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Preface

Presently, the notion of function is not as finally crystallized
and definitely established as it seemed at the end of the 19th cen-
tury; one can say that at present this motion is still in evolution,
and that the dispute concerning the vibrating string is still going on
only, of course, in different scientific circumstances, involving other
personalities and using other terms.

Luzin N.N. (1935) [42]

It is symbolic that in that same year of 1935, S.L. Sobolev, who
was 26 years old that time, submitted to the editorial board of the
journal “Matematicheskiy sbornik” his famous work [61] and pub-
lished at the same time its brief version in “Doklady AN SSSR” [60].
This work laid foundations of a completely new outlook on the con-
cept of function, unexpected even for N.N. Luzin — the concept of
a generalized function (in the framework of the notion of distribu-
tion introduced later). It is also symbolic that the work by Sobolev
was devoted to the Cauchy problem for hyperbolic equations and, in
particular, to the same vibrating string.

In recent years Luzin’s assertion that the discussion concern-
ing the notion of function is continuing was confirmed once again,
and the stimulus for the development of this fundamental concept
of mathematics is, as it was before, the equations of mathematical
physics (see, in particular, Addition written by Yu.V. Egorov and
[10, 11, 16, 17, 18, 32, [49], 67]). This special role of the equa-
tions of mathematical physics (in other words, partial differential
equations directly connected with natural phenomena) is explained
by the fact that they express the mathematical essence of the funda-
mental laws of the natural sciences and consequently are a source and
stimulus for the development of fundamental mathematical concepts
and theories.



viii PREFACE

The crucial role in appearance of the theory of generalized func-
tions (in the sense the theory of distributions) was played by J. Ha-
damard, K.O. Friedrichs, S. Bochner, and especially to L. Schwartz,
who published, in 1944-1948, a series of remarkable papers concern-
ing the theory of distributions, and in 1950-1951 a two-volume book
[64], which immediately became classical. Being a masterpiece and
oriented to a wide circle of specialists, this book attracted the at-
tention of many people to the theory of distributions. The huge
contribution to its development was made by such prominent math-
ematicians as .M. Gel’fand, L. Hérmander and many others. As a
result, the theory of distributions has changed all modern analysis
and first of all the theory of partial differential equations. Therefore,
the foundations of the theory of distributions became necessary for
general education of physicists and mathematicians. As for students
specializing in the equations of mathematical physics, they cannot
even begin any serious work without knowing the foundations of the
theory of distributions.

Thus, it is not surprising that a number of excellent monographs
and textbooks (see, for example, [12], 22, 23], 25| [31], [40, [44, 54,
57, 59, 62, [68,, [69]) are devoted to the equations of mathematical
physics and distributions. However, most of them are intended for
rather well prepared readers. As for this small book, I hope that it
will be clear even to undergraduates majoring in physics and math-
ematics and will serve to them as starting point for a deeper study
of the above-mentioned books and papers.

In a nutshell the book gives an interconnected presentation of
a some basic ideas, concepts, results of the theory of generalized
functions (first of all, in the framework of the theory of distributions)
and equations of mathematical physics.

Chapter |l] acquaints the reader with some initial elements of the
language of distributions in the context of the classical equations
of mathematical physics (the Laplace equation, the heat equation,
the string equation). Here some basic facts from the theory of the
Lebesgue integral are presented, the Riesz spaces of integrable func-
tions are introduced. In the section devoted to the heat equation,
the student of mathematics can get familiar with the method of
dimensionality and similarity, which is not usually included in the
university program for mathematicians, but which is rather useful on
the initial stage of study of the problems of mathematical physics.
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Chapter [2]is devoted to the fundamentals of the theory of distri-
butions due to L. Schwartz. Section [16]is the most important. The
approach to some topics can also be interesting for the experts.

Chapter 3 acquaints the reader with some modern tools and
methods for the study of linear equations of mathematical physics.
The basics of the theory of Sobolev spaces, the theory of pseudodif-
ferential operators, the theory of elliptic problems (including some
elementary results concerning the index of elliptic operators) as well
as some other problems connected in some way with the Fourier
transform (ordinary functions and distributions) are given here.

Now I would like to say a few words concerning the style of the
book. A part of the material is given according to the scheme: defini-
tion — theorem — proof. This scheme is convenient for presenting
results in clear and concentrated form. However, it seems reason-
able to give a student the possibility not only to study a priori given
definitions and proofs of theorems, but also to discover them while
considering the problems involved. A series of sections serves this
purpose. Moreover, a part of the material is given as exercises and
problems. Thus, reading the book requires, in places, a certain ef-
fort. However, the more difficult problems are supplied with hints
or references. Problems are marked by the letter P (hint on Parking
for the solution of small Problems).

The importance of numerous notes is essentially connected with
a playful remark by V.F. D’yachenko: “The most important facts
should be written in notes, since only those are read”. The notes are
typeset in a small font and located in the text immediately after the
current paragraph.

I am very grateful to Yu.V. Egorov, who kindly agreed to write
Addendum to the book. I would also like to acknowledge my grati-
tude to M.S. Agranovich, A.I. Komech, S.V. Konyagin, V.P. Palam-
odov, M.A. Shubin, V.M. Tikhomirov, and M.I. Vishik for the useful
discussions and critical remarks that helped improve the manuscript.
I am also thankful to E.V. Pankratiev who translated this book and
produced the CRC.

While preparing this edition, some corrections were made and
the detected misprints have been corrected.

A.S. Demidov






Notation

N={1,2,3,...}, Z ={0,£1,£2,...} and Z; = {0,£1,42,...} are
the sets of natural numbers, integers and non-negative integers.

X x Y is the Cartesian product of the sets X and Y, X" = X"~! x X.

i = \/—1 is the imaginary unit (“dotted i”).

2 = 2mi the imaginary 27 (“i with a circle”).

R™ and C" are n-dimensional Euclidean and complex spaces; R = R,
C=C'sz=z+iy, wherezr =Rz cRand y = Iz € R.

r<y,x<y,x >y, x>y are the order relations on R.

a > 1 means the a sufficiently large.

{r € X | P} is the set of elements which belong to X and have a
property P.

la,b] = {x € R|a < x <b}; [a,b], ]a,b] and [a, b] are defined similarly.

{an} is the sequence {a,}2; = {a1,az2,as,...}.

f:X 22— f(r) €Y is the mapping f : X — Y, putting into
correspondence to an element x € X the element f(z) € Y.

14 is the characteristic function of the set A, i.e. 14 = 1 in A and
14 = 0 outside of A.

arccot o = g — arctan a.

x — a means that the numerical variable x converges (tends) to a.

= means “it is necessary follows”.

<= means “if and only if” (“iff”), i.e an equivalence.

A € 2 means A is compactly embedded in Q (see Definition |3.2)).

C™(Q), G (), C™(Q), PO™(Q), PCI(Q), G (%), C(Q) see Defi
nition (for 0 < m < o0).

LP(2), L=(Q), L (Q) see Definitions [9.15]

D*(Q), D#(2), D(), D'(Q) see Definitions [12.2} [13.1} [16.7, [16.9]

E(Q), £'(Q) see PJ16.13]

S(R™), S'(R™) see Definitions [17.10} [17.18]

xi






CHAPTER 1

Introduction to problems of
mathematical physics

1. Temperature at a point? No! In volumes contracting to
the point

Temperature. We know this word from our childhood. The tem-
perature can be measured by a thermometer. .. This first impression
concerning the temperature is, in a sense, nearer to the essence than
the representation of the temperature as a function of a point in
space and time. Why? Because the concept of the temperature as
a function of a point arose as an abstraction in connection with the
conception of continuous medium. Actually, a physical parameter
of the medium under consideration (for instance, its temperature)
is first measured by a device in a “large” domain containing the
fixed point £, then using a device with better resolution in a smaller
domain (containing the same point) an so on. As a result, we ob-
tain a (finite) sequence of numbers {a1,...,ap } — the values of the
physical parameter in the sequence of embedded domains contain-
ing the point €. We idealize the medium considered, by assuming
that the construction of the numerical sequence given above is for
an infinite system of domains containing the point ¢ and embedded
in each other. Then we obtain an infinite numerical sequence {a,,}.
If we admit (this is the essence of the conception of the continuous
medium?), that such a sequence exists and has a limit (which does
not depend on the choice of the system of embedded in each other
domains), then this limit is considered as the value of the physical
parameter (for instance, temperature) of the considered medium at
the point &.

Y In some problems of mathematical physics, first of all in nonlin-
ear ones, it is reasonable (see, for example, [10} 11, (16}, (18] [32], 49]) to

1



2 1. INTRODUCTION TO PROBLEMS OF MATHEMATICAL PHYSICS

consider a more general conception of the continuous medium in which a
physical parameter (say, temperature, density, velocity...) is character-
ized not by the values measured by one or another set of “devices”, in
other words, not by a functional of these “devices”, but a “convergent”
sequence of such functionals which define, similarly to nonstandard anal-
ysis [B, A3, [73], a thin structure of a neighbourhood of one or another
point of continuous medium.

Thus, the concept of continuous medium occupying a domain?

), assumes that the numerical characteristic f of a physical param-
eter considered in this domain (i.e. in 2) is a function in the usual
sense: a mapping from the domain € into the numerical line (i.e. into
R or into C). Moreover, the function f has the following property:

(f,65,) =am, m=1,...,M. (1.1)
Here, a,, are the numbers introduced above, and the left- hand side
of ., which is deﬁned3) by the formula (f, ¢%) = [ f(z
represents the “average” value of the function f, measured in the
neighbourhood of the point £ € Q by using a “device”, which will
be denoted by (-,¢%). The “device” has the resolving power, that
is determined by its “device function” (or we may also say “test
function”) ¢% : @ — R. This function is normed: [ ¢*(z)dz = 1.

2 Always below, if the contrary is not said explicitly, the domain
is an open connected set in R", where n > 1, with a sufficiently smooth
(n — 1)-dimensional boundary 9€2.

%) Integration of a function g over a fixed (in this context) domain
will be often written without indication of the domain of integration, and
sometimes simply in the form [ g.

Let us note that more physical are “devices”, in which ¢ has
the form of a “cap” in the neighbourhood of the point £, i.e. ¢ (z) =
p(x—=&) for x € Q, where the function ¢ : R* 3 & = (21,...,2,) —
() € R has the following properties:

wzoa/sz
(1.2)

¢ = 0 outside the ball {z € R"| |z| = /2% +--- + 22 < p}.

Here, p < 1 is such that {z € Q | |z — ¢ < p} C Q. Often one
can assume that the “device” measures the quantity f uniformly
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in the domain w € Q. In this case, ¢ = 1,/|w|, where 1, is the
characteristic function of the domain w (i.e. 1, =1 in w and 1 O
outside w), and |w| is the volume of the domain w (i.e. |w| = [ 1,

particular, if @ = R" and w = {z € R"| |z| < a}, then ¢(z) = 4 ( )

where
-7 /B, <a,
oo [ Bl for el < )
0 for |z| > a,

and |B,,| is the volume of the unit ball B,, in R".

1.1.P. It is well known that |Bs| = 7 and |Bs| = 4w /3. Try to
calculate |By| for n > 3. We shall need it below.

HINT. Obviously, |B,| = o,/n, where o,, is the area of the
surface of the unit (n — 1)-dimensional sphere in R", since |B,| =
fol r" Lo, dr. If the calculation of o, for n > 3 seems to the reader
difficult or noninteresting, he can read the following short and unex-
pectedly beautiful solution.

SOLUTION. We have

o0 n o0
(/ etht> = /67‘I|2d$ = /efﬂr"*landr = (0,/2) - T'(n/2),
—00 R™ 0
(1.4)
where I'(+) is the Euler function defined by the formula
INGVES /t)‘*le*tdt, where R\ > 0. (1.5)
0
For n = 2 the right-hand side of is equal to m. Therefore,
/ eV dt = /7. (1.6)
— o0

Thus, 0,, = 27"/?T'~'(n/2). By taking n = 3, we obtain 2I'(3/2) =
/7. By virtue of the remarkable formula T'(A + 1) = A - T'()), (ob-
tained from (1.5)) by integration by parts and implying I'(n+1) = n!),
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this implies that I'(1/2) = /7. Now we get that

2" 2m™
O—Qn:m, 02"‘“:(n—1/2)~(n—3/2)~~--'3/2'1/2'
(1.7)
O

2. The notion of é-sequence and J-function

In the preceding section the idea was indicated that the defini-
tion of a function f : 2 — R (or of a function f: Q — C) as a
mapping from a domain 2 C R” into R (or into C) is equivalent to
determination of its “average values”:

/

where ® is a sufficiently “rich” set of functions on Q. A sufficiently
general result concerning this fact is given in Section Here, we
prove a simple but useful lemma. Preliminary, we introduce for
e €]0, 1] the function §.: R™ — R by the formula

de(z) = p(z/e)/e™, ¢ >0, /<p =1, p =0 outside B,. (2.2)
Let us note that for 1/e > 1 we have

/6 d;zc—/§ r—§&)dz=1, £€.

Rn

2.1. LEMMA. Let f € C(Q), i.e. f is continuous in Q@ C R™.
Then

e—0

= hm/f dr, £€Q, (2.3)

i.e. the function f can be recovered by the family of “average values”

{ JECRXE f)dwhm -

PROOF. For any n > 0, there exists € > 0 such that |f(z) —
f&)| < nif |z —¢| <e. Therefore,
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2.2. DEFINITION. Let ® be a subspace of the space C'(2) and
& € Q. A sequence {dc(z — &), € Q}eer,e—o of functions z —
0c(x — &) such that equality holds for any f € C(Q) (for any
f € ®) is called d-sequence (on the space!) ®) concentrated near the
point &. The last words are usually skipped.

1) The notion of §-sequence on the space ® allow to obtain a series of
rather important results. Some of them are mentioned at the beginning
of Section [l

In Section [4] some examples of J-sequences on one or another
subspace ® C C(Q) are given. Important examples of such sequences
are given in Section
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2.3. DEFINITION. A linear functional® 0¢ defined on the space
C(£2) by the formula

3 :C(Q) > fr— f(§) eR (or C), £ €9, (2.4)

is called the §-function, or the Dirac function concentrated at the
point &.

2 A (linear) functional on a (linear) space of functions is defined as
a (linear) mapping from this functional space into a number set.

Often one writes d-function (2.4) in the form §(x — &) and its
action on a function f € C(2) writes (see formula (1.1])) in the form

(f(2),0(x = &)) = f(&) or (6(x—=¢), f(z))=[f(E)-  (29)

The following notation is also used: (f,d¢) = f(&) or (d¢, f) =
f(&). The Dirac function can be interpreted as a measuring instru-
ment at a point (a “thermometer” measuring the “temperature” at
a point). If £ = 0, then we write d or §(x).

3. Some spaces of smooth functions. Partition of unity

The spaces of smooth functions being introduced in this section
play very important role in the analysis. In particular, they give
examples of the space ® in the “averaging” formula (2.1)).

3.1. DEFINITION. Let Q be an open set in R, Q the closure of
Qin R™, and m € Z, i.e., m is a non-negative integer. Then?

Y If m = 0, then the index m in the designation of the spaces defined
below is usually omitted.

BI1. C™ () (respectively, C}"(€2)) is the space! C™ () of m-
times continuously differentiable (respectively, with bounded
derivatives) functions ¢ : Q — C, i.e., such that the func-
tion 0%y is continuous (and respectively, bounded) in Q2 for
|a] < m. Here and below

lad (o
8a<p(l‘)— 0 90()

- m’ |a| =a1+ - Fap, aj € Ly = {O’ L2,.. }

The vector a = (a1, ..., ) is called a multiindex.



3. SOME SPACES OF SMOOTH FUNCTIONS. PARTITION OF UNITY 7

B.I2.

B.113.

B.114.

BI5.
B.116.
BIl7. C*

BI8.

c™(Q) = C™(R™) |Q, e.2) C™(Q) is the restriction of the
space C™(R™) to . This means that p € C™(Q) <=
there exists a function ¢» € C™(R™) such that p(x) = ¢ (x)
for z € Q.

2 The space C™(f2), in general, does not coincide with
the space of functions m-times continuously differentiable up to
the boundary. However, they coincide, if the boundary of the
domain is sufficiently smooth.

PC™(Q) (respectively, PC{*(2)) is the space of functions
m-times piecewise continuously differentiable (and respec-
tively, bounded) in €2; this means that ¢ € PC™(Q) (re-
spectively, ¢ € PC*(Q2)) if and only if the following two
conditions are satisfied. First, ¢ € C™(Q\ Kj) (respec-
tively, ¢ € O*(Q\ Ky)) for a compact® K, C Q. Second,
for any compact K C Q there exists a finite number of do-
mains ; C €2, j =1,..., N, each of them is an intersection
of a finite number of domains with smooth boundaries, such
that K C Uévzl Q; and <p| € C™(w) for any connected

component w of the set <<jL—Jl Qj) \ (jL:Jl 8Qj)>.

3 A set K C R" is called compact, if K is bounded and
closed.

The support of a function ¢ € C(f), denoted by supp ¢,
is the complement in Q of the set {z € Q | ¢(x) # 0}.
In other words, supp ¢ is the smallest set closed in € such
that the function ¢ vanishes outside this set.

C () = {p € C™(Q) | supp ¢ is a compact}.

Gy = {p € CPE) [ supps < 1),

(@) = NC™(@).....CF(D = NCF ).

If o € CP(Q) (or p € CF°(Q)) and supp ¢ C w, where w
is a subdomain of €, then the function ¢ is identified with
its restriction to w. In this case we write: ¢ € C§*(w) (or

¢ € C5°(w))-

3.2. DEFINITION. We say that a set A is compactly embedded in
Q, if A is a compact and A C Q. In this case we write A € (.
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Obviously, CI"(Q) = {p € C™(Q) | supp ¢ € 1}, and
Co'(Q) € CF'(Q) € C™(Q) € C™(Q) & PC™(Q),

where the first inclusion and the third one should be replaced by =,
if Q =R".
3.3. EXAMPLE.
(1= z[?)™*t for || <1,
Cl'R" )3 p:x+— p(x) =
0 (R") 3¢ o(x) {0 for |z > 1.

3.4. EXAMPLE.

exp(1/(|z]* = 1)) for |z <1,

C’(‘)’O(R")Bgole—>g0(w):{o for |z| > 1.

3.5. EXAMPLE (A special case of (2.2))). Let ¢ > 0. we set

pe(x) = p(z/e), (3.1)
where ¢ is the function from Example Then the function
Oc 1 X —> cpe(x)//goe(x)dx, z € R", (3.2)
R’n

belongs to C§°(R™) and, moreover,

de(x) >0, Yo € R", 6.(z) =0 for |z| > €, /56(:10) de=1. (3.3)
Rﬂ.

3.6. EXAMPLE. Let # € R, p : 2 — @(z) = [*_ g(7)dr, where
(see Fig.) g(—z) = —g(z) and g(x) = dc(z + 1+ ¢€) for z < 0 (0,

satisfies (3.3))).

1 14+2¢
—1-2¢ -1 r
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—1-2¢ -1 1 12 F
We have p € C§°(R), 0 < ¢ < 1, ¢(x) =1 for |z| < 1.

3.7. EXAMPLE. Let (x1,...,2,) € R™ be Euclidian coordinates
of a point & € R™. Taking ¢ from Example we set

¢V(.I‘) = Z (p($1+2k1)“ . --(p(.l?n—l—Zk‘n), k‘j S Z, |]€| = k1+' . +k‘n
|k|=v

Then the family {¢, }5°, of the functions ¢, (z) = 1, (z)/ ( > wl,(x)>
v=0
form a partition of unity in Q = R", i.e., ¢, € C§°(Q), and
(1) for any compact K C 2, only a finite number of functions

©, is non-zero in K;
(2) 0<py(z)<land Y ¢, (z)=1Vze.

3.8. PROPOSITION. For any domain w € €, there exists a func-
tion p € C§°(Q) such that 0 < p <1 and p(x) =1 for z € w.

PROOF. Let € >0 is such that 3¢ is less than the distance from
w to 0 = Q\Q. We denote the e-neighbourhood of w by we. Then
the function

v o) = [de -y ve9

(6c from (3.2))) has the required properties. O

3.9. DEFINITION. Let {€2,} be a family of subdomains 2, € 2
of a domain 2 = UQ,. Suppose that any compact K € €2 has
a nonempty intersection with only a finite number of domains €2,,.
Then we say that the family {Q,} forms a locally finite cover of Q.

3.10. THEOREM (on partition of unity). Let {Q,} be a locally
finite cover of a domain ). Then there exists a partition of unity
subordinate to a locally finite cover, i.e., there exists a family of
functions ¢, € C3°(8,) that satisfies conditions (1)-(2) above.
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The reader can himself readily obtain the proof; see, for example,
[69]. The partition of unity is a very common and convenient tool, by
using which some problems for the whole domain §2 can be reduced
to problems for subdomains covering 2 (see, in particular, in this

connection Sections and .

4. Examples of j-sequences

The examples in this section are given in the form of exercises.
Exercise PI4T] will be used below in the deduction of the Poisson
formula for the solution of the Laplace equation (see Section ,
P2 will be used for the Poisson formula for the solution of the
heat equation (see Section @, P will be used in the proof of the
theorem on the inversion of the Fourier transform (see Section ,
and with the help of P [£.3]the Weierstrass theorem on approximation
of continuous functions by polynomials can be easily proved (see

Section .

4.1.P. Show that the sequence {6y }y— 1o of the functions d,(x) =
%ﬁ, where x € R, is a d-sequence on the space Cyp(R) (see Defi-

nition and is not a §-sequence on C(R).

4.2.P. Show that the sequence {0t }+— 40 of the functions d;(x) =
ﬁe’ﬁ/“, where © € R, is not a J-sequence on C(R), but is a
0-sequence on the space ® C C(R) of the functions that satisfy the
condition Yo € ® Ja > 0 such that |p(x) exp(—ax?)| — 0 for |x| —

Q.

4.3.P. Show that the sequence {0, }1/,—o of the functions 6, (x) =
Si:’r%, where x € R, is a §-sequence on the space ® C C1(R) of the

functions ¢ such that

[letlds <oo, [ 1/@)]ds <o,
R R

2 k3
4.4.P. By taking the polynomials §i(x) = % (1 — %) , where

x € R and k is a positive integer, show that the sequence {0 }1/k—0
is a d-sequence on the space Cy(R), but is not a J-sequence on the

space Cy,(R) (compare P [{.1))
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4.5. REMARK. For exercises PJI}-P[47] it is helpful to draw
sketches of graphs of the appropriate functions. Exercises P41}
P42 are simple enough, exercises PJ.3] P[.4] are more difficult,
because the corresponding functions are alternating. In Section
Lemma [I3:10] is proven that allows us to solve readily P3P [1.4]
While solving P[4:2}-P [1.4] one should use the well-known equalities:

o0 o0 .
s
/ eV’ dy = /=, / 2Ty = m, lim (1 —a/v)" =e
x V—00
— 00 —00

5. On the Laplace equation

Three pearls of mathematical physics. Rephrasing the title of
the well-known book by A.Ya. Khinchin [33], one can say so about
three classical equations in partial derivatives: the Laplace equation,
the heat equation and the string equation. One of this pearls has
been found by Laplace, when he analyzed") Newton’s gravitation
law.

) See in this connection Section 1 of the book by S.K. Godunov [25].

5.1. DEFINITION. A function u € C?%(Q) is called harmonic on
an open set  C R”, if it satisfies in Q the (homogeneous?) Laplace
equation

0%u 0%u
Au = h A C?*(Q AU= —— e —— [9)
u =0, where C“(Q) 3 ur— Au 8w?+ Jrax%GC( ),
(5.1)
and z1,...,x, are the Euclidian coordinates of the point x € Q C

R™. Operator?) (5.1)) denoted by the Greek letter A — “delta” — is
called the Laplace operator or Laplacian.

2 The equation Au = f with non-zero right-hand side is sometimes
called the Poisson equation.

3) By an operator we mean a mapping f : X — Y, where X and Y
are functional spaces.
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5.2.P. Let a function u € C*(Q), where x € Q C R", depend
only on p = |z|, i.e., u(x) = v(p). Show that Au also depends only
2
on p andAuzaaLp(f)—i—”leag—(pp).
Harmonic functions of two independent variables are closely con-
nected with analytic functions of one complex variable, i.e., with the

functions
w(z) = u(z,y) +iv(z,y), z==x+iyeC,
which satisfy the so-called Cauchy-Riemann equations
Uy — Uy =0, vy +uy,=0. (5.2)

Here, the subscript denotes the derivative with respect to the corre-
sponding variable, i.e., u; = Ou/dx, ..., uy, = 0*u/dy?,...). From
(5.2)) it follows that

Upg + Uyy = (Uy — Vy)z + (Vg +Uy)y =0, Vg + vy = 0.

Thus, the real and imaginary parts of any analytic function w(z) =
u(z,y) + iv(z,y) are harmonic functions.

Consider the following problem for harmonic functions in the
half-plane R2 = {(z,y) € R? | y > 0}. Let f € PC,(R), i.e., (see
Definition f is a bounded and piecewise continuous function
of the variable z € R. We seek a function u € C?(R%) satisfying the
Laplace equation

Upy +Uyy =0 in RZ (5.3)

and the fOHOWng boundary conditions
lim = 5.4
yl Ou(x,y) f(l‘), ( )

where x is a point of continuity of the function f.

Problem 7 is called the Dirichlet problem for the Laplace
equation in the half-plane and the function u is called its solution.
The Dirichlet problem has many physical interpretations, one of
which is given in Remark

According to Exercises P[5.12] and P[5.15| below, problem (5.3)-
has at most one bounded solution. We are going to find it.
Note that the imaginary part of the analytic function

. . . . 2
In(z +iy) = In |z + iy| + iarg(z +iy), (z,y) € R2
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coincides with arccot(z/y) €]0, 7[. Hence, this function is harmonic
in Ri. Moreover,

. x
lim arccot — =
y—+0

m, if © <0,
0, if z>0.

These properties of the function arccot(z/y) allow us to use it in
order to construct functions harmonic in Rﬂ_ with piecewise constant
boundary values. In particular, the function

xr —€ T+ €
— arccot

1
P.(z,y) = e arccot

is harmonic in Rf_ and satisfies the boundary condition

lim P.(z,y) =d.(x) for |z| #e,
y—+0

where the function () is defined in (1.3). On the other hand, if x
is a point of continuity for f, then, by virtue of Lemma [2.1

oo

fa) = lim [ 5(¢ — ) F(E)de.

— 00

This allows us to suppose that the function
B3 (og) — Dy [ PAE-a)f©de  (55)

assumes (at the points of continuity of f) the values f(x) as
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y — +0 and that this function is harmonic in R?, since

(88332 ’ )(ZP §k — 2, 9) f(§k) (Ekt1 — 5k)> -

N 9t o2
Zf (&) (Ekt1 — &) K +8y2> Pe(fk—%y)} =0.
=1

The formal transition to the limit in (5.5)) leads us to the Poisson
integral (the Poisson formula)

w(,y) = / FOP(x — &, y)de, where P(z.y) = - — Y (5.6)

7-[-332_’_y27

since

10 1
lim Pe(.’b,y) = —— — | arccot E — 7L
e—0 Vo) Y 7T.132—|—y2

Let us note that condition (5.4) is satisfied by virtue of P[.1] More-
over, note that the function v is bounded. Indeed,

()| = / FOIP(r —Ey)de < C / Pla— & y)dy = C.

We are going to show that the function « is harmonic in Ri. Differ-

entiating (5.6, we obtain

J : i k
xj y / a.TJ 8yk ('r ? y) j — Y 0

(5.7)
Differentiation under the integral sign is possible, because
TPz — € y) 1
- : —= R 5.8
Oz dyk ‘_1+§|2 RSYS (58)

where C depends only on j > 0, £k > 0 and R > 1. From (5.7)) it
follows that

for |z| < R,

o

Au(z,y) = / FOAP(x — &, y) de.
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However, AP(z — £,y) = AP(z,y) =0 in R2, since

P(z,y) = —%% (arccot 5) , A (arccot Z) = 0 and AB% %A

Thus, we have proved that the Poisson integral (5.6]) gives a solution
of problem (5.3 . bounded in R2

5.3.P. Prove estimate .

5.4. REMARK. The function P defined in (5.6) is called the Pois-
son kernel. It can be interpreted as the solution of the problem
AP =0in R2, P(x,0) = §(z), where §(z) is the 5-function®.

4 The formula which gives the solution of the problem Au = 0
in R, u(z,0) = f(z), can be very intuitively interpreted in the following
way. The source “stimulating” the physical field u(z,y) is the function
f(z) which is the “sum” over £ of point sources f(£)d(x — ). Since one
point source §(z — £) generates the field P(z — £, y), the “sum” of such
sources generates (by virtue of linearity of the problem) the field which is
the “sum” (i.e., the integral) by & of fields of the form f(§)P(z —&,y). In
this case, physicists usually say that we have superposition (covering) of
fields generated by point sources. This superposition principle is observed
in many formulae which give solutions of linear problems of mathematical
physics (see in this connection formulae (5.10), (6.15)), (7.14),...). In these
cases, mathematicians usually use the term “convolution” (see Section.

5.5. REMARK. Note that the function P is (in the sense of the
definition given above) a solution unbounded in Ri of problem
(-3)-(-4), if f(z) = 0 for z # 0 and f(0) is equal to, for in-
stance, one. On the other hand, for this (piecewise continuous)
boundary function f, problem f admits a bounded solu-
tion u(x,y) = 0. Thus, there is no uniqueness of the solution of the
Dirichlet problem (5.3)—(5.4) in the functional class C*(R2). In this

connection also see P[5.6] P[5.12] and P5.17]
5.6.P. Find an unbounded solution u € C*(R2) of problem
(©-3)-(.4) for f(z) =

57.P. Let k € R, and u be the solution of problem (5.3])—(5.4])
represented by formula (5.6)). Find lin+10(x0+ky, y) in the two cases:
yg)
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(1) f is continuous;
(2) f has a jump of the first kind at the point xg.

5.8.P. Prove

5.9. PROPOSITION. Let Q and w be two domains in R2. Suppose
that u: Q3 (z,y) — u(x,y) € R is a harmonic function and

2(Q) =z(&n) +iy&n), (&n) ewCR?

is an analytic function of the compler variable { = £ + in with the
values in Q (i.e., (z,y) € Q). Then the function

U(&,n) =u(x(&n),y&mn), (&n) cw

is harmonic in w.

5.10.P. Let p and ¢ be polar coordinates in the disk D = {p <
R, ¢ € [0,2x]} of radius R. Suppose that f € PC(9D), i.e., f
is a function defined on the boundary 0D of the disk D and f is
continuous everywhere on 0D except at a finite number of points,
where it has discontinuities of the first kind. Consider the Dirichlet
problem for the Laplace equation in the disk D: to find a function
u € C%(D) such that

Au=01n D, lim u(p,p) = f(Rp), (5.9)
p—

where s = Ry is a point of continuity of the function f € PCy(0D).
Show that the formula

2R

(R? — p?)ds s
=2 (51
ulps9) = 5o R/f R 2 “2Rpcos(p —0) R (5.10)

represents a bounded solution of problem (5.9)). Formula (5.10) was
obtained by Poisson in 1823.

z—1

HinT. Make the transformation w =
onto the disk D and use formula (5.6)).

5.11.P. Interpret the kernel of the Poisson integral , i.e.,
the function
1 (R* - p?)
2R R2 + p?2 — 2Rpcos(p — 6)’
similar to what has been done in Remark with respect to the
function P.
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5.12.P. Using Theorem [5.13 below, prove the uniqueness of the
solution of problem (5.9) as well as the uniqueness of the bounded
solution of problem (5.3 7 i the assumption that the bounded
function f is continuous. (Compare with Remark[5.5)

5.13. THEOREM (Maximum principle). Let Q be a bounded open
set in R™ with the boundary 0Q. Suppose that u € C(Q) and u is
harmonic in Q. Then u attains its maximum on the boundary of the
domain €, i.e., there exists a point x° = (x9,...,25) € 0 such that
u(z) < u(z®) Vo € Q.

PROOF. Let m = sup u(z), M = supu(r) = u(a®), 2° € Q.
€N €N
Suppose on the contrary that m < M. Then z° € Q. We set

o(w) = u(w) + e~ 0P,
where d is the diameter of the domain €. The inequality |z — 2°|? <
d? implies that
2;2md2 = M;—m <M, xe€d.

Note that v(z°) = u(xz°) = M. Thus, v attains its maximum
at a point lying inside €. It is know that at such a point Av < 0.

Meanwhile,

M—-m = o\ 2 M—-m
szAu—&—WA (;(xk—xk) ) :W-2n>0.

v(z) <m+

The contradiction obtained proves the theorem. O

5.14.P. In the assumptions of Theorem[5.13, show that u attains
its minimum as well on 0. (This is the reason why the appropriate
result (Theorem is known as minimum principle.)

5.15.P. Using Theorem [5.16] below, prove the uniqueness of the

bounded solution of problem (5.9) as well as problem (5.3)—(5.4).
Compare with Ezercise P[5.12

5.16. THEOREM (on discontinuous majorant). Let Q be a
bounded open set in R? with the boundary 09, and F a finite set
of points x, € Q, k =1,...,N. Let v and v be two functions har-
monic in Q\ F and continuous in O\ F. Suppose that there exists

a constant M such that |u(z)] < M, |v(z)] < M Vx € Q\ F. If
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u(z) < v(x) for any point x € N\ F, then u(z) < v(x) for all

points x € Q\ F.

PROOF. First, note that the function In |z|, where z € R?\ {0},
is harmonic. We set

N ooom d

T Zm(d/e) ]

Here, 0 < € < d, where d is the diameter of 2, hence, In(d/|x—xy|) >
0. Consider the domain €2 obtained by cutting off the disks of
the radius € centered at the points z, € F, k= 1,..., N, from Q.
Obviously, w, is harmonic in €2, continuous in €, and w.(z) < 0 for
r € 0Q = Q \ Qc. Therefore, by virtue of the maximum principle,
we(x) <0 for z € Q. It remains to tend € to zero. O

we(z) = u(x) —v(x) —
x — x|

5.17.P. Let Q C R? be a simply connected open set bounded by
a closed Jordan curve 2. Suppose that a function f is specified on
09 and is continuous everywhere except a finite number of points at
which it has discontinuities of the first kind. Using Proposition [5.9,
the Riemann theorem on existence of a conformal mapping from Q
onto the unit disk (see, for instance, [38]), prove that there exists a
bounded solution u € C%(Q) of the following Dirichlet problem:

Au=0 in Q, egm u(z) = f(s), (5.11)

where s is a point of continuity of the function f € PC(9Q). Us-
ing Theorem [5.16, prove the uniqueness of the bounded solution of
problem @ and continuous (make clear in what sense) depen-
dence of the solution on the boundary function f. (Compare with

Corollary (22.31])

5.18. THEOREM (on the mean value). Let u be a function har-
monic in a disk D of radius R. Suppose that uw € C(D). Then the
value of u at the centre of the disk D is equal to the mean u(z),

x € 0D, i.e., (in notation of Pl5.10

2R

1 S
0

PROOF. The assertion obviously follows from (5.10]). O
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5.19.P. Let u be a continuous function in a domain Q C R? and
u satisfy for any disk D C Q. Prove (by contradiction) that
if u # const, then u(z) < ||ul| Yz € Q, where ||ul| is the mazimum
of |u| in Q.

By virtue of Theorem [5.18] the result of Exercise [5.19 can be
formulated in the form of the following assertion.

5.20. THEOREM (strong maximum principle). Let u be a har-
monic function in a domain Q C R2. If u # const, then u(z) <
lu]| Vo € Q, where ||u]| is the mazimum of |u| in Q.

5.21.P. In the assumptions of P[5.19, show that u is harmonic
in the domain ).

HINT. Let a € Q and D C Q be a disk centred at a. Suppose
that v is a function bounded and harmonic in D such that v = u on
dD. Using the result of P[5.19] show that the function w = u — v is
a constant in D.

5.22. REMARK. It follows from PE.21] and Theorem [5.18 that a
function continuous in a domain Q C R? is harmonic if and only if
the mean value property holds for any disk D C Q. This fact
as well as all others in this section is valid for any bounded domain
Q C R™, n > 3, with a smooth (n — 1)-dimensional boundary (with
an appropriate change of the formulae).

Let us note one more useful fact.

5.23. LEMMA (Giraud-Hopf-Oleinik). Let u be harmonic in §
and continuous in ), where the domain Q! € R™ has a smooth (n—1)-
dimensional boundary T'. Suppose that at a point x, € ' there exists
a normal derivative Ou/Ov,where v is the outward normal to T and

u(zo) > u(z) Yo € Q. Then 8u/6y|x:z > 0.
The proof can be found, for instance, in [12}, 23], 24, 28| [46].

6. On the heat equation

It is known that in order to heat a body occupying a domain
Q C R3 from the temperature ug = const to the temperature u; =
const, we must transmit the energy equal to C - (u; — ug) - || to
the body as the heat, where || is the volume of the domain € and
C' is a (positive) coefficient called the specific heat. Let u(z,t) be
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the temperature at a point = (x1,x2,x3) €  at an instant t. We
deduce the differential equation which is satisfied by the function wu.
We assume that the physical model of the real process is such that
functions considered in connection with this process (heat energy,
temperature, heat flux) are sufficiently smooth. Then the variation
of the heat energy in the parallelepiped

O={recR®|zp <z <xy+h, k=1,2,3}

at time 7 (starting from the instant ¢°) can be represented in the
form

C - u(@®,t° + 1) —u(@®,¢°)] - [II| + o(7 - [II])
=C - [ug(x®,t°) -7+ o(r)] - |H| + o - IT]), (6.1)

where |II| = hy - hg - hs and o(A) is small 0 of A € R as A — 0.

This variation of the heat energy is connected with the presence
of a heat flux through the boundary of the parallelepiped II. Ac-
cording to the Fourier law, the heat flux per unit of time through
an area element in direction of the normal to this element is propor-
tional with a (negative) coefficient of proportionality to —k derivative
of the temperature along this normal. The coefficient of proportion-
ality £ > 0 is called the coefficient of heat conductivity. Thus, the
quantity of the energy entered into the parallelepiped II during the
time 7 through the area element z; = 27 + h; is equal to

Ju
R(@l+ 23, 23) - 5 (@7 + b, 25, 25;47) - 7 - ho - hy + o(7 - [T,
and gone out during the same time through the area element z; = 9
is equal to

0
k(x3, x5, x3) - a—;(xi’,xg,xg;to) -7 - hg - hg + o - |II]).
Therefore, the variation of the heat energy in II caused by the heat

flux along the axis xz; is equal to
8%1 F zo)%(xc’,t"))hl +o(h1)| 7 hy - hs + o(r - [T).

It is clear that the variation of the heat energy in II in all three
directions is equal to the total variation of the heat energy in II, i.e.,
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(6.1). By dividing the equality obtained in this way by 7 - |[II| and
tending 7, hi1, hs, and hs to zero, we obtain the heat equation

ou 0 ou 0 ou 0 ou

If the coefficients C' and k are constant, then equation (6.2)) can be
rewritten in the form

ou u *u O b Kk 0
ot ”‘(aff 22 ax§>’ wherea =7z =0

6.1. REMARK. In the case when the distribution of the temper-
ature does not depend on the time, i.e., u; = 0, the temperature
u satisfies the Laplace equation (if k¥ = const). Thus, the Dirichlet
problem for the Laplace equation (see Section [5|) can be interpreted
as a problem on the distribution of stabilized (stationary) tempera-
ture in the body, if the distribution of the temperature on the surface
of the body is known.

If we are interested in distribution of the temperature inside the
body, where (during some time) influence of the boundary conditions
is not very essential, then we idealize the situation and consider the
following problem:

0
C’—u—div(k~gradu), (z,y,2) €ER®, t>0,

ot
u|t:0 :f(I,y7Z),

where f is the distribution of the temperature (in the body without
boundary, i.e., in R?) at the instant ¢ = 0. This problem is sometimes
called by the Cauchy problem for the heat equation.

Suppose that f and k, hence, also u do not depend on y and z.
Then w is a solution of the problem

ou 0 (k} ou

oo _ 9 'm)’ (r,) ER: = {z €R, t >0},  (63)

ot Oz
|,y = £(a), (6.4
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6.2. HINT. The method which was used to solve problem (5.3
(5-A)Y suggests that the solution to problem (6.3)~(6.4) can be rep-

resented by the formula
u(e,t) = [ FOvle—€0de,

where v is the solution of equation (6.3)), satisfying the condition
tliIEov(x’t) =6(x), whered is the d-function. (6.5)

1) See note 4 in Section El

Below (see Theorem [6.5) we show that this is true.
Let us try to find the function v. It satisfies the following con-

ditions:
ov 0 ov

where @ is the total quantity of the heat that in our case is equal to
C. Thus, we see that v is a function G of five independent variables
z, t, C, k,and Q, i.e.,

v==G(z,t,C k, Q). (6.7)

6.3. REMARK. The method with the help of which we seek for
the function v is originated from mechanics [55]. It is known as the
dimensionless parameters (variables) method.

Note that the units of measurement of the quantities v, x, t, and
Q@ in the SI system, for instance, are the following: [v] = K, [z] =
m, [t] = sec, [Q] = w. By virtue of (6.6), [C][v]/[t] = [K][v]/[z]?,
[C][v][z] = [Q]; therefore the dimensions of the quantities C' and k
are expressed by the formulae:

[Cl=w/(m-K), [k]=w- m/(sec-K).

Since C, k, and @ play the role of the parameters of the function
v(x,t), it is preferable to express the units of measurement v and,
say, x via [t], [C], [k] and [Q]. We have
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Let us take another system of units of measurement
"] = ou[t], [C"] = oc[C), [F*] = ax[k], [Q7] = 0ql@],

where 04, o¢, ok, 0¢g are scaling coefficients, i.e., positive (dimen-
sionless) numbers. We formulate the question: what are the values
of the scaling coefficients o, and o, (for the variables x and v which
are “derivatives” of the chosen “basic” physical variables ¢, C, k, and
Q)? We have

o =[5 = oulel = o, VATRICY
= o/ oc[t*][k*]/(o10k[C*]).
Therefore,
0x = \/o10p/oc and similarly o, = 0¢ /000 (6.8)
The numerical values t*,...,v* of the variables t,...,v in the new

system of units are determined from the relation

Thus,

oc \/OtOKOC
¥ =z , v=vr—r
010k oQ

For instance, if [f] = sec and [t*] = hour, then o; = 3600 and t* =
t/3600.

Let us now note that relation expresses a law that does not
depend on the choice of the units. Therefore,

v* = G(I*7t*70*7k*’Q*) (6'9)

with the same function G. Now, we choose the system of units such
that t* = C* = k* =Q* =1, i.e., weset oy = t, oc = C, o = k,
0g = Q. Then

= x\/C/(kt), v*=ovVtkC/Q.
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Hence, by virtue of , we have

C
’U(J},t) = \/%g ( E l‘) ) where g(y) :G(yalalaLl)
(6.10)

6.4. REMARK. We can come to formula (6.10]) strongly mathe-
matically. Namely, by making the change of variables

t C k x
t*:77 0*277 k*zia Q*:Q7 .'17*:7, v*zia
Ot oc O aQ Oy Ty

we require v* be equal to G(z*,t*,C*, k*,Q*), i.e., we require that

R VA o
C.at*_ﬁx*(k.ax*)’ /Cvdx—Q.

— 00

Then necessarily implies (6.8). Choosing, as before, the scaling
coefficients oy, o¢, oy, and og, we again obtain .

Nevertheless, it is helpful to use the dimension arguments. Firstly,
they allow us to test the correctness of involving some parameters
when formulating the problem: both sides of any equality used in the
problem should have consistent dimensions. Secondly, the reasoning
of dimension allows to find the necessary change of variables (not
necessarily connected only with scaling coefficients). All these facts
allow automatically (hence, easily) to get rid of “redundant” param-
eters and so to simplify the analysis as well as the calculations?.
Moreover, the passage to dimensionless coordinates allows us to ap-
ply the reasoning by similarity that sometimes essentially simplify
the solution of rather difficult problems (see [55]).

2 Consider the problem on the temperature field of an infinite plate of
a thickness 25, with an initial temperature Tp = const, in the case, when
there is the heat transfer on the surface of the plate (with the coefficient
of the heat transfer o) with the medium whose temperature is equal to
Ty = const. In other words, we consider the problem

or  o0°T
= e,
or 0€2

The function T = f(1,€,a,S,k, o, T1,To) depends a priori on eight pa-
rameters. The tabulating the values of such a function, if each of the pa-
rameters run over at least ten values, is unreasonable, because one should

oT
>0, ¢ <S; :Fkaigk:is = O‘(T_Tl)|§:is; T\ _, = To.



6. ON THE HEAT EQUATION 25

analyze million pages. At the same time, the passage to the dimensionless
parameters

u= (T -T)/(Ty —Tv), x=¢&/S, t =ar/S*, 0 =k/aS

reduces this problem to the problem

ou  9*u ou
iy t>0, |z| <1; (Ui03x> }w:il = 0; u|t:0 =1, (6.11)

whose solution v = u(t,z,0) can be represented (this is very important

for applications) in the form of compact tables (one page for each value
of o > 0).

In order to find the function g and, hence, v we substitute ex-

pression (6.10]) into the heat equation (6.2]). We obtain
QVC/ktg(y)/2+y-g' () /249" ()] =0, ie., (yg(y))'/2+g"(y) =0.
Thus, the function g satisfies the linear equation

9'(y) +yg(y)/2 = const. (6.12)

If g is even, i.e., g(—y) = g(y), then ¢’(0) = 0; therefore, the func-
tion g satisfies the homogeneous equation whose solution, ob-
viously, is represented by the formula g(y) = A - exp(—y?/4). The
constant A is to be determined from the second condition in (6.6)):

Q= /cudx:ACQ/\/@ / o~ Akt g _ 940) / ¢ de.

i.e., (accounting formula (L.6)) A = 1/(2y/7), hence,
v(z,t) = (Q/2VkCrt) - exp(—Cax?/4kt). (6.13)

6.5. THEOREM. Let f € C(R), and for some o € [1,2[, a > 0,
and M > 0 the following inequality holds:
|f(z)] < Mexp(alz|”) VreR. (6.14)

Then the function u: R% = {(z,t) € R? | t > 0} — R defined by the
formula

o0

ul(e t) = / FE)P(x — €. 1)d€, P(a.t) = (1/2/7E) exp(—z2/4t),

(6.15)
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s a solution of the heat equation
ou  d*u
ot 0x2

This solution is infinitely differentiable and satisfies the initial con-

dition (which is sometimes called the Cauchy condition)

tlirilou(x, t) = f(x). (6.17)

in RY ={(z,t) e R? | t>0}. (6.16)

Moreover, YT > 0 3C(T') > 0 such that
lu(z,t)| < C(T)exp((2a]z])?) VreR and Vte[0,T]. (6.18)

PROOF. From construction of function , it follows that the
function P(z,t) = (47t)~ /2 exp(—x2/4t) satisfies relations in
which C = kK = @ = 1. Therefore, formula follows from
P and as well as the smoothness of the function u follows
from the known theorem on differentiability of integrals with respect
to the parameter (see, for instance, [72]), because the appropriate
integral converges uniformly, since VR > 1 Ve > 0 3N > 1 such that

oItk
| lsmgmtr@ra-cmli<e  ©19)
|€1>N

for x € [-R,R], t € [1/R,R]. For j + k > 0, the integrand in
can be estimated for the specified = and ¢ via Crf(¢)P(z —
&,t). Therefore, in order to prove inequality it is sufficient to
establish estimate (6.18). Note that for o € [1,2],

[€]7 <27 (|27 + |€ = 2]7), |¢€ = 2|7 <e(€ —2)* + Cel€ —x].
Take € such that 1 — 47T - a, - € > 0, where a, = a-2°. Then for
t < T, (compare with [25])

dg

fu(z, t>|<—/ 6 exp(~(o = € /41) %

< Mle@alx‘)"/ea(?lﬁ—xl)“ o~ (@=&)/2vD? 6
< NG

<Mle(%lw\)”/e—(1—4Taoe)(x—€)2/4t paoCe(lo—€l/2vD)2vi (if[
= 2

Setting n = (& — 2)(1 — 4Tac€)/?/(2V/1), we have
a0 < CT)e” [ a2y,
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This implies estimate (6.18]), if we note that

/e_"2+a"'2‘/£d77 = eazt/e_("_a‘/z)dn < eazt/e_@d(:.
0 0 0

O

6.6. REMARK. In general, there exists a solution of problem

(16.16)—(6.17) different from (6.15)). For instance, the function u(x,t)

represented by the series

i e () - 2?™/(2m)!,  (x,t) € R%, (6.20)

m=0

in which the function ¢ € C*°(R) satisfies the conditions:

supp ¢ C [0,1], Vm € Zy |e™ (t)| < (ym)!, where 1 < v < 2,

(6.21)
is, obviously, a solution of problem 7 for f = 0. (The
condition v < 2 is needed for uniform (with respect to  and ¢, |z| <
R < 00) convergence of series (6.20]) ad its derivatives.) This simple
but important fact was observed in 1935 by A.N. Tikhonov [64],
who, while constructing series , used the result by Carleman
[9] on the existence of a non-zero function ¢ with properties ((6.21]).
It is important to emphasize that the non-zero solution f
the heat equation constructed by Tikhonov (satisfying the condition
u(z,0) = 0) grows for |z| — oo faster than expCz? VC' > 0 (and
slower than exp Cz, where o = 2/(2 — ) > 2). On the other hand,
one can show, by using the maximum principle for the heat equation
(see, for 1nstance [20] 25] (44, [64]) that the solution of problem

- is unique, if condition ) holds. The uniqueness

theorem for a more large class of functlon was proved in 1924 by
Holmgren [27].

From Remark [6.6] it follows

6.7. THEOREM. Let f € C(R), and f satisfy (6.14). Then for-
mula (6.15) represents a solution of problem (6.16)-(6.17)) and this

solution is unique in class (6.18]).
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7. The Ostrogradsky—Gauss formula. The Green formulae
and the Green function

Let ©Q be a bounded domain in R"™ with a smooth (n — 1)-
dimensional boundary Q. Let f = (f1,..., fn) be a vector-function
such that fr € C(Q) and dfy /0, € PC(Q) Vk. It is known [63), [72]
that in this case the Ostrogradsky-Gauss formula®

/Zafk :/ifk(x)'akdf (7.1)

qQ k=1 aq k=1

holds, where a = ag(x) is the cosine of the angle between the
outward normal v to I' = 9Q at the point z € I and kth coordinate
axis, and dI" is the “area element” of I'. For n = 1, formula
becomes the Newton—Leibniz formula.

U Formula (7.1) is a special case of the important Stokes theorem
on integration of differential forms on manifolds with boundary (see, for
instance, [63}, [72]), which can be represented by the Poincaré formula:
J dw = [, w. The Poincaré formula implies (7.1)) for

w = Z fk d.Tl/\ /\dazk 1/\d.’£k+1/\ /\dwm

because

dw = Z(afk(:v)/axk)d:v, and w|(,m = Z fr(z)odl.

If fr(z) = Ap(z)v(z), where v € PC?(Q) N CH(Q), then (7.1
implies that

/ (Z gﬁ:) /ZAdeaééAwakdr. (7.2)

Setting Ay =
Green formula

/v Audm—/v—df /Zaau a@v (7.3)
Ll Tl

Q o0

am , where u € PC?(Q) N C1(), we obtain the first

where A is the Laplace operator (see Section. Renaming u by v in
(7.3) and v by u and subtracting the formula obtained from ([7.3]), we
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obtain the so-called second Green formula for the Laplace operator

/@¢mu¢mmz/(wgzu§¥)ﬂ‘ (7.4)
Q

aQ
Formula ([7.4]) implies (if we set v = 1) the remarkable corollary:

/MM—/—W (7.5)

In particular, it the function v € C*(Q) is harmonic in Q, then
Ik %df = 0. This is the so-called integral Gauss formula.
aQ

Rewrite formula (7.4]) in the form

/ u(y)Av(y)dy = / o(y) Auly) dy

Q Q

v ou
— — T. .
+ [ i gem - vwiew] ar @
o0
Let us take a point z € €. Replace the function u in (7.6)) by the
function E,(z,-) € PC?%(Q) which depends on x as an parameter
and which satisfies the equation
n 82
AyEo(z,y) =) g2 Bal@,9) = bl —y), (7.7)

k=1 7k

where 0, is defined in (1.3)), and 1/a > 1. Using the result of
Exercise [T.1] we tend a to zero. As a result, taking into account
Lemma [2.1] we obtain

/Eas— VAu(y)dy

OE(z —y) du(y)
———= —FE(x—y)——| dy. .
A e
o0
7.1.P. Using the result of P- 5.9 and Theorem [5.13, show that
the general solution of equation ((7.7)) depending only on |z —y| can
be represented in the form Ea(x — y) + counst, where the function
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E, € CY(R™) coincides for |z| > a with the function

{(1/27T)~1n|x| x#0, n=2,

PO= 00/ - 20w - o) 2 £0, n>3,

(7.9)

and for |x| < «, the estimate |E,(x)| < |E(x)| holds. Here, oy,
denotes (see P the area of the unit sphere in R™.

HiNT. By virtue of ([7.5) and (|1.3)),
/ (O0E4/0v)dl = / AFE,dx = 1.

|z|=c lz| <o

Let z € Q. We take® the function g(z,-) : Q 3 y — g(z,v),
which is the solution of the following Dirichlet problem for the ho-
mogeneous Laplace equation with the special boundary condition

Ayg(z,y) =0 in Q, g(zr,y)=—E(x—y) for yeT. (7.10)

Substituting the function g(z, -) into formula (7.6]) for the function v
and summing termwise the equality obtained with (7.8]), as a result,

we have the following integral representation of the function u €
PC?(Q) N CHQ):

u(z) = /G(x, y)Au(y) dy + / Wu(y) dr, (7.11)
Q 89
where
G(z,y) = E(z —y) + 9(z,y). (7.12)

2 In Section the theorem is presented on existence of solutions for
problems much more general than problem (7.10)). In the same section the
theorem concerning the smoothness of the solutions is given.

Function ([7.12)) is called the Green function of the Dirichlet prob-
lem for the Laplace equation

Au=f in Q, u=¢p on 0. (7.13)

This term is connected with the fact that, by virtue of (7.11)), the
solution of problem (7.13), where f € PC(Q), ¢ € C(99), can be
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represented , using the function G, in the form

uw) = [ 16+ e @y
Q

o0
Formula (7.14) is often called the Green formula.

72.P. Let Q = R%, where R} = {z = (2/,z,) € R" | 2’ €
R 2, >0} and 2’ = (21,...,2,_1) € R""L. Show that in this
case G(x,y) = E(x,y) — E(x*,y), where x* = (', —x,,) is the flip of
the point x over the hyperplane x,, = 0. Verify (compare with )
that

9G(z,y)

dy

2 Ty

=0T G @ — g2 4t (Ent — Yn)? F 2

8. The Lebesgue integral®)

D The theory of the Lebesgue integral is, as a rule, included now in
the educational programs for the students of low courses. Nevertheless,
maybe some readers are not familiar with this subject. This section and
the following one are addressed to these readers. At the first reading, one
can, having a look at the definitions and formulations of the assertions of
this sections, go further. For what follows, it is important to know at least
two facts:

(1) if a function f is piecewise continuous in Q@ € R", then f is
integrable in the sense of Riemann;

(2) a function integrable in the sense of Riemann is integrable in
the sense of Lebesgue, and its Riemann integral coincides with
its Lebesgue integral (see P[8.15] below).

If the need arises (when we consider the passage to the limit under the
integral sign, the change of the order of integration and so on), it is ad-
visable to come back to more attentive reading of Sections [BJ] and the
text-books cited.

In Sections we have outlined the idea of representability (in
other words, of determination) of a function by its “average values”.
This idea is connected with the notion of an integral. Let us recall
that the definition of an integral, known to all the students since
their first year of studies, has been given by Cauchy. It was the
first analytic definition of the integral. Cauchy gave the first strict
definition of continuity of a function. He proved that functions con-
tinuous on a closed interval are integrable. In connection with the
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development (Dirichlet, Riemann) of the concept of a function as a
pointwise mapping into the real axis, the question arose concerning
the class of functions for which the integral in the sense of Cauchy
exists. This question has been answered by Riemann (see, for in-
stance, [65]). This is the reason, why the integral introduced by
Cauchy is called the Riemann integral.

The space of functions integrable in the Riemann sense is rather
large. However, it is not complete (see note 5 in Section with
respect to the convergence defined by the Riemann integral similarly
to the fact the set of rational numbers (in contrast to the set of real
numbers) is not complete with respect to the convergence defined by
the Euclidian distance on the line. Actually, let

fulz)=2"Y2 for z €|1/n,1] and f,(z) =0 for z €]0,1/n].

Obviously, fol |fm(x) — fn(z)|dz — 0 as m and n — oo, i.e., the
sequence {fr} is a fundamental sequence (see note 5 in Section
with respect to the convergence defined by the riemann integral. It
follows from the definition the Riemann integral that the function
& — x~%/2 (to which the sequence {f,(z)} converges pointwise)
is not integrable in the Riemann sense. Moreover, one can easily
show, using P[8.15 and Theorem [8.17] that there exists no function f
integrable in the Riemann sense such that mlgnoo [ 1f (@)= frm(z)| dz =

0, i.e., the space of functions integrable in the Riemann sense, is not
complete with respect to the convergence defined by the Riemann
integral (see also Exercise P[8.23).

This reason as well as some others stimulated (see, for instance,
[65]) the development of the notion of integral. A particular role
due to its significance is played by the Lebesgue integral. In 1901
26-year Lebesgue introduced (see Definition below) the space
L(Q) of functions defined on an open set @ C R™ and called now
by integrable in the Lebesgue sense and the integral that is called
now by his name (see Definition [8.12)). This integral was defined by
Lebesgue as the functional

/:L(Q)BfH/feR,

which in the case Q =|a,b] is noted by the standard symbol and
possesses the following six properties:
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b
/f d:v—/f(m—h)dmforanya, b, and h.

a+h
f(z)dx +/f(x) dx—l—/f(:v) dr =0 for any a, b, and

b

"
c.
b
(3) /[f( )+ g(x dm—/f dx+/g(m)dxf0ranyaandb.
b a
/f(x)d:vZO,iffEOandb>a.

“

0

1-de=1.

(6) If, when n increases, the function f,(z) tends increasing
to f(x), then the integral of f,(x) tends to the integral of
f(@).

“Condition 6, — wrote Lebesgue [39], — takes a special place.
It have neither the character of simplicity as the first five nor the
character of necessity”. Nevertheless, it is Condition 6 that became
a corner-stone in Lebesgue’s presentation of his theory of integration.
Below we give?) the construction theory of the Lebesgue inte-
gral and the space L(2) and formulate results of the theory of the

Lebesgue integral that we need in further considerations.

2 Following mainly the book by G.E. Shilov and B.L. Gurevich [58];
also see [36], (56].

8.1. DEFINITION. A set A C € is said to be a set of zero measure,
if Ve > 0 there exists a family of parallelepipeds
Hk:{x:(xl,...,x")ERn\xj E]ajk,bjk[}, kEN,
such that
(oo}
(1) Ac U I;

k=1
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(2) > p(Il;) < €, where u(Ily) is the measure of the paral-
k=1

lelepiped, i.e., u(Ily) = [] (b5, — a;,)-
j=1
8.2. DEFINITION. We say that a property P(z) depending on
the point = € Q is valid almost everywhere, if the set of points z, at
which P(x) does not hold, is of zero measure. We also say that P(z)
is valid for almost all x € €.

8.3. DEFINITION. By a step function in €2 we mean a function f :
Q) — R that is a finite linear combination of characteristic functions
of some parallelepipeds Iy, k=1,...,N, N € N, i.e.,

N
f@)=> o1 (x), ck€R, 2. (8.1)
k=1

N

In this case the sum Y ¢ - u(Ily), denoted by [ f, is called the
k=1

integral of the step function (8.1)).

8.4. DEFINITION. A function f : Q 3 z +— f(z) € C with
complex values finite for almost all x € € is called measurable, if
there exists sequences {g,, } and {h,} step functions in Q such that

lim [gm(z) + ihm(x)] = f(z) for almost all z € Q.

m—00

8.5.P. Show that if f and g are measurable in Q and h : C2 — C
is continuous, then the function Q > x — h(f(z), g(z)) € C is also
measurable.

8.6. DEFINITION. A set A C  is called measurable, if 14 is a
measurable function.

8.7.P. Show that any open set and any closed set are measurable.
Show that the complement of a measurable set is measurable. Show
that a countable union and a countable intersection of measurable
sets are measurable.

8.8. DEFINITION. We say that f belongs to the class LT (more
exactly, to L™ (£2)), if in Q there exists an increasing sequence {h }72
of step functions such that f hpy < C'Vm for a constant C' and, more-
over, hy, 1 f. The last condition means® that hy(z) < ho(z) < --- <
hm(z) < ... and "}gnoo hm(x) = f(z) for almost all z € Q.
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3) The notation h,, | f has the similar meaning.

One can readily prove
8.9. PROPOSITION. If f € L™(Q), then f is measurable in Q.

8.10. DEFINITION. The (Lebesgue) integral of a function f €
L*(Q) is defined by the formula [ f = lim [ hy,, where {h,, }2_;
is an increasing sequence of functions determining f (see Defini-
tion .

One can show that Definition is correct, i.e., [ f depends
only on f but not on the choice of the sequence h,, T f.

8.11. LEMMA (see, for instance, [56]). Let f, € L*, f, T f,
[ fn<CVn. Then f € Lt and [ f= lim f,.

8.12. DEFINITION. A function f:Q — R is said to be Lebesgue
integrable (in ), if there exists two functions g and h in L buch that
f =g — h. In this case, the number [ g — [ h denoted by [, f(x)dx
(or simply, [ f) is called the Lebesgue integral of the function f. The
linear (real) space of functions integrable in Q is denoted by L()
(or LY. If 14 € L(Q), then the number u(A) = [ 1, is called the
measure of the set A C Q.

4 In this case two functions are identified, if their difference is equal
to zero almost everywhere (see, in this connection, PJ8.14| and Pf8.18).

8.13. REMARK. One can readily check that [ f depends only on
[, i.e., Definition B:12]is correct.

8.14.P. Show that [ f =0, if f =0 almost everywhere.

N
8.15.P. Let hy(z) = > my -1, (z), where my = inf f(z) isa
k=1

a:el'[k
step function corresponding to the lower Darbouz sum Z mp(Ilg)

k=1
of a function f which is Riemann integrable. Verify that Definitions
and immediately imply that f € LT (thus, feL),

and, moreover, the Riemann integral equal to hm Z myp(Tg),
N—oo =

coincides with the Lebesque integral [ f(x)dx = hm th )dx.
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8.16.P. Let f be measurable on [0,1] and bounded: m < f(x) <
M. Consider the partition of the closed interval [m, M] by the points
Ykt Yo < y1 < - <yny =M. Let 0 = max(yr — yx—1). Consider
the sum
N

S= yen{z € 0,1] | yr—1 < f(z) < i}
k=1
Prove that 3 lin% S, and this limit is the Lebesgue integral [ f(x)dx.

8.17. THEOREM (Beppo Levi, 1906; see, for instance, [56]). Let
fn € L(Q) and fo(z) T f(x) Yx € Q. If there exists a constant C
such that [ f, < C Vn, then f € L(Q) and lim [ f, = [ f.
n—0oo

8.18.P (Compare with P|8.14). Show that f = 0 almost every-
where if f >0 and [ f=0.

8.19.P. Verify that if ¢ € L, ¢ € L, then max(p,v¥) € L,
min(p, 1) € L.

8.20. THEOREM (Lebesgue, 1902; see, for instance, [56]). Let
fn € L(Q) and fo(x) — f(x) almost everywhere in . Suppose
that there exists a function g € L(Q)), which is called the majorant,
such that |fn(z)] < g(z) Yn > 1, Vx € Q. Then f € L(Q) and

J 1=l [ F

8.21. LEMMA (Fatou, 1906; see, for instance, [56]). Let f, € L,
fn >0 and f, — f almost everywhere. If [ f, < C Vn, where
C<oo,then feLand0< [f<C.

8.22. THEOREM (Fischer and F. Riesz, 1907). A space L with
the norm |¢|| = [ ||, is a Banach space®.

) A norm in a linear space X is a function ||- || : X 3 f — ||f]| € R,
with the following properties: ||f|| > 0 for f # 0 € X, ||0]] = 0, |\ f] =
IAl-[[f|| for any number A, ||+ g|l < [If[l + [lg]. The words “the space
X is endowed with the norm” mean that a notion of the convergence is
introduced in the space X. Namely, f, — f as n — oo, if p(fn, f) — 0,
where p(fn,f) = ||fn — fl|. In this case one say that the space X is
normed. The function introduced p has, as can be easily seen, the following

properties: p(f,9) = p(g, f), p(f;h) < p(f,9) + p(g, h), and p(f,g) > 0,
if f # g. If a function p with these properties is defined on the set
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X x X, then this function is called the distance in X, and the pair (X, p)
is called a metric space (in general, non-linear). It is clear that a normed
space is a linear metric space. A metric space is called complete, if for
any fundamental sequence {fn}n>1 (this means that p(fn, fm) — 0 as
n,m — oo) there exists f € X such that p(fn,f) — 0. A complete
normed space is called a Banach space.

PROOF. Let ||p, — ¢|| — 0 as n,m — oo. Then there exists
an increasing sequence if indices {ny}x>1 such that |o, — @nl <

N—1

277 Vn > ny. Let us set fn(z) = X |@nes (2) — @n, (). The
k=1

sequence { fy }%_, is increasing and [ fy < 1. Using the theorem of

o0
B. Levi, we obtain that the series > |on, (%) — ¢n, ()| converges
k=1

(o]
almost everywhere. Therefore, the series »° |¢n, ., (2) — ¢n, (2)]
k=1

also converges almost everywhere. In other v;ords, for almost all z,
the limit klim ¢n, = p(x) exists®). Let us show that ¢ € L and
—00

lon — ¢l] — 0 as n — oo. We have Ve > 0 3N > 1 such that
[ |en,. () = ¢n, (x)|dx < € for n, > N, n > N. Using the Fatou
lemma, we pass to the limit as n,, — oco. We obtain ¢ — ¢, € L,
[ le(@) = @n, (z)]dz < € therefore, p € L, and |l¢ — ¢n, | — 0 as
k — oo. Hence, ||¢ — ¢n]| — 0 as n — oo, because ||¢ — ¢n| <
e = @il + llens = ¢nll- =

6 Thus, any fundamental sequence in L contains a subsequence that
converges almost everywhere. We shall use this fact in Corollary and

in Lemma [10.21

8.23.P. Construct an example of a bounded sequence (compare
with the example at the beginning of Section@ which is fundamental
with respect to the convergence defined by the Riemann integral but
has no limit with respect to this convergence.

HiNT. For A € [0, 1], consider the sequence of characteristic func-
tions of the sets C,, that are introduced below, when constructed
a Cantor set of measure 1 — A. Let {\,} be a sequence of posi-

o0
tive numbers such that > 2771\, = X € [0,1]. The Cantor set

n=1
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C C [0,1] (see [21}, 136}, [56]) corresponding to the sequence {\,} is
constructed in the following way: C' = NC,, C,, = [0,1]\ (U I.),
m=1

on— 1
I, = U I* . Here, I* is the kth interval of the mth rank, i.e., an in-

terval of length A, whose centre coincides with the centre of the kth
(k =1,...,2m71) closed interval of the set C,,_1. In other words,
the Cantor set is constructed step by step in the following way. At the
first step we “discard” from the closed interval Cy = [0, 1] its “mid-
dle part” I; of length A1, at the second step from the two remaining
closed intervals of the set C; = Cp \ I we “discard” their “middle
parts” each of which has the length Ao. At mth step (m > 3) we
“discard” from the remaining 2™ ! closed intervals of the set C,,_1
their “middle parts”, each one the length \A,,. It can be easily seen
(verify!) that the set C' is measurable and its measure p(C') is equal
top=1—X>0. It can be rather easily shown that the set C' is not
countable and, moreover, there exists a one-to-one correspondence
between C' and R. At first sight, this seems astonishing, since the
measure p(C) = 0 for A = 1. Nevertheless, it is true! (Prove.) The
Cantor set is often used as the base of constructing some “puzzling”
examples.

8.24. THEOREM (Fubini, 1907; see, for instance, [58]). Let €,
be an open set in R* and Q, an open set in R™. Suppose that
f:Q 3 (z,y) — f(x,y) is an integrable functions in the direct
product 0 = Qy x Q. Then

(1) for almost all y € Qy (respectively, x € Q) the function
f(y) « Qp 2 & — f(x,y) (respectively, f(-,y) : £y 2
x — f(z,y)) is an element of the space L(§);) (respec-
tively, L(Sy));

(2) /f(x,-)dx € L(Qy) (respectively, /f(-,y)dy € L(Q));

Qg Qy

3 [ty = [ | [ t@yac| dy= [ | [ gy de.
Q Q, Q. Qy

"
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8.25. REMARK. The existence of two (iterated) integrals

/ /f(:c,y)dx dy and / /f(x,y)dy do
2,

Y x x

implies, in general, neither their equality nor the integrability of the
function f in Q@ = Q, x Q, (see, for instance, [21]). However, the
following lemma holds.

8.26. LEMMA. Let f be a function defined in Q = 1, x §,. Sup-
pose that f is measurable and f > 0. Suppose also that there exists

the iterated integml/ /f(x,y)dx dy=A. Then f € L(Q; xQy);
Q, lo.
therefore, property 3) of Theorem holds.

Proor. Weset f,, = min(f, H,,), where H,, = max(hq,...,hp),
{hx} is a sequence of step functions such that hy — f almost every-
where (see Definition . Note that f,,, = klim min(hy, H,,) almost

everywhere and | f,,| < |H,|, since f > 0. Therefore, f,, = hm Jkm

almost everywhere, where gy, = max(min(hy, Hm), —|Hp, |) Fur-
thermore, |gkm| < |Hn| € L Yk > 1. Hence, by the Lebesgue
theorem, f € L. By virtue of the Fubini theorem, we have

/fm:/ /fm<x,y)dx dy < A.

y T
Let us note that f,, T f. Therefore, by the B. Levi theorem, f €
L(9). O
8.27. THEOREM (see, for instance, [56]). Let f € L(R), g €
L(R), F(z) = [ f(t)dt, G(z fg t)dt. Then
0

b

b
/F(x)g(x)dac + / f(z)G(z)dz = F(b)G(b) — F(a)G(a).

a
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In this case the function F(x) has for almost all x € R the deriv-
ative F'(z) = lir%(F(x +0) — F(x))/o, and F'(z) = f(z) almost

everywhere.

9. The spaces L? and L

loc

9.1. DEFINITION (F. Riesz). Let 1 < p < co. By the space
LP(Q) (or simply LP) of functions integrable in pth power we call
the complex space of measurable functions') f defined in € and such
that |f|P € L(Q). If f € L'(Q), then the integral of f is defined by

the formula
[1=[w+ifar

1 More exactly, of the classes of functions {f} : @ — C, where
g € {f} < g = f almost everywhere.

9.2. LEMMA. Let p € [1,00[. Then the mapping
1/p

Il 275 £l = | [If@IPa ) . @)
Q

which will sometimes be noted by || - ||L» is a norm?.

2 That is the properties of a norm (see note 5 in Section [8]) hold.
PROOF. It is not obvious only the validity of the triangle in-

equality, i.e., the inequality

1+ glle <I1Fllp + llglls (9.2)

which (in case of norm (9.1)) is called the Minkowski inequality. It
is trivial for p = 1. Let us prove it for p > 1, using the known [36]
Hélder inequality

If-glls < Ifllp-llglly, where 1/p+1/¢g=1, p>1. (9-3)
We have

/|f+g|p < /\f+g|”’1|f\+/(|f+g|”’1|gl)

: Uf+g|<“>ﬂ] v { Uﬂp} L UW] /}
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1/q 1-(1/p)
R s TR O

Similarly to the proof of Theorem [8.22] one can prove

41

However,

9.3. LEMMA. Let 1 <p < co. The space LP with norm (9.1) is
a Banach space.

9.4. LEMMA. The complezification of the space of step functions®
is dense in LP, 1 < p < oco.

3) The complezxification of a real linear space X is the complex linear
space of elements of the form f = g + ih, where g and h are elements of
X.

PRrOOF. It is sufficient to prove that Vf € LP, where f > 0,
there exists a sequence {h*} of step functions such that

lf —hell, = 0 as k — oo. (9.4)

In case p = 1, we take the sequence {hy}72; such that hy T f € Lt
and [h;, — [ f. Then we obtain (9.4). If 1 < p < oo, then we
set B, = {zr € Q| 1/n < f(z) < n}, where n > 1 and f,(x) =
1g,(x) - f(z) (1g, is the characteristic function of E,). We have
fn 1 f; hence, (f — f,)? | 0. By the B. Levi theorem, ||f — full, =

(Jo If (@) = fn(nc)\pdyc)l/2 — 0 for n — oco. Therefore, Ve > 0 3n > 1
such that ||f — full, < €/2. Let us fix this n. Note that [1g, =
J1% < [nP|f[P < co. By virtue of the Holder inequality, [ f, =

J1g,f < (f 1%n)1/qf(fp)1/p < 0o. Since f, € L(Q) and f,(z) €
[0,n] Vz € Q, there exists a sequence {hy} of step functions defined
in Q with values in [0, n] such that klim [ |fn = hi| = 0. Therefore,

1/p 1/p
1o = hally = [/|fn—hkp} - [/<|fn—hk|P-1|fn—hk|)

1/p
<pt=(/P) [/|fn—h;€] — 0 for k— oo.
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Choose K such that ||f,, — hxll, < €/2 for k > K. Then

1f = haellp < I1f = Fallp + 1 fn = haell <€ VE > K.

O

9.5. THEOREM. Let f € L) and f = 0 almost everywhere

outside some K € Q. Let p > 0 be the distance between K and 0S).
Then for any € €]0, p|, the function

R(f)=f:052— f(z /f Ny, (9.5)

where 8 is defined in (3.2)), belongs to the space C§°(Q). Moreover®

lim [[f = fell, =0, 1<p< oo (0.6)

Y Function (9.5) is called the (Steklov) smoothing function of the
function f.

PROOF. Obviously, f. € C5°(f2). Let us prove . By virtue
of Lemma [0.4] Vn > 0 there exists a function h = hy + ihy, where

hi and ho are step functions, such that ||f — k|, < 1. We have

1f = fellp < IIf = hllp + [k = Re(h)l[p + [ Re(f = h)lp- Let s show
that [|Re(9)|lp < llgllp- For p =1 this is obvious:

Q/ / l9(y)| - 6(x — y)dy | de
- / / 5.z — y)dz | |g(w)ldy = / l9(v)ldy.
Q Lo Q
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If p > 1, then by inequality (9.3)):
IR(9)|I2 = / lge ()P da
Q
r P

< / / (6c(x — )PP (G, (x — ) Plg(y))dy | da

Q Lo

(p—1)/p 1/p]P

< / / b5.(z — y)dy / 5.(c — plgw)Pdy | | dz

Q L Q Q

de(x —y)|g(y)[Pdy | dx

[| [ o= wae| lstwiras = [ lowras
Q Q Q

Thus, ||f — fellp, < 29 + ||h — Re(h)||p,- By virtue of (8.1), h =
N
> ¢k - 1, where ¢ € C; hence,

"
Pe—

k=1
p
Ih = Rm)ll = /|ch (i, - Re(lny))| do
Q
N p
< <kz:1 |Ck|> m]be/an — R.(1m,)dz < C ¢,

Q
because (1, — Re(1m,)) = 0 outside the e-neighbourhood of the
parallelepiped II;. Taking € < n?/C, we obtain ||[h — Rc(h)|, <
n.

9.6. COROLLARY. C§°(Q) is dense in LP(Q2), 1 < p < oo.

PROOF. Let g € LP(Q2). Note that Vn > 0 3K € Q such that
lg — g1kl < n. By Theorem there exists € > 0 such that

lg-1x — Re(g - 1k)llp < - O

9.7. COROLLARY. Let f € LYQ), f = 0 almost everywhere
outside K € Q). Then there exists a sequence of functions f,, €



44 1. INTRODUCTION TO PROBLEMS OF MATHEMATICAL PHYSICS

C§°(Q) such that fp, — f almost everywhere as m — oo, if |f| < M
almost everywhere.

PROOF. By virtue of (9.5)-(9.6), ||f — Re(f)|l1 — 0 as e — 0.

Therefore, according to note 6 in Section |8 there exists a subse-
quence {f,} of the sequence {R.(f)}e—o such that f,, — f almost
everywhere. The estimate |f,,| < M is obvious. O

9.8.P. % Prove that |[u — Re(u)||c — 0 as e — 0, if u € Co().

%) Here and below, ||f|lc = sup |f(z)| for f € C(Q).
zEQ

9.9. DEFINITION. L*°(Q) is the space of essentially bounded
functions in (), i.e., the space of measurable functions f : Q@ — C
such that

Ifllc = inf sup |f(z)] < oo, u(@\w)=0. (9.7)
w TEW

Condition (9.7) means that the function f is bounded almost every-
where, i.e., 3M < oo such that |f(x)| < M almost everywhere and
I fllco = inf M.

One can readily prove

9.10. LEMMA. The space L*>(Q) with the norm (9.7)) is a Banach
space,
9.11. REMARK. The symbol oo in the designation of the space
and the norm (9.7)) is justified by the fact that || f|lcc = Lm || f||,, if
p— 00
Q € R™. This fact is proved, for instance, in [71].
9.12. DEFINITION. Let X be a normed space with a norm || - ||.

Then X’ denotes the space of continuous linear functional on X.
The space X’ is called dual to X.

One can readily prove

9.13. PROPOSITION. The space X' equipped with the norm

171 = sup W22 p e
R ol

e

is a Banach space. Here, (f,x) is that value of f at xz € X.



10. FUNCTIONS OF L}

loc

AS LINEAR FUNCTIONAL ON Cg§° 45

9.14. THEOREM (F. Riesz, 1910). Let 1 < p < co. Then (L?) =
L%, where 1/p+1/g=1 (q =00 forp=1). More ezxactly:
1) Vf e LY(Q) IF € (LP(Q)), i.e., a linear continuous func-
tional F' on LP(Q) such that

/ f@)p(e)de Vo € L2(Q); 9.8)

2) VF € (LP(Q)) there exists a unique® element (function)
f € L) such that holds;

6) See note 4 in Section @

3) the correspondence I : (LP) 5 F — f € L7 is an isomet-
ric isomorphism of Banach spaces, i.e., the mapping I is
linear bijective and ||IF|q = || F[},.

PROOF. Assertion 1) as well as the estimate ||F||}, < [|f]|, are
obvious for p = 1. For p > 1 one should use the Hélder inequality.
Assertion 2) as well as the estimate [F'||;, > || f||; are proven, for
instance, in [71]. Assertion 3) follows from 1) and 2). O

9.15. DEFINITION. Let p € [1,00]. Then L} () (or simply
LY ) denotes the space of functions locally integrable in pth power
f:Q — C, ie., of the functions such that f-1x € LP(Q) VK € Q.
We introduce in L} () the convergence: f; — f in L} (Q) if and

only if |1x - (f; — f)llp = 0 as j — oo VK € Q.
Let us note the obvious fact: if 1 < r < s < 0o, then
PC C Lloc = c Lloc

loc = loc =

10. Functions of L} . as linear functional on C§°

loc

The idea of representability (i.e., of determination) of a function
by its “averagings”, outlined in Sections can now be written in
a rather general form as the following

10.1. THEOREM. Any function f € L} (Q) can be uniquely")
reconstructed by the linear functional

() CE(9) 3 — (f0) = / f@e@dzeC  (10.1)

Q
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(i.e., by the set of the numbers {(f, <p>’

1
loc’

0eC(Q) }) Moreover, the
0

correspondence f «—— (f,-), f € L is an isomorphism.

D' As an element of the space Li,.(€) (see note 4 in Section .

PROOF. Suppose that two functions f; and fs correspond to
one functional. Then [(fi — f2)¢ = 0 Ve € C§°. This, by virtue of
Lemma below, implies that f; = f almost everywhere. O

10.2. LEMMA. Let f € L} (Q). If [, f(z)e(x)de = 0 Vo €

loc

C§°(Q), then f =0 almost everywhere.

PROOF. Let w € Q. Note that |f]| -1, = f g, where g(z) =
1, -exp[—iarg f(x)]. (If f is a real function, then g(z) = —sgn f(z) -
1,(x).) According to Corollary there exists a sequence of func-
tions ¢, € C§°(£2), such that almost everywhere in Q f -, — f-g
as n — oo, and |@,| < 1. Since [ |f| = [, f-g and by the Lebesgue
theorem [, f g = nl;rgo Jof - on, we have [ [f| = 0, because

fQ f - wn = 0. Thus, f = 0 almost everywhere in w. Hence, by
virtue of arbitrariness of w € 2, f = 0 almost everywhere in Q. [

11. Simplest hyperbolic equations. Generalized Sobolev
solutions

In this section we illustrate one of the main achievements of the
theory of distributions on the example of the simplest partial differ-
ential equation u; 4+ u, = 0,") which is sometimes called the transfer
equation. It concerns a new meaning of solutions of differential equa-
tions, more exactly, a new (extended) meaning of differential equa-
tions. This meaning allows us to consider correctly some important
problems of mathematical physics which have no solutions in the
usual sense. This new approach to the equations of mathematical
physics and their solutions, designed by S.L. Sobolev in 1935 (see,
for instance, [62]) under the title “generalized solutions”, allows, in
particular, to prove the existence and uniqueness theorem for the
generalized solution of the Cauchy problem:

Lu=u;+u; =0, (v,t) €RE ={(2,t) eR*|¢t>0}, (11.1)
u|t:O =f(z), ze€R (11.2)
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) loc
see Theorem |11.10| below). The theorem is also valid (see P[11.11])
on the continuous dependence of the solution of this problem on
felLi (R).

loc

for equation 11.1? for any function f € PC(R) (and even f € L}

U Here, u; and u,, denote the partial derivatives of the function u(z, t)
with respect to t and x.

Let us clarify the essence of the problem. Equation (11.1)) is
equivalent to the system

U + Uy - de/dt =0, dx/dt=1.

Therefore, along the line x = t 4 a, where a is a real parameter, we
have du(t + a,t)/dt = 0. In other words, u(t + a,t) = u(a,0) Vt.
Thus, the function f(z) = tlirﬂo u(z,t) must necessary be contin-
uous; in this case u(x,t) = f(z —t).2) If f is differentiable, then

u(z,t) = f(x — y) is a solution of problem (L1.1)—(11.2). How-

ever, this problem has no solution (differentiable or even contin-

uous), if f is discontinuous, for instance, if f(x) = 6(x), where
0:R >z 0(x) € Ris the Heaviside function, i.e.,
O(z)=1 for >0 and 6(z)=0 for = <O. (11.3)

2 This formula implies that the graph of the function z — u(x, t)
for any fixed t can be obtained by the transition (shift) of the graph of the
function f to the right along the axis « on the distance ¢. It is the reason
why equation is sometimes called the transfer equation.

However, consideration of problem f with the initial
function is justified at least by the fact that this problem arises
(as minimum, on the formal level) when studying the propagation of
the plane sonic waves in a certain medium. The appropriate process
is described by the so-called acoustic system of differential equations

1
U+ =py =0, p+p-cug =0, p>0, ¢>0. (11.4)
p

Here, p is the density, ¢ is the characteristic of the compressible
medium, and v = u(z,t) and p = p(x,t) are the velocity and the
pressure at the instant ¢ at the point z. Setting

a=u+tp/(p-c), B=u—p/lp-c),
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we obtain the equivalent system a; 4+ ca, = 0, 8y — ¢, = 0 of two
transfer equations. Thus, problem 7 with the initial func-
tion arises when considering the propagation of sonic waves,
say, for the initial velocity u(z,t) = 6(z) and zero initial pressure.

11.1.P. Show that any solution of the class C* of system (11.4)
can be represented in the form

u(z,t) = [p(z — ct) + ¢z + ct)] /2,

p(z,t) = [p(x — ct) — (x4 ct)]/2, where ¢ € O, € CL.
(11.5)

11.2.P. Show that the following theorem is valid.

11.3. THEOREM. Vf € C*(R) VF € C(R2) the Cauchy problem

U+ uy = Fz,t) in R, u|t:O = f(z), z€R

has a unique solution u € C1(R%).

As has been said, for f(x) = 6(x) problem (L1.1)—(11.2) has

no regular solution (i.e., a solution in the usual sense of this word);
nevertheless the arguments which lead to the formula u(z,t) = f(z—
t) as well as this formula suggest to call by the solution of problem

(11.1)—(11.2) the function f(z —t) for whatever function f € PC(R)
(and even f € L} (R)), especially, as the following lemma holds.

loc

11.4. LEMMA. Let f € L}, (R) and {f,} be a sequence of func-
tions f, € C1(R) such that>

fo—f in L,.(R) as n— oo.
Then the function u : RY > (x,t) — u(x,t) = f(z —t) belongs to
L}.(R%), and u = lim u, in L}, (R%), where u(z,t) = f(z —t).)

loc

3) According to Lemma below, such a sequence exists.
4) Note that u, (z, t) is a solution of problem (IT.1)—(T1.2), if u,, |t:0 =
fn(2).

PROOF. Since f = f!' +if? and fF = fji — f*, where ff =
max(=+f*,0), it is sufficient to consider the case f > 0. Let us make
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the change of the variables (z,t) — (y,t), where y = = — t. Note
that u(x,t) = f(y) and

b d b

d—a
[ [utwnar)a< [ /d Fy)dy | dt < 0

a c a

for any a, b, ¢, d such that 0 < a < b, ¢ < d. By virtue of Lemmal[8.26]
this implies u € Lloc(Ri). Furthermore, for the same a, b, ¢, and d

b d d—a
J{ [ 1untet) ~ utwids | de < 0~ a) [ 1500 = @y 0
a c c—b

as n — 00. O

11.5. LEMMA. Vf € L}, (R) there exists a sequence of functions
fn € C®(R) converging to f in L}, .(R).

PrROOF. Let {p,};2; be the partition of unity in R (see Sec-

tion [3), 1, € Cg°(R) and 1, - ¢, = ¢,. We have ¢, - f € LY(R).
By Theorem |9.5, there exists a sequence { f'}72; of functions f} €
C*(R) such that for any fixed p: lim ||¢,f — f#||1 = 0. Setting

fn(z) = io: ou(x) f(z), v € R, we have f,, € C*°(R). Note that
=1

00 M
Ve >0 3M € Nsuch that ) ¢, (z) = > ¢u(z) for |z| < c. Hence,
=1 p=1

c

/ @) = fule)|do = / Fla) -
o

—C

M
Z oul(@) fli(z)| d

S ot — 1) dx<Z / 6] — fLlda.

p=1

Therefore,
C M C
i [ 1f = fuldo <3t [ 0.f - £rlds =0,
Ze p=1 e

because lim |v,f — fi[1 = 0. O
n—oo
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The definition of the solution of problem 7, where
f € L},., with the help of the formula u(x,t) = f(x —t) is rather
tempting, however, let us note that it has a serious defect: with
the help of a concrete formula, one can define the solution of only
a small class of problems. Lemma suggests a definition free of
this defect.

11.6. DEFINITION. Let f € L} (R). We say that u € L}, .(R2)

loc loc
is a generalized solution of problem (11.1)—(11.2), if there exists a
sequence of solutions u, € C'(R3) of equation (11.1)) such that, as
n — 00,

u, —u in Lj,.(RY) and u”|t~>0—>f in L},.(R).

Approximative approach to the definition of a generalized so-
lution can be applied to a large class of problems. So, it has been
above constructed (but was not named), for instance, the generalized
solution of the equation AE(z) = d(x) (see (7.9)) as well as the gen-
eralized solution of the problem AP =0 in R7, P(xz,0) = §(x) (see
Remark. However, the approximative definition, in spite of tech-
nical convenience, also has an essential shortage: it does not show
the real mathematical object, the “generalized” differential equation,
whose immediate solution is the defined “generalized solution”.

It is reasonable to search for the appropriate definition of the
generalized solutions of differential equations (and appropriate “gen-
eralized” differential equations), by analyzing the deduction of the
equations of mathematical physics (in the framework of one or an-
other conception of the continuous medium). The analysis fulfilled
in Sections [IH2] Lemma [I0.2} and the Ostrogradsky—Gauss formula

(7.2) suggest the suitable definition (as will be seen from Proposi-
tion [11.8).
11.7. DEFINITION. Let f € L}, (R). A function u € L}, (R3) is

loc loc

called a generalized solution of problem (11.1))—(11.2)), if it satisfies
the following equation (so-called integral identity (in ¢))

/(@t + p)u(z, t)dzdt + /gp(m, 0)f(x)dx =0 Vo€ C’é(Ri).
R R
(11.6)
11.8. PROPOSITION. If u € C*(R2), then (L1.6) is equivalent to

@) ({13,
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PROOF. Let ¢ € C}(R2) and let Q be a bounded domain in R?
with the boundary I' = 9. Formula ([7.2)) implies that

/(ut + ug)pdrdt + /(cpt + o )udzdt
Q Q

= /(<p -u)[cos(v, t) 4+ cos(v, x)]dT.  (11.7)
o0
If supp ¢ C Q and (see Fig.) (supp pNdQ) C R, = {(x,t) € R? |
t = 0}, then formula (11.7) can be rewritten in the form

/(ut + ug ) pdzdt + /((pt + @ )udzdt = — /(gpu)|tzoda;. (11.8)
R2 R2 R
Furthermore, by virtue of Lemma [10.2
11.1) <= /(ut—&—ux)goda:dt:O Vo € Cj(R2)
2

and
= /f ©(x,0) dm—/u’t:0~g0(x,0)dm Vo € Cy(R2).

This and || imply that 111.6H:>111.1)7111.2i. O

Proposition shows that
Definition is consistent with i
the definition of an ordinary (dif- q
ferentiable or, as one says, regu-
lar) solution of problem ((11.1))— &
(11.2). The following Theorem @
justifies the new features
appearing in Definition and shows that the integral equality

(11.6) is the same “generalized” differential equation which has been
spoken about.

11.9. REMARK. The proof of Proposition [11.8| comes from the
deduction of the Euler-Lagrange equation and the transversality
conditions in calculus of variations proposed by Lagrange (see, for

instance, [56]).

11.10. THEOREM. Vf € LIOC(R) problem (I1.I)-(11.2) has a
(unique) generalized solution u € L} (R%).
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PRrROOF. First, we prove the existence. Since the function
u:RE S (2,t) — up(2,t) = f(x —t)

is a regular solution of equation (11.1) and satisfies the initial con-
dition “"’t:o = fn(x), by virtue of proposition we have

[t en wdzdes [ @et0d=0  Voe @),
R2 R

(11.9)
On the other hand, by Lemma the sequence {u,}>2, tends in
L},.(R%) to the function u € L, .(R%) such that u(z,t) = f(z —t).

It remains to verify that the function u satisfies (11.6). For this
purpose we note: Vo € C{(R2) Ja, > 0 and b, > 0 such that

suppp C {(z,t) € R? | |2] < a,,0 <t < by}

Therefore,

/ (@, 8) — (s 1)) (01 + ) dadt

2
b, ay,
<fmaxlee+ ol [ | [ 1ale =)= flo = plao | a
0 —ay
< My - b, |fn(x) — f(z)|de — 0 for n — occ.

\z|§a¢+b¢

Taking into account ([11.9)), we obtain (11.6).

Now prove the uniqueness. Let u; and us be two generalized

solutions of problem (11.1)—(11.2)). Then their difference u = u; —uz
satisfies the relation fRi (¢r + pz)udzdt = 0 Vo € CH(R2). Show

that u(z,t) = 0 almost everywhere. By virtue of Lemma [10.2] it is
sufficient to show that the equation
Pt + o :g(x,t), (.%,t) ERﬁ_ (1110)

has a solution ¢ € C}(R2) for any g € C§°(R%). However, this
follows from Pf11.2] Indeed, let T > 0 be such that g(z,t) = 0, if
t>T. We set
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supp g
t

¢z, t) = /g(:r —t+7,7)dT.
T
Obviously, (see Fig.) ¢ € C3(R2) and ¢ is a solution of (I1.10). O
11.11.P. Prove that the generalized solution of problem (11.1)—

1) depends continuously in L, (R%) on the initial function f €
L} (R).

loc
11.12.P. Analyzing the proof of Theorem|[11.1(), prove that Def-
inition |11.7 is equivalent to Definition|11.6

11.13.P. Verify directly that the function u(xz,t) = 0(x —t) is a

solution of problem (I1.1)~(11.2)) in the sense of Definition [11.7, if
f(@) = 0(x).

In the exercises below, we assume @ = {(z,t) € R? | x > 0,
t > 0}.

11.14.P. Consider the problem
utu, =0 in Q, (11.11)
U”t:o = f($)7 z >0, (11.12)

t

w=nh UpFug =0

u=f ©wl _ =h(), t>0. (11.13)
This problem is called mized, because it simultaneously includes the
indtial condition (11.12) and the boundary condition (11.13). Show
that problem ([L11)-(11.13) has a (unique) solution v € C'(Q) if
and only if f € CY(Ry), h € CL(Ry), ans f(0) = h(0), f'(0) =
—h'(0).

11.15.P. Show that the following problem

QNN x w—uy =0 in Q  (11.14)

Up—ug =0

u={ ¢ uf,_,=f(x), x>0 (11.15)
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has a (unique) solution u € C*(Q) if and only if f € C*(R;). Com-
pare with problem 711.13. Compare the characteristics, i.e.,
the families of the straight lines dx/dt = 1 and dx/dt = —1 (shown in
figures), along which the solutions of equations and

are constant.

11.16.P. Consider a mixed problem for the system of acoustic
equations

we+ (1/p)pe =0, pr+ pfu, =0, (2,t) € Q, (11.16)
u|t:0 = f(x), p‘t:o =g(z), >0, (11.17)
pl,_o=h(), t>0, (11.18)

where f, g, and h are functions from C1(R,).
(1) Draw the level lines of the functions u £ (1/pc)p.
(2) Show that problem (11.16)~(11.18)) has a (unique) solution
u € CHQ), p e CHQ) if and only if
h(0) = g(0) and  f'(0)+ (1/pc*)h’(0) = 0. (11.19)

Show also that this solution (u,p) can be represented by formulae

[(L5). where

o(y) = fly) + (1/pc)g(y), ¥(y) = fly) — (1/pc)g(y), if y>0
(11.20)

and
e(y) = (2/pc)h(—y/c) + f(—y) — (1/pc)g(—y), if y<0. (11.21)
11.17. REMARK. Often instead of system of the acoustic
equations, the following second order equation is considered
*p)ot? — c* - 9*p/ox* = 0.

This equation obviously follows from system , ifpe C? ue
C?. This equation is called the string equation, since the graph of
the function p can be interpreted as a form of small oscillations of a
string. The string equation is a special case of the wave equation

pie —Ap =0, p=p(x,t), xcR" t>0. (11.22)

Here, A is the Laplace operator. For n = 2 the wave equation
describes the oscillations of a membrane, for n = 3 it describes the
oscillations of 3-dimensional medium.
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11.18. REMARK. The string equation is remarkable in many as-
pects. It was the first equation in partial derivatives that appeared
in mathematical investigations (B. Teylor, 1713). It was a source of
fruitful discussion (see, for instance, [42}, [50]) in which the notion of
a function was developed (d’Alembert, Euler, D. Bernoulli, Fourier,
Riemann,...).

11.19. REMARK. Many distinctive properties of some differen-
tial operators A(y,0y,,...0y,,), y € 2 are defined by the proper-
ties of the corresponding characteristic polynomials A(y, 71, ..., 7%m)
of the variable n = (91,...,7m). Thus, the hyperbolic polynomial
72— &2 (72— |€|?) is associated with the string equation uy — g, = 0
(or, more generally, with the wave equation u; — Au = 0); the ellip-
tic polynomial [£]? = Y &7 is associated with the Laplace equation

k

Awu = 0; the parabolic polynomial 7 — |¢|? is associated with the heat
equation u; — Au = 0. According to the type of the characteristic
polynomial, partial differential equations can be classified into hy-
perbolic equations, elliptic equations, parabolic equation, ... . (See
exact definitions, for instance, in [48].)

11.20. ExaAMPLE. Consider problem (11.16)—(11.18)) with f =

g = 0, h = 1. This means that at the initial instant ¢ = 0 the
velocity v and the pressure p are equal to zero, and on the boundary
x = 0 the pressure p = 1 is maintained. Formulae , f
give the following result:

u =0, p=0, if t<z/c
u=1/pe, p=1, if t>z/c } (11.23)
The functions u and p are
discontinuous that is not sur- - ¢ uEl/(pc) =t
prising, because condition P o=t
does not hold. However, on the ¥=0,p=0
other hand, formulae ((11.23)) are w=0,p=0 T

in a good accordance with the
physical processes. This yields

11.21.P. Find the appropriate definitions of the generalized so-
lutions for the following problems:
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(1) g+ ug = F(z,t) in Q= {(z,t) eR2 | 2 > 0,t > 0};
u‘t:o = f(z), > 0; U|1,=0 =h(t), t >0;
(2) w + (1/p)pe = F(z,t), pt + p- Puy = G(z,t) in Q;
u|t:0 = f(x), p’t:o =g(z), x> 0; U|x:O =h(t), t > 0.
(3) pit — Ppua = F(x,t) in the half-strip Q = {(x,t) € R? |

0<az<1};
Pl_g = @), pif,_y = 9(x), 0 <z <1; p|,_, = ho(x),
p| _, =hi(z), t>0.

Revise the requirements to the functions f, g, h, F', G, under which
the solutions of these problems belong, say, to the space C', PC!
or Li,.. Prove the theorems of existence, uniqueness and continuous

dependence (compare with P{11.11)).

We conclude this section by consideration of the non-linear equa-
tion

w4+ (u?)2)y = €Ugy + bp(z,t), u=u(z,t), (11.24)

where € > 0, and b is a given function. This equation is called the
Burgers equation and is considered in hydrodynamics as a model
equation for € > 0 of the Navier—Stokes system, and for ¢ = 0 of the
Euler system (see [562]).
First, consider
t equation for
e=0and b=0. In
this case, the regu-
lar (of the class C*)
solution of this equa-
tion satisfies the sys-
tem dx/dt = u,
© du/dt = 0. Thus,
the solution u(z,t)

is constant along the characteristic, i.e., along the curve defined
by the equation dz/dt = u(x,t); hence, this curve is, in fact, the
straight line x = a + f(a)t that depends only on the parameter
a € R and a function f. The function f is determined by the rela-
tions f(a) = dx/dt, dz/dt = u(z,t), i.e., f(z) = u(z,0). If fis a
decreasing function, for instance, f(x) = —th(z), then the charac-
teristics intersect at some t > 0, and at the point of the intersection
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we have
u(x —0,t) > u(z +0,1t). (11.25)
The continuous solution cease to exist. Thus, the Cauchy problem
u+ (u?/2), =0 in R}, ul,_,=f(z), z€R (11.26)

has, in general, no continuous solution even for analytic initial data.
This effect is well known in hydrodynamics. It is connected with
arising of the so-called shock waves® which are characterized by a
jump-like change of the density, velocity, etc. Thus, physics suggest
that the solution of problem should be sought as a generalized
solution of the class PC!.

%) See Addendum.

Suppose that v is a generalized solution of problem ((11.26)), and
u has a jump along the curve

v={(z,t) eR? |z = A(t), A € C'[a, f]};
more exactly, suppose that (z,t) € ~ satisfies condition (11.25]).

11.22.P. Prove (compare with P[12.6)) that the Hugonidt condi-
tion

dX\(t)/dt = [u(A(t) +0,t) +u(A(t) — 0,1)]/2. (11.27)
holds along this line v called the break line.

One can show (see, for instance, [52]) that relations (11.25)),
replace the differential equation u; + (u?/2), = 0 on the
break line.

One of the approaches to the study of problem ((11.26) is based
on consideration of the Cauchy problem for equation fore >0
(and b = 0) with the passage to the limit as ¢ — 0 (see, for instance,
[52]). The point is that (for b = 0) equation can be reduced,
however surprising it is, to the well studied heat equation. Actually,
the following theorem holds®.

6) This theorem was proven in 1948 by V.A. Florin and in 1950 was
rediscovered by E. Hopf.

11.23. THEOREM. The solution of equation (11.24) can be rep-
resented in the form u = —2¢(lnG),, where G is the solution of the
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linear parabolic equation

b(x,t)
2e

PROOF. Let u be the solution. Setting

P(x,t) = u(x,t), Q(x,t) = —u?(z,t)/2 + eug(x,t) + b(x,t),

we have P, = uy, Qp = —u- Uy + €Uyy + by (x,t). Therefore, P, = Q,.
Thus, the function is defined

Gt = Gsz -

G. (11.28)

(z’t)
F(z,t) = / Pdx + Qdt.
(0,0)
We have F, = P, F, = Q. Hence, Fy+(F},)?/2—¢€F,, = b. Introduc-

ing the function G = exp[—F/2¢|, we obtain that G is the solution
of equation (11.28)) and u = —2¢(In G),, because u = Fy,. O



CHAPTER 2

The spaces D°, D* and D'. Elements of
the distribution theory (generalized
function in the sense of L. Schwartz)

12. The space D’ of the Sobolev derivatives

The definition of the generalized solution u € L}, to one or an-

other problem of mathematical physics given by Sobolev [61] and,
in particular, Definition [T1.7] is based on Theorem [10.1] and the
Ostrogradsky—Gauss formula . Let us recall that Theoremm
asserts the equivalence of the two following representations of an
element u € LllOC:

1) Q32— u(x) and 2) C5°(N) 3 p+— /u(m)gp(x)dm,
Q

and formula (7.2)) implies that, for the differential operator 9¢ =
ool oz ... 9x&n and any function u € C1°1(Q) the following iden-
tity is valid:

/(8au(m))<p(x)dx — (—1)lel /u(x)aacp(x)dx Vi € CS°(9).
Q Q

Thus, the functional

0"u: G (@) 39— (0°u,9) = (-1 [u()o*p(a)do
Q
Vo € C2(Q) (12.1)

determines the function 0%u(z), if u € C1*l(Q). Since functional
(12.1])) is also defined for v € L} (), one can, tracing S.L. Sobolev’s

loc
approach, give the following definition.

59
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12.1. DEFINITION. Let a = (ay,...,ay) be a multiindex. The
weak derivative of order « of the function u € L}, (€2) is defined as
the functional 9%u given by formula (12.1]).

Using Theorem [10.1} formula (7.2), and the identity

[ a@) @ ua)e@ ds = (-0 [u(@)o*(@@)p() do
Q Q
ue @), pecE®,

which is valid for any function a € C*°(2), we introduce the opera-
tion of multiplication of the functional 9%u, where u € L, (Q), by
a function a € C°°(Q2) with the help of the formula

ad®u : C(Q) 3 ¢ — (—1)le /u(x)@a(a(x)cp(x))dx €C. (12.2)

Q

12.2. DEFINITION. The space of Sobolev derivatives is the space
of functionals of the form Y. 0%u,, where « is a multiindex and
|a]<oo
u € L, (), equipped with the operation of multiplication by for-
mula (12.2). This space is denoted by D ().

12.3. EXAMPLE. Let the function zy € Lj (R) be defined in
the following way: x4y = « for x > 0, x4 = 0 for x < 0. Let us find
its derivatives. We have

@y 0) = — (w4, ) = — / oy (2)do = — / o (2)da

= —zp(x /<p dx—/ﬁ z)dz = (0, p),

ie., 2/, = © is the Heaviside function. Now find 2%/, ie., ©. We
have

(O ¢) = —(0.¢) = - / o (2)dr = ()| = p(0) = (6.¢).

(12.3)
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i.e.,, ©® = §(x) is the Dirac d-function. In the same way one can find
any derivative of the d-function of order k. We have

(60, 0) = =1, @) = - = (=1)F(5, o) = (=1)* ") (0).
(12.4)

12.4.P. Let ©, € C®(R), 0 < O(z) < 1, and O (x) = 1 for
x> € and O.(z) =0 for x < —e. Let us set §.(z) = OL(z). Show

that lime_o (6, 0) = (=1)ko®(0) Vk > 0, Ve € C(R).

12.5. REMARK. Formulae allow us to extend the func-
tional §(*) from the functional space C§°(R) to the space of func-
tions k-times continuously differentiable at the point 2 = 0 (see
Definition . On the other hand, formula is not defined on
the space C'(R), because the functional © is not defined on C(R).

Define the function ©4 : R” 5 2 — O4(x) by the following
formula

O4(z) =1g,.(x), x € R,
Qe ={z=(x1,...,2,) € R" | £z > 0 Vk}.

If n =1, then ©4 = O is the Heaviside function, and ©_ =1 -0,
(ln Lloc)

12.6.P. (cf. Pli1.24). Let F € C'(R), A € C*(R), uy €
YR?). Let, for (x, t) € Q C R2, u(z,t) = uy(z,4)04(z — A(t)) +
u_(x,t)0_(x—A(t)). Find u; and( (w))s, noting that F(u(z,t)) =

Flus (2,6)0.4 (2 — A1) + Flu_(2,1))0_(z — A(t)). Show that u, +
(F(u))z = 0 almost everywhere in Q if and only if, first, u; +

(F(u)), = 0 in Q\ v, where v = {(z,t) € R?> | 2 = \(t)}, and
dA(t) _ F(u(z+0,t)— F(u(ac 0,t) holds
dt w(xz+0,t)—u(z—0,t)

(12.5)

£ Q

second, the Hugonidt condition
on the line .

12.7.P. Check (see (12.5)) that Fo 0.9+ =6(z), z €R™.

12.8. P. Show that the function E(x,t) = O(t — |z|)/2 is the
fundamental solution of the string operator, i.e.,

(0%/0t* — 0% /02*)E(x,t) = 6(x, ).

Here, 6(x,t) is that §-function in R x R, i.e., (§(z,t), ) = ©(0,0)
Vo € C°(R x R).
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12.9.P. Noting that, for ¢ € C§°(R),

liirtl) / ln|£|~<p/(x)dgc:li§6 Ine(p(—e€) — ¢(€)) — / Mdm 7

x
|| >e |z|>e€

prove that & ln\m| = v.p.%, i.e., <%ln|x|,<p> = u.p. ffooo @dm

Vo € C°(R ), where v.p. [*_a~'p(x)dx is so-called the principal

value = valeur principal (French) of the integral ffooo rLo(x)dx

defined by the formula

v.p./x_lgo(x)dx:hr% / z o(x)dr. (12.6)
—o0 |z|>e

12.10. P. Taking into account that In(z £ ie) = In|x £ ie| +
iarg(x £ie) — In|z| £ imO(—2x) as e — 40, prove the simplest ver-
sion the Sokhotsky formulae (very widespread in the mathematical
physics (see, for instance, [38]))

1
x F10

= v,pé + imo (), (12.7)

e., prove that eliIEO 1=, %?ﬁx = vp. [T ‘p(x) dz £+ irp(0) Vo €
Ce(R).

12.11. REMARK. Formulae (12.7) imply that

0(z) = f(x —i0) — f(x +40), where f(x+iy)= ZLm(x +iy) 1,

(12.8)
i.e., the d-function being an element of D°(R) admits the represen-
tation in the form of the difference of boundary values on the real
axis of two functions analytic in C; and in C_, respectively, where
Cy ={z=2a+1iy € C| £y > 0}. This simple observation has deep
generalizations in the theory of hyperfunctions (see, for instance,
[43, 53]).

12.12. REMARK. Any continuous function F' € C(R) has, as
an element of the space Lj,., the Sobolev derivative F' € D"(R).
If this derivative is a locally integrable function, in other words, if
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F(z) = [ f(y)dy + F(a), where f € L}, (R), then Theorem
implies that

Fl(x) = lin}) o Y (F(zx +0)— F(z)) for almost all = € R. (12.9)

In this case, formula ((12.9) totally determines the Sobolev derivative
F’. Emphasize that the last assertion does not hold (even under the
assumption that formula (12.9) is valid), if F" ¢ L}, (R). Thus, for

loc
instance, the Cantor ladder (see [36] or [56]) corresponding to the
Cantor set of zero measure (see hint to P, i.e., a continuous
monotone function K € C[0, 1] with the value (2k — 1) - 27" in kth
(k=1,...,2" ') interval I, =]a¥ b%[ of rank n (see hint to P
has, for almost all 2 € [0, 1], zero derivative but its Sobolev derivative
K’ is non-zero. Namely,

oo 2n71

K'=Y"3 " (2k—1)-27"(0(z — b)) = 6(x —af)).  (12.10)

n=1 k=1
12.13.P. Prove formula (12.10)).

13. The space D# of generalized functions

The elements of the space D were defined as finite linear com-
binations of the functionals 0%u, , i.e., of the derivatives of
the functions u, € L},.. If we neglect the concrete form of the
functionals, i.e., consider an arbitrary linear functional

F:C°(Q) 30— (f,p) €C, (13.1)

then we obtain an element of the space D# (), which will be called
a generalized function (in the domain ). Let us give the exact

13.1. DEFINITION. D#() is the space of all linear functionals
in which the operations of differentiation 9¢ and multipli-
cation by a function a € C°°(f) are introduced by the following
formulae:

0 f,9) = (=D)I*N(,0%),  (af,9) = (f,ap) Vo € CF(Q).
(13.2)

13.2. ExampLE. f = > 0®)(z — k), z € R, ie., (f,p) =
k=0

S (—1)ke®) (k) Vo € C(R). Obviously, f € D*(R), and f ¢
k=0
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D’(R). Thus, D*(Q) € D#(Q). By the way, the following lemma is
valid.

13.3. LEMMA (P. du Bois Reimond). If f € D#(R) and f' =0,
then f = const. (Thus, f € D°(R).)

ProoF. We have (f',¢) = (f,¢') = 0 Vo € C§°(R). Let us
take a function ¢y € C§°(R) such that [¢o = 1. Any function
¢ € C5°(R) can be represented in the form ¢ = ¢1 + ([ ¢) ¢o, where
1 =9~ ([ ¢) po. Note that [ ¢ = 0. Setting v(x) = [*__ ¢1(€)de,
we have ¢ € C§°(R) and ¢' = ¢1. Therefore, (f,) = (f,¢') +
(f, ([ ) ®o). Since (f,¢') =0, it follows that (f, ) = C [ ¢, where
C = (f, o). O

Generalizing the notion of a §-sequence, we introduce

13.4. DEFINITION. A sequence of functionals f, € D# is said
weakly converges to f € D¥ on the space ® D C§°, if f, — f in
D# on the space @, i.e., lim, oo (f,, @) = (f, ) Vo € ®. If & = C°,

(o ob}}

then the words “on the space C§°” are usually omitted.

13.5. DEFINITION. We say that a subspace X of the space D¥ is
complete with respect to the weak convergence, if, for any sequence
{fv}22, of functionals f,, € X satisfying the condition

<fu_fm§0> —0 VQOGCSO as v, — 00,
there exists f € X such that f, — f in D#.

13.6.P. Show that D° is not complete with respect to the weak
convergence.

13.7.P. Show that D¥ is complete with respect to the weak con-
vergence.

13.8. LEMMA. If f, — f in D¥ on the space ® D C5°, then
0%f, — 0“f in D¥ on the space ® for any .

PROOF. (9%f,, ) = (=1)el(f,,0%) — (=1)lel(f,0%0) =

(0°f, ). O
13.9. EXAMPLE. Let f, = S22 e (f, ) = [, 3% (z)dx.
Then f], = cosvz, f/! = —v -sinve,... We have (f,,¢) — 0

Vi € C§° as v — oo. Thus, cosvr — 0 in D#, vsinve — 0 in

D#, ...
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13.10. LEMMA. Let a = (a1,...,a,) € Q C R™. Suppose that
a sequence {f,}>2, of functions f, € Li,.(Q) and a point b =
(by,...,by)Y €11, where

N={z=(21,...,2n) €ER" | |2 — ag| < ok, ok >0 Vk} CQ,

are such that, for F,(z) = :11 ... fb? fo(y)dys ... dyy,, the following
two properties hold:

D Asbh = (b1,...,bn) one can take any point of II such that by < ax
Vk.

(1) |F,(2)| < G(x), z € Q, where G € L}, (),

loc

(2) F,(x) — O4(z — a) almost everywhere in 2, where O is
defined in (12.5)).
Then f, weakly converges to §(x — a) on the space

d={pcC(Q)]|pec L), 0"p/0x,...00, € L'(V)}. (13.3)

ProoF. Using Theorems[8.20} [8.24] and[8.27] we obtain, for any
pe?,

_ [ ol O
<fy’@>_<8x1...8xn’¢>_( 2 <FV’8x1...8xn>

oo

g o (x) S [ 0"p(a)de
=0 /Fy(w)3x1-.-0xndx_>( A ox1 ...0x,
Q ay [e2%)
e [ [0 @) B
O

13.11.P. Using Lemma solve problems P[J.3 and P[].7)

Let us generalize the notion of the support of a function (see
Section [3]), assuming, in particular, an exact meaning to the phrase
usual for physicists: “d(z) = 0 for « # 0.

13.12. DEFINITION. Let f € D#(Q), and w be an open set in
Q. We say that f is zero (vanishes) on w (and write f’w =0 or
f(x) =0for x € Q), if (f,0) =0 Vp € C§°(w).
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13.13. DEFINITION. The annihilating set of a functional f €
D#(1) is the maximal open set Qy = Qo(f) C  on which f is zero,
ie., f{QO = 0, and the condition f|w = 0 implies w C Q.

It is clear that Qo(f) is the union of w C € such that f|w =0.

13.14. DEFINITION. Let f € D#(Q). The support of the func-
tional f, denoted by supp f, is the completion to the annihilating set
Qo(f), i.e., the set O\ Qo(f).

13.15.P. Let f € D#(Q). Check that x € supp f if and only if,
for any neighbourhood w C Q0 of the point x there exists a function
© € C§°(w) such that {f,¢) # 0. Verify also that Definition
is equivalent to Definition if feC(Q).

13.16.P. Find supp 6™ (x) and supp[(z1 + - - - + 2,)8() (z)].

13.17.P. Let f € D¥(Q), a € C*, and a(z) = 1 for x € supp f.
Is it true that a- f = f?

13.18.P. Let w be an open set in Q such that w D supp f, f €
D#(Q). Show that af = f, if a(z) =1 for z € w.

13.19.P. Let f € D#(Q) be a generalized function with a com-
pact support. Show that the formula (F, @) = (f, ) Yo € C*(Q),
€ C§°(Q), where ¢ =1 on an open set w D supp f defines the ex-
tension of the functional f onto the space C*°(2), i.e., F is a linear
functional on C*(Q) such that (F, o) = (f,¢) Vo € C§° ().

14. The problem of regularization

The idea of representability of a function f : Q@ — C with
the help of its “averaging” functional concerned only locally
integrable functions. However, in many problems of analysis, an
important role is played by functions which are not locally integrable.
This is the reason of arising of the so-called problem of regularization:
let g: Q 3z +— g(z) be a function locally integrable everywhere in
Q except a subset N C Q. It is required to find functionals f € D#
such that

(f0) = / d@)p(x)de Yoe CR@\N).  (14.1)
Q
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In this case one says that the functional f regularizes the (di-
vergent) integral [, g(x) dz.

It is clear that the functionals f satisfying can be repre-
sented in the form

f:f0+f1a fOeFOa

where f7 is a particular solution of the problem of regularization (i.e.,
f1 satisfies (14.1)), and Fp is the linear subspace of the functionals
fo € D¥ () such that

(fo,0) =0 Ve e G (R\ N). (14.2)

The question of description of the subspace Fj is connected only
with the set N D supp fo. In the case when N = zy € €, this
question, i.e., the problem concerning the general form of function-
als with a point support, is considered in Section As for the
particular solution of the problem regularization, we conclude this
section by consideration of the regularization for 1/P, where P is a
polynomial in the variable x € R.

14.1. ExaMPLE. Consider the regularization of the function 1/z.
In other words, find the functional f € D#(R) which satisfies the

condition: z - f = 1. Note (see (12.6])) that

<V.p.i7<p> = 7 é(p(ac) dz Ve e Cg°(R\ 0).

— 00

Thus, the functional v.p.(1/z) regularizes the function 1/z. Since
(0,¢) = 0 Vp € C§°(R\0), it follows that v.p.(1/z) +C - §(x), where
C € C; therefore, (see (12.7)) functional 1/(z + 40) also regularize
the function 1/z.

14.2.P. Check that

(ro) = [ED Do v orm

— 00
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14.3.P. Let m > 1, and a € C§°(R). Define, for k > 2, the
functional v.p.(1/x*) € D#(R) by the formulae:

1
’U'p'ﬁa 12

[ee)
k-2

- / o ) eea) =2 o0 4t e 0| Lo

for k =2m and

(r00) :Z;W
k—2
+oten) —2 [ 0+ + 20| Lo
fork=2m+1.

Show that the functional v.p.(1/z*) reqularizes the function 1/z*.

14.4.P. (Compare with P|16.25). Find the solution f € D#(R)
of the equation P(x)f = 1. In other words, reqularize the integral
[75. P (x)¢(x)dx, where P is a polynomial.

15. Generalized functions with a point support. The Borel
theorem

It has been shown in Section [I4] that the mean value problem for
a function locally integrable everywhere in Q C R™ except a point
£ € Q leads to the question on the general form of the functional
f € D¥ () concentrated at the point &, i.e., satisfying the condition:
supp f = £. It is clear (see P, that a finite sum of the ¢-
function and its derivatives concentrated at the point &, i.e., the
sum

> cad®(z—¢), caeC, NeN (15.1)
la|<N
is an example of such a functional.

However, is the sum the general form of a functional f €
D#, whose support is concentrated at the point £? One can show
that the answer to this question is negative, however, the following
theorem holds.
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15.1. THEOREM. If f € D# and f = 3 a0 (x — ), then
«
ca =0 for |a| > Ny for some Ny.

PROOF. According to the Borel theorem below, there exists a
function ¢ € C5°(£2) such that, for any o

3a<ﬁ(£)|m:§ = (_1)|a‘/caa if co#0

and
3a¢(z)|w:€ =0, if ¢o=0.

For such a function ¢, we have { 3" ¢,6(®) (z — €), <p> =>"1, where
the sum is taken over «a for which ¢, # 0.

15.2. THEOREM (E. Borel). For any set of numbers a, € C,
parametrized by the multiindices o = (a1, ..., ay), and for any point
& € Q CR", there exists a function ¢ € C3° () such that 8“(,0’1:5 =

aq Va.
ProoF. Without loss of generality, we can assume that £ =0 €

Q. If the coefficients a,, grow not very fast as || — oo, more exactly,
if there exist M > 0 and p > 0 such that Y. a, < Mp~* Vk € N,

|a|=k
then the existence of the function required is obvious. Actually, since
in the case considered the series Y a,z®/a!, where a! = aq!-- - - a, !,

[e3%
converges in the ball B, = {x € R" | |z| < p}, we can take as the
required function the following one

(@) = (x/p) Y aaz®/al € CF°(B,) C C5°(%),

where
Y e CP(R™), =0 for |z|>1,9p=1 for |z| <1/2.
However, in the general case, the series > a,x%/a! can diverge

«
in B,. What is the reason of the divergence? Obviously, because it
is impossible to guarantee the sufficiently fast decrease of a,z®/a!
as |a] — oo for all z belonging to a fixed ball B,. One can try to
improve the situation, by considering the series

D e(@/pa) - aaz®/al, (15.2)
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where p,, converges sufficiently fast to zero as |a| — co. If it occurs
that series converges to a function ¢ € C°°, then, as one
can easily see, ¢ € C3°(£2) and 8"90|I:0 = ao. Indeed, setting
Y=, -s) < B =(01,...,5) by definition, if v, < B Vk, and
B—n= (61 _'717---7ﬁn_’7n)7 we have

%),y = (ag/B) | D

B 7<a

— Z(aﬁ/ﬂl) (aafﬂx:o)
B

= (ag/B) (0°2"|,_g) + ao = ta-
BF#a

m(@“ ) [, (0727) [,y

It remains to show that series ((15.2)) converges to ¢ € C*°(2). Note

that since > = > + > , it is sufficient to verify that there exist
o la|<k  |a|>k
numbers p, < 1 such that

S Y W@/ pa)asa® ol € CHQ) V.

J>k al=j

Let us try to find p, = p; depending only on j = |a|. If we can
establish that V3 such that |3] < k, the following inequality holds

|85 Y(x/pja))aar® /a" < Copas (15.3)

-1

where C,, = Cy (1)) < oo, then, taking p; = 277 ( > Ca> , we
lo|=3

obtain

> 10w/ papanz®/at] <Y oy > Ca| <1

i>k |a)=j >k lal=j
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Thus, it remains to prove (|15.3)). For \oz| > k > |0, we have

05 (v (x) - ‘_'%" Z Y (pa>‘~aﬁvxa|

Pla
|aa|zo¢ ﬂ' < 1 )|’Y|
=l 2 (B = a)l \ pla|

v<pB

Y LB
X‘3¢t|t_w/p” T ‘ Q

<|aa|z

“/<B

0], @/Pla \‘ Plal-

O

Now return to the question on the general form of the generalized
function f € D# () with the support at the point £ =0 € Q. First
of all, note (see P[I3.19) that, for any function a € C§°(Q) such
that ¢ = 1 in a neighbourhood of the point £ = 0, the formula
(f,0) = (f,ap) Yo € C>*(Q) is valid. In particular, the functional
f is defined on the polynomials. Setting c, = (—1)I®I(f,z%/a!), we

obtain
<f750>: Z Ca<6(a)7¢>+<f7TN> VN7
|al<N
where

— ) (0)z* /a! 1.
rn(z) a(eN) ng Jall, 0<eny<

la|<N
(15.4)
It is rather tempting to assume that, for an appropriate sequence
{en}F_1, 0 < en < 1, the following condition holds:

(fyry)y — 0 as N — oo, (15.5)
because in this case Theorem implies the obvious

15.3. PROPOSITION. If f € D#(Q), suppf =0 € Q and
is valid, then AN € N such that f = Y a0
la| <N
However, in general, condition does not hold, if f € D#.
An appropriate example can be constructed with the help of so-called
Hamel basis (see, for instance, [36]).
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16. The space D’ of generalized functions (distributions by
L. Schwartz)

The wish seems natural to have a theory of generalized functions
in which condition is satisfied, hence, Proposition holds.
This modest wish (leading, as one can see below, to the theory of
the Schwartz distributions) suggests the following:

1) introduce a convergence in the space C5°(£2) such that for
this convergence

lim =0 € C(Q), (16.1)

where 7y is defined in (15.4) for some suitable ey €]0,1;
2) consider below only the functionals f € D#(f2), which are
continuous with respect to the convergence introduced.

It is clear that one can introduce different convergences accord-
ing to which ry — 0 as N — oo. Which one should be chosen?
Considering this question, one should take into account that the
choice of one or another convergence also determines the subspace
of linear functionals on C§° that are continuous with respect to this
convergence. Therefore, it seems advisable to add to items 1) and
2) above the following requirement:

3) the space of functionals continuous with respect to the
convergence introduced must include the space D° of the
Sobolev derivatives (since this space, as has been shown,
plays very important role in the problems of mathematical

physics).
According to Theorem below, requirement 3) uniquely de-
termines the convergence in the space C§°; moreover, (see Proposi-

tion [16.10]) condition (16.1)) is also satisfied.

16.1. THEOREM. Let {¢;} be a sequence of functions p; €
C§°(Q). Then the following two conditions are equivalent:
1°. (f,p;) — 0 as j — oo Vf € D*(Q);
2°. a) there exists a compact K C § such that supp ¢; C K
Vi,
b) r;leaéda"‘cpj(x)\ — 0 as j — oo Va.

PRrROOF. The implication 2° = 1° is obvious. The converse
assertion follows from Lemmas [16.2HI16.5 below. O
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16.2. LEMMA. Va 3C,, such that mas>2(|cp§»a)(m)| <Cy Vj.
TE

PRrROOF. For any «, consider the sequence of functionals

AL @5 s [ f@0pads, 21,
Q

defined on the space L'(Q2). The functionals gog-o‘) are, obviously,

linear and continuous, i.e., (by the Riesz theorem go;a) e L*>.
According to condition 1°, (gp§.a), f) —0asj— oo Vf e L' There-
fore, by virtue of the Banach-Steinhaus theorem® there exists a
constant C,, such that ||<,0§-0‘)HOo < C, Vj. a

Y The Banach-Steinhaus theorems (1927) asserts the following
(see, for instance, [36] or [56]). Let X be a Banach space and {p;} be a
family of linear continuous functionals on X. If for any z € X there exists
Cy < oo such that |{¢;,z)| < C; Vj, then there exists a constant C' < oo
such that |(p;,z)| < C for ||z|| <1 and Vj.

PROOF. Suppose the contrary be true and note that if a sequence of
functionals ¢; is not bounded for ||z|| < 1, then it is not also bounded
in the ball B.(a) = {x € X | ||z — a|]| < r}. Let us take a point z; €
Bi1(0), a functional ¢k, and a number r1 < 1 such that |{(px,,z)| > 1 for
x € By, (1) C B1(0). Then we take a point x2 € By, (1), a functional
¢k, and a number 12 < 7y such that |[(pk,,x)| > 2 for z € B,,(z) C
B, (z1). Continuing this construction, we obtain a sequence of closed
balls By, (zx) embedded in each other, whose radii tend to zero. In this
case, \(kaj,aroﬂ > j for zo € NBy, (the intersection NB,, is non-empty
by virtue of completeness of X). a

16.3. LEMMA. Ya Vzg € Q 0% (xg) — 0 as j — oo.

PROOF. 0%pj(zg) = (6 (z — x0),(—1)1*lp;(z)) — 0, since
5 (x — x9) € D°(Q). O

16.4. LEMMA. There exists a compact K C € such that for all
J we have supp p; C K.
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PROOF. Suppose the contrary is true. Let K; = [J supp k.
k<j

j
We can assume that the intersection (supp;) N (Q \ K) is non-
empty, i.e., 3x; € Q\ K; such that ¢;(z;) # 0. For any j, we choose
Aj > 0 such that

; 1
1@l L v e vy = o — a5l < A} © My = suppipy \ K

i)~ 2
(16.2)

Note that V; NV} is empty for j # k and consider the function
f € Lj,.(Q) which is equal to zero outside U;>;V; and such that

loc

f(x) = ajlpj(z;)| " exp[—iarg p;(x)] for zeVj, j>1, (16.3)

where a; > 0 are constants which will be chosen such that we obtain
an inequality contradicting® inequality

/fsojdx > J. (16.4)
Q

Note that supp f¢; C (V; U Kj), because suppp; C (M; U Kj).
Therefore, the last integral in the equality

/fsojdw=/<pjdx+ / fejdx
Q Vj (supp fe;)\V;

can be estimated by )ij fwjdx‘ < mgx|<pj| ij |fldz < A, where

A; =C 3 |ag| - (V). Taking a; = 2(A; + j), we obtain (16.4),
k<j

since, by virtue of (16.2)-(16.3), [, fe;dx > a;/2. O
J
) Inequality (16.4) contradicts the initial condition 1°.
16.5. LEMMA. For any o, € > 0, o € § there exist \, v > 1
such that \(pg-a)(xﬂ <€ for|r—xo| <X and j > v.

PROOF. Suppose the contrary is true. Then Ja Jeg > 0 3xp €
such that, for any j, 3z; € {x € Q| |xr — zo| < 1/j} such that the

inequality |go§-a)($j)\ > €o holds. However, on the other hand,

o ()] < 1o () = &§™ (20) | + 15" (w0)] — 0,
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because
647 (@5) = &3 (w0)| < Claj — wo| = 0, and 8 ;(wo) — 0,
according to Lemmas and O

16.6. REMARK. Actually, we have proved a bit more than has
been stated in Theorem Namely, condition 2° follows from the
proposition: (f,¢;) — 0 as j — oo for any f € L}, .(Q) and for any
Sobolev derivative f = 9%g, where g € L1().

Now we can define the spaces D and D’ introduced by L. Schwartz
[54].

16.7. DEFINITION. The space D(2), which is sometimes called
the space of test functions (compare with Section is the space
C§°(€) in which the following convergence of sequence of functions
p; € C°(Q) to a function ¢ € C§°() is introduced:

a) there exists a compact K such that supp ¢, C K Vj;
b) V8= (01,...,0n) Yo > 03 N =N(B,0) € N such that

10%p;(x) —0%p(x)| <o YoeQ for j>N.

In this case we write ¢; — ¢ in D as j — oo (or limj_,oc p; = ¢ in
D).

16.8. REMARK. It is clear that D(Q) = [ Ds(Q), where D,(Q2)

s>0
is the space of functions C§(£2) equipped with a convergence which
differs from the one introduced in Definition only by the fact
that the muliindex in condition b) satisfies the condition || < s.
One can show (see PJ16.23) that D*(Q) = | DL(Q) (e, f €
s>0

D* <= 3s > 0 such that f € D.), where D.(Q) is the space
of linear functional on Ds(§2) continuous with respect to this con-
vergence in Dy(€2). The spaces Dy and D’ have been introduced by
Sobolev [61].

16.9. DEFINITION. The space D'(QY) of the Schwartz distribu-
tions (called also the space of generalized functions) is the space of
linear continuous functional on D(f2), i.e., of linear functionals on
D(£2) which are continuous in the convergence introduced in D(S2).

16.10. PROPOSITION. There exists a sequence {en}¥_;, 0 <
en < 1, such that I&im ry =0 in D, where ry is defined in ((15.4)).
— 00
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PrOOF. By the Teylor formula,

1
N+1
ry(xz) =a <x> E 74'—1‘0‘ /(1 — )M (@) (tz)dt.
EN (6%
IalINJrl 0

This and the Leibniz formula imply that |0°ry (z)| < Oy (eN)N_W‘ <
(1/2)N/2 for N > Ny = 2|8|, if ey < 103", O

Propositions and [16.10] imply

16.11. THEOREM (L. Schwartz). If f € D'(Q), supp f =0 € Q,

then there exist N € N and c,, € C such that f = e 0()
la|<N

16.12.P. Let f;, € D'(R), wherek =0 ork =1, and x- fk( )

Show (compare with Ezample [1{.1) that fo(z) = Cé(z), fi(z)
v.p.2 + Cé(z), where C € C.

The following series of exercises P[16.13}-PJ16.25| concerns the
question on the structure (general form) of distributions. Some hints
are given at the end of the section.

k.

16.13.P. Verify that the following assertions are equivalent:

a) f is a distribution with a compact support, i.e., f € D'(Q)
and supp f is a compact in Q;

b) f€&'(Q), i.e., fisalinear continuous functional on £(),
i.e., on the space C*° () with the following convergence:
lim ¢, =¢p in € <= lim ap; = ayp in D Va € C§°(Q).
j—o0 j—00

16.14.P. Prove that f € D'(Q) if and only if f € D#(Q) and
for any compact K C § there exist constants C = C(K, f) > 0 and
N = N(K, f) € N such that

I(f, o) < C-pr.n(p)
Vo € C5° (K, Q) = {¢ € C5°(Q) | suppyy C K}, (16.5)
where

prN() = Y sup |[0%p(x)|. (16.6)

la| <N reK

16.15.P. (Compare with Pm Let UN>1KN = Q, where
Ky are compacts in R™. Show that f € £'(Q) (see Pm if and
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only if f € D#(Q) and there exist constants C = C(f) > 0 and
N = N(f) > 1 such that |{f, )| < C-pn(p) Yo € C5(82), where

pn(p) = D sup [0%p()]. (16.7)
|a\§N‘T€KN
16.16.P. (Continuation). Let f € £'(Q), suppf Cw€eNCR™

Using (16.7) and noting that | (z)| < [, Bwl Y w(x)‘da: Vi) €
C§°(82), show that there exist numbers C > 0 and k > 1 such that

e <c/} o)

16.17.P. (Continuation). Checking that the function ¢ € C§°(w)
can be uniquely recovered from its derivative P = 5om—p—mp, show

that the linear functz’onal l: Y — (f,@) defined on the subspace

Y ={yelw) = %@, © € C§°)} of the space L' (w) is
continuous.

dx Yy e C5°(w). (16.8)

16.18.P. (Continuation). Applying the Hahn—Banach theorem
on continuation of linear continuous functionals (see, for instance,
[36]), show that there exists a function g € L>(w) such that

[ 80) g elads = () Ve € O (o).

w

16.19.P. (Continuation). Show that the following theorems hold.

16.20. THEOREM. (on the general form of distributions with
a compact support). Let f € E'(Q). Then there exist a function
F € C(Q) and a number M > 0 such that f = 0*F, where a =
(M,...,M), i.e.,

(f.g) = (—1)l / F(2)0%p(x)dz Vg € C(Q).
Q

16.21. THEOREM (on the general form of distributions). Let f €
D'(QY). Then there exists a sequence of functions F, € C(Q), para-
metrized by multiindices o € Z, such that f = > 0*F,. More

exactly, F, = Z Fo,, Fo, € C(Q), and
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(1) supp Fo; C Qj, where {Q;};>1 is a locally finite cover of
Q;
(2) Vj > 1 3M; > 1 such that F,,; = 0 for |a] > Mj.

16.22.P. (Peetre [47]). Let A : E(QY) — E(Q) be a linear continu-
ous operator with the localization property, i.e., supp(Au) C supp(u)
Yu € £(). Then A is a differential operator, more exactly: there
exists a family {aa}aeli of functions an € C*(Q) such that, for
ue &), (Au)(z) = >  an(z)0*u(z), where m(z) < N(K) <

la|<m(z)
oo for any compact K C €.

16.23.P. (See Remark|16.8). Check that D°(Q) = |JD.L(R).

16.24. REMARK. We say that a functional f € D’ has a finite
order of singularity, if there exist ¥ > 1 and functions f, € L},,,
where |a| < k, such that f = 5 9*f,. The least k, for which such

al=k
a representation of f is posslib‘le, is called its order of singularity.
In these terms, the space of Sobolev derivatives D’ is, according
to Definition the space of all distributions which have a finite

order of singularity.

16.25.P. Resolve the following paradox. On one hand, the dis-
continuous function

flz,y) = {%exp(_l/z‘l) for 240, z=x+iyeC,

0 for z=0 (16.9)

(being the real part of a function analytic in C\ 0 with zero second
derivative with respect to x and y at the origin) is a solution of
the Laplace equation on the plane. On the other hand, by virtue of
Theorem and a priori estimate (see also Corollary
and [22] no 2, § 3, item 6]): if f € D'(Q) and Af =0 in Q, then
feC>=(Q).

16.26.P. Show that £ is metrizable and D is non-metrizable.

16.27. REMARK. One can introduce in D (respectively, in £) a
structure of so-called (see [36}, [51]) linear locally convex topological
space (LLCPS3) and such that the convergence in this space coincides
with the one introduced above. For instance, the neighbourhood of
zero in D can be defined with the help of any finite set of everywhere
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positive functions 7, € C(2) (m =0,1,...,M; M € Z,) as the set
of all the functions ¢ € C§°(£2) such that [0%¢| < 7|4, if |a| < M.
The topology in £ can be defined by introducing the distance by the
formulae given in the hint to P[16.26] Thus, £ is the Frechét space,
i.e., a complete metric LLCTS. One can extend to the Frechét spaces
(see, for instance, [51]) the Banach—Steinhaus theorem: a space of
linear continuous functionals on a Frechét space (in particular, the
space &’) is complete relatively the weak convergence. Although D
is not a Frechét space (by virtue of P7 D’ is also complete
relatively the weak convergence (the direct proof see, for instance,
in [22]).

3) A linear space X is called a linear locally convex topological space, if
this space is topological [36], the operations of addition and multiplication
by a number are continuous and, moreover, any neighbourhood of zero in
X contains a CONVEX neighbourhood of zero.

Hints to PI6.I3HPI6.20)

16.13] If we suppose that b) does not imply a), then there exists
a sequence of points x, such that xp — 98, and f # 0 in the vicinity
of Tk
~ |16.14} If f € D’ but estimate (16.5) is not valid, then 3K =
K C QVN > 1 3p € C(Q), suppp C Ky, and [{f,on)| >
N Y suplpl)|. We have ¢y = o - [{f.on)| ™" — 0 in D but

lal<N K

16.150 Since (f, ) = (f, pp), where p € C§°, p = 1 on supp f,
it follows that K = supp p. Warning: in general case, K # supp f.

Indeed, following [54] vol. 1, p. 94], consider the functional f € &'(R)
defined by the formula

> e(1/v) | =me(0) — (Inm)¢' (0)

v<m

(frp)=1li

im
m—0o0
Obviously, supp f is the set of the points of the form 1/v, v > 1,
together with their limit point x = 0. Consider the sequence of
functions ¢; € C§°(R) such that ¢;(z) = 0 for < j%, pj(x) =

1/4/7 for 1/7 < x < 1. Taking K = supp f in (16.6), we have
pr,N(pj) — 0as j — oo VN > 1, while (f, p) = j/\/j — .
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16.16} sup [0%p(z)| < C;(K) sup ’(%80‘4,0(:5”.
K K

16.17} Apply (16.8]).

16.18, By the Riesz theorem (see Theorem [9.14), (L!) = L*°.
16.20, Complete the definition of g outside w by zero (see

Pl16.18) and take F(z) = (=1)™" [ __ g(y) dy.
16.21} Let > t; =1 be a partition of unity. We have

(fooh =D (ifio) =3 > (0Fay¢) ZaaZFaﬂw

J o Ja|<M;

16.22, Verify that the functional A, : € 5 u +— Au|z:a belongs

to & and supp A, = a. Thus, Au|m7a = > (aa(x)ao‘u)}zfa
a lee|<m(a) B

Using the Banach—Steinhaus theorem (see note 1 in Section ,

prove that sup m(a) < oo for any K C K C Q. Applying A to
acK

(y — z)*/al, show that a € C*(Q).

16.23] Apply Theorem [16.21]

16.25[ Function does not belong to D’ (i.e., does not admit

the regularization in D’) as well as any other function f € C*°(R\0)

which for any m € N and C' > 0 does not satisfies the estimate

|f(z)] < Clz|™™ for 0 < |z| < ¢, where 1/e > 1. The last fact

can be proved, by constructing a sequence of numbers €¢; > 0 such

that , for the function ¢;(x) = €;j¢(jz), where ¢ € Co(R), ¢ = 0

outside the domain {1 < |z| < 4}, [ ¢ = 1, the following conditions

are satisfied: [, f(z)p;(z)dr — co as j — oo but ¢; — 0in D as

j — oo.

16.26] The distance in £ can be given by the formula p(p, 1) =
d(p — ), where d(p) = 327N min(pn(p),1), and py is defined
1

in . D is non-merizable since for the sequence @j m(z) =
o(x/m)/k, where ¢ € D(R), the following property, which is valid
in any metric space, does not hold: if ¢y ,, — 0 as k — oo, then Vm
3k(m) such that ©g(m)m — 0 as m — oo.



CHAPTER 3

The spaces H®. Pseudodifferential
operators

17. The Fourier series and the Fourier transform. The
spaces S and &’

In 1807, Jean Fourier said his word in the famous discussion (go-
ing from the beginning of 18th century) on the sounding string [50].
Luzin wrote [42] that he accomplished a discovery which “made a
great perplexity and confusion among all the mathematicians. It
turned over all the notions” and became a source of new deep ideas
for development of the concepts of a function, an integral, a trigono-
metric series and so on. Fourier’s discovery (however strange it seems
at first sight) consists in the formal rule of calculations of the coef-
ficients

(which are called the Fourier coefficients) in the “expansion”

u(z) ~ Z akei(k/p)‘r, |z| < p/2 (17.2)

k=—o0
of an “arbitrary” function u : @ 3 x — wu(xz) € C, where Q =
] —p/2,p/2[, by the harmonics
elk/P)T — cog 2n(k/p)x +isin2n(k/p)x, k€ Z. (17.3)

The trigonometric series is called the Fourier series of the
function u (more exactly, the Fourier series of the function u in the
system of functions 1)). The first result concerning the conver-
gence of the Fourier series was obtained by 24 years old L. Dirichlet

81
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in 1829 (see, for instance, [72]): if u is piecewise continuous on
[—p/2,p/2] and the number of its intervals of monotonicity is finite,
then the Fourier series of the function w converges to u at every
point of continuity of u; moreover, if the function f is continuous
and u(—p/2) = u(p/2), then series (17.2)) converges to u uniformly.
Although the Fourier coefficients re defined for any function
u € L', the Fourier series can diverge at some points even for contin-
uous functions (see, for instance, [36}, (56]; also compare with P.
As for integrable functions, in 1922, 19 years old A.N. Kolmogorov
constructed [37] the famous example of a function u € L', whose
Fourier series diverges almost everywhere (and later an example of
the Fourier series, everywhere diverging, of an integrable function).

) See in this connection formulae (I7.17)—(17.13).

The following theorem (see, for instance, [56]) on convergence
of the Fourier series in the space L? is of great importance: “for any
u € L*(Q), where Q =] — p/2,p/2], series (17.2) converges to u in
L2(Q)”, ie.,

[lu — Z aregll, — 0 as N — oo, (17.4)
k<N
where
Ok
ep: Qo x— ep(z) =exp (zx) . (17.5)
p

This theorem shows the transparent geometric meaning of the Fourier
coefficients. Actually, consider in L?(Q) x L?(£2) the complex-valued
functional

p/2

(u,v) = / u(z)v(x)dx,
—p/2
where v is the complex-conjugate function to v. Obviously, this

functional defines a scalar product? in the space L?(Q) with respect
to which (one can readily see) functions ((17.5)) are orthogonal, i.e.,

(ex,em) =0 for k #£m. (17.6)
Therefore, by choosing N > |m/| and multiplying scalarly the func-

tion (u — > ager) by en, we obtain |(u,em) — am -+ (€m,em)| =
[k|I<N



17. THE FOURIER SERIES AND THE FOURIER TRANSFORM 83

[(u— > arex,en)| < |lu— > arek|rzllem| 2. This and (17.4)

k<N KI<N
imply that

am = (U, em)/(€m,m), m EZ. (17.7)

Thus, the coefficient a; is the algebraic value of the orthogonal pro-
jection of the vector u € L*(Q) onto the direction of the vector ey.

) This means that the functional (u,v) is linear in the first argument
and (u,u) > 0, if u # 0, and (u,v) = (v,u), where the bar denotes the
complex conjugation. Note that the function u — ||ul]| = /(u,u) is a
norm (see note 5 in Section [§)), and |(u, v)| < [|ul|- ||v|| (compare with
for p = 2). Recall also that the Banach space X (see note 5 in Section
with a norm || - || is called a Hilbert space, if in X there exists a scalar
product (-,-) such that (z,z) = ||z||* V& € X. Thus, L*(Q) is a Hilbert
space.

When the geometric meaning of the Fourier coefficients became
clear, it might seem surprising that, as Luzin wrote, “neither sub-
tle analytical intellect of d’Alembert nor creative efforts of Euler,
D. Bernoulli and Lagrange can solve this most difficult problem?),
i.e., the problem concerning the formulae for the coefficients aj in
(17.2). However, one should not forget that the geometric trans-
parency of formulae (|17.7]) given above became possible only thanks
to the fact that the Fourier formulae put on the agenda the
problems whose solution allowed to give an exact meaning to the
words such as “function”, “representation of a function by a trigono-
metric series” and many, many others.

3) The reason of arising this question is historically connected with
the problem of a sounding string (see [42), [50]) — the first system with
an infinite number of degrees of freedom which was mathematically in-
vestigated. As far back as in 1753, D. Bernoulli came to the conclusion
that the most general motion of a string can be obtained by summing the
principal oscillations. In other words, the general solution v = u(x,t) of
the differential equation of a string

Ut —Uze =0, |z| <p/2, t>0 (17.8)
which satisfies, for instance, the periodicity condition

u(=p/2,t) —u(p/2,t) = 0, us(—p/2,t) — uz(p/2,t) =0 (17.9)
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can be represented in the form of a sum of harmonics propagating to the
right and to the left (along the characteristics & ¢ = 0, compare with
Section , more exactly:

u(z,t) = Z[a:eu"(m"'t) + ay €@ (17.10)
kez

where aki € C, and Ay, = 27k /p. Indeed, equation and the boundary
conditions are linear and homogeneous. Therefore, a linear com-
bination of functions satisfying 7 satisfies these conditions as
well. This fact suggests an idea to find the general solution of problem
7, by summing (with indeterminate coefficients) the particu-
lar solutions of equation , which satisfy the periodicity conditions
(17.9). Equation belongs to those which have an infinite series of
particular solutions with separated variables, i.e., non-zero solutions of the
form ¢(x)1(t). Actually, substituting this function into , we obtain
Yoz ()Y (t) = ©()1hee(t). Hence,

aa () 9() = thur(£)/8(t) = const. (17.11)
The periodicity condition (17.9)) implies that ¢ € X, where

X={peC*(NC Q) |e(-5.1) =p(§,1), ¢'(=5,1) =& (§,0)}.
(17.12)
Thus, the function ¢ necessarily (see (17.11))) must be an eigenfunction of
the operator

—d’/dz® - X — L*(Q), Q=]-p/2,p/2. (17.13)

This means that ¢ is a non-zero function of the space X, satisfying the
condition

—d’p/dz® = -, (17.14)

for a constant p € C, that is called the eigenvalue of operator ,
Since ¢ belongs to the space X, it follows that the number u can be only
positive (because otherwise ¢ = 0). Let us denote u by A%. Then
implies that p(z) = ae’**, A € R, a € C\ {0}. Obviously, this formula is
consistent with the condition ¢ € X if and only if A = A\, = 2kn/p, k € Z.
Thus, taking into account , we obtain

iXpT  —idpt

or(T)(t) = aﬁe“"zei)"‘t +age , af e C,

and, hence, D. Bernoulli’s formula is established.

The Bernoulli formula brought into use the principle of composition
of oscillations as well as put many serious mathematical problems. One of
them is connected with the finding of the coefficients af in formula

e
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for any specific oscillation that (compare with P is determined by
the initial conditions
u(z,0) = f(z), w(z,0)=g(z), (17.15)

i.e., by the initial deviation of the string from the equilibrium position
and by the initial velocity of the motion of its points. In other words, the
Bernoulli formula posed the question of finding the coefficients aki from
the condition

(@i +ap)e ™ = f@), S id(al — o )e ™ = g(a).

kEZ kEZ

It is interesting that in 1759, i.e., in six years after the work by
D. Bernoulli, formulae answering the formulated question were al-
most found by 23-year Lagrange. It remained to him only to make in
his investigations the rearrangement of the limits in order to obtain these
formulae. However, as Luzin writes, “Lagrange’s thought was directed in
another way and he, almost touching the discovery, so little realized it
that he flung about D. Bernoulli the remark “It is disappointing that such
a witty theory is inconsistent.”

As has been said, half a century later the answer to this question was
given by Fourier who wrote formulae (17.1). This is the reason why the
method, whose scheme was presented on the example of solution of prob-
lem ((17.8)—(17.9), (17.15)), is called the Fourier method (see, for instance,
[25), [68]). The term is also used (by obvious reasons) the method of sep-
aration of variables. This method is rather widespread in mathematical
physics.

The reader can easily find by the Fourier method the solution of the
Dirichlet problem for the Laplace equation in a rectangle, by considering
preliminary the special case:

Au(z,y) =0, (z,y) €01 u| _,
u‘y:O = f(2), u‘y:l = g().

Equally easy one can obtain by the Fourier method the solution

> 2sin A\g
u(w,t) = un(z,t)+ Yy
= Ax[1 4 o sin® Ag]

= u‘z:l = O’

—A7t —
e cosAgx, N >0, up =0

(17.16)

of problem (6.11)) for the heat equation. In formula (I7.16)), A7 is the kth
(k € N) eigenvalue of the operator

—d*/d2® Y — L*(Q), Q=]0,1],
defined on the space
Y={peC?’(@nC' Q)| (p+o¢)|,_,, =0}
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where ¢ > 0 is the parameter of problem (6.11). Note that Ax €](k —
1)m, (k — 1/2)7] is the kth root of the equation cotan A\ = o) and the
eigenfunctions ¢ (x) = cos Ay of operator satisfy (compare with
(117.6) the orthogonality condition:

(0K, om) = /gak(m)tpm(a:)da: =0 for k#m. (17.17)

Indeed, integrating by parts (or applying the Ostrogradsky—Gauss for-
mula in the multidimensional case) and taking into account the boundary

conditions (¢ + U¢/)|z:i1 = 0 and the fact that —p} = X2y, we have

1
(AR = A2) (ks om) = /(«pw’r’n — pmpk) dx
-1

1 1
1 1
= PrPm|_, — /w%win — Pm@r|_, + /saﬁecpﬁﬂ =0.
—1 —1

One can show (see, for instance, [68]) that the eigenfunctions ¢, k € N,
form (compare with (I7.4)) a complete system in L> = Y, ie., VYu €

L? Ve > 0 there exist N > 1 and numbers ai,...,anx such that ||lu —
N
> arpr|lr2 < e. Therefore, (compare with (17.2)—(17.7)) the formal
k=1
series
o (u, o1)
P P (17.18)
1 (‘p’% (Pk)

which is called by the Fourier series of the function u in the orthogonal
(by virtue of ) system of functions py, converges to u in L?. The
reader can easily verify that (1, ox)/(¢k, ) = 2sin Ag/(Ax[1 + o sin® \x])
as well as that series converges uniformly together with all its
derivatives for ¢t > € for any € > 0 and determines a smooth (except the
angle points (z,t) = (£1,0)) and unique (see, for instance, [20]) solution
of problem .

Let us note one more circumstance. Series converges quickly
for large ¢t. One can show that, for any k > 1,

lu(x,t) — un(z,t)| < 107" /N for t > k/(4.3N?). (17.19)

However, for small ¢, series (17.16) converges very slowly. Therefore, for
small ¢, it is advisable to use another representation of the solution of
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problem (6.11)) that is obtained below in Section [18 with the help of con-
cept of dimensionality (see Section@ and the so-called Laplace transform.

Substituting formally (17.1)) into (17.2), we obtain

- p/2
o) = 3 S [y (17.20)
k=—oc0
—p/2

Tending p to infinity and passing formally in (17.20]) to the limit,
we obtain, as a result, for the “arbitrary” function u : R — C the
(formal) expression

oo oo

u(z) = /e(’]w5</ e*gyfu(y)dy)dg. (17.21)

—00 —00

From these formal calculations we may give the exact

17.1. DEFINITION. Let & € R™, x € R", € = Y &, e,
k=1
x€ = (x,€) is the scalar product of x and £. The function

a(e) = /e‘gmgu(x)dx, = omi, i = /1 (17.22)
R’n
is called the Fourier transform of the function u € L'(R™), and the
mapping F : L'(R") > u +— @ = Fu € C is called the Fourier
transformation (in L'(R™)).

17.2. LEMMA. If u € L*(R"), then Fu € C(R") and ||Fulc <
lullz, -

ProoOF. It follows from the (Lebesgue) theorem that w =
Fu € C(R); moreover, [t(¢)] < [p, [u(z)| dz. O

17.3. EXAMPLE. Let uy(z) = O4(x)et*, where x € R, a > 0,
. . ~ _ 1
and ©4 is defined in (12.5). Then w4 (&) = s Let us note that
U+ ¢ L' although uy € L'. Note as well that the function u4 can
be analytically continued into the complex half-plane C+.

Below, in Theorem [I7.6] we give some conditions under which
expression (|17.21f) acquires the exact meaning of one of the most
important formulae in analysis. Preliminary, we give
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17.4. DEFINITION. Let p > 1 and k € Z. We say that a function
u € LP(Q) belongs to the Sobolev space WPF(Q), if all its Sobolev
derivatives 0%u, where |a| < k, belong to LP(€)). The convergence
in the space WP is characterized by the norm

lullwre = > 10%ull s, (17.23)

l| <k
ie., uj — uin WPF as j — oo, if |[u — u;|yer — 0 as j — occ.

One can readily verify that WP+* is a Banach space.

17.5. Lemma. 9 WH(R") C C(R"), i.e., for any element
{u} € W there exists a unique function uw € C which coincides
almost everywhere with any representative® of the element {u}, and
lulle < llullwn-

4 Lemma is a simple special case of the Sobolev embedding
theorem (see, for instance, [8, [40, [62], [70]). Note that the embedding
WPk(R™) C C(R"), valid for n/p < k, does not hold if p > 1 and n/p = k
(see, in particular, Section where the special case p = 2 is considered).

%) See note 1 in Section @

PROOF. It follows from the (Fubini) theorem and Theo-
rem that the function u admits the representation in the form

T " " u(y1,---Yn)
= .. —d n d d 5
U(J}) / / R 8y18y2 e 8yn Y Y2 v
x=(21,...2,),

that implies its continuity and the estimate [jul|c < [ |gm?7g%g$|. O

17.6. THEOREM. Let u € WY(R™). Then, for any v € R,
N

N
u(z) = lim uyn(z), where uy(x)= [ ... eizgﬂ(g)dfl o dén,
[

N—o0

(17.24)
and U = Fu is the Fourier transform of the (continuous®) ) function
u.
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% By virtue of Lemma m

PROOF. It follows from the Fubini theorem that

- e’} [ee) [e’e) aeN(yl _xl)
ux@ = [ || [ | [ ™=y,
« 9on(y2 —22) _x2)dy2] } OON (G —20) g,
6y2 8yn
where Oy(0) = [, 6n(s)ds and dn(s) = [V eiscdg = sin2xlNs

Note (compare Wlth Pn and P[I3.11)) that Oy (c) — 6(0), o € R,

and VN |0x(0)| < const. Actually, setting A\, = fkf;\l, /2N dn(o)do
for k € Z, we have that A\ does not depend on N, [Agx| | 0 as k —

00, moreover, gk > —Agip+1 and > Ap = %fooo x lsinzdr = %
k:_

=0
Therefore, Oy (o) — 6(0) and |On(0)| < 2Xg. Then (as in the proof
of Lemma [13.10) we should integrate by parts, apply the Lebesgue
theorem and obtain that uy(z) — u(x). O

17.7. REMARK. The proof of the theorem containing, in par-
ticular, the solution of Exercise P[4.3| (and P[I3.11]) shows (taking
into account the proof of Lemma that the assertion of The-
orem [17.6] is valid under more broad hypotheses. it is sufficient to
require that the function u and n its derivatives 0*u /021025 . .. Oxy,
k=1,...,n, be integrable in R".

17.8. REMARK. Of course, the assertion of Theorem makes
the sense only for u € L' N C. However, this necessary condition is
not sufficient for validity of (|17.24]), as it follows from

17.9.P. Constructing (compare with [36]) a sequence of functions
on € L'(R) N C(R), such that [ y~'sin Nypy(y)dy — oo (as
N — o0) and |lenllz, + lenlle < 1 and applying the Banach—-
Steinhaus theorem (see note 1 in Section @), show that there exists
a function ¢ € L*(R) N C(R), for which equality does not
hold at least at one point x € R.

Formal expression ([17.21)) and Theorem suggest the idea on
expediency of introducing the transformation

F':L'R)sur— F ' eC,
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defined by the formula

(F9)(e) = [ Qg = 2mi, 1= VT, R (17.25)
]Rn
This formula differs from formula by the sign of the expo-
nent. The transformation F~! is called the inverse Fourier trans-
form, since u = F~'Fu, if u € WH*(R") and Fu € L'(R).

Define (following L. Schwartz [54]) the space of rapidly decreas-
ing functions S = S(R™) C WL*(R"). In the space S (see Theo-
rem below), the transformations F~* and F are automorphisms
(i-e., linear invertible mappings from S onto itself).

17.10. DEFINITION. The elements of the space S(R™) are the
functions v € C*°(R™) that satisfy the following condition: for any
multiindices « = (a1,...,a,) and 8 = (B1,...,0,), there exists a
number Cpg < oo such that Vo = (z1,...,2,) € R?

o8l
axfl oz
In this case, we say that the sequence of functions u; € S converges
inStou (uj > uinS)asj — oo, if Ve >0Vm € N3j, e N
Vj > jo the following inequality holds: pp,(u; — u) < €, where

|2°0%u(x)| < Cap, where z =z ... 2% 9P =

pm(v) = sup Z (14 |z))™|0%v(x)]

r€R™ \ la<m

Obviously, e~ € S(R) but e —* sin(e” ) ¢ S(R).

17.11.P. Check that the space S is a Frechét space (see Re-
mark in which the distance p can be defined by the formula:

p(u,v) = d(u—v), where d(y Z 27 inf (1, pm(¢)).
m=1
17.12.P. Show (see PJ16.15) that D(R™) C S(R™) C ER™).
In particular, show that the convergence in D (in S) implies the

convergence in S (in £). Verify that D is dense in S and S is dense
in €.

17.13.P. Integrating by parts, verify that the following lemma
holds.
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17.14. LEMMA. For any multiindices o, 8 and any u € S
(=0)/PIF (05 (2 u(@))](§) = )¢ du(), & =Fu.  (17.26)
17.15. COROLLARY. FS§ C S, ie., Fue S, ifueS.

PROOF. Since u € S, it follows that for any fixed N € N and
any o, 3 € Z" there exists dog > 0 such that [0 (zPu(z))| < dag(1+
|z|)~~. Therefore, by virtue of Lemma [17.14

crogu(e)| < |F[og (=" u)llo < Dagsup |0g (z7u)|.  (17.27)
Thus, w € S. O

17.16. THEOREM. The mappings F : S - S and F~': 8 — S
are reciprocal continuous automorphisms of the space S.

PRrROOF. F is linear and, by Theorem |17.6, monomorphic. Let
us check that Vu € § Ju € S such that Fu = uw. Let vy = Fu.
Since up € S, according to Theorem o =F 'Fu = F lug.
Consider the function u(z) = ug(—2z). We have & = F'ug = Fu.
Definition [T7.10] immediately implies that Fu; — 0 in S, if u; — 0
in S. The same arguments are valid for F~ . O

17.17. LEMMA (the Parseval equality). Let f and g € S(R™).
Then

(Ff.Fg)s = (f.g)2, ive. / ()56 de = / f(@)g(x) dz
RTL

(17.28)
Moreover,

(Ff.g) = (/.Fg), ic / F()g(e)de = / f@)F(@)dz.  (17.20)
J

PROOF. The Fubini theorem implies (17.29) since

R[f(ac) dm—//f Je~iztg da;dg—/f

Rﬂ Rﬂ.
Let h = Fg. Then g = Fh, since

9(€) = (F1R)(¢) = / 8¢ (z)dr = / e=To¢h(z)da = (FT)(€).
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Substituting g(§) = izl(ﬁ) and g(z) = h(z) into (17.29)), we obtain
(Ff,Fh)r2 = (f,h)r2 Vh € S, i.e., (up to the notation) (17.28). O

Note that both sides of equality (17.29) define linear continuous
functionals on S:

f:835— [ f@@)ds, Fi539— [ o9

In this connection, we give (following L. Schwartz [54]) two defini-
tions.

17.18. DEFINITION. S’'(R™) is the space of tempered distribu-
tions, i.e., the space of linear continuous functionals f : S(R®) — C
equipped with the operation of differentiation

(0 f.0) = (=1l (f.0%),
where o € Z'}, and with the operation of multiplication (af,¢) =
(f,ap) by any tempered function a, i.e., a function a € C*°(R") sat-
isfying the condition Vo 3C, < 0o IN, < o0, such that |0%a(z)| <
Ca(l + |z[)Ne

17.19. DEFINITION. Let f € 8, g € §'. Then the formulae

(Ff,¢) = ([.Fg) Vo € § and (F'g,¢) = (9., F '¢) Ve S
(17.30)
specify the generalized functions f = Ff € &’ and F~'g € &', which
are called the Fourier transform of the distribution f € S’ and the
inverse Fourier transform of the distribution g € S'.

17.20. EXAMPLE. It is clear that § € &', 1 € §’. Find F¢ and
F1. We have
(B8, = (5.F¢) = 50) = liy [ e ooy = [ pla)do = (1.9)

€0

i.e., F§ = 1. Similarly, F~'6 = 1. Furthermore, (F1,¢) = (1, Fp) =
(F716,Fp) = (6,F 'F¢), ie., F1 = 4. Similarly, F~'1 = 4.

17.21.P. Verify (compare with P{17.19) that £'(R™) C §'(R") C
D'(R™).

17.22.P. Prove (compare with P[16.19 and [57]) that f € S'(R™)
if and only if there ewists a finite sequence {fa}jaj<n of functions
fa € C(R™) satisfying the condition |fo(x)| < C(1 + |z|)™, where

C < o0, m< oo and such that f = > 0%f,. Thus, &’ C D'
oSN
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17.23.P. Verify that the mappings F : S’ — & and F~1: & —
S’ are reciprocal automorphisms of the space 8’ which are continuous
relatively the weak convergence in S’, i.e, if v — oo, then (Ff,, @) —
(Ff,0) Vo €S <= (fu.0) = (f.p) Vp €S.

17.24.P. Calculate Fé and F1 (compare with Example |17.20),
by considering the sequence of functions

op(z)=v- L—1/v1/0] () and 1,(z)= L] (z),
where 11q ) = 0(x — a) — 0(x —b).
17.25.P. Considering the sequence of the functions
fo(z) = 04(x)e™", z€eR,

~ 1
show (see (12.7)) that 64(&) = Tro
7

17.26. REMARK. The space S’ is complete with respect to the
weak convergence, since S is a Frechét space (see PJ17.11| and Re-

mark [16.27)).

17.27.P. Show that formula (17.26)) is valid for any u € S’.

17.28. LEMMA. Let”) f € &' (R™). Then f =Ff is a tempered
function (see Definition and

F(&) = (f(x), e, (17.31)

™) Recall that the space &’ is defined in PJ16.13

PROOF. By virtue of Theorem [16.20f f = >  0%f,, where

lal<m

fa € Co(R™). Therefore
(&), (6)) =Z<3afa( ), (Fo)(z))

_Z \al ), 083 (x))
Z( ) fa(@), FE*0(6)](2))

=30 [ futa [ / e%%%@)dg] d
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Since fo(x)e 8¢ p(€) € L'(R} x RP), it follows (by the Fubini
theorem) that

(). 0(6)) = / [ / SO0 fu (@)t edn | p(€)de
- / (3 ful@), (05 p(€)de

- / (f (), e~ o(€) e

Thus (by virtue of P7 f(&) = {f(x), e_gx5>. Similarly,

(&) = (), (—iz)Pe i), (17.32)

Since f € & c &', it follows that (by virtue of Definition [17.10)
dN > 1 such that

[(f(2),¥(@)| <N sup > (1+[z))V -|0%p(x)| Vo € S.

zER™ la|<N

Therefore, [0° f(&)] = [(f(2), o(2)(~iz) e )| < C(1+ gV, O

18. The Fourier—Laplace transform. The Paley—Wiener
theorem

Formula proven in Section [17| (which is valid for u € S’,
see P[I7.27)) contains an important property of the Fourier transfor-
mation, which is often expressed in the following words: “after ap-
plying the Fourier transformation the derivation operator becomes
the multiplication by the independent variable”. More exactly, the
following formula holds:

F(Dgu(z)) = £ u(f), (18.1)

where D% = (2)71°192, and @ = Fu, u € S’

Property allows us to reduce, in a sense, problems involv-
ing linear differential equations to algebraic ones. Thus, applying
the Fourier transformation to the differential equation

A(Dy)u(z) = Z aoaD2u(z) = f(z), aa €C, f€ S, (18.2)

lal<m
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we obtain an equivalent “algebraic” equation

A©) - u©) = D ang™ | -ue) =), fes.  (183)

la|<m

As Hérmander [29] and Lojasiewicz [41] have proved, equation (18.3)
19.2]).

has always a solution u € &’ (see in this connection Remark
Therefore, the formula u = F~'% determines a solution of differential

equation (|18.2)). Indeed, by virtue of (18.1)) and Theorem [17.16

Fl@) =F7(f(&) =F 1 (A®©) - u(€))
= A(D,)F(U(€)) = A(Dy)u(z).

This approach to construction of a solution of a linear differential
equation with the help of the Fourier transformation is rather similar
to the idea of the operational calculus®) (see, for instance, [38]) using
the so-called Laplace transformation (introduced for the first time
(see [34]) by Norwegian Niels Abel who was a mathematical genius,
little-known while alive, and who died from consumption when he
was 26 years old). The Laplace transformation transfers a function
f of t € R integrable with the “weight” e™*! for any s > 0, into the
function

oo

L[f](s) = /e’“f(t)dt, 5> 0. (18.4)

0

D Let us illustrate the idea of the calculus of variations on the example
of problem (6.11]), restricting ourselves by the case o = 0. In other words,
we consider the problem

Up = Ugz, >0, 2| <15 ul ., =0 ul,_, =1 (18.5)
As has been noted in Section series constructed by the Fourier
method, which gives the solution of this problem, converges very slowly
for small t. By the way, this can be foreseen, since the Fourier series
converges slowly for discontinuous functions, and the function u(z,t) is
discontinuous at the angle points of the half-strip {|z| < 1, ¢ > 0}. In this
connection, consider preliminarily the problem
or  o’T
or Yoz
which simulates the distribution of the temperature in the vicinity of an
angle point.

>0, 7>0; T|,_ =T; T| _,=To, (18.6)
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Passing (see Section @ to the dimensionless parameters in the stan-
dard way

r=¢/Var, u= (T —T)/(To — Th),

from (18.6) we obtain that u(7,£) = f(r), where the function f satisfies
the following conditions:

I+ 51(r) =0, J(0) =0, f(o0) = 1.
Hence, u(r, &) = erf(£/(2v/a1)) = 1 — erfc(£/(2+/at)), where

y
erf(y) = % /e_"zdn, erfc(y) =1 — erf(y).
0

These preliminary arguments suggest that the solution u(x,t) of problem
(18.5) for small ¢, seemingly, must be well approximated by the following
sum

1 — [erfe((1 — x)/2V/t) + erfe((1 + x)/2V1)). (18.7)

This point allows us to obtain the representation of the solution of problem
in the form of a series rapidly converging for small ¢ with the help of
the Laplace transformation. Denoting the function L{u(-, z)](s) by v(s, z),
where u is the solution of problem , we rewrite, taking into account
the two following obvious properties of the Laplace transformations:

L[1](s) = 1/s, L[f'|(s) = s - L[f](s) — f(0), (18.8)
problem in the form (“algebraic” in the variable s)
(s-v(s,z) = 1) — vaa(s,x) =0, v(s,m)|m:i1 =0, s>0.

This problem can be solved explicitly. Obviously, its solution is the func-
tion
v(s,8) = © — ~ - ch(v/52)/ ch(v/3).
s s
Thus, the solution u of problem (|18.5)) satisfies the relation

Liu(,2))(s) = — — = - ch(v/52)/ ch(v/5), (18.9)

T s s
Formulae (18.7) and (18.9) suggest that in order to obtain the represen-
tation of the solution of problem ([18.5) in the form of a series rapidly
converging for small ¢ we should

e first, find the Laplace transform of the function fy(t) = erfc(k/2v/%);
e second, represent the right-hand side of formula (18.9)) in the
form of a series whose members are function of the form L[fx].
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Below, it will be shown that

LIfel(s) = + exp(~kV5). (18.10)

On the other hand, expressing ch via exp and representing (1 —|—q)71, where

q = exp(—2+/5) < 1, as the series 1 — g + ¢> — ¢® + - - -, we obtain that

_ ch(y/sz) Z 1y exp[—+v/s(2n + 1 — )] + exp[—v/s(2n + 1 + z)]
s-chy/s s '
(18.11)

Basing on (18.8)—(18.11]), one can show that the solution of problem ([18.5))

can be represented as a series

N

S (-1,

N, (18.12)

where a, = erfc((2n + 1 — x)/2vt) + erfc((2n + 1 + x)/2v/t) and ry =
> (=1)"an

n>N

18.1.P. Show that in ((18.12))

2 [t
Irn| < N\/;exp(Nz/t). (18.13)
18.2.P. By comparing estimate (18.13|) with estimate (17.19)),

show that, fort < 1/4, it is more convenient to use the representation

of the solution of problem (18.5) in form (18.12)), but fort > 1/4, it
17.16)

is better to use that form (1

Let us establish formula (|18.10)). It follows from formula

L[fi)(s) = exp(—ky/s) (18.14)

and the second formula in ((18.8]), since

F0) =0, (1) = S22 exp(—k2 /),
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As for formula ([18.14]), it can be proved, taking into account PJ18.3
in the following way

L)) = g [ et = 2 [ exp iyt + A2
0 0

oo

_ Ee—kﬁ/e—m—a/nfdn _ kA
" 0
(The change of variables: 7 = LI E\/E)
i 2

,a
t
18.3.P. Let F(a) = [, exp[—(n — %)Q]dn, where a > 0. Then
F= @

HINT. F'(a) =0.

There is a close connection between the Fourier and Laplace
transformations. It can be found, by analyzing the equality

O7f(&) = (f(@), (=ix)Pe i), f €E'RY), fet,
which has been proved in Lemma The right-hand side of this
equality is meaningful for any complex ¢ € C" and is a continuous
function in C™. Thus, as is known from the theory of functions of a
complex variable, the analytic function is defined

FiC" 36— f(€) = (f(x),e7) €C,
which can be treated as the Fourier transform in the complex do-
main. This function is sometimes called the Fourier—Laplace trans-
form. This name can be justified by the fact that, for instance, for
the function f = 0, f € L'(R) (compare with Example [17.3), the
function

C_3¢(— / e_%ng(x)dx = /e_gng(x)d:r eC,
—oo 0

being analytic in the lower half-plane C_, is, for real £ (respectively,
for imaginary & = —is/2m, where s > 0), the Fourier transform
(respectively, the Laplace transform) of the function f.

The important role of the Fourier-Laplace transformation con-
sists in the fact that, due to so-called Paley—Wiener theorems, certain
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properties of this analytic function allow to determine whether this
function is the Fourier—Laplace transform of a function f as well as
to characterize the properties of this function f. In Section [22| we
shall use (compare with Example

18.4. THEOREM (Paley-Wiener). Let f be analytic in C_ and
sup/ 7€ — im)Pde < oo,

Then f is the Fourier transform in C_ of the function f = 0, f €
L?(R).

The proof of this theorem and of the inverse one see in [71].

19. Fundamental solutions. Convolution

At the beginning of Section [18|it was noted that the differential
equation

A(Dy)u(z) = Z an0%u(z) = f(x), an €C, f€ &, (19.1)
lo|<m

has a solution u© € §’. In contrast to equation , the function f

in belongs to & C &’. This fact allows us to give an “explicit”

formula for the solution of equation ([19.1), in which the role of the

function f is emphasized. In this connection note that the formula

uw) =5 [ F) LW gy >0, feen P, (192)
A [z =yl

giving (compare with 7) a solution of the equation —Awu +
q*u = f, is meaningless for ¢ = 0, if supp f is not compact (for
instance, f =1).

In order to deduce the desired “explicit” formula for the solution
u of equation , first, we represent the function © = Fu in the
form w(¢) = f(€)é(€), where € € &' is a solution of the equation
A(g)-e¢) =1 (see Remark-below Then, it remains to express

the function u = F~1(f-8) via f = F~ f and the function e = F~1¢
satisfying (by Vlrtue of the relation A(£)u(§) = 1) the equation

A(Dy)e(x) = d(x). (19.3)
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19.1. DEFINITION. A function E € D’ is called a fundamental
solution of the operator A(D,), if A(D,)E(x) = §(x).

19.2. REMARK. Any differential operator with constant coeffi-
cients has (as has been proved in [29] [41]) a fundamental solution
in the class &’. However, the presence of the space D’ in Defini-
tion [19.1]is justified by the fact that, for some differential operators,
it is possible (as has been shown by Hérmander) to construct in D’
a fundamental solution locally more smooth than the fundamental
solution in §’. (Note that the two fundamental solutions E; and Fs
of the operator A(D,) differ by a function v = E; — Ey satisfying
the equation A(D,)v =0.)

If A(€) # 0 for any & € R™, then the formula E(z) = F~(1/A(€)),
obviously, determines a fundamental solution of the operator A(D,,).
In this case, E € &', because 1/A(€) € §'. In the general case, the
fundamental solution can be constructed, for instance, with the help
of regularization of the integral [ @(£)d€/A(€) (compare with P
that can be most simply made for ¢ € D, since in this case the regu-
larization (by virtue of analyticity of the function @ = Fy) is possible
by passing of £ into the complex domain, where A(£) # 0 (see, for
instance, [57]).

19.3. EXAMPLES. It follows from P that function is the
fundamental solution of the Laplace operator. According to P[12.8]
the function 0(t — |z|)/2 is the fundamental solution of the string
operator. For the heat operator 0; — 9., the fundamental solution
is E(z,t) = 0(t)P(z,t), where the function P is defined in (6.15).
Indeed, by virtue of the properties of the function P proven in Sec-
tion |§|7 for any ¢ € D(R?), we have

<Et_Emz790>:_<Ea§0t+(pmc :_egrﬂo//wt+<prr Edl’dt

= hrilo //(Pt—PM)godxdt—&—/P(m,t)np(x,t)dx
e R —00

= (p(x’ t) ’z:t:O'

Before representing the solution u = F~(f-€) of equation (19.1)
via f € &' and the fundamental solution e € S’ of the operator
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A(D,), we express the function Fil(fi g) via f and ¢ in the as-
sumption that ¢ = F7'§ € £. According to Theorem there
exist multiindices a and 3 and continuous functions f, and gg with
compact supports such that f = D% f,, g = D?gs. Therefore,

F(f(€)9(6) =F (€ 1a() - 95(6)) = DITF " (fu - G5).
Let us calculate F~(f, -g3). We have

fo G5 = // e WHIE L (y)gs(0) dy do.

Setting y+ 0 = z and using the compactness of supp f, and supp gz,

we obtain f, - gg = F[fa * gg], where ¢ % ¢ denotes (see note 4 in
Section |5|) the convolution of the two functions ¢ and ¥, i.e.,

(pxi)(z) = /w(y)w(w —y)dy.

19.4.P. Verify that if p € C'(‘)al, P € C’(l)a‘, then @ * 1 = 1 * @,
D¥(pxv) = (D) x ¢ = * (D).

19.5. DEFINITION. (Compare with P{19.4)). The convolution fx*g
of two generalized functions f = D%f, € & and g = DPgs € &',
where f,, gg € Co(R™), is the generalized function D**5(f,, * gg).

Note that for f € £ and g € £’ the following formula holds:
FUF ) =g (19.4)

Indeed, F[D**F(f, * g5)] = £ (fu * g5) = (£ fa)(€795)-

Let us find F~*(f - §) in the case when f € & and g € S'.

19.6.P. Let f € &', g € §'. Setting g, (x) = p(x/v)g(x), where
p € CPMR™), ¢ =1 for |x| < 1, verify that g, € E'; g — g in S';
f9r—f-ginS, and (f gy, 0) — (F(f-9),¢) Vo €S.

On the base of PJ19.6] generalizing formula (19.4), we give

19.7. DEFINITION. The convolution fx*g of two generalized func-
tions f € £ and g € &’ is the function from &', given by the formula
fxg=F (f-5). (Note that f e C>® Ge ")

19.8.P. (Compare with P{19.4). f €&, g€ 8 = fxg=gx*f;
D(fxg)=(D*f)xg=f*(D%); dxg=g.

It follows from abovesaid that the following theorem holds.



102 3. THE SPACES H®. PSEUDODIFFERENTIAL OPERATORS

19.9. THEOREM (compare with (19.2) and note 4 in Sect. [5).
-i

The desired “explicit” formula for the solution of equation (|19.1
has the form u = f x e, where e € 8" is the fundamental solution of
the operator A(D,,).

19.10.P. Prove the Weierstrass theorem on uniform approxima-
tion of a continuous function f € C(K) by polynomials on a compact
K CR"™: Ve >0 3 a polynomial p such that ||f(x) — p(x)|lcx) < €.

HiNT. Let Q be a neighbourhood of K. Following the scheme
of the proof of Lemma [I3.10] and taking into account P[.4] set

/ e y)dy,

where
x) = ﬁ L(l - lm2 )”3 , r=(T1,...,Tp).
o] N3 v "
19.11. LEMMA. Letu € L' NC, v € L?. Then uxv € L? and

lw s vl|p2 < lullzy - [0 22 (19.5)

PROOF. !f €—n d77| (J lu(€ = m)ldn) - A(§) = [lull: -
A(E), where A(E) = [ Ju(é—n)|- |v( )|2dn. However, (see Lemmal(8.26))
JA@)dS = ||U||2Lz Nl O

20. On spaces H*

The study of generalized solutions of equations of mathematical
physics leads in a natural way to the family of Banach spaces W»™
introduced by Sobolev. Recall Definition[I7.4)of the space WP ().
For p > 1 and m € Z,, the space WP"™(Q) is the Banach space of
the functions v € LP(§2) whose norm

1/p

llullwe.m@) = /Z |0%u|Pdx (20.1)

|a|<m
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is finite. Here, 0%u is the generalized derivative of the function wu,
ie.,

°u=wvec L. (Q) and

/1} cpdr = (—1)le /uaacpdx Vo € C(Q). (20.2)
Q Q

S.L. Sobolev called the function v satisfying conditions the
weak derivative of order a of the function uw. Maybe, this is the
reason, why letter W appeared in the designation of the Sobolev
spaces.

For p = 2, the spaces WP™ are Hilbert spaces (see note 4 in
Section . They are denoted (apparently, in honour of Hilbert) by
H™. These spaces play a greatly important role in modern analysis.
Their role in the theory of elliptic equations is outlined in Section
A detailed presentation of the theory of these spaces can be found,
for instance, in [8), [70]; a brief one is given below.

20.1.P. Using formula (18.1), verify that the space H™(R™) in-
troduced above for m € Z, is the space of u € S'(R™) such that

1+ [E)™ (Fu)(€) € L*(R").

20.2. DEFINITION. Let s € R. The space H®* = H*(R") consists
of u e &' = §'(R™) for which the norm

[ulls = [1€6)* - w(&)l|L2®n), where () =1+ [¢], 4= Fu.

is finite.

m

20.3.P. Verify that if > (3, then S € H* C H? C S’ and the
operators of embedding are continuous and their images are dense.

20.4. THEOREM (Sobolev embedding theorem). If s > n/2+m,
then the embedding H*(R™) C CJ*(R™) holds and there exists C' < oo
such that

[ullgmy < Cllulls Yu € H, (20.3)
where
[ullgmy = D sup [0%u(a)].
la|<m TER™

PROOF. We have to prove that Yu € H*(R™) Jv € C}"(R") such
that v = u almost everywhere and [|v||(,,) < C|lul|s. It is sufficient
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to prove it for m = 0. The inequality

u(©)] = ] JECICR <5>-Se"’wfdf\ < Jull ( / <£>‘23d£)1/2,

where u € S(R), implies estimate (20.3). If v € H®, u, € S and
lltn — ulls — 0, then by virtue of (20.3) Jv € C° such that |u, —
vl[(0) — 0 and [[v]l(0) < Cllulls. Since [[u—v|12) < Calllu—un|s+
ltn —v|l(0y) — 0, we have u = v almost everywhere. O

20.5.P. Let u(x) = ¢(2x)In|In|z||, where x € R? and ¢ is the
function from Ezample . Show that u € H'(R?). Thus, H"/?(R")
cannot be embedded into C'(R™).

20.6.P. Verify that 6 € H*(R™) for s < —n/2.
20.7. THEOREM (of Sobolev on traces). Let s > 1/2. Then,

for any (in general, discontinuous) function uw € H*(R™) the trace
yu € H*"Y2(R" 1) is defined, which coincides, for a continuous
function u, with the restiction u}w _o Of the function u onto the
hyperplane x,, = 0. Moreover, 3C < oo such that
lvullizyje < Cllulls  Vu € H*(R™), (20.4)
where || - ||/, is the norm in the space H (R™1).
PROOF. Let x = (2/,2,) € R"! x R. For u € S(R"), we have
U(.I‘/, O) = fR"*l 611/5’ [fR a(fl7gn)d§7L] dé./v therefore? (”7“”;-1/2)2 =
_ ~ 2
Jan-1 (€27 | [ (€, 6 )dEn| " dE'. Then

JRGES "< ) [0t R,

where A(¢') = [(£)72d¢, < COy(¢)™*t1/2 and Oy = C [(1 +
22)7%dz < oo for s > 1/2; (z = &,(1 + |¢'|>)~'/?). Therefore,
||7u||’s_1/2 < Cllu|ls for w € S. If uw € H*(R") and |ju, — ul|s —
0asn — oo and u, € S, then Jw € H*"'/2(R"') such that
lvun — u/||’571/2 — 0; w does not depend on the choice of the se-
quence {u,}. By definition, yu = wj; and estimate is also
valid. O

20.8. DEFINITION. The operator P = Py : D'(R") 5 f +——
Pf e D(Q), where Q is a domain in R™ and (Pf,p) = (f, ) Vo €
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D(Q), is called the restriction operator of generalized functions given
in R™ onto the domain €.

20.9. DEFINITION. Let H*(f2) denote the space PoH*®(R™) with
the norm
[flls.0 = [[Lflls, f e H(Q), (20.5)
where the infimum is taken over all continuations Lf € H*(R") of
the function f € H*(Q) (i.e., PoLf = f). If it is clear from the
context that a function f € H*(2) is considered, then we may omit
index Q write || f||s and instead of || f||s -

20.10. DEFINITION. The space H*(T"), where T' = 9 is the
smooth boundary of a domain 2 &€ R", is the completion of the
space C*°(T") in the norm

K
lollsr = lewnlls. (20.6)
k=1

K

Here, || - || is the norm of the space H*(R"~ 1), " ¢, = 1 is the
k=1

partition of unity (see Section subordinate to the finite cover

K

UTr =T, where I'y = QN T, and Q is a n-dimensional do-
fnaiin, in which the normal to I' do not intersect. Furthermore, the
function ¢prp € C§°(R™1) is defined by the formula (pxp)(y’) =
okl 1Y) - plog ' (y)), where oy is a diffeomorphism of R”, (affine
outside a ball and) “unbending” I'y. This means that, for z € Qy,
the nth coordinate y, = y,(z) of the point y = (v, yn) = ox(x) is
equal to the coordinate of this point on the inward normal to I'. If
it is clear from the context that we deal with a function p € H*(T'),
then equally with ||p|| » we also write [|p][;.

20.11. REMARK. Definition of the space H*(T') is correct,
i.e., it does not depend on the choice of the cover, the partition
of unity and the diffeomarphism oj. In the book [59] this fact is
elegantly proven with the help of the technics of pseudodifferential
operators.

20.12.P. Let s > 1/2. Show that the operator C(Q) N H*(Q) >
U — u|F € C(T') can be continued to a continuous operator v :
H*(Q) — H*Y2(T).
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20.13. REMARK. The function yu € H5~1/2(T), where s > 1/2,
is called the boundary value of the function v € H*(2). One can
rather easily show (see, for instance, [70]) that H*~/2(T), where
s > 1/2, is the space of boundary values of functions from H?*(£2).
The condition s > 1/2 is essential, as the example of the function
u € H'?(R,) given (compare with P by the formula u(z) =
©(2z) In | In |z|| shows.

20.14. REMARK. The known Arzela theorem (see [36}, [71]) as-
serts that if a family {f,} of functions f,, € C(Q) defined in € R
is uniformly bounded (i.e., sup || f|| < c0) and equicontinuous (Ve >

030 > 0 such that |f,(2)— fn(y)| < € Vn, if [r—y| < §), then one can
choose from this sequence a subsequence converging in C(Q). With
the help of this theorem one can prove (see, for instance, [8], [70])
that the following theorem is valid.

20.15. THEOREM (on compactness of the embedding). Let 2 €
R™, and a sequence {u,} of functions u, € H?®(Q) (respectively,
u, € H*(00)) be such that ||un|ls < 1 (respectively, ||u,l|, < 1).
Then one can choose from this sequence a subsequence converging in
H'(Q) (respectively, in H'(OR)), if t < s.

21. On pseudodifferential operators (PDO)

The class of PDO is more large than the class of differential
operators. It includes the operators of the form

Au(z) = /K(x,x —yu(y)dy, u € C;°(Q).
Q

Here, K € D'(Q2 x R™) and K € C*(Q x (R"\0)). If K(z,z —y) =
S ag(x) -8 (z —y), then Au(z) = > a®(z)0%u(z). Another
loe|<m | <m
example of PDO is the singular integral operators [45]. However,
the exclusive role of the theory of PDO in modern mathematical
physics (which took the shape in the middle sixties [30] [35), [66])
is determined even not by the specific important examples. The
matter is that PDO is a powerful and convenient tool for studying
linear differential operators (first of all, elliptic one).
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Before formulating the corresponding definitions and results, we
would like to describe briefly the fundamental idea of the applica-
tions of PDO. Consider the elliptic differential equation in R™ with
constant coefficients

a(D)u = Z ao D% = f. (21.1)

The ellipticity means that
am(§) = Y aal® #0 for [¢] #0.

|a]=m

This is equivalent to the condition

|a ()]

7 aa| > Cle™ for || > M > 1. (21.2)
la|<m

Now prove the following result on the smoothness of the solutions
of equation (21.1)). If u € H*~! and a(D)u € H*~™ for some s, then
u € H®. Of course, this fact can be established by constructing the
fundamental solution of the operator and a(D) and investigating its
properties (see, for instance, [31]). However, instead of solving the
difficult problem on mean value of the function 1/a(§), where £ € R™,
(this problem arises after application the Fourier transformation to
equation written in the form F~'a(¢§)Fu = f) it is sufficient
to note “only” two facts. The first one is that, taking into account
(21.2), we can “cut out” the singularity of the function 1/a by a
mollifier p € C* such that p=1for [§| > M +1, p=0 for |{] < M.
The second is that

(F Y (p/a)F)(F 'aF)u=u+ (F '7F)u, 7=p—1. (21.3)
Therefore, by virtue of obvious inequalities
(&) /a(©)] < COL+IEN™, 7€) < On(1+[e)™™ YN = 1, (21.4)
which imply the inequalities
IE(o/@)F)fl, < Clflls—ms IF~rF)ully < Cllullsn, (215)
as a result, we have a so-called a priori estimate
ulls < C ([ flls=m + lulls=1), f=a(D)u, we H*,  (21.6)

where C does not depend on u. The above-mentioned result on the
smoothness of the solution of elliptic equation (21.1f) follows from
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(21.6)). Here the word “a priori” for estimate of the solution
of equation means that the solution was obtained before the
investigation of solvability of equation , i.e., a priori.

The simplicity of the deduction of the a priori estimate
characterizes brightly enough the role of the operators of the form
F~'aF. Such operators are called pseudodifferential operators con-
structed by the symbol a = a(£). We shall also denote them by
Op(a(€)) or a(D). Depending on the class of symbols, one or another
class of PDO is obtained. If a(z, &) = Y aq(2)£%, then a(x, D)u(z) =
Op(a(z, &))u(x) = aq(x)D2u(x). If a(x, §) is a function positively
homogeneous of zero order in &, i.e., a(x, t§) = a(x, &) for t > 0, then
a(z, D) = Op(a(z,£)) is the singular integral operator [45], namely,

. C(JJ, T — y)
Op(a(z, §))u(x) = b(x)u(x) +}£%| J R

u(y)dy.

Here, c¢(z,tz) = ¢(z, z) for ¢ > 0 and flzlzl ¢(x,z)dz = 0. In partic-
ular, in the one-dimensional case, when a(§) = a4604(€) +a_0_(§),

where 0, is the Heaviside function and §_ =1 — 6, we have
Op(al&)u = "5 *=ula) + v [ == u(y)dy.

that follows from PJ17.25|and ((12.7]).

Let us introduce a class of symbols important in PDO.

21.1. DEFINITION. Let m € R. We denote by S™ = S™(R") the
class of functions a € C*°(R™ x R™) such that a(z, ) = ao(z,§) +
a1(§) and Va V3 3C,5 € S(R™) 3C3 € R such that

1020 ag(x,€)| < Cap(x) - (€)™ 171,
00a1(€) < CpO™ P () =1+ (21.7)

If a € S™, then the operator a(x, D) given by the formula
Oplaler )uta) = [ ale ilepte, T=Fu (218)

and defined, obviously, on C§°, can be continued to a continuous
mapping from H*(R"™) into H*~™(R™), as the following lemma shows.
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21.2. LEMMA (on continuity). Leta € S™. ThenVs € R 3C > 0

such that
la(z, D)ulls—m < Cllulls Vu € CE(R"). (21.9)

PRrOOF. Ifa(z,£) = a1(£), then estimate (21.9)) is obvious. There-
fore, it is sufficient to establish this estimate for a = ag (see Defini-
tion [21.1)). Setting Agv = ag(z, D)v, we note that

(Ao)(€) = / (i ante.mya) stnyan.

By virtue of and Lemma [17.14] we have
(A0)O)] < Ca [ ™ = n) ), [a] > 1.

The triangle inequality |£| < |n|+ | —n| implies the Peetre inequality

{€)° < (m)*(¢ —mll. (21.10)
Therefore, (€)*~™|(Aqv)(€) |< c f s(¢ — pyls=mi=led|g(n) |dy. Tt
remains to apply inequality (|1 O

21.3. EXAMPLE. Let a(§) = e+1/(|§|2+q2), €>0,q>0. Then
a € SY for e >0 and a € S72 for e = 0. Moreover, (compare with
([19.2)) for n = 3, a(D)u(z) = eu(z) + 7 [ps |# — y| ! exp(—2mq|a —
yu(y)dy, v € Cg°. Indeed, set f = Op(1/(|¢]*> + ¢?))u that is
equivalent to u = (|D|?+¢?)f, i.e., —Af+(2mq)? f = 4n*u. By virtue
of the estimate ||f||s < Cllu||s+2, the solution of the last equation
is unique in H*®. It can be represented in the form f = 472G * u,
where (compare with P[7.1) G(z) = exp(—2mq|z|)/4n|z| € HO is the
fundamental solution of the operator —A + (27q)2.

21.4. DEFINITION. Let a € S™. An operator Op(a(z,§)) is
called elliptic if there exist M > 0 and C' > 0 such that

la(a,&)| > Cle™ Vo € R" and |¢] > M

(compare with (21.2))).

21.5.P. Following the above proof of estimate (21.6) and using
Lemma prove that, for the elliptic operator Op(a(x,§)) with
the symbol a € S™ the prior estimate
[ulls < Cllla(z, D)|[s—m + [lulls-~) Yu € H*, C'=C(s,N), N > 1,

(21.11)
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holds.

HINT. Setting R = Op(p(€)/a(x,€)), where p € C, p = 1 for
€] > M +1, p = 0 for |§] < M, show that R - Op(a(z,&))u =
u+ Op(7(x,&))u, where 7 € ™1

21.6. LEMMA (on composition). Let a € S*, b € S™. Then
VN >1

a(z,D) - Op(b(x,€)) = > Op [(¢alz,&)(DIb(x,£)] /o + Ty,
|| <N
where | TN||s4N=(km) < Cllvlls Yo € H?.
The proof see, for instance, in [35].

21.7. DEFINITION. An operator T : C§° — &' is called smooth-
ing, if VN > 1Vs € R3C > 0such that ||Tu|s+n < Cllu|ls Yu € H.

21.8.P. Let there be a sequence of functions a; € S™i, where
m; | —oo as j T +oo. Then there exists a function a € S™' such
that (a — 3~ a;) € S™¥ YN > 1.

G<N

HinT. Following the idea of the proof of the Borel theorem [15.2

one can set -
a(z,&) =Y e(&/t;)a;(z,9),
j=1

where ¢ € C*(R"), ¢(§) = 0 for €] < 1/2, p(&) =1 for [¢] > 1,
and choose t; tending to +o0o as j — oo so rapidly that, for |z| <1
and |a| 4 |8] + 1 < 4, the following inequality holds:

|08 DI (p(€/tj)a;(x,€)| < 279 (€)™
Solution see, for instance, in [59].

21.9. DEFINITION. An operator A : C§° — &’ is called pseudo-
differential of class L, if A = Op(a(x,&)) + T, where a € S™ for
some m € R, and T is a smoothing operator. Any function o4 € S™
such that (04 —a) € S VN is called the symbol of the operator
AelL.

21.10. P. Applying Lemma [21.6], show that the operator A €
L has (compare with P the pseudolocality property, in other
words, if ¢ and v belong to C§° and ) = 1 on supp ¢, then p A(1—1))
i$ a smoothing operator.
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21.11. REMARK. The class L is invariant with respect to the
composition operation (see Lemma and P as well as with
respect to the change of variables. The following lemma is valid (see,
for instance, [30} [59]).

21.12. LEMMA (on change of variables). Let a € S™. Then the
operator a(x, D,) = Op(a(x,§)) in any coordinate system given by a
diffeomorphism (affine outside a ball) o : x — y = o(x), for any
N > 1, can be represented in the form

> Op [% YO8 (@) o (ays mor- ()] + Ty, (21.12)

la|]<N

where 'o’ () is the matriz transpose to o' (x) = do /dz, and @ (y,n)
is a polynomial in n of degree < |a|/2 given by the formula

paly ) = D% exp [i(0(2) — 0(a) o' @) h— )] |,

Moreover, | Tyt x/2s11-m < Cllolls Vo € H-.

22. On elliptic problems

In Section [5| we have considered (for some domains 2) the sim-
plest elliptic problem, namely, the Dirichlet problem for the Laplace
equation. One can reduce to this problem the investigation of an-
other important elliptic problem — the problem with the directional
(the term skew is also used) derivative in a disk Q = {(z,y) € R? |
2?2 + y? < 1} for the Laplace equation

Au=0 in Q, Ju/Or=f on I'=0Q, fec C>®({T). (22.1)

Here, 0/0X = (ad/0z —b0/0y) is the differentiation along the direc-
tion A (possibly, “sloping” with respect to the normal to the bound-
ary I'). This direction depends on the smooth vector field

o:T3sr—0a(s) = (a(s),b(s)) € R?, a?(s) +b*(s) #0 Vs € T.

Let us identify a point s € T" with its polar angle ¢ € [0,27]. If
() = (cosp,—singp), then A = v is the (outward) normal to T}
if o(p) = —(sing, cos ), then A = 7 is the tangent to I'. All these
cases as well as others are important in applications. However, our
interest in problem is caused, first of all, by the fact that it
well illustrates the set of general elliptic problems.
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It turns out that the solvability of problem (22.1]) depends (see

P122.1-PJ22.4 below) on the so-called degree of the mapping o rela-
tively the origin, namely, on the integer

N = {arg[a(27) + ib(27)] — arg[a(0) + ib(0)]}/2x.

It is clear that IV is the number of revolutions with the sign, made
by the point o(yp) around the origin, when it moves along the closed
curve o : [0,27] 5 — a(p) = (al(e), b()).

For N > 0, problem is always solvable but non-uniquely:
the dimension « of the space of solutions of the homogeneous problem
is equal to 2N + 2.

If N < 0, then for solvability of problem (22.1)), it is necessary
and sufficient that the right-hand side f is “orthogonal” to a certain
subspace of dimension 8 = 2| N|—1. More exactly, there exist (2| N|—
1) linear independent functions ®; € L?(I") such that problem
is solvable if and only if

/ffbjdl“:OVj:1,...,ﬂ:2|N|—1.
T

In this case the dimension « of the space of solutions of the homo-
geneous problem is equal to 1. A special case of problem ,
when A\ = v is the normal to I', is called the Neuman problem for
the Laplace equation. In this case, N = —1, since a(p) + ib(p) =
exp(—ip). The Neuman problem is solvable if and only if fF fdr =0;
and the solution is defined up to an additive constant. Indeed, if
fr fdl' =0, then a continuous function

g(s) = g(so) +/f(<p)d<p-

is defined on I'. Using the function g, we construct a solution v of the
Dirichlet problem Av = 0in §2, v = g on I'. Then the real part of the
analytic function u+iwv, i.e., the function u (defined up to an additive
constant) is a solution of the considered Neuman problem, because
Ou/dv = Ov/Ot = f, where 9/07 is the differentiation along the
tangent to I'. Conversely, if u is a solution of the Neuman problem,
then the “orthogonality” condition fr fdI' = 0 holds. This follows")
immediately from the Gauss formula . Finally, the first Green
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formula (7.3)) implies?) that if u;, uy are two solutions of the Neuman
problem, then u = u; — us = const, since

/(Ui + ui)dmdy = Oa i'e'7 Uy = Uy =0 <= u =const.
Q

Y Under the additional condition u € C?(Q2). This condition is valid
for f € C°(T") by virtue of prior estimates for elliptic problems (see
below). By the way, the assertion is also valid without this additional
condition (see, for instance, [48] § 28 and § 35]).

Now consider the general elliptic (see Definition [21.4)) differential
equation

a(@,Dyu= > an(z)D*u=f, uec H(Q) (22.2)
loe|<m
in a domain 2 € R™ with a smooth boundary I'. The example of the

problem with directional derivative shows that, first, it is advisable
to ask the following question: how many boundary conditions

bj(;U,D)u|F = Z bjﬁ(x)D5u|F =g; on I', j=1,...,u (22.3)
|B|<m;
should be imposed (i.e., what is the value of the number u) and
what kind the boundary operators?) b; should be of in order that
the following two conditions hold:

1) problem (22.2)—(22.3) is solvable for any right-hand side

n
F=(fg,...,gu) € H*M = H>™(Q) x [ H ™~ *(I), (22.4)
j=1
which is, possibly, orthogonal to a certain finite-dimensional
subspace Yy ¢ H>M,;

2) the solution u of problem (22.2)—(22.3) is determined uniquely
up to a finite-dimensional subspace Xy C H*(Q).

2) The example of the problem Au = f in Q, Au = g on I shows that
one cannot assign arbitrary boundary operators (22.3).

Below we answer this question in terms of algebraic conditions
on the leading terms of the symbols of differential operators. These
conditions are sufficient as well as necessary (at least, for n > 3) for
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solvability of problem ([22.2)—(22.3) in the above-mentioned sense.
However, before considering these conditions, we formulate a series
of exercises relating to the problem with directional derivative.

22.1.P. Setting U = u,, V = —uy, show that a solution u of
problem determines the solution W of the following Hilbert
problem: to find a function W = U + iV analytic in Q, continuous
in Q and satisfying the boundary condition aU +bV = f onT'. Con-
versely, the solution W of this Hilbert problem determines uniquely,
up to an additive constant, the solution u of problem .

22.2.P. Verify that on T' = {z = |z|exp(ip), |z| = 1} the con-
tinuous function g(p) = argla(p) + ib(¢)] — Ny is defined. Then,
constructing in Q = {|z| < 1} the analytic function p + iq by the
solution of the Dirichlet problem: Aq =0 in Q, ¢ = g on T, show
that the function c(z) = 2V -exp(p(z, y) +iq(z,y)), where z = x +iy,
analytic in ), satisfies on I' the condition: ¢ = p - (a + ib), where
p=¢€P/|a+ib| > 0.

22.3.P. Let N > 0 and ¢ = £ + i1 be a function analytic in Q
and such that
RC=p-f/|c|* on T. (22.5)
Setting U 4+ 1V = ¢(2)((z), verify that
plalU +bV) = (Re)U + (Se)V = |c*R(U +iV)((z) = pf on T,
i.e., (aU+bV) = f onT. Show that, for N > 0, the general solution
of the Hilbert problem is representable in the form c(2)[((z)+Wo(2)],
where Wo = 0 for |z| = 1, Wy is analytic for 0 < |z| < 1 and has a
pole at z =0 of multiplicity < N. Using Theorem[5.16, prove that
-1
Wo(z) =ipo+ Y [k + i) 2" — Ak — i) 27",
k=—N
where A\ € R, ux € R, i.e., Wo(2) is a linear combination of 2N + 1
linear independent functions.

22.4.P. Let N < 0. Verify that if U + iV is the solution of
the Hilbert problem, then the function ((z) = (U +iV)/c(2) satis-
fies condition . Then, representing the function R¢(z) har-
monic for |z| < 1 in the form of the Poisson integral and
expanding the function R((z) for |z| = 1 into the Fourier series,
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(oo}
prove that {(z) = (A\o/2 + ic) + Z (A = dpn)2™ for |z| < 1, where

() cos(ne)d _ ) sin(ney)d.
c€R Ay = ff %Wﬂ**” o

Using this result and taking into account the fact that the function
C(z) has at z = 0 zero of multiplicity > |N| > 1, show that, for
N < 0, there ezists at most one solution of the Hilbert problem,
and the necessary and sufficient condition of the solvability of the
Hilbert problem for N < 0 is the following one: Ao = -+ = A\|nj—1 =
p1 == pnj-1 =0, i.e., “orthogonality” of the function f to the
(2|N| — 1)-dimensional space.

22.5. REMARK. The solution of problems PR2.1}- P24 is pre-
sented, for instance, in § 24 of the textbook [25].

Let us go back to the boundary-value problem (22.2))—(22.3)) in
the domain Q & R"”, representing it in the form of the equation
Au = F for the operator

A:H*(Q) > ur— Au € H™M, (22.6)

where Au = (a(x, D)u,vybi(x, D)u,...,vb,(x, D)u). Here, v is the
operator of principal values on I' (see PJ20.12), and H5M is the
Banach space functions F' = (f, g1,...,g,) introduced in (22.4) with

the norm

“w
1F o nr = 1F ls=m + D 1951112 (22.7)
j=1
Considering the operator equation Au = F, we use the following
standard notation. If X and Y are linear spaces and A a linear
operator from X into Y, then

KerA={zre X | Az =0}, Coker A=Y/Im A,

where InA ={y €Y |y = Az, = € X} is the image of the operator
A, and Y/Im A is the factor-space of the space Y by Im A4, i.e., the
linear space of the cosets with respect to Im A (see [36]). Recall that
the linear spaces Ker A and Coker A are called the kernel and the
cokernel of the operator A, respectively. Also recall that if X and
Y are Banach spaces, then by L(X,Y") we denote the space of linear
continuous operators from X into Y.
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As has been said, we are going to find conditions on the symbols
of the operators a(x, D) and b;(z, D) under which

a =dimKer A < 0o, 8 = dim Coker A < oo. (22.8)
Below we shall write property (22.8)) briefly:
indA=a-70< oo, (22.9)

and call the number ind A € Z by the index of the operator A. Two
most important results of the elliptic theory are connected with this
concept: Theorem[22.23]on finiteness of the index and Theorem
on its stability.

22.6. REMARK. It follows from PR2.7 and Lemma 22.8] that
Im A is closed in the Hilbert space H*. Therefore, Coker A is
isomorphic to the orthogonal complement of Im A in H%™.

22.7.P. For any s € R, prove the existence of a continuous
continuation operator
®:H(Q) — H°(R"), Pbu=u (22.10)
and show that operator (22.6) is continuous for s > max(m;)+1/2.
J

HiINT. For Q = R, we can take as ® the operator

®f = Op((n-)"")0+0p({(n-)*)Lf, (n-) =n-+1, n- = —in, + 1|,

(22.11)
where L : H5(2) — H*(R"™) is any continuation operator, and 6
is the characteristic function of R”}. By virtue of the Paley-Wiener
theorem the function 6, Op({n_)*)Lf does not depend on L,
since the function (n_)*(L; f — Lo f) can be analytically continued by
nn into Cy = Op((n=)*)(L1f — Laf) = 0_g € L?. Therefore, (see
B0F) [#f]l.z- < Cind [050p((n_*)Lf oz < Cint [Lf]opn =

_ K
Ol 1 Qs o compact in B, then . = -+ 3 - ®i(ov- ),

K K
where > ¢ =1in Q, ¢ € C° (), and |J Qi is a cover of the
k=0 k=1

K
domain Q such that |J Qr D T ¢ € C° (), Yrpr = ¢k, and
k=1

®,. is the operator given by formula (22.11)) in the local coordinates
y = ok (x) “unbending” T' (see Definition [20.10)).
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22.8. LEMMA (L. Schwartz). Let A € L(X,Y) and
dim Coker A < co.
Then Im A is closed in Y .

Ezxplanation. Consider an example. Let A be the operator of
embedding of X = C'[0,1] into Y = C]0,1]. Obviously, Im A #
Y = Im A. According to Lemma dim Coker A = oo. This can
readily be understood directly. Indeed, let ¢ (t) = |t — af, where
a €]0,1[, t € [0,1]. We have ¢, ¢ Im A, ¢, — pg ¢ Im A for a # S,
i.e., the elements ¢, are the representatives of linear independent
vectors in Y/ Im A. Thus, dim(Y/Im A) = oo.

The proof of Lemma [22.8| is based on the Banach theorem on
the inverse operator®). It is presented, for instance, in [59].

® Let X and Y be Banach spaces, A € L(X,Y). If Ker A = 0, then
JA™! : Im A — X. However, as the example given in the clarification to
the lemma shows, the operator A~' can be discontinuous. The Banach
theorem (see [36]) asserts that A~" is continuous, if Imn A =Y.

22.9. LEMMA. Ifind A < oo, then 3C > 0 such that
[ulls < C([lAulls,pr + [[ulls—1) Yu € H* (). (22.12)

PRrROOF. Let X be the orthogonal complement in H*M to Xy =
Ker A. We have A € L(X;,Y1), where Y1 =Im A, and A is an iso-
morphism of X; and Y;. The space Y; is closed (Lemma, hence,
it is a Banach space. By the Banach theorem, A~! € L(Y;, X1). Let
p denote the orthogonal projector of X onto Xy. Then

lulls < llpulls + 11 = p)ulls = Ipulls + A AL = p)uls
< lpulls + C1 AL = p)ulls,ae
< lpulls + Crll Aulls,nr + Collpulls.
It remains to note that ||pu||s < C||u||s—1. This is true, because pu €
Xo, dim Xy < oo, hence, |[puls < C|lpul|s—1 (since the continuous

function ||v||s is bounded on the finite-dimensional sphere ||v||s—1 =
1,ve Xo)

22.10. LEMMA. (22.12)) = dim Ker A < oco.
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PROOF. Suppose that dimKer A = oo. Let {u;}32; be a or-
thonormed sequence in Xo = Ker A. Then |lux — u;,||2 = 2. It fol-
lows from that ||ug — Umlls = V2 < Cllug — U ||s—1, because
(ug —um) € Xo. Therefore, ||ug —um|[s—1 > v/2/C. Hence, one can-
not choose from the sequence {u;} bounded in H*(2) a subsequence

converging in H*~1(Q). However, this contradicts the compactness
of the embedding of H*(Q) into H*~1(£2) (see Theorem [20.15). O

22.11. REMARK. Lemmas[22.9)and [22.10]show the role of a priori
estimate (22.12). A way to its proof is suggested by the proof of a

priori estimate (21.11) in R™ (see hint to Pf21.5). Moreover, the

following lemma is valid.

22.12. LEMMA. Let R € L(H*M H?),
R-Au=u+Tu, |[Tulls+1 < Clluls (22.13)
and
A-RFy =F +TVF1, |TiF|sq1.m < C||Falls,m- (22.14)
Then ind A < co.

PRrROOF. Obviously, (22.13) = (22.12]). Therefore, dim Ker A <

oo. Furthermore, Ty : H5M — H*M is a compact (in other terms,
totally continuous) operator [36], i.e., T3 maps a bounded set in
HM in a compact one that follows from and the com-
pactness of the embedding of H*T%M into H*™ (Theorem .
Hence, by the Fredholm theorem (see [36], [56]) the subspace Y; =
Im(1 + T1) is closed in H*M  where dim CokerY; < oo, and the
equation (14+77)F = F has a solution for any F' € Y. It remains to
note that Im A = Im(1+177), and the equation Au = F has VF € Y;
the solution ©w = RF. O

22.13. DEFINITION. The operator R, which satisfies (22.13)) and
(22.14)), is called the requlizer of the operator A.

22.14.P. Let T = 09Q, where Q € R"T. A pseudodifferential
operator®) A . H*(T') — H*~™(T') of the class L™ on the closed
variety T is called elliptic, if its symbol® a satisfies the condition
la(z,&)| > C|EI™ for x € T and |§| > 1. Prove that ind A < 0.

Y Let £ = (£1,...,6,) € R™ be the coordinate representation of a
linear functional v on the tangent space to I' at a point p € I with the
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local coordinates © = (x1,...,2Z»). The functional (vector) v is called
cotangent. The set of such vectors id denoted by T,T'. It is isomorphic
to R™. The value of v on the tangent vector grad, = (9/0z1,...,0/0zy)
is calculated by the formula (&, grad,) = £0/0x1 + -+ + £,0/0zy. If
y = o(x) is another local system of coordinates of the same point p € T
and 7 = (1, ...,Mn) is the corresponding coordinate representation for the
cotangent vector v, then, by virtue of the equality (£, grad,) = (n, grad,),
the relation ¢ = ‘o’(z)n holds, where ‘o’ (z) is defined in Lemma In

the set |J T;T a structure of a smooth variety is introduced in a natural
pel
way. It is called the cotangent bundle. Let a function a € C*°(T,T) be

such that, for the points of I'y C I' with local coordinates x, the function
a coincides with a function ar € S™. Let > pr = 1 be a partition
of unity subordinate to the cover UI'y = I', and ¢ € C§°(I'x), where
Yror = @r. Lemma on the choice of variables implies that the
formula A : H°(T') 3 u — Au = Y viOp(ar(z,&))Yru € H*™™(T)
uniquely, up to the operator T € L(H*(T'), H*~™%(T")), determines a
linear continuous operator that is called pseudodifferential of the class L™
with the symbol a.

HINT. Let > ¢r = 1 be a partition of unity subordinate to a
finite cover UI'y =T, and vy, € C§°(T'y), where o = . Show
(compare with the hint to P21.5)), that the operator®)

Rf = nOp(pi(&)/ar(x,€))erf, f € H™™T),  (22.15)

where p € C*(R"), p=1for [ > M + 1 and p=0 for |{| < M, is
the regulizer for A.

We continue the investigation of the boundary-value problem
(122.2)—(22.3). Always below we assume that the following condition
holds.

22.15. CONDITION. Ifdim Q) = 2, then the leading coefficients of
the operator a(xz, D) are real.

22.16. LEMMA. The principal symbol am(z,§) = Y. aq(x)E>
l|=m

of the operator a(x, D) under Condition always admits a fac-

torization [66], i.e., the function

am(y,n) = Z aa(m)ga‘izto’(r)n; z=0-"1(y)’

|a]=m
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where o is defined in (21.12), can be represented in the form

m(y,n) =ai(y,n)-a_(z,n), n=(n',n,) ER"' xR. (22.16)

Here, the function ax(y,n) as well as the function aL'(y,n) is con-
tinuous for n # 0 and, for any ' # 0, can be analytically continued
by 1y, into the complex half-plane C+. In this case

ax(y,tn) =t'as(y,n) for t>0, (n',n,) € R" " x Cy,

where the number 1 is integer® . Moreover, m = 2.

%) We shall see below that the number y equal to the degree of ho-
mogeneity of the function a+(y,n) in 7, and called by the indez of factor-
ization of the symbol a., is intendedly denoted by the same letter as the
required number of boundary operators b;(z, D) in problem 7.

PROOF. If the coefficients a,(x) for || = m are real, then, for
n' # 0, the equation a,, (y,n) = 0, where n = (', 7,) € R* "1 xR, has
with respect to 7, only complex-conjugate roots 1, = +i\;(y,n’) €
C4, where k =1,..., u. Therefore, m = 2u is an even integer and

ayx(y,m) =cx(y H +in, +ixe(y,1')), cx(z) # 0. (22.17)

For n > 3, formula is always valid. Indeed, for n,, # 0, with
every root 1, = :i:i)x(y, n’) € C4 of the equation a,,(u,n) = 0, where
n = (n',nn), by virtue of the homogeneity of a,,(u,n) with respect
to 1, the root 7, = FA(y, —n') € Cs is associated. It remains to
note that the function A(y,n’) is continuous with respect to 1’ # 0,
and the sphere |n| = 1 is connected for n > 3. O

22.17. REMARK. It is clear that the symbol |n|? of the Laplace
operator admits the factorization |n|> = n n_, where ny = +in, +
|n’|. However, the symbol of the operator (0/dys + i9/dy1)™ is not
factorizable, since (1, + in’)~™ can be analytically continued with
respect to 1, in C; (in C_) only for ' > 0 (7’ < 0).

Let us formulate the conditions imposed on the symbols of the
operators b;(z, D). We fix a point zy € I'. Take the leading parts
of the symbols of the operators a(xg, D) and b;(zo, D), written in
the coordinates y = (v/,y,) € R"~! x R which locally “unbend” T'
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This means that near the point xy the boundary IT" is given by the
equation y,, = 0, where y is the inward normal to I'. Thus, consider
the polynomials in 7:

am (x0,m) = Z as&” and
|a]=m
bmj (x0777) = Z b]ﬁ($0)§ﬂ7 j = 17 R
|Bl=m;
where (according to Lemma [21.12)) £ = to’(x¢)n, and o : & — y is

the diffeomorphism “unbending” T' near the point zg. Let i’ # 0.

Suppose that Condition [22.15| holds, i.e., am(x0,n) = ay(x0,n) -
a_(xo,m). Let

)

m
2

o
S by (00 = by (20,m)  mod a (o, ) (22.18)
k=1

denote the remainder of division of by, (x0,1) by a4 (xo,n) (Where
br, and a, are considered as polynomials in 7, ).

22.18. CONDITION. (of complementability [2], or the Shapiro—
Lopatinsky condition [3, 19]). Polynomials (22.18)) are linear inde-
pendent, i.e.,

det(bjg(z,n')) £0Vx e, ¥y’ #0. (22.19)
In other words, the principal symbols by, . (x,m) of the boundary opera-

J

tors, considered as polynomials in 1, are linear independent modulo
the function ay(xo,m) which is a polynomial in ny,.

22.19. REMARK. In the case of a differential operator a(x, D) or
in the case of a pseudodifferential operator a(z, D) with a rational
symbol, as in Example21.3| we have a(n/,n,,) = (—1)"a_(—n', —ny).
Therefore, the function a4 (zg,7n) in Condition can be replaced
by a_(zg,n). By the same reason, in these cases it is unessential
whether y,, is the inward normal or the outward normal to T'.

22.20. DEFINITION. Problem (22.2)—(22.3)) and the correspond-
ing operator A are called elliptic, if Conditions[22.15 and [22.18 hold.

22.21. EXAMPLE. Let a(z, D) be an elliptic operator of order
m = 2u. Let Bj(z,D) =071 /o=t + ... j=1,...,u, where v is
the normal to I', and dots denote an operator of order < j —1. Then
(under Condition [22.15)) det(b;x(x,n’)) =1 for any a(x, D).
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22.22.P. Let X be a smooth vector field on T = 0K, where Q is
a compact in R™. Show that the Poincaré problem
a(z, D)u = Z ao(x)D% = f in Q, Ou/OX+bx)u=g on T
lor|<2
(22.20)
for an elliptic operator a(x, D) is elliptic in the case n > 3 if and
only if the field \ at none point T is tangent to I'. Verify also that in

the case n = 2 problem (22.20) is elliptic (under Condition

for any nondegenerate field .

22.23. THEOREM. Let the operator A : H¥M(Q) — H*(Q) as-
sociated with the differential boundary-value problem (22.2)—(22.3):
a(z,D)u = Z ao(x)Du = f in Q €R",
le|<m
bj(x,D)u’F = Z bjﬁ(x)Dﬁu‘F =g; on I, j=1,...,up=m/2,
|B|<my;

be elliptic. Let (compare with P|22.7) s > max(m;) + 1/2. Then
J

ind A < co. Moreover,

o
lulls < Clla(z, Dyulls—m + Y I1b;(2, DYl —1y2 + lulls—1)-
j=1

(22.21)

PROOF. We outline the proof whose details can be found in
[2, 14, [66]. Using the partition of unity (as has been suggested in
hints to P22.7 and P[22.14) and taking into account P[21.5] we can
reduce the problem of construction of the regulizer for the operator
A to the case, when Q = R”}, and the symbols a(z, ) and b;(z,&) do
not depend on z. In this case, we define the operator R : H%M — H*
by the formula

o
RF = P Op(ry/ay)0,0p(r—/a-)Lf + 3  P+Op(¢;)(g; = f;),
j=1

(22.22)

where Py is the operator of contraction on R%, L : H*(R%}) —
H?#(R™) is any operator of continuation; by 1 we denote the func-
tions & /(€4)*, “removing” the singularities of the symbols 1/a4 at
the point ¢ = 0, since &4 = +i&, + |¢'], and (1) = &4 + 1. Note
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that (in contrast to the analogical function p in (21.3])) the func-
tion 7+ can be analytically continued by &, € C+. Furthermore,

n
&) = 30 eu(€)(€ /a1 (€)), where (ciy(€)) is the inverse (see
k=1

(22.19)) matrix for (b;x(£')) and
fi =7B;(D) - Rof, where Rof = POp(ry/aq)0,0p(r—/a_)Lf.
Using the Paley—Wiener theorem [18.4] one can readily verify that
the function Ry f does not depend on L (compare with PJ22.7) and
vanishes at z,, = 0 together with the derivatives with respect to x,
of order j < p.

Note that Au = PyOp(a_)Op(ay)uy, where uy € HO(R™) is
the continuation by zero for z,, < 0 of the function v € H*(R"). By

virtue of the Paley—Wiener theorem, 0,.Op(r_/a_)Op(a_)f- = 0
Vf_ € H(R"), if P, f_ = 0. Therefore,

RoAu = PyOp(ry /a4 )0, Op(r—/a_)Op(a—)Op(ay)us
= P, Op(ry/a4)0,+Op(aq)uy + Thu
= u + Thu, where || Tjulls+1 < C|lulls.
The operator Ry is the regulizer for the operator corresponding to
the Dirichlet problem with zero boundary conditions. Similarly, one

can prove that, in the case of the half-space, the operator (22.22) is
the regulizer for A. a

Estimate (22.21]) immediately implies

22.24. COROLLARY. Ifu € H*71(Q), Au € H>M(Q), then u €
H*(Q). In particular, if u € H*(S2) is the solution of problem (22.2))-
(22.3) and f € C>(Q2), g; € C=(T), then u € C*(Q).

22.25. PROPOSITION. Under the conditions of Theorem
Ker A, Coker A, hence, also ind A do not depend on s.

Proor. If u € H® and Au = 0, then, by virtue of Corol-
lary u € H Vt > s, i.e., Ker A does not depend on s. Then,
since H*M is the direct sum A(H®)+Q, where Q is a finite dimen-
sional subspace, and since H*M is dense in H*M for t > s, it follows
(see Lemma 2.1 in [26]) that Q C H“™. Therefore, (accounting

Corollary [22.24])
HM = HM 0 M = HOM 0 A(H)+HYY 0 Q = A(HY)+Q,
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i.e., Coker A does not depend on s. O

22.26. REMARK. Ker A and Coker A do not depend on s, but
when perturbing the operator A by an operator of lower order®
or by an operator with arbitrarily small norm®, dimKer A and
dim Coker A can vary. This can bee seen (the reader can easily
verify) even in the one-dimensional case. Nevertheless, ind A =
dim Ker A — dim Coker 4 does not depend on these perturbations.

) The elliptic theory has been constructed with the help of such
operators

Moreover, the following theorem is valid (see, for instance, [7,
26, 59]).

22.27. THEOREM (on stability of the index). Let Q € R", and
let the family of elliptic operators

Ai - H*(Q) — HSM(Q), where t € [0,1],
be continuous with respect to t, i.e.,
| A — Aru
Then ind Ag = ind A; .

ls.pr < C(t,7)||lulls, where C(t,7) — 0 as t — 7.

22.28. REMARK. Theorem gives us a convenient method
for investigation of solvability of elliptic operators Au = F. Actually,
assume that, for a family of elliptic operators

Ar=(1—t)A+tA, : HS — HSM

it is known that ind A; = 0. Then ind A = 0. If, moreover, we can
establish that Ker. A = 0, then the equation Au = F' is uniquely
solvable. If dim Ker A = 1, then the equation Au = F' is solvable for
any F orthogonal in H*>™ to a non-zero function, and the solution
is determined uniquely up to the one-dimensional Ker A.

Let us give (following [4]) an example of an elliptic operator of
a rather general form, whose index is equal to zero.

22.29. EXAMPLE. Let Q € R™ be a domain with a smooth
boundary I' and

Aq = (a(z,D),bi(z, D)|,,...,bu(z, D)|) : H*(Q) — H*M(Q).
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Here,

a(z,§) = Y aa(@)$*¢", bi(x,6) = Y bip(e)’d,

lal+k<2u [B]+1<m;

where ¢ > 0. Suppose that the ellipticity with a parameter holds,
ie.,

agu(1,6,9) = Y aa(@)€¢" £ 0 V(€ q) £ 0Vr € Q.

la|+k=2p
Then as,(z,7,q) admits (see Lemma [22.16) the factorization

a2u($7na q) = CL+($,’I’], Q)af(l'ﬂ?a q)

Suppose also that the analogue of the Shapiro—Lopatinsky condition
22.18 holds. Namely, for any = € T', the principal symbols

bj($7§) = Z bjﬁ(‘r)fﬁql|£:tax(x)na Jj= 17"'7M
|B|+1<m;;

of the boundary operators, considered as polynomials in 7,, are lin-
early independent modulo the function a4 (z,n,q), considered as a
polynomial in 7,.
We repeat the proof of Theorem preliminarily replacing
(&) = 1+ ¢ in the definition of the norm in the space H® (see
Definition by (¢) = 1+ ¢+ |¢]. Then, by virtue of obvious
inequality
10+ -+ 16T e < |

we obtain that the regulizer R of the operator A, (see the proof of
Theorem [22.23) satisfies the relations

1+ g+ €)M L2 @),

1
R-Au=u+Tu, |[Tul|s < ;Hu”s

and

1
Ay RF=F+TF, |T1F|s,m < 5||F s, M-

Therefore, the operators 1 + T and 1 + T} are for ¢ > 1 automor-
phisms of the appropriate spaces, and the equation A,u = F for
g > 1 is uniquely solvable. Thus, ind A, = 0 for any non-negative ¢
by Theorem
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The following proposition easily follows from Remark 22.28) and
Example |22.29

22.30. PROPOSITION. Let A : H® — H*M be the operator cor-
responding to the problem from Ezample |22.21| (for instance, the
Dirichlet problem

a(x, D)u = Z ao(x)Du = f in Q R,

091y

Y
for the elliptic operator a(x,D) which satisfies condition )
or to the elliptic Poincaré problem (considered in P. Then
ind A = 0.

22.31. COROLLARY. (Compare with P. The Dirichlet prob-
lem

on I', j=1,...,pn

Au=feH2Q), u=geH YY), s>1
in a domain 2 € R™ with a sufficiently smooth boundary I" is uniquely
solvable. In this case,

lulls < CUIflls—2 + lglli)2)- (22.23)

PROOF. By virtue of the maximum principle (Theorem ,
Ker A = 0. Therefore, Coker A = 0, since ind A = 0. Furthermore,
since Ker A = 0, the general elliptic estimate implies esti-
mate . Indeed, arguing by contradiction, we take a sequence
{uy} such that ||u,|ls = 1 and || Au,||s,ps — 0. By virtue of the com-
pactness of the embedding H*(Q2) in H*~*(Q2) and estimate (22.21)),
we can assume that u, converges in H® to w € H®. Since ||u,|s = 1,
we have |lul|s = 1. On the other hand, ||ul|s = 0, since Ker A = 0
and || Au|s ar = lim || Aup||s,ar = 0. O

22.32. COROLLARY. The Neuman problem

Au=fe H?(Q), ? —ge H32), s>3/2 (22.24)
v

in a domain 2 € R™ with a sufficiently smooth boundary I is solvable

if and only if

/f(m)dx — /g(’y)dl" =0. (22.25)
Q r

In this case, the solution u is determined up to a constant.
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PRrROOF. The necessity of immediately follows from the
Gauss formula (7.5). The first Green formula (or the Giraud-Hopf-
Oleinik lemma @ implies that Ker A consists of constants. Hence,
dim Coker A = 1, since ind A = 0. Therefore, problem is
solvable, if the right-hand side F' = (f, g) satisfies one and only one
condition of orthogonality. Thus, the necessary condition is
also sufficient for solvability of problem . a

22.33. REMARK. The method for investigation of the solvability
of elliptic equations described in Remark can be applied in
more general situations, for instance, for problems with conditions
of conjunction on the surfaces of discontinuity of coefficients [14].

22.34. REMARK. The theory of elliptic boundary-value problems
for differential operators considered in this section allows a natural
generalization onto pseudodifferential operators (see [19) [66]). In
particular, one can show [I5] that the equation

) 1 e—lz—yl
e“u(z) + g P
Q
for the operator considered in Example 21.3]has, for € > 0 and ¢ > 0,
the unique solution u € H~1(Q) for any f € C*(Q). If € = 0, then

Ik Ug € 000(0)7 pE COO(F)a

u=ug+p-90
where § ‘1‘ is the d-function concentrated on I'. For ¢ > 0, we have
u € C>(Q) and
1
u(z) = uo(w) + gp(y/)we_y"/e +ro(x, €),

where [|ro[ 22 < CV/e, yy is the distance along the normal form z to
y' €T and ¢ € C*(Q), » = 1 in a small neighbourhood of T' (and
» = 0 outside a slightly greater one).






Addendum
A new approach to the theory
of generalized functions
(Yu.V. Egorov)

1. Deficiencies of the distribution theory. The distribution the-
ory of L. Schwartz was created, mainly, to 1950 and fast has won
popularity not only among mathematicians, but also among repre-
sentatives of other natural sciences. This can be explained to a large
degree by the fact that fundamental physical principles can be laid
in the basis of this theory; hence its application becomes quite nat-
ural. On the other hand, a lot of excellent mathematical results was
obtained in last years just due to wide use of the distribution theory.
However, it was soon found out that this theory has two essential de-
ficiencies, which seriously hinder its application both in mathematics
and in other natural sciences.

The first of them is connected with the fact that in the general
case, it is impossible to define the operation of multiplication of
distributions so that this operation were associative. It can be seen,
for example, from the following reasoning due to L. Schwartz: a
product (6(z) - ) - (1/x) is defined, since each distribution can be
multiplied by an infinitely differentiable function, and is equal to 0.
On the other hand, the product §(z) - (z - (1/z)) is also defined and
equal to d(x).

Moreover, L. Schwartz has proved the following theorem.

THEOREM. Let A be an associative algebra, in which a derivation
operator (i.e., a linear operator D : A — A such that D(f - g) = f -
D(g)+D(f)-g) is defined. Suppose that the space C(R) of continuous
functions on the real line is a subalgebra in A, and D coincides with

129



130 Yu.V. Egorov

the usual derivation operator on the set of continuously differentiable
functions, and the function, which is identically equal to 1, is the
unit of the algebra A. Then A cannot contain an element § such
that x - §(z) = 0.

Let us show that the product ¢ - § is not defined in the space
of distributions. Let w(x) be a function from C§°(R) such that
Jw(z)dr =1, w(0) = 1; suppose that w.(z) = w(x/e)/e. 1t is natu-
ral to assume that §-0 = limw?; hence, (3-8, ¢) = lim [ w?(x)¢(x) dx.
However, (w?,w) = [w?(z)w(z)dz = ! [w?(z)w(er)dz — oo as
e — 0, that proves our statement. Thus, the distribution theory
practically cannot be applied for solution of nonlinear problems.

Another essential deficiency of the distribution theory is con-
nected with the fact that even linear equations with infinitely differ-
entiable coefficients, which are “ideal” for this theory, can have no
solutions. For example, this property holds for the equation

Ou/ox + ixdu/dy = f(x,y).

It is possible to select an infinitely differentiable function f with a
compact support on the plane of variables x, y such that this equation
has no solutions in the class of distributions in any neighbourhood
of the origin. Actually, such functions f are rather numerous: they
form a set of the second category in C§°(R?)!

2. Shock waves. In gas dynamics, in hydrodynamics, in the elas-
ticity theory and in other areas of mechanics, an important role is
played by the theory of discontinuous solutions of differential equa-
tions. Such solutions are usually considered when studying the shock
waves. By the shock wave we mean a phenomenon, when basic char-
acteristics of a medium have different values on different sides of a
surface, which is called the front of the wave. Although, these magni-
tudes actually vary continuously, their gradient in a neighbourhood
of a wavefront is so great that it is convenient to describe them with
the help of discontinuous functions.

For example, in gas dynamics a jump of pressure, density and
other magnitudes occurs at distances of order 107° m. The equa-
tions of gas dynamics have the form:

pt+ (pv)y =0 (continuity equation), (1)
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(pv)e + (pv* +p)s = 0 (equation of motion),  (2)
p=rf(pT) (equation of state). (3)

Here p is the density of the gas, v is the velocity of particles of the
gas, p is the pressure, T is the temperature. The form of the first two
equations is divergent that allows one to define generalized solutions
with the help of integrations by parts, as it is done in the distribution
theory. In this case, it is usually assumed that

p=pi+0x—vt)(pr—p), p=m+0x—0vt)(p,—mp),

where 6 is the Heavyside function, which is equal to 0 for nega-
tive values of the argument and equal to 1 for positive values, and
smooth functions p;, p;, pr, pr are values of the density and pressure,
respectively, to the left and to the right from the surface of the wave
front.

The essential deficiency of this exposition is the use of only one,
common Heavyside function. If we replace it by a smooth function
0., for which the passage from zero value to unit one is carried out
on a small segment of length e, then condition will be broken in
this passage area and it can affect the results of calculations!

The analysis of this situation suggests a natural solution: for
description of the functions p and p we should use different functions
f.. In the limit, as ¢ — 0, these functions tend to one common
Heavyside function, but for ¢ # 0, these functions should be such
that condition holds.

Actually, such situation occurs in applied mathematics rather
often: for proper, adequate description of a phenomenon with the
use of discontinuous functions, it is necessary to remember the way
of approximation of these discontinuous functions by smooth ones.
It is in this impossibility of such remembering, principal for the dis-
tribution theory, the main deficiency of this theory consists, which
does not allow one to use it in nonlinear problems.

We are now going to describe a new theory which includes the
distribution theory and at the same time is free from the deficiency
indicated.

Such a theory was constructed firstly by J.-F. Colombeau (see
[10] and [11]). We give here another version of this theorem which
is simpler and more general.
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3. A new definition of generalized functions. How large a space
of generalized functions were, the space of infinitely differentiable
functions must be dense in it. This quite natural convention is gen-
erally accepted, it is quite justified by practical applications, and
we have no reasons to abandon it. Therefore, it is natural to define
the space of generalized functions as the completion of the space of
infinitely differentiable functions in some topology, which in effect
defines the required space. For example, the space of distributions
can be defined, by considering all sorts of sequences of infinitely dif-
ferentiable functions { f;} such that any sequence [ f;(z)¢(z) dz has
a finite limit as j — oo, if ¢ € C§°.

Let Q2 be a domain in the space R™. Consider the space of
sequences {f;(x)} of functions infinitely differentiable in Q. Two
sequences { f;(z)} and {g;(x)} from this space are called equivalent,
if for any compact subset K of € there exists N € N such that
fi(z) = g;j(z) for j > N, z € K. The set of sequences which are
equivalent to {f;(z)} is called a generalized function. The space of
generalized functions is designated G().

If a generalized function is such that, for some its representative
{f;(z)} and any function ¢ from D() there exists

i [ 7(o)p() da.

then we can define a distribution corresponding to this generalized
function. Conversely, any distribution g € D'() is associated with
a generalized function which is defined by the representative f;(z) =
g - X;j * we, where ¢ = 1/j, x; is a function from the space C5°(Q),
which is equal to 1 at points located at distance > 1/j from the
boundary of the domain Q. Thus, D'(Q2) C G(Q).

If a generalized function is defined by a representative {f;(z)},
then its derivative of order « is defined as a generalized function,
which is given by the representative {D® f;(x)}. The product of two
generalized functions, given by representatives {f;(x)} and {g;(z)}
is defined as the generalized function corresponding to the represen-
tative {f,(2)g,(2)}.

If F' is an arbitrary smooth function of £ complex variables, then
for any k generalized functions fi,..., fi, the generalized function
F(f1,..., fr)is defined. Moreover, such function can also be defined
in the case, when F is a generalized function in R?*. For example,
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the generalized function “0 7, which is defined by the sequence {j -
w(jz)}, where w € C§°(Q), [w(z)dz = 1, corresponds to the Dirac
d-function. Therefore, the generalized function “5“(“6”(x)) can be
defined as a class containing the sequence {j - w(j?(jz))}. Let us
note that the product x - “6”(x) # 0, contrary to the distribution
theory. It is essential, if we recall the theorem of L. Schwartz, which
has been given above.

The generalized function have a locality property. If ( is a
subdomain of €2, then for any generalized function f its restriction
f ‘Qo € G(Q) is defined. Moreover, the restriction can be defined
on any smooth subvariety contained in 2, and even a value f(x) is
defined for any point of 2. One should only to understand that such
restriction is a generalized function on an appropriate subvariety. In
particular, the values of generalized functions at a point make sense
only as generalized complex numbers. These numbers are defined as
follows.

Consider the set of all sequences of complex numbers {c;}. One
can introduce a relation of equivalence in this set such that two
sequences are equivalent, if they coincide for all sufficiently large
values of j. Obtained classes of equivalent sequences are also called
generalized complex numbers.

A generalized function f is equal to 0 in Qq, if there are N € N
and a representative {f;(x)} such that f;(z) = 0 in Q for j > N.
The smallest closed set, outside of which f = 0, is called the support
of f. Note, however, that there are paradoxes from the viewpoint of
the distribution theory here: it can, for example, happen that the
support of f consists of one point, but the value of f at this point is
equal to zero!

If the domain € is covered with a finite or countable set of do-
mains €; and generalized functions f; are defined in each of these
domains, respectively, so that f; — f; = 0 on the intersection of the
domains €; and €25, then a unique generalized function f is defined
whose restriction on €2; coincides with f;.

4. Weak equality. By analogy with the distribution theory, a
notion of weak equality can be naturally introduced in the theory
of generalized functions. Namely, generalized function f and g are
weakly equal, f ~ g, if for some their representatives {f;(¢)} and
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{g;(x)} the following condition holds:

lim [ [f; — gjle(x)dz =0,

J—0o0
for any function ¢ from C§°. In particular, two of generalized com-
plex numbers, which are defined by sequences {a;} and {b;}, are
weakly equal, a ~ b, if lim(a; — b;) = 0 as j — oo. It is clear that
for distributions, the weak equality coincides with the usual one. If
f ~ g, then D*f ~ D%g for any a. The weak equality is not “too
weak”, as the following statement shows.

THEOREM. If f € G(R) and f' ~ 0, and for some function h
from C§°(R) such that [ h(z)dx = a # 0, there exists a finite limit

hm/fj x)der =C,

then f ~ const.

PRrOOF. By condition, we have

lim / e =0

for any function ¢ from C§°(R). Therefore,

Jim / fi(@) - {a(m) —ath(z) / o(z) dx} dz =0

for any function o from C§°(R), i.e.,

hm/fj x)dr = Ca” /O’({E) dx.
O

The proven theorem implies, for example, that systems of ordi-
nary differential equations with constants coefficients have no weak
solutions except classical ones.

If f and ¢ are functions continuous in a domain €2, then their
product fg is weakly equal to the product of generalized functions
corresponding to the functions f and g.

A more general theorem is also valid: if F € C°°(R?") and
fi,..., fp are continuous functions, then the continuous function
F(f1,..., fp)is weakly equal to the generalized function F'(g1,. .., gp),
where gj is a generalized function which is weak equal to fy.
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Note that the concept of weak equality can generate theorems
paradoxical from the viewpoint of classical mathematics: for exam-
ple, the following system of equations is solvable:

y~0, y>~1
Its solution is, for example, the generalized function which corre-
sponds to f(s,x) = /2 -sin(x/¢).
Consider now the Cauchy problem:
ou/ot ~ F(t,x,u,...,D%,...), u(0,z)~®(x), |af<m.

Here, u = (uq,...,uyn) is an unknown vector, F' and ® are
given generalized functions. It is possible to show that such problem
has (and unique) a weak solution in the class of generalized func-
tions without any assumptions concerning the type of the equations.
Namely, we let us take any representatives {®;} and {F;} of the
classes ® and F' and consider the Cauchy problem:

ov/ot = Fj(t,z,v(t —e,x),...,D%(t —¢,x),...),
v(t,z) =®;(x) for —e<t<O,

where € = 1/j. It is clear, that
t

v(t,z) = ®,(x) + /Fj(s,$, Qi(x),...,D*®;(x)...)ds
0

for 0 < t < e. Further, in the same way, one can find v(¢,z) for
e <t < 2¢ and so on. The obtained function v(z,t) = v;(t,x) is
uniquely defined for 0 < ¢t < T and is also a smooth function. Thus,
we have constructed a generalized function, which is called a weak
solution. If this generalized function belongs to the class C™, where
m is the maximal order of derivatives of u on the right-hand side of
the equation, then it satisfies the equation in the usual sense. If the
function F'is linear in u and in its derivatives, and depends smoothly
on t, so that one can consider solutions of the Cauchy problem in the
class of distributions, and if the generalized function obtained is a
distribution, then it is also a solution in the sense of the distribution
theory.
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