,t) is continuously differen-
tiable, and that the second derivatives of f(x,t) in z exist and are continuous
as functions of = and ¢. Suppose also that f(z,t) has compact support, so that

(8.14.1) flz,t)=0

when |z| or t is large enough. More precisely, it suffices to ask here that for
every positive real number T there be a positive real number R(T) such that
(8.14.1) holds when

(8.14.2) || > R(T) and 0 <t <T.

Consider the problem of finding a real or complex-valued function u(x,t), as
appropriate, defined for x € R™ and ¢ > 0, and with the following properties.
First, u(x,t) should be continuously differentiable, ans the second derivatives
of u(z,t) should exist and be continuous as functions of z and t. Second, we
would like to have that

0
(8.14.3) ait‘(x,t) — (Au)(z,t) = f(z,1)
for all x € R™ and ¢t > 0, where (Au)(x,t) is the Laplacian of u(x,t) in z, as
before. Third,
(8.14.4) u(z,0) =0

for every x € R™.
We can use another version of Duhamel’s principle here, as in Section 2.3.1
c of [70]. This is related to Theorem 4.7 in Section A of Chapter 4 of [75].
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8.14.1 Another version of Duhamel’s principle

Let K(z,t) be the heat kernel, as in Subsection 7.1.1. If z € R™, ¢ is a positive
real number, and 7 is a nonnegative real number, then put

(8.14.5) v(z, ;1) = - K(z —y,t) f(y,7)dy.

This satisfies the heat equation as a function of x and ¢, as in Section 7.4. If we
put
(8.14.6) w(z,0;7) = f(x,7),

then u(x,t;7) is continuous as a function of x € R™ and ¢ > 0, as before. More
precisely, it is not too difficult to show that u(x,t;7) is continuous as a function
of x € R™ and t,7 > 0, because f is continuous, by hypothesis.

Equivalently,
(8.14.7) v(z,t —7;7)
satisfies the heat equation as a function of x € R™ and t > 7, and it is equal to

f(z,7) when t = 7, as in [70]. If x € R™ and ¢ > 0, then put

(8.14.8) u(z,t) = /0 v(x,t —7;7)dr,

which is expressed a bit differently in [70]. Note that this satisfies (8.14.4). If
t > 0, then
t
(8.14.9) u(z,t) = / K(zx—y,t—1) f(y,7)dydr,
0o JRn

as in [70].

8.14.2 Differentiating u(x,t)

One should be a bit careful about differentiating under the integral sign here,
because of the behavior of the heat kernel near (0,0), as mentioned in the proof
of Theorem 2 in Section 2.3.1 ¢ of [70]. It is helpful to begin with a change of
variables, to get that

¢
(8.14.10) u(z,t) = / K(y,7) f(x —y,t —7)dydr
0o JRn

when ¢t > 0, as in [70]. One can use this to obtain that

ou

t 6f
(8.14.11) E(x,t) = /0 RnK(y,T)a(x—y,t—T)dydT

rR»

as in [70]. In particular, this is continuous as a function of z € R™ and ¢t > 0.
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Similarly, the first and second derivatives of u(z,t) in  may be obtained
by differentiating the right side of (8.14.10) under the integral sign, and are
continuous functions of x € R™ and ¢ > 0, as in [70]. This implies that

ou
E(w, t) — (Au)(z,t)

t af
- /0 RHK(y’T)(E(fc—y’t_ﬂ—(Af)(if—y,t—T))dydT
(8.14.12) +/ K(y,t) f(z —y,0)dy.
0

It follows that

ou
a(m, t) — (Au)(z,t)

= —/Ot RnK(yJ) ((%—I—Ay)f(;v—y,t—T))dydT
(8.14.13) —|—/OtK(y,t) f(x —y,0)dy.

Of course, we would like the right side of (8.14.13) to be equal to f(z,t),
as in (8.14.3). This may be obtained as in Subsection 7.14.3. More precisely,
remember that V is a nonempty bounded open subset of R™ with reasonably
smooth boundary in Section 7.14. Here we want to take V sufficiently large so
that the corresponding integrals over V' are the same as integrals over R™, and
the integrals over the boundary of V' are equal to 0, because of the hypothesis
on the support of f mentioned at the beginning of the section.

8.15 The porous medium equation

Let n be a positive integer, and let u(x,t) be a real-valued function on an open
subset of R” x R, which we can identify with R**!, as usual. Also let v be a
real number, and consider the partial differential equation

8.15.1 — —Au)=0

(5.15.1) A =0,
as in Example 2 in Section 4.1.1 of [70]. This is known as the porous medium
equation, at least for suitable . Of course, this reduces to the heat equation
when v = 1. If v = 0, then this may be interpreted as

ou
8.15.2 — =0.
( ) 5
If v is not an integer, then we ask that w > 0, so that u?” is defined. Similarly,
if v < 0, then we ask that u # 0.
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One way to try to solve this equation is to look for solutions of the form
(8.15.3) u(z, t) = v(t) w(x),

where v(t) and w(z) are real-valued functions defined on open subsets of R and
R", respectively. We also ask that v(¢),w(x) > 0 when ~ is not an integer, and
that v(t), u(z) # 0 when v < 0, as before. In this case, (8.15.1) is the same as
saying that

(8.15.4) V() w(x) —v(t)” Alw(z)?) = 0.

This means that

(8.15.5) vit) _ Alw())

ot w(z)

when ov(t),w(z) # 0. To get this, we need both sides of the equation to be
constant, so that

(8.15.6)

where p is a constant.

Of course, if v = 0, then p = 0. The first part of (8.15.6) is the same as
saying that
(8.15.7) V'(t) = po(t)?,

and the second part is the same as saying that
(8.15.8) Alw(z)?) = pw(z).

One can also consider these equations when v(t) or w(x) is equal to 0, at least
if v > 0. Note that (8.15.4) holds when these two equations hold. These two
equations are much simpler when g = 0, and so we suppose now that p # 0.

The case where v = 1 is discussed in Example 1 in Section 4.1.1 of [70], and
is related to some of the remarks in Section 3.1. Suppose that v # 1, and let us
solve (8.15.7) to get that

(8.15.9) v(t) = (1 —~) pt+ N)V/E=),
where A is a constant, as in [70]. More precisely, we ask that
(8.15.10) (I—y)put+X#0

when v > 1, and when v < 0, as before. We also ask that
(8.15.11) I=y)pt+Ar>0

when 1/(1 — ) is not an integer, and when -~ is not an integer, as before. Of
course, v and 1/(1 — ) are both integers only when v =0 or 2.
Let us look for solutions of (8.15.8) of the form

(8.15.12) w(x) = |z|*
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for some o € R, as in [70]. One can check that
(8.15.13)  puw(e) - A@w(e)™) = ple]® — ary (ay +n—2) 22772,

as in [70], where 2 # 0 when o < 0 or ay — 2 < 0. Let us ask that

(8.15.14) ay—2=aq,

which means that 5
.15.1 = —

(8.15.15) o o

as in [70]. In this case, (8.15.13) is the same as saying that
(815.16)  pw(x) — Aw(E)) = (4 — av(ay+n—2) 2],

where x # 0 when a < 0.
Under these conditions, we get that (8.15.8) holds when

(8.15.17) p=ay(ay+n-—2),
as in [70]. In [70], one takes v > 1, which implies that o > 0, and that

2
77>2

15.1 = .
(8.15.18) ary po|

This means that one can take w(x) as in (8.15.12) on R™, and that w(x)" is
twice continuously differentiable on R™. Note that p > 0 in this case, as in [70].

Of course,
(8.15.19) (1—y)pt+A>0
when v > 1 and
A
8.15.20) t<t,=—2F—"\|
( (y=Dn

because p > 0. In [70], one also takes A > 0, so that ¢, > 0.



Chapter 9

Some more classes of
functions

9.1 Semicontinuity

Let n be a positive integer, let E' be a nonempty subset of R™, and let f be a
real-valued function on E. We say that f is upper semicontinuous at a point
x € E if for every € > 0 there is a § > 0 such that

(9.1.1) fly) < f(@)+e

for every y € E with
(9.1.2) |z —y| <é.

Similarly, f is said to be lower semicontinuous at x if for every € > 0 there is a
6 > 0 such that

(9.1.3) fy) > flz) —¢

for every y € E that satisfies (9.1.2). It is easy to see that

(9.1.4) f is continuous at z if and only if

f is both upper and lower semicontinuous at .

Note that f is upper semicontinuous at x if and only if — f is lower semicontin-
uous at x.

If f is upper semi-continuous at every point in F, then f is said to be upper
semicontinuous on E. Similarly, if f is lower semicontinuous at every point in
E, then f is said to be lower semicontinuous on E. As before, f is continuous
on F if and only if f if both upper and lower semicontinous on F. We also have
that f is upper semicontinuous on FE if and only if —f is lower semicontinuous
on F.

196
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9.1.1 Uniform semicontinuity?

One might like to say that f is uniformly upper semicontinuous on F if for every
€ > 0 there is a 6 > 0 such that (9.1.1) holds for all z,y € E that satisfy (9.1.2).
Similarly, one might say that f is uniformly lower semicontinuous on E if for
every € > 0 there is a § > 0 such that (9.1.3) holds for all z,y € E that satisfy
(9.1.2). However, one can check that these uniform versions of upper and lower
semicontinuity are equivalent to each other, by exchanging the roles of x and y.
In fact, these uniform versions of upper and lower semicontinuity of f on E are
equivalent to the usual notion of uniform continuity of f on E, which says that
for every € > 0 there is a 6 > 0 such that

(9.1.5) |f(z) = fly)l <e

for all z,y € E that satisfy (9.1.2). It is well known that every continuous
function on F is uniformly continuous when FE is compact.

9.1.2 Relatively open sets

A subset A of F is said to be relatively open in E if for every = € A there is an
7 > 0 such that
(9.1.6) B(z,r)NE C A.
If F is an open subset of R™, then A C FE is relatively open in FE if and only if
A is an open set in R™.

It is well known and not difficult to show that f is upper semicontinuous on
E if and only if for every real number b,

(9.1.7) {reFE: f(x) <b}

is a relatively open set in E. Similarly, f is lower semicontinuous on F if and
only if for every a € R,
(9.1.8) {xeE: f(z)>a}

is a relatively open set in FE.

9.1.3 Upper and lower limits

Remember that the continuity of f at x € E can be characterized in terms of
convergent sequences, as mentioned at the beginning of Section 1.2. There are
analogues of this for upper and lower semicontinuity, in terms of upper and lower
limits of sequences of real numbers, if one is familiar with that. Namely, f is
upper semicontinuous at x if and only if for every sequence {x; }?’;1 of elements
of E that converges to x, we have that
(9.1.9) limsup f(z;) < f(x).

J—00
Similarly, f is lower semicontinuous at « if and only if for every sequence {x; }J"’;l
of elements of F that converges to =z,

(9.1.10) hjn_l}golff(m]) > f(x).
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9.1.4 Limits of functions

A point z € R” is said to be a limit point of E if for every r > 0 there is a
y € E such that
(9.1.11) ly —z| <r

and y # z. Remember that E denotes the closure of E in R™ with respect to
the standard Euclidean metric, as in Subsection 1.1.5. One can check that

(9.1.12) E={2z€R":z¢€ E or zis a limit point of E}.

Suppose for the moment that x € E is a limit point of E. In this case, it is
well known that f is continuous at x if and only if the limit of f(y) asy € E
approaches z is equal to f(x), so that

(9.1.13) lim f(y) = f(x).

y—x
yeE

There are also analogues of this for upper and lower semicontinuity, in terms
of upper and lower limts of real-valued functions, if one is familiar with that.
More precisely, f is upper semicontinuous at x if and only if

(9.1.14) limsup f(y) < f(x).

y—x
yeEE

Similarly, f is lower semicontinuous at z if and only if

(9.1.15) liminf f(y) > f(x).

yeEE

9.2 More on semicontinuity

Let us continue with the same notation and hypotheses as in the previous sec-
tion. However, one could also consider analogous notions for real-valued func-
tions on arbitrary metric spaces, or topological spaces. This is related to the
direct method in the calculus of variations, in which one seeks a function or
other object that minimizes an expression of interest.

9.2.1 Semicontinuity and compactness

Suppose now that E' is a nonempty compact subset of R™. If f is upper semi-
continuous on F, then it is well known that

(9.2.1) f attains its maximum on FE.
Similarly, if f is lower semicontinuous on F, then
(9.2.2) f attains its minimum on FE.

This extends the extreme value theorem, as in Section 1.9.
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More precisely, (9.2.1) implies that f has a finite upper bound on E, and
(9.2.2) implies that f has a finite lower bound on E. It can be helpful to show
these statements first, as appropriate. This means that f has a supremum or
infimum over E in R, as appropriate. One can show that the supremum or infi-
mum is attained when f is upper or lower semicontinuous on FE, as appropriate.

9.2.2 Combining semicontinuous functions

If ¢t be a positive real number and f is upper or lower semicontinuous on F,
then one can check that t f has the same property.

Let g be another real-valued function on F, and suppose for the moment
that f and g are both upper semicontinuous on E. One can check that

(9.2.3) f + g is upper semicontinuous on F.

One can also verify that

(9.2.4) max(f,g) and min(f, g) are upper semicontinuous on FE.
If f,g >0 on E, then one can show that

(9.2.5) f g is upper semicontinuous on E.

Suppose for the moment again that f and g are lower semicontinuous on E.
One can check that

(9.2.6) f+ g, max(f,g), and min(f,g) are lower semincontinuous on E.
If f,g > 0 on E, then one can verify that
(9.2.7) f g is lower semicontinuous on E.

If f>0o0n E and f(z) =0 for some = € E, then it is easy to see that f is
lower semicontinuous at x. This means that f is upper semicontinuous at x if
and only if f is continuous at x in this case.

9.2.3 Sequences of semicontinuous functions

Let {f;}52, be a sequence of real-valued functions on E, and suppose for the
moment that {f; 521 converges to f uniformly on E, as in Section 6.5. If
(9.2.8) f; is upper semicontinuous on E for each j,

then one can show that f is upper semicontinuous on FE, using an argument like
the one for the analogous statement for continuous functions. Similarly, if

(9.2.9) f; is lower semicontinuous on F for each j,

then f is lower semicontinuous on E.
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Suppose now that {f; 524 converges to f pointwise on E. Suppose also for
the moment that

(9.2.10) fi+1(z) < fi(x)

for each x € E and j > 1. If (9.2.8) holds, then it is not too difficult to show
that f is upper semicontinuous on F. Suppose for the moment again that

(9.2.11) fi(@) < fiti(x)

for each x € E and 5 > 1. If (9.2.9) holds, then one can verify that f is lower
semicontinuous on F.

9.3 Lipschitz functions

Let n be a positive integer, let E' be a nonempty subset of R™, and let f be a
real or complex-valued function on E. We say that f is Lipschitz if there is a
nonnegative real number C' such that

(9.3.1) [f (@) = fy)l < Cle -yl

for every xz,y € E. We may also say that f is Lipschitz with constant C' on E
in this case, to be more precise. Note that this holds with C' = 0 if and only
if f is constant on E. It is easy to see that Lipschitz functions are uniformly
continuous.

9.3.1 Real-valued Lipschitz functions

If f is a real-valued function on FE, then one can check that f is Lipschitz with
constant C on F if and only if

(9.3.2) f@) < fly) +Cle—yl
for every z,y € E. If w € R", then one can use this to check that
(9.3.3) Ful@) = |z =l

is Lipschitz with constant C' =1 on R™.

9.3.2 Complex-valued Lipschitz functions

Let f be a complex-valued function on E, and for each a € C with |a| = 1, let
fa be the real-valued function defined on E by

(9.3.4) fa(z) = Re(a f(z))

for every x € E. Note that

(9.3.5) fa(x) = fa(y) = Re(a (f(z) = f(y)))
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for every z,y € E. It follows that
(9.3.6) |fa(@) = fa()] < |f(2) — f(y)]

for every z,y € E, and in fact

(9.3.7) [f (@) = f(y)] = max{[fa(2) = fa(y)] : @ € C, |a] = 1}

One can use this to check that f is Lipschitz with constant C' on F if and only
if

(9.3.8) f, is Lipschitz with constant C' on E for every a € C with |a| = 1.

9.3.3 Lipschitz conditions and bounded derivatives

Suppose for the moment that n = 1, and that E is an open set in R. If f is
Lipschitz with constant C' on E, and if f is differentiable at a point = € E, then
one can check that

(9.3.9) If ()| < C.

Suppose now that F is an open interval in R, which may be unbounded, such
as R itself, or an open hal-line in R. If f is a real-valued function on F that
is differentiable at every point in E, and if (9.3.9) holds for some nonnegative
real number C and every € E, then one can use the mean value theorem to
get that

(9.3.10) f is Lipschitz with constant C on E.

This could also be obtained using the fundamental theorem of calculus when f
is continuously differentiable on F.

9.3.4 Bounded derivatives on R"

Now let E be an open set in R” for some n, and suppose for the moment that
f is Lipschitz with constant C on E. If z € E, v € R™, and the directional
derivative D, f(x) of f at z in the direction v exists, then one can verify that

(9.3.11) |D, f(x)] < Clul.
If f is differentiable in a suitable sense at x, then one can use this to show that
(9.3.12) IVf(z) <C.

It is well known that f is differentiable at every point in E in this sense when
f is continuously differentiable on E.

Suppose that f is differentiable in this sense at every point in F, and that
(9.3.12) holds for some C' > 0 and every x € E. If E is also convex, then one
can show that f is Lipschitz with constant C' on E. More precisely, if x,y € F,
then this can be obtained by considering

(9.3.13) f(A=t)z+ty)
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as a function of ¢ on an appropriate open set in R.

If f is Lipschitz on F, then it is well known that f is differentiable in the
sense mentioned before at almost every point in F with respect to Lebesgue
measure.

9.4 More on Lipschitz functions

Of course, if m and n are positive integers, and F is a nonempty subset of
R”, then the notion of a Lipschitz mapping from E into R™ may be defined in
essentially the same way as before. One can also consider Lipschitz mappings
between arbitrary metric spaces. In particular, the contraction mapping theo-
rem deals with the existence and uniqueness of fixed points for a mapping from
a metric space into itself under suitable conditions. A contraction in this sense
is a Lipschitz mapping with constant strictly less than one.

9.4.1 Distances to subsets of R"

Let n be a positive integer, and let A be a nonempty subset of R". If z € R",
then the distance from x to A with respect to the standar Euclidean metric on
R" is defined by

(94.1) dist(z, A) = inf{|x — a| : a € R"},

where the left side is the infimum or greatest lower bound of the set of distances
| — a| from x to elements a of A. Of course,

(9.4.2) dist(z, A) = 0

when x € A. More precisely, one can check that (9.4.2) holds if and only if x is
an element of the closure A of A in R™, as in Subsection 1.1.5.

One can verify that B
(9.4.3) dist(z, A) = dist(z, A)

for every x € R™. If A is a closed set in R", then it is not too difficult to show
that the infimum on the right side of (9.4.1) is attained for each x € R™. This
uses the fact that closed and bounded sets in R™ are compact.

If z,y € R™ and a € A, then

(9.4.4) dist(z, A) < |z —a| < |z —y|+ |y —a.
Equivalently, this means that
(9.4.5) dist(z, A) — |z —y| < |y —al.

It follows that
(9.4.6) dist(z, A) — |z — y| < dist(y, 4),

by the definition of dist(y, A). This is the same as saying that

(9.4.7) dist(z, A) < dist(y, A) + |z — y|.
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This implies that
(9.4.8) dist(z, A) is Lipschitz with constant C' =1 on R",

as before.

9.4.2 Some combinations of Lipschitz functions

Let FE be a nonempty subset of R™ again, and suppose that f is a real or
complex-valued function on E that is Lipschitz with constant C'(f). If ¢ is a
real or complex number, as appropriate, then it is easy to see that

(9.4.9) t f is Lipschitz on E with constant [t| C'(f).

Let g be another real or complex-valued function on F, and suppose that g
is Lipschitz on E with constant C(g). One can check that

(9.4.10) f + g is Lipschitz on E with constant C(f) + C(g).
Let
(9.4.11) Lip(E,R) and Lip(E, C)

be the spaces of real and complex-valued Lipschitz functions on F, respectively.
These are linear subspaces of the spaces C(E,R) and C(E, C) of continuous
real and complex-valued functions on F, respectively.

Suppose for the moment that f and g are real-valued functions on E. One
can verify that

(9.4.12) max(f,g) and min(f,g) are Lipschitz on F
with constant max(C(f),C(g))-

9.4.3 Products of bounded Lipschitz functions

If x,y € F, then

(94.13) [f(2)g(z) = f(y) 9(y) = (f(z) = F(y)) 9(x) + [(y) (9(2) = 9(y)),
so that

(94.14) |f(2) g(x) = f(y) 9)| < [f () = FW)lg(@)| + [ f (W)l |g(x) = g(y)]-

Suppose that f and g are also bounded on E, so that there are nonnegative real
numbers A(f), A(g) such that

(9.4.15) |f(2)] < A(f)

and
(9.4.16) lg(2)] < A(g)
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for every z € E. Note that

(9.4.17) f and g are bounded on E when E is a bounded set in R",

because f and g are Lipschitz on E, by hypothesis. Using (9.4.14), we get that
(94.18)  [f(z)g(z) — f(y) g(w)| < (C(f) Alg) + A(f) C(9)) |z — vl

for every x,y € E. This shows that

(9.4.19) f g is Lipschitz on F with constant C(f) A(g) + A(f) C(g)

under these conditions.

9.4.4 Sequences of Lipschitz functions

Let E be a nonempty subset of R™ again, and let {f; }J“;l be a sequence of real
or complex-valued functions on E that converges pointwise to a real of complex-
valued function f on E, as appropriate. Suppose that there is a nonnegative
real number C' such that

(9.4.20) f; is Lipschitz on F with constant C

for each j. One can check that

(9.4.21) f is Lipschitz on E with constant C

in this case.
One can also verify that

(9.4.22)  {f;}72, converges to f uniformly on bounded subsets of F

under these conditions. This uses the fact that bounded sets in R™ can be
covered by finitely many balls of arbitrarily small radius.

9.5 Convex functions of one variable

Let I be an open interval in the real line, which may be unbounded, such as R
itself, or an open half-line. A real-valued function f on I is said to be convex if

(9.5.1) Flta+(1—)b) <tfla)+ (1 —1t)f(b)

for every a,b € I and t € R with 0 <t < 1. Of course, this holds automatically
when t =0 or 1, and when a = b.
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9.5.1 A reformulation of convexity

Suppose that a < b and 0 < ¢t < 1, and put

(9.5.2) c=ta+ (1—1t)b,

so that a < ¢ < b. It is easy to see that (9.5.1) is the same as saying that

(9-5.3) t(f(e) = fla)) < (1 =1) (f(b) — f(c)).
Observe that b — ¢ = ¢ (b — a), so that

b—c7 1_t:c—a

5.4 t= .
(9-5.4) b—a b—a

Using this, one can check that (9.5.3) is equivalent to

(9.5.5) f(e) = f(a) _ f(b) = f(e).

c—a b—c

More precisely, f is convex on [ if and only if this holds for all a,b,c € I with
a < ¢ < b, because any such ¢ may be expressed as in (9.5.2), as mentioned on
p62 of [249].

9.5.2 A refinement of this reformulation

Suppose that f is convex on I, w,x,y,z € I, and
(9.5.6) w<r<y <z

Under these conditions, we get that

057) fla) = fw) _ 1) = @) _

T —w y—z z—y

f(z) = fly)

)

as in Exercise 23 on pl01 of [248]. Indeed, each of these inequalities may be
considered as an instance of (9.5.5).

9.5.3 Convexity of differentiable functions

Suppose for the moment that f is differentiable on I. If f is convex on I, then
one can use (9.5.7) to get that

(9.5.8) f' is monotonically increasing on I.

Conversely, if (9.5.8) holds, then one can use the mean value theorem to get that
(9.5.5) holds, so that f is convex on I. This corresponds to Exercise 14 on p115
of [248], and a remark on p63 of [249]. In particular, if f is twice differentiable
on I, then it follows that f is convex on I if and only if f” > 0 on I.
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9.6 More on convex functions

Let us continue with the same notation and hypotheses as in the previous sec-
tion. If f is convex on I, then Theorem 3.2 on p63 of [249] states that f is
continuous on I. This also corresponds to parts of part (b) of Exercise 13.34 on
p202 of [121] and Exercise 23 on pl101 of [248], and we shall say more about this
in a moment. Note that it is important here that I be an open interval, as in
part (b) of Exercise 13.34 on p202 of [121], and as mentioned on p63 of [249].

9.6.1 Some continuity conditions

If f is convex on I, then we can use (9.5.7) when w,z,y, z € I and (9.5.6) holds

to get that

(9.6.1) f(@) = fw) _ f(x) = f()
r —w Z—y

This also holds when z = y, as in (9.5.5).

Similarly, if u,v € I and

(9.6.2) u<v<w,

then

(9.6.3) f) = fw) _ f@) = fw)
v—u T —w

It follows that f is Lipschitz on [v,y], with constant
flo) = fw) f(z) = f(y))_

v—u | z—y

(9.6.4) max ( -

Of course, this implies that f is continuous on I in particular.
This is related to part (b) of Exercise 17.37 on p272 of [121]. We shall say
more about this in the next section.

9.6.2 Another characterization of convexity

Suppose for the moment that f is continuous on I. If

f(a-;b) < f(a);f(b)

(9.6.5)

for all a,b € I, then one can show that f is convex on I, as in Exercise 24 on
pl01 of [248], and Exercise 3 on p73 of [249].

Suppose for the moment again that f is upper semicontinuous on I. If (9.6.5)
holds for all a,b € I, then one can show that f is continuous on I.

9.6.3 Some combinations of convex functions

If f is convex on I and r is a nonnegative real number, then it is easy to see
that
(9.6.6) r f is convex on I
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too. If g is another convex function on I, then
(9.6.7) f + g is convex on I

as well.
In this case, one can also check that

(9.6.8) max(f,g) is convex on I.

This corresponds to part of Exercise 1 on p73 of [249].

9.6.4 Sequences of convex functions

Let {f; 521 be a sequence of real-valued functions on I that converges pointwise
to a real-valued function f on I. If

(9.6.9) fj is convex on I for each j,

then one can verify that
(9.6.10) f is convex on I.

This is another part of Exrecise 1 on p73 of [249].

9.7 Omne-sided derivatives

Let I be a nonempty open set in the real line, and let f be a real-valued function
on I. The one-sided derivatives of f at y are defined by

f(z) = fy)

(9.7.1) Fily) = zliny% —
and
(9.7.2) FLly) = lim. W

when these limits exist. If f is differentiable at y, then these two limits exist,
and

(9.7.3) fey) = fL(y) = f'(y).

Conversely, if the one-sided derivatives of f at y exist and are equal, then f is
differentiable at y, with derivative as in (9.7.3).

9.7.1 Some more reformulations of convexity

Suppose from now on in this section that I is an open interval in R, which may
be unbounded, as before. Also let a,b € [ and t € R be given, with a < b and
0<t<1l, and put c=ta+ (1 —t)b € I. The usual convexity condition (9.5.1)
is the same as saying that

(9.7.4) fle) = fla) < (A =) (f(b) = f(a)).



208 CHAPTER 9. SOME MORE CLASSES OF FUNCTIONS

This is also the same as saying that

(9.7.5) t(f(b) — f(a)) < f(b) — f(o).
As before, we can express 1 —t in terms of a, b, and ¢ to get that (9.7.4) is

equivalent to

970 £e) - f(a) _ £8) - fla)

c—a b—a
Similarly, (9.7.5) is equivalent to
fb) = fla) _ f(b) = f(c)
(9.7.7) b4 < e

It follows that f is convex on I if and only if (9.7.6) holds for every a,b,c € I
with @ < ¢ < b. Similarly, f is convex on [ if and only if (9.7.7) holds for every
a,b,ce I with a <c<b.

9.7.2 One-sided derivatives and convexity

Suppose that f is convex on I. If z,y,z € I and x < y < z, then

(9.7.8) 1)~ f@) _ 1) = fly)
y—x z—y

as in (9.5.5), and this could also be obtained from (9.7.6) and (9.7.7). Observe
that

y—x
is monotonically increasing in z, because of (9.7.7). Similarly,
0710 £(2)— 1)

Z—Y

is monotonically increasing in z, because of (9.7.6).
One can use this to show that the one-sided derivatives of f at y exist, with

(9.7.11) f'(y):sup{w :er,x<y}
and

(9.7.12) f“@:dﬁ{fg;¥5w:zeLy<z}
We also have that

(9.7.13) ) < fi),

because of (9.7.8). This corresponds to part of part (a) of Exercise 17.37 on
p271 of [121].
If y1,9y2 € I and y; < yo, then

fly2) — fly
(97.14) P < L2200 )

Y2 — Y1
This implies that f’ and f| are monotonically increasing on I, because of
(9.7.13). This is another part of part (a) of Exercise 17.37 on p271 of [121].
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9.7.3 Lipschitz conditions on closed subintervals

Let us continue to ask that f be convex on I, and let v,y € I be given, with
v < y. One can check that f is Lipschitz on [v,y], with constant

(9.7.15) max(—f" (v), f1(y)).

More precisely, this follows from the analogous statement in Subsection 9.6.1.

9.7.4 A more precise Lipschitz condition

Let a,b € I be given with a < b. In fact, we have that f is Lipschitz on [a, ]
with constant

(9.7.16) max(—f! (a), f-(b)).

This corresponds to part (b) of Exercise 17.37 on p272 of [121].

To see this, one can first verify that f is Lipschitz on (a,b) with constant
(9.7.16). One can use this to get that f is Lipschitz with the same constant on
[a, b], because f is continuous on [a, b].

9.8 Omne-sided limits on R

Let I be an open interval in R again, which may be unbounded, and let o be a
real-valued function on I. If y € I, then the one-sided limits of a at y may be
expressed as

(9.8.1) a(y+) = ZHI?JFO‘(Z)
and
(9.8.2) ay—) = lim o),

when these limits exist. It is well known and easy to see that the limit

(9.8.3) lluliny a(w)

exists if and only if the one-sided limits (9.8.1) and (9.8.2) exist and are equal,
in which case (9.8.3) is equal to the common value of (9.8.1) and (9.8.2). Of
course, « is continuous at y if and only if the limit (9.8.3) exists and is equal to
a(y). This means that « is continuous at y if and only if the one-sided limits
(9.8.1) and (9.8.2) exist and are equal to a(y).

If (9.8.1) exists and
(9.8.4) a(y+) = a(y),

then « is said to be continuous at y on the right. Similarly, if (9.8.2) exists and
(9.8.5) a(y—) = aly),

then « is said to be continuous at y on the left. Thus « is continuous at y if
and only if « is continuous at y on both the right and the left.



210 CHAPTER 9. SOME MORE CLASSES OF FUNCTIONS

9.8.1 Monotonically increasing functions on R
Suppose now that « is monotonically increasing on I, so that
(9.8.6) a(u) < a(v)

for all u,v € I with u < v. If y € I, then it is well known that the one-sided
limits (9.8.1) and (9.8.2) exist, with

(9.8.7) aly+) =inf{a(z):z €1,y < z}
and

(9.8.8) aly—) =sup{a(z) :z €I, z <y}
We also have that

(9.8.9) a(y—) < a(y) < aly+).

If y1,y2 € I and y1 < yo, then
(9.8.10) a(y1+) < a(ya—).
It follows from (9.8.9) that « is continuous at y if and only if
(9.8.11) aly—) = a(y+).
Equivalently, « is discontinuous at y if and only if
(9.8.12) aly—) < a(y+).
It is well known that this can happen at only finitely or countably many elements
of I.

9.8.2 Monotonicity and semicontinuity

Let us continue to ask that a be monotomically increasing on I. If y € I, then
one can check that « is upper semicontinuous at y if and only if « is continuous
at y on the right. Similarly, one can verify that « is lower semicontinuous at y
if and only if « is continuous at y on the left.

9.8.3 Convex functions on /

Let f be a convex real-valued function on I, and remember that f,, f’ are
monotonically increasing on I, as in Subsection 9.7.2. Thus the one-sided limits
of fi and f’ exist at every point in I, as before. If y; € I, then one can check
that

(9.813) Film) < (),

using (9.7.14). Similarly, if yo € I, then one can use (9.7.14) to verify that

(9.8.14) Fi(y2=) < fL(y2).
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Remember that f < fi on I, as in (9.7.13). If f/ is right continuous at
y € I, then we get that

(9.8.15) fiy) = L),

because of (9.8.13). Similarly, (9.8.15) holds when f is left continuous at y,
because of (9.8.14). In both cases, it follows that f is differentiable at y, as in
the previous section.

This implies that f is differentiable at all but finitely or countably many
elements of I, as in part (a) of Exercise 17.37 on p271 of [121].

9.9 Some related inequalities
If p is a real number with p > 1, then it is easy to see that
(9.9.1) x? is convex on Ry,

because its second derivative is positive when p > 1. Of course, zP is also defined
and continuous at z = 0, and one can check that it satisfies the condition in the
definition of convexity on the set of all nonnegative real numbers.

One can verify that
(9.9.2) || is convex on R

as well. Using this and the remarks in the preceding paragraph, one can check
that
(9.9.3) |z|P is convex on R when p > 1.

9.9.1 Another reformulation of convexity

Let I be an open interval in R, which may be unbounded, and let f be a real-
valued function on I. Suppose for the moment that f is convex on I, and let
c € I be given. Remember that

(9.9.4) fL(e) < fi(e),
as in Subsection 9.7.2. Let a be a real number such that
(9.9.5) FL(0) < a < Fi(o).
Under these conditions, one can check that
(9.9.6) flx) > fle)+a(z—c)
for every x € I. More precisely,
(9.9.7) f@) = fle)+ file) (=) = fle) +alz—0)

when z > ¢, and

(0.9.8) F(@) > (&) + FL(e) (e =) > f(e) +ala—c)
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when z < c¢. Of course, this is trivial when x = ¢. If x # ¢, then these
inequalities may be obtained from the characterizations of f’ (c¢) and f/ (c) in
Subsection 9.7.2.

This corresponds to part (c) of Exercise 13.34 on p202 of [121]. This fact
is also mentioned in the proof of Theorem 3.3 on p63 of [249]. Note that one
could get o more directly using the characterization of convexity in Subsection
9.5.1.

Conversely, one can check that f is convex on [ if for every ¢ € I there is an
a € R such that (9.9.6) holds for every z € I.

9.9.2 Jensen’s inequalities

Suppose that f is convex on I again, and let a1, ..., a, be finitely many elements
of I. If t1,...,t, are positive real numbers, then it is easy to see that

. t1a1+"'+tnan
9.9.9 ay) <
999 minfar,...a,) < LOE

< max(ag,...,a,).

This implies that
t1a1+"'+tnan

9.9.10 el
(9.9:-10) tt et tn

One can check that

f<t1a1+---+tnan)<t1f(a1)+---+tnf(an)
th -+, - ti -+,

as in part (a) of Exercise 13.34 on p202 of [121]. This is a version of Jensen’s
inequality. Sometimes this may be stated with the additional condition that

(9.9.12) > ti=1,

(9.9.11)

)

and it is easy to reduce to this case. If n = 2, then this is essentially the same
as the definition of convexity in Section 9.5.

One can get (9.9.11) for all n using induction, as mentioned in [121]. One
can also use the characterization of convexity in the previous subsection.

There is a version of Jensen’s inequality for averages defined using integrals,
as in part (d) of Exercise 13.34 of [121], and Theorem 3.3 on p63 of [249]. This
can be obtained by approximating an integral average by averages of finitely
many real numbers, and using (9.9.11). One can use the characterization of
convexity in the previous subsection more directly, as in [121, 249].

9.10 Lipschitz functions of order a > 0

Let n be a positive integer, let a be a positive real number, let F be a nonempty
subset of R™, and let f be a real or complex-valued function on E. We say that
f is Lipschitz of order « if there is a nonnegative real number C,, such that

(9.10.1) [f(x) = f(y)| < Co |z —y|*
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for every z,y € E. This is the same as the definition of a Lipschitz function in
Section 9.3 when o = 1.

As before, we may say that f is Lipschitz of order a with constant C,, when
(9.10.1) holds, to be more precise. One may also say that f is Holder continuous
of order v with constant C,, in this case.

Observe that (9.10.1) holds with C, = 0 if and only if f is constant on E.
If f is Lipschitz or Holder continuous on E of any positive order, then

(9.10.2) f is uniformly continuous on E.

Suppose for the moment that f is a complex-valued function on E, and for
each a € C with |a| =1, let f, be the real-valued function defined on E by

(9.10.3) Jul@) = Re(a f(2)).

as in Subsection 9.3.2. One can check that f is Lipschitz of order o with constant
C, on E if and only if

(9.10.4) fo is Lipschitz of order o with constant C, on E
for every a € C with |a|] =1,

as before.

9.10.1 The case where o« > 1

Suppose for the moment in this subsection that @ > 1. If a real or complex-
valued function a on an interval I in the real line is Lipschitz of order «, then
one can show that

(9.10.5) a is constant on I.

This corresponds to part (a) of Exercise 17.31 on p270 of [121]. One way to do
this is to show that the derivative of a is equal to 0 at every point in I when I
has more than one element.

Suppose for the moment that F is a nonempty convex subset of R™. If f is
Lipschitz of order > 1 on FE, then

(9.10.6) f is constant on F.
Indeed, if z,y € FE, then it is easy to see that
(9.10.7) f((1=t)z+ty)

is Lipschitz of order « as a function of ¢ € [0,1]. This implies that (9.10.7) is
constant as a function of ¢ on [0, 1], as in the preceding paragraph.

Let U be a nonempty open set in R™. If a real or complex-valued function
b on U is Lipschitz of order a > 1, then

(9.10.8) b is locally constant on U,

as in Subsection 1.8.4. In fact, b is constant on any convex set contained in
U, as in the previous paragraph. Remember that open balls in R™ are convex,
as mentioned in Section 1.8. Alternatively, it is easy to see that the partial
derivatives of b are equal to 0 at every point in U under these conditions.
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9.10.2 A helpful inequality

Let a be a positive real number with a < 1. If r, ¢ are nonnegative real numbers,
then it is well known that

(9.10.9) (r+t)* <r*+1t"

To see this, observe first that

(9.10.10) max(r, t) < (r® + ).

Using this, we get that

(9.10.11) 7+t < max(r, £)1 7% (r® +t%) < (r® 4 ¢@)((Am)/ O+ = (pa 4 yayl/a,

This is equivalent to (9.10.9).

9.10.3 Real-valued functions on F

Let a be any positive real number again, and suppose that f is a real-valued
function on E. One can check that f is Lipschitz of order a with constant C,
on F if and only if

(9.10.12) f@) < f(y) + Calz —y|

for every z,y € E. This was mentioned in Subsection 9.3.1 when a = 1, and
the same argument works for any a > 0.

Suppose now that f > 0 on F, and that f is Lipschitz of order g with
constant Cg on E for some positive real number 5. If 0 < a <1 and 2,y € E,
then
(910.13)  f(@)" < (F(y) + Cp o — yl")* < F@)" + C5|a — y|"?,

where the first step is as in (9.10.12), and the second step is as in (9.10.9). This
implies that

(9.10.14) J* is Lipschitz of order a 8 with constant C§ on E.

If A is a nonempty subset of R™, then dist(x, A) is Lipschitz of order one
with constant C' = 1, as in Subsection 9.4.1. If 0 < a < 1, then it follows that

(9.10.15) dist(z, A)® is Lipschitz of order a with constant C, =1 on R”,

as in (9.10.14).

9.11 More on these Lipschitz conditions

Let n be a positive integer, let E' be a nonempty subset of R”, and let f be a
real or complex-valued function on E again. Suppose for the moment that f is
bounded on E, so that there is a nonnegative real number A such that

(9.11.1) If(z)] < A
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for every z € E. Alternatively, the boundedness of f on E means that there is
a nonnegative real number B such that

(9.11.2) F@) - fu)| < B
for every z,y € E. More precisely, (9.11.1) implies that (9.11.2) holds, with
(9.11.3) B=2A.
Conversely, if (9.11.2) holds, and if w € E, then (9.11.1) holds with
(9.11.4) A =B+ |f(w)].

Let a be a positive real number with a < 1. Observe that

(9-11.5) [f (@) = f(y)] [f(@) = F@)I = |f (@) = f)l°
B[ f(x) = f(x)]"

IN

for every z,y € E.
Let 8 be a positive real number, and suppose that f is Lipschitz of order 3
with constant Cz on E. Combining this with (9.11.5), we get that

(9.11.6) () = f(y)| < B C§ |z —y|*P
for every x,y € E. This shows that
(9.11.7)  f is Lipschitz of order a 8 with constant B'~® Cjon E.

Of course, a 8 may be any positive real number strictly less than g here.

9.11.1 Diameters of bounded sets

Suppose for the moment that
(9.11.8) E is a bounded set in R™.

It is easy to see that this is the same as saying that there is an upper bound
for the set of distances between elements of E. In this case, the diameter of
E is defined to be the least upper bound or supremum of the set of distances
between elements of F, i.e.,

(9.11.9) diam E = sup{|z —y| : z,y € E}.

This is a nonnegative real number that is equal to 0 exactly when E has only
one element.

Let o and B be positive real numbers with o < (8, and suppose that f is
Lipschitz of order 8 with constant Cg on E again. If z,y € E, then

(9.11.10)  |f(x) = f(y)| < Cs |z — y|? < C (diam B)*~ | — y|°.
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This means that
9.11.11 is Lipschitz of order o with constant Cz (diam E)*~% on E.
B

In this case, it is easy to see that f is bounded on F, and more precisely
that (9.11.2) holds, with
(9.11.12) B = O (diam E)”.

If we take a = /3, then one can check that (9.11.10) also follows from (9.11.6).

9.11.2 Combining Lipschitz functions

Let E be any nonempty subset of R™ again, and let f be a real or complex-
valued function on E that is Lipschitz if order a on E with constant C, (f) for
some positive real number «. If ¢ is a real or complex number, as appropriate,
then it is easy to see that

(9.11.13)  t f is Lipschitz of order a on E with constant |t| Cy(f),

as in Subsection 9.4.2.
Let g be another real or complex-valued function on F, and suppose that g
is Lipschitz of order a on E with constant C,(g). One can check that

(9.11.14) f + g is Lipschitz of order @ on E with constant C,(f) + Cu(g),

as before.
Let
(9.11.15) Lip,(E,R) and Lip,(E, C)

be the spaces of real and complex-valued functions on E that are Lipschitz of
order « on FE, respectively. These are linear subspaces of C(E,R) and C(FE, C),
respectively, as before. If F is bounded and § is a real number with a < 3, then

(9.11.16) Lipg(E,R) C Lip, (F,R) and Lipg(F, C) C Lip, (E, C),

as in the previous subsection.
If f and g are real valued on FE, then one can verify that

(9.11.17) max(f,g) and min(f,g) are Lipschitz of order a on E
with constant max(Cy(f),Ca(9g)),

as before.
Suppose that f and g are also bounded on FE, so that there are nonnegative
real numbers A(f) and A(g) such that

(9.11.18) |fI < A(f) and |g| < A(g)
on E. One can check that

(9.11.19) f g is Lipschitz of order o on E
with constant Co(f) A(g) + A(f) Ca(9)

under these conditions, as in Subsection 9.4.3.
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9.11.3 Lipschitz conditions and sequences

Let {f;}32; be a sequence of real or complex-valued functions on E that con-
verges pointwise to a real or complex-valued function f on E, as appropriate.
Suppose that there is a nonnegative real number C,, such that

(9.11.20) f; is Lipschitz of order o on E with constant C,
for each j. One can check that
(9.11.21) f is Lipschitz of order o on E with constant Cl,,

as in Subsection 9.4.4.
One can also verify that {f; 521 converges to f uniformly on bounded sub-
sets of E, as before.

9.12 Convex functions of several variables

Let n be a positive integer, and let U be a nonempty convex open subset of R™.
Also let f be a real-valued function on U. We say that f is conver on U if for
every x,y € U and t € R with 0 <t <1 we have that

(9-12.1) flz+ (A =t)y) <tf(z)+ (A1) f(y)

This is the same as the definition in Section 9.5 when n = 1. Note that (9.12.1)
holds automatically when ¢t = 0 or 1, and when x = y, as before.

It is easy to see that the standard Euclidean norm is convex as a real-valued
function on R". In fact, every norm on R" is convex as a real-valued function
on R™, and we shall say more about that in Section A.6.

9.12.1 Convexity on intersections with lines
Alternatively, let z,v € R™ be given, and put

(9.12.2) Uiw={teR:z4+tveU}.

It is easy to see that

(9.12.3) U, is a convex open subset of R.

This means that U, , is an open interval in the real line, which may be un-
bounded, or the empty set. Put

(9.12.4) F,,(t) = f(z+tv)
for every t € U, ,. One can check that f is convex on U if and only if
(9.12.5) F, , is convex on U, ,

for every z,v € R™. This is considered to hold vacuously when U,, = (. If
z € U and v = 0, then U,, = R, and (9.12.5) holds trivially, because F , is a
constant function.
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9.12.2 Convexity and distance functions

Let A be a nonempty subset of R™, and let dist(z, A) be as in Subsection 9.4.1.
If A is a convex set, then it is well known that

(9.12.6) dist(z, A) is a convex function on R".

To see this, let x € R™ and t € R™ be given, with 0 < ¢ < 1, and let us show
that
(9.12.7)  dist(tz+ (1 —t)y, A) <t dist(z, A) + (1 — t) dist(y, A).

To do this, let a,b € A be given, and note that

(9.12.8) ta+(1—t)be A,

because A is convex, by hypothesis. This implies that

(9.12.9) dist(tz+(1-t)y,A) <|tz+(1—t)y—ta—(1—1)b|
It follows that

(9.12.10)  dist(tx+ (1 —t)y, A) [t(x—a)+ (1—1t)(y—0b)

<
< tle—al+(1—1)|y -0l

One can use this to get (9.12.7), because a,b € A are arbitrary.

9.12.3 Convexity and second derivatives

Suppose for the moment in this subsection that f is twice continuously differ-
entiable on U. If z,v € R", then it follows that F,, is twice continuously
differentiable on U, ,, which is considered to hold vacuously when U, , = 0.
Under these conditions, (9.12.5) holds if and only if

(9.12.11) F/,>00nU,,,

as in Subsection 9.5.3. If U, ,, = 0, then (9.12.11) is considered to hold vacuously,
as usual. Thus f is convex on U if and only if (9.12.11) holds for every z,v € R™.
Observe that .

(9.12.12) FL,(t)=> (0f)(z+tv)v

=1
for every z,v € R™ and t € U, ,. This is the same as the directional derivative
of f at z + tv in the direction v, as in Subsection 1.3.2. Similarly,
n n
(9.12.13) FLL(1) =YY (9;00f) (2 + tv)vjuy
j=11=1
for every z,v € R" and t € U, ,,. One can use this to get that f is convex on U
if and only if

n

(9.12.14) > > @00 (@) vj v = 0

j=11=1
for every x € U and v € R™.
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9.12.4 Some remarks about convex functions

If f is convex on U and r is a nonnegative real number, then it is easy to see
that
(9.12.15) r f is convex on U.

If g is another real-valued function on U that is convex on U, then
(9.12.16) f + g is convex on U.

We also have that
(9.12.17) max(f,g) is convex on U

in this case. These statements correspond to those in Subsection 9.6.3 when
n=1.

Let {f;}32, be a sequence of real-valued functions on U that converges
pointwise to a real-valued function f on U. If

(9.12.18) f; is convex on U for each j,
then
(9.12.19) f is convex on U.

This is the same as in Subsection 9.6.4 when n = 1.

9.13 Some subsets of R"

Let n be a positive integer, and let A be a nonempty subset of R™. Remember
that dist(x, A) is defined for x € R™ as in Subsection 9.4.1. If r is a positive
real number, then put

(9.13.1) A, ={x € R" : dist(z, 4) < r}.
One can check that this is the same as

(9.13.2) U Bla.n).

Note that this is an open set in R™ that contains A.
Similarly, if r is a nonnegative real number, then put

(9.13.3) A" ={z e R" : dist(x, A) < r}.

This is the same as the closure A of A in R™ when r = 0, as in Subsection 9.4.1.
One can verify that
(9.13.4) A" is a closed set in R™

for each r > 0, because dist(x, A) is continuous on R™. If 0 < r < ¢, then

(9.13.5) A, C A" C A,
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It is easy to see that
(9.13.6) U Bla.r)c A
acA

for each r > 0, directly from the definition of A". If A is a closed set in R™,
then B
(9.13.7) U Bla,r) = 4"

This follows from the fact that the infimum in the definition of dist(x, A) is
attained in this case, as mentioned in Section 9.4.1.

9.13.1 Some remarks about bounded sets

Let E1, E5 be bounded nonempty subsets of R™. If
(9.13.8) Ey C Es,

then it is easy to see that

(9.13.9) diam F; < diam Es,

by the definition of the diameter, as in Subsection 9.11.1. -
If F is a bounded set in R"™, then one can check that the closure F of FE is
bounded in R" too. More precisely, if E # (), then

(9.13.10) diam E = diam E.
Indeed, -
(9.13.11) diam F < diam F,

because E C E, as in (9.13.9). It is not too difficult to show that
(9.13.12) diam E < diam E,

using the definition of E, as in Section 1.1.5.

9.13.2 Bounded sets A

If A is a bounded set in R"™, then it is easy to see that
(9.13.13) A" is bounded

for each r > 0. More precisely, one can check that
(9.13.14) diam A" < diam A + 2r

for each » > 0. If A is also a closed set in R™, then this can be obtained from
(9.13.7).

If A is not asked to be a closed set, then one can verify (9.13.14) directly,
with a slightly more complicated argument. Alternatively, one can reduce to the
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case of closed sets, using (9.13.10). Note that (9.13.12) is the same as (9.13.14)
when r = 0.
As another approach, one can check that

(9.13.15) diam A; < diam A + 2t

for every ¢t > 0, using the description of A; as in (9.13.2). One can use this to
get (9.13.14), by considering ¢ > 7.

9.13.3 Convex sets A

If A is a convex set in R"™, then one can check that
(9.13.16) A, is convex

for every r > 0, and that
(9.13.17) A" is convex

for every r > 0. This uses the fact that dist(z, A) is a convex function on R™,
as in Subsection 9.12.2.

9.14 Some local Lipschitz conditions

Let n be a positive integer, let a be a positive real number, and let E be a
nonempty subset of R™. Also let f be a real or complex-valued function on F,
let r be another positive real number, and let C,, be a nonnegative real number.
Let us say that f is Lipschitz of order a on E at the scale r with constant Cy, if

(9.14.1) |f(x) = f(y)] < Ca |z —y|*

for every z,y € F with
(9.14.2) |z —y| <r.

Note that f is Lipschitz of order v on E with constant C,, if and only if this
condition holds for all > 0. If this condition holds for some r > 0, then f is
uniformly continuous on E.

Let 5 be a positive real number, let C'z be a nonnegative real number, and
suppose that f is Lipschitz of order 5 on E at the scale r with constant Cg. If
a < B and z,y € F satisfy (9.14.2), then

(9.14.3) f(z) = f@) < Cplz —yl? < Cpr? |z —y|*.
This means that f is Lipschitz of order e on E at the scale r, with constant
(9.14.4) CarP=e.

If f is Lipschitz of order o on E at the scale r, and if f is bounded on F,
then it is easy to see that f is Lipschitz of order o on FE.
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If E is a bounded set in R™, then it is well known and not too difficult to
show that F can be covered by finitely many sets of arbitrarily small diameter.
One can use this to show that f is bounded on E when f is uniformly continuous
on FE. In particular, this means that f is bounded on E when f is Lipschitz of
order o on E at the scale r. If E is compact, then any continuous function on
FE is bounded.

9.14.1 Local Lipschitz conditions along subsets

Let A be a nonempty subset of E. Let us say that f is Lipschitz of order «
at the scale r with constant C,, along A if (9.14.1) holds for every x € A and
y € F that satisfy (9.14.2). Of course, if A = F, then this is the same as saying
that f is Lipschitz of order a at the scale r with constant C,, on E. Otherwise,
this property implies that the restriction of f to A is Lipschitz of order « at the
scale r with constant C, on A. Note that this property also implies that f is
continuous at every point in A, as a function on E.
Let A” be as in (9.13.3), and consider the restriction of f to

(9.14.5) A"NE.

If the restriction of f to (9.14.5) is Lipschitz of order « at the scale r with
constant Cy, then f is Lipschitz of order a at the scale r with constant C,
along A. More precisely, if z € A and y € E satisfy (9.14.2), then

(9.14.6) dist(y, A) <,
so that
(9.14.7) ye A"NE.

If f is Lipschitz of order 8 > « at the scale  with constant Cz > 0 along A,
then f is Lipschitz of order « at the scale r along A with constant as in (9.14.4),
for the same reasons as before.

9.14.2 Functions on open sets

Let U be a nonempty open subset of R", and let f be a real or complex-valued
function on U. Let us say that f is locally Lipschitz of order o on U if for every
nonempty compact set K C R™ with

(9.14.8) KCU,
we have that
(9.14.9) the restriction of f to K is Lipschitz of order « on K.

If K is a compact subset of R™ that satisfies (9.14.8), then there is a positive
real number r = r(U, K) such that

(9.14.10) K" CU,
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where K7 is as in (9.13.3). This follows from the result mentioned at the begin-
ning of Section 1.13. Remember that K" is a closed set in R", as in (9.13.4),
and that K" is a bounded set, as in (9.13.13). This means that K" is a compact
set in R, as mentioned in Section 1.9.

If f is locally Lipschitz of order o on U, then it follows that

(9.14.11)  the restriction of f to K" is Lipschitz of order a on K.
This implies that
(9.14.12) f is Lipschitz of order « at the scale r along K,

as in the previous subsection. This is essentially the same type of local Lipschitz
condition as mentioned in the discussion of “Function Spaces” in Section A of
Chapter 0 of [75].

Let
(9.14.13)  C"*(U,R) = C2*(U,R) and C**(U, C) = C2%(U, C)

loc loc

be the spaces of real and complex-valued functions on U that are locally Lip-
schitz of order «, respectively. These are linear subspaces of the spaces of all
continuous real and complex-valued functions on U, respectively.

If f is locally Lipschitz of order & on U and « > 1, then one can check that
f is locally constant on U, as in Subsection 1.8.4. This uses the remarks in
Subsection 9.10.1.

If f is locally Lipschitz of order S > a on U, then f is locally Lipschitz of
order a on U. This follows from a remark in Subsection 9.11.1, because compact
sets are bounded.

If f is continuously differentiable on U, then f is locally Lipschitz of order
one on U. More precisely, let K be a compact subset of R™ that satisfies
(9.14.8), and let  be a positive real number such that (9.14.10) holds. Under
these condition, f is Lipschitz of order one at the scale r along K, with constant

(9.14.14) sup{|Vf(x)| : z € K"}.

This can be obtained using the remarks in Subsection 9.3.4.
Let k be a positive integer, and let

(9.14.15)  C**(U,R) = CP*(U,R) and C**(U,C) = CF*(U, ©)

loc loc

be the spaces of k-times continuously-differentiable real and complex-valued
functions on U, respectively, whose derivatives of order k are locally Lips-
chitz of order @ on U. These are linear subspaces of the spaces of all k-times
continuously-differentiable real and complex-valued functions on U, respectively.

9.15 Some remarks about convexity

Let n be a positive integer, and let U be a convex set in R™. Also let

(9.15.1) a(l),...,a(m)
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be finitely many elements of U, and let ¢4, . .., t,, be positive real numbers. One
can check that
m

(9.15.2) ) pp— 0 ev,

t t “
— 1+t tm

using induction on m. More precisely, this works when t4,...,t,, are nonneg-
ative real numbers, at least one of which is positive. Sometimes one may ask
that

(9.15.3) dt=1,

and it is easy to reduce to this case.
The convez hull of (9.15.1) may be denoted

(9.15.4) conv(a(l),...,a(m))

and is the subset of R™ consisting of points of the form

(9.15.5) itl a(l),
=1

where t1,...,t,, are nonnegative real numbers that satisfy (9.15.3). One can
verify that

(9.15.6) conv(a(l),...,a(m)) is a convex set in R".

Note that

(9.15.7) conv(a(1),...,a(n)) C U,

as in (9.15.2).

Suppose from now on in this section that U is also an open set in R™. If
x € U, then it is not too difficult to show that there are finitely many elements
of U as in (9.15.1) such that

(9.15.8) B(x,r) C conv(a(l),...,a(m))

for some positive real number 7.

9.15.1 Convex functions on U

Let f be a convex function on U, as in Section 9.12, and let (9.15.1) be finitely
many elements of U, as before. If ¢1, ..., t,, are positive real numbers, then one
can check that

m

t “ t
(9.15.9) f(l; e al)) < D ALl

using induction on m. This was mentioned in Subsection 9.9.2 when n = 1.
This also works when ¢4, ...,t,, are nonnegative real numbers, at least one of
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which is positive, as before. It is easy to reduce to the case where (9.15.3) holds,
and sometimes this may be stated in this way.
In particular, we get that

(9.15.10) f<max(f(a(1)),..., f(a(m)))

on (9.15.4). If x € U and r > 0 are as in (9.15.8), then it follows that (9.15.10)
holds on B(z,7). If K is a compact subset of R" and K C U, then one can use
this to get that there is an upper bound for f on K.

If v € U, B(x,r) C U for some r > 0, and f has an upper bound on B(x,r),
then one can get a lower bound for f on B(wx,r) too. This means that f is
bounded on B(z,r) when (9.15.8) holds. One can use this to get that f is
bounded on any compact subset K of R™ that is contained in U.

One can use this type of local boundedness property of f on U to get that
f is locally Lipschitz of order one on U. This uses the Lipschitz conditions
for convex functions of one variable mentioned in Subsection 9.6.1. See also
[241, 295].



Chapter 10

More on harmonic
functions, 2

10.1 Removing some isolated singularities

Let n > 2 be an integer, let U be a nonempty open subset of R", and let a € U
be given. Note that
(10.1.1) U\ {a}

is an open set too, and let u be a harmonic function on (10.1.1). Under some

conditions, one may be able to extend u to a harmonic function on U.
Suppose that

(10.1.2) lim |2 — a|" % u(z) = 0

T—a

when n > 3, and that

10.1.3 lim —————— =
( ) arvd log |z — al

when n = 2. It is well known that
(10.1.4) u can be extended to a harmonic function on U

under these conditions, as in Theorem 2.69 in Section H of Chapter 2 of [75].
This corresponds to Theorem 2.3 on p32 of [18] when w is bounded on U, and
the stronger statement is mentioned in Execise 2 on p42 of [18] when U is the
open unit ball and a = 0.

It is easy to reduce to the case where a = 0, using a translation. One can
also reduce to the case where

(10.1.5) B(0,1) C U,

using a dilation. Thus we may as well suppose that u is a continuous real or
complex-valued function on

(10.1.6) B(0,1)\ {0}

226
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that is harmonic on

(10.1.7) B(0,1) \ {0}.
Because a = 0, (10.1.2) means that

: n—2 _
(10.1.8) Pgb |z|" "= u(x) =0

when n > 3, and (10.1.3) means that

(10.1.9) lim 42 _ g
2—0 log |z|

when n = 2. We would like to show that u can be extended to a continuous
function on B(0,1) that is harmonic on B(0,1).

10.1.1 Using a Poisson integral

Let v be the function on B(0, 1) obtained by taking the Poisson integral of the
restriction of u to the unit sphere 9B(0,1), as in Section 6.12. It suffices to
show that

(10.1.10) u="v

on (10.1.6). We may as well suppose that u is real-valued on (10.1.6), by con-
sidering the real and imaginary parts of u separately if necessary. Of course,
this means that v is real-valued on B(0,1).

Equivalently, we would like to show that

(10.1.11) uw<w
and
(10.1.12) v<u

on (10.1.6). In fact, we shall show that (10.1.11) holds on (10.1.6). One can get
(10.1.12) using an analogous argument, or by considering —u in place of .

10.1.2 A helpful family of functions

Let € > 0 be given, and consider the real-valued function w, defined on (10.1.6)
by

(10.1.13) we(z) = wu(x)—v(r)—c¢€ (|a7|2*” —1) whenn>3
= u(xz) —v(z)+ € log |z| when n = 2.

Note that

(10.1.14) we(z) =0 when |z| =1,

by construction. We also have that w, is continuous on (10.1.6), and harmonic
on (10.1.7). This uses the remarks in Section 6.1.

We would like to show that
(10.1.15) we <0

on (10.1.6). If we can do this, then we get (10.1.11), because € > 0 is arbitrary.
In order to do this, we shall use the maximum principle.
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10.1.3 Using the maximum principle

Let t be a real number with 0 < ¢t < 1, and put

(10.1.16) V, = B(0,1)\ B(0,).

This is a bounded open set in R", with

(10.1.17) Vi = B(0,1) \ B(0,1).

Thus the boundary of V; is

(10.1.18) OV, =V, \ Vs, = 0B(0,1) UdB(0,t).
It is easy to see that (10.1.15) holds on 0B(0,t)

(10.1.19) when ¢ is sufficiently small,

depending on €. This uses the hypothesis (10.1.8) or (10.1.9), as appropriate,
and the fact that v is bounded on B(0,1). It follows that (10.1.15) holds on V;
for the same sufficiently small ¢, by the maximum principle, because of (10.1.14).
This means that (10.1.15) holds on (10.1.6).

10.2 Positive harmonic functions

Let n be a positive integer, and suppose for the moment that u is a positive
real-valued harmonic function on R™. Another version of Liouville’s theorem
states that u has to be constant on R™. This can be shown in a way that is
somewhat analogous to the first proof in Section 6.6, with some adjustments.
This is Theorem 3.1 on p45 of [18].

10.2.1 Harnack’s inequality

Now let u be a positive harmonic function on a nonempty open subset U of R™.
Suppose that z,y € U and r > 0 satisfy

(10.2.1) lz —yl <7
and
(10.2.2) B(z,2r) CU.

It is easy to see that - -
(10.2.3) B(y,r) C B(z,2r),

using (10.2.1) and the triangle inequality. It follows that

1 1
uwy) = —— u(z)dz < 7/ u(z)dz
9= B Jan " B Joan "
QTL

10.2.4 = — u(z)dz = 2" u(x).
( ) |B(£E,27")| B(xz,2T) ( ) ( )
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Similarly, if (10.2.1) holds and

(10.2.5) B(y,2r) CU,
then

(10.2.6) u(z) < 2" u(y).
Note that

(10.2.7) B(y,2r) C B(x,37),

by (10.2.1) and the triangle inequality again. If

(10.2.8) B(z,3r) C U,

then (10.2.7) implies (10.2.5).

Suppose that U is connected, and that K is compact subset of R™ that is
contained in U. In this case, it is well known that there is a real number C' > 1
such that
(10.2.9) C ' u(z) < u(y) < Cu(z)

for every x,y € K. More precisely, this constant C' does not depend on u. This
is Harnack’s inequality, as in Theorem 3.6 on p48 of [18], and Theorem 11 in
Section 2.2.3 f of [70].

One can get more precise estimates on balls using the Poisson integral for-
mula, as in 3.4, 3.5 on p47f of [18], and Problem 7 in Section 2.5 of [70]. In-
equalities like these are also discussed on p243f of [7] when n = 2. Note that
the inequalities mentioned in this subsection work as well when v is nonnegative
on U, and are sometimes stated this way. However, if U is connected, and u
is a nonnegative real-valued harmonic function on U, then u is either strictly
positive on U, or identically equal to 0 on U. This follows from the strong
maximum principle for —u on U, as in Subsection 6.7.1.

10.3 Some criteria for harmonicity

Let n be a positive integer, let By be an open ball in R", and let u be a
continuous real or complex-valued function on the closure By of By. Suppose
that for every a € By there is an r(a) > 0 such that

(10.3.1) B(a,r(a)) € By
and
(10.3.2) the average of u on B(a,r(a)) is equal to u(a).

We would like to show that
(10.3.3) u is harmonic on By

under these conditions.
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We may as well suppose that
(10.3.4) By = B(0,1),

because otherwise we can reduce to that case with a translation and dilation. We
may suppose that u is real-valued too, by considering the real and imaginary
parts of u separately. Using the Poisson integral, as in Section 6.12, we get
that there is a continuous real-valued function v on B(0, 1) that is harmonic on
B(0,1) and satisfies

(10.3.5) v =wuon dB(0,1).

It suffices to verify that

(10.3.6) u=wv on B(0,1).

Remember that the average of v on any open ball contained in B(0,1) is
equal to the value of v at the center of the ball, as in Subsection 6.7.3. If
a € B(0,1) and r(a) is as before, then (10.3.2) implies that

(10.3.7)  the average of u — v on B(a,r(a)) is equal to u(a) — v(a).

It follows that the maximum of u — v on B(0,1) is attained on dB(0,1), as in
Subsection 6.7.3. Similarly, the maximum of v — « on B(0,1) is attained on
0B(0,1). This means that (10.3.6) follows from (10.3.5),

10.3.1 Arbitrary open sets in R"

Now let U be a nonempty open subset of R™, and let v be a continuous real or
complex-valued function on U. Suppose that for every a € U and € > 0 there is
an r(a,€) > 0 such that

(10.3.8) r(a,e) < ¢

(10.3.9) B(a,r(a,e)) C U,

and

(10.3.10) the average of u on B(a,r(a,€)) is equal to u(a).

Of course, (10.3.8) implies (10.3.9) when e is sufficiently small, depending on a.
Let us verify that
(10.3.11) w is harmonic on U

in this case.
Let By be an open ball in R™ such that

(10.3.12) B, CU.

It suffices to check that the restriction of u to By is harmonic. To get this, we can
use the criterion discussed at the beginning of the section. More precisely, we
can take r(a) = r(a, €) with € small enough so that (10.3.8) impies (10.3.1). This
uses the fact that open balls in R™ are open sets, as mentioned in Subsection
1.1.3.
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10.4 The reflection principle

Let n be a positive integer, and let U be a nonempty open subset of R™. Suppose
that U is symmetric about the x, = 0 hyperplane in R", so that

(10.4.1) (1., Tp_1,Ty) €U
if and only if

(10.4.2) (1, oy Tpo1, —xy) € U.
Put

(10.4.3) Uy ={x€U:xz, >0}
and _

(10.4.4) Uy ={zeU:2, >0}

One can check that Uy is also a nonempty open subset of R", and that (7+ is
relatively closed in U, as in Subsection 1.9.1. _

Let u be a continuous real or complex-valued function on U, and suppose
that

(10.4.5) w(z) =0 when z € Uy and z,, = 0.
If x € U and z,, <0, then (z1,...,2,-1,—2,) € Uy, and we put
(10.4.6) u(z) = —u(z1, ..., Tno1,—Tp).

This defines an extension of u to a real or complex-valued function on U. One
can check that
(10.4.7) u is continuous on U

under these conditions.
If w is harmonic on Uy, then the reflection principle states that

(10.4.8) u is harmonic on U.
To see this, it suffices to show that for each a € U, we have that
(10.4.9) the average of u on B(a,r) is equal to u(a)

for all sufficiently small r > 0, as in the previous section. If a € Uy, then this
holds when o
(10.4.10) B(a,r) C Uy,

because u is harmonic on U, by hypothesis. There is an analogous statement
when a,, < 0, by construction.
Suppose now that a € U and a,, = 0. If

(10.4.11) B(a,r) C U,
then it is easy to see that

(10.4.12) / u(z) dx = 0.
B(a,r)

This means that (10.4.9) holds in this case too.



232 CHAPTER 10. MORE ON HARMONIC FUNCTIONS, 2

10.4.1 A uniqueness result

Suppose that u is also bounded on U,. This implies that u is bounded on U,
by construction. If U = R"™, then it follows that u is a constant function, by
Liouville’s theorem, as in Section 6.6. This means that

(10.4.13) u=0onR"

because of (10.4.5).

10.5 More on Liouville’s theorem

Let n be a positive integer, and let u be a real or complex-valued harmonic
function on R”. If
u(z)

(10.5.1) —= — 0 as |z| = oo,

]

then a refinement of Liouville’s theorem implies that u is constant on R™. This
can be obtained using either of the arguments mentioned in Section 6.6. Of
course, (10.5.1) holds when u is bounded on R™.

10.5.1 Another growth condition

Let k£ be a positive integer, and suppose now that

u(z)

‘I|k+1

(10.5.2) — 0 as |z| = oo.

One can show that

9:
(10.5.3) ju(z) — 0 as || - o0
|[*
for each j = 1,...,n, using the same type of argument as in Subsection 6.6.2.

If o is a multi-index with |a| < k, then one repeat the argument to get that

0%u(x)

(10.5.4) W

— 0 as |z| = oo.

In particular, if |a| = k, then we get that

0*u(x)
||

This implies that 9%u is constant on R™ when |a| = k, as before. Equivalently,
if 8 is a multi-index with |3| = k + 1, then °u = 0 on R™.

This implies that u is a polynomial on R of degree at most k, by standard
arguments. This will be discussed further in the next subsections.

(10.5.5) — 0 as |z| = oo.



10.5. MORE ON LIOUVILLE’S THEOREM 233

10.5.2 Polynomials and derivatives

Let f be a real or complex-valued function on R" that is £ times condintuously
differentiable, and suppose that 0 f is constant on R" for each multi-index
a with |a| = k. Equivalently, this means that f is smooth on R”, and that
0% f =0 on R™ for every multi-index 3 with |8| = k + 1. It is well known that
f is a polynomial of degree at most k£ on R™ under these conditions, and we
would like to mention a couple fo ways to see that. We might as well take f to
be real-valued, since otherwise one can consider the real and imaginary parts of
f. This is simpler and more familiar when n = 1, and so we may suppose that
n > 2.

If x € R"™, then f(tx) may be considered as a smooth function of ¢t € R.
The derivative of f(tx) in t of order k + 1 may be expressed in terms of the
derivatives of f or oder k+1, and is thus equal to 0, by hypothesis. This implies
that f(tx) is a polynomial of degree at most k in ¢, with coefficients that may
depend on x. More precisely, the coefficient of # in f(tx) as a polynomial in ¢
may be obtained from the Ith derivative of f(tx) at ¢ = 0 for each [, as usual.
One can take t = 1 to get that f(z) is a polynomial of degree at most k on R™.

10.5.3 Using homogeneous polynomials

Suppose again that 0% f is constant on R™ for each multi-index « with |a| = k.
One can find a homogeneous polynomial Pj of degree k on R”™ such that

(10.5.6) 0°P, = 0°f

for each multi-index @ with |a| = k. Of course, this means that 9%(f — P;) =0
on R for each multi-index o with |a| = k. If k = 1, then it follows that f— P;
is a constant on R™. If k£ > 2, then it follows that the derivatives of f — Py of
order k£ — 1 are constant on R", and one can repeat the argument.

10.5.4 Reducing the number of variables

Let a be a continuously-differentiable real or complex-valued function on R”™
such that 0;a is a polynomial on R" for each j = 1,...,n. We would like
to show that a is a polynomial on R™ as well under these conditions. This is
straightforward when n = 1, and for any n it is not too difficult to show that
there is a polynomial P on R"™ such that

(1057) 81a = 81P

on R”. This implies that a— P does not depend on x1, and its partial derivatives
in the other variables are polynomials. One can repeat the argument to get that
a is a polynomial on R", and one can use this to get another way to show the
result mentioned earlier.
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10.6 Some more remarks about compositions

Let W be a nonempty open subset of R2, and suppose that f is a continuously-
differentiable complex-valued function on W. Thus df = 0f/0z and 0f =
0f/0%z are continuous complex-valued functions on W, as in Section 2.2. If
v € R? is identified with the complex number v; + ivy, as usual, then the
directional derivative of f in the direction v at a point z € W may be expressed
as

(10.6.1) (Duf)(2) = v (0f)(2) + T (0f)(2),

as in Section 3.14.
Let U be another nonempty open subset of R?, and let u be a continuously-
differentiable complex-valued function on U. Suppose that

(10.6.2) fW)cu,

where U is considered as a subset of the complex plane, so that the composition
wo f of f and u is defined as a complex-valued function on W. Note that wo f is
continuously differentiable on W, and the directional derivative of wo f at z in
the direction v is equal to the directional derivative of u at f(z) in the direction
(Dyf)(2). This means that

(10.6.3) (Dy(uo f))(2) = (Duf)(2) (9u)(f(2)) + (Do f)(2) (Ou)(f(2)),

as before.

10.6.1 Composition with holomorphic functions

Suppose now that f is holomorphic on W, so that 9f = 0 on W, as in Section
2.2. In this case, we get that

(10.6.4) (Do f)(z) = v (0f)(2)

and

(106.5) (Du(wo f))(2) = v (0f)(=) (0u)(f(2)) + T @OF) (=) (Bu) ((2)).

One can use this to get that

(10.6.6) (O(uo f))(z) = (9f)(2) (Ou)(f(2))
and
(10.6.7) (O(uo f))(2) = (9f)(2) (Qu)(f(2)).

In particular, if u is also holomorphic on U, then it follows that u o f is holo-
morphic on W, as in Subsection 3.14.2.
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10.6.2 The Laplacian of the composition

Suppose that u and f are twice continuously differentiable, although in fact f
is automatically smooth, because it is holomorphic, as mentioned in Subsection
2.2.1. Observe that

(10.6.8) (A(uo f))(2) =4((00)(uo f))(z) = 40((0)(2) (Qu)(f(2))),

where the first step is as in Subsection 2.2.1, and the secod step uses (10.6.7).
It follows that B

(10.6.9) (A(uo f))(2) = 4(0f)(2) 9((u)(f(2))),

using the product rule, as in Subsection 2.2.2, and the fact that f is harmonic,
as in Subsection 2.2.1. This implies that

(10.6.10) (Ao f))(2) = 4(0f)(2) (0f)(2) (90u)(f(2)),

as before. This means that

(10.6.11) (A(uo f))(2) = [(0F)(2)]* (Au)(f(2))-
If » is harmonic on U, then it follows that
(10.6.12) uwo f is harmonic on W.

This also works when f is holomorphic on W, so that df = 0 on W. This can
be obtained from the same type of argument, or using the analogous statement
for complex conjugation as a mapping from C onto itself.

10.6.3 The Kelvin transform

Let n > 2 be an integer. It is easy to see that
(10.6.13) x> z/|z)?

is a one-to-one mapping from R™\ {0} onto itself. More precisely, one can check
that this mapping is its own inverse.

Let U be a nonempty open set contained in R\ {0}, and let u be a complex-
valued function on U. Put

(10.6.14) U={z/|z|*:xeU},

which is another open set in R™\ {0}. The Kelvin transform of u is the function

i defined on U by
(10.6.15) u(z) = u(z/|z?) |z|>~™.

If w is harmonic on U, then it is well-known that

(10.6.16) @ is harmonic on U.

This corresponds to Theorem 4.7 on p63 of [18], Problem 11 in Section 2.5 of
[70], and Theorem 2.72 in Section H of Chapter 2 of [75].
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10.7 The Green’s function

Let n > 2 be an integer, and let U be a nonempty bounded open subset of R™.
Also let N be the real-valued function defined on R™ \ {0} at the beginning of
Section 6.8. Note that this corresponds to —® in the definition in Section 2.2.1
a of [70].

Let x € U be given. Suppose that n* is a continuous real-valued function on
U such that

(10.7.1) n”* is harmonic on U

and

(10.7.2) n*(y') = N(y' — z) for every y' € OU.
Note that

(10.7.3) 7® is uniquely determined by these properties,

as in Subsection 6.7.2.
Let us say that

(10.7.4) n* is a corrector function corresponding to U and x

under these conditions, as in Section 2.2.4 a of [70]. More precisely, this corre-
sponds to —¢” in the notation of [70].
In this case, the Green’s function associated to U and x is

(10.7.5) G(z,y) = N(y —z) = n"(y).
This is a real-valued function of y € U \ {z}, although
(10.7.6) G(z,y) = N(y —z) = —n"(y)

is considered to be defined as a function of y € U. Of course,
(10.7.7) G(z,y") = 0 for every y' € 9U,

by construction. This basically corresponds to the definitions in Section 2.2.4 a
in [70] and Section D of Chapter 2 in [75], and we shall say more about this in
Section 10.9. This is also discussed on p257 of [7] when n = 2.

10.7.1 Another helpful integral formula

Suppose for the moment that U has reasonably smooth boundary, and that 1 is
twice continuously differentiable on U. If u is a twice continuously-differentiable
real or complex-valued function on U, then

(10.7.8) - /U 0 () (Au)(2) d=

- /aU u(y") (Duyn™) ') — 0" (') (Dyryu)(y') dy’,



10.7. THE GREEN’S FUNCTION 237

as in Section 3.9, with v = n*. Here v(y’) is the outward-pointing unit normal
to OU at y' € OU, and D, denotes the directional derivative in the direction
v(y'), as before.

Remember that

(10.7.9) /U Nz — 2) (Au)(2) d=
= /8U(N(yl — ) (Dyyyu)(y') —u(y') (DyyyN)(y' — ) dy' + u(z),

as in Subsection 6.8.2, where the integral on the left may be considered as an
improper integral, or a Lebesgue integral. We can combine this with (10.7.8)
using (10.7.2) to get that

(10.7.10) /UG(;U, z) (Au)(z)dz = — /aU u(y") (DyyG) (2, y) dy' + u(z),

where the left side may be considered as an improper integral or a Lebesgue
integral, as before. More precisely,

(10.7.11) (DG (x, ")
is the directional derivative of G(z,z) as a function of z evaluated at y’. This
corresponds to (28) in Section 2.2.4 a of [70], with a different sign because of

the slightly different conventions there.
If w is harmonic on U, then we get that

(10.7.12) u(z) = /a u(y') (DyynG)(z,y') dy'.
U
In particular, we can take u = 1 on U to get that
(10.7.13) / (DyyG)(,y) dy’ = 1.
oU
Similarly, if v = 0 on AU, then (10.7.10) implies that
(10.7.14) u(z) = / Glz, =) (Au)(2) da.
U

This is related to some remarks in Section D of Chapter 2 in [75].

10.7.2 Another property of G(z,y)

Let U be any nonempty bounded open subset of R™ again, and let n” be a
corrector function corresponding to U and x. Also let r be a positive real
number such that

(10.7.15) B(z,r) CU.
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Put
(10.7.16) U,=U\B(z,7),

and observe that U, is an open set in R" with

(10.7.17) U.=U\B(z,7)
and
(10.7.18) oU, = oU U 0B(x,r).

It is easy to see that
(10.7.19) Gla,y) = N(y— ) —n"(y) <0

for every y € U with z # y and |z — y| sufficiently small. If r is sufficiently
small, then one can use this and (10.7.7) to get that (10.7.19) holds for every
y € U,, because of the maximum principle, as in Section 6.7.2. This means that
(10.7.19) holds for all y € U \ {x}.

10.7.3 Nonnegativity of the normal derivative

Suppose that U has reasonably smooth boundary, and that n* is continuously
differentiable on U, so that G(x, y) is continuously differentiable in y on U\ {z}.
Under these conditions, one can check that

(10.7.20) (Do) G)(@,y") = 0

for every 3y’ € U, because of (10.7.7) and (10.7.19).

10.8 Some examples of corrector functions

Let n > 2 be an integer, let a € R™ and r > 0 be given. It is easy to see that the
corrector function associated to U = B(a,r) and = = a is the constant function

7,2777,
10.8.1 ¢ = h >3
(10-8.1) K 2—n)joB(O,1)] "=
1
= — logr when n = 2.
2w

In this case, the right side of (10.7.12) reduces to the usual average of u on
0B(a,r), which was basically mentioned in Subsection 6.2.2. Similarly, (10.7.10)
corresponds to an integral formula in Subsection 6.13.3. More precisely, (10.8.1)
is the same as the definition of ¢, at the beginning of Section 6.13.

Let us now take a = 0 and r = 1. We would like to find corrector functions
associated to the unit ball U = B(0,1) and x # 0.
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10.8.1 Some preliminary remarks

If x,y € R™ and x # 0, then

(10.8.2) 2| [(2/12]*) =yl = [(2/]2]) = |z y].
If |y| = 1, then we have that

(10.8.3) |(@/]a]) = lzly| = |z —yl.

This follows from an identity mentioned in Subsection 6.10.2, with 2’ = z/|z|,
w’ =y, and r = |z|. Combining this with (10.8.2), we get that

(10.8.4) |z —y| = [2] |(z/]2]*) — y)|
when |y| = 1.
In fact, if y € R™ and y # 0, then
(10.8.5) |(z/|2]) = |zl y| = [(z/]z]) = 2| |y] (y/Iy])]-
We also have that
(10.8.6) |(/|2]) = =]yl (w/lyD)| = [l=] 1yl (z/|=]) = (y/1y])],
as in Subsection 6.10.2. This implies that
(10.8.7) |(z/|2]) = |zl y| = [lyl = — (y/1y])]-

10.8.2 The unit ball, n > 3

Suppose that n > 3 and |z| < 1, so that

(10.8.8) [(z/]z?)| = 1/|z| > 1.

If |y| =1, then y # 2, x/|z|?, and (10.8.4) implies that
(10.8.9) N(@ —y) = |22~ N((a/laf?) - y),

where N is as in Section 6.8, as before. Let n® be the real-valued function
defined on R™ \ {z/|z|?} by

(10.8.10) " (y) = a7 N((@/]2*) - y).

Note that n*(y) is harmonic as a function of y # z/|x|?, because N is harmonic
on R™\ {0}, as in Section 6.1. The restriction of n® to B(0, 1) is the corrector
function corresponding to U = B(0,1) and z, as in the previous section.

Thus the Green’s function associated to U = B(0, 1) and x is

(10.8.11) G(z,y) = N(y— =) —n"(y) = N(y — z) — 2> N((z/|z]*) — v),
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as in (10.7.5). This corresponds to some remarks in Section 2.2.4 ¢ of [70], and
Section G of Chapter 2 in [75]. This is also related to some remarks on p10f of
[18].

One can verify that (10.7.12) corresponds to the Poisson integral formula
in Section 6.12 in this case. This is how the Poisson kernel is obtained in
[18, 70, 75].

Equivalently,

(10.8.12) n*(y) = N((z/|z|) — || y).

This also works when n = 2, as in the next subsection.

10.8.3 The unit disk

Suppose now that n = 2, and that || < 1 again. If |y| = 1, then y # x,z/|z|?,
and we can use (10.8.4) to get that
1

1 1
(10.8.13) N(z —y) = 5= log|z — y| = 5= log || + 5= log|(z/|z|*) — yl,
27 27 27

where N is as in Section 6.8. Let n” be the real-valued function defined on
R?\ {z/|z]*} by

N 1 1
(10.8.14) " (y) = 5= log|z| + 5— log|(z/|z[*) - y].

27 27
This is harmonic as a function of y # x/|x|?, because log| - | is harmonic on

R2\ {0}, as in Section 6.1. It follows that the restriction of n* to B(0,1) is the
corrector function associated to U = B(0, 1) and .
This means that the Green’s function associated to U = B(0,1) and z is

G(z,y) = N(y—=z)—n"(y)
1 1 1
(10.8.15) = 5. loglz—yl— 5 logla| - o— log (z/|z]) =yl
T 27 27

This corresponds to some remarks in Section 2.2.4 ¢ of [70], and Section G of
Chapter 2 in [75], as before.

One can check that (10.7.12) corresponds to the Poisson integral formula in
this case too, as in [70, 75].

10.9 More on the Green’s function

Let n > 2 be an integer, let U be a nonempty bounded open subset of R,
and let IV be as in Section 6.8, as usual. Suppose that for each x € U, n* is a
corrector function associated to U and z, as in Section 10.7. This means that
the Green’s function

(10.9.1) G(z,y) = Ny —x) = n"(y)
is defined for © € U and y € U with x # y. This corresponds to the definitions
in Section 2.2.4 a in [70] and Section D of Chapter 2 in [75].
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10.9.1 Symmetry of the Green’s function

Suppose now that U has reasonably smooth boundary, and let x,y € U with
x # y be given. Suppose also that

(10.9.2) n*, n¥ are corrector functions associated to U and z, y, respectively,

and that n*, n¥ are twice continuously differentiable onﬁ. The corresponding
Green’s functions G(z,-) and G(y, ) may be defined on U \ {z} and U \ {y}, as
before. Under these conditions, we would like to show that

(10.9.3) G(z,y) = G(y, z).

This corresponds to Theorem 13 in Section 2.2.4 a in [70] and Lemma 2.33 in
Section D of Chapter 2 in [75], and it is discussed on p258 of [7] when n = 2.
Let r be a positive real number that is small enough so that

(10.9.4) B(x,r), B(y,r) CU

and 2r < |z — y|, so that

(10.9.5) B(z,7)N B(y,r) = 0.
Put o o
(10.9.6) V., =U\ (B(z,r) U B(y,)).

This is an open set in R", with

(10.9.7) V. =U\ (B(x,7) U B(y,r))
and
(10.9.8) oV, = 0B(x,r) UIB(y,r).

If z € U, then put
(10.9.9) v(z) = G(x,2) = N(z —x) — n°(2)

when = # z, and
(10.9.10) w(z) = G(y,z) = N(z —y) —n"(2)

when y # z. These define twice continuously-differentiable real-valued functions
on V,., by hypothesis. It follows that

(10.9.11) /V (v(2) (Aw)(z) — w(z) (Av)(z)) dz

"

= [ @) Du ) ) = 0 (D))
oV

as in Section 3.9. Here v,(2') is the outward-pointing unit normal to 9V, at
z' € 9V, as before.
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The left side of (10.9.11) is equal to 0, because v and w are harmonic on
V., by construction. The contribution to the right side of (10.9.11) from the
integral over JV is equal to 0 too, because v = w = 0 on V. Thus we are
left with the contributions to the integral on the right side of (10.9.11) from the
integrals over dB(x,r) and dB(y,r).

Let pz.(2'), py,r(2') be the outward-pointing unit normals to dB(x,r),
0B(y,r) at 2’ € dB(z,r),dB(y,r), respectively. Note that
(10.9.12) vr(2') = —par(2') when 2 € 0B(z,r)

= —uy,(2) when 2 € 9B(y,r).

Using (10.9.11) and the remarks in the preceding paragraph, we get that
0 = /a e )(v(Z’) (D, (yw)(2) = w(2') (D, 1y0)(2")) d2’

(10.9.13) —1-/83( )(v(z') (D, znyw)(2") = w(z") (D, =yv)(2")) dz'.

10.9.2 Some limits as » — 0

In order to get (10.9.3), we would like to consider the limits of the various terms
on the right side of (10.9.13) as r — 0, as in [70, 75]. One can check that

(10.9.14) lim v(2") (D, , :nyw)(2")) dz" =0,
r—0 OB (z,r) '

because w is smooth near z. This also uses the fact that the (n—1)-dimensional
volume of OB(z,r) is a multiple of 7!, which takes care of the singularity of
v near z. Similarly,

(10.9.15) lim ” )w(z’) (Dy, .. (zn0)(2") dz" = 0.
yor
It is easy to see that
(10.9.16) }1_% o )w(z’) (D#I’T(z,)n“')(z')dz’ =0,
z,r

because w is continuous at x, and n* is continuously differentiable near x. Sim-
ilarly,

(10.9.17) lim v(2") (Dy, . =yn")(2') dz" = 0.
r=UJoB(y,r)

This leaves terms on the right side of (10.9.13) of the form

(10.9.18) — / w(2') (D, .- N)(2') d2’
OB (z,r)
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and
(10.9.19) / v(z") (D, N)(Z)dZ".
9B(y,r)

These are the same as

1

(10.9.20) —_—— w(2')dz’
‘8B(I,T)| OB(z,r)

and )

(10.9.21) —_— v(z")dz’,

|aB(y7 7”‘)| OB(y,r)

respectively, as mentioned in Subsection 6.8.1. One could deal with the limits
of these integrals as 7 — 0 in the usual way, or use the mean-value property of
harmonic functions to evaluate these integrals. Combining this with (10.9.13)
and the previous remarks, we obtain that

(10.9.22) 0= —w(z)+v(y).

Of course, this is the same as (10.9.3).

10.10 The upper half-space

Let n > 2 be an integer, and consider the open upper half-space

(10.10.1) R} ={ze€R":z, >0}

in R™. This is an open set in R", whose closure is the closed upper half-space
(10.10.2) R} ={zeR":z, >0}

Similarly, the boundary of R is the x,, = 0 hyperplane,

(10.10.3) OR"} ={r cR" : 2, =0}.

If x € R™, then let T be the element of R™ defined by

(10.10.4) T=(21,...,Tn-1,—Tp)-
Note that N
(10.10.5) (7) ==

It is easy to see that
(10.10.6) g —z| = |y — =

for every y € R™. In particular, if ¢, = 0, then y = y, and we get that

(10.10.7) ly — 2| = |y — x|
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10.10.1 The Green’s function for R’}

Let N be the real-valued function defined on R™\ {0} at the beginning of Section
6.8 again. Although R is unbounded, many of the basic notions in Section
10.7 can also be used here.

If z € R7, then

(10.10.8) Ny —7)=N(y —z)
for every ' € R™ with y/, = 0, because of (10.10.7). Put
(10.10.9) n°(y) = N(y — @)

for y € R™ with y # Z. Note that #” is harmonic on R™\ {Z}, and in particular
n® is continuous on R7i and harmonic on R’ . This is considered a corrector
function corresponding to R’} and z, as in Section 2.2.4 b of [70].

Thus we put

(10.10.10)  G(z,y) = N(y —z) —n"(y) = N(y —2) — N(y — 7)

when y € R™ and y # 2,7, and in particular when y € R\ {z}, as in Section
10.7. This is considered as the Green’s function associated to R}, as in Sections
10.7 and 10.9, and Section 2.2.4 b of [70].

10.11 The Poisson kernel for R"}

Let us continue with the same notation and hypotheses as in the previous sec-
tion. If ¥ € R™ and y,, = 0, then let v(y’) be the outward-pointing unit normal
to the boundary of R’ at 3. In this case, this simply means that

(10.11.1) v(y) = (0,...,0,—1).

The directional derivative in this direction is the same as —1 times the partial
derivative in the nth variable.
In particular, if x € R}, then

manDm¢mmm:f%%@yr:%mmwumwwmmwtﬁ»
Note that 1 .
(10.11.3) (O;N)(z) = m ﬁ

foreach j =1,...,n, z € R"\ {0}, and n > 2, by the definition of N in Section
6.8, and the remarks in Subsection 6.1.2. Thus the right side of (10.11.2) is
equal to

1 xn in
10.11.4 — .
(10.114) a5 (7oar ~ =57

This is equal to

2 T
10.11.5 P(z,y) = .,
(1041 = 9) = BB, 1] o — 7
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because of (10.10.7) and the definition (10.10.4) of .

This is the Poisson kernel associated to R, as in Section 2.2.4 b in [70].
This is also mentioned on pl45 of [18], where it was obtained another way.
Sometimes

2 Tn
10.11.6 P(2,0) = —— I
(10.11.6) (0= BB, 1] o]

is called the Poisson kernel associated to R’'. Note that
(10.11.7) P(z,y") =Pz —y,0).

The Poisson kernel may also be obtained using Fourier analysis.

10.11.1 Some properties of P(z,y/)

Observe that
(10.11.8) P(z,y') is harmonic as a function of z € R/}

for each y' € R™ with 3/, = 0. This follows from the remarks in Subsection
6.1.2.
It is well known that

(10.11.9) P(z,y)dy' =1
oR?

for each € R’. More precisely, the integral on the left corresponds to an
integral over R™®™! in an obvious way. This integral may be defined as in
Section 7.2. The integrability of P(x,%’) as a function of 3’ € R} corresponds
to a remark at the beginning of Section 7.3.

It is easy to see that the left side of (10.11.9) does not depend on z; for
j=1,...,n—1, because of invariance of the integral under translations. One
can also check that the left side of (10.11.9) does not depend on z,, using a
change of variables.

One way to get (10.11.9) is discussed on p145 of [18].

Alternatively, (10.11.9) corresponds to a property of Green’s functions men-
tioned in Subsection 10.7.1 for bounded open sets with reasonably nice bound-
ary. One can use an analogous argument here, by considering suitable bounded
open sets contained in R’} . To do this, one can estimate the partial derivatives
of (10.10.10) in y as |y| — oo.

10.12 Poisson integrals for R

We continue with the same notation and hypotheses as in the previous two
sections. Let f be a continuous real or complex-valued function on OR’. We
can identify OR" with R"~! x {0}, or simply with R"~!, so that f corresponds
to a continuous real or complex-valued function on R™1.
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If x € R"}, then we would like to put

(10.12.1) u(z) = P(z,y) f(y) dy'
oR”
B 2 T / /
= PBOD Jops o=y W

This is the Poisson integral of f on R. More precisely, the integral on the
right is defined as long as

2 Ty

(10.12.2) P(z,y) f(y) = 0B, 1) [z " 1)

is integrable as a function of y" on R’ . This corresponds to a continuous
real or complex-valued function on R*™!, as before, whose integrability may be
defined as in Subsection 7.2.3. One can check that the integrability of (10.12.2)
is equivalent to the integrability of

(10.12.3) min(1, [y'[7") [f(y)]

on OR' .

Suppose that there are nonnegative real numbers a and C'(a) such that a < 1
and
(10.12.4) [f(W)] < C(a) max(1, [y'|")

for all ' € OR’;. This implies that
(10.12.5) min(1, [y'|7") [f(y")| < C(a) min(1, [y[*™™")

for all 4’ € OR!.. The right side is integrable on R, because n —a > n — 1,
as in Section 7.3. It follows that (10.12.3) is integrable on OR™~! in this case.

10.12.1 Differentiating under the integral sign

Suppose that (10.12.3) is integrable on OR'}. If « is a multi-index, then one can
check that "

a * /! /
(10.12.6) apa L@y F)
is integrable as a function of 3’ € OR'} for every € R’}. In fact, it is not too
difficult to show that u(z) is smooth on R, with

3‘0"1& 3\04 ’ ! /
(10.12.7) e (@) = /aRi opa D@, y) f(y') dy

for every x € R}.
In particular, this implies that

(10.12.8) v is harmonic on R,
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because of (10.11.8). This could also be obtained by verifying that u is contin-
uous on R and satisfies the mean-value property, as in Subsections 6.4.2 and
6.12.1.

If one is familiar with Lebesgue integrals, then one may consider real or
complex-valued Lebesgue measurable functions f on JR!;, which correspond to
Lebesgue measurable functions on R™~!, as before. In this case, one should ask
that (10.12.3) be Lebesgue integrable on R}, in the sense that it corresponds
to a Lebesgue integrable function on R™!. This permits one to define the
Poisson integral (10.12.1) as a Lebesgue integral for each z € R'}.

If o is a multi-index, then it follows that (10.12.6) is Lebesgue integrable
as a function of y' € ORY for every x € R, and it is not too difficult to
show that u is smooth on R}, with derivatives as in (10.12.7), as before. This
implies (10.12.8), which could also be obtained using the mean-value property,
as before.

10.13 Limits at points in R/

Let n > 2 be an integer again, and let f be a continuous real or complex-valued
function on OR such that (10.12.3) is integrable on JR’ . Also let u be the
Poisson integral of f on R, as in (10.12.1), and let z € R} and 2’ € OR’} be
given. Observe that

o) =1 = [ Pl - [ Pay) i
(10.13.1) = [ Py W) - 1) e

using (10.11.9) in the first step. It follows that

(10.132)  Ju(z) — f(2)] Pla,y) (f(y) = f(2) dy’

OR”
< [ P@)Iw) - 1)y
BRQL_
because
(10.13.3) P(x,y") >0

for every 3/ € OR, by the definition (10.11.5) of the Poisson kernel.
One can use this to show that

(10.13.4) u(x) — f(2') asz — 2.

More precisely, if 7 is a positive real number, then the right side of (10.13.2) is
equal to the sum of

(10.13.5) /aRn . )P(a:,y’)lf(y’)—f(Z')ldy’
TN z'\m
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and
(10.13.6) / Pla,y) () — 1) dy.
ORY\B(z",n)

If 7 is sufficiently small, then we can get that (10.13.5) is as small as we like,
because f is continuous at z’, and using (10.11.9) again. If n > 0 is fixed with
this property, then we can get that (10.13.6) is as small as we like when x
is sufficiently close to z’. This uses the integrability of (10.12.3) on OR, by
hypothesis, and the definition (10.11.5) of the Poisson kernel.

This means that

(10.13.7) u extends continuously to R,

by taking it equal to f on OR. This corresponds to parts of 7.3 on pl47 of
[18], Theorem 14 in Section 2.2.4 b of [70], and Theorem 2.43 in Section F of
Chapter 2 of [75], at least is f is bounded on OR} .

10.13.1 Some related results about limits

If one is familiar with Lebesgue integrals, then one may consider real and
complex-valued Lebesgue measurable functions f on OR! such that (10.12.3)
is Lebesgue integrable on JR!}, as mentioned in Subsection 10.12.1. If f is
also continuous at z’, then (10.13.4) holds, for essentially the same reasons as
before. Otherwise, one may consider the convergence of u(x) to f(z’) along the
line where

(10.13.8) Zj :z} forj=1,...,n—1,

as ¥, — 04, for almost every 2’ € OR! with respect to (n — 1)-dimensional
Lebegue measure. This corresponds to part (b) of Theorem 1 on p62 of [262], and
to part of Theorem 1.25 on p13 of [268], at least when f is integrable on R’} . It
is easy to reduce to this case when (10.12.3) is integrable on R}, by considering
separately parts of f supported on a bounded set, and its complement.

10.14 More on these Poisson integrals

Let n > 2 be an integer, and let f be a contnuous real or complex-valued
function on OR'} such that (10.12.3) is integrable on OR'}, as before. Note that
the Poisson integral u of f, as in (10.12.1), satisfies

(10.14.1) lu(z)| < /Z?Rn P(z,y') [ f(y)| dy

2 Ty

i ! !
= BOD] Jome o -y YN

for every x € R}, because of (10.13.3). This also works when f is Lebesgue
measurable on OR'}, and (10.12.3) is Lebesgue integrable on R .
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If f is real-valued on OR}, then u is real-valued on R . If f is also nonneg-
ative on OR, then
(10.14.2) w>0

on R, because of (10.13.3).
Similarly, if
(10.14.3) f=a

on JR"} for some a € R, then
(10.14.4) u>a

on R, because of (10.11.9) and (10.13.3). If

(10.14.5) <o
on OR!} for some b € R, then

(10.14.6) u<b
on RY.

If f is a bounded continuous complex-valued function on OR’;, then (10.12.3)
is integrable on R}, as before. More precisely, if

(10.14.7) Ifl<c
on JR"} for some nonnegative real number C, then
(10.14.8) lu| < C

on R, because of (10.11.9) and (10.14.1). This works when f is a bounded
Lebesgue measurable function on OR’ too. Note that if f is a constant on
OR, then u is equal to the same constant on R}, because of (10.11.9).

10.14.1 An integral estimate

If z € R™, then put
(10.14.9) T=(x1,...,7p1) € R"

so that x is determined by = and z,, € R. If x,, is a positive real number, then
it is easy to see that

(10.14.10) / P(x,y")dr =1
Rn—1

for every y' € OR", where P(x,y’) is considered as a function of  on R L.
More precisely, this is equivalent to (10.11.9).

Suppose that f is a real or complex-valued function on R’} that is contin-
uous and integrable, or simply Lebesgue integrable. This implies that u(z) is
integrable as a function of 7 € R"~! for every z,, > 0, with

(10.14.11) /lr |u(x)|d§§/ £ ) dy.

BRi
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This can be obtained from (10.14.1) by interchanging the order of integration,
and using (10.14.10). Similarly,

(10.14.12) / u(z)dz = fy) dy
Rn-1 OR7
for every z,, > 0.
Put
(10.14.13) T = (21,...,2,-1,0) € ORY].

One can also show that

. SN
(10.14.14) 1351(1)4_ - lu(z) — f(2")|dz = 0.

This corresponds to taking p = 1 in Theorem 7.8 on p148 of [18], Theorem 2.43
in Section F of Chapter 2 of [75], part (c) of Theorem 1 on p62 of [262], and
Theorem 1.18 on p10 of [268]. This is simpler when f is a continuous function
on JR} with compact support, and otherwise one can approximate f by such
functions.

10.15 Harnack’s principle

Let n > 2 be an integer, and let U be a nonempty connected open subset of R™.
Also let {u;}32; be a sequence of real-valued harmonic functions on U that are
monotonically increasing in j, so that

(10.15.1) uj(z) < ujpr(x)

for every x € U and j > 1.

It is well known that a monotonically increasing sequence of real numbers
converges in R if and only if it has an upper bound in R. It follows that for
each x € U,

(10.15.2) {u;(z)}52, converges in R
if and only if {u;(z)}72; has an upper bound in R.

Harnack’s principle states that there are two possibilities in this situation.
The first possibility is that there is a real-valued harmonic function u on U such
that

(10.15.3)  {u;}32; converges to u uniformly on compact subsets of U,
as in Subsection 6.5.2. The second possibility is that
(10.15.4) wuj; — +o0 as j — oo, uniformly on compact subsets of U.

More precisely, this means that if K is a nonempty compact set in R™ such
that K C U, and if R is a positive real number, then there is a positive integer
L = L(K, R) with the following property. If x € K and j > L, then

(10.15.5) uj(z) > R.

This corresponds to 3.8 on p49 of [18]. This also corresponds to Theorem 7
on p244 of [7] when n = 2, and which is stated somewhat more broadly.
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10.15.1 Using Harnack’s inequality
To show this, we may as well suppose that
(10.15.6) u;(z) >0

for every x € U and j > 1. Otherwise, we can simply replace u; with u; — uy
for each j.

Let xg € U be given. If {u;(x0)}32; does not have an upper bound in R,
then
(10.15.7) uj(zg) = 400 as j — 0o,

because of monotonicity. In this case, it is easy to see that (10.15.4) holds, using
Harnack’s inequality, as in Subsection 10.2.1.
If {u;(20)}52, has an upper bound in R, then

(10.15.8)  {u;}572, is uniformly bounded on compact subsets of U,
because of Harnack’s inequality. In particular, for each x € U,
(10.15.9) {u;(x)}32, has an upper bound in R,

and thus converges in R, as before. Put

(10.15.10) u(z) = lim u;(x)

for each x € U, which defines a real-valued function on U. We would like to
show that (10.15.3) holds under these conditions. This would imply that u is
harmonic on U, as in Subsection 6.5.3.

Let K be a nonempty compact subset of R™ that is contained in U. One can
use Harnack’s inequality to get that there is a real number Cy > 1 such that

(10.15.11) u(x) — uj(x) < Co (wi(wo) — uj(wo))
forall z € K and [ > j > 1. One can use this to get that
(10.15.12) u(z) —u;(x) < Co (ul(zo) — uj(xo))

for all x € K and j > 1. This means that (10.15.3) follows from the fact that
{u;(w0)}52, converges to u(wo) in R.



Chapter 11

More on subharmonic
functions

11.1 Continuous subharmonic functions

Let n > 2 be an integer, let U be a nonempty open subset of R", and let u be
a continuous real-valued function on U. Let us say that u is subharmonic on U
if for every a € U and positive real number r with

(11.1.1) B(a,r) C U,
we have that
1
(11.1.2) ula) < = u(y') dy'.

<
- |8B(a7 T)| dB(a,r)

This corresponds to the definition of subharmonicity on p76 of [268].
There are some well-known variations on this definition, some of which will
be discussed here. On p224 of [18], for instance, it is asked that

(11.1.3)  (11.1.2) hold for all sufficiently small r > 0, depending on a.

An exercise is mentioned where the formulation used here can be obtained from
that version, and we shall say more about that later.

Sometimes upper semicontinuous functions on U are considered instead of
continuous functions, as in Section 9.1. In this case, the appropriate integrals of
u may be considered as Lebesgue integrals. One may also consider functions u
that take the value —oo at some points in U. We shall not consider formulations
like these here, for the sake of simplicity.

Suppose for the moment that n = 1, and that U is an open interval in
R, which may be unbounded. Under these conditions, the previous definition
of subharmonicity, suitably interpreted, corresponds to the characterization of
convexity in Subsection 9.6.2, as mentioned on p75 of [268].

252
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11.1.1 Averages over balls

Let a € U be given, and let ¢ be a positive real number such that
(11.1.4) B(a,t) CU.

If (11.1.2) holds for every positive real number r with r < ¢, then one can check
that

1
(11.1.5) u(a) < Blad)| /me u(z) dx.

More precisely, this can be seen using the fact that

(11.1.6) /B » u(z) dz = /0 t ( /a B(w)u(y’)dy') dr,

which corresponds to using polar coordinates centered at a, as in Section 6.3.

In particular, the first version of subharmonicity mentioned earlier implies
that (11.1.5) holds when (11.1.4) holds. The second version of subharmonicity
mentioned earlier implies that

(11.1.7)  (11.1.5) holds for all sufficiently small ¢ > 0, depending on a.
As another version of subharmonicity, we shall consider the condition that
(11.1.8) (11.1.5) hold for some arbitrarily small ¢ > 0, depending on a.

Note that u satisfies the mean-value property on U, as in Section 6.3, if and
only if
(11.1.9) uw and — u are subharmonic on U,

using the first version of subharmonicity mentioned earlier.

11.2 More on subharmonicity conditions

Let n > 2 be an integer, let U be a nonempty open subset of R", and suppose
that u is twice continuously differentiable on U. In Section 6.14, subharmonicity
of u was defined to mean that

(11.2.1) Au >0

on U. This implies (11.1.2) when (11.1.1) holds, as before, and as in Theorem
4.3 on p76 of [268].
Suppose for the moment that

(11.2.2) Aufa) >0

for some a € U. In this case, one can check that

11.2.3 u(a) < == u(y') dy’
( ) () ‘83(051” dB(a,r) ( )
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when r > 0 is sufficiently small. This can be obtained in essentially the same
way as in Section 6.14, or using the Taylor approximation to u at a of degree 2,
as in Subsection 6.3.2. We also have that

1
|B(a,t)| JB(ab

when ¢ > 0 is sufficiently small. This can be obtained from (11.2.3), or using
the Taylor approximation to u at a of degree 2, as before.

If (11.2.2) holds for every a € U, then it follows that u satisfies the second
version of subharmonicity mentioned in the previous section, as in (11.1.3). This
corresponds to part of the “if” part of Exercise 8 on p236 of [18].

(11.2.4) u(a) < u(z) dx

11.2.1 Getting a nonnegative Laplacian
Suppose for the moment again that

(11.2.5) Aula) <0

for some a € U. This implies that

1
|8B(Oa 1)| dB(a,r)

for all sufficiently small » > 0, as before. Similarly,

(11.2.6) u(y') dy' < u(a)

(11.2.7) u(z) de < u(a)

1
|B(05 1)' L(a,t)
for all sufficiently small ¢ > 0.

This means that u does not satisfy any of the versions of subharmonicity
on U mentioned in the previous section when (11.2.5) holds for some a € U.
Thus, if u satisfies any of the versions of subharmonicity on U mentioned in the
previous section, and if w is twice continuously differentiable on U, then (11.2.1)
holds on U. This corresponds to the “only if” part of Exercise 8 on p236 of [18].

11.3 Some properties of subharmonic functions

Let n > 2 be an integer, let U be a nonempty open subset of R™, and let u, v be
continuous real-valued functions on U. If u satisfies any of the subharmonicity
conditions mentioned in Section 11.1 and a is a nonnegative real number, then
it is easy to see that

(11.3.1) au satisfies the same subharmonicity condition on U.

If w and v both satisfy the first version of subharmonicity mentioned in
Section 11.1, then

(11.3.2)  w+ v satisfies the same subharmonicity condition on U.
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This also works when u and v both satisfy (11.1.3), and when they both satisfy
(11.1.7).

If w and v both satisfy the first version of subharmonicity mentioned in
Section 11.1 again, then one can check that

(11.3.3) max(u,v) satisfies the same subharmonicity condition on U.

This works as well when u and v both satisfy (11.1.3), and when they both
satisfy (11.1.7). This corresponds to Proposition 11.4 on 225 of [18], and to
part of (4) on p79 of [268].

11.3.1 Subharmonicity and uniform convergence

Let {u;}32; be a sequence of continuous real-valued functions on U that con-
verges to v uniformly on compact subsets of U, as in Subsection 6.5.2. If u;
satisfies the first version of subharmonicity mentioned in Section 11.1 for each
j, then u satisfies this condition too.

11.3.2 Compositions with convex functions

Let I be an open interval in the real line, which may be unbounded, and let f
be a convex real-valued function on I. Suppose that u takes values in I on U,
so that the composition f o w is defined as a real-valued function on U. Note
that

(11.3.4) f ow is continuous on U,

because f is continuous on I, as in Subsection 9.6.1, and u is continuous on U,
by hypothesis.
If w is harmonic on U, then one can check that

(11.3.5) f 0w is subharmonic on U,

using the integral version of Jensen’s inequality, as mentioned in Section 9.9.2.
This corresponds to part (c¢) of Problem 5 in Section 2.5 of [70] when I = R
and f is smooth.

Suppose now that f is also monotonically increasing on I. If u satisfies any
of the subharmonicity conditions mentioned in Section 11.1, then one can check
that fouw satisfies the same condition on U, using the integral version of Jen’ssen
inequality again. This corresponds to Execise 3 on p236 of [18], and to (2) on
P79 of [268].

11.3.3 Convex functions are subharmonic

Suppose that U is also convex, and that u is convex on U, as in Section 9.12.
One can check that u is subharmonic on U.
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11.4 More on the maximum principle

Let n > 2 be an integer, let V' be a nonempty open subset of R", and let u be
a continuous real-valued function on V. Suppose that

(11.4.1) for every a € V there is a t > 0 such that
B(a,t) CV and (11.1.5) holds.

If » attains its maximum on V, and if V' is connected, then
(11.4.2) u is constant on V,

as in Subsection 6.14.3.

Let U be a nonempty open subset of R", and let u be a continuous real-
valued function on U. Suppose that u satisfies (11.1.8) on U. If V' is a nonempty
open set contained in U, then

(11.4.3) the restriction of u to V satisfies (11.4.1).

11.4.1 A helpful version

Let V be a bounded nonempty open set in R", and let © be a continuous real-
valued function on V that satisfies (11.4.1) on V. Under these conditions, the
maximum of « on V is attained at a point in OV, as in Subsection 6.14.3.

Let v be another continuous real-valued function on V, and suppose that

(11.4.4) v is harmonic on V.
If
11.4.5 u < v on dV,
(
then
(11.4.6) u<wvonV.

This is a version of Theorem 11.3 on p225 of [18], and of Theorem 4.5 on p78
of [268].

To see this, note that u — v is a continuous real-valued function on V, and
that
(11.4.7) u—v <0ondV,

by (11.4.5). Of course, v satisfies the mean-value property on V, because of
(11.4.4), as in Section 6.2. One can use this to get that u — v satisfies the
analogue of (11.4.1) on V| because wu satisfies (11.4.1) on V, by hypothesis.
This implies that the maximum of u — v on V is attained as a point in OV, as
before. It follows that

(11.4.8) u—v<0onV,

because of (11.4.7).
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11.5 Using the Poisson integral

Let n > 2 be an integer, let a € R" be given, and let 7 be a positive real number.
Also let u be a continuous real-valued function on B(a,r), and suppose that the
restriction of u to

(11.5.1) V = B(a,r)

satisfies (11.4.1). We would like to show that (11.1.2) holds under these condi-
tions.

We can reduce to the case where ¢ = 0 and r = 1, using a translation and a
dilation, so that

(11.5.2) V = B(0,1).
Let v be the real-valued function defined on
(11.5.3) V =B(0,1)

using the Poisson integral of the restriction of u to 9B(0,1), as in Section 6.12.
Observe that

(11.5.4) u < wvon B(0,1),

as in (11.4.6). This implies that

(11.5.5) u(0) < v(0)

in particular. This is the same as (11.1.2) in this case.

11.5.1 A monotonicity property

If rq¢ is a real number with 0 < rg < r, then

1 1
11.5.6) ————— w(Z')dz < ——— u(y') dy'.
( |aB(a’7 T0)| dB(a,ro) ‘aB(av T) dB(a,r) )

This corresponds to the first part of Exercise 5 on p236 of [18].
We can reduce to the case where a = 0 and r = 1, as before. If v is as before,

then (11.5.4) implies that

1 , 1

u(2') d

(1L57) PR
10B(0,70)| Joap(0,r0) 10B(0,70)| Joap(0,r0)

v(2")d2.

It follows that
1
(11.5.8) —_— / u(z") dz" < v(0),
|0B(0,70)] 8B(0,r0)

because v is harmonic on B(0, 1), and thus satisfies the mean-value property.
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11.6 Some related characterizations

Let n > 2 be an integer, let U be a nonempty open subset of R™, and let u
be a continuous real-valued function on U. We would like to check that w is
subharmonic on U if and only if it has the following property. Let V be a
nonempty bounded open set in R™ such that

(11.6.1) VCU.

and let v be a continuous real-valued function on V that is harmonic on V. If
(11.4.5) holds, then this property asks that (11.4.6) hold. This corresponds to
Exercise 4 on p236 of [18].

That this property holds when w is subharmonic on U follows from the
remarks in Subsection 11.4.1. The converse can be obtained using an argument
like the one at the beginning of the previous section.

11.6.1 A variant of this property

Similarly, let us check that w is subharmonic on U if and only if it has the
following property. Let V' be a nonempty connected open set in R™ such that

(11.6.2) VCu,
and let v be a real-valued harmonic function on V. The property asks that
(11.6.3) u — v satisfy the strong maximum principle on V,

as in Section 6.7.1. This means that if © — v attains its maximum on V', then
u — v is constant on V.

One can verify that this property implies the one mentioned at the beginnign
of the section. This uses the same argument as in Subsection 6.7.2. Conversely,
if u s subharmonic on U, then this property may be obtained from the version
of the strong maximum principle mentioned at the beginning of Section 11.4.

This characterization of subharmonicity corresponds to Definition 1 on p245
of [7], at least when n = 2 and U is connected.

11.6.2 Using milder differentiability conditions

Suppose that the first and second derivatives If u in each variable exist at every
point in U, as in Subsection 6.15.4. If the Laplacian of u is defined on U as
before, and if

(11.6.4) Au >0on U,

then v is subharmonic on U.

To see this, we can use the characterization of subharmonicity mentioned at
the beginning of the section. Let V' and v be as before, and note that the first
and second derivatives of u — v in each variable exist at evry point in V', because
v is smooth on V. We also have that

(11.6.5) Alu—v)=Au>0onV,
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because v is harmonic on V. This implies that the maximum of u — v on V is
attained on dV, as in Subsections 6.15.3 and 6.15.4. This means that (11.4.8)
holds when (11.4.7) holds, so that u has the property mentioned at the beginning
of the section.

11.7 Subharmonicity at a point

Let n > 2 be an integer, let U be a nonempty open subset of R", and let u be
a continuous real-valued function on U. Let us say that u is subharmonic at a
point xo € U if there is an open set Uy in R™ such that x¢ € Uy, Uy C U, and

(11.7.1) the restriction of u to Uy is subharmonic on Uy,

as on p245 of [7]. Of course, this depends on the definition of suharmonicity
that is being used.

If one uses the first version of subharmonicity in Section 11.1, then it is clear
that subharmonicity on U implies subharmonicity at every point in U. If one
uses the second version of subharmonicity in Section 11.1, then subharmonicity
on U is clearly equivalent to subharmonicity at every point in U. This also
works for the two other versions of subharmonicity mentioned in Section 11.1.
If u is subharmonic at every point in U with respect to the first version of
subharmonicity in Section 11.1, then u is subharmonic on U with respect to
the second version of subharmonicity considered there. These subharmonicity
conditions are in fact equivalent to each other, as in Section 11.5.

11.7.1 Using Ahlfors’ definition of subharmonicity

If u satisfies the subharmonicity property described in Subsection 11.6.1, then
it clear that u satisfies this property at every point in U, in the sense mentioned
before. It is not too difficult to get the converse directly, as mentioned on p245
of [7].

Let V be a nonempty connected open subset of R™ that is contained in U,
and let v be a real-valued harmonic function on V. Suppose that u — v attains
its maximum on V', and that u satisfies the subharmonicity property described
in Subsection 11.6.1 at every point in U. One can use this to obtain that the
subset of V' on which u — v attains its maximum is an open set. This set is also
relatively closed in V, because u — v is continuous on V. It follows that this set
is equal to V', because V is connected, by hypothesis.

11.7.2 A variant of Ahlfors’ definition

Here is another subharmonicity property for u on U. Let W be a nonempty
open set in R™ that is contained in U, and let v be a real-valued harmonic
function on W. If

(11.7.2) u — v has a local maximum at point y € W,
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then the property asks that
(11.7.3) u — v be constant near y.

This means that
(11.7.4) u(@) - v(x) = uly) — v(y)

for all x € W sufficiently close to y.

If u satisfies Ahlfors’ subharmonicity property at every point in U, then
it is easy to see that u satisfies this property. More precisely, this follows by
restricting v to a connected open set V' contained in W such that y € V and
u — v attains its maximum on V' at y. If u satisfies the subharmonicity property
described in the preceding paragraph at every point in U, then u clearly satisfies
this subharmonicity property on U.

If u satisfies the subharmonicity condition considered in this subsection, then
one can check directly that u satisfies Ahlfors’ subharmonicity property. This
uses the same argument as in the previous subsection.

11.8 Poisson modifications

Let n > 2 be an integer, let U be a nonempty open subset of R", and let u be a
continuous real-valued function on U that is subharmonic on U. Also let a € U
be given, and let R be a positive real number such that

(11.8.1) B(a,R) CU.

Consider the continuous real-valued function v on B(a, R) that is harmonic
on B(a, R) and equal to u on dB(a, R). This may be obtained using the Poisson
integral when @ = 0 and R = 1, as in Section 6.12, and otherwise one can reduce
to that case using translations and dilations.

Put

(11.8.2) w = wu onU)\B(a,R)
= v on B(a, R),

so that w is a real-valued function on U. This may be called the Poisson
modification of u associated to B(a, R) on U, as on p225 of [18]. One can check
that

(11.8.3) w is continuous on U

under these conditions. In fact,
(11.8.4) w is subharmonic on U.

This corresponds to property 4 on p247 of [7] when n = 2, and to Theorem 11.5
on p225 of [18].

Note that
(11.8.5) u < v on B(a, R),
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as in Subsection 11.4.1. This implies that
(11.8.6) u<won U.

In order to get (11.8.4), it is enough to verify then w satisfies the sub-mean-
value property at every point x € U, for sufficiently small radius, and using
averages of w over spheres or balls. If x € U \ B(a, R), so that w(z) = u(x),
then this follows from the analogous property of u, because of (11.8.6). If
x € B(a, R), then one can use the fact that v satisfies the mean-value property
on B(a, R).

11.8.1 A couple of additional remarks

Let w1 be another continuous real-valued function on U that is subharmonic on
U, and let v; and w; be as before. If

(11.8.7) u < up on U,

then one can check that
(11.8.8) v <wv; on B(a, R).

This implies that
(11.8.9) w < wy onU.

Suppose now that u is a continuous real-valued function on U that is sub-
harmonic on U. If w is defined on U as in (11.8.2) and we put w = u on U,
then w is continuous on U as well.

11.9 The Perron process

Let n > 2 be an integer, let U be a nonempty bounded open subset of R™, and
let f be a continuous real-valued function on 0U. Note that

(11.9.1) f is bounded on 90U,

because OU is closed and bounded, and thus compact, as in Section 1.9.
Let
(11.9.2) Py

be the collection of continuous real-valued functions w on U that are subhar-
monic on U and satisfy
(11.9.3) u < fon OU.

This may be called the Perron family associated to f, as on p226 of [18]. If «
is a real number such that
(11.9.4) a < fon dU,

then the constant function on U equal to « is an element of Pj.
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Let 8 be a real number such that
(11.9.5) f < ondU.

If w € Py, then
(11.9.6) u<BonU.

This follows from the maximum principle, as mentioned at the beginning of
Subsection 11.4.1.
If x € U, then put

(11.9.7) hy(x) = sup{u(z) : v € Py}

This may be called the Perron function on U associated to f, as on p226 of
[18]. More precisely, if 5 € R is as in (11.9.5), then

(11.9.8) hy <BonU,
because of (11.9.6). If « is a real number that satisfies (11.9.4), then

(11.9.9) a<hsonU.

11.9.1 The Perron function is harmonic

It is well known that
(11.9.10) hy is harmonic on U,

as in Theorem 11.6 on p226 of [18]. This basically corresponds to Lemma 1
on p248 of [7] as well, at least when n = 2. The construction in [7] is a bit
more complicated, so that one may consider functions f on U that may not
be continuous.

The arguments in [7, 18] are quite similar in the beginning, and somewhat
different after that. The first part will be discussed in the rest of this section,
and the two arguments for the second part will be discussed in the next two
sections.

Let a € U and R > 0 be given, such that (11.8.1) holds. It suffices to show
that

(11.9.11) hy is harmonic on B(a, R).
Let
(11.9.12) xo € B(a, R)

be given. If j s a positive integer, then let ug ; be an element of P; such that
(11.9.13) ug,j(x0) > hy(xo) —1/5.

In [18], one takes zy = a.
Put
(11914) 607_]‘ = maX(uo,l, PN ,UOJ‘)
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for each j. Observe that

(11.9.15) a())j € Pf
and
(11916) ﬂ07j(170) > uO,j(‘TO) > hf(l’o) — ]./j

for each j. We also have that
(11.9.17) To,; < T j1

on U for each j.

11.9.2 Using Poisson modifications

Let wog,; be the Poisson modification of ug ; associated to B(a, R), as in the
previous section. It is easy to see that

(11918) Wo,; € Pj
and
(11.9.19) UJOJ’(J)Q) > ﬂo,j(ﬂfo) > hf(l‘o) — 1/j

for each j. Using (11.9.17), we get that
(11.9.20) wo,; < Wo,j+1

on U for each j, as in (11.8.9).
Of course,

(11.9.21) wo,j < hyonU

for each j, by construction. This implies that {wo ;}32; converges pointwise on
U, because of (11.9.20). Put

(11.9.22) wo(x) = lim wo ()

Jj—o0
for every x € U, so that wy is a real-valued function on U. Note that
(11.9.23) wo(x) < hy(x)

for every x € U. In fact,
(11.9.24) wo(xo) = hy(xo),

because of (11.9.19).
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11.9.3 Using Harnack’s principle

Remember that wy ; is harmonic on B(a, R) for each j, as in the previous section.
Harnack’s principle implies that

(11.9.25) {wo,;}721 converges to wy

uniformly on compact subsets of B(a, R),

and that
(11.9.26) wp is harmonic on B(a, R),

as in Section 10.15.
In order to get (11.9.11), it suffices to show that

(11.9.27) hy = wo

on B(a, R). We shall discuss two proofs of this in the next two sections, following
[7, 18], as before.

11.10 The first argument

Let us continue with the same notation and hypotheses as in the previous sec-
tion. In order to get (11.9.27) using the argument from [7], let z; € B(a, R) be
given, and let us show that

If j is a positive integer, then let u; ; be an element of P; such that
(11102) ulﬁj(gcl) > hf((El) — 1/],

as before. Before continuing with the earlier construction, put

(11103) Uu; = maX(’LL07j,U17j)

for each j. Observe that

(11104) Uj; € Pf

for each j, with

(11.10.5) Uj(l‘o) > UOJ’(I‘Q) > hf(l‘o) — 1/]

and

(11.10.6) Uj(.l?l) > U17j($1) > hf(l?l) — 1/]
Put

(11.10.7) u; = max(uq,. .., u;)

for each j. Note that
(11.10.8) ﬂ]’ S Pf
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for each j, as before. Of course,

(11109) ﬂj(l‘o) > Uj(l'o) > hf(.’L‘o) — 1/]
and

(11.10.10) aj($1) > Uj(l‘l) > hf(xl) — 1/]
for each j. By construction,

(111011) Uj S Uj4+1

on U for each j.

11.10.1 Using Poisson modifications again
Let wq ; be the Poisson modification of u; associated to B(a, R), so that
(11.10.12) wy,; € Py

for each j, as before. We also have that

(11.10.13) wl,j(xo) > ’U,j(xo) > hf(l‘o) — 1/]
and

(111014) ’LULj(l‘l) > uj(xl) > hf(.i?l) — 1/]
for each j. In addition,

(111015) w1, S Wi,541

on U for each j, because of (11.10.11). Note that
(11.10.16) wy; < hgonU

for each j, by construction. -
As before, {w ; }‘;‘;1 converges pointwise on U, and we put

(11.10.17) wi(z) = lim wy ;(x)
J—00

for every x € U. This is a real-valued function on U, with
(11.10.18) wi(x) < hy(x)

for every = € U, because of (11.10.16). Using (11.10.13) and (11.10.14), we get
that

(11.10.19) w1(20) = hy (o)
and

(11.10.20) wi(z1) = hy(x1),
respectively.

Harnack’s principle implies that {wlﬁj};?il converges to wj; uniformly on
compact subsets of B(a, R), and that

(11.10.21) wy is harmonic on B(a, R),

as before.
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11.10.2 Comparing w, and w,

Of course,
(11.10.22) ug,j < Uj

on U for each j, by construction. This implies that
(11.10.23) ug,; < Uy

on U for each j. It follows that

(11.10.24) wo ; < Wy j

on U for each j, as in (11.8.9). This means that

(11.10.25) wo < wy
on U
Note that
(11.10.26) wo (o) = w1 (o),

by (11.9.24) and (11.10.19). It follows that w; — wo attains its maximum at o,
because of (11.10.25). Using the strong maximum principle, as in Subsection
6.7.1, we obtain that

(11.10.27) wo = wy on B(a, R).

This implies (11.10.1), by (11.10.20).

11.11 The second argument
We continue with the same notation and hypotheses from Section 11.9. We

would like to show (11.9.27), using the argument from [18], as before. In this
argument, we take

(11.11.1) z0 = a,

as mentioned in Subsection 11.9.1.
Let v be any element of Py. We would like to show that

(11.11.2) v < wp
on B(a, R). This will imply that
(11.11.3) hy < wo

on B(a, R). Using this, (11.9.27) will follow from (11.9.23).
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11.11.1 Using some more Poisson modifications

Observe that
(11.11.4) max(wp j,v)

is an element of Py for each j, because of (11.9.18). Let v; be the Poisson
modification of (11.11.4) associated to B(a, R) for each j.

It is easy to see that
(11.11.5) vj € Pf

for each j, as before. This implies that
(11.11.6) vj(a) < wo(a)

for each j, because of (11.9.24) and (11.11.1).
Of course, v; is harmonic on B(a, R) for each j, by construction, and

(11.11.7) max(wg j,v) < v;

on U for each j, as in Section 11.8. If r is a positive real number strictly less
than R, then

1
|BB( )| dB(a,r)

for each j, using the mean-value property in the second step. This implies that

(11.11.8) wo(a) > vj(a) = vi(y") dy’

1

(LILO) - wol@) 2 BEEST Lonen

max(wo ;(y'),v(y")) dy’

for each j.
One can check that

(11.11.10) {max(wo j,v)}52; converges to max(wo,v)

uniformly on compact subsets of B(a, R),

using (11.9.25). One can use this and (11.11.9) to get that

1
(11.11.11)  wo(a) > PB@] S max(wo(y’),v(y’))dy’-
This means that
o L
11.11.12 — wo(y') dy’
QL) B onam ™Y

1
>
N ‘aB( )‘ OB(a,r)

because of (11.9.26). It follows that (11.11.2) holds on dB(a,r). This implies
that (11.11.2) holds on B(a, R), because 0 < r < R is arbitrary.

max(wo(y'),v(y')) dy’,
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11.12 More on the Dirichlet problem

Let us continue with the same notation and hypotheses as in Section 11.9 again.
Suppose for the moment that there is a continuous real-valued function h on U
such that

(11.12.1) h is harmonic on U

and

(11.12.2) h = f on OU.

Let us check that o

(11.12.3) h=hsonU.

This corresponds to a remark on p249 of [7].
Clearly

(11.12.4) he Py,

so that -

(11.12.5) h<hsonU,

by the definition of hy. If u € P¢, then
(11.12.6) uw<h

on U, as in Subsection 11.4.1. This implies that
(11.12.7) hy <honU,

by the definition of hy.
We would like to have conditions under which

(11.12.8) hy is continuous on U
and
(11.12.9) hy = f on OU.

More precisely, we already know that h is continuous on U, because of (11.9.10).
In order to get (11.12.8),71’5 suffices to show that hy is continuous at every point
in QU, as a function on U. This will be discussed further in the next subsection.

11.12.1 Barriers

Let ¢y € OU be given. A continuous real-valued function ug on U is said to be
a barrier for U at (y if it satisfies the following three conditions. First,

(11.12.10) ug is subharmonic on U.
Second, -
(11.12.11) ug < 0on U\ {(o}-
Third,

(11.12.12) uo(¢o) = 0.
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This is mentioned on p227 of [18]. A variant of this is mentioned on p250 of [7],
with ug asked to be harmonic on U, and we shall see a bit more about that in
the next section.

If there is a barrier ug for U at (g, then

(11.12.13) hi(Go) = £(Co)
and -
(11.12.14) hy¢ is continuous at (o, as a function on U.

This corresponds to Lemma 2 on p250 of [7] and Theorem 11.7 on p228 of [1§],
although the former is stated somewhat more broadly, as before.
To see this, let € > 0 be given, and let § be a positive real number such that

(11.12.15) (o) e < f < J(Go)+e¢
on OU N B({y,d). This uses the continuity of f at (p, as a function on oU, by
hypothesis.
Note that o
(11.12.16) U \ B((o,0) is compact,

because it is closed and bounded. Put
(11.12.17) co = min{—ug(x):x €U\ B((,d)}
= —max{ug(z): 2z €U\ B(¢,d)},

where the minimum or maximum is attained, by the extreme value theorem.
We also have that
(11.12.18) co >0,

by (11.12.11).
Because f is bounded on OU, one can use (11.12.18) to get that there is a
positive real number C such that

(11.12.19) f(CQ) —e+Cup< f< f(Co)-i—E—CUQ
on U \ B(Cp,d). More precisely, it suffices to choose C' so that

(11.12.20) |f = (G < Cco

on U\ B((,,6). Observe that (11.12.19) holds on B((o,d) as well, because of
(11.12.15), and because up < 0 on U, as in (11.12.11) and (11.12.12). This
means that (11.12.19) holds on U.

11.12.2 Estimating h; near (
We would like to check that

(11.12.21) f(Co) —e+Cug < hf < f(Co) +e—Cuy
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on U. Observe that
(111222) f(C()) —e+Cuy € Pf,

because of (11.12.10), (11.12.19), and the definition of P;. This implies the first
inequality in (11.12.21), because of the way that hy is defined.

To get the second inequality in (11.12.21), let v € Py be given. Thus v < f
on OU, by definition of Py, so that

(11.12.23) v+ Cup < f(Co) +€

on OU, by (11.12.19). It follows that (11.12.23) holds on U, by the maximum
principle, as in Subsection 11.4.1, because

(11.12.24) v+ Cug

is continuous on U and subharmonic on U. In fact, the inequality in (11.12.23)
is strict, although we do not need that here. This implies the second inequality
in (11.12.21).

In particular, we can use (11.12.21) to get that

(11.12.25) f(Go) =€ < hy(Go) < f(Co) +e,

because of (11.12.12). This implies (11.12.13), because € > 0 is arbitrary. One
can use this and (11.12.21) to get (11.12.14), because ug is continuous at (g, by
hypothesis.

11.13 More on barriers

Let us continue with the same notation and hypotheses as in the previous sec-
tion. If
(11.13.1) there is a barrier for U at every ¢y € 9U,

then it follows that (11.12.8) and (11.12.9) hold. This corresponds to a remark
on p250 of [7], and to the “if” part of Theorem 11.1 on p228 of [18].

Conversely, suppose that the Dirichlet problem for U is solvable, in the sense
that for every continuous real-valued function f on QU there is a continuous real-
valued function on U that is harmonic on U and equal to f on OU. If {y € OU,
then

(11.13.2) Jo(z) = —lz = Gl

is a continuous real-valued function on 9U. If ug is the corresponding solution
to the Dirichlet problem on U, then one can check that

(11.13.3) ug is a barrier for U at (p.
More precisely, the maximum principle implies that

(11.13.4) uop < 0on U.
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One can use the strong maximum principle to get that
(11.13.5) uy < 0

on U. It follows that this holds on U \ {{p}, by (11.13.2). This corresponds to
the “only if” part of Theorem 11.10 on p228 of [18].

11.13.1 Some simple barriers

Let (o € OU be given again. Suppose for the moment that there is a linear
functional A\g on R™ such that

(11.13.6) Ao(x) < Ao(Co)

for every = € U with o # (5. We may say that U satisfies the exterior half-space
condition at (p in this case. It is easy to see that this implies that

(11.13.7) 2o(Co) — Ao is a barrier for U at (.

This corresponds to a remark at the top of p251 of [7].
Let us say that U satisfies the exterior ball condition at (y if there is a point
ag € R™ and a radius rg > 0 such that

(11138) |<0 —a0| =70
and
(11139) E(ao,To) QU = {Co}

Let g, 5, be the real-valued function defined on R™ \ {ao} by

(11.13.10) Ugo.ro(x) = logrg—log|z —apg| whenn =2

= |z —ao|* " —ry™ whenn>3.

Note that ug is harmonic on R™ \ {ag}, as in Section 6.1. It is easy to see that
(11.13.11)  the restriction of u,, ., to U is a barrier for U at (o

under these conditions, as in Theorem 11.11 on p229 of [18].

11.13.2 Some related geometric conditions

Let us say that U satisfies the weak exterior ball condition at (o if there is a
point a; € R™ and a radius r; > 0 such that

(11.13.12) |§0—a1| =T

and
(11.13.13) UnN B(ai,r) = 0.
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Let tg be a real number with

(11.13.14) 0<ty <1,

and put

(11.13.15) ag = (1—t0)C0+t0a1, ro =tory.
Observe that

(11.13.16) |Co — aol = to|Co — a1]| = 1o
and

(111317) |CLO*LL1| = (17150) |C07a1\ =Ty —To.
One can check that - -

(11.13.18) B(ao,r0) C Bla1,m1),

with

(111319) 8B(a0,r0)083(a1,r1) = {CO}

This implies that

(11.13.20) U satisfies the exterior ball condition at (p.
Suppose that vg € R™ satisfies |vg| = 1, and that

(11.13.21) z - vy < (o - Vo

for every x € U. We may say that U satisfies the weak exterior half-space
condition in this case. Let ro > 0 be given, and put

(11.13.22) ap = Go + 7o vo-
Note that
(11.13.23) o — ao| = 79 |vo| = 7.

If x € R™, then

(x —ap) - (z — ap)
(= o)+ (x—Co) — 2 (x — (o) - vo + 75 vo - vo
= |I7<0‘272(I7C0)‘U0+7‘(2).

|z — ao|2
(11.13.24)

If (11.13.21) holds, so that (x — (p) - vo < 0, then it follows that
(11.13.25) |z — ag|* > |z — Col® + 7.

This implies that (11.13.9) holds, so that (11.13.20) holds.

If U is convex, then it is well known that for each (y € U there is a vy € R"”
such that |vg| = 1 and (11.13.21) holds. A proof of this may be found in Section
A.13. This is related to a remark on p229 of [18], and to Corollary 11.12 on
p230 of [18]. If the boundary of U is twice continuously differentiable or C? in
a suitable sense near (y € QU, then it is well known that U satisfies the exterior
ball condition at . This is also discussed on p230 of [18].
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11.14 Some more barriers using cones

We would like to discuss some more examples of barriers, as in Lemma 11.15 on
p231 of [18]. Before getting to that, we consider a refinement of the maximum
principle, which is related to Lemma 11.14 on p230 of [18].

Let n > 2 be an integer, let V be a nonempty bounded open subset of
R™, and let a € 9V be given. Also let u be a bounded continuous real-valued
function on

(11.14.1) V\ {a}

that is subharmonic on V. Suppose that there is a real number A such that
(11.14.2) u< A

on V'\ {a}. Under these conditions, we would like to show that (11.14.2) holds
on V as well.

Lemma 11.14 on p230 of [18] deals with a particular point in the boundary
of a particular family of bounded open subsets of R™, and the same argument
works here. The same type of argument was used in Section 10.1.

If ¢ is a positive real number, then put

(11.14.3) V; =V \ B(a,t),

which is a bounded open set in R™ contained in V. We shall be interested in
taking t small here, and in particular we may as well suppose that t is small
enough so that V; # (. Observe that

(V\B(a,) U(VN0B(a,)) C V;CV\Bat)
(11.14.4) = (V\B(a,t)) U OV \ B(a,1t)).

This implies that

vV, =Vi\V;
(11.14.5)

N

(V\ B(a,t)) \ Vi) U ((9V \ B(a,t)) \ V})
(V NB(a,t)) U OV \ B(a,1)).

There is a positive real number R such that
(11.14.6) V C B(a, R),

because V' is bounded, by hypothesis. Let ¢ > 0 be given, and consider the
real-valued function v, defined on (11.14.1) by

(11.14.7) ve(r) = wu(x)—elr—al*" when n > 3
= wu(z)+elog(lx —a]/R) whenn = 2.

It is easy to see that v, is continuous on (11.14.1), with

(11.14.8) ve <u
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on (11.14.1). We also have that v, is subharmonic on V, because u is subhar-
monic on V, and using the remarks in Section 6.1.
If ¢ is small enough, then one can verify that

(11.14.9) v < A

on 0V;, using (11.14.5), and the hypotheses that u be bounded on (11.14.1),
and that (11.14.2) hold on OV \ {a}. This implies that (11.14.9) holds on V, by
the maximum principle, as in Subsection 11.4.1. Tt follows that (11.14.9) holds
on (11.14.1), because we can take ¢ to be arbitrarily small.

One can use this to get that (11.14.2) holds on (11.14.1), because € > 0 is
arbitrary.

11.14.1 Some cones

It is convenient here to identify R™ with R*~! x R again, so that x € R" is
identified with (2’ z,), where

(11.14.10) ¥ = (z1,...,Tpn_1).
We shall also use
n—1 1/2
(11.14.11) 2| = (Zm?)
j=1

for the standard Euclidean norm of 2/, as an element of R*~!. Thus
(11.14.12) lz| = (|2|? 4 22)/?

is the same as the standard Euclidean norm of x, as an element of R"™.
Let a positive real number « be given, and consider

(11.14.13) Co={yeR": Y| <ay,}.

One can check that this is an open set in R, with closure

(11.14.14) Co={yecR": |y| <ay.}.

Thus o

(11.14.15) 0C, =Co \Co ={yeR": |{/| = ay,}.
Note that

(11.14.16) Y > 0

when y € Cy, and

(11.14.17) Yn >0

when y € C,.

Let z € R" be given, with z; =0 for j =1,...,n—1, and

(11.14.18) 2zp > 0.
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Suppose that y € R™ satisfies

(11.14.19) yn = (1+a%) "2,

so that (11.14.16) holds in particular. Equivalently, this means that
(11.14.20) Zn = Yn + @ Yy

In this case, it is easy to see that y € 9C,, if and only if
n—1

(11.14.21) (z=v) y=—=> 4+ (20— Yn)yn = 0.
j=1

Similarly, if y € C,, then (11.14.21) implies

n—1
(11.14.22) Zn = Un + U, " ny, =y + &% yp.
j=1
If y € 0C,, then

n—1
(11.14.23) lz—y? = Zy§+(zn —yn)? =a?y? +aty?
j=1

= 21+ =a®(1+a?) 122
We would like to have that
(11.14.24) B(z,a(1+a2)7Y22,) C C,.
Suppose that w € R" satisfies
(11.14.25) |z —w| <a(l+a®)" V22, < 2,.
In particular, this implies that |z, — w,| < z,, so that

(11.14.26) wy, > 0.

Of course, if w’ = 0, then w € Cy, and so we may as well suppose that w’ # 0.
Let P be the two-dimensional linear subspace of R™ spanned by w and z.
Equivalently, = € P if and only if

(11.14.27) r=tw

for some t € R. There are exactly two elements y of dC, N P that satisfy
(11.14.19), with y' a positive and negative multiple of w’. In fact, 9C, N P
consists of the two rays going through these two particular elements. Using
some of the previous remarks, we have that the disk

(11.14.28) B(z,a(1+a?)Y22,)NnP

is tangent to these two rays at these two particular points.
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11.14.2 Some related open sets

If r is a positive real number, then put

(11.14.29) War = B(0,7)\ C,.

This is a bounded open set in R", with

(11.14.30) War=B(0,r)\ Ca.

We also have that

(11.14.31) Wy, = (0B(0,7)\ Co) U (B(0,7) N OC,,).
In particular,

(11.14.32) 0€ W,

This corresponds to a domain in R™ mentioned on p230 of [18] when r = 1.
If (o € OW,,» and (p # 0, then

(11.14.33) Wa,r satisfies the exterior ball condition at (o,

as mentioned in the proof of Lemma 11.15 on p231 of [18]. More precisely,
if (o € 0B(0,r), then B(0,r) satifies the exterior half-space condition at (g,
as in Subsection 11.13.1. This implies in particular that W, , satisfies the
exterior half-space condition at (y, and thus the exterior ball condition at (y. If
Co € 9C,, then W, , satisfies the weak exterior ball condition at (o, as in the
previous subsection. This implies that W, , satisfies the exterior ball condition
at (o, as in Subsection 11.13.2.
If x € OW,,,, then put
(11.14.34) far(x) = x|

This is a continuous real-valued function on W, ., with

(11.14.35) 0 < far <rondWg,,.
Let
(11.14.36) Uar = iy,

be the Perron function on W associated to fq r, as in Section 11.9. Note that
(11.14.37) 0 <ty <7 0on War,

because of (11.14.35), as before. We also have that

(11.14.38) Uq,r 15 harmonic on Wy, ;,

as before.
If o € OW,,» and (p # 0, then

(111439) ua,T(CO) = fa,r(CO) = |<0|



11.14. SOME MORE BARRIERS USING CONES 277

and
(11.14.40) Uq,r 1S continuous at (p, as a function on W, ,,

as in Subsection 11.12.1. This uses (11.14.33) to get a barrier for W, , at (o, as
in Subsection 11.13.1. It is easy to see that (11.14.39) holds when (; = 0 too,
using the first inequality in (11.14.37), and the fact that us, < fo, on OWq r,
by construction. We would like to show that (11.14.40) holds when (o = 0 as
well, as in the proof of Lemma 11.15 on p231 of [18].

Observe that
(11.14.41) 0<uq,r <ron Wy,,

because of the strong maximum principle, as in Subsection 6.7.1. If ry is a
positive real number with ro < r, then put

(11.14.42) co = co(ro) = max{u(z) : x € 9B(0,70) \ Cu},
where the maximum is attained, by the extreme value theorem. Clearly
(11.14.43) co(ro) <,

because of (11.14.39) and (11.14.41). We also have that

(11.14.44) o < co(70),
because of (11.14.39).
Note that
(11.14.45) Wearo = (ro/7) War = {(ro/r)x 2 € Wy}

using the same notation as in Section A.11. Of course, we can define fq r,, Ua,ro
in the same way as before. It is easy to see that

(11.14.46) fare (@) = (r0/7) far((r/r0) )
on OWg, r,, by construction. This implies that
(11.14.47) Ua,ro () = (10/7) U ((r/70) @)
on mi
If x € Wy, then put
(11.14.48)  Varor(2) = tar(2) = (co(r0)/T0) Ua,ro (2)

= Ua,r(2) = (co(ro)/7) ta,r((r/ro) ).

This function is bounded on W, ., continuous on W, ,, \ {0}, and harmonic
on Wq . Observe that
(11.14.49) Vay,ro,r(2) <0

when |z| = 7, by (11.14.39) and the definition of ¢y(rp). This also holds when
x € 0C,, because of (11.14.39) and (11.14.44). Tt follows that this holds on
Wa.ry, by the remarks at the beginning of the section.
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This means that
(11.14.50) Ua,r (@) < (co(r0)/7) Ua,r ((r/70) )
for all z € W, .. If z € W, and
(11.14.51) lz| < (ro/r)'r

for some nonnegative integer [, then we can repeat the precess to get that

(11.14.52) Ug,r(T) < (c(ro)/r)l umr((r/ro)lx).
This implies that u,,, is continuous at 0 as a function on W, ,, because of
(11.14.43).
It follows that
(11.14.53) Uq,r 1S a barrier for W, , at 0,

as in Lemma 11.15 on p231 of [18]. This also uses (11.14.39) and (11.14.41), to
get that —u, ,» <0 on Wy, \ {0}.
11.15 Some additional geometric conditions

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Put

(11.15.1) Vor = Wa, UR"\ B(0,r)) =R"\ (B(0,r) N Cy).
This is an open set in R, with

(11.15.2) Var =Wa,UR"\ B(0,r)) =R"\ (B(0,7) N Cy).

Similarly, o

(11.15.3) OVa,r = (0B(0,7) N Cy) U (B(0,7) N OC,).
Note that

(11.15.4) 0€dVy,.

Let us extend uq,, to a real-valued function on V,, , by putting
(11.15.5) Ug,r =7 on R"\ B(0, 7).

This is consistent with the previous definition of u,, , on W, ,NOB(0,r), because
of (11.14.39). It follows that

(11.15.6) this extension is continuous on V.
Using this extension, we also have that
(11.15.7) —Ugq,r is subharmonic on Vj, ..

This uses (11.14.38), and the remarks in Section 11.5.
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11.15.1 Using these barriers

Let U be a nonempty bounded open subset of R” again, and let {, € OU be
given. We say that U satisifes the exterior cone condition at (g if there are
positive real numbers «, r and an orthogonal transformation 7" on R"™ such that

(11.15.8) UnN(C+T(B(0,7r)NCL)) =0.

This is the same as saying that

(11.15.9) UnN(Go+T(B0,7)NCy)) = 0.
Similarly, (11.15.8) is equivalent to asking that
(11.15.10) UN(G+T(B(0,r)NCa)) =0

In this case,
(11.15.11) U has a barrier at (p,

as in 11.16 on p232 of [18]. To see this, one may as well suppose that ¢, = 0, and
that T is the identity mapping on R™. Thus (11.15.10) is the same as saying
that

(11.15.12) U C Vo

Under these conditions, the restriction of —uq » to U is a barrier for U at 0. If
n = 2, then barriers for broader classes of open sets are discussed on p251 of [7].



Chapter 12

Some distribution theory

12.1 Fundamental solutions

Let n be a positive integer, and let u, v be complex-valued functions on R, at
least one of which has compact support in R"™. If « is a multi-index, and if u,
v are |al-times continuously differentiable on R™, then

n

(12.1.1) /n(ﬁau)(x)v(x)dz:(—l)la‘/ u(z) (0°0)(z) da,

by integration by parts.
Let N be a nonnegative integer, and let

(12.1.2) p(w) = Z o W

|| <N

be a polynomial in the n variables wy, . .., w, of degree less than or equal to N,
and with complex coefficients a,. Put

(12.1.3) plw) =p(-w) = Y (- aqw®,
la|<N

which is another polynomial in wsq,...,w, of degree less than or equal to n
with complex coefficients, as appropriate. Using these polynomials, we get cor-

responding differential operators p(9d) and p(d), as in Section 1.7. If w, v are
N-times continuously differentiable on R"™, then

n

(12.1.4) /n(p(ﬁ)u)(x) v(x) dz :/ u(z) (p(0)v)(x) dx,
because of (12.1.1).

280
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12.1.1 Fundamental solutions of p(9)

A complex-valued function E on R" is said to be a fundamental solution of p(9)
if
(12.1.5) / E(z) (p(0)v)(x) dz = v(0)

for every smooth function v on R"™ with compact support. This is interpreted
as meaning that (p(9))(E) is the Dirac delta function dy associated to 0, in the
sense of distributions. More precisely, this can be extended to distributions F
on R™. If p # 0, then a famous theorem of Ehrenpreis and Malgrange states
that p(9) has a fundamental solution on R", which may be a distribution. See
[64, 75, 82, 217, 243, 250, 287] for more information.

A fundamental solution for the Laplacian is given by the function N defined
in Section 6.8. A fundamental solution for the heat operator

0
12.1.6 ——A
( ) o
is given by the heat kernel. Once one has a fundamental solution E for p(9),
one can solve

(12.1.7) (P(9)(u) = f

by convolving F¥ with f under suitable conditions, in the sense of distributions.
If f is a smooth function with compact support on R™, then this gives a smooth
solution w of (12.1.7).

Some basic aspects of distribution theory will be discussed in the next sec-
tions, and some additional references about this include [23, 78, 79, 81, 102, 132,
152, 181, 200, 267, 272, 280, 313].

12.2 Spaces of test functions

Let n be a positive integer, and let U be a nonempty open subset of R". Re-
member that a real or complex-valued function f on U is said to have compact
support in U if there is a compact set £ C R™ such that £ C U and f = 0
on U\ E, as in Subsection 1.9.2. Note that the union of two compact subsets
of R"™ is compact too. Using this, it is easy to see that the sum of two real or
complex-valued functions on U with compact support in U has compact support
in U as well.

Let Ceom (U, R), Ceom (U, C) be the spaces of continuous real and complex-
valued functions on U with compact support, respectively. These are linear
subspaces of the spaces C(U,R), C(U,C) of all continuous real or complex-
valued functions on U, as vector spaces over the real and complex numbers,
respectively. Similarly, if k is a positive integer, then let CX (U, R), C% (U, C)
be the spaces of k-times continuously-differentiable real and complex-valued
functions on U with compact support. It is sometimes convenient to use the
same notation with & = 0 for the analogous spaces of continuous functions,
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as before. The spaces of smooth real or complex-valued functions on U with
compact support are denoted C°, (U, R), C2 (U, C).

com com

Equivalently,
(12.2.1) ck (UR) = CHUR)NCrom(U,R),
(12.2.2) ck (U,C) = C*U,C)NCeom(U,C)

for every k > 1. These are linear subspaces of C*(U,R) and C*(U, C), respec-
tively. Similarly,
(12.2.3) C® (UR) = C®(U,R)NCom(U,R),

com
(12.2.4) cx (U,C) = C®U,C)NCeom(U,C),
which are linear subspaces of C*°(U,R) and C*°(U, C), respectively.

If f is a real or complex-valued function on U, then we can extend f to a
function on R, simply by putting f = 0 on R*\U. If f is a continuous function
on U with compact support in U, then this extension of f to R™ is continuous
too. Similarly, if f is k-times continuously differentiable on U for some k£ > 1,
or if f is smooth on U, and f has compact support in U, then this extension
has the analogous property on R”.

If f is a continuously-differentiable real or complex-valued function on U with
compact support in U, then it is easy to see that the partial derivatives of f have
compact support in U as well. If « is a multi-index and || < k, then 0% defines

linear mappings from CX (U, R), C¥ (U, C) into k! (U,R), ckle! (U,C),
respectively. Similarly, 9% defines linear mappings from C2 (U, R), C% (U, C)
into themselves.

If f, g are continuous real or complex-valued functions on U, then it is well
known that their product f g is continuous on U. If f and g are both k-times
continuously differentiable on U, or both smooth on U, then f g has the same
property. If either f or g has compact support in U, then fg has compact
support in U.

Smooth functions on U with compact support in U are also known as test

functions on U.

12.3 Distributions

A linear functional on a vector space V over the real or complex numbers is a
linear mapping from V into R or C, as appropriate. Let n be a positive integer,
and let U be a nonempty open subset of R"™. A distribution on U is a linear
functional on the space CS3, (U, C) of complex-valued test functions on U that
is continuous in a certain sense. Before describing the continuity condition, let
us mention some basic examples.

Let f be a continuous complex-valued function on U. If ¢ is a test function

on U, then put
(12.3.1) 3(6) = [ f@) o).
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The right side may be interpreted as a Riemann integral over any suitable region
that contains the support of ¢. This defines a linear functional on C22. . (U, C).
One can check that A;(¢) = 0 for every test function ¢ on U only when f =0
on U. This implies that f is uniquely determined by Ay on C25,, (U, C).

Similarly, if f is a complex-valued function on U that is locally integrable
on U with respect to Lebesgue measure, then the right side of (12.3.1) may
be interpreted as a Lebesgue integral. In this case, one can show that f is
determined almost everywhere on U with respect to Lebesgue measure by Ay
on C. (U, C).

If z € U, then
(123.2) 52(6) = B()

defines a linear functional on CS, (U, C). This is the Dirac distribution on U
associated to z.

12.3.1 Convergent sequences of test functions

The continuity condition used to define distributions can be described in terms
of a suitable notion of convergent sequences of test functions. Let {¢;}32; be a
sequence of test functions on U, and let ¢ be another test function on U. We
say that

(12.3.3) {#;}721 converges to ¢ in Cgy,, (U, C)

if the following two conditions hold. First, there is a compact set £ C R"™ such
that £ C U and
(12.34) $»;j=00nU\FE

for every j > 1. Second, for every multi-index «, we have that

(12.3.5) {0%¢;}52, converges to 9”¢ uniformly on U.
In particular, we can take oo = 0, to get that {¢; 521 converges to ¢ uniformly
on U. It follows that

(12.3.6) ¢p=00onU\E,

because of (12.3.4).

12.3.2 The continuity condition

A linear functional A on C5, (U, C) is said to be a distribution on U if for every

com

sequence {¢; 521 of test functions on U that converges to a test function ¢ on
U, in the sense described in the preceding paragraph, we have that

(12.3.7) lim A(¢;) = \(@).

j—o0

Alternatively, there is a standard topology defined on CZ3, (U, C), and it is

com

well known that a linear functional on CS5 (U, C) is continuous with respect

to this topology if and only if it satisfies this continuity condition in terms



284 CHAPTER 12. SOME DISTRIBUTION THEORY

of convergent sequences. More precisely, one can show that convergence of
sequences in C29 (U, C) with respect to this topology is equivalent to the notion
of convergence mentioned in the preceding paragraph. In particular, this implies
that continuity with respect to this topology on Cg5. (R"™, C) automatically
implies the sequential continuity condition (12.3.7). It is well known that the
converse holds for linear functionals, but this is more complicated in this case
than for metric spaces, for instance.

The space of distributions on U may be denoted
(12.3.8) cx (U,C).

This is a vector space over the complex numbers, with respect to pointwise
addition and scalar multiplication of linear functionals on C5,, (U, C).

If f is a continuous complex-valued function on U, or a locally integrable
function on U with respect to Lebesgue measure, then it is easy to see that
(12.3.1) defines a distribution on U. In this case, it is enough to take & = 0 in
(12.3.5). We also have that

(12.3.9) f Ap
is a linear mapping from C(U, C) into C22, (U, C)’, or from the space of locally

com

integrable functions f on U into C2 (U, C)’. It is very easy to see that the

com
Dirac distribution associated to x € U is indeed a distribution on U.

12.4 Some basic properties of distributions

Let n be a positive integer, and let U be a nonempty open subset of R™. Suppose
that {¢; 72 is a sequence of test functions on U that converges to a test function
¢ on U, in the sense described in the previous section. This implies that

(12.4.1) {019;}52, converges to 0;¢

in the same sense for each [ = 1,...,n. Similarly, if a is a smooth complex-
valued function on U, then one can check that

(12.4.2) {a¢;}72, converges to a ¢

in this sense as well. This uses the fact that a and its derivatives of any order
are bounded on any compact subset of R™ that is contained in U.

12.4.1 Differentiating distributions
Let X be a distribution on U, and for each [ = 1,...,n, put
(12.4.3) (GiA)(¢) = —A(0i9)

for every test function ¢ on U. It is easy to see that this defines a distribution
on U, which is considered as the partial derivative of A in the [th variable. If
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f is a continuously-differentiable complex-valued function on U, and Ay is the
distribution associated to f as in (12.3.1), then

(12.4.4) AAf = Aoy

is the distribution associated to 0;f on U. This basically corresponds to inte-
gration by parts. More precisely, this works when f is a continuous function
on U such that the partial derivative df/0x; in the Ith variable exists at every
point in U, and is continuous on U.

It is easy to see that

(12.4.5) 0; () = 01(0;A)

for each j,I = 1,...,n, using the analogous statement for smooth functions. If
« is any multi-index, then one can differentiate A\ repeatedly, to get that
(12.4.6) (0°N)(¢) = (~=1)*IA(9%¢)

for all test functions ¢ on U. If f is an |a|-times continuously-differentiable
complex-valued function on U, and Ay is the distribution on U associated to f
as before, then

(12.4.7) 0%A\f = Aoa g

is the distribution associated to 0% f on U.

12.4.2 Multiplying distributions by smooth functions

If a is a smooth complex-valued function on U, then put

(12.4.8) (a)(®) = Aad)

for every test function ¢ on U. This defines a distribution on U, which is
considered as the product of @ and A. If f is a continuous or simply locally-
integrable complex-valued function on U, then

(12.4.9) a )\f = )\af

is the distribution on U associated to the usual product a f of ¢ and f on U.
One can check that
(12.4.10) di(aN) = (Ga) AN+ a (9N,

as distributions on U, using the usual product rule for partial derivatives of
smooth functions on U.

12.4.3 Real-valued distributions

One may consider A to be real-valued as a distribution on U if

(12.4.11) A¢) €R
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for every real-valued test function ¢ on U. In this case, one may say that A is
nonnegative as a distribution on U, or

(12.4.12) A >0,
if
(12.4.13) A(¢) >0

for every nonnegative real-valued test function ¢ on U. If X is the distribution
associated to a continuous function f on U, then these conditions correspond
to their usual versions for f. If f is locally integrable with respect to Lebesgue
measure, and not necessarily continuous, then the analogous conditions on f
should be interpreted as holding almost everywhere with respect to Lebesgue
measure, as usual.

12.5 Using a fixed compact set

Let n be a positive integer, and let K be a nonempty compact subset of R™.
Consider the space C(R", C) of smooth complex-valued functions ¢ on R"™
such that

(12.5.1) supp ¢ C K.
Equivalently, this means that

(12.5.2) ¢p=0on R"\ K.

smooth complex-valued functions on R™ with compact supcsg;t, as a vector
space over the complex numbers.

Let {¢;}32, be a sequence of elements of CF°(R",C), and let ¢ be another
element of CF(R™, C). Let us say that {¢;}72; converges to ¢ in CF(R",C)
if for every multi-index «,

Note that C2(R"™,C) is a linear subspace of the space C%, (R™, C) of all

(12.5.3) {0%¢;}572, converges to 0”¢ uniformly on K.

Let A be a linear functional on C(R™,C). We can use the notion of
convergent sequences in C(R™, C) described in the preceding paragraph to
define a natural continuity condition for A. This condition asks that

(12.5.4) lim A(¢;) = ()

j—o0

for every sequence {¢;}%2, of elements of C7°(R",C) that converges to an
element ¢ of C%°(R™, C) in this sense.
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12.5.1 Another characterization of continuity

Alternatively, there is a standard topology defined on C%(R"™,C), for which
convergence of sequences is equivalent to the notion of convergence mentioned
before. In this case, one can get the equivalence between continuity and sequen-
tial continuity more directly. In particular, the continuity condition for a linear
functional mentioned in the preceding paragraph is equivalent to continuity with
respect to this topology.

One can show that A is continuous on C%(R"™, C) with respect to this topol-
ogy if and only if there are a nonnegative real number C' and a nonnegative
integer N such that

(12.5.5) M@ <C Y (max|@°9)@)])

lal<N

for every ¢ € C2(R™, C). The sum on the right is taken over all multi-indices
a with |a| < N, as usual. This condition implies that (12.5.4) holds whenever
(12.5.3) holds for all such multi-indices.

12.6 Compact sets in open sets

Let n be a positive integer, and let U be a nonempty open subset of R™. Every
element of C25. (U, C) can be extended to an element of C*°(R™, C), by putting

com

it equal to 0 on R™\U, as in Section 12.2. Using this, we can identify C2°_ (U, C)

com

with a linear subspace of C% (R™, C). With this identification, C25,. (U, C)
corresponds to the union of C32(R™, C) over all nonempty compact subsets K

of R™ such that K C U.

If K is a nonempty compact subset of R™ that is contained in U, then
a convergent sequence in C(R™, C), in the sense described in the previous
section, may be considered as a convergent sequence in C2 (U, C), in the sense

of Subsection 12.3.1. Conversely, any convergent sequence in C25 (U, C), in the
sense of Subsection 12.3.1, corresponds to a convergent sequence in C¥(R"™, C)

for some nonempty compact subset K of R™ that is contained in U.

Let A be a linear functional on C25, (U,C). If K is a nonempty compact
subset of R" that is contained in U, then the restriction of A to C(R"™, C)
defines a linear functional on that vector space. Observe that A satisfies the
continuity condition on C25,, (U, C) described in Subsection 12.3.2 if and only
if the restriction of A to C%(R™, C) satisfies the continuity condition described
in the previous section for every nonempty compact subset K of R™ that is
contained in U. This follows from the remarks about convergent sequences in

the preceding paragraph.



288 CHAPTER 12. SOME DISTRIBUTION THEORY

12.6.1 Some sequences of compact sets
It is not too difficult to show that there are sequences {K;}22; of nonempty
compact subsets of R™ such that
(12.6.1) Uk, =U
j=1
and K is contained in the interior of K;;; for each j. If K is any compact
subset of R™ that is contained in U, then it follows that
(12.6.2) K C K,

for some j. This implies that CS5 (U, C) corresponds to

com
(12.6.3) Ucx ®0),
j=1

as a linear subspace of C, (R", C).

12.7 The Schwartz class

Let n be a positive integer. The Schwartz class S(R™) is the space of smooth
complex-valued functions f on R™ such that

(12.7.1) (8% f)(x)
is bounded on R™ for all multi-indices «, 5. Equivalently, this means that
(12.7.2) (L+ [ |07 f)()]

is bounded on R™ for every nonnegative integer k and multi-index 8. It is easy
to see that S(R™) is a linear subspace of the space C*°(R™, C) of all complex-
valued smooth functions on R"™, as a vector space over the complex numbers.

12.7.1 Some basic properties of S(R")

Clearly

(12.7.3) ce L (R",C) C S(R™).

If a is a positive real number and b € C", then one can check that
(12.7.4) exp(—alz|* +b-2) € S(R™).

If f e S(R™) and ¢ € R™, then one can verify that

(12.7.5) fx+c) e S(RM).

It is easy to see that
(12.7.6) J'f e SR")

for every multi-index v in this case too.



12.8. TEMPERED DISTRIBUTIONS 289

12.7.2 Multilication by polynomials

If f € S(R™) and p is a polynomial on R™ with complex coefficients, then one
can check that

(12.7.7) pfeSRY.

More precisely, this holds for smooth complex-valued functions p on R™ with
the following property. If + is any multi-index, then we ask that 07p has at
most polynomial growth at infinity on R™. This means that for every such -,
there are a nonnegative real number C'(y) and a nonnegative integer N (v) such
that

(12.7.8) (07p) ()] < C(y) (1 + |a>)N O

for every x € R™. Of course, polynomials on R™ satisfy these conditions.

12.7.3 Convergence of sequences in S(R")

Let {f;}32, be a sequence of elements of S(R"), and let f be another element
of S(R"). We say that {f;}52; converges to f in S(R") if for every pair of
multi-indices «, S,

(12.7.9) 2% (9P f;)(x) = x® (0P f)(x) as j — oo,

uniformly on R”. This is the same as saying that for every nonnegative integer
N and multi-index 3,

(12.7.10) (L+ =N 17 f;)(x) = (87 f)(x)] = 0 as j — oo,

uniformly on R". This is also equivalent to the convergence of {f;}52, to f with
respect to a standard topology on S(R™). Note that a convergent sequence
in C%,,(R™,C), in the sense described in Subsection 12.3.1, converges as a
sequence in S(R™).

If {f;}52; converges to f in S(R™), then it is easy to see that {07 f;}52,
converges to 07 f in S(R™) for every multi-index «. If p is a smooth complex-
valued function on R™ whose derivatives of all orders grow at most polynomially
on R", as before, then one can check that {p f;}52, converges to p f in S(R").
In particular, this holds when p is a polynomial on R™.

12.8 Tempered distributions

Let n be a positive integer, and let A be a linear functional on S(R™). Let us
say that A is continuous on S(R") if for every sequence {¢;}52, of elements of
S(R™) that converges to an element ¢ of S(R™), in the sense described in the
previous section, we have that

(12.8.1) lim A(¢;) = A(6).

Jj—o0
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This is equivalent to the continuity of ¢ with respect to the standard topology on
S(R™), which was mentioned in the previous section. Under these conditions,
A is said to be a tempered distribution on R™. The space

(12.8.2) S(R"™)

of tempered distributions on R is a vector space over the complex numbers,
with respect to pointwise addition and scalar multiplication of linear functionals
on S(R™).

12.8.1 Some examples of tempered distributions

Let f be a continuous complex-valued function on R", and suppose that f grows
at most polynomially on R™, so that

(12.8.3) [f(@)] < C A+ |z

for some nonnegative real number C, nonnegative integer k, and every x € R™.
If p € S(R™), then put

(12.8.4) M6)= [ @) ol)dr,

where the right side may be defined as in Subsection 7.2.3. One can check that
this defines a tempered distribution on R"™. More precisely, this works when

(12.8.5) fl) (14 |z

is integrable on R™ for some nonnegative integer [. This also works when f is a
locally integrable function on R™ with respect to Lebesgue measure such that
(12.8.5) is integrable, in which case (12.8.4) should be interpreted as a Lebesgue
integral.

12.8.2 Derivatives and some products

One can define derivatives of tempered distributions in the same way as in Sec-
tion 12.4. Let p be a smooth complex-valued function on R™ whose derivatives
of all orders grow at most polynomially, as in the previous section. If X is any
tempered distribution on R", then

(12.8.6) (PA) () = A(p o)

defines another tempered distribution on R™. If f is as in the preceding para-
graph, then p f satisfies an analogous condition, so that A, is defined as a
tempered distribution on R™ too. Of course,

(12.8.7) PAF =X

as tempered distributions on R™.
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12.8.3 Comparison with ordinary distributions

If A is a tempered distribution on R"™, then it is easy to see that

(12.8.8) the restriction of A to Cgy

com

(R, C) defines a distribution on R".
It is well known that

(12.8.9) X is uniquely determined by its restriction to Cgs,, (R", C).

com

More precisely,
(12.8.10) Cc (R™,C) is dense in S(R"),

com
with respect to the standard topology on S(R™). Equivalently, this means that
if ¢ € S(R"), then there is a sequence {¢;}32; of elements of Cg5,, (R") that
converges to ¢ in S(R™). The ¢;’s can be obtained by multiplying ¢ by suitable
smooth functions on R™ with compact support, which are equal to 1 on large
bounded subsets of R™.

Of course, if € R", then 6,(¢) = ¢(x) defines a tempered distribution
on R™, which is another version of the Dirac distribution associated to x. See
[175, 264, 268] for more information about the Schwartz class and tempered
distributions, in addition to the references about distributions mentioned in
Section 12.1.

12.9 More on S(R"), S(R")

Let n be a positive integer, let f be an element of the Schwartz class S(R™),
and let ¢ € R™ be given. One can check that f(z + ¢) € S(R"™), as a function
of x € R™, as mentioned in Subsection 12.7.1. More precisely, if a and [ are
multi-indices, then the boundedness of

(12.9.1) 2% (9% f) (= + ¢)

on R is equivalent to the boundedness of

(12.9.2) (=) (07 f)(x)

on R". This can be obtained from the boundedness of

(12.9.3) z7 (0% f)(x)

on R", for multi-indices v with v; < «; for each j = 1,...,n. This argument

also shows that one can get a bound for the absolute value of (12.9.1) on R™
that grows at most polynomially in |c|.
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12.9.1 A boundedness condition

Let A be a linear functional on S(R™). Suppose that there are a nonnegative
real number C' and nonnegative integers N1, Ny such that

(12.9.4) Aol<e 3 Y (s (076)())

n
la|<Ny |B]<Np "R

for every ¢ € S(R™). Here the first sum is taken over all multi-indices o with
|| < N7, and the second sum is taken over all multi-indices 8 with |8| < N, as
usual. Under these conditions, one can check that X is a tempered distribution
on R™.

In fact, let {¢;}32, be a sequence of elements of S(R"), and let ¢ be another
element of S(R™). Suppose that

(12.9.5) (0P 9)(x) — 2 (0°¢)(x) as j — oo,

uniformly on R", for all multi-indices «, 8 with |a| < Ny and || < Na. If
(12.9.4) holds, then it is easy to see that A(¢;) — ¢ as j — oo.

Conversely, if X is a tempered distribution on R, then it is well known that
(12.9.4) holds for some C, N1, No > 0. This can be obtained from the continuity
of X at 0, with respect to the standard topology on S(R").

12.9.2 Covergence of sequences of translates

Let f be a continuous complex-valued function on R", and let {cj}‘f:l be a
sequence of elements of R™ that converges to 0. Put

(12.9.6) fi(x) = flz+¢)
for each x € R™ and j > 1. Note that
(12.9.7) fi—fasj—o0

pointwise on R, because f is continuous on R™. More precisely, one can check
that (12.9.7) holds uniformly on compact subsets of R™, because continuous
functions are uniformly continuous on compact sets. If f is uniformly continuous
on R™, then (12.9.7) holds uniformly on R™.

If f is smooth on R", then for each multi-index «,

(12.9.8) 0%f; — 0% f as j — o0,

uniformly on compact subsets of R™. If f has compact support in R", then one
can verify that there is a compact subset of R™ that contains the supports of f
and f; for each j.

If f e S(R"), then f; € S(R") for each j, as before. In this case, it is
not too difficult to show that (12.9.7) holds in S(R"), in the sense defined in
Subsection 12.7.3.
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12.10 Some convolutions

Let n be a positive integer, and let U be a nonempty open subset of R™. If
a € R® and E C R"”, then put

(12.10.1) a+FE={a+x:2€FE}
and
(12.10.2) —E={-z:x€FE}

Similarly, we put a — E = a + (—E).
Let K be a nonempty compact subset of R", and put

(12.10.3) V={acR":a—KCU}

One can check that this is an open subset of R™, because U is an open set.
If ¢ is a complex-valued function on R™, then put

(12.10.4) o(y) = ¢(—y)

for every y € R™. Also let 7,(¢) be the complex-valued function on R™ defined
by

(12.10.5) (Ta(9))(y) = ¢y — a)
for every y € R™. Thus B
(12.10.6) (7a(0))(y) = d(a —y)

for every y € R".
Suppose now that ¢ is smooth on R"™, with

(12.10.7) supp¢ C K,

and let A be a distribution on U. Observe that

(12.10.8) Supp 74(¢) = a — supp ¢

for every a € R". In particular, if a € V', then

(12.10.9) supp 74 (¢) C U.

Under these conditions, the convolution of A and ¢ is the complex-valued
function A * ¢ defined on V' by

(12.10.10) (A% 0)(a) = M7a(9)).
If b € R”, then
(12.10.11) (06 * ¢)(a) = ¢(a —b)

for every a € R™, by (12.10.6).
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12.10.1 Some properties of these convolutions

If {qa; };’;1 is a sequence of elements of V' that converges to a € V, then one can
check that
(12.10.12) lim (A x ¢)(a;) = (A * ¢)(a).
Jj—o0
Equivalently, this means that

(12.10.13) lim A(7a, () = M7a(9))-

Jj—o0

This implies that A x ¢ is continuous on V.

It is well known and not too difficult to show that the first partial derivatives
of \ * ¢ exist on V', with
(12.10.14) (A * @) = A (0,0)

for each [ = 1,...,n. One can use this repeatedly, to get that A x ¢ is smooth
on V, with
(12.10.15) (A *xd) = A*(0%9)

on V for each multi-index «.
One can verify that
(12.10.16) Ax (0%)) = (0“N\) x ¢

on V for every multi-index «. It follows that
(12.10.17) O%(Ax @) = (0N) x ¢

on V, by (12.10.15).

12.10.2 Some convolutions with tempered distributions

If p € S(R™) and A € S(R™)’, then A% ¢ can be defined on R™ as in (12.10.10).
It is well known that this satisfies the same type of properties as before.
In this case, one can also show that

(12.10.18) A% ¢ grows at most polynomially on R",
using the remarks in the previous section. More precisely,
(12.10.19) the derivatives of X ¢ of all orders grow at most polynomially

too.

12.11 Local solvability

Let n be a positive integer, and let p(w) be a nonzero polynomial on R™ with
complex coefficients. As in Subsection 12.1.1, a theorem of Ehrenpreis and
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Malgrange states that there is a distribution £ on R"™ that is a fundamental
solution of p(d), in the sense that

(12.11.1) p(0)(E) = dp.
Let f € C2,,(R™, C) be given, and put
(12.11.2) u=FExf,

which is a smooth complex-valued function on R™, as in the previous section.
Under these conditions, we have that

(12.11.3) (P(9)(u) = (PO))(E) = f =bo* f = f
on R”, as mentioned earlier.
Let
(12.11.4) L= Y an(x)0"
la|<N

be a differential operator whose coefficients a,(z) are smooth complex-valued
functions on R™. Here N is a nonnegative integer, and the sum is taken over
all multi-indices o with |a| < N, as usual. We say that L is locally solvable at
a point g € R" if for any smooth complex-valued function f on R'™ there is a
function (or distribution) u on a neighborhood of zy in R™ that satisfies

(12.11.5) L(u)=f

on that neighborhood, as in Section F of Chapter 1 of [75]. We may as well take
f to have compact support in R™, as in [75], since otherwise we can multiply
f by a smooth function on R™ with compact support that is equal to 1 on a
neighborhood of zy. Similarly, we could start with any smooth complex-valued
function fy defined on a neighborhood of xy in R", and get a smooth function
on R™ with compact support that is equal to fo on neighborhood of xg.

If the coefficients of L are constants, not all equal to 0, then the theorem of

Ehrenpreis and Malgrange implies that L is locally solvable at every point in
R™. If

(12.11.6) f and the coefficients a, are real-analytic near z,
and if
(12.11.7) ao(zg) #0

for some multi-index o with |o| = N, then one can get real-analytic solutions
to (12.11.5) near xo using a famous theorem of Cauchy and Kovalevskaya, as
mentioned near the beginning of Section E of Chapter 1 of [75]. This theorem
is discussed in Section 4.6.3 of [70], Section D of Chapter 1 of [75], and Section
2.8 of [169].

There is a famous example of H. Lewy of a first-order differential operator
on R? whose coefficients are constants or linear functions, and for which local
solvability does not hold. See Section E of Chapter 1 of [75] for more information.
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12.12 Sequences of distributions

Let n be a positive integer, and let U be a nonempty open subset of R™. A
sequence {\;}22, of distributions on U is said to converge to a distribution A
on U if
(12.12.1) lim Xj(¢) = A(¢)

J]—o0
for every ¢ € C2. (U, C). More precisely, this is the same as convergence with
respect to the “weak* topology” on C (R™, C)'.

com

12.12.1 Convergence of derivatives and products
In this case, it is easy to see that
(12.12.2) {07152, converges to 9%\

in the same sense for every multi-index «. Similarly, if ¢ is a smooth complex-
valued function on U, then

(12.12.3) {aX;}52, converges to a A

in this sense.

12.12.2 Some examples of convergent sequences

Let {f;}32; be a sequence of continuous complex-valued functions on U that
converges to a complex-valued function f uniformly on compact sets contained
in U. Under these conditions, it is easy to see that the corresponding sequence
of distributions {Af,}52,, as in Section 12.3, converges to the distribution A;
corresponding to f, in the sense considered here. This also works when {f; }‘;‘;1
is a sequence of locally-integrable functions on U that converges to a locally-
integrable function f on U with respect to the L' metric on any compact set
contained in U.

12.12.3 A boundedness condition for sequences

Let {); }‘;’;1 be a sequence of distributions on U again, and suppose for the
moment that for each ¢ € C2 (U, C),

com

(12.12.4) {Ai(9)}52, is a bounded sequence in C.

Let K be a nonempty compact subset of R™ that is contained in U. A famous
theorem of Banach and Steinhaus implies that there are a nonnegative real
number C(K) and a nonnegative integer N(K) such that

(12.12.5) M@l <oE) Y (max|@°6)@))
lo| SN (K)

for each j > 1 and ¢ € CP(R™,C). This uses the well-known fact that
C®(R™, C) is a “Fréchet space”.
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12.12.4 Limits of sequences of distributions

Suppose now that for each ¢ € CS, (U, C),
(12.12.6) {Ai(9)}52, converges in C.

This implies (12.12.4), because convergent sequences are bounded. If X is defined
on C. (U,C) as in (12.12.1), then it is easy to see that A is a linear functional

com

on C..(U,C). We also have that

com

(12.12.7) @I <CE) Y (max|(@9)(@))
|| SN (K)

for every nonempty compact set K contained in U and ¢ € C¥(R", C), where
C(K) and N(K) are as in the preceding paragraph. This implies that

(12.12.8) A is a distribution on U,

as in Section 12.6. Thus {);}52; converges to A in the sense described at the
beginning of the section. This corresponds to Theorem 6.17 on pl46 of [250].

12.12.5 Convergent sequences of tempered distributions

Similarly, a sequence {\; };‘;1 of tempered distributions on R" is said to converge
to a tempered distribution A on R™ if (12.12.1) holds for every ¢ in S(R™). This
is the same as convergence with respect to the weak* topology on S(R™)’, as
before.

If o is a multi-index, then it follows that {9%\;}7_; converges to 9%\ in the
same sense. If a is a smooth complex-valued function on R™ such that a and all
of its derivatives grow at most polynomially on R™, then {a \; }3’11 converges
to a A in this sense too.

12.12.6 Some sequences of tempered distributions

Let {f; }J“;l be a sequence of complex-valued functions on R™, let f be another
complex-valued function on R"™, and let [ be a nonnegative integer. Suppose
that the f;’s and f are continuous on R"™, or at least locally integrable, and
that the products f;(z) (1+ |2[?)~! and f(z) (1 + |=|>)~! are integrable on R".
Thus we get tempered distributions Ay, Ay on R", as in Subsection 12.8.1. If

(12.12.9) lim |fi(x) — f(z)] (14 |z][*) "' dz =0,

J—70 JRrn

then it is easy to see that {Ay;}32, converges to Ay, as tempered distributions
on R™.
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12.12.7 Bounded sequences of tempered distributions

Suppose that {\; }‘;‘;1 is a sequence of tempered distributions on R” that satis-
fies (12.12.4) for every ¢ € S(R™). One can use the Banach—Steinhaus theorem
to get that there are a nonnegative real number C' and nonnegative integers Ny,
N5 such that

(12.12.10) pl<c > > (Sup |z 5%)(»@)0

la|<N: |B|<N, “ER"

for each j > 1 and ¢ € S(R™). This uses the fact that S(R") is a Fréchet space
too.

Suppose that (12.12.6) holds for every ¢ € S(R™), so that (12.12.4) holds
in particular, as before. This permits us to define A as a linear functional on
S(R™) by (12.12.1). Note that

(12.12.11) ol<c > Y (swp 22 (90)@)))

la|<Ny |BI<N2

for every ¢ € S(R™), by (12.12.10). This implies that A is a tempered distribu-
tion on R™, as in Subsection 12.9.1.



Chapter 13

Vector-valued functions and
systems

13.1 Vector-valued functions

Let n and [ be positive integers, and let U be a nonempty open subset of R"™.
If f1,..., fi are real or complex-valued functions on U, then

(13.1.1) f(@) = (fr(2), .., filx))

defines a mapping from U into R! or C!, as appropriate. The continuity of f
on U can be defined in the usual way, using the standard Euclidean metrics on
R" and on R'! or C!, as appropriate. It is well known and not difficult to show
that this is equivalent to the continuity of fi,..., f; as real or complex-valued
functions on U, as appropriate.

The spaces of continuous functions on U with values in R! and C' may be
denoted
(13.1.2) C(U,RY) and C(U, CY),

respectively. These are vector spaces over the real and complex numbers, respec-
tively, with respect to pointwise addition and scalar multiplication of functions.
These spaces may be identified with the spaces

(13.1.3) C(U,R)! and C(U, C)!

of I-tuples of elements of C'(U,R) and C(U, C), respectively.

13.1.1 Differentiability of vector-valued functions

One can define partial derivatives of f, when they exist, in the usual way, using
the standard Euclidean metric on R! or C!, as appropriate. This is equivalent to
the existence of the corresponding partial derivative of f; for each j =1,...,1,
in which case the jth component of the partial derivative of f is equal to the

299
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corresponding partial derivative of f;. Similarly, the continuous differentiability
of f on U can be defined directly, and is equivalent to the continuous differen-
tiability of f; on U for each j = 1,...,l. If k is any positive integer, then the
k-times continuous differentiability of f on U can be defined directly as well,
and is equivalent to the k-times continuous differentiability of f; on U for each
j=1,...,1. If fis k-times continuously differentiable on U for every k > 1,
then f is said to be infinitely differentiable or smooth on U, as before.

13.1.2 Spaces of vector-valued functions

Let
(13.1.4) C*(U,R!) and C*(U, CY)

be the spaces of k-times continuously differentiable functions on U with values
in R! and C', respectively, for each k£ > 1. We may use the same notation with
k = 0 for the corresponding spaces of continuous functions, as before. Note
that these are linear subspaces of C(U, R!) and C(U, C'), respectively, as vector
spaces over the real and complex numbers, as appropriate, for each k. We may
identify these space with the spaces

(13.1.5) Cc*(U,R)! and C*(U, C)!

of I-tuples of elements of C*(U, R) and C*(U, C), respectively, as usual.
Similarly,
(13.1.6) C*®(U,R!) and C>=(U, C")

denote the spaces of smooth functions on U with values in R! and C!, respec-
tively. These are linear subspaces of C*(U, R!) and C*(U, C'), respectively, for
each k. We may identify these spaces with the spaces

(13.1.7) C*°(U,R)! and C*°(U, C)!
of I-tuples of elements of C*°(U,R) and C*° (U, C), respectively, as before.

13.2 Matrix-valued functions

Let Iy, I be positive integers, and let
(13.2.1) L(R'" Rl2), £(Ch, ChR)

be the spaces of linear mappings from R, C into R!2, C'2, respectively, as
vector spaces over the real and complex numbers. Note that these are vector
spaces over the real and complex numbers, respectively, with respect to point-
wise addition and scalar multiplication of linear mappings. Of course, these
linear mappings can be represented in terms of matrices of real or complex
numbers, as appropriate, in the usual way. One can use this to identify these
spaces with

(13.2.2) Rl Cchlz,

respectively.
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13.2.1 Continuity and differentiability properties

Let n be a positive integer, and let U be a nonempty open subset of R™. Suppose
that a(z) is a function of z € U with values in L(R!*, R!2) or £(C!*, C!2). This
can be identified with a function on U with values in R 2 or C !2, as appropri-
ate, as before. In particular, this can be used to define the usual continuity and
differentiability properties of a(x) on U, using the standard Euclidean metric on
R or Chlz) as appropriate. This is equivalent to the analogous continuity
or differentiability properties of the [y - I3 real or complex-valued functions on
U corresponding to the matrix entries of a(x).

A version of this was mentioned in Section 5.15, for functions defined on an
interval in the real line. Similarly, if v € Rt or C!, as appropriate, then

(13.2.3) (a(z))(v)

defines a function of x € U with values in R'? or C'2, as appropriate. Continuity
or differentiability properties of a(x) on U are also equivalent to the analogous
properties of (13.2.3) holding for every v € R" or C!', as appropriate, as a
function of z € U with values in R*2 or C'2, as appropriate.

13.2.2 Using vector-valued functions v(z) on U

Suppose that v(x) is a function on U with values in R* or C", as appropriate,
so that

(13.2.4) (a(z))(v(x))

is a function on U with values in R!? or C'2, as appropriate. If a(x) and
v(x) satisfy suitable continuity or differentiability properties on U, then (13.2.4)
satisfies the same property on U, as in Section 5.15. In particular,

(1325)  F(a(@)(e(w) = (F@) 0e) + () (5 @)

when the partial derivatives of a(z) and v(z) exist, as before.

13.2.3 Products of matrix-valued functions

Let Iy be another positive integer, and let b(x) be a function of x € U with
values in L(R!,R") or £(Clo, C"), as appropriate. If € U, then let

(13.2.6) a(z) b(zx)

be the composition of b(x) with a(x) as linear mappings, which defines an ele-
ment of L(R!,R') or £L(Clo,C!2), as appropriate. Of course, this corresponds
to multiplication of the matrices associated to b(x) and a(z). If a(z) and b(x)
satisfy suitable continuity or differentiability properties on U, then (13.2.6) sat-
isfies the same property on U, as before. In particular,

1327)  G(al)Ha) = (50-(0) o) + ate) (5

when the partial derivatives of a(z) and b(z) in z; exist.
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13.3 Matrix-valued coefficients

Let l1, l2, and n be a positive integer, and let U be a nonempty open subset of
R"™. Also let NV be a nonnegative integer, and for each multi-index a with order
|a| < N, let a, be a function on U with values in L(R!*, R!2) or £(C!t, C!2). If
u is an N-times continuously-differentiable function on U with values in R" or
C't, as appropriate, then let L(u) be the function on U with values in R’ or
C'2, as appropriate, defined by

(13.3.1) (Lw)(z) = Y (aa(2))((0%u)(z))
la| <N

for every x € U. More precisely, if x € U and « is a multi-index with |a| < N,
then

(13.3.2) (0%u)(x)
is an element of R or Ch,
(13.3.3) aa(2)

is an element of £(R!*, R!2) or £(Ch,C!2), and
(13.3.4) (@0 (2))((0%u)(2))

is an element of R or C'2, as appropriate.
Suppose that

(13.3.5) aq is r-times continuously differentiable on U

for some nonnegative integer r, and each multi-index o with |o| < N. If

(13.3.6) w is (N + r)-times continuously differentiable on U,
then
(13.3.7) L(u) is r-times continuously differentiable on U,

as in Section 2.4. Under these conditions, L defines a linear mapping from
CN+r(U,RY) into C™(U,R"2), or from CN*"(U,C") into C"(U,C"), as ap-
prorpiate.

Similarly, if
(13.3.8) aq is smooth on U

for every multi-index « with |a| < N, and

(13.3.9) u is smooth on U,
then
(13.3.10) L(u) is smooth on U

as well. Under these conditions, L defines a linear mapping from C°(U, R")
into C°° (U, R'2), or from C>°(U, C't) into C*°(U, C'2), as appropriate.

Polynomials on R™ with values in R! or C' for some positive integer [ will
be discussed in the next section. One can check that the a,’s are uniquely
determined by L(u) for polynomials u with values in R of degree less than or
equal to NV, as in Section 2.4.
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13.3.1 Compositions of differential operators

Let lp be another positive integer, and let N be another nonnegative integer.
Suppose that for each multi-index S with |3| < N, bg is a function on U with val-
ues in £(Rl,R!) or £(Cl,Ch). If u is an N-times continuously-differentiable
function on U with values in R/ or C!, as appropriate, then

(13.3.11) (L(w)(x) = Y (bs(@)((@u)(2))

IBI<N

defines a function on U with values in R" or C!1, as appropriate. If bg is N-
times continuously-differentiable on U for every multi-index § with |3] < N,

and u is (N + N)-times continuously differentiable on U, then L(u) is N-times
continuously differentiable on U. This implies that

(13.3.12) L(L(w))

is defined as a function on U with values in R’> or C2, as appropriate.
As in Subsection 2.4.1, (13.3.12) may be expressed as

(13.3.13) L)) = Y (@) (@u)()).

[y|<N+N

Here ¢, is a function on U with values in £(R', R!2) or £(C, C'2) for each
multi-index v with |y] < N + N. These functions can be expressed as sums of
products of the a,’s with the bg’s and their derivatives of order less than or equal
to N, as before. More precisely, these products correspond to compositions of
linear mappings from R or C% into R’* or C"* with linear mappings from R’
or Ch into R' or C'2 to get linear mappings from R/ or Ch into R!? or C'2,
as appropriate.

If a, is r-times continuously differentiable on U for some r > 0 and every
a with || < N, and if bg is (N + r)-times continuously differentiable on U
for every § with |8| < N, then ¢y is r-times continuously differentiable on U
for every v with |[y| < N + N. If u is also (N + N + r)-times continuously
differentiable on U, then L(u) is (N 4 r)-times continuously differentiable on U,
and Z(u) is r-times continuously differentiable on U, as before. In particular, if
the a,’s and bg’s are smooth on U, then the c,’s are smooth on U. In this case,
if u is smooth on U, then L(u) and L(u) are smooth on U as well.

13.4 Vector-valued polynomials
Let n and [ be positive integers again, and let

(13.4.1) P(R",R') and P(R",C')
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be the spaces of polynomials on R™ with coefficients in R! and C!, respectively.
These spaces can be identified with the spaces

(13.4.2) P(R",R)! and P(R",C)'

of I-tuples of polynomials on R™ with real or complex coefficients, as appropri-
ate. These are also linear subspaces of C*(R"™, R!) and C*(R", C'), respec-
tively, as vector spaces over the real or complex numbers, as appropriate.

If k is a nonnegative integer, then let

(13.4.3) P¥R" R and PFR", C)

be the spaces of polynomials on R"™ with coefficients in R! and C!, respectively,
and degree less than or equal to k. These are linear subspaces of P(R"™, R!) and
P(R", Cl), as vector spaces over the real or complex numbers, as appropriate.
We can identify these spaces with the spaces

(13.4.4) PHR™, R)! and P*(R", C)'

of I-tuples of polynomials on R™ with real and complex coefficients, respectively,
of degree less than or equal to k.

Note that P*(R™, R!) and P*(R", C!) have the same finite dimension, as
vector spaces over R and C, respectively. This is equal to [ times the dimension
of P¥(R™, R) and P*(R™, C), which is the same as the number of multi-indices
B with order |3] < k, as in Section 5.11.

Let Iy, lo be positive integers, and let

(13.4.5) P(R", L(R",R"?)), P(R" L(C",C"?))

be the spaces of polynomials on R™ with coefficients in £(R!1, R'2), £L(Ch, C'2),
respectively. These spaces may be identified with

(1346) 'P(R"lellz)’ fP(Rn7Cl1l2)7

respectively, as in Section 13.2.
If k is a nonnegative integer, then let

(13.4.7) PHR™, L(R",R")), PFR" L(C",CR))

be the spaces of polynomials on R™ with coefficients in £L(R!,R!2), £(C!, C'2),
respectively, and degree less than or equal to k. These may be identified with
the spaces

(1348) Pk(RnaRll l2)7 Pk(RnaClll2)a

respectively, as before.
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13.4.1 Some remarks about degrees

Suppose that a(z) be a polynomial on R" with coefficients in £(R!,R!2) or
L(C!, C"), and let v(z) be a polynomial on R"™ with coefficients in R or Ch,
as appropriate. Observe that

(13.4.9) a(z)(v(z)) is a polynomial on R" with coefficients in R or C'2,
as appropriate, and that
(13.4.10) deg(a(x)(v(z))) < dega(x) + degv(z).

Let Iy be another positive integer, and let b(z) be a polynomial on R™ with
coefficients in L(R!o, R!t) or £(C', C!1), as appropriate. The product

(13.4.11) a(z) b(x)

may be defined as in Subsection 13.2.3, and is a polynomial on R™ with coeffi-
cients in L(R',R') or £(C'.C!2), as appropriate. We also have that

(13.4.12) deg(a(x) b(z)) < dega(x) + degb(x).
Let
(13.4.13) L(R') = L(R", RY) and £(C") = £(C!,CY)

be the spaces of linear mappings from R’ and C' into themselves, respectively,
as in Section 5.15. The spaces of polynomials on R"™ with coefficients in £(R')
and £(C') may be denoted

(13.4.14) P(R™, L(RY)) and P(R", £(C")),

respectively. Similarly, the spaces of polynomials on R™ with coefficients in
L(R!) and £(C'!) and degree less than or equal to k may be denoted

(13.4.15) PR(R™, L(RY)) and PHR", L(C)),

respectively.

13.5 Matrix-valued polynomials

Let n, I, and Il be positive integers, and let IV be a nonnegative integer. Also
let

(13.5.1) p(w) = Z Ao W

la|<N

be a polynomial in the n variables wy, ..., w, with coefficients in £(R", R!2)
or £L(Ch,C"2) of degree less than or equal to N. Thus, for each multi-index o
with order |a| < N, a, is a linear mapping from R’ or Ct into R!2 or C'2, as
appropriate.



306 CHAPTER 13. VECTOR-VALUED FUNCTIONS AND SYSTEMS

Using p, we get a differential operator

(13.5.2) p(0) = Y as0°,

la|<N

as in Section 1.7. More precisely, this is a differential operator with coefficients
in L(R1,R!2) or £L(C!t, C!"2), as appropriate, as in Section 13.3.

Let b be an element of R™ or C", as appropriate, so that exp(b - x) defines
a smooth real or complex-valued function of z € R™. If v € R or Ch, as
appropriate, then
(13.5.3) (exp(b-x))v

defines a smooth function of z € R™ with values in R or C", as appropriate.
It is easy to see that

(13.5.4) (P(9))((exp(b - 2)) v) = (exp(b - 2)) (p(b))(v),

which is a function of € R™ with values in R*2 or C'2, as appropriate. More
precisely,
(13.5.5) p(b)

is defined as a linear mapping from R or C" into R!2 or C'2, as appropriate,
which sends v to an element of R!? or C!2, as appropriate. In particular,

(13.5.6) (P(9))((exp(b - x)) v) = 0
if and only if
(13.5.7) (p(d)(v) = 0.

13.5.1 Products and compositions

Let Iy be another positive integer, let Ny be another nonnegative integer, and
let po(w) be a polynomial in wy,...,w, with coefficients in L(Rlo,R*) or
ﬁ(ClO, Cll), as appropriate. Thus

(13.5.8) po(0)

is a differential operator with coefficients in £(R!,R") or £(C', Ch), as ap-
propriate. The product
(13.5.9) p(w) po(w)

is a polynomial in wy, ..., w, with coefficients in L(R!o,R'2) or L(Clo, C'2), as
appropriate, of degree less than or equal to Ny + NV, as in the previous section.
This leads to a differential operator

(13.5.10) (Ppo)(0)

with coefficients in £(R!, R!2) or £(C!°, C!2), as appropriate. One can check
that

(13.5.11) (ppo)(9) = p(9) po(9),
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as in Subsection 1.7.1.

Let U be a nonempty open subset of R™, and let u be a function on U
with values in R% or Clo, as appropriate, that is (Ny + N)-times continuously
differentiable on U. Thus

(13.5.12) (po(9))(w)

is a function on U with values in R/ or C!, as appropriate, that is N-times
continuously differentiable on U. Under these conditions, we have that

(13.5.13) ((Pp0)(9))(u) = (p(9))((po(9))(w))

on U, as in (13.5.11).

Let [ be a positive integer, and let us now take I; = ls = [. Let b be an
element of R™ or C" again, as appropriate, so that p(b) is a linear mapping
from R or C! into itself, as appropriate. Suppose that v is an element of R} or
C!, as appropriate, that is an eigenvector of p(b) with eigenvalue A in R or C,
as appropriate. This implies that

(13.5.14) ((9))((exp(b- x)) v) = A(exp(b- z)) v,
as in (13.5.4).
Note that
(13.5.15) det p(w)
is a polynomial in w1, ..., w, of degree less than or equal to IV - [ with real or

complex coefficients, as appropriate.

13.6 Polynomials, vectors, and operators

Let n, 11, and [» be positive integers, and let N be a nonnegative integer.
Suppose that for each multi-index o with || < N, a4 is a polynomial on R"
with coefficients in £L(R!*, R'2) or £(C!1,C!?). This can be identified with a
polynomial with coefficients in R 2 or C'1!2, as in Section 13.2.

Using the a,’s, we can define a differential operator L acting on N-times
continuously differentiable functions u on R™ with values in R" or C', as
appropriate, as in (13.3.1). In this case, L maps polynomials on R" with coef-
ficients in R or C" to polynomials on R™ with coefficients in R/ or C', as
appropriate.

Let ¢ be an integer, and suppose that

(13.6.1) dega, < |a|—c

for each «, |a| < N, which is interpreted as meaning that a, = 0 when |a| < ¢, as
usual. If p is a polynomial on R™ with coefficients in R** or C!1, as appropriate,
then

(13.6.2) deg L(p) < degp — ¢,

which means that L(p) = 0 when degp < ¢, as before.
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13.6.1 The case where [ =1, =1

Suppose now that Iy = ly = [, so that L maps P(R",R!) or P(R", C!) into
itself, as appropriate. If p is a polynomial on R"™ with coefficients in R! or C!,
as appropriate, then

(13.6.3) deg L7 (p) < degp — cj

for each j > 1, by (13.6.2). This means that L/(p) = 0 when degp < cj, as
before.

Suppose that ¢ > 0, and let k£ be a nonnegative integer. Thus L maps
PER™, RY) or PF(R™, C!) into itself, as appropriate. Let Ly, be the restriction
of L to P*(R™, R!) or P*(R™, C!), as appropriate. If ¢ > 1 and

(13.6.4) k<cy,
then .
(13.6.5) Lf€ =0,

by (13.6.3). In particular, this means that Ly is nilpotent when ¢ > 1.

13.6.2 The exponential of ¢ L,
Let m(k) be the number of multi-indices § with order |3| < k, so that

(13.6.6) PHR™ R!) and P*(R", C') have dimension [ - m(k)

as vector spaces over R and C, respectively, as in Section 13.4. This permits
us to identify Lj with a linear mapping from R!™F) or CH™(F) into itself, as
appropriate. If ¢ € R, then we can define the exponential of ¢t L; as a linear
mapping on P*(R",R!) or P¥(R"™, C!), as appropriate, as in Sections 5.4 and
5.8.

Let ¢ be a polynomial on R™ with coefficients in R! or C!, as appropriate,
and of degree less than or equal to k. Note that

(13.6.7) (exp(t Ly))(q)

is another polynomial on R” with coefficients in R! or C!, as appropriate, and
degree less than or equal to k. The coefficients of this polynomial depend on ¢,
and are smooth functions of . This implies that

(13.6.8) u(z,t) = ((exp(t Ly))(q))()

is smooth as a function of (z,¢) € R xR with values in R! or C!, as appropriate.
If ¢ > 1, then
(13.6.9) exp(t Ly) is a polynomial in ¢

whose coefficients are linear mappings on P*(R", R!) or P*(R", C!), as appro-
priate, as in Subsection 5.10.1. It follows that

(13.6.10) u(x,t) is a polynomial in x and ¢
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with coefficients in R! or C', as appropriate, in this case.
Of course,
(13.6.11) u(z,0) = q(z)

for every x € R™, and

(13.6.12) 2 ((explt L) (@) = Li((exp(t Li)) (@)

as in Sections 5.6 and 5.10. This implies that

ou
(13.6.13) Fri L(u)
on R™ x R, as in Section 5.12.

A standard approach to dealing with equations with higher-order derivatives
in ¢ is to reduce to the case of systems of equations with only first-order deriva-
tives in t. A basic version of this was discussed in Section 5.13. That is much
easier to do here, since we are already working with systems of equations.

13.7 Some more products with exp(b - x)

Let n and [ be positive integers, also let N be a nonnegative integer. Also let
p(w) be a polynomial in the n variables wy, ..., w, with coefficients in L£(R!)
or L£(C!) of degree less than or equal to N, as in Section 13.5. This leads to a
differential operator p(9), as before.

Let b € R™ or C™ be given, as appropriate. Observe that

(13.7.1) po(w) = p(w +b)

can be expressed as a polynomial in wy,...,w, with coefficients in £(R!) or
L(C"), as appropriate, of degree less than or equal to N, as in Section 2.5.

Let pp(0) be the differential operator associated to py(w), and let f be an
N-times continuously-differentiable function on R™ with values in R! or C!, as
appropriate. Under these conditions,

(13.7.2) P(9)((exp(b - z)) f(x)) = (exp(b - 2)) (ps(9)(f)) (@),

as in Section 5.14.

13.7.1 Exponentials and vector-valued polynomials

If b€ R"™, then let
(13.7.3) (exp(b-2)) P(R™,R')

be the space of functions on R™ with values in R of the form

(13.7.4) (exp(b- x)) q(x),
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where ¢ € P(R™,R!). This is a linear subspace of C>°(R",R!), as a vector
space over the real numbers. Similarly, if k is a nonnegative integer, then let

(13.7.5) (exp(b-2)) P*(R™, R)

be the space of functions on R™ with values in R’ of the form (13.7.4), with
q € P*(R",R!). This is a linear subspace of (13.7.3), as a vector space over
R. If p(w) has coefficients in £L(R'), then p(d) maps (13.7.3) and (13.7.5) into
themselves, because of (13.7.2), as in Section 5.14.

If b € C™, then let
(13.7.6) (exp(b- z)) P(R™, C")

be the space of functions on R"™ with values in C! of the form (13.7.4), with
q € P(R",CY). Similarly, if k is a nonnegative integer, then let

(13.7.7) (exp(b-z)) P*(R", Ch

be the space of functions on R"™ with values in C! of the form (13.7.4), with
q € P*(R",C!). These are linear subspaces of C*(R™, C'), as a vector space
over the complex numbers. If p(w) has coefficients in £(C'), then p(d) maps
(13.7.6) and (13.7.7) into themselves, because of (13.7.2), as before.

13.8 Some remarks about nilpotency

Let n, I, N, and p(w) be as at the beginning of the previous section. Suppose
for the moment that p(0) is nilpotent, so that

(13.8.1) p(0)"t =0

on R! or C!, as appropriate, for some nonnegative integer r. If k is a nonnegative
integer, then it follows that

(13.8.2) p(9)" ! is nilpotent on P*(R™, R!) or P*(R"™, C"),

as appropriate, as in Subsection 13.6.1. Of course, this means that

(13.8.3) p(0) is nilpotent on P*(R", R!) or P*(R", C),
as appropriate.

Put
(13.8.4) L = p(9),

and let Ly, be the restriction of L to P*(R™, R!) or P*(R™, C!), as appropriate,
for each nonnegative integer k. If ¢ € R, then we can define

(13.8.5) exp(t Ly,)

as a linear mapping on P*(R"™, R) or P*(R", C'), as appropriate, as in Sections
5.4 and 5.8. If p(0) is nilpotent, so that Ly is nilpotent, then

(13.8.6) exp(t Ly) is a polynomial in ¢
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whose coefficients are linear mappings on P*(R"™, R!) or P*¥(R", C!), as appro-
priate, as in Subsection 5.10.1.

Let g be an element of P¥(R™ R') or P*(R", C!), as appropriate. If p(0) is
nilpotent, then

(13.8.7) (exp(t Ly))(q)
may be considered as a polynomial in ¢ with coefficients in P*(R",R!) or

PF(R", Cl), as appropriate. In particular,

(13.8.8) ((exp(t Lk))(9)) ()

is a polynomial in x and t with coefficients in R! or C', as appropriate.

13.8.1 Nilpotency of p(b)

Let b € R™ or C" be given, as appropriate, and let py(w) be as in (13.7.1).
Suppose now that
(13.8.9) pp(0) = p(b) is nilpotent

on R! or C!, as appropriate. If k is a nonnegative integer, then

(13.8.10) the restriction of p,(d) to P¥(R™,R') or P¥(R",C!),

as appropriate, is nilpotent,
by the remarks at the beginning of the section. This implies that

(13.8.11) the restriction of p(d) to (13.7.5) or (13.7.7),

as appropriate, is nilpotent,

because of (13.7.2).

13.9 The characteristic polynomial

Let I be a positive integer, and let A be a linear mapping from R! or C! into
itself. If ¢ is a real or complex number, then A — ¢ I is another linear mapping
from R! or C! into itself, as appropriate, where I is the identity mapping on R!
or C!. Thus

(13.9.1) cha(t) =det(A—tI)

defines a real or complex-valued function on R or C, as appropriate. More
precisely, ch 4 (¢) is a polynomial of degree [ in ¢, with real or complex coefficients,
as appropriate. This is known as the characteristic polynomial of A.

The characteristic polynomial may be expressed as

l

(13.9.2) cha(t) = ¢t

=0
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with ¢; € R or C for each j, as appropriate. Remember that the determinant
of an | x | matrix is given by a homogeneous polynomial of degree ! in the I2
entries of the matrix. This means that c¢; is given by a homogeneous polynomial
of degree I — j in the [? entries of the | x [ matrix corresponding to A. In
particular,

(13.9.3) a= (-1

and ¢y = det A. The zeros of ch4(t) in R or C are the same as the eigenvalues
of A as a linear mapping on R! or C!, as appropriate, by standard arguments.
A polynomial of degree [ in ¢t with complex coefficients is equal to the prod-
uct of the coefficient of ¢ and [ linear factors, corresponding to the I zeros of
the polynomial in C, with their appropriate multiplicities, by the fundamen-
tal theorem of algebra. It follows that ch4(t) is uniquely determined by the
eigenvalues of A in the complex case, because of (13.9.3).
If A is nilpotent, then it is easy to see that 0 is the only eigenvalue of A.
This implies that
(13.9.4) cha(t) = (1)t

in the complex case, by the remarks in the preceding paragraph. Equivalently,
this means that
(13.9.5) c;=0,0<7<0I-1.

One can get the same conclusion in the real case using the unique extension of
a linear mapping from R! into itself to a linear mapping from C' into itself, as a
vector space over the complex numbers. Another proof of this will be mentioned
in the next section.

13.9.1 The Cayley—Hamilton theorem

If A is any linear mapping from R! or C! into itself, then the Cayley-Hamilton
theorem states that

l
(13.9.6) cha(A) => ¢; A =0,
7=0

where A is interpreted as being equal to I. If (13.9.4) holds, then it follows
that
(13.9.7) Al =0.

13.10 More on nilpotent linear mappings

Let [ be a positive integer again, and let A be a linear mapping from R! or C!
into itself. If 7 is a real or complex number, then I —7 A defines a linear mapping
from R! or C! into itself, as appropriate. Let 7 be a nonnegative integer, and
observe that

r T r+1
(13.10.1) (I—7A) Y P AT =3"rI AT =N I AT = — 77+ AT,
J=0 j=0 j=1
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Similarly,

(13.10.2) (Zq—j AJ'> (I—7A) =17+l Ar+L,
=0

If

(13.10.3) AT+ —,

then it follows that I — 7 A is invertible, with

r

(13.10.4) (I-7A) =>4
j=0
Note that
(13.10.5) det(I — 7 A)
and
(13.10.6) det (Z 7 AJ’)
j=0

are polynomials in 7 with real or complex coefficients, as appropriate. Both of
these polynomials are equal to 1 at 7 = 0. If (13.10.3) holds, then

(13.10.7) det(I — 7 A) det (zr: 7 Aj) —1

Jj=0

for all 7 in R or C, as appropriate. One can use this to get that

(13.10.8) det(I—7A4)=1

and

(13.10.9) det (er AJ’) —1
§=0

for each 7.

If t is a nonzero real or complex number, as appropriate, then it is easy to
see that (13.9.4) is equivalent to (13.10.8), with 7 = 1/¢. Of course, if (13.9.4)
holds for all ¢ # 0, then it holds when ¢ = 0 too. One could also obtain (13.9.4)
with ¢ = 0 more directly from (13.10.3). This is another way to obtain (13.9.4)
from (13.10.3), as mentioned in the previous section.

13.10.1 Polynomials of linear mappings

If
(13.10.10) ) => "bjt?
=0
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is any polynomial with real or complex coefficients, then
(13.10.11) FA) = b A
j=0

defines a linear mapping from R! or C' into itself, as appropriate. If A is any
linear mapping from R! or C' into itself, then it is well known that one can find
a nonzero polynomial f(t) of degree at most [ such that

(13.10.12) f(A)=0.

Of course, this follows from the Cayley—Hamilton theorem, and it can also be
obtained more directly from the fact that £(R'), £(C') have dimension I2, as
vector spaces over the real and complex numbers, respectively.

If A is a linear mapping from C' into itself, and A — tI is invertible for
every t € C with ¢ # 0, then (13.10.12) implies that A is nilpotent, because f
can be expressed as the product of a nonzero constant and finitely many linear
factors. This invertibility condition holds when (13.9.2) holds for every t € C,
or equivalently (13.10.8) holds for every 7 € C. If A is a linear mapping from
R! into itself, then A has a unique extension to a linear mapping from C! into
itself, as a vector space over the complex numbers, that we may denote by A as
well. If (13.9.4) holds for every ¢t € R, or equivalently (13.10.8) holds for every
7 € R, then these conditions hold for all ¢, 7 € C, because the left sides of these
equations are polynomials in ¢, 7, respectively. The argument in the complex
case implies that A is nilpotent on C!, and thus on R'.



Chapter 14

Power series in several
variables

14.1 Sums over multi-indices
Let n be a positive integer, and consider the set
(14.1.1) (Zz, u{op)"

of all n tuples of elements of the set Z U {0} of nonnegative integers. Equiva-
lently, this is the set of all multi-indices. If f is a real or complex-valued function
on (Z4 U{0})™, then we may be interested in a sum of the form

(14.1.2) Z flo).

ae(Zu{o})n

Of course, this can be reduced to a finite sum when f(«) = 0 for all but finitely
many multi-indices «. If n = 1, then this may be interpreted as an infinite
series.

One can try to define (14.1.2) for any n by reducing to an infinite series.
One way to do this is to use the fact that (Z; U {0})™ is countably infinite, so
that one can find a sequence

(14.1.3) {a(D)}iZ0

of multi-indices in which every multi-index occurs exactly once. Thus one may
try to interpret the sum (14.1.2) as being equal to the infinite series

(14.1.4) > fla(l)).

=0
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14.1.1 Some limits of finite sums

Alternatively, let Ey, Eq1, Eo, E3,... be an infinite sequence of nonempty finite
subsets of (Z U {0})™ such that

(14.1.5) En C Enta

for every nonnegative integer N, and

(14.1.6) U En = (Z, u{oh™
N=0

One may wish to interpret the sum (14.1.2) as being equal to

(14.1.7) Jim > f),
a€EN

if the limit exists.
Let {a(1)}2, be an enumeration of (Z4 U {0})", as before. If we put

(14.1.8) Ex = {a(0),a(1),...,a(N)}

for each nonnegative integer N, then we get a sequence of nonempty finite
subsets of (Z4 U {0})™ that satisfies (14.1.5) and (14.1.6). In this case,

N
(14.1.9) > )= fla)
a€EN =0

for each N > 0, so that (14.1.4) is the same as (14.1.7).
As another basic example, one can take En to be

(14.1.10) {a € (Zy U0} : |a] < N}

for each N > 0, where |a] is the order of «, as usual. Another possibility is to
take En to be

(14.1.11) {a € (ZyU{0})":a; < N foreachj=1,...,N}

for every N > 0. These are the same when n = 1, in which case (14.1.7) is the
same as the usual interpretation of (14.1.2) as an infinite series.

14.1.2 Sums with nonnegative terms
Let f be a nonnegative real-valued function on (Z U{0})™. If A is a nonempty
finite subset of (Z U {0})", then

(14.1.12) > fle)

acA
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is a nonnegative real number. Let us say that f is summable on (Z4 U {0})"
if the collection of these finite sums has an upper bound in R. Under these
conditions, the sum (14.1.2) may be defined as the supremum or least upper
bound of the set of these finite sums. Otherwise, it is sometimes convenient to
interpret (14.1.2) as being equal to +oc.

If n = 1, then the summability of f is equivalent to the convergence of the
corresponding infinite series of nonnegative real numbers, with the same value of
the sum. If {«(1)};2, is any enumeration of (Z U {0})", then the summability
of f is equivalent to the convergence of (14.1.4), with the same value of the sum.

Let Ey, E1, Es, E3, ... be an infinite sequence of nonempty finite subsets of
(Z4 U{0})™ that satisfies (14.1.5) and (14.1.6) again. It is easy to see that f is
summable on (Z4 U {0})™ if and only if the sums

(14.1.13) > fla)

acEN
are bounded. In this case, the supremum of these sums is the same as the
supremum of the set of sums of the form (14.1.12). We also get that the limit
in (14.1.7) exists and is equal to this supremum, because the sums (14.1.13) are
monotonically increasing in N.

14.1.3 A nice family of functions

Suppose that f can be expressed as
(14.1.14) fa) =] filew),
j=1

where f; is a nonnegative real-valued function on the set Z U{0} of nonnegative
integers for each j = 1,...,n. If Ex is as in (14.1.11), then

(14.1.15) > fe=TI( §Nj fi(a))

for each N > 0. If f; is summable on Z U {0} for each j = 1,...,n, then it
follows that f is summable on (Z; U {0})", with

(14.1.16) > fe@ =TI fitan):
a€(Zu{ohn j=1 ;=0
Conversely, if f is summable on (ZU{0})", and if none of the f;’s is identically
zero on Z4 U {0}, then f; is summable on Z, U {0} for each j.
14.1.4 Some examples

As a basic family of examples, let r be an element of the set

(14.1.17) (R ufop)"
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of n-tuples of nonnegative real numbers, and put
(14.1.18) fla) =r¢

for each multi-index «. This is of the form (14.1.14), with

(14119) fj (ij) = r%
for each j =1,...,n. It follows that f is summable on (Z4 U {0})™ if and only
if r; <1 for each j =1,...,n, in which case
(14.1.20) > r=Jla-r
ae(Zu{0o})™ j=1

14.2 Real and complex-valued functions

Let n be a positive integer, and let f be a real or complex-valued function
on (Z4 U {0})™. Let us say that f is summable on (Z4 U {0})™ if |f(«)| is
summable as a nonnegative real-valued function on (Z; U {0})". If f is real
valued, then this is equivalent to the summability of fi(a) = max(f(«),0)
and f_(a) = max(—f(a),0) on (Z4 U {0})™. If f is complex valued, then
summability of f is equivalent to the summability of the real and imaginary
parts of f.

If f is a summable real or complex-valued function on (Z; U {0})", then
the sum (14.1.2) may be defined as a real or complex number, as appropriate,
by reducing to the case of nonnegative real-valued summable functions. More
precisely, if f is real valued, then the sum may be defined as the difference of
the analogous sums for f, and f_. If f is complex valued, then the real and
imaginary parts of the sum may be defined as the corresponding sums of the
real and imaginary parts of f. In both cases, the sum (14.1.2) may be described
equivalently as in (14.1.4) or (14.1.7), because of the analogous statements for
nonnegative real-valued summable functions.

14.2.1 A basic inequality
We also have that

(14.2.1)

> fla)

ac(Zu{o})n

< > )

ac(ZLu{o})n

in both cases. If f is real valued, then this follows directly from the definition of
the sum (14.1.2) mentioned in the preceding paragraph. If f is complex valued,
and one tries to consider the real and imaginary parts of the sum directly, then
one gets an extra factor of 2 on the right side, or v/2 with a bit more effort.
Of course, if f(a) = 0 for all but finitely many o € (Z; U {0})™, then (14.2.1)
follows from the triangle inequality for the absolute value of a complex number.
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One can use this to get (14.2.1), by expressing the sum (14.1.2) as in (14.1.4)
or (14.1.7).

One can also reduce the complex case to the real case, by considering Re(a f)
with a € C and |a| = 1. More precisely, one can choose a so that

(14.2.2) Y Re(af(a)) = Re(a 3 f(a))

ac(Zu{o})n ac(Zu{o})n

> f)

ac(Zu{o})n

14.2.2 More on summable functions

It is easy to see that the spaces of real and complex-valued summable functions
on (Z,U{0})™ are linear subspaces of the spaces of all real and complex-valued
functions on (Z4 U {0})™, as vector spaces over R and C, respectively. The
linearity of the sum (14.1.2) in f can be obtained from the descriptions of the
sum as in (14.1.4) or (14.1.7).

If n = 1, then the summability of f is equivalent to the absolute convergence
of the corresponding infinite series. Similarly, if {«(1)}7°, is any enumeration of
(Z;U{0})™, then the summablility of f is equivalent to the absolute convergence
of (14.1.4).

14.2.3 More on examples

Suppose that f is as in (14.1.14), where f; is a real or complex-valued summable
function on Z U {0} for each j = 1,...,n. This implies that f is summable on
(Z+U{0})™, as in the previous section. One can check that (14.1.16) holds under
these conditions, using the same type of argument as before, or by reducing to
the previous case.

Let z € C™ be given, and put
(14.2.3) fla) =2

for each multi-index «. If |2;| < 1 for each j =1,...,n, then f is summable on
(Z U{0})", as in the previous section. In this case,

(14.2.4) > = =Jla-z

a€(Z4Ufo})" j=1

by (14.1.16).
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14.3 Cauchy products

Let n be a positive integer, and let f, g be real or complex-valued functions on
(ZL U {0})". If 7 is a multi-index, then put

(14.3.1) h(y)= Y fl@)gB).

atf=y

More precisely, the sum on the right is taken over all multi-indices «, § such
that a4+ 8 = . Note that there are only finitely many such multi-indices «, 5.

Suppose for the moment that f(«) = 0 for all but finitely many multi-indices
a, and that g(8) = 0 for all but finitely many multi-indices 8. This implies that
h(y) = 0 for all but finitely many multi-indices v. Under these conditions, one
can verify that

14320 Y wm=( X f@)( X e®)
vE(Z4U{0})™ ag(Ziu{oh)™ Be(Zru{opm

In fact, both sides of the equation are the same as the sum of f(a)g(8) over
all multi-indices a;, 8. The sum on the left may be desacribed as the Cauchy
product of the two sums on the right.

14.3.1 Nonnegative real-valued functions

Suppose now that f, g are nonnegative real-valued functions on (Z4 U {0})™,
so that h is nonnegative as well. If N is a nonnegative integer, then let En be
the set of multi-indices o with order || < N, as in (14.1.10). Observe that

(14.3.3) S < (X f@) (3 9®)

YyEEN a€EN BEEN

and

(14.3.4) (X r@) (X 9®)= 3wt
acEN BEEN yEEXN

for each N > 0. If f and g are summable on (Z4 U {0})", then it follows that
h is summable too, and that (14.3.2) holds.

14.3.2 Arbitrary functions

If f and g are any real or complex-valued functions on (Z; U {0})", then
(14.3.5) A< D 1f(@)]1g(8)]
at+f=vy

for every multi-index 7. Suppose that f and g are summable on (Z U {0})",
which implies that the right side of (14.3.5) is summable as a function of v, as
in the preceding paragraph. It follows that h is summable as well, with

w6 > ki< X @) (X o).

yE(Zyu{ohn a€g(Z4u{o})" pe(zZyu{ohn
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One can check that (14.3.2) holds too, by reducing to the case of nonnegative
real-valued summable functions.

14.3.3 A family of examples
Let z € C™ be given, and suppose that

(14.3.7) fa) =aq 2%, g(B) = b 2°
for all multi-indices a, 3, where a,, bg are complex numbers. If we put
(14.3.8) cy= Y aubg

a+p=y

for each multi-index v, then we get that

(14.3.9) h(v) =c¢y 27.

14.4 Power series on closed polydisks

Let n be a positive integer, and let zo = (20,1, .,%0,n) € C™ be given. Also let
ao be a complex number for each multi-index «, and consider the power series

(14.4.1) fR) = > aalz—2)"

ae(Zu{o})™

in z1,...,2n, centered at zg. More precisely, the sum on the right is defined as
a complex number for each z € C" such that

(14.4.2) aa (2 = 20)"

is summable as a function of o on (Z4 U {0})™.

14.4.1 A basic criterion for summability
Let r € (R4 U {0})™ be given, and suppose for the moment that
(14.4.3) lag| r®

is summable as a function of a on (Zy U {0})™. This implies that (14.4.2) is
summable as a function of « on (Z4 U {0})" when

(14.4.4) |zj — 20,45l <7y, 1< 5 <.

This means that (14.4.1) defines a complex-valued function on the closed poly-
disk
(14.4.5) {z€eC":|zj — 204 <71j, 1 <j<n}

which is a closed set in C", with respect to the standard Euclidean metric.
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14.4.2 Approximation by finite sums

Let € > 0 be given, and let A(e) be a nonempty finite subset of (Z, U {0})™
such that

(14.4.6) Z |an| r® < ( Z |aa|ra> +e

a€(ZU{0})" a€A(e)

The existence of such a set follows from the definition of the sum on the left,
as the supremum of the corresponding sums over nonempty finite subsets of
(Z, U{0})™, as in Subsection 14.1.2. Using this, we get that

(14.4.7) Z lag| T <€,

a€(Z1 U{0}) ™\ A(e)

because of the linearity of the sum.
Let A be a nonempty finite subset of (Z U {0})™ such that

(14.4.8) A(e) C A.
If z € C™ satisfies (14.4.4), then

(14.4.9) ‘f(z) > aa (2 20)” > o (2 — 20)”

acA a€(Z4U{0})"\ A
< > |aa |7
ac(ZU{0})"\A
< Z laa| T < €.

a€(Z1U{0})™\ A(e)

14.4.3 A uniform convergence property

Let Ey, E1, Fs, E3, ... be an infinite sequence of nonempty finite subsets of (Z, U
{0})™ that satisfy (14.1.5) and (14.1.6). If z € C™ satisfies (14.4.4), then

(14.4.10) lim aq (2 — 20)* = f(2),
N—o0
a€EN
as in Sections 14.1 and 14.2. In fact, the convergence is uniform over (14.4.5),
as in (14.4.9). This corresponds to a classical criterion for uniform convergence
of Weierstrass. It follows that f is continuous on (14.4.5), because polynomials
are continuous on C”.

14.5 Power series on open polydisks

Let n be a positive integer, let zg € C™ be given, and let a,, be a complex number
for each multi-index . Also let t be an element of the set (Ry U {+o00})™ of
positive extended real numbers. Suppose that if r € (R4 U {0})" satisfies

(14.5.1) r; <tj, 1<j<n,
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then (14.4.3) is summable as a function of « on (Z U{0})™. If z € C™ satisfies
(14.5.2) ‘Zj - ZO,jl <tj, 1<j<n,

then it follows that (14.4.2) is summable as a function of « on (Z4 U {0})™.
This implies that (14.4.1) defines a complex-valued function on

(1453) {Z e C": |Zj — ZO,j| < tj, 1<5< n},

which is an open set in C™, with respect to the standard Euclidean metric. This
set may be described as an open polydisk in C™, at least when ¢4, ..., t, are finite.
One can check that f is continuous on (14.5.3), because its restriction to any
closed polydisk (14.4.5) is continuous when (14.5.1) holds, as in the previous
section.

14.5.1 Another criterion for summability

Suppose for the moment that ¢q,...,%, are finite, and that
(14.5.4) |ao| t*

is bounded as a function of & on (Zy U {0})"”. If r € (Ry U {0})™ satisfies
(14.5.1), then
(14.5.5) rege

is summable as a function of « on (Z4 U {0})", as in Subsection 14.1.4. This
implies that (14.4.3) is summable as a function of « on (Z4 U {0})™.

14.5.2 Some related summability properties

Let 8 be a multi-index. If o is another multi-index, then o can be defined as a
nonnegative integer in the usual way. If r € (R U{0})™ satisfies (14.5.1), then

(14.5.6) o lag|r®

is summable as a function of o on (Z; U {0})™. To see this, one can use an
n-tuple ro = (701, -.,70,n) Of positive real numbers such that

(1457) r; <710, < tj, 1<53<n.

Under these conditions,
(14.5.8) laa| T8

is summable as a function of o on (Zy U {0})", by hypothesis, and
(14.5.9) ol r® g

is bounded as a function of « on (Z; U {0})", by well-known results.
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14.5.3 Differentiating power series

If one differentiates the right side of (14.4.1) term-by-term, then one gets a power
series of the same type, with suitable coefficients. The remarks in the preceding
paragraph imply that this power series has the same summability properties as
those considered for f(z) in this section. It is well known that f(z) is smooth
on (14.5.3), with derivatives given by differentiating the power series termwise.

More precisely, f(z) is holomorphic on (14.5.3), because polynomials in

Z1, ..., 2 are holomorphic on C”. If 8 is any multi-index, then
o8l ¥
= Al
(14.5.10) 57 (z0) = Blag.

Conversely, it is well known that any holomorphic function on (14.5.3) can
be expressed as a power series with these summability properties.

14.6 Double sums

Let m and n be positive integers, and let us refer to multi-indices associated to
n as n-multi-indices, so that we may also consider m-multi-indices and (m +n)-
multi-indices. Let us identify the set (Z U{0})™*" of all (m + n)-multi-indices
with the set

(14.6.1) (Zyu{oh)™ x (ZL U{O}H"™

of ordered pairs (o, 8), where « is an m-multi-index, and /3 is an n-multi-index.

14.6.1 Summable double sum

Let f(a, 8) be a nonnegative real-valued function on (Z4 U {0})™*", identified
with (14.6.1). If

(14.6.2) f(a,3) is summable on (Z, U {0})™",
then it is easy to see that for each o € (Z4 U {0})™,
(14.6.3)  f(«, 3) is summable as a function of S on (Z4 U {0})"™.
If A is a nonempty finite subset of (Z4 U {0})™, then one can check that
64 (> fen)< 3 fla,B).
a€A  Be(Z4U{0})" (e.p)e(Zu{0})m+n

This implies that

(14.6.5) > flen)

Be(zyu{op)n

is summable as a nonnegative real-valued function of a on (Z4 U {0})™, with

(146.6) > ( > f(a,ﬁ))é > f(e, B).

ae(Z,u{o})™  BeZ,u{o})” (a,8)€(ZU{0})m+n
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14.6.2 Summable iterated sum

Conversely, suppose that (14.6.3) holds for each o € (Z4 U {0})™, and that
(14.6.7) (14.6.5) is summable as a nonnegative real-valued function
of won (ZL U{0})™.

One can check that (14.6.2) holds under these conditions, with

(14.6.8) 3 fems Y (X f@s).
(e.B)e(Zu{o})m+n ag(Zyu{op)™ pe(Ziu{oh)”

This means that

(14.6.9) 3 fap= S (X fes)
(e,B)e(Zu{0})m+n ag(ziu{oh)r  Be(Ziu{ohn

in both cases. Of course, there are analogous statements for summing over «
first.

14.6.3 More on double sums

Suppose now that f(a, ) is a summable real or complex-valued function on
(ZU{0})™ "™, This implies that for each a € (Z;U{0})™, f(cv, B) is summable
as a function of 8 on (Z4 U {0})", as before. We also have that

(14.6.10) o faB) < D> f(a)

Be(z4 u{o})" pe(zyu{oh)”

for every a € (Z;U{0})™, as in Subsection 14.2.1. The right side is summable as
a function of a on (Z1 U {0})™, as before. It follows that (14.6.5) is summable
as a function of @ on (Z; U {0})™. One can check that (14.6.9) holds here
too, by reducing to the case of summable nonnegative real-valued functions on
(Z U{0})™*™. There are analogous statements for summing over « first, as
before.

14.6.4 A particular case

Now let f(«), g(8) be summable real or complex-valued functions of a, 8 on
(ZLu{0h™, (ZL U{0})™, respectively. One can check that

(14.6.11) ¢(e, B) = f(a) g(B)
is summable on (Zy U {0})™*", by summing

(14.6.12) ¢, B) = [f () 19(B)]

one variable at a time. Similarly,

(14.6.13) > f(a) g(B)

(e.p)e(Zu{o})m+n

= (X @) X @)

a€Z u{0})™ BE(Zu{0})™
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14.7 Some more rearrangements

Let m and n be positive integers, and let A(y) be a finite set of n-multi-indices
for each m-multi-index . Suppose that the A(+)’s are pairwise disjoint, so that

(14.7.1) AY)NAH)=0

for all m-multi-indices v, 7/ with v # 4/, and that

(14.7.2) U A =@z, u{ophm
ye(Zyu{oh™

Let ¢ be a real or complex-valued function on (Z4 U {0})", and put

(14.7.3) Py =Y. ¢la)

a€A(y)

for every m-multi-index ~. This is interpreted as being equal to 0 when A(~y) =
(). Note that

(14.7.4) W< > e

a€A(y)

for every n-multi-index ~.

14.7.1 Nonnegative ¢

Suppose for the moment that ¢ is a nonnegative real-valued function on (Z4 U
{0})™, so that 1) is a nonnegative real-valued function on (Z, U {0})™. If ¢ is
summable on (ZU{0})™ then one can check that ¢ is summable on (ZU{0})™,
with
(14.7.5) Yoo < DY, dla).

ve(Z 1 o{opm a€(Z+0{o})"
Similarly, if ¢ is summable on (Z; U {0})™, then one can verify that ¢ is
summable on (Z4 U {0})™, with

(14.7.6) dYoood@< D p().
a€(Zyu{oh) ve(Zu{opm

It follows that

(14.7.7) Yoo v = Y.
v€(Z+u{0})™ ag(Zyu{o})"

in both cases.

14.7.2 Arbitrary summable ¢

If ¢ is a summable real or complex-valued function on (Z; U {0})", then one
can use (14.7.4) and the remarks in the preceding paragraph to get that
is summable on (Z; U {0})™. One can also check that (14.7.7) holds under
these conditions, by reducing to the case of summable nonnegative real-valued
functions on (Z U {0})™.
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14.7.3 Examples related to Cauchy products

As a basic class of examples, let us take n = 2m, and identify the set (Z, U
{0})?™ of all (2m)-multi-indices with the set

(14.7.8) (ZyU{0h)™ x (Z U{opH™

of all ordered pairs (a, 8) of m-multi-indices, as in the previous section. If v is
an m-multi-index, then put

(14.7.9) A() = {(a,f) € (Z1 U{0})*™ a + B =7}

These are pairwise-disjoint nonempty finite subsets of (Z1U{0})?™, whose union
is all of (Z; U {0})*™.

Let f, g be real or complex-valued functions on (Z4 U{0})™, and let ¢(«, 3)
be defined on (Z; U {0})*™ as in (14.6.11). In this case,

(14.7.10) b)) = D fl@)gB)

a+B=y

is the same as h(y) in Section 14.3, and the earlier properties of h(7y) could also
be obtained from the remarks in this and the previous section.



Appendix A

Linear mappings, norms,
and differentials

A.1 Invertible linear mappings

Let V be a vector space over the real or complex numbers. A one-to-one linear
mapping 1" from V onto itself is said to be invertible, and the corresponding
inverse mapping is denoted 7!, as usual. In this case, 7! is invertible on V
as well, with

(A.1.1) (T H =T

If T1 and T5 are invertible linear mappings on V', then it is easy to see that their
composition T o T} is invertible on V', with

(A.1.2) (TooTy) ' =T o1yt

The set of invertible linear mappings on V' is denoted GL(V'). This is called
the general linear group associated to V. This is a group with respect to com-
position of mappings on V.

A.1.1 Invertibility and determinants

Suppose now that V' has positive finite dimension n, as a vector space over the
real or complex numbers, as appropriate. If one chooses a basis for V, then
every linear mapping 7' from V into itself corresponds to an n X n matrix of
real or complex numbers, as appropriate, in a standard way. The determinant
det T of T is defined as the determinant of the corresponding matrix. It is well
known that this does not depend on the particular choice of basis for V. The
identity mapping I = Iy on V corresponds to the usual identity matrix in this
way, which has determinant equal to 1, so that

(A.1.3) det I =1.

328
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If T}, T are linear mappings from V into itself, then
(A14) det(Tg O Tl) = (det TQ) (det Tl),

because of the corresponding property of determinants of products of n x n
matrices. A linear mapping T from V into itself is invertible if and only if

(A.1.5) detT # 0

because of the analogous characterization of invertibility of n x n matrices. In
this case, we have that
(A.1.6) det(T™') = (det 7)1,

because of (A.1.4).
The special linear group of V is defined to be the collection SL(V') of linear
mappings 7' from V into itself such that

(A.1.7) det T = 1.

This is a subgroup of GL(V'), because of (A.1.4).

A.1.2 Invertible matrices

Let GL(n,R) be the set of nxn matrices of real numbers that are invertible with
respect to matrix multiplication, or equivalently that have nonzero determinant.
This is called the general linear group of these n x n matrices of real numbers,
and it is a group with respect to matrix multiplica‘gion. The set of all n x n
matrices of real numbers can be identified with R™ , by listing the entries of
an n X n matrix in a sequence with n? terms. It is well known that GL(n,R)
corresponds to an open set in R™ in this way. This follows from the fact that
the determinant of an n x n matrix is a pol;/nomial in the entries of the matrix,
which defines a continuous function on R™ .

Similarly, let SL(n,R) be the set of n x n matrices of real numbers with
determinant equal to 1. This is called the special linear group of these n x n
matrices of real numbers, and it is a subgroup of GL(n, R). It is easy to see that
SL(n,R) corresponds to a closed set in R"z, because the determinant of an nxn
matrix of real numbers corresponds to a continuous function on R”27 as in the
preceding paragraph. It is well known that SL(n,R) is a smooth submanifold
of GL(n,R) of dimension n? — 1, in the sense that it corresponds to a smooth

submanifold of this dimension of the open subset of R"™ that corresponds to
GL(n,R).

A.2 Eigenvalues and eigenvectors

Let V be a vector space over the real or complex numbers, and let T" be a
linear mapping from V into itself. Also let A be a real or complex number, as
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appropriate. An element v of V is said to be an eigenvector of T with eigenvalue
Aif
(A.2.1) T(v) = Av.

The set E7(X) of these v € V is called the eigenspace of T in V associated to
A. It is easy to see that

(A.2.2) Ep () is a linear subspace of V.

More precisely, A is normally considered to be an eigenvalue of T if there is
a nonzero v € V that is an eigenvector of T" with eigenvalue A, so that

(A.2.3) Er()\) # {0}.

However, v = 0 is considered to be an element of Ex()) for every . Note that
(A.2.1) is the same as saying that

(A.2.4) (T — A\I)(v) =0,

where I = Iy is the identity mapping on V. It follows that A is an eigenvalue
of T if and only if
(A.2.5) T — A1 is not one-to-one on V.

A.2.1 Commuting linear mappings

Let R be another linear mapping from V into itself. Suppose that R and T
commute with each other on V', which is to say that

(A.2.6) RoT=ToR.

If v € V is an eigenvector of T" with eigenvalue A, then

(A.2.7) T(R(v)) = R(T'(v)) = R(Av) = A R(v).

This means that R(v) is also an eigenvector of T with eigenvalue A, so that
(A.2.8) R(v) € Ep()).

Equivalently, we have that

(A.2.9) R(ET(X)) € Ep(X).

A.2.2 Finite-dimensional vector spaces

Suppose now that V has finite dimension, as a vector space over R or C. It is
well known that a linear mapping from V into itself is one-to-one if and only if
it maps V onto itself. In this case, (A.2.5) is the same as saying that

(A.2.10) T — X1 is not invertible on V.
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This means that A is an eigenvalue of T if and only if
(A.2.11) det(T'— A1) =0.

The left side is a polynomial in A\, with coefficients in R or C, as appropriate,
of degree equal to the dimension of V.

If V is a vector space over the complex numbers of positive finite dimension,
then it follows that every linear mapping from V into itself has an eigenvalue,
because every polynomial of positive degree with complex coefficients has a root
in C.

A.3 Linear mappings on R"

Let n be a positive integer, and remember that the dot product on R" is defined
as in Section 1.15, and is also known as the standard inner product on R™. If T’
is a linear mapping from R™ into itself, then there is a unique linear mapping
T’ from R™ into itself such that

(A.3.1) T(x) y=z-T'(y)

for every z,y € R", as in Subsection 1.15.2. This may be called the adjoint of
T. It is easy to see that
(A.3.2) (T"Y =T,

using (A.3.1), or the fact that the matrix associated to 7" in the usual way is
the same as the transpose of the matrix associated to T', as before. Note that

(A.3.3) I'=1,

where I = Ig~ is the identity mapping on R".

The space L(R") of linear mappings from R™ into itself may be considered
as a vector space over the real numbers with respect to pointwise addition and
scalar multiplication of linear mappings. This corresponds to the space of n x n
matrices of real numbers, as a vector space over R with respect to entrywise
addition and scalar multiplication of matrices, using the matrices associated to
linear mappings in the usual way. Note that

(A.3.4) T T

is linear, as a mapping from L£(R™) into itself. This can be verified using the
characterization of 7" in (A.3.1), or the fact that the matrix associated to T is
the same as the transpose of the matrix associated to 7.

If
(A.3.5) T =T,

then we may say that T is self-adjoint or symmetric with respect to the standard
inner product on R™. Equivalently, this means that

(A.3.6) T(x)-y=xz-T(y)
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for all z,y € R™. An n X n matrix of real numbers is said to be symmetric if
it is equal to its transpose. Thus T is symmetric if and only if the associated
matrix is symmetric. If T' is symmetric, then it is well known that there is an
orthonormal basis for R™, with respect to the standard inner product, consisting
of eigenvectors of T'.

Similarly, if
(A.3.7) T =-T,

then T is said to be anti-self-adjoint or antisymmetric with respect to the stan-
dard inner product on R™. This is the same as saying that

(A.3.8) T(z) y=—x-T(y)

for all z,y € R™. An n X n matrix of real numbers is said to be antisymmetric
if it is equal to —1 times its transpose. It follows that T is antisymmetric if and
only if the associated matrix is antisymmetric.

A.3.1 More on adjoints

If Ty, T, are any linear mappings from R"™ into itself, then
(A.3.9) (Ty o Ty) =Ty o Ty,

as in Subsection 5.5.2. This corresponds to a well-known fact about the trans-
pose of a product of matrices. If T is antisymmetric, then one can use this to
get that

(A.3.10) (ToT) =ToT,

so that T? = T o T is self-adjoint.
If T is any linear mapping from R"™ into itself, then

(A.3.11) (1/2) (T +T")

is symmetric,
(A.3.12) (1/2)(T -T")

is antisymmetric, and 7' is equal to the sum of (A.3.11) and (A.3.12). One
can check that this is the only way in which 7" can be expressed as a sum of
symmetric and antisymmetric linear mappings on R”.

If
(A.3.13) ToT' =T oT,

then one may say that T is normal, although this term is perhaps more com-
monly used for an analogous property in the complex case. It is easy to see that
T is normal if and only if (A.3.11) and (A.3.12) commute with each other.

If T is any linear mapping from R™ into itself, then

(A.3.14) detT" =detT.

This follows from the fact that the determinant of an n x n matrix is equal to
the determinant of its transpose.
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A.4 More on L(R")

Let n be a positive integer, and note that the sets of linear mappings from
R™ into itself that are self-adjoint or anti-self-adjoint are linear subspaces of
L(R™). Of course, if a linear mapping T from R™ into itself is both self-adjoint
and anti-self-adjoint, then 7" = 0. Clearly

(A.4.1) dim L(R™) = n?,

because the dimension of the space of n x n matrices of real numbers is equal
to n2, as a vector space over R. The dimension of the space of self-adjoint
linear mappings from R™ into itself is the same as the dimension of the space
of symmetric n X n matrices of real numbers, which is

n?+n

(A.4.2) ==,

Similarly, the dimension of the space of anti-self-adjoint linear mappings from
R” into itself is the same as the dimension of the space of antisymmetric n x n
matrices of real numbers, namely,

n2—n

2

(A4.3)

A.4.1 Some properties of 7o T

If T is any linear mapping from R"™ into itself, then

(A.4.4) (T'oT)Y =T o(T') =T oT,

so that T" o T is self-adjoint. Observe that

(A.4.5) (T o T)(x) -y = T'(T(2)) -y = T(x) - T(y)
for every x,y € R™. This implies that

(A.4.6) (T’ o T)(z) - & = |T(x)]? > 0

for every € R"™. It follows that the eigenvalues of 7" o T' are nonnegative.
Of course, if
(A.4.7) T(x)=0

for some & € R™, then
(A.4.8) (T"oT)(x) = 0.

Conversely, (A.4.8) implies (A.4.7), because of (A.4.6). This means that

(A.4.9) ker(T' o T) = ker T
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A.4.2 Invertibility and adjoints

If T is a one-to-one linear mapping from R™ onto itself, then one can check that
T’ is invertible on R"™ as well, with

(A.4.10) (Tt = (T,

using (A.3.9). In particular, this implies that 7" o T' is invertible on R™.
Remember that a one-to-one linear mapping 7' from R"™ onto itself is said
to be an orthogonal transformation if it preserves the standard inner product,
as in Subsection 1.15.1. This is equivalent to preserving the standard Euclidean
norm on R", as before.
The condition that T" preserve the standard inner product on R™ is the same
as saying that
(A.4.11) (T'oT)(x) y=x-y

for all x,y € R™, because of (A.4.5). Clearly this holds when
(A.4.12) T oT =1.

Conversely, if (A.4.11) holds for every z,y € R", then one can check that
(A.4.12) holds.

Note that (A.4.12) implies that T is one-to-one on R™, and thus that 7" maps
R"™ onto itself. This means that T is invertible on R™, so that (A.4.12) is the
same as saying that
(A.4.13) T =T""

Of course, (A.4.13) implies that T" and T’ commute with each other. This
means that (A.3.11) and (A.3.12) commute with each other, as before.

A.5 DMore on orthogonal transformations

Let n be a positive integer, and let O(n) be the set of all orthogonal transforma-
tions on R™. If T" is an orthogonal transformation on R", then it is easy to see
that 77! is an orthogonal transformation on R" as well. One can also verify
that the composition of two orthogonal transformations on R"™ is an orthogo-
nal transformation on R™. This means that O(n) is a subgroup of the group
GL(R™) of all invertible linear mappings on R™. This is called the orthogonal
group associated to R™, and its standard inner product.
If T € O(n), then one can check that

(A5.1) det T = +1,
using (A.3.14). Put
(A.5.2) SO(n) ={T € O(n) : detT =1} = O(n) N SL(R").

This is a subgroup of O(n) and of SL(R™), called the special orthogonal group.
The elements of SO(n) are known as rotations on R™.



A.6. NORMS ON RY 335

An n x n matrix of real numbers is said to be an orthogonal matriz if it
is invertible, with inverse equal to its transpose. These are the same as the
matrices that correspond to elements of O(n). The set of these orthogonal
matrices is denoted O(n,R). This is a subgroup of the group GL(n,R) of all
invertible n X n matrices of real numbers. This is called the orthogonal group
of these n X n matrices of real numbers.

The elements of O(n, R) have determinant +1, as before. The set of matrices
in O(n,R) with determinant equal to 1 is denoted SO(n,R), so that

(A.5.3) SO(n,R) = O(n,R) N SL(n, R).

These are the matrices that correspond to elements of SO(n), and SO(n,R) is
a subgroup of O(n,R) and SL(n,R). This is the special orthogonal group of
these n x n matrices of real numbers.

A.5.1 More on O(n)

Note that
(A.5.4) On)={TeLR"): T oT =1},

as in the previous section. Of course, there is an analogous description of
O(n,R). Let us identify the space of n x n matrices of real numbers with
R"2, by listing the entries of such a matrix in a sequence with n? terms, as
in Subsection A.1.2. It is well known that O(n,R) corresponds to a compact
smooth submanifold of R™, with dimension equal to (A.4.3). This can be
obtained using the implicit function theorem.

More precisely, O(1) consists of 1 times the identity mapping on R, and
SO(1) contains only the identity mapping on R. Similarly, O(1, R) corresponds
to {1,—1}, considered as a 0O-dimensional submanifold of R. If n > 2, then
n? > n, and (A.4.3) is positive.

Because O(n, R) corresponds to a compact smooth submanifold of R"Q, we
can define integrals over it in a standard way, with respect to the element of
volume of dimension (A.4.3). If n = 1, then this can be interpreted as a sum
with two terms in a simple way. We can also take averages over O(n,R), by
dividing the integral by the volume of O(n,R) of dimension (A.4.3). We can
use this to define integrals and averages over O(n).

A.6 Norms on R"

Let n be a positive real number, and let N be a nonnegative real-valued function
on R"™. We say that N is a norm on R" if it satisfies the following three
conditions. First,

(A.6.1) N(x) =0 if and only if z = 0.

Second,
(A.6.2) N(tx) = |t| N(x)
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for every z € R™ and t € R. Third,
(A.6.3) N(z+y) < N(z)+ N(y)

for every z,y € R", which is the triangle inequality for N.

It is easy to see that the standard Euclidean norm on R™ is a norm in this
sense, using the properties mentioned in Subsection 1.1.1. If V is any norm on
R”, then
(A.6.4) N is convex as a real-valued function on R",

as mentioned in Section 9.12.

A.6.1 Some basic examples of norms

One can check that

(A.6.5) Izl =l
j=1

defines a norm on R™ as well. One can also verify that

(A.6.6) e = max [z;]

defines a norm on R™. The standard Euclidean norm on R"™ is sometimes
denoted
(A.6.7) B

Note that all of these norms are the same as the usual absolute value function
on R when n = 1.

A.6.2 Metrics associated to norms
If N is a norm on R"™, then put
(A.6.8) dn(z,y) = N(z —y)

for every x,y € R™. This is the metric on R™ associated to N. The standard
Euclidean metric on R™ is the same as the metric associated to the standard
Euclidean norm, as in Subsection 1.1.2.

Observe that

(A.6.9) dn(z,y) = 0 if and only if z =y,
because of (A.6.1). It is easy to see that

(A.6.10) dn(z,y) = dn(y,z)

for all z,y € R™, using (A.6.2), with t = —1. We also have that
(A.6.11) dn(z,z) <dn(z,y) +dn(y, 2)

for all z,y,z € R™, because of (A.6.3). This implies that R™ is a metric space
with respect to the metric dy(-,-). Note that (A.6.11) is called the triangle
inequality for dy(-,-), as a metric on R".
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A.6.3 Open and closed balls

If x € R™ and r is a positive real number, then the open ball in R™ centered at
x with radius r with respect to IV is defined by

(A.6.12) By(z,r)={y€R": N(z —y) <r}.

The closed ball in R™ centered at x with radius r with respect to N is defined
by
(A.6.13) By(z,7r)={yeR": N(z —y) <r}.

These are the same as in Subsection 1.1.3 when N is the standard Euclidean
norm on R"™.
One can check that

(A.6.14) By(z,7) and By(z,7) are convex sets in R",

as mentioned in Section 1.8. This is related to the remark in Subsection A.7.3.

A.6.4 Norms on C"

One can define the notion of a morm on C" in essentially the same way as
before. In this case, (A.6.2) should hold for all z € C™ and t € C, where |¢| is
the absolute value or modulus of ¢, as in Section 1.4. The standard Euclidean
norm on C" is a norm in this sense, as in Section 2.6, which may be denoted as
in (A.6.7). We get norms on C" as in (A.6.5) and (A.6.6) too.

One can identify C™ with R?", as in Section 2.6. Using this, every norm on
C” may be considered as a norm on R?". However, not every norm on R2"
corresponds to a norm on C™ in this way, because norms on C" are supposed
to satisfy (A.6.2) for all t € C.

Similarly, one can define the notion of a norm on any vector space over the
real or complex numbers.

A.7 Seminorms

Let n be a positive integer, and let N be a nonnegative real-valued function on
R”™ again. We say that N defines a seminorm on R" if it satisfies the second
and third conditions in the definition of a norm, which is to say (A.6.2) and
(A.6.3). More precisely, N satisfies the “if” part of the first condition (A.6.1),
because of (A.6.2), with ¢ = 0. In this case, one can check that the set of z € R"
such that

(A.7.1) N(z)=0

is a linear subspace of R™. Note that seminorms are also sometimes called
pseudonorms.

If N is a seminorm on R”, then one can check that IV is convex as a real-
valued function on R™. One can also define open and closed balls in R™ with
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respect to N as in (A.6.12) and (A.6.13), respectively, and verify that they are
convex sets in R™. This is related to the remark in Subsection A.7.3, as before.
One can define dy (z,y) for z,y € R™ as in (A.6.8), and it satisfies (A.6.10),
(A.6.11), and the “if” part of (A.6.9). This may be described as the semimetric
or pseudometric on R”™ associated to V.
If z,y € R", then

(A.7.2) N(z) < N(y) + N(z —y)
and
(A.7.3) N(y) < N(z) + N(z — y).

This implies that
(A.7.4) |N(x) — N(y)| = max(N(z) = N(y), N(y) = N(z)) < N(z —y).

A.7.1 A simple estimate for N

Let eq,..., e, be the standard basis vectors in R", so that the [th coordinate of
e; is equal to one when j = [, and to zero otherwise. If z € R", then it follows
that

(A.7.5) x = Zx]- €j.
j=1

One can use this to get that
(A.7.6) N(z) < |2l N(ej).
j=1

This implies that there is a nonnegative real number C'(N) such that
(AT.7) N(z) < C(N) |[zl2

for every x € R™, where ||z||2 is the standard Euclidean norm of z, as before.
In fact, one can take

n 1/2
(A.7.8) C(N) = (Z N(ej)2) :
j=1
using the Cauchy—Schwarz inequality.
Combining this with (A.7.4), we get that
(A.7.9) [N(z) = N(y)| < C(N) [z —yll2

for all z,y € R™. This means that N is Lipschitz of order one with constant
C(N) with respect to the standard Euclidean metric on R, as in Section 9.3.

A.7.2 Seminorms on other vector spaces

One can define the notion of a seminorm on C" in essentially the same way
as before, as in Subsection A.6.4. A seminorm on C" may be considered as a
seminorm on R?", as before.

In fact, one can define the notion of a seminorm on any vector space over
the real or complex numbers, as before.
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A.7.3 A remark about convex functions

Let U be a nonempty convex open set in R™, and let f be a convex function on
U, as in Section 9.12. If b is a real number, then it is easy to see that

(A.7.10) {yeU: fy) <b}
and
(A.7.11) {yeU: fly) <b}

are convex sets.

A.8 Sublinear functions

Let n be a positive integer, and let p be a real-valued function on R™. We say
that p is sublinear on R™ if it satisfies the following two conditions. First,

(A.8.1) p(tz) =tp(zx)

for every positive real number ¢ and = € R™. Second,

(A.8.2) p(z+y) < p(x) +ply)

for every x,y € R™. The same definition can also be used on any vector space
over the real numbers, as before.

It is easy to see that (A.8.1) implies that
(A.8.3) p(0) =0.

Of course, for  # 0, (A.8.1) is the same as saying that p is homogeneous of
degree one on R™ \ {0}, as in Subsection 2.8.1.

Let us say that p is symmetric about 0 on R™ if

(A.8.4) p(—=z) = p(z)

for every x € R™. If p is sublinear and symmetric about 0 on R", then it is
easy to see that

(A.8.5) p(x) >0

for every x € R™. This means that p is a seminorm on R™ under these condi-
tions.

Note that p is a linear functional on R™ if and only if p satisfies (A.8.1), and
equality holds in (A.8.2) for every x,y € R™. This is the same as saying that p
and —p are both sublinear on R”.
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A.8.1 Some properties of sublinear functions

If p is sublinear on R"™, then it is easy to see that
(A.8.6) p is convex as a real-valued function on R",

as in Section 9.12. If x € R™ and b € R, then it follows that

(A.8.7) {ye R" : p(y — x) < b}
and
(A.8.8) {yeR":p(y —z) < b}

are convex sets, as in Subsection A.7.3.
If a is a nonnegative real number, then

(A.8.9) ap is sublinear on R"
too. If p1, po are sublinear on R™, then

(A.8.10) p1 + po is sublinear on R”.
One can also check that

(A.8.11) max(p1,p2) is sublinear on R"

in this case.
Observe that

(A.8.12) p(—x) is sublinear on R".
This implies that

(A.8.13) p(z) + p(—2)

and

(A.8.14) N, (z) = max(p(z), p(—2))

are sublinear on R", as in the preceding paragraph. Clearly (A.8.13) and
(A.8.14) are symmetric about 0 on R™, by construction. It follows that (A.8.13)
and (A.8.14) are seminorms on R", as before.

A.8.2 Lipschitz conditions for sublinear functions

If p is sublinear on R"™, then

(A.8.15) p(x) < p(y) +plz —y)

and

(A.8.16) p(y) < p(x) +ply — )

for every =,y € R™. This implies that

(A8.17)  [p(z) —p(y)| = max(p(x)—p(y),p(y) —p(z))

< max(p(z —y),ply —x)) = Np(z —y)



A.9. SOME REMARKS ABOUT DIRECTIONAL DERIVATIVES 341

for every x,y € R”, where N, is as in (A.8.14).
Let C(N,) be a nonnegative real number such that

(A.8.18) Np(z) < C(Np) |zl
for every x € R"™, as in (A.7.7). Using this, we get that

(A.8.19) Ip(z) = p(y)] < C(Np) |z = yll2

for every z,y € R™.

A.9 Some remarks about directional derivatives

Let n be a positive integer, let U be a nonempty open subset of R", and let f
be a real-valued function on U. If x € U and v € R", then put

(A.9.1) Upp={teR:z+tveU}.

It is easy to see that this is an open set in the real line that contains 0.
Put

(A.9.2) Fpo(t) = f(z+tv)
for each t € U, ,,. If F,, is differentiable at 0, then put
(A.9.3) (Dyf)(z) = F ,(0).

This is the usual directional derivative of f at z in the direction v, as mentioned
in Subsection 1.3.2. Note that

(A.9.4) (Do f)(z) =0

automatically when v = 0.
If a is a real number, then

(A.9.5) Usav = {t cR:ate Uw,v}
and
(A96) Fx,av(t) = Fa:,v ((l t)

for every t € Uy ,,. If the directional derivative of f at = in the direction v exists,
then the directional derivative in the direction awv exists, and is equal to

(A.9.7) (Davf)(x) = F} 4,(0) = aF; ,(0) = a(Dyf)(x).
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A.9.1 One-sided directional derivatives

Remember that the one-sided derivatives of a real-valued function on an open
set in the real line are defined as in Section 9.7, when they exist. If the one-
sided derivative of I , at 0 from the right exists, then the one-sided directional
derivative at x in the direction v may be defined by

(A.9.8) (Dy f)(@) = (Fo0)', (0).

Similarly, if the one-sided derivative of Fy , at 0 from the left exists, then we
put

(A.9.9) (Dy f)(x) = (Fru)"(0).

The directional derivative of f at x in the direction v exists if and only if these
two one-sided directional derivatives exist and are equal, in which case

(A.9.10) (Do f)(@) = (D f)(x) = (D; f)(=),
as before.

If @ is a positive real number, then
(A.9.11) (D7 )(@) = a(Dy f)(x)
when (D} f)(z) exists, and
(A.9.12) (Do f)(x) = a(D, f)(x)
when (D f)(x) exists. If a < 0, then
(A.9.13) (Daof)(@) = a(Dy f)(x)
when (D, f)(x) exists, and
(A.9.14) (Do )(@) = a (D f)(x)

when (D f)(z) exists.

A.9.2 Directional derivatives of convex functions

Suppose now that U is a convex open set in R”, and that f is convex on U, as
in Section 9.12. This implies that U, , is an open interval in the real line, which
may be unbounded, and that F , is convex on U, ,, as before. It follows that
(A.9.8) and (A.9.9) exist, as in Subsection 9.7.2. More precisely,

(A.9.15) (Dff)(z) = inf{t™ (Fpo(t) — Fry(0) it € Upy, t > 0}
= inf{t 7' (f(z +tv) — f(z)): t €Uy, t >0}

and

(D, f)(x) = sup{t  (Fy,(0) — Fyo(—t)): —t € Uy, t > 0}
(A.9.16) = sup{t ' (f(0) — f(x —tv)): =t € Uy, t > 0},
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as before.

Let w be another element of R™, and suppose that ¢ > 0 is small enough so
that
(A.9.17) x+2tv, x+2twe U

This implies that

(A9.18) z+tv+tw=(1/2)(z+2tv)+ (1/2) (z+2tw) € U,
which holds for sufficiently small ¢ anyway. It follows that

(A9.19)  flz+tv+tw) <(1/2) f(z+2tv) + (1/2) f(z + 2t w),
because f is convex on U. Equivalently, this means that

T (fla+totw) - flx) < @207 (flz+2tv) - f(2)
(A.9.20) +28) 7 (f(x +2tw) — f(2)).

Taking the limit as ¢ — 04, we get that

(A.9.21) (D1 (@) < (DF f)(@) + (D ) (w).
This shows that
(A.9.22) ps(v) = (Dy f)(x)

is a sublinear function of v € R, as in the previous section, using also (A.9.11).
This corresponds to part of Theorem 23.1 on p213 of [242].

A.10 Linear functionals on R"

A linear functional on a vector space V' over the real numbers is a linear mapping
from V into R. Let n be a positive integer, and note that

(A.10.1) Ay (V) :u~v:2uj v;
j=1

is a linear functional on R™ for each uw € R". It is easy to see that every linear
functional on R" is of this form, for a unique v € R".

A.10.1 The Hahn—Banach theorem

Let p be a sublinear function on R"™, as in Section A.8, and let L be a linear
subspace of R™. Also let A be a linear functional on L, and suppose that

(A.10.2) A(v) < p(v)

for every v € L. Under these conditions, then Hahn—Banach theorem implies
that there is an extension of A to a linear functional on R that satisfies (A.10.2)
for every v € R".
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It follows in particular that there is a linear function A on R"™ that satisfies
(A.10.2) for every v € R™, by taking L = {0}. As a more precise version of this,
let w € R™ with w # 0 be given, and let

(A.10.3) Lw)={tw:teR}

be the linear subspace of R" spanned by w. Consider the linear functional A on
L(w) defined by
(A.10.4) Atw) = tp(w)

for each t € R. Let us check that A satisfies (A.10.2) on L(w).
If ¢t > 0, then

(A.10.5) Atw) =tp(w) = p(tw).
If t <0, then

(A.10.6) AMtw) =tp(w) = —p(—tw).
Observe that

(A.10.7) 0 =p(0) < p(tw) + p(—tw),
so that

(A.10.8) —p(—tw) < p(tw).

Combining this with (A.10.6), we get that
(A.10.9) Atw) = —p(—tw) < p(tw)

when t < 0.
If p is a linear functional on R, and A is a linear functional on R™ that
satisfies (A.10.2) for every v € R™, then

(A.10.10) A=p
on R”. Indeed, if v € R", then we get that
(A.10.11) A=) < p(—v),

which implies that
(A.10.12) p(v) < A(v)

in this case.

A.10.2 Convex functions and linear functionals

Let U be a nonempty convex open set in R, and let f be a convex real-valued
function on U, as in Section 9.12. Also let x € U be given, and let p, be the
sublinear function on R™ in (A.9.22). If v € R™ and

(A.10.13) z+vel,

then
(A.10.14) f(z+v) = f(z) > (D f)(z) = pa(v).
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More precisely, (A.10.13) is the same as saying that
(A.10.15) 1€ Uz,

where U, , is as in (A.9.1). Using this, the first step in (A.10.14) follows from
(A.9.15).
Suppose that A is a linear functional on R™ such that

(A.10.16) A(v) < pa(v)
for every v € R™. In this case, we get that
(A.10.17) f(@)+Av) < f(z+v)

for every v € R™ such that (A.10.13) holds.

The existence of a linear functional A on R™ such that (A.10.17) holds corre-
sponds to part of Theorem 23.4 on p217 of [242]. Of course, if f is differentiable
in an appropriate sense at z, then p, is a linear functional on R", so that one
can simply take A\ = p,. Another approach to the existence of such a linear
functional will be mentioned in Subsection A.14.1.

A.11 Nonnegative sublinear functions

Let n be a positive integer, and let N be a nonnegative real-valued function on
R™. Suppose that
(A.11.1) N(tz) =t N(x)

for every positive real number ¢ and z € R™, so that N(0) = 0 in particular, as
in Section A.8. If r is a positive real number, then put

(A.11.2) By(r)={y e R": N(y) <r}.
Similarly, if 7 is a nonnegative real number, then put
(A.11.3) Bn(r)={y € R": N(y) <r}.
If F is a subset of R™ and t € R, then put
(A.11.4) tE={ty:y € E}.

Observe that
(A.11.5) t Bn(r) = Bn(tr)

for every r.t > 0, and that
(A.11.6) tBN(’I"):BN(tT)

for every r > 0 and ¢ > 0.
Put
(A.11.7) —E=(-1)E={-y:y € E}
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If
(A.11.8) ~E=E,

then E is said to be symmetric about 0. If N is symmetric about 0, as in Section
A8, then By (r) is symmetric about 0 for every r > 0, and By (r) is symmetric
about 0 for every r > 0.

A.11.1 Sublinearity and convexity
Suppose for the moment that
(A.11.9) N(z+y) < N(z)+ N(y)

for every z,y € R™, so that N is sublinear on R", as in Section A.8. This
implies that By(r) is a convex set for every r > 0, and that By(r) is convex
for every r > 0, as in Subsection A.8.1.

Coversely, we would like to show that (A.11.9) holds if either By (1) or Bx/(1)
is convex. More precisely, suppose that for every u,v € R™ with

(A.11.10) N(u), N(v) <1
and every 7 € R with 0 < 7 < 1 we have that
(A.11.11) Niru+(1—-7)v) <1

Note that this condition holds when either By (1) or By (1) is convex. We would
like to show that (A.11.9) holds in this case.
To do this, let z,y € R™ be given, and let ,, t, be real numbers with

(A.11.12) N(z) <tz, N(y) <ty.
Put
(A.11.13) u=t"z v=t,"y,
and observe that u, v satisfy (A.11.10), because of (A.11.1). Also put
(A.11.14) T = tiw,

te + 1,
so that 0 < 7 <1 and ;
(A.11.15) l—r=—2Y_

ty + 1y
Clearly
(A.11.16) Tut+(l—7)v=(t, +t,) (. +y).
It follows that

(A.11.17) N((ty +t,)  (x+y)) <1,
because of (A.11.11). This means that
(A.11.18) N(z+vy) <ty +ty,

because of (A.11.1). One can use this to get (A.11.9), because t, and t, are
arbitrary real numbers that satisfy (A.11.12).
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A.11.2 An inequality of Minkoswki

Let p be a positive real number, and put
~ 1/p
(A11.19) ol = (D lasl?)
j=1

for every x € R™. This is the same as the standard Euclidean norm on R"™ when
p = 2, and this was mentioned in Subsection A.6.1 when p = 1. Of course, this
is a nonnegative real-valued function on R" for every p > 0, and

(A.11.20) |z||, = 0 if and only if z = 0.

It is easy to see that (A.11.19) satisfies (A.11.1) for every p > 0 as well.
If p > 1, then it is well known that

(A.11.21) 1z +yllp < llzllp + Nyl

for every x,y € R™. This is Minkowski’s inequality for finite sums. There are
analogous statements for inetgrals, which can be obtained by approximating
integrals by finite sums, or using arguments like those for finite sums. Of course,
this implies that (A.11.19) is a norm on R™ when p > 1. One can use this to
get a norm on C™ as well, as in Subsection A.6.4.

The closed unit ball in R™ associatied to (A.11.19) is

(112 eR syl <= {ye R Y P <1}

J=1

In order to get (A.11.19), it suffices to check that (A.11.22) is a convex set in
R™, as in the previous subsection.

If p > 1, then
(A.11.23) fp(w) = |w|?

is a convex function on the real line, as in Section 9.9. One can use this to verify
that (A.11.22) is a convex set in R™ when p > 1.

If n =1, then (A.11.19) is the same as the absolute value of a real number.
If n > 2, then one can check that (A.11.19) does not necessarily hold when
p < 1. Equivalently, (A.11.22) is not convex when n > 2 and p < 1.

If p < 1, then one can check that

(A.11.24) lz+yllp < llzll} + il

for every z,y € R", using an inequality mentioned in Subsection 9.10.2. One
can use this to get that
(A.11.25) |z —yllh

defines a metric on R™ when p < 1.
It is easy to see that
(A.11.26) [Zlloo < [l
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for every z € R™ and p > 0, where ||z]/» is as in Subsection A.6.1. We also
have that
(A.11.27) lzllp < 277 |12 o

for every x € R™ and p > 0. One can use this to get that
(A.11.28) lz]lp = |lz]|eo a8 p — 0

for every x € R™.

A.12 Differentiable mappings

Let m and n be positive integers, and let U be a nonempty open set in R"™.
Also let f be a mapping from U into R™, which is the same as a function on U
with values in R™. Equivalently, if x € U, then

(A.12.1) f(x) = ([i(@),..., fn(2)),

where f1,..., fm are real-valued functions on U, as in Section 13.1.
We say that f is differentiable at a point x € U if there is a linear mapping
A from R" into R™ such that

i @+ 1) = f@) = A(R)[l2 mem

A12.2 =0.

( ) h—0 ||hH2,R"

Here || - || r» and || - ||2,rm are the standard Euclidean norms on R™ and R™,
respectively.

One can check directly that A is unique when it exists, and another way to
see this will be mentioned soon. If f is differentiable at x, then we may put

(A.12.3) F(z) = A.

This may be called the differential of f at x.

If n = 1, then this reduces to the usual definition of the derivative of a
function of one variable, in the following way. Indeed, a linear mapping from R
into R™ corresponds exactly to multiplying a real number by a fixed element
of R™. The differential of f at z is the linear mapping that corresponds to
multiplying a real number by the usual derivative of f at z, as an element of
R™.

Of course, this is all somewhat simpler when m = 1, so that we are dealing
with real-valued functions. One can always reduce to that case, by consider-
ing the components fi,..., f, of f. In particular, one can check that f is
differentiable at x if and only if f1,..., f,, are all differentiable at x, as real-
valued functions on U. In this case, the components of the differential of f at
x correspond to the differentials of fi,..., f,, at x.

If f is differentiable at z, then one can check that f is continuous at z. One
can also verify that the directional derivative of f at = in any direction v € R™
exists in this case, with

(A.12.4) Dy f(z) = (f'(z))(v).
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In particular, the partial derivative of f at x in the kth variable exists for each
k=1,...,n, with

of
(A.12.5) 5 (@) = (@) (er),
L
where eq,...,e, are the standard basis vectors for R", as in Subsection A.7.1.

This can be used to get the uniqueness of the differential when it exists, as
mentioned earlier.

Suppose for the moment that f is continuously differentiable on U, in the
sense that each of its components is continuously differentiable as a real-valued
function on U, as in Subsection 13.1.1. Under these conditions, it is well known
that f is differentiable in the sense discussed here at every point in U. The
differential of f at z € U is determined by the partial derivatives of f at x as in
(A.12.5). This corresponds to an m x n matrix in a standard way, whose entries
are given by the partial derivatives of the components of f at .

A.12.1 The chain rule

Let V be a nonempty open set in R™, and suppose that
(A.12.6) fO)={f(z):z €U} CW.

Also let p be another positive integer, and let g be a mapping from V into RP.
Thus the composition go f of f and g may be defined as a mapping from U into
RP, with

(A.12.7) (g0 f)(x) =g(f(x))

for every x € U. If f is continuous on U, and g is continuous on V, then it is
well known and not difficult to show that g o f is continous on U as well.

If f is differentiable at 2 € U, and ¢ is differentiable at the point f(x) in V|
then it is well known that

(A.12.8) g o f is differentiable at z.
The differential of g o f at x is given by
(A.12.9) (g0 f)(x) =g (f(z))o f' (),

as a linear mapping from R" into RP. Equivalently, this is the composition
of the differential of f at x, as a linear mapping from R"™ into R™, with the
differential of g at f(z), as a linear mapping from R™ into RP. This is the
analogue of the chain rule here.

A.13 Some properties of convex sets

Let n be a positive integer, and let E' be a nonempty closed set in R”. If x € R,
then there is a point y € E such that

(A.13.1) |z —y| < |z — 2|
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for all z € E. This follows from the extreme value theorem when FE is also
bounded, and thus compact.
Otherwise, let R be a sufficiently large positive real number, so that

(A.13.2) ENB(z,R)

is nonempty. This set is closed and bounded, and thus compact, by construction.
It follows that there is an element y of this set such that (A.13.1) for all z in
this set, as before. It is easy to see that (A.13.1) holds for all z € E under these
conditions.

Of course, (A.13.1) is the same as saying that

(A.13.3) |t —y]? < |z — 2|2

for all z € E. Note that

(A.13.4) |z — 2| (@ —y) + (y = 2)

= lz—yPH+2@—y)(y—2) +ly—=2
for all z € R™. If z € E, then
(A.13.5) 0<2(—y)-(y—2)+y—=2%

by (A.13.3).

A.13.1 Closed convex sets

Suppose now that F is convex as well. If z € F, t € R, and 0 <t < 1, then
(A.13.6) (1—t)y+tz

is an element of £ too. Note that

(A.13.7) y—((1=-t)y+tz)=t(y— 2).

If we replace z with (A.13.6) in (A.13.5), then we get that

(A.13.8) 0<2t(z—9) (y—2)+t2|y— 2z

This implies that
(A.13.9) 0<2(z—y)-(y—2)+tly—zf

when 0 < ¢t < 1.
It follows that
(A.13.10) 0<(z-y) (y—2),

by taking the limit as t — 0+. Equivalently, this means that

(A.13.11) (x—y) - 2<(z—y)- vy
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Of course, this is trivial when « € F, so that y = z.

If
(A.13.12) |z —y| = |z — 2|,
then
(A.13.13) 0=2(x—y) (y—2)+|y— =2

because of (A.13.4). This implies that
(A.13.14) y =2,

because of (A.13.10).

A.13.2 Points in OF

Suppose now that
(A.13.15) wedE=ENR"\E).

This implies that there is a sequence {z;}52, of elements of R" \ E such that
(A.13.16) {;}52, converges to w.

If j is a positive integer, then let y; be the element of E such that

(A.13.17) |25 —y;| < |z; — 2]

for every z € E, as before. In particular, this means that

(A.13.18) |lz; = y;| < |z; —wl

for each j, because w € F. It follows that

(A.13.19) {y;}52,1 converges to w
as well.

If z € E, then
(A.13.20) (zj —y5) -y —2) 20

for each j, as in (A.13.10). Note that x; # y; for each j, and put

Tj—Yj
(A.13.21) u; = L9
7wy -yl
Clearly
(A.13.22) uj-(y; —2) >0

for each j and z € E, by (A.13.20).

The unit sphere in R™ is closed and bounded, and thus compact. This
implies that there is a subsequence {uj }i°, of {u;}32, that converges to a
point u € R™ with
(A.13.23) lu| =1,
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as in Subsection 1.9.3. Using the same sequence of indices {j;}7°,, we get
subsequences {z;, }i2, and {y;, }72, of {z;}32, and {y;}32,, respectively. These
two subsequences converge to w, because of (A.13.16) and (A.13.19).

If z € E, then
(A.13.24) uj, - (yj, —2) >0

for each [, as in (A.13.22). Taking the limit as I — oo, we get that

(A.13.25) u-(w—2z)>0.

A.14 Some more remarks about convexity

Let n be a positive integer, and let E be a nonempty subset of R". If x € R"™,
then we might like to find a point y € E that minimizes this distahnce to E, as
in (A.13.1). If there is a positive real number such that (A.13.2) is nonempty
and a closed set, then we can use the same argument as before. If F is also
convex, then we get the same conclusions as in Subsection A.13.1.

Suppose now that
(A.14.1) weENRY\ E)COE.

Suppose also that there is a positive real number r such that

(A.14.2) B(w,r)N E is a closed set.

This condition holds automatically when F is a relatively closed set in an open
set in R™.

As before, there is a sequence {z;}32, of elements of R™\ £ that converges
to w. We may as well ask that

(A.14.3) lz; —w| <r/2

for each j. This implies that

(A.14.4) w € B(zj,7/2) C B(w,r)

for each j, using the triangle inequality in the second step. It follows that
(A.14.5) B(zj,7/2)NE = B(xj,r/2) N (B(w,r) N E)

is a nonempty closed set for each j. Using this and the remark at the beginning
of the section, we can get the same conclusions as in Subsection A.13.2 when E

is convex.
If F is convex, then it is well known and not difficult to show that

(A.14.6) E is convex.

Of course,
(A.14.7) B(w,7r)NE
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is a closed set for every r > 0. If (A.14.1) holds, then it is not too difficult to
see that
(A.14.8) we (R"\ E),

so that w is an element of the boundary of E. Otherwise, w would be an element
of the interior of E, and one could use this to get that w is an element of the
interior of E, because E is convex. A more precise version of this may be found
in Theorem 6.3 on p46 of [242]. This means that we can replace E with E in
Subsection A.13.2. This corresponds to Corollary 11.6.1 on p100 of [242].

A.14.1 Epigraphs of convex functions

Let U be a nonempty convex open subset of R™, let f be a real-valued function
on U, and let us identify R"*! with R™ x R in the usual way. The epigraph is
the set

(A.14.9) E(f)={(z,t) cR"™ 12 c U, t> f(z)},

as on p23 of [242]. One can check that f is convex on U if and only if E(f)
is a convex set in R"*!. In fact, convexity of a function is defined in terms of
convexity of the epigraph in [242].

If € U, then it is easy to see that

(A.14.10) (z, f(z)) € OE(f).
Note that
(A.14.11) {(z,t) eR"™ 1z € U}

is an open set in R"*!, because U is an open set in R™. If f is continuous on
U, then one can check that (A.14.10) is relatively closed in (A.14.11). More
precisely, this works when f is lower semicontinuous on U.

If f is convex on U and = € U, then one can get another approach to the
existence of a linear functional on R™ as in Subsection A.10.2 using the convexity
of E(f) and the remarks in Subsection A.13.2. This corresponds to a remark
on p217 of [242].

A.15 Conformal mappings

Let n be a positive integer, and remember that a linear mapping 7 from R”™
onto itself is said to be an orthogonal transformation if it preserves the standard
inner product on R", as mentioned in Subsection 1.15.1. This is equivalent to
asking that T preserve the standard Euclidean norm on R", as before.

If T is any linear mapping from R" into itself, then the adjoint T” of T' with
respect to the standard inner product on R™ may be defined as a linear mapping
from R” into itself as in Subsection 1.15.2. Remember that the space L(R"™) of
linear mappings from R™ into itself may be considered as a vector space over
the real numbers, and that T — 7" is a linear mapping from £(R™) into itself,
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as in Section A.3. We also have that T is an orthogonal transformation on R™
if and only if
(A.15.1) T oT =1,

where [ is the identity mapping on R"”, as in Subsection A.4.2.
Let us say that a linear mapping A from R"™ into itself is conformal if

(A.15.2) A=aT

for some real number a # 0 and orthogonal transformation 7. This implies that
(A.15.3) AoA=a*T oT =d*1I.

Conversely, if

(A.15.4) AoA=0bI

for some positive real number b and a? = b, then

(A.15.5) (atA)Yo(atA)=btAo0A=1

This means that a~! A is an orthogonal transformation on R”, so that A is
conformal. If (A.15.4) holds for some real number b, then b > 0, as in Subsection
A4.1.

If A is any linear mapping from R"™ into itself, then det A’ = det A, as
mentioned in Subsection A.3.1, so that

(A.15.6) det(A’ o A) = (det A") (det A) = (det A)?.
It is well known that

(A.15.7) det(cI) =c"

for any real number c. If (A.15.4) holds, then we get that

(A.15.8) (det A)* = ™.

One can use this to get that A is conformal if and only if A is invertible on R",
so that det A # 0, and
(A.15.9) Ao A=|det AP 1.

If det A = 0, then (A.15.9) implies that A’ 0 A = 0, so that A = 0, as in
Subsection A.4.1.

A.15.1 Conformal differentiable mappings

Let U be a nonempty open subset of R", and let f be a mapping from U into
R"™. Suppose that f is differentiable at each x € U, as in Section A.12. It is
convenient here to use the notation df, for the differential of f at x € U, which
is a linear mapping from R™ into itself. We say that f is a conformal mapping
on U if for every z € U,

(A.15.10) df, is a conformal linear mapping from R" onto itself.
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If f is a linear mapping from R into itself, then df,, is the same as f for
each x. In this case, f is a conformal mapping if and only if f is a conformal
linear mapping. If f is defined by a translation on R", then df, = I for each =z,
so that f is conformal. It is well known and not too difficult to show that

(A.15.11) x> z/|z)?

defines a conformal mapping from R™ \ {0} onto itself.

It is easy to see that the composition of two conformal linear mappings from
R™ onto itself is another conformal linear mapping. One can use this and the
chain rule to get that the composition of two conformal differentiable mappings
is conformal as well, on the appropriate domain of the composition.

In particular, we can get conformal mappings by composing conformal linear
mappings, translations, and the mapping (A.15.11). Conformal mappings of this
type are called Mdébius transformations.

If n = 1, then any nonzero linear mapping is conformal, and differentiable
functions with nonzero derivative are conformal.

If n = 2, then holomorphic functions with nonzero derivative are conformal.
The complex-conjugate of such a mapping is conformal as well.

If n > 3, then a famous theorem of Liouville says that a conformal map-
ping with sufficient smoothness on a nonempty connected open set is a Mobius
transformation. See [89, 174, 239] for more information.
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