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Preface

The purpose of this book is to present typical methods (including rescaling
methods) for the examination of the behavior of solutions of nonlinear partial
differential equations of diffusion type. For instance, we examine such equa-
tions by analyzing special so-called self-similar solutions. We are in particular
interested in equations describing various phenomena such as the Navier—
Stokes equations. The rescaling method described here can also be interpreted
as a renormalization group method, which represents a strong tool in the
asymptotic analysis of solutions of nonlinear partial differential equations.
Although such asymptotic analysis is used formally in various disciplines, not
seldom there is a lack of a rigorous mathematical treatment. The intention
of this monograph is to fill this gap. We intend to develop a rigorous mathe-
matical foundation of such a formal asymptotic analysis related to self-similar
solutions. A self-similar solution is, roughly speaking, a solution invariant
under a scaling transformation that does not change the equation. For several
typical equations we shall give mathematical proofs that certain self-similar
solutions asymptotically approximate the typical behavior of a wide class of
solutions.

Since nonlinear partial differential equations are used not only in mathe-
matics but also in various fields of science and technology, there is a huge
variety of approaches. Moreover, even the attempt to cover only a few typical
fields and methods requires many pages of explanations and collateral tools
so that the approaches are self-contained and accessible to a large audience.
It is not our intention to survey many topics of nonlinear partial differential
equations. Our aim in this book is to explain some asymptotic methods by
studying typical examples.

Historically, partial differential equations were introduced soon after the
notion of differentiation and integration was settled, with the purpose to model
dynamical behavior of the motion of bodies such as a string or a membrane.
A partial differential equation (PDE) is an equation describing a functional
relation of a set of unknowns and their derivatives. Here the unknowns depend
in general on several independent variables such as time and space. If the
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unknowns depend only on one variable, the equation is called an ordinary
differential equation (ODE). Thus, compared with ODEs there is a much
larger diversity of problems modeled by PDEs. In fact, various PDEs are
proposed to model phenomena not only in physics, for example in mechan-
ics, electromagnetics, and thermodynamics, but also in various other fields
of science and technology such as social sciences and finance. On the other
hand, PDEs do not only describe real-world phenomena, but also play an
important role in the description of mathematical objects such as those, for
example, in differential geometry and complex analysis. If a PDE is linear
with respect to the unknowns and their derivatives, it is called a linear partial
differential equation. Typical examples of linear PDEs are the heat equation,
the Poisson equation, and the Laplace equation in electromagnetics. However,
in the modeling of certain phenomena there appear several key PDEs that are
not linear. PDEs of this type are called nonlinear partial differential equations.
A typical example is given by the Navier—Stokes equations, which represent
the fundamental equations of hydrodynamics. There is a huge variety of non-
linear PDEs, and so far it seems impossible to discuss fundamental problems
in a unified way. Typical problems in mathematical analysis include a solvabi-
lity problem—existence of solutions of a PDE—under suitable supplemental
conditions such as initial or boundary conditions. For linear PDEs such prob-
lems can be discussed somewhat in a unified way. This, however, seems to be
hopeless for the nonlinear case, since each nonlinear PDE has a special struc-
ture. So, we do not intend to establish a unified theory at the present stage.
Rather we mostly study a specific class of nonlinear PDEs having a similar
structure. (Note that the set of linear PDEs is a special class of PDEs.) Even
for fundamental problems such as solvability, necessary prerequisites depend
upon equations. From the applied point of view other problems such as pro-
file and behavior of solutions, are also very important. Indeed, researchers in
applied fields often conjecture the behavior of solutions by studying special
solutions. However, there is a tendency among mathematical books treating
PDEs in a rigorous way to spend many pages on solvability problems, and it
is often difficult to explain the behavior of solutions.

The aim of this book is to study the behavior of solutions in a rigorous way
by discussing typical examples without even assuming knowledge of functional
analysis. For this purpose, the structure of this book differs essentially from
the setup of usual mathematical textbooks. In the conventional style, authors
explain fundamental universal theory for PDE analysis, such as elementary
functional analysis, and discuss PDEs in that framework. This is a smart
way to encode a lot of mathematical information in a small number of pages,
which is also very efficient. In this book, however, we pursue a different way.
We study directly the behavior of solutions of particular equations without
preparing the fundamental theory. Instead, we discuss fundamental tools used
in the analysis of these PDEs in the second part of this book. We hope that
the reader will learn to deal with tools such as calculus inequalities during the
study of PDEs. This more direct way should give students a strong motivation
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for the study of such fundamental tools and an idea of their usefulness for
applications.

The book at hand consists of two parts. Part I includes Chapters 1, 2, and
3. Part IT includes Chapters 4, 5, 6, and 7. In Part I we present a way to study
the behavior of solutions of nonlinear PDEs of diffusion type using self-similar
solutions. In Chapter 1 we show as a preliminary result by two methods that
the large-time behavior of solutions of the heat equation is asymptotically self-
similar. The first method relates to a representation formula of the solution.
This argument is simple; however, it is restrictively applicable to nonlinear
PDESs. The second method replaces the problem by the task of showing the
convergence of a family of functions of rescaled solutions. This argument,
however, applies to a wide range of problems.

In fact, in Chapter 2 we analyze in detail by the second method the two-
dimensional vorticity equations (obtained from the Navier—Stokes equations).
We shall prove that the vorticity, which is the solution of the vorticity equa-
tions, is asymptotically self-similar as time tends to infinity. Moreover, its
behavior is proportional to the behavior of the Gauss kernel (also called the
Gaussian vortex), provided that the total circulation is small. We present
a proof that is more transparent than the ones given in the previous litera-
ture and that is based on an improvement of the fundamental L?— L' estimate
(Section 2.3) for the heat equation with transport term. We also complete the
proof by giving an estimate (Section 2.5.2) for the family of rescaled functions
(which is missing in the literature). Our purpose is to get a sharp result with
a method as elementary as possible. For example, the estimates on the deriva-
tives of the vorticity (Section 2.4.2) are new in the sense that they include the
cases p = 1 and p = co. The proof is elementary in the sense that it does not
use a complicated function space or interpolation of spaces.

As an application of the asymptotic behavior of the vorticity we discuss
in Section 2.6 the formation of the Burgers vortex in three dimensions. A few
years ago the convergence to the Gaussian vortex was proved without assum-
ing that the total circulation is small. We include this beautiful result, which
is based on relative entropy, in Section 2.8. In order to make this book self-
contained we also give a proof of all key statements (except for the lemma
in Section 2.5.2), including those in Part IT by admitting the unique solvabil-
ity of the vorticity equations as well as the solvability of the heat equation
with transport term. We hope that the reader, while following the proofs, will
learn about the significance of the calculus inequalities, provided in Chapter 6,
in the analysis of these individual PDEs. Almost all inequalities invoked in
Chapters 1 and 2 are proved in Part I1, unless their proof is given in Chapters 1
and 2 already.

In Chapter 3 we first present a typical result of large-time asymptotic
behavior of solutions for the porous medium equation, however, without giving
a proof. Then, we present a method to analyze asymptotic behavior of solu-
tions for the mean curvature flow equations near a singularity. These equations
are often used to model the motion of phase boundaries such as antiphase grain
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boundaries. We show that the key monotonicity formula is also valid for the
harmonic map flow equation and the semilinear heat equation. Furthermore,
we give an elementary proof (Section 3.2.3) of the uniqueness of self-similar
solutions of the mean curvature flow equations for axisymmetric surfaces.
Finally, as an example of non-diffusion-type equations we mention a non-
linear Schrédinger equation and a generalized KdV equation. Also for these
equations we present an existence result of self-similar solutions describing
large-time behavior and behavior near a singularity, respectively. Here we
just state the results without giving a proof. So, Chapter 3 is a collection of
several different topics, while Chapter 2 is written toward one explicit goal.

In Part IT we give explicit proofs for various important functional analytic
statements invoked in Part I. In Chapter 4 we prove decay estimates for the
heat equation and uniqueness of the solution, if the initial value is given by
the Dirac delta distribution. We review several basic notions, such as the
fundamental solution for the heat equation with transport term, and prove
its unique existence. For the reader’s convenience we give also a proof of
integration by parts in unbounded multidimensional domains. In Chapter 5
we give a variant of the Ascoli-Arzela theorem, which is a fundamental
compactness result for families of functions. This variant applies also to
families defined on a domain that is not necessarily compact. In Chapter 6 we
prove several important inequalities. Except for the boundedness of singular
integral operators, we present proofs based on estimates for the solution of the
heat equation. Compared to other existing textbooks this approach is quite
unusual. From these interesting applications we learn that estimates for the
solution of the heat equation can be important in various situations, although
they are rather elementary. Our intention is not to give the shortest proof.
We rather try to explain variants of the proofs. In Chapter 7, we summarize
basic knowledge on integration theory and on bounded linear operators.

The inequalities in Chapter 6 are very important in the analysis of
nonlinear PDEs in general, i.e., also for PDEs not treated in this book.
In mathematical analysis it is often crucial how to estimate various quantities.
These inequalities are presented rather in textbooks on real analysis than in
textbooks on PDEs. Even though these inequalities are classical results, we
included their proofs in order to make this book self-contained. We often
mention unsolved problems at the present stage in italics in order to animate
further research. (In fact, a problem raised in the Japanese version published
in 1999 has been solved.) In the approaches presented in Part I and Part II we
usually proceed as follows: first we state what we want to show and discuss
applications; then we give the technical details of the proof. We hope that
the reader will be able to read results and proofs with a clear view why the
corresponding problems are studied, although some of them look just techni-
cal. We also remark that the range of the topics treated in this book is too
broad to give a complete list of references. We therefore just tried to give a list
of typical references. However, we included “notes and comments” or “research
history” in some chapters, which should help the reader to find further related
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literature. To shorten the description we often refer to a theorem, proposition,
lemma, corollary, remark, or definition in a particular subsection just by its
subsection number. For example, instead of writing “the theorem in §2.2.1”
we often write “Theorem 2.2.1” if no confusion seems likely.

It is widely known that nonlinear analysis is significant for science and
technology. As a very attractive topic, the analysis of nonlinear PDEs can
be regarded as an important subfield of nonlinear analysis. However, to
understand nonlinear PDEs in a rigorous mathematical way, it is often
believed that a wide-ranging knowledge including Lebesgue integration theory,
functional analysis, theory of distributions, real analysis, and the theory of
ODEs is necessary. Of course, if one is familiar with these subjects, the
description of results can be simplified and their treatment can be unified in
an elegant way (in contrast to the approach presented in this book, where we
tried not to use these theories). However, some readers might be interested in
studying properties of solutions of nonlinear PDEs as soon as possible (before
mastering these prerequisites). This book is written mainly for such readers.
The layout is chosen in a way that the reader will gain necessary analytic
knowledge and intuition naturally during the study of the behavior of solu-
tions of PDEs. For this purpose several elementary facts such as differentiation
under the integral sign are elaborately explained in Part II. As a consequence
this requires a great deal of text on linear PDEs (although this is also useful
in analyzing nonlinear PDEs). Very nonlinear structure is discussed mainly in
Chapter 3.

The prerequisite to read Part I is only calculus including integration by
parts in higher dimensions. If one reads Part II in a logically complete way,
an elementary part of Lebesgue integration theory is necessary. Our hope is
that the reader will see how mathematical theory taught in freshman and
sophomore courses represents the basis for various theories with beautiful
applications to PDEs.

For the reader who is interested in large-time asymptotic behavior of solu-
tions of the heat and vorticity equations we suggest to read Sections 1.1, 2.1,
2.2, 2.6, 2.7.1, 2.8 first. For the reader who is interested in various applica-
tions of self-similar solutions we suggest to read Section 2.7.3 and Chapter 3.
We hope these sections are useful to readers who are also interested in various
other disciplines than mathematics such as, for instance, hydrodynamics and
engineering.

The authors are grateful to Professor Haim Brezis for inviting them to
write this book and for his patience.

The present book is based on the first two authors’ book Hisenkei Henbibun
Hoteishiki published in Japanese by Kyoritsu Shuppan in 1999. The book is
not just a simple translation of the Japanese version. We expanded and revised
several parts. However, the structure and the spirit are similar to the Japanese
version.

The authors are grateful to Professor Tohru Ozawa and Professor Masao
Yamazaki for valuable comments on the Japanese edition. They are also



xviii Preface

grateful to Professor Toshio Mikami and Professor Masayoshi Takeda for
informative remarks on references of Section 6.1.5 of the Japanese edition.
Furthermore, they are grateful to Professor Hisashi Naito and Ms. Yumiko
Naito for their help on the translation into English.

The authors are grateful to Dr. Yasunori Maekawa and to Dr. Yukihiro Seki
for their help in revising Chapter 2 and Chapter 3, respectively.
They are grateful to Professor Marco Cannone, Professor Dongho Chae,
Professor Yuki Naito, Professor Takayoshi Ogawa, Professor Gieri Simonett,
Professor Michael Struwe, and Professor Fred Weissler for informative remarks.
Finally, the authors would like to thank all colleagues, students, and readers
of the Japanese edition who contributed with useful hints and comments to
the success of this book.

March 2010 Mi-Ho Giga
Yoshikazu Giga
Jiirgen Saal



Part 1

Asymptotic Behavior of Solutions of Partial
Differential Equations



1

Behavior Near Time Infinity of Solutions
of the Heat Equation

Partial differential equations that include time derivatives of unknown
functions are often called evolution equations. One important problem about
evolution equations is to analyze the behavior of solutions at sufficiently large
time. Such problems have been studied extensively from various points of view.
Here, we are concerned with the initial value problem of the heat equation,
which is a linear partial differential equation. It is not difficult to determine
the asymptotic behavior of solutions of the heat equation near time infinity,
and we introduce two methods to analyze its behavior. The first method is
based on a representation formula of the solution of the equation directly;
here we shall give a proof, which is short and easy. This method is sufficient
to obtain the result for the heat equation; however, it may not apply to non-
linear problems in general, since we do not expect that solutions for nonlinear
problems usually have a representation formula. The second method is based
on a scaling transformation of the solution using the structure of the heat
equation. By this method we shall give a proof of the behavior of solutions
again. The proof by the second method is longer and it seems to be inefficient,
but its idea can apply to nonlinear problems, which we study in Chapter 2
and in several parts of Chapter 3. To be familiar with the method, we give the
proof for the heat equation, which is easier and more transparent to handle
than nonlinear problems.

1.1 Asymptotic Behavior of Solutions Near Time Infinity

We consider the heat equation

0
6—?($,t) = Au(z,t), r€eR™ t>0. (1.1)
Here we denote by ‘?9—7; the partial derivative with respect to the time variable
t of a real-valued function v = u(z,t), and by A the Laplacian i.e.,

M.-H. Giga et al., Nonlinear Partial Differential Equations, 3
Progress in Nonlinear Differential Equations and Their Applications 79,
DOI 10.1007/978-0-8176-4651-6_1, (© Springer Science+Business Media, LLC 2010
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A 0%u T 0%u
U= —- “ee -,
ox3 0x2
where ¢ = (x1,...,2,) is the coordinate expression of the spatial

variable .
In fields outside mathematics, Au is sometimes denoted by VZ2u.
We denote by % the partial derivative of u with respect to the variable
J

24, and by % the second partial derivative of u with respect to the variable
J

xj. The condition z € R™,¢ > 0 in (1.1) means that equation (1.1) is satisfied

for all z in n-dimensional Euclidean space R™ and all ¢ > 0. In the following

we use this convention. (We often abbreviate (1.1) by

0
8_7;::Au in R"™ x (0, 00),
without indicating x and t explicitly. Here we denote by A x B the product

set
Ax B={(a,b):a€ Abe B}

for sets A and B and by (0,00) the half-open interval {¢ € R : ¢ > 0}. The
product set R™ x (0, 00) is naturally regarded as a subset of R” x R = R"*+1.)

Physically, when heat conducts in n-dimensional space R™ in a homoge-
neous medium, the temperature distribution u(x,t) at point  and time ¢
is considered to satisfy the heat equation (1.1). (For simplicity here we set
the density, the specific heat and the thermal conductivity of the medium
to 1.) Thus the cases n = 1, 2, 3 are especially important. To understand
the essence of the theory, the reader not familiar with n-dimensional space
is recommended to read Chapter 1 by replacing n by 1, 2, or 3. We consider
the problem of finding a (solution) u satisfying (1.1) and the condition for the
initial temperature distribution wu(z, 0):

u(z,0) = f(z), =z eR", (1.2)

for a given real-valued function f on R™. This problem is called the Cauchy
problem or the initial value problem for (1.1). The initial condition (1.2) is
often written as

Ulpmo = f on R™.

We are interested in the temperature distribution when sufficient time has
passed. Mathematically, this corresponds to studying the behavior of the
solution u of the Cauchy problem (1.1), (1.2) when ¢ is large enough.

Solutions of the initial value problem of the heat equation (1.1), (1.2) are
represented by

u(z,t) = Gi(z —y)f(y) dy, zeR™ t>0, (1.3)
R7
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i 0

Figure 1.1. A few examples of the graph of G¢(x) as a function of  for n = 1.

or
o0 oo
u(xl,...,xn,t):/ / Gi(r1 — 1,2 — Y2, -, Tn — Yn, 1)
— 00 — 00

fyns - yn) dyrdys - dyn
using the Gauss kernel

1 2
Gt(x):—nﬂexp <%)7 IER”, t>0,

(4mt)
if the absolute value |f(z)| of the function f(z) does not grow too much at
space infinity. See figure 1.1.

Throughout this book, G; denotes the Gauss kernel and exp z denotes the
exponential function e®, where e is the base of the natural logarithm. For
x € R", |z| denotes the Euclidean norm (23 + 23 + --- + 22)'/2 of x. The
function u of (1.3) is differentiable to any order with respect to x1, 2, ..., 2,
and ¢ > 0, satisfies the heat equation (1.1) (See Exercise 1.1 (i) and 7.2 and
§4.1.6), and satisfies (1.2) in the sense of lim; g u(z,t) = f(x) (see §4.2) if,
for example, f is continuous and f is equal to zero outside a large ball in R™.
We denote the set of such functions f by Co(R"™). See Figure 1.2. In Chapter 1,
unless otherwise mentioned we assume that the initial data f is in Cp(R"™),
so that the solution u of (1.1), (1.2) is represented by (1.3). Although it is
important to examine whether there exist other solutions satisfying (1.1),
(1.2), we do not consider such a problem in this section. This is postponed to
§4.4. When ¢ — oo (i.e., t goes to infinity), to what function of x does u(z, t)
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/
A

Figure 1.2. An example of the graph of f € Co(R).

tend? We guess that u(x,t) tends to zero as t — oo, since f is in Co(R™)
and there is no heat source. In the following, we prove that this observation
is correct.

In this chapter unless otherwise specified, f belongs to Cy(R"), since then
the integral of f can be regarded as an integral of a continuous function
on a sufficiently large ball, which is finite, so that it is easy to handle (see
Exercise 1.1 (ii)). Of course, we may consider more general f. Inequalities in
§1.1.1-81.1.3 are also valid if the integral is well defined. For example, we may
consider f as a continuous function such that the Riemann integral on the
right-hand side of the inequality is finite, or more generally we may consider a
Lebesgue measurable function f with finite Lebesgue integral. In both cases,
the inequalities in §1.1.1-§1.1.3 are valid. Here, to check the differentiability
under the integral is a good exercise in analysis, but we do not check it in
this chapter. Instead, see §4.1.4, §4.1.6, §7.2.1 and exercises at the end of
Chapter 7.

1.1.1 Decay Estimate of Solutions

Proposition. Let u be the solution (1.3) of the heat equation with initial data
f(e Co(R™)). Then

1

s fu(e.0) < e [ 1@ldy. >0 (14)

In particular, lim;_, o SUp,cpn [u(z, t)| = 0, i.e., u(z,t) converges to 0 on R™
uniformly as t — oo.
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Before giving the proof, we recall the notation sup, which represents the
supremum of a set. For any subset A of R, the real number M that satisfies the
following two conditions is called the supremum of the set A, and is denoted
by sup A (if A is bounded from above, the existence of such a number M
follows from the definition of the real numbers):

(i) We have a < M for any element a of A (i.e., a € A). (Such an M is called
an upper bound of the set A.)

(ii) For any M’ less than M (i.e., M’ < M), there exists an element o’ of A
such that a’ > M’.

In other words, M is the minimal upper bound of A. For a set A with no
upper bound we set sup A = oo, and for the empty set A we set sup A = —o0.
If A is the image of a real-valued function h defined on a set U, instead of
writing sup A as sup{h(z) : x € U} we may write

sup h(z) or simply sup h.
zecU U

Its value is called the supremum of the function h in U. If there exists g € U
satisfying

sup h(z) = h(zo),

zcU
supg; h is called the mazimum of h in U and is denoted by maxg h.

In general such an ¢ does not always exist, and even if it exists, showing its
existence may not be easy. On the other hand, the supremum is always defined
for any real-valued function, which makes it a convenient notion. If supy; |h|
is finite, h is said to be bounded in U.

Similarly, the infimum infy; b of a function h on U is defined by

inf h(z) = - 21618(%(9:))

We sometimes write the range of the independent variables of a function h
directly under “sup” or “inf” as in §1.3.3.

Proof of Proposition. By (1.3), for t > 0, we have

) < [ Gila =l dy < swp (Gule—) [ 1wl

yeR”?

Since we have 1

(4mt)n/2’
(1.4) follows. a

Gi(r —y) <

By this result we observe that u converges to 0 uniformly with order at
least t~"/2 as t — oo. We next ask whether the space integral of |u| or its
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power also decays. For this purpose we first define the LP-norm and L°°-norm
of continuous functions f on R” as

1/p
Iflp—(/ f(y)l”dy> . 1<p<oo (paconstant),
Rn
oo = sup 1£)].

yER™

For simplicity, || f||c denotes || f||, with p = co. (This convention is natural by
the fact of Exercise 2.3.) Although co and —oo are not real numbers, we regard
0o, —oo as symbols that satisfy —oco < a < oo for any real number a so that
we are able to handle various inequalities in a synthetic way. Moreover, we use
the convention é =0, a + 0o = o0, since it is useful to shorten statements.
For function u(z,t) with variable (z,t) € R™ x (0,00), ||u||,(t) denotes the
LP-norm of u(z,t) as a function of z, i.e.,

1/p
</ |u(x,t)pdx) , 1<p<oo, t>0,

SUp,ern [u(2, )], p =00, t>0.

[l (t) =

A more general estimate than in §1.1.1 holds.

1.1.2 LP-L9 Estimates

Theorem. Let u be the solution (1.3) of the heat equation with initial data
f,andlet 1 < qg<p<oo. Then

lullp(t) < ——

Wllfllq, t>0. (1.5)

By this theorem the decay order of the spatial LP-norm of w is estimated by
a nonpositive power of . When p = 0o and ¢ = 1, (1.5) is nothing but (1.4).
Although the proof of this theorem is more complicated than that of (1.4),
it can be proved easily using the Young inequality for convolutions (see §4.1.2).
We have studied the decay of the value of u. We ask whether the derivatives
of u decay to 0 as t — oo.

1.1.3 Derivative LP-L9 Estimates

Theorem. Let u be the solution (1.3) of the heat equation with initial data
f. For 1 < q <p < oo there exists a constant C = C(p,q,n) depending only
on p, q, n such that

C

ﬁ(ll
t2q p

=1,... t>0 1.6
e R e 1 P A RO S 0

p
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Hau C

e >0 (17)

n(l 1
it

(t) <

p

ot

Moreover, for higher derivatives, there exists a constant C = C(p,q,n, k, )

such that c
10F O ull,(t) <

—  Afll, t>o0. 1.8

(Here k is a natural number or 0 and « is a multi-index (aq,...,qn);
(1 <i<n) is a natural number or 0. We use the convention

(03 [e5] [05) [07%% _ 8 —_ a
OF =005 05, Dei=g- Oi=g

laf = a1+ + an,
Ru=u, u=nu.
In other words, || is the order of the derivative 0% in the spatial direction.)

We remark that one can choose the constants C' in (1.6)—(1.8) independent
of p and gq.

By (1.6), (1.7), and (1.8), we observe that the power of ¢ increases by 1/2
by differentiating once in the spatial variables, and that it increases by 1 by
differentiating in the time variable. Since the proof of ((1.8) for general cases is
somewhat time-consuming, we shall prove (1.6) only when p = co and ¢ =1,
and leave the remaining proof to the reader. (See §4.1.2 and Exercise 4.3.)

Proof of (1.6) (In the case of p = 0o,q = 1). Differentiating (1.3) under the
integral, we have

0.,u(e.t) = [ (02,60~ 1)) dy.

The symbol (9,,G¢)(z — y) is the quantity obtained by differentiating G (x)
in z; and evaluating at  — y. A calculation shows that

B 1 2z, ||
Ou; Gi() = (47t)n/? ( At )eXp< a )

The power of ¢ seems to increase not by 1/2 but by 1. However, setting z =
|lz|/(2t1/?), we have

T z/? 1
2—;exp (—%) ’ < t—%z exp(—22).

Fortunately, zexp(—2?) is a bounded function in z > 0. In fact, zexp(—22)
attains its maximum C; = 1/v/2e at z = 1/1/2. (See Exercise 1.2.) We obtain
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1 G

05, G < ——.
10:,Gulle < Fvr 7

Similarly as in the proof of (1.4), we have

ou C
Ll e dy < ——|Ifl,, C=cC
o] <16 [ 1wl < i1 1

which proves (1.6). O

We call the estimate in §1.1.1 a decay estimate by focusing at the behavior
for large t; however, the estimate also shows a decrease in smoothness of u as
t tends to 0. For this reason, in §1.1.2-§1.1.3 we call the estimate not a decay
estimate but an LP-L?-estimate.

In the above we have observed decay orders of various norms for the
solution of the initial value problem of the heat equation (1.1) with (1.2).
How does u(z,t) converges to 0 as t tends to infinity? We already know that
the solution u decays as ||ul|co < (47t)~"/2||f|l1 by (1.4). So, if we can find a
simple well-known (nonzero) function v such that the L-norm ||u — v||o0 (%)
goes to 0 faster than t~™/2 as t — oo, then we may say that u behaves like
v for large t. In this situation v is called a leading term of the decay of wu.
What function is the leading term of the decay of the solution of the heat
equation (1.1) with (1.2)? We would like to choose the function v as simple as
possible. The next result states that we may choose v as a constant multiple
of the Gauss kernel.

1.1.4 Theorem on Asymptotic Behavior Near Time Infinity

Theorem. Let u be the solution (1.3) of the heat equation with initial data
f e Co(R™). Let m = [p, f(y)dy. Then

Jlim ¢772[lu = mg| oo (t) = 0, (1.9)

where g(z,t) = Gi(x) is the Gauss kernel.

This theorem shows that u has a similar behavior as mg to that of ¢t — oo
when m # 0. Therefore (1.9) is often called an asymptotic formula, and we
write

u~mg (t— 00).

This notation is good for intuitive understanding of the behavior of u; however,
for a rigorous expression we need a formula like (1.9). When m = 0, (1.9) shows
that ||ul|so(t) goes to zero faster than ¢~™/2. In this case (1.9) does not give a
leading term. We now prove the asymptotic formula (1.9).
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1.1.5 Proof Using Representation Formula of Solutions

By m = [, f(y)dy we have

(471_t)n/2 {u(x, t) - mg($7 t)}

_ /nexp<lf;gﬂi>f@»dy—exp<—¥%i> [ty

:/;mﬁx—w—hA@V@ﬁm

with
hy(z) = exp(—nlz[*), n=1/(4t) (>0),

which implies
(dmt)"*u(z, t) — mg(x, t)|

g/\%@fwa@MﬂM@,x€W2t>0 (1.10)
RTL

We use the integral form of the mean value theorem (see §1.1.6) to get

[y (x = y) = h(2)] < [y /01 (Vhy)(x = (1 =7)y)ldr, zyeR", (L11)
where V denotes the gradient, i.e.,
Vo = (0,9, -, 02,9),
for a function ¢ on R™. Since
Vhy(x) = —2nxhy (),
a similar argument as in the proof of (1.6) in §1.1.3 yields
Vhy(2)] < 20'/?zexp(—|2]%) < 29'/%Cy, C1=1/V2e

with z = /2

|z|. By this inequality and (1.11) we get
(@ = ) = by ()] < 2|yln'/2Cy.

Applying this to (1.10), we have

(4t u(z, t) — mg(x, )] < J/ 20 2Culy | £ ()| dy
RTL

C
=% | Wllf®)ldy.
t1/2 Jon



12 1 Behavior Near Time Infinity of Solutions of the Heat Equation

Since the right-hand side of this inequality is independent of z, taking the
supremum of both sides yields

Cy
(4m)5tz

£"/2]lu = gl (t) < [ llwldy, e>0. ()
Rn

Since the assumption f € Cy(R™) guarantees that

[ wllswldy
o

is finite, we can take the limit ¢ — oo in (1.12) to get the asymptotic formula
(1.9). |

In the asymptotic formula (1.9) we have estimated the L°°-norm of the
difference between u and mg. A more general formula

lim "0/ [ — mg]|,(t) = 0

t—o0

1<p<oo,

)

can be proved by a similar argument (using §4.1.1); however, we do not carry
this out here. (See [Giga Kambe 1988].)

1.1.6 Integral Form of the Mean Value Theorem

Theorem. Assume that a function h is continuous in R™ up to all its first
order partial derivatives 0,,h (1 < i < n) i.e., h belongs to the C'-class on
R™. Then

h(z) —h(z—y) = /o (Vh)(x — (1 —7)y),y)dr, z,y€R", (1.13)

where (-, ) is the standard inner product in R™. Applying the Schwarz inequa-
lity on R™ (|{(a,b)| <lal|b|, a, b € R™) to the right-hand side yields

1
Ih(z — ) — hz)] < |yl / (Vh)(& — (1 - r)y)|dr, o,y €R™.

These statements are also valid if R™ is replaced by a convex subset of R™.

This theorem is very useful, as is the differential form of the mean value
theorem for a function of one variable:

“There exists § € (0,1) such that h(z) — h(z —y) = b'(z — 0y)y,” where
h' denotes the derivative of h. The proof is elementary.

Proof. We set F(s) = h(z —y + sy). The fundamental theorem of calculus
yields

h(z) —h(z —y) = F(1) — F(0) _/o F'(r)dr.
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By the chain rule for the composition of functions, we have

F=Y %(ac (1= Py = (V)& — (- 7)), u),

so that (1.13) follows. a

1.2 Structure of Equations and Self-Similar Solutions

The inequality (1.12) is stronger than the asymptotic formula (1.9) in the sense
that the difference of u and mg is estimated by the integral involving the initial
data and power of t. The proof in §1.1.5 was established using representation
(1.3) of the solution directly, to get a stronger result. However, such a strategy
is difficult to apply to nonlinear problems, whose solution cannot be expected
to have an explicit representation formula in general. In the following, we shall
give another proof that is based on structures of the equation. Although the
proof is longer than that in §1.1.5 and looks inefficient, this strategy is often
useful for nonlinear problems, as discussed in Chapter 2. The reason is that
we do not need a representation formula of the solution if we obtain necessary
estimates of a family of solutions by some other method. We shall give another
proof for the heat equation, which is somewhat easier and simpler than the
proof for nonlinear problems.

To begin with, we mention special solutions that reflect the structure of
the heat equation (1.1).

1.2.1 Invariance Under Scaling

Proposition. Assume that a real-valued function u = wu(xz,t) satisfies the
heat equation
Ou—Au=0

in an open set Q@ C R™ x R, i.e.,
Owu(x,t) — Au(x,t) =0, (z,t) € Q.

For any nonzero real number \, we define the function u*

by
uMx,t) = u(Ax, \2t).

(We remark that u™ is not u to the power \.) Then the following properties
hold:

(i) The function u™ satisfies the heat equation in
Qx = {(x,1) eR™" xR : (\z, \’t) € Q}.

(ii) For any real number u, the function pu satisfies the heat equation in Q.
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Proof. Evidently the linearity of the heat equation yields (ii). To prove (i) we
use the chain rule. A direct calculation shows that

ot (xz,t) = d{u(rz, A*t)} = N2(Bu) Nz, \2t),
O, uM(@,t) = Oy, {u(Az, A2)} = N5, u) (A2, A%t) (1 < j < n),
AuM(z,t) = Zaijaxj {u(Az, \2t)} = N2 (Au)(Az, \t),
j=1
which yields d,u* — Au? = N2 {(9,u)(Ax, \%t) — (Au)(\z, A?t)} = 0. Here we

write (Osu), (0z,u), (Au) using parentheses, since we emphasize that we first
differentiate u(x,t) and then evaluate at (\x, A\2z). O

As we have seen in §1.1, the solution of the initial value problem of the
heat equation (1.1) with (1.2) converges to 0 uniformly as ¢ — co. We next
introduce a conserved quantity called total heat, which is invariant under
evolution of time.

1.2.2 Conserved Quantity for the Heat Equation

Proposition. Let u be the solution (1.3) of the heal equation with initial data
f € Co(R™). Then, for anyt >0,

/ u(x, t) de = f(z)da.
n R’!‘L

This proposition can be proved directly using commutation of integrals (see
§7.2.2) and the identity [;, G¢(z)dx = 1 (see §4.1.2). Indeed, for t > 0 we

obtain
/nu(x,t)dx:/n {/n Gt(xy)f(y)dy} dx

= /n {/n Gt(l”y)dx} fly)dy = . f(y)dy.

0O

One can also prove the proposition without using the representation of solution
(1.3). Indeed, we differentiate [ udz with respect to ¢ to get

d
— u(z,t) de = Opu(z,t) de

= Audr = / div (Vu) dz = 0.
Rn n
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Hence [, u(z,t)dz is independent of ¢ > 0. The last identity is derived by
integration by parts; however, we should be careful, since R™ is unbounded.
Here |Vu| goes to zero fast enough at space infinity that the last identity is
justified. (See §4.5.) Here, div denotes the divergence and is defined by

"\ OF7  QF! Lo
Oz T 9 o0z,

div F =

Jj=1

for a vector-valued function F = (F! ..., F™) on R". Using equality () in
Exercise 7.3 with p = 1, one is able to show that [p, u(z,t)dz — [, f(z)dz
as t — 0. This completes the proof of the proposition.

This proposition shows that even if u(x,t) converges to 0 uniformly as
t — o0, fR" u(x,t) de may not always converge to 0. Note that the statement
“if an integrand converges uniformly, then the integral and limit operation is
commutative” is valid, provided that the domain of integration is bounded or
more generally of finite area.

Among the transformations of functions introduced in §1.2.1, is there any
transformation that preserves the conserved quantity “total heat”?

1.2.3 Scaling Transformation Preserving the Conserved Quantity

Proposition. Let u be a continuous function on R™ x (0,00). Assume that
fRn u(x,t) dx is of nonzero finite value and is independent of t > 0. Suppose
that p = u(X) is a positive function of A\>0. Then, the integral fR" put (z,t) do
is independent of X > 0 if and only if p is a positive constant multiple of \".

Proof. This can be proved by a direct calculation. Indeed, for ¢ > 0 we have

/ pu(x, t) d :/ pu(Az, \2t) do = )\in u(z, \2t) dz (1.1)
n n Rn

(where we applied the change of variables Az = z). Since [5, u(z, \*t) dz is
independent of \%t, /A" is a (positive) constant independent of X if and only
if [z p(A)u?(z,t) dz is independent of \. O
1.2.4 Summary of Properties of a Scaling Transformation
For a real-valued function u = u(z,t) defined on R™ x (0, 00), we set

ug(z,t) = k"u(kx, k*t), k> 0. (1.14)
As in §1.2.1, if u satisfies the heat equation (1.1),

Ou — Au =0,

in R™ x (0, 00), then uy also satisfies (1.1) in the same domain. Moreover, as
in §1.2.2 and §1.2.3, if u decays at space infinity rapidly enough, then we have
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/n wi(w, t) dz = / u(z, t) dz,

whose value is independent of ¢ > 0.

The map producing u* or uy from u by taking constant multiples of
independent and/or dependent variables is called in general a scaling trans-
formation; u* or wy, is called a rescaled function (or scaling transformation)
of u. The scaling transformation from wu to uy preserves its total temperature,
and the solvability property of the heat equation.

1.2.5 Self-Similar Solutions

If a solution u of the heat equation (1.1) on R™ x (0, 00) satisfies u = uy, on
R™ x (0,00) for all k > 0, then u is called a forward self-similar solution (or
simply a self-similar solution) of the heat equation. Here uy is the function
defined in (1.14). In other words a solution that is invariant under the scaling
transformation u — wg is called a self-similar solution. Naively speaking,
a scaling transformation corresponds to a change of unit of measurement.
A rescaled function is “similar” to the original one. This is why we use the
word “self-similar.”

Ezample. The Gauss kernel g(z,t) is a self-similar solution. Indeed, for k& > 0,
we have

n 2 k" ‘kl‘P
gr(z,t) = k"g(kx, k°t) = Wexp ) = g(x,t)

zeR™ t>0.

It is easy to show that the Gauss kernel is a solution of the heat equation
in R™ x (0,00) by direct calculation (Exercise 1.1). This fact is also essen-
tially invoked to show that (1.3) is a solution of (1.1) (see Exercise 7.2).
As discussed at the end of §1.4.6, it turns out that a self-similar solution u
satisfying |Jul|1(1) < oo (i.e., |Jul]1(1) is finite) is a constant multiple of g.

1.2.6 Expression of Asymptotic Formula Using Scaling
Transformations

Proposition. The asymptotic formula (1.9) is equivalent to

klim llur —mglleo(1) = 0. (1.15)

Here uy, is a rescaled function of u defined in (1.14). (For simplicity, we impose
similar assumptions as in Theorem 1.1./.)
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Proof. Tt is sufficient to prove that for k? = ¢,

lur, —mglloo(1) = ¢"/%[lu — mg|loc (¢)-
In fact, since g = gi, we have vy = up, — mg with v = u — mg. Moreover,

lorlloo(1) = sup K" fu(ka, k%) = k" sup [v(z, k*)| = ¢"/2||v]|oo (1)
rER” z€R™

by setting z = kz. We thus obtain the equivalence of (1.15) and (1.9). ad

By this fact, it is important to study limg_,o ug(z,1) in order to under-
stand the behavior of u at infinity of (z,t).

1.2.7 Idea of the Proof Based on Scaling Transformation

Formula (1.15), which is equivalent to the asymptotic formula (1.9), shows
that the family of functions {uj} converges to the self-similar solution mg (at
t =1) as k — oco. We will prove (1.15) in another way different from §1.1.5.
Roughly speaking, the strategy of the proof is divided into the following two
steps.

The first step: compactness. We show that any subsequence of {uy} (as
k — 00) has a convergent subsequence.

The second step: a characterization of limit functions. By analyzing
properties of the limit functions, we show that they are unique independent of
choice of subsequences, and equal mg. By the first step and this result, we con-
clude that {ux} converges to mg without taking subsequences (Exercise 1.4).

To implement this strategy we need to formulate the notion of convergence
of sequences of functions. In §1.3 we shall formulate the notion of convergence
of sequences of functions so that we can complete the first step. In §1.4 we
shall implement the second step.

Once we have shown that uy converges to a function U (in some sense, for
example “pointwise convergence”), then U is scaling invariant, i.e., Uy = U.
Indeed, for h > 0, we have

Up(z,t) = k"U (kx, K*t) = Jim k", (kx, k*t) = Jim R k" u(khx, k*h3t)

= lim ("u(lz, (*t) = U(x, 1),
{— o0

where ¢ = kh. The functions Uy and uj, are, respectively, rescaled functions of
U and u defined by (1.14). If U is also a solution of the equation (1.1), then
U is a self-similar solution. So it is natural to conjecture that {ux} converges
to a self-similar solution as k — oo.

We do not estimate the difference of uj, and mg directly to prove that {uy}
converges to mg. Instead, we prove that {ux} has a convergent subsequence
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and its limit is independent of the choice of subsequences. To implement the
first step, estimates of solutions are useful. However, we need not necess-
arily use an explicit formula of the solution. Even for problems that we do
not expect to have an explicit formula for their solutions, such as nonlinear
problems, this strategy may be applicable if we can estimate the solutions in
a certain way. Thus, this strategy based on scaling transformation is more
broadly applicable than the method using directly an explicit formula of
solutions as used in the proof in §1.1.5. In fact, we will prove the asymp-
totic formula of nonlinear problems in Chapters 2 and 3 using this idea.

1.3 Compactness

To discuss the convergence of sequences of functions, it is often useful to
consider a set of functions (function spaces) having specific properties, so
that each function is regarded as a point of the set and convergence of func-
tions is regarded as the convergence of sequences of points in the set. In fact,
the theory of general topology and functional analysis has been significantly
developed to handle the convergence of sequences of functions synthetically.
By interpreting the notion of convergence in an abstract way, not only does
the whole outlook of the theory become better, but also the “individuality”
of various types of convergence becomes clear. This is a great advantage of
abstraction in mathematics.

If the notion of distance is defined in a set X, the distance function is
used to define the notion of the convergence of sequences. In fact, whenever a
sequence {7;}72, in X satisfies the property that the distance d(x;, r) between
x; and x converges to zero for x € X as j — oo, i.e,,

lim d(z;,z) =0,

J—00
we say that the sequence {z; };";1 converges to x as j goes to infinity, and write
lim; ,oz; =2 or z; — = (j — 00). A set in which a metric d is defined is
called a metric space. By this definition, notions of an open set and a compact
set are defined in X similarly as in R™. An open ball B,.(z) centered at x € X
with radius r is defined by

B.(z) ={y e X :d(z,y) <r}.

(We may also write B, (z) as B(x,r).) (The nonnegative (real-valued) function
d defined on X x X is called a metricif (i) d(z,y) = 0 & x = y; (ii) (symmetry)
d(x,y) = d(y, z); (iii) (triangular inequality) d(x,y) < d(z, z) +d(z,y) for any
z,y, z € X.)

Ezample. Let X be a normed space equipped with norm || - ||. If we define
d(z,y) = ||z — y||, z,y € X, then d is a metric in X, and X is regarded as a
metric space equipped with the metric d. Especially, the Euclidean space R™
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is a normed space with the norm |-|, so that Euclidean space can be regarded
as a metric space with the metric defined in this way.

A set X is called a normed space if X is a vector space in which a norm
is defined. Here, || - || is called a norm in X if for each x € X, a nonnegative
real value ||z|| is defined and satisfies

(i) ||lz]| =0 & 2z =0;
(ii) ||az|] = |a ||z|| for any scalar o and = € X;
(iii) (triangular inequality) ||z + y|| < ||z|| + ||y|| for any =, y € X.

There are various notions of convergence for a sequence of functions, such
as pointwise convergence and uniform convergence; however, the notion of
convergence is not necessarily regarded as convergence in a suitable metric
space.

Next we consider a subset of a metric space. A set is called (sequentially)
compact whenever any sequence in the set has a convergent subsequence.
We give a definition in a formal way.

Definition. A subset K of a metric space X is called relatively sequentially
compact if any sequence in K contains a convergent subsequence in X. (Here,
its limit may not belong to K but is required to belong to X.)

When X is a metric space, this property is equivalent to saying that the
closure K of K is compact (i.e., any open covering of K has a finite subcov-
ering) in X as a topological space. Thus in the following we simply say that
K is relatively compact in X.

When the metric space X is R", K is relatively compact if and only if
K is bounded (i.e., K is contained in a sufficiently large ball). This is well
known as the Bolzano—Weierstrass theorem. (Therefore K is compact if and
only if K is a bounded closed set.) We note that in general, boundedness is
much easier to check than relative compactness. For a subset K of a general
metric space X, the notion of boundedness can be defined similarly; however,
in general, boundedness does not necessarily imply relative compactness, as
mentioned later. What is a criterion of relative compactness for a family of
functions? This question has been well studied throughout the development
of functional analysis. We recall a classical result for a family of continuous
functions, which is a clue to the later development.

1.3.1 Family of Functions Consisting of Continuous Functions

The formula (1.15) asserts that {ux} converges uniformly to mg in R™ only
at t = 1. If one is able to prove that a subsequence of {uy} converges in R™ x
(0, 00), then one concludes that the limit function satisfies (1.1). Thus to show
the convergence of the subsequence, it is useful to complete the second step
of §1.2.7. Unfortunately, uniform convergence of the sequence in R™ x (0, c0)
cannot be expected, since convergence of a subsequence of {uy} may be slow
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around ¢ = 0. So, we will prove the uniform convergence in R™ x [n,1/n] for
any n € (0,1). (Here, we cut near t = oo for simplicity.) However, R™ x [, 1/7]
is unbounded, so it is noncompact. For this reason we shall use a modified
version (§5.2.1) of the Ascoli-Arzela theorem (§5.1.1) for the family {uy} of
continuous functions defined on a compact set in order to prove the existence
of a subsequence converging uniformly on a noncompact set.

The conventional version of the Ascoli-Arzela theorem and the definition
of compactness are explained in detail in several standard textbooks. The
reader is referred to a recent book of J. Jost [Jost 2005] or [Yano 1997] for
more comprehensive introductions to these topics.

Definition. Assume that a sequence {Mj};?';l of compact subsets of a metric
space M satisfies the following three conditions:

(1) Mj CMjJrlj:l, 2,...;
(i) UjZy M = M;
(iii) for any compact subset My in M, there exists jo such that Mo C Mj,.

Then {Mj};i1 is called an exhausting sequence of compact sets of M .

There exists an exhausting sequence of compact sets both of R™ and of R™ x
[7,1/7]. In fact, when M = R™, we can choose B; as M;, and when M =
R™ x [, 1/n] we can choose B; x [,1/n] as M;. Here, B; denotes the closure
of the open ball B; centered at the origin with radius j > 0.

Let C(M) be the set of all real-valued continuous functions on a metric
space M. (if M is an interval [a, b], (a,b), ..., we may write Cl[a, b], C(a,b), ...
instead of C([a, b]), C((a,b)),....) We next suppose that M has an exhausting
sequence of compact sets. We consider the set of elements in C'(M) that
converge to 0 at infinity, if it exists. That is to say, we set

Coo(M) = {h eC(M): lim sup |h(z)]= 0}.

J=0 zeM\M;

(Here M\ M; = {z € M : z ¢ M;} denotes the complement of M, in M.
If M\ M; is the empty set, we use the convention that sup_cpp ay, [h(2)] =
0.) By condition (iii) of the definition of an exhausting sequence of compact
sets, Coo(M) is independent of the choice of {M;}32, (See Exercise 1.5).
In particular, if M is compact, Coo (M) is nothing but C(M).

As usual we define the norm of h € Co (M) as

1]l oo,ar = sup |h(z)].
zeM

By the condition on A at infinity and the boundedness of continuous func-
tions on a compact set (the Weierstrass theorem), the value of ||hl|co,ar is
finite. It is easy to check that ||h||co,as satisfies the conditions of a norm.
Moreover, Coo (M) becomes a complete normed space, i.e., a Banach space
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(Exercise 1.6). Hence Coo (M) becomes a complete metric space by defining
distance as d(hy, ha) = ||h1 — h2llco,ps between hy, he € Coo(M). Of course,
the sequence {h;}52,(C Coo(M)) converges uniformly in M if and only if h;
converges in the metric space Coo (M).

We say that a subset K of a normed space is bounded in X if K is contained
in a sufficiently large ball in X. If X = C(M), then K C X is bounded if
and only if

sup ||h|co,pmr < 00.
heK

If one regards K as a set of functions on M, the boundedness of K in X is
called uniform boundedness of the family of functions in K. A bounded set in
Co (M) is not necessarily relatively compact, as the following example shows.
This phenomenon is different from the case X = R™.

Ezample 1. Let M = [0,1], K = {h¢}2,, and hy(z) = z°. Then K is bounded
in Coo (M)(= C(M)), but is not relatively compact (Exercise 1.7).

We introduce the following notation. In the remaining part of §1.3, unless
otherwise claimed, we denote by M a metric space having an exhausting
sequence of compact sets {M;}32 .

Definition. A subset K in Coo (M) is called equicontinuous if

lim sup |h(z) — h(y)| =0
Y—ZheK

holds for all z € M.

The subset K in Example 1 is not equicontinuous, since the previous formula
does not hold at z = 1. When M is compact, a subset K in C(M) is bounded
in C(M) and equicontinuous if and only if K is relatively compact. (Ascoli—
Arzela theorem). If M is not compact, for relative compactness we need a
condition on the decay at infinity in M.

Definition. We say that a subset K in Coo (M) has the equidecay property if

lim sup sup |h(z)|=0
J—00 he K ze M\ M;

holds. This notion is independent of the choice of an exhausting sequence of
compact sets {M;}52, as is the space Coo(M).

Ezample 2. Let M = R. For ¢ € Cy(R), we define hy € Co(M) as
he(z) = p(z =€), z€ M (£ =1, 2, 3,...). Then, if ¢ # 0, K is bounded
and equicontinuous in Cy, (M), but it is not relatively compact in Cy (M),
nor does it satisfy the equidecay property (Exercise 1.7).
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1.3.2 Ascoli—Arzela-type Compactness Theorem

Theorem. Let M be a metric space with an exhausting sequence of compact
sets, and K a subset of X = Coo(M). If K is bounded in X, equicontinuous,
and if it has the equidecay property, then K is relatively compact in X. The
converse is also true.

If the metric space M is compact, this theorem is nothing but the Ascoli—
Arzela theorem, and the condition of equidecay is not required. When M has
an exhausting sequence of compact sets, the proof can easily be obtained from
the result when M is compact (See Chapter 5).

Using this theorem, we shall prove the relative compactness of the family
of functions {uy} obtained by the scaling transformation (1.14) of the solution
of the heat equation. To prove the asymptotic formula (1.15) it is enough to
consider the behavior for large k, so we set k > 1.

1.3.3 Relative Compactness of a Family of Scaled Functions

Proposition. Let M = R"™ x [n,1/n] for n € (0,1). Assume that the solution
u of the heat equation with initial data f € Co(R™) is given by (1.3). Let ug
be defined by (1.14). Then K = {uy : k > 1} is relatively compact in Coo(M).

Proof. First we need to show that K C Coo(M). Since uy, is continuous in M,
K C C(M) is clear. In part (iii) of the following proof, we will show that uy
belongs to Coo (M).

If we show that K is bounded, equicontinuous, and if it has the equidecay
property, the claim follows from the compactness theorem in §1.3.2. Here, we
prove these using the LP-L? estimate obtained by the representation formula
of the solution. Actually, as we will mention in §2.3, this type of estimate can
be obtained through integration by parts without using the representation
formula of the solution. In fact, with a larger constant in the right-hand side
of (1.5), we are able to prove (1.5) by a method presented in §2.3.

(i) Boundedness. Using the decay estimate (1.4) of the solution,

1

[[ulloo (t) < W\\f\lh (La)

we obtain
lualloc(t) = sup K" ulka, K26)] = k" sup [u(z, k)|
zeR” zER"
1

n 1
<k Wﬂfﬂl = W\\f\h-
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If (z,t) € M such that ¢ > n, then

1

[uklloo,nr = sup |ug(z, )] < ———= 1.
(z,t)eM (47T7])n/2

Since the right-hand side is independent of k& > 0, K is bounded in

Coo(M).

Equicontinuity. We use the LP-L? estimate for derivatives of solutions

(1.6) and (1.7) with p = oo and ¢ = 1:

C .
[0, ull oo (t) < t%_Jr%”f”l’ (j=1,...,n), (1.b)
C
[Oull oo (t) < FHle- (1.c)

Here, C' is a constant depending only on the dimension n. Similarly to
the proof of (i), we obtain

10, ur oo (t) = K" sup. () (K, k2t))|

Ckn+1
< ——
g = e

Since (8y,ur)(x,t) = k - k™ (0, u)(ka, k?t), the power of k increases by
one compared with (i). Similarly, we have

C
| Oru || oo (t) < t%ﬁﬂfﬂr

By the last two inequalities we observe that

||6mjuk||oo,M: sup |6fl?juk(x’t)|
(z,t)eM
and
Hatuk||oo7M: sup |atUk($,t)|
(z,t)eM

are estimated by a constant L that is independent of k. Using the integral
form of the mean value theorem (§1.1.6) for (y, s), (z,t) € M, we have

[un(y, ) — wnle, )] < Lin+ 1)V (ly —af* + |t — s*)*2,

which implies

hm sup |ug (y, s) — ug(z,t)] = 0.

‘s~>t k>1
Thus we obtain the equicontinuity of K. We note that (n + 1)'/2 in the
previous inequality comes from the following calculation: the Euclidean
norm (37, p?)'/2 of p = (po, . .., pn) is estimated by
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" 1/2 " 1/2
(Zp?) g(m) L),
=0 1=0

provided that maxi<i<p [pi| < L.
(iii) Equidecay property. We note that uy is the solution of the heat equa-
tion with initial data

fr(x) = K" f(kx), r e R?,

and || fxll1 = ||f|l1- (In fact, noticing this property, the estimates of wug
in (i) and (ii) immediately follow from the derivative L>°-L' estimate in
§1.1.3.)

We define the support of f by

supp f = {z € R": f(z) # 0},

where the “overline” represents the set’s closure. Since f € Cp(R™),
taking an open ball Bj, centered at the origin in R™ with sufficiently
large radius jo > 0, we have supp f C Bj,, so that supp fr C Bj, for
k > 1. Using the decay estimate (1.d) with respect to the space direction
proved in §1.3.4 for j > jo,k > 1, we have

kaHl M2 Jo
sup |ug(z,t)| < ————= sup exp | ——|z[* +n7 ||
RS ()2 ()2, 4 2

for n <t < 1/n. Since || fxll1 = || f]|1, and since |z|? — 2jo|z| > |z|?/3 for
|z| > j > 3jo, we obtain

lim sup sup sup |uk(zx,t)| =0,
J700 k>1 [2|>5n<t<1/n

which yields that K has the equidecay property. Here we observe that the
essential part is to show that sup),|>; sup, <;<1/,, [uk(x,t)| is bounded by
a sequence of positive numbers that is independent of £ and converges
to zero as j — oo. In particular, each uy belongs to Coo(M). Finally, we
remark that the condition & > 1 is used only in (iii). O

Remark. In the proof we have invoked estimates of a solution (1.a), (1.b),
(1.c), and (1.d). We emphasize that once these estimates (with possibly larger
constant C') are obtained in some way, the representation formula of the
solution is unnecessary in order to prove Proposition 1.3.3. As we have noted,
the aim of the latter part of this chapter is to give a proof for asymptotic
formula (1.9) by a method not based on the representation formula of the
solution directly, but based on scaling transformation. However, for estimates
(1.a), (1.b), (1.c), and (1.d), we have cited (1.4), (1.6), (1.7), and Proposition
1.3.4, respectively, which are proved in this chapter using the representation
formula of the solution, since we would like to avoid complicating the proof.
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Of course such estimates can also be obtained without using the representa-
tion formula, and some of them are proved in the following chapters. We need
some decay assumption at space infinity so that one can carry out integration
by parts. Here are strategies to derive such estimates without applying the
representation formula.

(a) An L>=-L! estimate like (1.a) used in the proof (i) can also be obtained
in §2.3.1 just by applying integration by parts. There, the estimates are
stated only for two-dimensional space, but it is easily extended to general
dimensions (see Exercise 2.7).

(b) The estimate (1.b) can be obtained by combining three estimates:

The L*-L' estimate [[ull2(t/3) < -S| fl1,

The spatial derivative L? estimate ||Vu\| (2t/3) < tl/g llul|2(t/3),

The L>°-L? estimate |0y, ul|o(t) < tn/4 ||6m]u|| (2t/3).

These estimates can be obtained without using the representation for-
mula. The above L?-L' estimate can be obtained by the extended result
(see Exercise 2.7) of §2.3.1. To get the spatial derivative L? estimate, the
reader is referred to Exercise 2.8 (ii). Since 9,,u solves the heat equation
with initial data 0,,u(2t/3), the last inequality follows from the extended
result (see Exercise 2.7) of §2.3.1.

(c) Similarly as in (b), the estimate (1.c) follows by Exercise 2.8 (iii) instead
of (ii). Here we invoked the property d;u = Au.

(d) If we use the method of §2.4.3, we are able to prove an estimate that is
weaker than (1.d) but is still enough to deduce the equidecay property.

1.3.4 Decay Estimates in Space Variables

Proposition. Let u be the solution of the heat equation given in (1.3) with
initial data f € Co(R™). Assume that there exists an open ball Bj, centered
at the origin with radius jo > 0 such that supp f C Bj,. Then for n € (0,1),

[RAlR

a0l < Gl exp (< Yol 4 uPle ) weR <im0

holds.

Proof. We have
lu(z,t)] < sup gz —y,t)|fl1
ly|<jo

by estimating the representation of the solution

u(z,t) = /B

g(x—y,t)f(y)dy = / gz —y,t)f(y)dy

io lyl<jo
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with the Gauss kernel g. Since
|z —yl* > (o = [y))* = |2]* + [yI* = 2z ]ly| > |2]* = 2]zl

for |y| < jo, if n <t < 1/n, we obtain

1 N, 9 .
swp g = 9,0) < oy exp (1l = 2feljo))

lyl<jo
which yields the desired estimate. O

Remark.

(i) Assume that f € C(R™) is an integrable function, i.e., we have || f]|; =
Jgn |f(z)]dz < oo. Moreover, assume that the solution u of the heat
equation with the initial value f is given by (1.3). Then, for jo > 0 and
n € (0,1), we have

f n J
e8] <l e (el + e
11

)2

/ fy)ldy, zeR" n<t<l/n.
ly[>jo

One can similarly prove this inequality by dividing the domain of inte-
gration R™ into |y| > jo and |y| < jo. The same conclusion is still valid
even if f is merely Lebesgue integrable without assuming the continuity
of f.

(ii) The same conclusion in Proposition 1.3.3 still holds under the assumption
of (i). The boundedness and the equicontinuity can be derived from esti-
mates (1.4), (1.6), and (1.7), which can be shown under the assumption
of finiteness of || f||1. To show that the set {uy : k > 1} has the equidecay
property, we may use the inequality in (i) instead.

1.3.5 Existence of Convergent Subsequences

Theorem. Let ug be as in Proposition 1.3.3. Then for any subsequence
{ur)}y2, of {ux : k > 1}, there ewists a subsequence {upe)}i, of
{une) }72, satisfying the following properties:

(i) The sequence {ur(e(iy) }i2, converges to a continuous function U asi — oo
in R™ x (0, 00) pointwise.

(ii) For each n € (0,1), the convergence (i) for {upy)}i2, is uniform in
R™ > [, 1/7].

Hereinafter, for simplicity of notation, uy sy and uy(;)) are denoted by uys and
uy, respectively. At a glance, this is obvious by the result in §1.3.3, but we
should be careful, since the choice of the subsequence should be independent of
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n. By Proposition 1.3.3, for each i € (0, 1), {ug(e)}2, contains a subsequence
converging uniformly in R™ X [n,1/n]. Using the following lemma, we can
choose a subsequence of {u)}72; that converges on R™ x [, 1/n] uniformly
and is independent of 7. Since the uniform limit of a sequence of continuous
functions is continuous, the limit U of uy~ is continuous.

1.3.6 Lemma

Lemma. Let {he}32, be a sequence of functions that is defined on a set'Y .
Assume that {Yﬁ;’il is an exhausting sequence of subsets of Y satisfying

Uz, Y; =Y. Set h) = he(€=1,2,3,...). Let {h% 72, be a uniformly conver-
gent subsequence of {hz_l};‘;l (j > 1) inY;. Then there exists a subsequence
{he'} of {he} such that {he} converges uniformly in each Y.

The proof is based on a diagonal argument (see §5.2.2 and §5.2.4). In fact,
{h%}se,, which is a subsequence of {h,}, converges uniformly in each Y;.

We apply this lemma to the proof of §1.3.5 with ¥ = R™ x (0,0), ¥; =
R™ x [1/(j +1),5 + 1], {he} = {uw}. Since by §1.3.3 the assumption of the
lemma is satisfied, the result in §1.3.5 is proved.

Thus we have proved the compactness part which is the first step in §1.2.7.

1.4 Characterization of Limit Functions

We shall derive an equation that U satisfies, where U is a limit of a convergent
subsequence of the family of rescaled functions {uy : k¥ > 1} constructed by
(1.14) from the solution u of the heat equation. To simplify descriptions, we
use the following standard notation for families of functions. Let D be an
open set in R™, and r = 0, 1, 2, 3,.... By C"(D) we denote the set of all
(real-valued) functions of class C™ on D:

C"(D)={p e C(D):9%p € C(D) for a multi-index « satisfying |a| < r}.

By definition CY(D) = C(D), i.e., C°(D) is the set of all continuous functions
on D. If a function belongs to C" (D) for all r we say that it is a smooth function
on D or of class C*°. By C*°(D) we denote the set of all such functions, i.e.,

C>(D) = () C"(D).
r=1

For the closure D of D, we define
05 is continuous on D

C™(D) =X ¢ € C(D) : and can be extended continuously to D ; ,

for every multi-index « with |a| <r

Cc>(D)=()C"(D).

r=1
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t

» X

Figure 1.3. An example of a compact set in R X [0, 00).

If a function belongs to C" (D) we say that it is of class C" on D. If a function
belongs to C°°(D), we say that it is of class C™ on D. (Here, a function @
defined on a set W with Y C W is called an extension of a function ¢ on Y if
D(y) = ¢(y) for all y € Y.) For any subset Y in R™, by Cy(Y") we denote the
set of all continuous functions with compact support. We also define

C5*(D) = Co(D)n C=(D), CF(D) = Co(D) N C=(D).

When Y =R"”, Cy(Y) agrees with Co(R™). If Y is an open set in R™ and a set
Z contains Y, we can identify C§°(Y") as a subset of C§°(Z), since a function
fin C§°(Y) can be regarded as a function C§°(Z) by setting f(x) = 0 for
x € Z\'Y. We use a similar identification for Cy. However, C§°(Y") does not
coincide with C§°(Z). For example, C§°(R™ x (0,00)) does not coincide with
C§°(R™ x [0,00)). See Figure 1.3. One should carefully distinguish between
[0,00) = {t > 0} and (0, 00) = {t > 0}.

Now we study a limit of fi(z) = k" f(kz) as kK — oo, which is the initial
data of wuy.

1.4.1 Limit of the Initial Data

Proposition. For f € Co(R™) we set frp(x) = k™ f(kz), k > 1. For any
continuous function ¢ on R™ (i.e., ¥ € C(R™)),

tim [ felap(e)de =mu(©), m= [ f)dr

k—oo R

holds. (The same convergence result still holds even if [ is simply (Lebesgue)

integrable in R™ and for any bounded ¢ € C(R™).)

Remark. When f € Cy(R™), the value of the first integral in the proposition
does not change if the domain of integration R™ is replaced by an open ball
Bpr such that supp f C Bpg, since k > 1. Of course, we may assume that

Y € C(BR).
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This proposition is easily proved in a similar way as it is proved that u(zx, t)
defined by (1.3) converges to f(z) as t — 0, and we shall prove it in §4.2.5.
In other words, fi converges to the m multiple of the Dirac § distribution
(6 measure) in the sense of measures (or distributions). The Dirac ¢ distri-
bution can be regarded as the map that evaluates a continuous function at
z =0, ie

§: fr— f(0)
for f € C(R™). When the initial data is not a function as in this case, how do
we interpret the initial condition?

1.4.2 Weak Form of the Initial Value Problem for the Heat
Equation

Multiplying the heat equation 6tu — Au =0 by ¢ € C§°(R" x [0,00)), and
then integrating on R™ x (0, 00), we obtain

0= / / (Oru — Au) dzx dt.

Using integration by parts (§4.5.3), for u € C*°(R™ x [0, 00)) we have
| ot = ot utaiz, - [ udods
0 0
= —p(z,0)u(x,0) —/ udpp dt,
0

/ wAudx:—/ (V@,Vu)dx:/ (Ap)u dz,

which yields'

0=-— /n o(x,0)u(z,0)dx — /000 /n(at@ + Ap)udzx dt. (1.16)

We do not carry out the justification of commutation of integrals in this
chapter; in fact, the last equality is justified by Fubini’s theorem in §7.2.2.
Of course, for u € C°(R™ x [0,00)) it is sufficient to consider the Riemann
integral. Here, by definition, ¢ is zero for large ¢ and for large |x|; however,
we note that ¢(x,0) may not be identically zero (but belongs to C5°(R™)).
Conversely, if u is smooth in R™ x (0,00) and continuous in R™ x [0, 00)
(ie., u € C®(R" x (0,00)) N C°(R™ x [0,00)), and (1.16) holds for any ¢ €
C§°(R™ x [0,00)), then u is a solution of the heat equation with initial data
u(z,0) (Exercise 1.8). Thus, we define weak solutions of the heat equation as
follows.

! The equation (1.16) also holds if u is continuous in R™ x [0, 00) and smooth in
R™ x (0,00). In this case, we do not assume the continuity of d:u at ¢ = 0; hence
fooo @0Oru dt is not necessarily finite. So, we replace the time interval of integration
(0,00) to (g,00) (e > 0) and integrate by parts then we obtain (1.16) by letting
e — 0.
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1.4.3 Weak Solutions for the Initial Value Problem

Definition. Assume that u is locally integrable in R™ x [0, 00).

(i) Assume that f is locally integrable in R™. A function u is called a weak
solution of the heat equation (1.1) with initial data f if for any ¢ €
Ce(R™ x [0,0)),

0= / oz, 0) f(z) dz + /OOC /n(atw + Ap)uda dt. (1.17)

(ii) Instead of (1.17), if

0 =mp(0,0) + / / (Orp + Ap)udz di (1.18)
O n

holds for any ¢ € CP(R™ x [0,00)), then w is called a weak solution of
the heat equation (1.1) with initial data mé (m times the § distribution).
Here m is a real number.

We shall give a general definition of local integrability of functions in §4.1.1.
We here describe the notion for the above functions u and f in the following
way. First we remark that the function u defined in R™ x [0,00) is locally
integrable in R™ x [0, 00) if for any positive number R and T,

T
I(R,T) = / / |u(z, t)| dedt < co.
0 Jiz|<R

Of course, if u € C(R™ x [0,00)), then w is locally integrable in R™ x [0, c0).
If u € C(R™ x (0,00)), u is not assumed to be continuous up to ¢ = 0, so that
u is not necessarily bounded in Br x (0,7T") hence I(R,T) is not necessarily
finite. We can interpret I(R,T) as an improper Riemann integral for such
functions. Weak solutions that appear in this book belong to C'(R™ x (0, c0)).
We also note that f is locally integrable in R™ if and only if for any positive
number R > 0 the integral of |f| over Bp is finite.

Of course, by the arguments in §1.4.2, a classical solution® of (1.1) with
initial data f € Cp(R™) is a weak solution. More generally, when the initial
data f is a Radon measure y, one obtains a definition of a weak solution with
initial data p by replacing the right-hand side of (1.17) by [, ¢(,0) du(z).
From this point of view we can interpret (i) and (ii) synthetically by regarding
f(z)dx as du(x). But we wrote statements (i) and (ii) as above to avoid an
unnecessarily difficult notion. (For the notion of measures see the book of
W. Rudin [Rudin 1987].) In this definition we assume that the function w is
locally integrable, so that the second term of the right-hand side of (1.17) is

! The function u is called a classical solution if f %u is continuous in R™ x (0, co),
|a] + 2k < 2, and u satisfies (1.1), and moreover, u is continuous in R™ x [0, 00)
and satisfies (1.2).
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finite; however, it is possible to consider u as a more general distribution. One
of the reasons that it is called a weak solution is that we can check whether a
function is a solution without assuming differentiability of the function. In §3.1
we mention a problem in which nondifferentiable weak solutions play a key
role. But in the case of the heat equation a weak solution is smooth for ¢ > 0.
The problem is to show the convergence to the initial data.

Next, we would like to characterize the limit of subsequences of the family
of rescaled functions {uy : k > 1} as k — oo. For this purpose, in the next
theorem we consider a sequence of weak solutions of the heat equation, which
is more general than what we need right now.

1.4.4 Limit of a Sequence of Solutions to the Heat Equation

Theorem. Let v; € C(R™ x [0,00)) be a weak solution of the heat equation
(1.1) with indtial data vy € C(R™) (i = 1, 2,...), and m a real number.
Assume the following conditions:

(i) (The limit of the initial data)  For all ¢ € C§°(R™),

lim v dx = map(0).

i—oo Jpn
(ii) (Uniform estimate)
sup sup ||v;]|1(t) < oco.
i>1 t>0

(iii) (Convergence) The function v; converges to v in any compact subset of
R”™ x (0,00) uniformly as i — oo. (Hence v € C(R™ x (0,00)).)

Then v is a weak solution of the heat equation (1.1) with the initial data mé.

Proof. Since v; is a weak solution with initial data v;g, for ¢ € C§°(R™x [0, 00))
we have

n 0 n

Since by (i) the first term of the right-hand side converges to me(0,0) as
i — 00, it is enough to prove that the second term of the right-hand side
converges to

/ / (O + Ap)v de dt
0 n

as ¢ — oo and that v is locally integrable in R™ x [0, 00). First we prove the
desired convergence. Set

Fi(t) = /n(ﬁtcp(x,t) + Ap(x, t)vi(z,t)dx (i=1,2,...),

F(t) = /n(ﬁtcp(x,t) + Ap(x,t))v(z, t) de.
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The supports of these functions are contained in an interval [0,7) that is
independent of i, since (z,t) is identically zero as a function of the variable
x for sufficiently large t. Moreover, since, by (iii), v; converges to v uniformly
in any compact subset of R x (0,00), we can interchange integration and
limit operation (see the proposition at the beginning of §7.1), i.e.,

lim Fy(t) = F(t),

at any point ¢ > 0. Moreover, F; and F' are continuous on (0,7),

IFi(t)|S< sup |5t<P+A90>/ lvi (2, t)| de,
R”'L

R"™ X (0,00)

and the right-hand side of this equality is bounded as a function of t > 0 and
i by the uniform estimate of (ii). Therefore by the dominated convergence
theorem (§7.1.1), we have

T T
lim E@ﬁ:/’ﬂwﬁ
0

1— 00 0

On the other hand, since supp F;, supp F' C [0,T), we get

lim E@ﬁ:/ Ft) dt,

11— 00 0 O
which is the desired convergence. By similar arguments, for any R > 0 and
T > 0 we also have

T T
00 > ‘lim/ / |vi(z,t)| de dt :/ / |v(x, t)| da d,
i=ooJo JBg 0 JBgr

so that v is locally integrable in R™ X [0, 00). (The interchange of integration
and limit operation used above may be proved by the theory of Riemann inte-
gration without Lebesgue integration theory.) (Since v € C(R"™ x (0, 00)), the
local integrability of v on R™ x (0, 00) is obvious. However, we need estimates
near ¢ = 0 to prove the local integrability on R™ x [0, c0) as mentioned above.)

O

1.4.5 Characterization of the Limit of a Family of Scaled Functions

Theorem. Assume that the solution of the heat equation with initial data f €
Co(R™) is given by (1.3). Let uy, be given by (1.14). Assume that a subsequence
{ug} of {ug : k > 1} converges to a continuous function U uniformly in each
compact subset of R™ x (0,00) as k — oo. Then U is a weak solution of the
heat equation (1.1) with initial data md, where m = fRn fdx. Moreover,

sup [Ul|1(2) < [[f]]1- (1.19)
t>0
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Proof. We apply Theorem 1.4.4 as follows. Condition (i) in §1.4.4 follows from
§1.4.1, (iii) is contained in the assumptions of §1.4.5, and (ii) is easily proved
by the estimate

lurllr(®) < [l fxll = [[fll, >0,

which is the LP-L? estimate in §1.1.2 with p = ¢ = 1. Hence we can apply
Theorem 1.4.4, so that U is a weak solution of the heat equation with initial
data md. By Fatou’s lemma (§7.1.2), we obtain

00 = [ Jim_ (e, lde < L a0 < 1],
R —00 "

— 00

which yields (1.19). Here for a sequence {a;}72,, lim; . a; is the limit
inferior, which is defined by

lim a; = lim inf ay.
j—o00 j—oo k>

(We remark that in this proof we use integrals only for continuous functions
on an unbounded domain in R™. Therefore, it is sufficient to apply Fatou’s
lemma (§7.1.4) only for improper Riemann integrals.) m|

1.4.6 Uniqueness Theorem When Initial Data is the Delta
Function

Theorem. Assume that the function v € C(R™ x (0,00)) satisfies

sup ||v||1(t) < oo.
t>0

Let m be a real number. Assume that v is a weak solution of the heat equation
(1.1) with initial data md. Then v is unique and v = mg in R™ x (0, 00), where
g is the Gauss kernel.

It is easy to prove that the Gauss kernel g is a weak solution of the heat
equation with initial data § (Exercise 1.9). (In the definition of weak solutions,
we do not assume that u is continuous on R™ x [0, 00), but assume that u is
locally integrable, so that we can handle g that is not continuous at ¢ = 0.)
We will prove the uniqueness in §4.4.1. The assumption in the theorem about
the boundedness of ||v||1(¢) is a decay condition of the function v as z — oo.
We can prove the uniqueness under weaker assumptions, but it cannot be
removed completely.

A self-similar solution V of the heat equation satisfying ||V']|1(1) < oo with
initial data md is a weak solution (Exercise 1.10). Since |V||1(t) = ||Vk|/(1) =
[VI(t) with k% = ¢, ¢t > 0, we have V = mg by the uniqueness theorem, where
m= [p. V(z,1)dz.
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1.4.7 Completion of the Proof of Asymptotic Formula (1.9) Based
on Scaling Transformation

By §1.4.5 and §1.4.6, the limit U of {uy~} derived in §1.3.5 equals mg with
m = fdx.

Since the limit U is independent of the choice of subsequences of {u} in §1.3.5,
by §1.3.5 and Exercise 1.4, for any n € (0,1), {ux} converges to mg uniformly
in R" x [n,1/n] as k — oo. Thus we have (1.15). By Proposition 1.2.6 we
obtain the asymptotic formula (1.9). O

Remark. In fact, the asymptotic formula (1.9) still holds under the assumption
that f € C(R™) is integrable in R™. This can be proved using the method of
scaling transformation (§1.3.4). (Moreover, if f is assumed to be Lebesgue
integrable, then the continuity assumption for f is unnecessary.) It is also
possible to prove the asymptotic formula (1.9) for general integrable initial
data f by modifying the proof of §1.1.5. Indeed, since

(= y) = hn(2)] < 2Jyln'/*Cy,
we conclude that

(dmt)"?|u(z, t) —mg(x, )]

- </|y|<R+/|y|>R> on( = y) = B (@) 1£ ()] dy

1/2
< /|y|<Rn Iyl 1£ ()] dy + 2 / ) dy.

ly|>R

The right-hand side is independent of z. We send ¢ — oo first and then
send R — oo to get (1.9). This argument as well as (1.9) is found essen-
tially, for example, in [Cazenave Dickstein Weissler 2003], where the relation-
ship between large-time behavior of a solution of the heat equation and the
asymptotic behavior at spatial infinity for the initial data is studied.

1.4.8 Remark on Uniqueness Theorem

In a similar way we can prove the uniqueness result in §1.4.6 when the initial
data f of v is integrable. In particular, if f € Cy(R"™), then

v(z,t) = . Gi(z —y) f(y) dy

is the unique weak solution (with initial data f) satisfying sup,~ ||v]/1(t) < co.
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Exercises 1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

(i) (§1.1, §1.2.5) For the Gauss kernel g(x,t) = (47t)~"/? exp(—|z|?/
4t), calculate Org, 02,9, Oz;0:;9 (1 < 4,j < n), and show that
Og(x,t) — Ag(z,t) = 0,2 € R",t > 0.

(i) (§1.1) Show that if f € Co(R™), then ||f||, is finite for 1 < p < co.

(§1.1.2) Let f be a function defined on [0, 00) of the form f(s) = s%e~*

with a > 0. Show that f is bounded on [0,00) and that it attains its

maximum value (a/e)* at s = a.

(§1.2.6) For a positive number k, set t = k2. Show that

np_1
lowllp (1) = ¢2 07 o], (0).

Here 1 < p < oo and wvi(z,t) = k"v(kz, k*t) with k > 0.

(8§1.2.7) Consider a subset A = {ar : k > 1} in R. (It is not
necessarily a sequence.) Assume that there exists a convergent sub-
sequence {ag(e)) }ie; of each subsequence {ap)}i2; of the set A
with limy o0 k(¢) = oco. Moreover, its limit « is independent of the
choice of the subsequence (independent of the choice of k(¢), £(3)). Show
that then there exists limyg_,o, ax, which equals «. (Here we assume
lim; o0 £(7) = 00.) (Even if A is merely a subset of a metric space, the
same conclusion holds.)

(§1.3.1) Assume that the metric space M has an exhausting sequence of
compact sets {M;}22;. Show that Coo (M) is independent of the choice
of {M;}2..

(8§1.3.1) Assume that a metric space M has an exhausting sequence of
compact sets. Show that Ci, (M) is complete with respect to the norm
|+ lloo,ns- That is to say, show that any Cauchy sequence {f;}52, of
Coo (M) converges in Coo (M). In other words, show that if

lim sup ||fr — finlloo,sr =0,
30 4m>j

then there exists f € Coo (M) such that lim; .o || fj — flloc = 0.
(§1.3.1) Prove Example 1 and Example 2. Show that K in Example 1
is not equicontinuous.
(8§1.4.2, §1.4.3) Show that if u € C(R™ x [0,00)) N C(R™ x (0,00)) is
a weak solution of heat equation with initial data u(z,0), then u is a
solution of the heat equation, i.e., u satisfies (1.1).
Hint: For h € C(£2), if
hpdr =0

Q
holds for all ¢ € C§°(£2), then h = 0, i.e., h is identically zero on {2,
where (2 is an open set in R™.
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1.9

1.10

1 Behavior Near Time Infinity of Solutions of the Heat Equation

(§1.4.6) Show that the Gauss kernel g is a weak solution of the heat
equation with initial value §.

Hint: It is sufficient to prove that v;(x,t) = g(x,t + 1/i) satisfies the
assumptions in §1.4.4.

(§1.4.6) Show that a self-similar solution u of the heat equation satisfying
llu]l1(1) < oo is a weak solution of the heat equation with initial data
mé, where m =[5, u(z,1)dx.

Hint: Set v;(z,t) = u(x,t + 1/1).

Remark (For 1.8). We recall here the fundamental lemma of the calculus
of variations, which is a more general result than that of the hint.

Lemma. Let h be a locally integrable function in an open set @ in R™.

If
/ hpdxr =0
Q

for all p € C°(Q), then h is zero almost everywhere in Q.

This lemma shows that a locally integrable function h that is zero in
the sense of distributions is identically zero almost everywhere in @, i.e.,
h equals zero outside some set of Lebesgue measure zero in Q.
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Behavior Near Time Infinity of Solutions of the
Vorticity Equations

The Navier—Stokes equations are famous as fundamental equations of fluid
mechanics and have been well studied as typical nonlinear partial differential
equations in mathematics. It is not too much to say that various mathe-
matical methods for analyzing nonlinear partial differential equations have
been developed through studies of the Navier—Stokes equations. There have
been many studies of the behavior of solutions of the Navier—Stokes equations
near time infinity. In this chapter, as an application of the previous section,
we study the behavior of the vorticity of a two dimensional flow near time
infinity. In particular, we study whether or not the vorticity converges to a
self-similar solution.

The main purpose of this chapter is to show that the vorticity of a two-
dimensional flow asymptotically converges to a constant multiple of the Gauss
kernel (called the Gaussian vortex, which is self-similar) if the total circula-
tion is sufficiently small. This result is applicable (as mentioned in §2.6) to
the problem of the formation of the Burgers vortex in a three-dimensional
flow, which is a very interesting topic in fluid mechanics. (Very recently, the
smallness assumption has been removed. We shall mention this improvement
at the end of this chapter.) This type of asymptotic behavior of the vorticity
(§2.2.2) is proved in papers cited in §2.7.1. To estimate a limit of rescaled
solutions is an important step in the proof, and it has not been mentioned in
the literature so far. In this chapter we will present a new result concerning
this step and complete the whole proof. Moreover, we give a clearer proof of
the asymptotic formula (§2.4 and §2.5) by introducing recent improvements of
the fundamental L9-L! estimate (§2.3) of the linear heat equation with a con-
vective term. The estimates of several quantities, including the derivatives of
vorticities and velocities, are established by applying the fundamental LI-L!
estimate, in which various fundamental inequalities in calculus (§2.4) play
essential roles. These inequalities are proved in Chapter 6. In this chapter, we
often rewrite differential equations as integral equations. Such an operation
is justified in Chapter 4. The existence and the uniqueness of solutions to the
vorticity equations are stated in §2.2.1 without proofs. We admit these results

M.-H. Giga et al., Nonlinear Partial Differential Equations, 37
Progress in Nonlinear Differential Equations and Their Applications 79,
DOI 10.1007/978-0-8176-4651-6_2, (© Springer Science+Business Media, LLC 2010
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here. When we consider the vorticity equations it is useful to study the heat
equation with a convective term, for it is considered a linearized version of
the original equations. The existence of solutions to this linearized equation
is again admitted in this chapter. Several properties of the fundamental solu-
tion to the heat equation with a convective term are presented in Lemma 2.5.2
without proof. They are effectively used to obtain the estimates for the limit
of rescaled solutions. Throughout this chapter we try to establish sharp results
as elementarily as possible. For example, an elementary proof is presented for
the estimates of derivatives of the vorticity (§2.4.2), which gives new results
for the cases p =1 and p = co. In §2.1, we derive the vorticity equations from
the Navier—Stokes equations, and in §2.7, we mention the history of research
on the vorticity equations and related topics. This chapter intends to give an
elementary approach without Lebesgue integrals or distribution theory, so the
only prerequisite to reading it is a basic knowledge of differential and integral
calculus for functions of several variables. For this reason some assumptions
of the results are not optimal.

2.1 Navier—Stokes Equations and Vorticity Equations

We consider the Navier—Stokes equations, which are used to model the motion
of incompressible viscous flows and which are the fundamental equations of
fluid mechanics:

ou
Po ot

i

LI out "L 92! Op
J - — S =
(x,t) + E u (x,1) oz, (x,t)} v E 522 (x,t) + oz, (z,t) =0

j=1 J

forx e R"and 0 <t < T.
Here we assume 7" > 0 or 7" = oo, and n denotes an integer greater than
or equal to 2. The vector

u(z,t) = (u'(z,t), u?(z,t),...,u"(z,1))

denotes the velocity vector of the fluid at a point € R™ and at time ¢t € (0,7);
p(z,t) denotes the pressure of the fluid. Of course, u(z,t) (i = 1,...,n) and
p(z,t) are real-valued functions, and pg and v are positive constants that
describe the density and the kinematic viscosity of the fluid, respectively.
We note that the above system is the Navier—Stokes equations with no exter-
nal force term. For given pg, v, and the initial velocity u(x,0), the problem to
find w and p satisfying the above Navier—Stokes equations is called the initial
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value problem for the Navier—Stokes equations. Here we have n + 1 equations
and n + 1 unknown functions. Observe that by assuming an initial condi-
tion also for the pressure, the conditions are overdetermined and we cannot
solve the initial value problem. Hence, we do not assign the initial value of
the pressure. In physics one often adds the word “field” to describe physical
quantities depending on x. For example, u is called the velocity vector field
and p is called the pressure field. However, in this book we do not use this
terminology.

We often express the Navier—Stokes equations in a concise form using
notation of vector analysis:

po{0w + (u, V)u} —vAu+Vp=0 inR" x (0,7),
div u=0 inR" x (0,7).

Here, div and V denote the divergence and the gradient with respect to the
spatial variable = (x1,...,2,) € R™, respectively. Moreover, (u, V) denotes

the operator Y 7, u/ -2, and we assume that it acts on each element u’ of u.
- J

Namely, the ith component of (u, V)u is 2?21 u’ gT“;; and the Laplacian Au

for the vector-valued function u is (Au', Au?,..., Au™). The first equation
describes the momentum conservation law, and the second equation describes
the mass conservation law, which expresses the incompressibility.

Using a suitable scaling transformation for the dependent variables v and
p, and independent variables x and ¢, we may assume that pg =1, and v = 1.
In fact, for example, if we set £ = (pov) ~'/3t, & = (po/v?) 3z, & = (p§/v)*/3u,
and p = (po/v?)'/?p, then we obtain (at least formally) the Navier-Stokes
equations for @(Z,%) and p(Z,1) on R™ x (0,T) with py = 1 and v = 1.
(We may obtain the Navier—Stokes equations with pp = 1 and v = 1 also
by another transformation.) Here we set T = (por)~'/3T. Thus we assume
that the positive constants py and v are 1, unless otherwise claimed. That is,
we consider

ou+ (u, V)u —Au+Vp=0 inR"x(0,7T), (2.1)
divu=0 inR"x(0,T). (2.2)

2.1.1 Vorticity

Let a set v = (vi,v?,...,v") of functions v* (i = 1,2,...,n) be an

n-dimensional (real) vector-valued function defined on R™, namely, a vector
field on R™. (Here and hereinafter, we simply call v a function, or R™-valued
function, if we need to emphasize that v is vector-valued. Let curl be the
differential operator that represents the rotation. (It is also expressed as rot.)
That is, for spatial variables x = (x1,29,...,2,) € R", and for v whose
component v* is C' on R”, we define
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Av? v’ ; _
—8;1 — —322, if n=2,

curl v =

o ov: ol 9 9w gl : —
(azg drs 0w Ot O 622)7 if n=3.

If v denotes the velocity, then curlv is called the vorticity. In case of spatial
dimension n = 3, if v3 = 0 and (v',v?) depends only on (x1,w3), so that
v = (v}(z1,22),v%(x1,22),0), then

ov? ol
curlv = (0,07 6_131 - 8_12) .

Thus we may identify the third component with curl (vt,v?) for n = 2.

Next we consider n = 3 and v = (0,0,¢). Here we assume that ¢ =
©(z1,22) depends only on 7 and x2 (is independent of z3) and that ¢ is
continuously differentiable. In this case

_(9p Oy
curlv = (6@’ 02y’ 0) ,

and we may identify this by V+. Here, we define the differential operator
Vi by Vip = (3%%, f%). By definition, { V¢, Vi ) = 0, namely, V+t¢
is perpendicular to Vi, so we use the notation V+.

In the following, we explain a convenient formula for deriving the vorticity

equations. The proofs are left to the reader as Exercise 2.1.

2.1.2 Vorticity and Velocity

Proposition. Assume that n = 2 or n = 3. Let v = (v, v?,...,0") be
a vector field on R™. Assume that its components vi (j = 1,2,...,n) are
continuous up to second order derivatives (i.e., vi € C*(R™)). Then forn =3
we have

— Av =curlcurlv — V div v in R (2.3.1)

for n =2 we have
— Av=V&teurlv -V div v in R? (2.3.2)

We assume that the velocity v and the pressure p (in the Navier—Stokes
equations) are sufficiently smooth, and we write the vorticity as w(z,t) =
curlu(x,t). For n = 3 vorticity w is an R3-valued function; for n = 2 vorti-
city w is a scalar real-valued function. By the above proposition and (2.2) we
see that —Au(z,t) = curlw(z,t) when n = 3; —Au(x,t) = V+tw(z,t) when
n=2.

Applying curl to (2.1), for n = 3 we obtain

dw+ (u, Vw — (w, V)u — Aw =0 in R? x (0,7).
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Here, we have used curl ((u, V)u) = (u, V)w — (w, V)u+w(div u), curl (Au) =
Aw, and curl (Vp) = 0. In the case n = 2, using curl ((u, V)u) = (u, V)w,
we obtain

Ow + (u, V)w — Aw =0 in R? x (0,7)

for u satisfying div u = 0.
Hence from the Navier—Stokes equations, we obtain the following equation
for the vorticity w and the velocity u; in the case n = 3,

Ow + (u, Viw — (w,V)u — Aw =0 in R? x (0,7),
—Au=curl w inR3x (0,7).
In the case n = 2,

Ow + (u, V)w — Aw =0 in R? x (0,7), (2.4)
—Au=V+tw inR*x(0,T). (2.5)

2.1.3 Biot—Savart Law

In the sequel we assume that the dimension of the space is two. We set E(z) =
—%log|x|, x € R2,x # 0. This is called the fundamental solution of the
Laplace operator. The next proposition is proved in §6.3.5.

Proposition. For f € C°(R?), —A(E * f) = f in R2.

Here * denotes convolution, i.e., (E fR2 )f(y)dy. We use
the same notation for the convolutlon a* b = (a xbl, ax b2) of a scalar function
a = a(x) and an R%-valued function b = (b!(x),b?(x)) that are defined on R2.

For a smooth real-valued function w defined on R? we set v = E % (V+w).
If the support of V4w is compact, then by the above proposition, w satisfies

—Av=V+tw inR2%

Conversely, v satisfying this equation is expressed by v = E * (V+w), under
a suitable decay condition on v at space infinity.! Thus v = E * (V+tw) is
formally equivalent to —Av = V4w, in this sense.

We define a vector field K (which is defined on the domain R? excluding
the origin) as

K(x)_i<_x—2 ﬂ) zE€R 1z A0 (2.6)

2m \ |27 [af?

! To show this, use the fact that a bounded harmonic function on the whole plane
is a constant. This statement is called Liouville’s theorem.
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Since

OF 2 ):K(as), zeR? z#0,

V@) = (S @)~ g @

we obtain
Ex (Viw)=(VIE)sw=Ks*w inR?

(at least for w € C§°R?). (For the justification of the commutation of con-
volution and differential, see §4.1.4 and §6.3.5. See also §6.3.6.) The formula
v = K * w determining v from w is called the Biot—Savart law. The function
v obtained by this relation satisfies divv = div (K * w) = div VX (E x w) = 0
in R2.

Here and hereinafter we use the symbol K as defined in (2.6).

2.1.4 Derivation of the Vorticity Equations

We have obtained (2.4) and (2.5) from the two-dimensional Navier—Stokes
equations of §2.1.2. Instead of (2.5) we consider the Biot—Savart law, which
is formally equivalent to (2.5) (We note that (2.5) has been derived from the
mass conservation law (2.2).) So we consider

Ow + (u, V)w — Aw =0 in R? x (0,7), (2.7)
u=Kxw inR?x(0,7T). (2.8)

This system is called the two-dimensional vorticity equations. For a given
function wy on R2, the problem of finding a real-valued function w = w(x,t)
and an R2-valued function u = (u'(z,t),u?(z,t)) satisfying

w(z,0) = wo(x), z€R? (2.9)

and the vorticity equations is called the initial value problem for the vorticity
equations. In this chapter, we analyze the asymptotic behavior of the vorticity
near time infinity.

As stated above, the vorticity equations are derived from the Navier—Stokes
equations. Conversely, we can also derive the Navier—Stokes equations from the
vorticity equations by determining the pressure p suitably. (For example, see
[Giga Miyakawa Osada 1988].) Hence the analysis for solutions of the vorti-
city equations is equivalent to the analysis for solutions of the Navier—Stokes
equations.

2.2 Asymptotic Behavior Near Time Infinity

Consider the initial value problem of the vorticity equations (2.7), (2.8), and
(2.9) in the plane. Similarly to the heat equation, if we assume that wy does
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not grow at space infinity, it is known that problem (2.7), (2.8), and (2.9) has
a unique global-in-time smooth solution. The existence and uniqueness prob-
lem has been well studied in various situations. In this chapter, we consider
the problem in the case that the initial vorticity wq is a continuous function
with compact support. The existence and the uniqueness problems will be
commented on in §2.7.2 together with the research history, but we will not
give their proofs. In this chapter we focus on the asymptotic behavior of w as
t — oo, admitting the following unique existence theorem.

2.2.1 Unique Existence Theorem

Theorem. For the initial vorticity wy € Co(R?) there exists a unique pair of
smooth functions (w, u) satisfying (2.7), (2.8), and (2.9) in R? x (0,00), and
having the following properties:

(i) We have w € C(R? x [0,00)) and w satisfies the initial condition (2.9).
Moreover, lim;_¢ ||w — wol|p(t) = 0 for any p with 1 < p < cc.

(ii) For any to and ty with 0 < to < t1, sup,, <;<;, 0f05w]|,(t) < oo, where
1 <p< oo, aisan arbitrary multi-index, and £ =0, 1, 2,....

(iii) For any to and t1 with 0 < to < t1, Supy <y, |07 05ullr(t) < oo, where

2 < r < oo, a is an arbitrary multi-indez, and ¢ = 0, 1, 2,.... (For

a vector-valued function v, ||v||, denotes | |v| ||, and Of0%v denotes the

vector with ith component 0%, where v' denotes the ith component

of v.)

The conditions (ii) and (iii) imply that for each t > 0, w(z,t) and u(x,t)
decay at space infinity as functions of z. Moreover, ||w—wq||,(t) — 0 (ast — 0)
in (i) means the LP-continuity of the map in ¢ with values w(z,t) (which is
a function of x). This property is important and is also valid for solutions of
the heat equation as mentioned in Exercise 7.3 and Theorem 4.2.1.

Remark. By (2.8) we have u = K * w (in R? x (0,00)), but for each ¢t > 0,
w(x,t) is not compactly supported as a function of 2. Thus there is a problem
as to whether K x w is well defined. Fortunately, as remarked in §6.3.5, the
property (ii) of the solution w is sufficient to define (the components of ) Kxw
as a smooth function on R? x (0, co) satisfying

902 (K + w) = K * (9'9%w)
in R? x (0,00), where « is an arbitrary multi-index and £ =0 ,1 ,2,....

Hereinafter, we simply define a solution of (2.7), (2.8), and (2.9) to be a pair
of smooth solutions (w,u) that satisfies (2.7), (2.8), and (2.9) on R? x (0, 00)
and that satisfies properties (i), (ii), and (iii) of the unique existence theorem.
The main purpose of this chapter is to establish the asymptotic behavior of
w as t — oo for the vorticity equations, which is similar to Theorem 1.1.4.
As we will see later, w decays as t — co. Our aim is to obtain the leading part
of the decay.
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2.2.2 Theorem for Asymptotic Behavior of the Vorticity

Theorem. Let the pair of functions (w,u) denote the solution of (2.7),
(2.8), and (2.9) with initial vorticity wo(€ Co(R?)). Furthermore, we set
m = [g, wo(y)dy. Then there exists a (small) constant mg such that for any
m with |m| < my,

Jim #|w —mgl|oo(t) = 0 (2.10)

holds. Here g(x,t) = Gi(x) is the Gauss kernel.

Remark. According to very recent results of Th. Gallay and C. E. Wayne
[Gallay Wayne 2005], the smallness assumption |m| < mg can be removed.
We shall discuss this topic in §2.8. Thus, the result exactly corresponds to
Theorem 1.1.4 with n = 2 for the heat equation.

We can prove (2.10) by regarding the term (u, V)w of equation (2.7) as a
perturbation of the heat equation and using the expression of the solution of
the heat equation. However, to carry out this strategy we need the stronger
assumption that

Jwollr = / lwo(y)ldy
R2

is sufficiently small. We give an example to show that the latter assumption
is actually stronger. Consider wy with wo(z1,22) = Acoszesinzy, |z1] <
7, |za| < 7/2, and wo(x1,22) = 0 otherwise. Although m = 0, ||wo|1 can
be chosen as large as one likes by choosing the constant A large. In this
book we introduce the method of the scaling transformation to prove the
above theorem. Just as for the heat equation we begin by studying the scaling
invariance of the vorticity equations.

2.2.3 Scaling Invariance
Proposition. Assume that the pair of functions (w,u) satisfies (2.7) and
(2.8) in R? x (0,00). For k > 0 define (wg,ux) by

wr(z,t) = Kwka, k*), up(z,t) = ku(kz, k*t). (2.11)
Then (wg,ux) satisfies (2.7) and (2.8) in R? x (0,00), by replacing w by wg
and u by .

Proof. Tt is easy to show that (wy, ) satisfies (2.7) by an argument similar
to the heat equation (§1.2.1). We shall check how the Biot—Savart law (2.8)
varies under the scaling transformation. For (z,t) € R? x (0, 00) we calculate
(K *xwg)(x,t) to get

(Kxwp)(e,t) = | K@ —y)wrly t)dy = k? K= y)wlky, k*t)dy

= / K (kx — Z) w(z, k*t)dz.
R2 k




2.2 Asymptotic Behavior Near Time Infinity 45
Using the property K(\z) = A"1K(z) for A > 0, we obtain
(K * wp)(z,t) = ku(kz, K*t) = g (z, 1),
which implies that (wy, ux) satisfies (2.8). a

Thus we obtain an invariance of the vorticity equations under the scaling
transformation of (2.11). As mentioned in §1.2.1 for the heat equation, there
are some other scaling transformations under which the heat equation is invari-
ant. But observe that equations (2.7) and (2.8) are not invariant under such
scaling transformations, since (2.7) includes the term (u, V)w.

If a pair of functions (w,u) satisfies the vorticity equations (2.7) and (2.8)
on R? x (0,00), and for any k > 0, w = wy and u = U, hold on R? x (0, 00),
then (w,u) is called a forward self-similar solution of the vorticity equations
(or simply a self-similar solution).

We next observe that (2.7), (2.8), and (2.9) have a conserved quantity
similar to that of the heat equation.

2.2.4 Conservation of the Total Circulation

Proposition. Assume that a pair of functions (w,u) is the solution of (2.7),
(2.8), and (2.9) with the initial vorticity wo(€ Co(R?)). Then

/}R2 w(z, t)dx = /R2 wo(z)dz

for all t > 0. In particular, for any wi (k > 0) defined in (2.11), and for any

t>0,
/wk(as,t)dac:/ wo(z)dz.
R2 R?

Proof. Formally, calculating similarly to the case of the heat equation in
§1.2.2, we obtain

d
— | w(z,t)dx = Aw dx — / (u, Viwdz = f/ (u, V)wdzx.
dt Jr2 R2 R2 R2
Here we recall
divu = div (K * w) = divVH(E xw) = 0

to get (u, V)w = div (uw). By integration by parts (§4.5.2) we now obtain

/ (u, VIwdz = / div (uw)dz = 0.

R2 R2

Thus we have shown that ng w(z, t)dx is independent of ¢, and we formally
obtain the first identity. Using (ii) and (iii) of the unique existence theorem,
one can justify this calculation by Theorem 7.2.1. Since
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/ wk(x,t)dx:kQ/ w(kx, th)dx:/ w(y, k*t)dy,
R? R? R2

for the rescaled wy and for t > 0, we get the latter identity. a

In fluid mechanics ng w(z,t)dx is called the total circulation. For this
reason we used this word in the title of this section.

The Gauss kernel is a self-similar solution not only for the heat equation,
but also for the vorticity equations, as we will see in §2.2.5.

2.2.5 Rotationally Symmetric Self-Similar Solutions

Lemma. Assume that a smooth real-valued function p(z) on R? depends only
on the length |x| = \/2? + 23 of x = (z1,x2). (That is, it is invariant under
rotations centered at the origin.) Assume that Exp is defined as a C*-function
on R? and that the vector field v is expressed by v =K p = V(E*p). Then

(v, V)p =0 in R?.

In particular, for m € R, set w = mg (= mGy) and u = K x w. Then
(w,u) satisfies the vorticity equations (2.7) and (2.8) on R? x (0,00). Hence
(mg, mK * g) is a self-similar solution.

As we will mention in Proposition 6.3.5, if p € C§°(R?), then E % p €
C>=(R?) and K * p = V+(E # p) in R2. The same properties hold for E x p,
even if the support of p is not compact and its decay rate as |x| — oo is fast
like the Gauss kernel Gy(z).

Proof. Since p(z) is rotationally symmetric, p(Qx) = p(x) for any 2 X 2 rota-
tion matrix @ (i.e., Q = (COSG 751[16) with § € R). On the other hand, by a

sin 0 cos 0
coordinate transformation of the integral, we obtain

(E*p)(Qz) = /RQ E(Qz —y)p(y)dy

— [ B(Qz - Qup(Qaiz = [ E(@ - 2)p(Q2)z
RQ RZ

Since E and p are rotationally symmetric, E*p is also rotationally symmetric,
ie, (Ex*p)(Qx) = (E * p)(x). That is to say, F * p is a function depending
only on |z|.

Hence Vp(x) and V(E x p)(x) are parallel to x/|z| for = # 0. In particular,
Vp(x) is parallel to V(E* p)(z) for x # 0. On the other hand, for h € C*(R?),
curl h = V+h is orthogonal to the gradient vector VA of h. Hence v = K xp =
V+(E * p) is orthogonal to V(E x p). Therefore, v is orthogonal to Vp, i.e.,

(0,V)p = (v,Vp) = (V= (E % p),Vp) = 0.
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(By the assumption of the smoothness of p, we have Vp(0) = 0. Hence the
above equality is still valid on all of R? including = = 0.) For fixed ¢ > 0, the
Gauss kernel g(z,t) = G¢(x) is a function depending only on |z|. So the first
result implies that (w,u) = (mg, mK x g) satisfies (2.7) and (2.8), since mg is
a solution of the heat equation. O

As in the case of the heat equation (§1.2.6), to prove the asymptotic
formula (2.10), it suffices to prove that the rescaled functions {wy} uniformly
converge to mg as k — oo at t = 1, L.e., limg_,o0 [|wp — Mmglleo(1) = 0. The
strategy of the proof is also similar to the case of the heat equation (§1.2.7),
but each step, i.e., to show the “compactness” or the “characterization of the
limit function,” becomes more complicated. In §2.3 and §2.4, we shall prove
estimates that play an important role in the proof of “compactness,” and we
will prove the “compactness” in the first part of §2.5. In §2.5.1 to §2.5.4, we
give the “characterization of the limit function,” and complete the proof of
(2.10) in §2.5.5.

To prove the “compactness” we begin by deriving decay estimates for
solutions of (2.7) and (2.8). Observe that a decay estimate derived from (2.7)
will in general depend on u. Here, by the fact that the function u in (u, V)w
in (2.7) depends on w, it is necessary to provide a suitable estimate of u and
w. This is different from the case of the heat equation. If possible, we obtain a
decay estimate of w that is independent of u. As we prove in the next section,
we fortunately obtain such an estimate from (2.7).

2.3 Global LI-L' Estimates for Solutions of the Heat
Equation with a Transport Term

First, since u satisfying (2.8) always satisfies divu = 0, we consider (2.7) for a
given u satisfying div u = 0 in this section. We regard (2.7) as a linear equation
with respect to w. For an unknown function w and a given coefficient v with
dive = 0, consider a heat equation with terms of first derivatives (which are
also called transport terms) as

Ow — Aw + (v, V)w = 0. (Hy)

Here, v is an R?-valued function v(z,t) = (v'(x,t),v?(x,t)) defined on R? x
(0,00). In this section (§2.3), we establish an LI-L! estimate (independent
of v) for the solution w of this linear equation.

2.3.1 Fundamental L9-L" Estimates

Theorem. Assume that the functions v', v? € C®(R* x (0,00)) satisfy
dive = 0 in R%x (0, 00), where v = (v',v?). Assume that w € C*°(R?x (0, 00))
satisfies (H,) in R? x (0,00). Moreover, they satisfy the following initial con-
dition (1) and conditions (at space infinity) (a) and (b):
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(I) Assume that the function wy € C(R?) satisfies ||wo|l1 < oo. Assume that
w € C(R? x [0,00)), w(z,0) = wo(z),z € R?, and that ||wl||1(t) is continu-
ous att = 0.

(a) For any to, t1 (0 < to < t1), sup,,<;<;, [0f0%w]|p(t) < oo, where a
is a multi-index satisfying || +20 <2, and £=0,1,1 < p < co.
(b) [|v]|eo(t) < o0 for each t > 0.

Then there exists a universal constant k > 0 that is independent of v, w, wp,
t, q, such that

1
lwllq(t) < W—_Wllwolll

holds for all t > 0 and q with 1 < ¢ < co.

In the case of v = 0, this estimate corresponds to the LP-L9 estimate
(1.5) for the heat equation with ¢ = 1 and x = 47 in two-dimensional space.
The important aspect of this estimate lies in the fact that we may take s
independent of the special profile of v, provided that dive = 0 even if v
diverges to infinity as ¢ — 0. To prove this estimate, we first establish a
quantitative estimate that implies that the L™-norm of w is nonincreasing as
a function of .

2.3.2 Change Ratio of L"-Norm per Time: Integral Identities

Lemma. Assume that the functions v and w satisfy the assumptions of the
theorem in §2.3.1 except condition (I). Then for r = 2™ (m = 0,1,2,...),
lwl|=(t) is differentiable for t > 0 and

d

dt Jp2

1
(w(z,t)) de = -4 <1 - —) / IV ((w(z,t))/?)|2dz

T R2
for t > 0. In particular, for m > 1, ||w||.(t) is nonincreasing with respect
to t for t > 0. Hence, for m > 1, if |w|,(t) is continuous at t = 0, then
lw]l-(t) < ||wl||~(0) holds fort > 0.

Proof. When r = 1, this integral identity describes the conservation of the
total circulation, and the proof is the same as in §2.2.4. We shall prove the
identity for r = 2™, m > 1. By assumption (a) in §2.3.1 we may differentiate
under the integral sign (§7.2.1) to get

d
— | wdz= / rw" O dr = / rw"t Aw dx — / rw" (v, V)w dzx
dt R2 R2 R2 R2

for t > 0. Integrating by parts (§4.5.2) for the first term of the right hand
side, we obtain

/rw“lAwdw:/ div(rw“le)dx—/ (rv(w"), Vw)dz
R2 R2 R?

= f/ r(r — 1w ?|Vw|? d;
R2
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moreover, using the chain rule for the composition of functions, we have

=4 <1 — 1) |V (w™/?)2dx.
R2

r

Since divv = 0, integrating by parts (§4.5.2), we obtain for the second term

[ rer e Vede = [ 9o = [ div e =o
R2 R2 R2

We thus obtain the integral identity at least formally. In the above calculation,
we impose the decay conditions (assumptions (a), (b) in §2.3.1) for v, w, and
Vw at space infinity to justify the integration by parts. For details the reader
is referred to the divergence theorem in the whole space in §4.5.2. O

Using this idea, we can prove the estimate corresponding to ¢ = 1 in §2.3.1.

2.3.3 Nonincrease of L1-Norm

Lemma. Assume that the functions v and w satisfy the assumption in §2.5.1.
Then ||w|1(t) < ||woll1 for allt > 0.

Proof. Since |w| is not differentiable by the operation |- |, we cannot calculate
% [ |w|dz directly. To overcome this difficulty we approximate |w| by smooth
functions as follows. Using the function

Ye(z) = (2 + )2 -2 2eR, >0,

we calculate
d

dt

Since |[Y:(2)] < |z|, z € R, fR2 te(w)dx is finite for any ¢ > 0, provided
lw]l1(t) < oo. Similarly to §2.3.2, by 1ntegratlon by parts (§4.5.2), we obtain

d

— e (w)dx = YL(w)Aw dx — 1/}5( (v, V)w dx
dt Rz R2

wa( )dz  for t > 0.

—/ <V(¢;(w)),Vw>dac+/ div (YL (w)Vw)dz
R2

R2

- [ div (e

f/ w;'(w)\Vdex.
R2

Since 1), is convex, so that ¥/ > 0, we obtain

d

dt ws( )dl‘ <0.



50 2 Behavior Near Time Infinity of Solutions of the Vorticity Equations

For 0 < 0 < t, integrating both sides on the interval (¢, t) and letting e — 0, we
obtain ||w||1(t) < |lw][1(d). (The fact that limit and integration commute easily
follows from [|w||1(¢) < co. In fact, we may apply the dominated convergence
theorem in §7.1.1.) By the assumption of continuity of ||w|1(t) at t = 0,
sending § — 0 yields the desired result. O

In the next section we shall derive a system of differential inequalities for
yr(t) = ||LdH;(t), T:2m7 m:071>27"'7

from the integral identity of the change ratio of the L"-norm. Since the non-
increasing property of y,.(t) is not enough to yield the fundamental L?-L!
estimate in §2.3.1, we have to estimate the right hand side of the integral
identity in Lemma 2.3.2 in a more precise way.

For this purpose, we use the Nash inequality in R?:

lell3 < Cllelli I Vellz.

Here ¢ is a continuously differentiable function defined on R? (namely, ¢ €
CL(R?)), ||¢|li < oo, and C is a constant that is independent of ¢. (The
proof of this inequality is given in §6.1.2.) The Nash inequality is one of the
important inequalities frequently used in the analysis of partial differential
equations. Defining x by C' = 1/k'/2, we obtain

IVel3 > sllell2/ el

(Take the constant C' in the Nash inequality as the best possible constant
obtained in [Carlen Loss 1993]. Then we may take r as k = m(j1,1/2)? ~
3.670 -7, which is still smaller than 47. Hence quantitatively, the fundamental
L9-L' estimate in §2.3.1 is still weaker than the L9-L! estimate of the heat
equation in the case v = 0 (§1.1.2). Here j1,; denotes the smallest positive
zero of the Bessel function Ji.) Applying the Nash inequality to ¢ = w'/?
(r=2"m=1,2,...), we obtain

IV @) 13(6) = sl 220/l 213 () = sllwll? (Ollw]l, /5(0)

for t > 0 (provided that [w|,/2(t) # 0). By the integral identity in
Lemma 2.3.2, we now obtain

d T 1 2r —r
Gl < —as (1= 1) el @l A0, >0

We thus obtain the following system of differential inequalities.

2.3.4 Application of the Nash Inequality

Proposition. Assume that v and w satisfy the assumptions in Theorem 2.35.1
except for condition (I). For r =2™ (m=0,1,2,...) and y.(t) = |w||-(t) the
following differential inequalities hold:
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2 dyr

1 m
yr/QESZlK/(l;)yE, t>0, (r=2",m=1,23,...),

where Kk is a universal constant independent of v and w.

Remark. Both the differential inequalities in the above proposition and the
integral identities in Lemma 2.3.2 hold for any strictly positive ¢. So we need
not assume condition (I) of Theorem 2.3.1.

This system of differential inequalities leads to a successive estimate for
yam (t) by the following lemma. Note that this lemma itself is independent of
the above proposition.

Lemma. Let r =2" (m=0,1,2,...) and a > 0. Assume that y, = y,(t) is
a positive function defined in (0,00), belonging to C1(0,00) for m > 1, and
satisfying'

2
%<—a(1—l) L

dt — r y?/Z’

t>0 (r=2"m=12,...).

Moreover, assume that yy is bounded in (0,00), namely, there exists a constant
My > 0 such that y1(t) < My (¢t > 0). Then the following two statements are
valid:

(i) The inequality
yr(t) < Mptt=", t>0 r=2" m=0,1,2,...,
holds, where M, is defined by M, = a_ler/z successively.

(ii) If the inequality in (i) holds for r = 2™ (m =0,1,2,...), then for suffi-
ciently large m,

4
(yr()Y7 < =My~ > 0.

Proof. (i) Let us prove the claim by an induction argument with respect to
m. It is obvious in the case m = 0. We shall we prove ys,(t) < Mo, t1=2r
with » = 2™ under the assumption that the claim is valid for any positive
integer less than or equal to m. Applying the assumption of the induction to
the differential inequality, we obtain

dyor 1 Z/%r(t) 2r—2
— ()< —a|l—-— ) =2
i D= “( 2r) M?

for t > 0. Dividing both sides by —y3,, we get

dy2r 1 _ e
—— 0/v3.(t) > a (1 - 5) M7 (>0).

L y2(t) denotes (y-(t))%.
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Integrating both sides over the interval [s,t] C (0, c0), we obtain

1 1 1 ¢ a
— > 1— — M72 2r72d — t2r71 _2r—1 )
Yor(t)  wyar(s) a( 2r> r / o 2rM3( )

Recalling that y2,(s) > 0, we obtain

1 a
>

t2r—1_ 2r—1
yar(t) — 2rM, ( 5 ),

RN

and letting s — 0 results in

L 21 >0
yor(t) — 2rM? ’ '

Hence yo,(t) < Mo, 172" and the proof is now complete.
(ii) Setting p, = M}'", we obtain
)Y < pet™ T >0, m=0,1,2,...,

by (i). So we shall estimate p, by successive equalities to prove p, < 4ui/a
for large r. To obtain this estimate, for » = 2™, we set b,, = log u,. Since

Mrl/r = (r/a)l/TMf//;, for b,, we obtain the following successive equalities:
bo = log pu1,
1 2m
b, = byp—1 + — log (—) , m=12,....
2m a

‘We thus deduce
b = b +i ilo 2—iloa m=1,2
m — Y0 -~ 27 g 2 g ) It Rt I
j=

If j is sufficiently large, say 27/a > 1, each summand is positive. Hence, for
sufficiently large m, we obtain (say 2™ > a)

oo . oo

1
bm < by + Z;—] log2 — 22—] loga

j=1 j=1
= by + 2log2 — loga = by + log(4/a).
(Since the series or its derivative is a geometric series, it is easy to determine

their values (Exercise 2.2).) Applying exp to both sides, for a sufficiently large
r, we obtain p, < 4puq/a. The proof of (ii) is now complete. a
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2.3.5 Proof of Fundamental L9-L! Estimates

We are now in position to prove Theorem 2.3.1. By an application of the
Nash inequality, we obtain a system of differential inequalities for y, as in
Proposition 2.3.4 with y,.(t) = |w||.(t) for r = 2™(m = 0,1,2,...). By the
nonincrease of the L!-norm, which is obtained in Lemma 2.3.3, we have y; (t) <
My, t > 0 with My = |lwol/1. Note that y,(t) is positive for ¢ > 0 unless
wo = 0. (Indeed, if y,.(tg) = 0 for some t = yo > 0, then by the strong
maximum principle (§2.3.8 and [Protter Weinberger 1967]) w must be zero
for ¢t € [0, %o].) The result for w = 0 is trivial, so we may assume that y,.(¢) > 0
for all ¢ > 0. Using Lemma 2.3.4 with a = 4k, for sufficiently large m we
obtain

1
[wll~(t) < w“wo\h, t>0,

with r = 2™. Since [|w|oo(t) = lim, o ||w]|-(t) for ¢ > 0 (Exercise 2.3), we
get

1
wlloo(t) < EHWOHM t>0.

By the Holder inequality (§4.1.1), for ¢ with 1 < ¢ < o0,

1 1—1
lwllq@) < llwlly @)llwllec (), ¢ >0.

(This may also be derived by a direct calculation (Exercise 2.4).) Thus the
nonincrease of the L'-norm ||w||1(t) < ||wo|l1 for ¢ > 0 and the estimate of
[[wlloo(£) imply .

175 lwolli, >0,

(kt)

which yields the assertion. O

lwllq(t) <

One may prove the fundamental L9-L! estimate by the system of differ-
ential inequalities, nonincrease of the L'-norm, and by a duality argument
without using Lemma 2.3.4. We shall give the idea of this method of proof.
Setting » = 2 in the system of differential inequalities in §2.3.4, and recalling
that |lw||1(¢) < [Jwollx in §2.3.2, we obtain

dy2

-2
T [ P

Since yo > 0, this inequality implies that y»(¢) is nonincreasing with respect
to t. Thus, if ya(t1) = 0 for some t1 > 0, then yo(¢) = 0 for all ¢ > ¢;. If there
exists no such ¢y, then y,(t) > 0 (¢ > 0) and lim; oo y2(¢) = 0. Let ¢, be the
minimum for such ¢; (admit ¢, = c0). If t, = 0, by the continuity of ||w||1(t)
at t = 0, we obtain wy = 0, so that w = 0 by ||w]||1(t) < ||wol|]1. Thus, we may
assume t, > 0. Dividing both sides of the above differential inequality by y3
for 0 < t < t., and integrating over (0,t), we obtain
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-1 2
y2(t) < (268) " [lwollT,
or the L2-L' estimate
lwll2(t) < (266)"2woll1, ¢ > 0.
Next we consider the “duality problem” for (H,). Fix to > 0 and consider
o+ (0, V) + A =0 in R? x (0, ),
Y(z,t0) = Yo(z), z e R

Here we assume vy € Cp(R?) and |[¢g]|; < 1. Admitting the existence of a
solution v (§4.4.4), we multiply both sides of the evolution equation by w and
integrate them over R? x (0,tg). Since dive = 0 by assumption, integrating
by parts yields

/]Rz w(z, to)o(z)dx = /]Rz wo(z)Y(z,0)dx.

By the L2-L! estimate for solutions of (H,) obtained at the beginning of the
proof, we observe that [[¢(z,0)|l2 < (26t0)"2||Yoll1 < (26te) /2. We thus
obtain

sup < [lwoll2 [I¥(x,0)[]2
[ltboll1 <1

Po€Co (R?)

/ w(z, to)o(z)dx
RZ

< (2kt0) "1/ ||wolf2-

Here we used the Schwarz inequality (§4.1.1). The latter term is equal to
lw]leo(to) in view of the characterization of the norm by duality (Chapter 6
(6.8)). We thus obtain the L>-L? estimate

lwlloo(to) < (2kt0) ™2 |woll2-

For general t > 0 we set to = t/2 and use the L?-L! estimate and the L>°-L?
estimate to obtain

lwlloo(t) < (k)% |wll2(t/2) < (8)~"[lwoll1-

As in the proof given in the first paragraph of this section, we obtain the fun-
damental L9-L' estimate from this estimate by interpolating with the L'-L*
estimate.

By similar arguments to establish the fundamental LI-L' estimates it is
also possible to derive the following L?-L" estimate (r = 2™) for w, as in the
case of the heat equation.



2.3 Global L?-L' Estimates for Solutions of the Heat Equation 55

2.3.6 Extension of Fundamental LI-L! Estimates

Theorem. Assume that v and w satisfy the same assumptions as in §2.5.1.
Let k be the universal constant in §2.3.1. Then for p = 2 (k = 0,1,2,...)
and q with p < q < 0o, we have

1
Illa®) < oz llolls, ¢> 0.

Here ||wl|,(t) is assumed to be continuous at t = 0.

Proof. Replacing y; < M; by y, < N, with a constant N, in Lemma 2.3.4,
arguing as in the proof of the lemma for the differential inequality with m >
k 4+ 1 we obtain

ys(t) S Nt /P s=2m>p=2F ¢>0,

instead of (i). We thus define Ny = a=1p~1sN?

/2 inductively. Then for suffi-

ciently large s = 2™ instead of (ii), we obtain

(5 (1)) /* < (é

a

1/p
) sy

(Exercise 2.5).
Since we assume that |w||,(¢) is continuous at ¢ = 0, by §2.3.2 and §2.3.3
we obtain ||wl|,(t) < |lwollp, t > 0. We set

ys(t) = |lwllit), s=2™, m=kk+1,k+2,..., t>0,

N, = |lwoll5, and a = 4. Then we observe that similar inequalities as in
Lemma 2.3.4 are valid for the above 5. By similar arguments as in §2.3.5, we
obtain ||w||s(t) < W”“ML) for t > 0. By the Holder inequality (§4.1.1) for
general ¢ with p < ¢ < co we then conclude that

lwllg() < llwllas? 2@ Ilwlls/* ()

1 1-p/q /
- r/4q
< (Ggmllolls) ol

1

B WHMOHP’ t>0.

2.3.7 Maximum Principle

Proposition. Assume that v and w satisfy the same assumptions as in §2.3.1.
Then

[wlloo(t) < llwolloo, = 0.
Here ||wl|,(t) is assumed to be continuous at t = 0 for sufficiently large
p (< 00).
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This is easy to prove. Indeed, if we set ¢ = 0o in §2.3.6 and send p — oo,
then we get the desired result, since lim, o ||woll, = |lwollee (Exercise 2.3).

This proposition is called the maximum principle, since it estimates the
upper bound of |w(z,t)| as a function of x on ¢t > 0. If one assumes the
boundedness of ||w||(t) and ||v||c (), we may prove the proposition without
assuming divv = 0. We shall discuss this property in the next section.

2.3.8 Preservation of Nonnegativity

Theorem. Let T be a given positive number. Assume that the functions v’
and w are bounded on R™ x (0,T), for i = 1,...,n. Moreover, assume that
w € C(R™ x [0,T))NC?(R"™ x (0,T)) satisfies

ow —Aw+ (v, V)w =0 inR" x(0,T)

for v=(v,...,v™). Then we have the following properties:

(i) Ifw(-,0) is nonnegative on R™, then w is also nonnegative on R™ x [0,T).
Namely, if w(xz,0) >0, x € R"”, then w(z,t) >0, x € R", t € [0,T).
(ii) supyepn w(x,t) < sup,epn w(z,0) for t € [0,T), and infyern w(z,t) >
infyern w(z,0) fort €[0,T).
(1) Jolloo(8) < 0]l (0), for ¢ € [0,7).

Proof. Property (iii) immediately follows from (ii). Property (ii) follows from
(i). Indeed, we set sup,cpn w(x,0) = My and @ = —(w — Mp) and observe
that @ satisfies ;0 — Aw + (v, V)w = 0 in R™ x (0,7). Thus by (i), we
obtain sup,cgn w(z,t) < My. The claim for the infimum is proved by similar
arguments.

It remains to prove (i).

We transform the dependent variable w to u = e~tw. Then u satisfies

u+u—Au+ (v,V)u=0 inR" x (0,T).

Let L be the operator acting on u which is defined by the left hand side of
this equation. That is to say, the left hand side is denoted by Lu. We assume
that w has a negative value at (xg,t9) € R™ x (0,T), and we shall derive a
contradiction. By the definition of u, we get (—a =)u(zg,to) < 0. If there
exists a point (&,%) in R™ x (0, o] at which infgn (0,40 v 15 attained, then we
have

ou(2,t) <0, Vu(z,t) =0, Au(z,t)>0;

hence we obtain

>

Lu(,t) < u(z,t) < u(zg,ty) = —a < 0.

This contradicts Lu = 0 (in R™ x (0,7")). However, unfortunately, since R™ is
unbounded, we do not know whether there exists a point at which infgn g, ©
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is attained. For this reason, we use the following trick. Let A > 0 and £ > 0
be constants to be determined later, and set

ue = u + (At + |z|?).
Then we have
Luc = Lu+e(A+ At + 2> —2n+2 (v,z ).
Since Lu = 0 in R™ x (0,T"), we choose A > 0 such that
A > sup{2n + 2|z| |[v]|oo(t) — |z|* : 2 € R™, t € [0,t0]},

and conclude that Lu. > 0 in R™ x (0, tg). (By the assumption of the bounded-
ness of v, the above supremum is finite.) We fix such an A and take ¢ > 0 so
small that u.(zo,to) = u(zo,to) + e(Ato + |z0]?) < —/2 < 0.

Since w is bounded on R™ x [0,T"), u is also bounded on R™ x [0,T).
Moreover, if

1/2

2| > e~ 1/2 < inf u) =R, z € R",
R" % (0,T)

then u. (x,t) > 0 (¢ € (0,T)). Since the function w. is continuous in R™x [0, to],

u. has a minimum value on By x [0, to] (the Weierstrass theorem). This means

that there exists a point (z1,t1) € Bg x [0,o] such that

ue(z1,t1) = inf{uc(x,t) : x € Bgr, t €0,t0]}.

Note that ue(z1,t1) < wue(zo,to) < 0. Since uc(x,0) > 0 (x € R") by
assumption and since uc(z,t) > 0 (Jz| = R, ¢t € [0,to]) by the choice of
R, we conclude that |z1] < R and t; € (0,tg]. Since u. attains its minimum
in Br x [0,t0] at (21,t1), we obtain

atua(xhtl) S 07 vus(xhtl) = 07 Au5($17t1) Z 0.

Thus
(Lue)(z1,t1) < uc(xr,t1) < ue(xo,to) < —a/2 <0,

which contradicts Lu. > 0 in R™ x (0,7). We thus conclude that w is non-
negative on R™ x (0,7). a

Following the lines of the proof, we see that in order to prove (i) it suffices
to assume that Lw > 0 (in R™ x (0,7)) instead of Lw = 0 (in R™ x (0,7)).
It is known that w is positive on ¢t > 0 unless w is identically zero under the
situation of (i). This is called the strong maximum principle, which, however,
is not discussed in this book. For details about the maximum principle and the
strong maximum principle readers are referred to [Protter Weinberger 1967],
[Kumanogo 1978]. Also in [Ito 1979] the strong maximum principle is dis-
cussed in detail, although the main theme is the construction of fundamental
solutions of diffusion equations.
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2.4 Estimates for Solutions of Vorticity Equations

Using the results of the previous section, we shall derive estimates for solutions
of the vorticity equations (2.7) and (2.8). As in the case of the heat equation,
it is important to derive estimates depending only on the L'-norm of the
initial value wp. Using the fundamental LI-L! estimate in §2.3.1, we shall first
derive estimates for the vorticity and the velocity of (2.7) and (2.8).

2.4.1 Estimates for Vorticity and Velocity

Theorem. Let the initial vorticity wo be in Co(R?) and let k be the univer-

sal constant of §2.3.1. Then there exist positive constants L;j(p) (j = 1, 2)

depending only on p and satisfying the following properties for all solutions

(w,u) of (2.7), (2.8), and (2.9):

(i) We have |w||q4(t) < WHwMM for allt >0 and q with 1 < ¢ < co.

(ii) For each p satisfying 2 < p < oo define ¢ by 1/p = 1/q — 1/2. Then
llullp(t) < Li(p)|lwllq for all t > 0. Moreover, for each p satisfying 2 <
p < oo the estimate

(p)

lullp(t) < —4
(kt)="

llwollx

S

is valid for all t > 0.
(iii) For each q satisfying 1 < g < oo the estimate

La(q)

HVUHAﬂfELz@HMWq@)S(Hfl_

T llwoll1
q

is valid for all t > 0.
(iv) For each p satisfying 2 < p < oo the convergence

tim [l — ugl,(¢) = 0
is valid for ug = K * wy.

For an R2-valued function v = (v!,v?) defined on R?, Vv denotes the matrix
(0,17 )1<i,j<2, whereas the expression | V| denotes the Hilbert-Schmidt norm

(Z?:l |Vo?|?)Y/2. For p with 1 < p < oo, we define ||Vol|, = || [Vv] ||,

Proof. The first estimate (i) is obvious by applying the fundamental L9-L!
estimate in §2.3.1 to (2.7). Estimates (ii) and (iii) are derived from (i) together
with various fundamental estimates in differential and integral calculus
discussed in Section 6. One will see the importance of such fundamental
inequalities through the proof of the theorem.
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We first note that the velocity is expressed by the Biot—Savart law (2.8)
using the vorticity w. If we write z = (z1,22) and K = (K7, K»), then we

obtain
11

Ki(z)| < 5=,
K@) < 5o

i=1,2,

since |z1| < |z|, |22 < |z|. Thus u = (u!,u?) is also estimated by

; 1
¢ < T — d =1,2.
W@l < [ gl i1,

In the proof below we suppress the dependence of u and w with respect to ¢
unless it is necessary to clarify. In other words, we simply write u(z) and w(x)
instead of u(x,t) and w(x,t), respectively. For a function f defined on R? we
define the operator I; by

(L)) = = x f =

fy)dy, xR
||

r2 |2 — Y

Then we obtain 1
u'(@)] < 5 (L(lw))(@), =€ R?.

For this operator I; it is known that

I (H)llp < Cllfllg, 1/p=1/q-1/2, 1 <q<2,

which is a special case of the Hardy—Littlewood—Sobolev inequality proved in
§6.2.1. Here C' is a constant depending only on p. The above inequality is
at least valid for a continuous function f with ||f||; < co. For more details
see §6.2 (especially the theorem and the remark in §6.2.1). We apply this
inequality to I (Jw|) and observe that there exists a constant L; depending
only on p such that

lullp < Lallwlly, 1/p=1/¢—1/2, 1<q<2.

(By the unique existence theorem in §2.2.1, w is continuous and satisfies
lwllg < oo. Thus we may apply Theorem 6.2.1 to w.) This inequality is
considered as an estimate of the velocity by the vorticity. (Thus the Hardy—
Littlewood—Sobolev inequality is considered as a generalization of the estimate
for the velocity by the vorticity in a two-dimensional fluid.)

Combining this estimate and (i), we obtain (ii) for 2 < p < oco. Since we
cannot remove the restriction of the index 1 < ¢ < 2 in the Hardy-Littlewood—
Sobolev inequality, we have to prove the case p = oo separately.

Postponing the proof of (ii) in the case of p = oo, we consider (iii). The
operator that maps w to Oy, u? is a typical example of singular integral operator
(§6.4.2). In this case, the L estimate of the singular integral operator is well
known as the Calderon—Zygmund inequality; this will be discussed with a proof
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in §6.4. By the Calderén—Zygmund inequality (§6.4.2) the derivative of the
velocity is estimated by the vorticity as

HVqu < 6““”@ 1<qg<oo,

where C is a constant depending only on ¢. We remark that the above
inequality is not valid for ¢ = 1 and ¢ = oo. (By the unique existence theorem
(§2.2.1), for a fixed t > 0, w is C' on R? as a function of x, and w and |Vw|
are bounded and integrable on R?. Hence we obtain the last inequality by
Theorem 6.4.2 and remark (i) afterward.) (Note that in the case of ¢ = 2 it is
easy to prove that

IVul3 = w3,

provided that the following integration by parts on R? is justified:

2
Vul3 :Z/ (Vud, Vud)de = —/ (u, Au)dz
j=1 /R R

:/ (u, (V*curl —Vdiv)u}dazz/ (u, VEeurl u)da
R2

R2
:/ (curl u)(curl u)dz = ||wl|3.
R2

Here we have used the property A = —V-+curl +Vdiv (§2.1.2), divu = 0, and
curlu = w. Physically, up to constant multiples, ||Vu||3 and ||w||3 correspond
to the enstrophy and the energy of vorticity, respectively.) In the case of
1 < g < 00, combining the Calderén—Zygmund inequality and (i), we obtain
(iii) with Ly = C.

We now consider (ii) in the case of p = co. Sometimes the modulus of a
function is estimated by the modulus of its derivatives. There are several types
of such inequalities including the Sobolev inequality. Here, we use a special
case of the Gagliardo—Nirenberg inequality (§6.1.1) of the form

lulloo < Cllully™"([Vul?/", 2 <7 < oc.

(By Theorem 2.2.1, each component of u is C! and satisfies ||ull, < oo;
hence we may apply the above inequality to u.) In this inequality, it is
always assumed that ||ul|, is finite. Here C' is a constant depending on r
and independent of u. We shall discuss the Gagliardo—Nirenberg inequality in
detail in §6.1. (Without the finiteness of |ju||, this inequality fails in the case
of a nonzero constant function. If ||u||, is finite, the inequality is valid, since
u vanishes identically when |Vu| = 0 on R2.) We choose an r € (2,00) in the
Gagliardo—Nirenberg inequality and apply (ii) and (iii) to the right-hand side
to get
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lullt) < € <L1_<T>”w0”1>15 (Lt ”th)f

(kt)2—+ (k)
_ C(La(r)! 2 (La(r))*) lwoll
- (t)172 ol

for t > 0. The exponent of 1/t is calculated as

(-50-2+(-)23

We thus obtain (ii) in the case of p = co with
Li(00) = C(La(r) =2/ (L2 (r))*/".

Finally, we shall prove (iv). Since v — uy = K * (w — wg), for p with
2 < p < 00, using the Hardy-Littlewood—Sobolev inequality, we obtain

|u—wuollp(t) < Li(p)llw —wollq(t), 1/p=1/g—1/2, 1 <qg<2.

On the other hand, by the unique existence theorem (§2.2.1 (i)), we have
lw —woll¢(t) — 0 (t — 0); hence (iv) follows for p with 2 < p < co. In the case
of p = oo (each component of) ug is C! at least for wy € Co(R?) N C1(R?)
(Remark (ii) in §6.3.5), so we may argue similarly as in the proof of (ii). The
Gagliardo—Nirenberg inequality yields

lu — uolloo(t) < Cllu = ugl X7 (I V (u — o) [27(1), 2 <7 < o0,

for all ¢ > 0. By the Calderén—Zygmund inequality (theorem and remark (i)
in §6.4.2) we have

IV (u = o) |+(t) < Cllw = woll(t).
We also have
Ju—uollr(t) < Li(r)[w — wollq(t), 1/r=1/¢g—1/2, 1 <q<2,

which is obtained from the Hardy-Littlewood—Sobolev inequality, and now
observe that

lu = wolloo(t) < C(La(r)' 27O |w — wollg™/" (1) |w — woll2/" (2).

Using ||w — wol/s(t) = 0 (t — 0) (1 < s < c0) again (see the unique existence
theorem (§2.2.1(i))), we conclude (iv) in the case of p = oo for wg € Cp(R?) N
C*(R?). For general wy € Cy(R?), up may not be C*, so additional work is
necessary. However, by Remark (ii) in §6.4.2, the last inequality is still valid,
so we can prove (iv) in the case of p = cc. a
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The Gagliardo-Nirenberg inequality, the Hardy-Littlewood—Sobolev
inequality, and the Calderon-Zygmund inequality are valid in higher-
dimensional spaces, under suitable corrections for the relation of the expo-
nents. These general inequalities are discussed in Chapter 6.

For the second half of the proof of (ii) including the case p = oo, it is
possible to prove it by applying only the fundamental LI-L' estimate §2.3.1.
We shall give its proof only for the case of p = co. Using the operator I, we
have

‘ 1 ,
'z, ) < - L(lw(, ))(z), i=1,2, t>0.

For A > 0 we write

w(y, t)] w(y, )]
I (|w(, T) = ——d ———d
(lw (O () / y+/ y

lz—y|<A |$ - y| z—y|>A |$ - y| .

We use the fundamental L°°-L! estimate (§2.3.1) to obtain

Bl OD@) < lollolt) [ = Sl

lz—y|<A |l‘ - y|

< {2rA(kt)"t + A" Y ||lwol1-
We set A = (kt/2m)Y/? (so that 2w A(kt)~' = A~1). Thus we obtain
L(lw(- O))(@) < 2(2n/kt) 2 wollr, ¢ > 0.

Therefore, for t > 0, we get |u'(x,t)| < 2(2mkt)~/?||woll1. In the case of
2 < p < o0, to estimate I1(lw (-,¢)])(x) it is sufficient to use the Young
inequality (§4.1.1).

The estimates of derivatives of the vorticity for p = 1 and p = co in the
corollary below are new. The key step for the proof is to establish a new
Gronwall-type lemma.

2.4.2 Estimates for Derivatives of the Vorticity

Theorem. Let the initial vorticity wo be in Co(R?). Then there exists a posi-
tive constant W depending only on |lwoll1 such that any solution (w,u) of

(2.7), (2.8), and (2.9) satisfies

) [Vwllp(t) < g llwolls  fort>0,1<p< oo,

3

2

(ii) ||aw1:aij”p(t) < QVY_L lwolls  fort>0,1<p<oo, 1<4, j<2,
7

(iii) ||Ow|lp(t) < tz—VYr||w0||1 fort>0,1<p<oc0.
P

Sl

Moreover, the constant W = W (|lwol|1) may be chosen such that it is non-
decreasing with respect to |lwol|1-
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Corollary. Let the initial vorticity wo be in Co(R?). Then there exist positive
constants W1, Wa depending only on a multi-index 3, a nonnegative integer b,

and ||woll1 such that any solution (w,u) of (2.7), (2.8), and (2.9) satisfies

Wi
oLas ) < ——— for 1 <p<
10707 w|p(t) < tb+@“*% lwollx rlsps oo,
1%
b 2
1070 ull, () < S rlleolls for 2<p<co.
t 2 27 p

Moreover, the constant W; may be chosen such that it is nondecreasing with
respect to ||wol|1-

Note that in this corollary the estimates of derivatives for all orders are
obtained. Especially, the estimates in the above theorem are special cases of
this corollary for 2b + |3| < 2. These estimates are obtained using estimates
for vorticities and velocities §2.4.1 and the LP-LY estimate for derivatives of
solutions of the heat equation §1.1.3.

In the following we regard the nonlinear term —(u, V)w as a given func-
tion, and apply the results of the linear heat equations with inhomogeneous
terms. This argument is called the perturbation argument, which is one of the
standard methods for analyzing nonlinear partial differential equations.

Proof of Theorem. The basic idea of the proof is as follows: Since divu = 0, we
may rewrite the nonlinear term (u, V)w of (2.7) as div (uw). Here we consider
equation (2.7) on R? x (0, 00), and write it as

Ow — Aw =div hy, h) = —uw.

We often suppress the z-dependence of functions of ¢ and x for simplicity. For
example, f(t) denotes the function f(-,¢) of  on R%. By the estimates for the
vorticity and the velocity obtained in §2.3.3 and §2.4.1, h; satisfies

Ll(OO)

Wﬂwoﬂi t>0,

[Pal[1(8) < Julloo@)[lwll1(2) <

where £ is the universal constant of §2.3.1. The function ||h1[|1(¢) is not always
bounded near ¢ = 0, but regarding h; as a known function and using Theo-
rem 4.4.3, by the “variation-of-constant formula” as it is known for ordinary
differential equations of first order, we obtain

¢
w(t) = e 4wy + / div (e®92hy(s))ds  inR%, ¢ > 0.
0

Hence w is expressed by integrals. This is an equality of functions on R? with
parameter ¢ > 0. As explained at the beginning of §4.3, e!2f denotes the
function of x € R? at t > 0 and it is the solution of the heat equation with
initial value f. That is to say, e'® is an operator with a parameter ¢ that
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operates on functions on R2. As in §1.1, let G; be the Gauss kernel. Then
(e!2f)(z) = (G * f)(x). (For a solution (w,u) of (2.7), (2.8), and (2.9) it is
easy to see that w is a weak solution (its definition will be given in §4.3.4) of
Oiw — Aw = div hy with initial value wg, where the term div hy is regarded
as a known inhomogeneous term. Hence we can apply Theorem 4.4.3 to this
equation.)
Using a positive constant 0 < € < 1, we rewrite this representation® for

w by

t

w(t) = ePwy + / e=)A(div hy(s))ds
t(l—e)

t(l1—e)
- / div (=94 hy(s))ds.
0

Here we use the commutativity of e*~*)4 and div given in Proposition 4.1.6.
Differentiating both sides with respect to the spatial variables, and taking the
LP-norm (1 < p < 00), we obtain?

t

Vel () < V(e w0l + / L IFE2 i )l

t(l—e)
[ IV 2 () s
0

Here we write each term of the right-hand side as Ji(t), J2(t), and J5(¢), res-
pectively. (We divide the integral over the interval (0,t¢) into integrals over
(0,t(1 —¢)) and (t(1 —¢),t), since this integral may be unbounded near s =0
and s = t. For this reason, for the term with the interval of integration
(0,t(1 —¢)), we first take the convolution with the Gauss kernel and then
differentiate with respect to spatial variables. For the term with the inter-
val of integration (t(1 — €),t) we differentiate h; with respect to the spatial
variables. We later take ¢ small.) We shall estimate Jq, Jo, and Js. First, by
the LP-L' estimate for derivatives of solutions of the heat equation §1.1.3,
there exists a constant C; that is independent of wy and ¢ (by analyzing the
constant that appears in the proof of the estimate in §1.1.3, we can take C
even independent of p) such that
3

Ji(t) < Cyllwolitr 2, t>0.

Similarly, by §1.1.3, for the integrand of J; we have

C
(t—s)A ¢ 3: < 1 .
V(2 iy ha(D)ly € Gl halb(s), 0<s <t
! The expression e'“h for an R™-valued function h = (h',...,h"™) stands for the

R"-valued function with e**h’ as the ith component.
% In these calculations we always use the property || [ fdt||, < [ ||f|pdt for a func-

tion f of  and ¢. For the proof we refer to Exercise 6.5.
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Moreover, using (ii) in §2.4.1 for div h; = —(u, V)w we observe that
[div P [p(s) < [lulloc(s)[[ Vel (s)
< Li(o0)(ks) ™ wolh [ Vwlly(s), 0 <s <t
for t > 0. We obtain

t 1 1
Jo(t) < C1L —1/2 / ——s ||V ds.
2( ) >~ U1 1(OO)K; ||Ld0||1 H1—e) (t — 8)1/2 s1/2 H wHP(S) S

For the integrand of Js, using §1.1.3 as ¢ = 1, and §2.4.1 we obtain

19(div (€492 Ay (s))llp < — 2 fuwlla(s) < —22 ),
(t—s5)> (t—s2 > (rs)t

for 0 < s < ¢. Here C; (j = 2,3) denotes a constant independent of p, wy, ¢,
and s. If 1 < p < oo, then the integral

t(l1—e) . . 1—e 1 1
0 0

converges. Hence, for 1 < p < oo we obtain
Ja(t) < CoLy(00)|wo||?Ack™ 7%, ¢>0.
By these estimates for Jy, J2, and J3, we obtain
[Vell,(t)

¢ 1 1

< flwollx {(01 + WiA )t + 03/ mmwwb(s)ds} :

t(l1—e)
Here, we set
W1 = CQH_l/le(OO)HuJoHl, 03 = ClLl(OO)KJ_l/2.

These constants are not only independent of w, but also independent of ¢
except for A.. (A. diverges to infinity as ¢ — 0.) We apply the follow-
ing Gronwall-type lemma to the above estimate for ||Vw||,(t) with ¢(t) =
[IVwl|p(t) to get (i). Here, by (ii) in §2.2.1, ¢(¢) is continuous in ¢ > 0. How-
ever, the boundedness of t*1(t) near t = 0 is not clear, so we cannot apply the
next lemma directly. We regard ¢ = 7 > 0 as an initial time and argue in the
same way as above. We then apply the next lemma for ¢, (t) = || Vw||,(t +n)
to get
IVellpt + 1) < W73

Note that t*t,(t) is bounded near ¢ = 0 by Theorem 2.1.1. Since W is
independent of 1 we obtain (i).



66 2 Behavior Near Time Infinity of Solutions of the Vorticity Equations

Lemma. Assume that ¢ is a continuous function defined on (0,T), where
0 < T < oo (it suffices to assume that ¥ is locally integrable to prove the
claim). Let o be a real number, v, § positive numbers, and v+ =1,0 <~ < 1.
Assume that t*9(t) is bounded near t = 0. Moreover, let b, be a positive
number determined by a positive number € < 1. (For the sake of simplicity,
we assume that b. is nonincreasing with respect to €.) Assume that there exists
a constant o such that

0<y(t) <o (bsta + /t(l ) %m) ,

forany0 <t <T,0<e<1, and that is independent of ¢ and t. Then there
exists a constant C' depending only on o, «, 8, v (and be, which is a function
of €) such that

Y(t) < Cot™

for any 0 <t < T. Moreover, we may take C nondecreasing with respect to o.

Proof of Lemma. By the assumption, for 0 < ¢t < T', we have
t
P(s)s”
V() <o b+ t“/ 7 ds .
: t(1—e) (t —8)780F

@(t) = sup TY(7).
0<r<t

‘We consider

Then, for ¢ > 0, we have
t
ds
o) <o (brerot) [
) t(1—e) (t —8)780F

“oore0 [ ).

The last equality is obtained by the coordinate transformation s = ¢7 and
Y+ d=1.Since 0 <y <1,

! 1
I(e) = —d
(6) /1—5 (1 - T)’YT(S—HX T

converges for 0 < ¢ < 1. Since I(€) is an increasing function with respect
to €, for ¢ > 0, there exists a unique ¢ > 0 such that I(¢) = min(z=, I(1)).

207
(I(1) can be o0.) For such an € = (o), we have

olt) < obeio) + 50(1), /(1 <o) <t <T.
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Hence we obtain
cp(t) < 20’1)5(0), 0<t<T.

Since (o) is nonincreasing with respect to o, C' = 2b.(,) is nonincreasing with
respect to o. Therefore, the lemma is proved. O

Now we return to the proof of the theorem. First, as mentioned in
Remark 2.2.1, since 0,,u = K % 0,,w (j = 1,2), by the estimate of || Vw|, in
(i), similarly as in the proof of (ii) and (iii) of Theorem 2.4.1, we obtain

IVullp(t) < L)Wt wolli (2 <p<o0), t>0.

To obtain the estimates for second derivatives of w, by similar arguments as
in (i), we differentiate twice the integral equation satisfied by w, and then
estimate it. This yields

t
C
IV9ulalt) < IV 20l + [ i T Dells)ds
t(l—e) (t S)

t(1—¢) o
+/0 m”hlul(s)ds

(CY is a constant independent of p, wo, t, s.)

Since ||V(u, V)w|lp < [[Vullool|Vw|lp + ||t]lso]| VVw]|p holds, by substituting
the estimates of ||Vu| oo (), ||ulloo(t), |Vw]p(t), and ||h1]l1(¢), we obtain an
inequality for |VVw||,(¢), to which the Gronwall-type lemma is applicable.
Hence we obtain (ii) from the lemma. Using (2.7), if we apply (i), (ii), and the
estimate for ||ullo in §2.4.1, then we obtain (iii) from dw = Aw — (u, V)w.
Hence Theorem 2.4.2 is proved. O

Next let us state the outline of the proof of the corollary. First we consider
the case b = 0. Recalling (ii) of Theorem 2.4.2 and 9%u = K * (0w), we
can obtain estimates not only for ||ul|,(t), |Vul/,(t), but also for ||02ul||,(t)
(2 < p < o0, |B] = 2) (which are mentioned in the corollary), analogously
to the calculation in the proof of (iii). By similar calculations as in the proof
of the theorem, if we differentiate the integral equation of w three times and
use the estimates of ||0%ul|o(t) for |3 < 2, then we obtain an estimate for
V(t) = X523 08w||,(t). By applying the Gronwall-type lemma, we obtain
the estimate ||0%w||,(¢) for |3| = 3, which is claimed in the corollary.

In general, once the claim in the corollary for |[02wl|,(t) (1 < p < oo,
|3 = k > 1) is established, then by estimating K * (9%w), we obtain the claim
for [|0%ul|,(t) (2 < p < oo, |B] = k). Next, by differentiating the integral
equation of w k + 1 times and using the estimate for ||0)u||(t) for |y| < k,
we get the estimate in the corollary for ||04w||,(t) (1 <p < oo, |u| =k+1) by
the Gronwall-type lemma. Hence by induction with respect to k, we obtain
the estimates in the corollary for b = 0.
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For the estimate of b > 0, using dw = Aw — (u, V)w, du = K * dw
repeatedly, we can replace the time derivative by spatial derivatives. Then
from the estimates of w and u for b = 0, we obtain the desired estimates for
the time derivative.

Similarly to the case of the heat equation, we will obtain an estimate for
the vorticity w at space infinity. However, the proof is not so simple as in the
case of the heat equation.

2.4.3 Decay Estimates for the Vorticity in Spatial Variables

Proposition. Let the initial value wy be in Co(R?). Then there exists a con-
stant W' satisfying the following property: Assume that (w,u) is a solution of
(2.7), (2.8), and (2.9), and that the support of wy suppwy is contained in the
open ball Br, with radius Ry. Then we have

sup |w(x t)\<EHw I L—|—1
|I|ZpR 3 =R 0]l1 t1/2 )

for all R > max(2Ry,1), t > 0, where W' depends only on ||woll1 and is
nondecreasing with respect to ||wol|1-

Proof. The outline of the proof is as follows: First we multiply a suitable
function to w to construct a modified function wg that vanishes in Bg/, and
coincides with w outside Br. We calculate the equation that wg satisfies, and
then establish estimates for ||wr||co-

The First Step (Construction of wg)

First we choose a function 6 € C*|0, 00) satisfying 0 < 0 < 1,

0, p<1/2,
0(p) =
1, p=>1,

and 6’ > 0. Then we set

and define the function wg as
wr(z,t) = w(z, t)pr(z), =R t>0.

(By definition, wgr(z,t) = w(x,t) if |x| > R, t > 0. We may construct such a
6 as in the first step of the proof in §4.4.2.) Since w satisfies (2.7), wr satisfies

Owr — Awg + (u, V)wg = ha,
he = ((u, V)pr)w — 2(Vpg, Vw) — (Apg)w
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on R? x (0,00). In the proof below we use the results on inhomogeneous
heat equations with a transport term, in which ho is regarded as a given
inhomogeneous term, while (u, V)wg is not. This is because it seems difficult
to derive the desired estimate if we apply the results on inhomogeneous heat
equations without a transport term by regarding (u, V)wg as a given function.

By the unique existence theorem (§2.2.1), u € C*°(R? x (0,00)), and for
any t1 > tg > 0, multi-indices o, and £ =0,1,2, ..., we have

sup  [|090fu| oo (t) < 0.
to<t<ty
Then by Theorem 4.4.4 we may define an evolution system U (t,s), t > s, that
corresponds to d; — A+ (u, V), for s > 0. Namely, when f € C(R?) is bounded

and integrable, (|| f|lco < o0 and || f]j1 < o0), then we may express a solution
V of

V|t:S = f in R27

by V(x,t) = (U(t,s)f)(x). Moreover, hy is a C° function on R? x (0, 00),
and is zero on |z| > R. Hence if 1 < p < oo, ||hz2||p(¢) is finite for ¢ > 0.
Therefore U(t, s)ha(s) for s > 0 is well defined. Here U (¢, s)h2(s) is a function
of t > s and the spatial variable . Here and in the sequel, we suppress the
z-dependence for simplicity. Similarly as above, for wg € C(R?x (0, 0)), wr(t)
denotes the function wg(z,t) of z on R2. Here, wg is also C* on R? x (0, 00),
and by the unique existence theorem (§2.2.1), for 0 < ¢y < ¢1, we have

{6tVAV+(u,V)V =0 inR?x (s,00),

sup |lwrlp(t) < oo, 1<p<oo.
to<t<t;

Since we have L*-estimates for higher derivatives, we may use the evolution
system U(t,s). By Theorem 4.4.4 and (ii) of the remark afterward, wg is
given by

wr(t) =U(t, e)wr(e) + /75 U(t,s)ha(s)ds, 0<e<t,

in R2. This is an equality as functions in R? with the parameter ¢ (> ¢).
(Since Vu may diverge to infinity at ¢ = 0, in order to use Theorem 4.4.4 we
introduced & > 0.)

The Second Step (Estimates for f; U(t, s)ha(s)ds)
First, by the Holder inequality, for 1 < ¢ < oo, hs is bounded by
[h2lq (@) < llulloe @IVerllscllwllg(®) + 2 Vior|loo [Vwllq(t)
+ [[A¢r|lsollwllq(t)-

By the chain rule and using the constants Cy and Cj, which depend only on
0, we have
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!

Co C Cy
Vorlloo < =, [|A¢rllee < =2, <=2 R>1.
IVerlle < 2 Q¢RI < 23.< 5, B2
Therefore, using the estimate for derivatives in §2.4.2 and the estimates for u
and w in §2.4.1, for 1 < g < oo, we obtain

W 1_
IBallg(t) < 2% + Dts ol £>0, R>1.

Here W; (j = 1,2, 3) are constants, which are independent of R and have the
same property as W in §2.4.2.

On the other hand, for p with 1 < p < oo, by recalling that ||U(t, s)ha(s)||p
is continuous at ¢ = s as a function of ¢ (¢ > s) (§4.4.4), and using the
fundamental L9-L! estimate (§2.3.1) and its generalization (§2.3.6) we obtain

o
Kk(t —s)
1

[U(t,8)h2(s)]loc < Wﬂhﬂb(s% t>s.

1U(, 8)ha(8)]loo < [[h2l1(s), t>s,

Using the above estimates, we will estimate f; U(t, s)h2(s)ds. Since the
integrand may be infinite at s = 0 and s = ¢, we divide the interval of
integration. If 0 < & < t/2, we obtain

/t U(t, s)h2(s)ds

oo

t/2 t
< [0 ads + [ [0 5)ha(o)]ds
€ t/2

t/2 1 t 1
< — d S — d
<[ gl [ bl

W t2 1
< 2 - (=
=R llwoll1 {/0 =9 \5172 +1)ds
t 1 1 1
+/t/2—(ts)1/2 (mﬁ-l) mds .

Setting s = ¢t7 and calculating the integral, we obtain

— [ —=+1)d
/o ) (sw* ) ’

1 1/2 1 /2 4 12 4 g
t1/2/0 (1—7)7r1/2 T+/() 1—7 T 0 + A




2.4 Estimates for Solutions of Vorticity Equations 71

¢ 1 1 1
[oimom (1) s

1t 1 ! 1
- —— e dr= AtV A
1172 /1/2 11— 1727 T+/1/2 1—1)7271/2 T 2 + As,

where Ag, A1, As, Asz are real numbers independent of ¢. Hence we obtain

W3y 1
’ < —||wo||1 <t1/2 + 1)

fort>2:>0, R> 1.
The Third Step (Estimate for U(t,&)wr(€))

/: U(t, $)ha(s)ds

o0

By the maximum principle (§2.3.7), for £ > 0, we have
[U(t,e)wr(e)lloo < [[wr(e)]los, T >

(By property (§2.2.1) for w, wg(e) belongs to C(R?) and |wg(e)|, < oo
(1 < p < 00). Moreover, by Theorem 4.4.4, ||U(t, e)wr(e)||p is continuous at
t = ¢ as a function of ¢ (¢ > ¢€). Hence we may apply §2.3.7.) On the other
hand, if R > 2Ry > 0, ¢r is zero on the ball Bg,; hence from the assumption
on the support of wy, we obtain wg(0) = 0. By the continuity of w(t) at t =0

(52.2.1 (i),
lim (€)oo = lim () = R (0o < Ty llorloc () ~ wollo = 0
is valid for R > 2Ry > 0. Hence we obtain
lim [U(t, €)wr(e)lloc =0, ¢ >0,
for R > 2Ry > 0.

The Final Step (Completion of the proof)

Taking R > max(2Ry, 1) and estimating the L*°-norm of the formula for wg
at the end of the first step, we obtain

W, 1
lwrlloo(t) < Ut e)wr(e)]loo + 7 lwollx (t1/2 + 1> t> 2,

by the second step. Using the result of the third step, as € — 0, we obtain

W3

1
lonlle(® < ool (775 +1) ¢

Hence, recalling that sup|, > g [w(2,t)] < [lwrlleo(t), we obtain the desired
inequality. |
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2.5 Proof of the Asymptotic Formula

Now we prove the asymptotic formula (2.10) in §2.2.2. Assume that the initial
vorticity wp is in Cp(R?), and that (w,u) is a solution of (2.7), (2.8), and (2.9).
We consider the family {(wg, @) }r>1, which is rescaled as in (2.11). First we
consider the “compactness” that is announced in §2.2.5. By Proposition 2.2.3,
(wi, uy) satisfies (2.7) and (2.8), and its initial values are wy|i—o = wok, where
we define wor(r) = k?w(kz),z € R In the estimates in §2.4.1, §2.4.2, and
§2.4.3, set w = wy, and u = Ug. Since |lwok|l1 = ||woll1, we may take coefficients
W and W’ independent of k. Hence using the Ascoli-Arzela-type compact-
ness theorem (§1.3.2), as in the case of the heat equation (§1.3.5), for any
subsequence {wy(p)}72, (limy_oo k(¢) = 00) of {wi}x>1, there exists a sub-
sequence {wy(e()) }i2q, (lim;oo £(7) = 00) such that wyy(;)) converges point-
wise to some function @ € C(R? x (0, 00)) on R? x (0, 00) as i — oo. Moreover,
its convergence is uniform on R? x [, 1/n] for any n € (0, 1).

For the limit function w, we define u = K *x w. Then @ is a “weak
solution” of

0T — AT + (W, V)T =0,

Wlt=g = md, m= wo dzx,
RQ

in R? x (0,00), where § denotes the Dirac ¢ distribution. We will state this
fact in §2.5.1 in a precise form. In §2.5.4 we will prove the uniqueness of this
limit function and we will characterize the limit function that is mentioned in
the end of §2.2.5.

Before discussing the uniqueness, we will show that if @(z,t) is smooth on
z € R%,t>0,and if 1 < p < oo, then for any multi-index 8 and b = 0, 1,
2

Seees "
supt 'z 175 008| (1) < oo (2.12a)
>0

By Corollary 2.4.2, there exists a positive constant W such that for wy, we

have
181 _1
supt £ 3 ok0 (1) < W (lwor|lr. 8.0l
t>
= W([lwoll1, 3,b)llwoll1,

where the right-hand side is independent of k. In particular, for any b =0, 1,
2, ..., any multi-index 3, and any n > 0, we have

supsup || 0P 02wy | oo (t) < o0.
k>1 t>n

By these estimates, using the theorem on the convergence of higher derivatives
(§5.2.5) that is obtained as an application of the Ascoli-Arzela theorem, we
see that @ € C*(R? x (0,00)) and 8795wy, ¢(i)) converges uniformly to 9y 05w
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on any compact subset of R? x (0,00) as i — oo. On the other hand, for any
t>0,
107 07w]1,(8) < Lim [|8705wk(e(a llp(t)

(Exercise 2.6); hence by the estimates

181 _1
t 2 TS0 00 wiellp(t) < W(|lwoll1, B,b)[lwolly < oo,

(2.12a) follows.

We will rigorously show that (0, @) is a weak solution of the vortex equation
with initial value md. We note that by (2.12a) and Remark (iv) in §6.3.5,
u = K * w is defined as a smooth function on R? x (0, c0).

2.5.1 Characterization of the Limit Function as a Weak Solution

Theorem. The function W, which is defined by the limit of wy(ey) as i — oo,
satisfies

0 = me(0,0) + /Ooo /RQ{(% + AQ)T + (V,u @) }dz dt

Jor any ¢ € C§°(R? x [0,00)), where we set w =K @, and m = [, wo d.

Here the pair (w,u) with © = K x @ is called a weak solution of (2.7) and
(2.8) with initial value md if (w, @) satisfies the above integral equality for any
¢ € C°(R? x [0,00)). For & and u = (u',u?), we assume that every term in
the above integral equality makes sense and that w = K * @ is well defined.
For example, it suffices to assume that @, |u|, and [t ©| are locally integrable
(§1.4.3) on R? x [0, 00), and that ||&]|,(t) < oo, t> 0,1 < g < co. Let g = G.
Then (mg,K * (mg)) is a weak solution of (2.7) and (2.8) with initial value
mé by Lemma 2.2.5 and Exercise 1.9.

The basic idea of the proof is the same as in the case of the heat equation.
Since (wg, Ux) is a solution of the vortex equation (2.7), (2.8), and (2.9) with
initial value wog, for ¢ € C§°[R? x [0,00)), by integration by parts it satisfies

O:/ cp(x,O)wok(x)der/ /(cthrAgo)wkdxdtJr/ / (V, upwyydx dt.
R? 0 JRr2 0 Jr2

By the estimate sup,~ ||wk||1(t) < [lwoll1 in §2.3.3, as k — oo, the first and
second terms on the right-hand side converge to

map(0,0)-i—/ / (o1 + Ap)w dx dt,
0 R2

by similar arguments as in Proposition 1.4.1 and in the proof of §1.4.4. In this
proof, wy simply denotes a subsequence wyg(;)) of w.
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Moreover, for each fixed ¢t > 0, T converges uniformly to u for z € R2.
This fact will be established at the end of the proof. Set

Fk(t) = \/]Rz <vg0,ﬂkwk>d17.

If @y, converges uniformly to @, since the support of ¢(-,¢) is compact for
each ¢t > 0 and so the region of integration is actually bounded (hence we
can interchange integrals and limits as in Proposition 7.1), we see that F(t)
converges to

Ft) = / Vo, 7 D)
R2
for each ¢ > 0. On the other hand, by Theorem 2.4.1, we get
[FL ()] < Colltrlloo (D) |wrll1(2) < Collwol| T L1 (00) (rt) 2,

where x is the universal constant of §2.3.1 and C, = sup{|Ve(z,t)| : = €
R2,t > 0} < co. Since t=1/2 is integrable on neighborhoods of ¢t = 0, and ¢ is
zero for sufficiently large ¢, by the dominated convergence theorem (§7.1.1),

we obtain
o0

lim Fy.(t)dt = /00 F(t)dx.
0

k—oo Jo

Hence, we have proved

lim/ /(ch,ﬂkwk>dxdt:/ /(ch,ﬂwﬂlxdt,
k—oo Jo  JRr2 o Jre

and (0, u) is a weak solution of (2.7) and (2.8) with initial value md.

In the following, we show that uy converges uniformly to u with respect to
2 € R? for each fixed ¢t > 0. First set v, = U — U, W = W — w. We note that
v = K % wy. By the Gagliardo—Nirenberg inequality (§6.1.1), the Calderén—
Zygmund inequality (§6.4.2), and the Hardy—Littlewood—Sobolev inequality
(§6.2.1) (by fixing ¢ > 0) for 2 < p < co we have

lonlloo(£) < Ol Vw30 lfox /7 (2)

_ 1 1
< Ol P Ollewelly™ (), == =

1
5"
(See (i) of the remark below.) Here the constants C' and C’ depend only on p
and are independent of ¢. Using the Holder inequality, we obtain

lorlloo () < Clwrllg™ P @) {lwn | &P () lwkllac /7 ()},

Since q/p = 2/(p + 2), the right-hand side of the last inequality is

P 2
Clwillg™ (&) lwrlls™ (2)-
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By (i) of Theorem 2.4.1, for ¢ > 0, 1 < r < oo, we have |wgl|-(t) <
(kt) =Y |wo |1, which leads to ||@]-(t) < (kt) V" ||wol1 as in (2.12a).
Hence ||wg|-(t) < 2(kt)*|wo||1 and we obtain

_D_ 2-p, _1_ 5= P
ok oo () < 2757 C" () 5" #55) o | 777 [l | 27 (2).

By the definition of the subsequence {wy i) }2; (§2.5), for n € (0,1), wy
converges uniformly to 0 on R? x [, 1/n]. Hence vy converges uniformly to 0
on the same region. |

Remark.

(i)

Since we do not use distribution theory or Lebesgue integrals, we need
to check that vg(z,t) is C' on R? as a function of z in the step using
the Gagliardo—Nirenberg inequality. By Theorem 2.2.1, @ is smooth on
R?2 x (0, 00). Moreover, similarly to Remark 2.5.1, 7 = K @ is smooth on
R? x (0, 00). Hence for each fixed t > 0, vg(z,t) is C* on R? as a function
of z. On the other hand, the continuity of wy and |Jwk|4(t) < oo (1 <
g < 2), which is assumed when we apply the Hardy—Littlewood—Sobolev
inequality (see also Remark 6.2.1), is also obtained by the continuity of
@ and (2.12a) for @ in the case b = 0 and || = 0. We can also check
that the Calderon—Zygmund inequality is available in our case, since W
is smooth and ||@]||,(¢) is bounded for any ¢t > 0, 1 < p < oo by (2.12a)
with b = 0 and |8| = 0. Note that these justifications are not needed if
we use distributions and Lebesgue integrals. The key fact in this proof
is Theorem 2.4.1, in particular, the LI-L' estimate for w. Hence we need
not assume that @ and w are C*° on t > 0.

The function 7 is C*° on R? x (0,00) and for any multi-index 3, b = 0,
1,2,...,and 2 < p < oo it satisfies

supt 7 T35 0800a], (1) < . (2.12b)
t>0

To prove (2.12b) we first note that u € C*°(R? x (0,00)), and that
980y (4(sy) converges uniformly to 079)u on any compact subset of
R? x (0, 00) as i — oo. This can be verified by §5.2.5 and the fact that
converges pointwise to @ on R? x (0, 00). We can check that the assumption
required in §5.2.5 is satisfied if we use Corollary 2.4.2 and the estimates

151
supsupt z 0TI v 10207k ||, (1) < 00, 2 < p < o0,
k>1 t>0

which can be obtained as the estimates for wy. Therefore, as in the proof
of the estimates for @ in (2.12a), we obtain (2.12b) from the estimates
for ﬂk.
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Next, we will prove the estimate of @ by |m|. As mentioned in the proof
of the theorem, we have

sup(rt)' P [[@]l, (1) < flwolls.
t>0

If we try to prove the uniqueness of the limit @ under the assumption of the
smallness for |m| but not for ||wpl|1, it is needed to prove the better estimate

sup(rt)' /2 |[@]]p(¢) < |m].
t>0

(The proof of uniqueness without this estimate is not known so far.) This
estimate by |m/| is stronger than the estimate by ||wo]|1. Indeed, it claims that
if m = [wodx = 0 then @ = 0. The next section is devoted to the proof of
the above estimate by |m/|. This estimate was first established in the Japanese
edition of this book, but recently was also obtained by [Gallay Wayne 2005]
in an implicit way (see §2.8). In the proof below we use some results on
fundamental solutions of parabolic operators that are generalizations of the
heat operator J; — A.

2.5.2 Estimates for the Limit Function

Theorem. Assume that the pair of functions (w,u) and m are given as in
Theorem 2.5.1. Then we have

Stgg(fﬁt)lf”p\lw\lp(t) <|m|, 1<p< oo,

where k is the universal constant in the fundamental LI-L' estimate in §2.3.1.
Proof. The First Step

First we show that it is sufficient to prove the above theorem in the case
p = 1 only. Since wy, satisfies (Hyg, ) on R? x (0,00) for k > 1, U satisfies
(Hz) on R? x (0, 00) for the limit (@, ) of any subsequence of (wg, U ). This is
because, as mentioned in the paragraph containing (2.12a) of §2.5 and in (ii) of
Remark 2.5.1, subsequences {wys(iy) } and {Upe(iy) } of {wx } and {uy } converge
to w and u respectively together with their higher derivatives uniformly on
each compact set in R? x (0, 00). Moreover, by (2.12a) and (2.12b), & and u
satisfy the assumption of the fundamental L9-L' estimates in §2.3.1, except for
condition (I). Hence the system of differential inequalities in Proposition 2.3.4
holds. So if we show that

[@[l1(2) < |ml, ¢>0,

then we can prove the estimate in the theorem for general p, similarly to §2.3.5
using Lemma 2.3.4.
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The Second Step

For an R2-valued function v defined on R? x (0,00), I,(z,t,y,s) (v, y € R?
t > s > 0) denotes the fundamental solution of the operator 9y — A + (v, V).
(The definition and basic properties of the fundamental solution will be given
in §4.4.5.) As in the proof of Theorem 2.4.2; for ¢ > 0, (wy,uy) satisfies

t
wi(t) = e wor — / div (e®"=)2 (Tpwy ) (s))ds  in R2
0

By (iv) of Theorem 2.4.1, @ is bounded near ¢ = 0. Moreover, by (ii) of
Theorem 2.4.1 we have supg; 7 ||k ||oo ()00 for any 7' > 0. Since div @ = 0
in R? x (0,00), there exists a unique fundamental solution I%, (z,t,y,s) on
t > s > 0 (by the unique existence theorem, Theorem 2 in §4.4.5). On the
other hand, by (i) of Theorem 2.4.1, we have sup, ||wk||1(¢) < [Jwor]|1 < oo;
hence as in §4.4.5, by the lemma for the uniqueness in §4.4.4,

(e, 1) = / Ty (@6, 9, 0wos(y)dy, >0, xR
R2

Since [Jwg|l1(t) < |lwoll1 for ¢ > 0, by the following lemma the family of
functions {I%, (z,t,v,0)}k>1 is uniformly bounded and equicontinuous as
functions of y € R? for each t > 0, x € R2. That is, for each z € R? and
t > 0, we have

sup sup |Ig, (z,t,y,0)| < oo,
k>1 ycR?

lim sup |Fg, (,t,y',0) — I, (z,t,9,0)| =0, yeR>

Y=Y k>1
Hence for each R > 0, by applying the Ascoli-Arzela theorem (§5.1.1) to
this family on a closed ball Bg, {I%, (2,t,y,0)}1>1 contains a uniformly con-
vergent subsequence on By as functions of y. In other words, there exist a
subsequence {k;} of {k(¢(i))}22, and a continuous function A;.(y) on Bg
such that

lim sup |[I%, (x,t,y,0) — Ar(y)] =0, t>0, z€ R2.
Jj—00 yEBR J

(More precisely, we should write {k;}52, as {k(£(i(j)))}72,. For simplicity we
abbreviate such a notation. We assume k; — 0o as j — 00.)

Lemma. Assume that v = (v',v?) with v!, v? € C*°(R? x (0,00)) satisfies
divo = 0 on R? x (0,00), and that for each S > 0, supy.,g ||v]|oo(t) < c0.
Then there exists a unique fundamental solution I'y(z,t,y, s) of Oy — A+ (v, V)
(see the unique existence theorem, Theorem 2 in §4.4.5) that is continu-
ous on {(z,t,y,s) : v,y € R2,0 < s < t < oo}. Moreover, assume that
SUP;, <<, 1050fv]|o (t) < 00 for each ty > t1 > 0 and for any multi-index o
and £ =0,1, 2,.... Then the following are valid:
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(i) We have 0 < Iy(z,t,y,s) < (k(t — )7, x, y € R%, 0 < s < t, where
is the universal constant in §2.3.1.

(ii) Assume that 0 < t < T, and that the function v is given as v = K x w
with a function w € C(R? x (0,T)). Moreover, let supge,7 ||w|1(t) < M,
and let tog > 0. Then there exist a positive constant C depending only on
to and M, and a constant p € (0,1) such that

1 (,t,,0) = L(a, 1,9/, 0)] <C(lw = '[P + [y — o' [*)"/2,
T > tty, =,2',y,y" € R
The Third Step

If we replace k by k; and take j — oo in the expression of wy by the funda-
mental solution in the second step, then we obtain

Oz, t) =m A .(0), t>0, z€R%

In what follows we assume k; > 1. Choosing the radius R such that suppwy C
Bpg, we calculate

Wk; (I, t) - mAtw(O) = {Fﬂkj (l‘, ta Y, O) - At,m(y)}w()kj (y)dy
Br

+ / Ay 2 (y)wor, (y)dy — mAy (0).
Br

Since suppwor,; C Br, from the properties of the limit of the initial value (see
Proposition 1.4.1, Remark 1.4.1, and §4.2.5), the equality

lim Ap o (y)wor, (y)dy = mA; (0), t>0, xe€ R2?,
J—00 BR
follows. On the other hand, by the uniform convergence of I3 T, and by

lwor, |1 = [lwoll1, which are obtained in the Second Step, for ¢ > 0 and
x € R?, we obtain

5 {Fﬂkj (l‘, t,y, O) - At,m(y)}w()kj (y)dy

< sup ‘Fﬂkj ($>t7y>0) - At,w(y))‘ Hw0||1 —0 (.7 - OO)
yEBR

Hence for ¢ > 0, and 2 € R?, we have shown that lim;_q wy, (2,t) = mA; ,(0),
and then @(x,t) = mA; . (0) follows, since @ is the limit of wy;.
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The Fourth Step

Since divug; = 0, as in §4.4.5, it follows that
/ Iy, (z,t,y,0)dr =1, yeR?* t>0.
R2 ’

Moreover, since ngj > 0, we have A4;,(0) > 0. Hence, by Fatou’s lemma
(§7.1.2), we obtain

/ At(0)dz < lim Ig, (x,t,0,0)dz = 1.
R2 j—oo JR2 7

Hence we obtain ||@]|1(t) < |m| for ¢ > 0. This completes the proof except for
the proof of the lemma. O

Proof of Lemma. (i) As stated in §4.4.5, I, > 0 is an important property
of the fundamental solution, which follows from the nonnegativity-preserving
principle in §2.3.8. By the definition of the fundamental solution and the
assumption on v, the function w given by

iz, t) = / Lo@,t,y,5)f(y)dy, t>s>0, R
R2

for f € Co(R?) satisfies (H,) on R? x (s,T). By the assumption on higher
derivatives of v, if s > 0, then w coincides with the solution constructed in
§4.4.4 (8§4.4.5). Since we assumed s > 0, assumptions (I) and (a) in §2.3.1 are
satisfied (w has to be replaced by w) by Theorem 4.4.4. By the fundamental
L4-L' estimate (§2.3.1), we obtain

|lwlloo(t) < (5(t —8) " foll1, t>s>0.

Now let wy € Co(R?) be a given function satisfying wy > 0 and wg # 0,
and set m = [, wo(y)dy. For a given yo € R? and k > 1, set wor(y) =
k2wo(k(y — yo) + yo). Then, since I, (x,t,y,s) is continuous with respect to y
(Definition 4.4.5), we obtain

mI,(x,t,y0,8) = klirgo w(x, t)

and
wi(, t) = / L@ by, s)wor(y)dy, s> 0,
R2

by Remark 1.4.1, Proposition 1.4.1, and §4.2.5. On the other hand, since
wg > 0 by I, > 0 and woy > 0, using the above fundamental LI-L! estimate,
we obtain

/[Rz Ly, t,y, s)wor (y)dy < [welloo(t) < (st = $))"'m,

t>s>0, zeR%
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Here we used m = [;, wox(y)dy. Therefore, by letting k — oo, for ¢t > 0 and
x € R?, we obtain

OSFU(x7tay0as)S(K/(tis))ia t>s>0.

By the continuity of I, in s € [0,¢), for s > 0 we obtain inequality (i).

In order to prove (ii), we appeal to general results on elliptic and para-
bolic equations with discontinuous coefficients. This, however, exceeds the
range of this book. For a proof the reader is referred to [Osada 1987] (see also
[Giga Miyakawa Osada 1988]). There the structure of the Biot—Savart law and
the Nash—Moser methods are effectively used to prove (ii). ad

To continue the proof of Theorem 2.5.2, instead of (ii) of the lemma, it is
sufficient to prove that if

sup 35 0% (t) < My, o] <1,
o<t<T

then
10y Ty (2, t,y,0)] < Ct=32, T>t>0,|a|=1, 2,y € R

(Here C is a constant depending only on M;j.) However, it is not known
whether such an estimate is valid. On the other hand, one can prove the
estimate

|09y (2, t,y,0)| < Ct™3/2, T>t>0, |a] =1, z,y € R?,

by similar arguments as in (i) of §2.4.2. In [Maekawa 2008b] under the assump-
tion that supt>0t% [Iv]|oo(t) < 0o and div v(t) = 0 (but the special structure
for the velocity v of v = K xw is not assumed there), the Holder continuity in
(ii) of the lemma is obtained by establishing pointwise Gaussian lower bounds
for fundamental solutions.

Finally, we will prove that if |m| is sufficiently small, the weak solution
satisfying (2.12a) is unique. As in the case of the heat equation, the uniqueness
of the weak solution shows that the limit function @ agrees with mg, which
is the weak solution with initial value md. By this result, we can prove the
asymptotic formula (2.10). As a first step to prove the uniqueness we see that
w satisfies the following integral equation.

2.5.3 Integral Equation Satisfied by Weak Solutions

Proposition. Assume that the pair of functions (w, @) is a weak solution of
(2.7) and (2.8) with initial value md, where m € R. Moreover, we assume
that @ and u are smooth on R? x (0,00) and W satisfies (2.12a). Then (w,n)
satisfies

w(t) = mGy — /0 div (e"~92 (@ ©)(s))ds in R?

fort > 0.
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Remark. If w satisfies (2.12a), the velocity @ defined by @ = K * w satisfies
(2.12b) automatically. By Remark 6.3.5, u is smooth on R? x (0,00), and
satisfies 902 (K * ©) = K * (070°w). (Here b = 0,1,2,..., and 3 is a multi-
index.) Therefore by using the Calderén—Zygmund inequality, the Hardy—
Littlewood—Sobolev inequality, and the Gagliardo—Nirenberg inequality as in
the proof of (ii) and (iii) of Theorem 2.4.1, we obtain (2.12b) for 7 = K x @.

Proof. First we set h(s) = —u(s)w(s). Regarding h as a given function, we
consider @ as a weak solution of 9;w — Aw = divh on R? x (0, 00) with initial
value md (see Definition 4.3.4). We shall apply Theorem 4.4.3. Since w and @
are smooth in R™ x (0, c0), h is also smooth in R™ x (0, 00). By the estimate for
the derivatives of @ (2.12a) and the estimate for the derivatives of w (2.12b),
we obtain
sup [|020/h||oo(t) <o, 0<d<T.
§<t<T

Moreover, sup;-t'/2||u]|o(t) < oo by (2.12b) and sup,- [|@]1(t) < oo by
(2.12a) imply sup,sqt/?||h]1(t) < oo. Since sup; @1 (t) < oo, we can
apply Theorem 4.4.3, and the integral equality in the proposition is proved.

O

Here we used the smoothness of the weak solution for ¢t > 0 and estimate
(2.12a). But for the proof of the proposition, instead of the smoothness for @
and (2.12a), it is sufficient to assume the local integrability of @ on R? x (0, 00)
and sup; o t'~VP(|@]|,(t) < oo for each p with 1 < p < c0.

This follows from the fact that a weak solution of this type is always
smooth in ¢ > 0 and satisfies (2.12a); see [Giga Miyakawa Osada 1988].

2.5.4 Uniqueness of Solutions of Limit Equations

Theorem. For a positive constant cg, there exists a (small) positive number
mo such that the following statement is satisfied. Let (0, ) be a weak solution
of (2.7) and (2.8) with initial value mé. Assume that @ and w are smooth on
R? x (0,00) and satisfy (2.12a) and

sup /4@l (t) < colm].
t>0

If |m| < mo, then @ = mg on R? x (0,00). Here g(x,t) = Gi(z) denotes the
Gauss kernel.

Proof. First we assume that for ¢ = 1, 2, (w;, u;) are weak solutions of (2.7)
and (2.8) with initial value mé such that w; is smooth on R? x (0,00) and
satisfies (2.12a). We will show that w; = ws on R? x (0, 00). By §2.5.3, for any
t>0,

t
w;(t) = mG; —/ div (92 (uw;)(s))ds, i=1,2,
0
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in R2. Set w = w; — wa, v = u; — us. Then w satisfies
¢
w(t) :/ div (e®9%hy(s))ds inR%, ¢ >0,
0

hy = —uyw —vws  in R? x (0, 00).

Using this integral equation for w, we estimate ||wl[4/3(t). By the LP-L9
estimate for derivatives of the heat equation (§1.1.3), for p and ¢ with
1 < g < p < oo, we obtain
. (t—s)A Cl
[[div (e ho)llp £ ———7—llhallq(s), 0<s <t
S 2+q P

(t—s)

(Here and in the sequel, Cj, j =1, 2, 3, are constants independent of s, ¢, w;,
and u; (¢ = 1,2).) On the other hand, for v = K * w and u; = K * w;, using
the Hardy-Littlewood—Sobolev inequality (§6.2.1), we obtain

[vll-(t) < La(r)llwllp, @), luill- (@) < La(r)|willp, (£),
r=1/p1—1/2, 1<p <2, i=1,2,

for t > 0. Here Ly = Lq(r) is a constant depending only on 7. Let us
take the L*/3-norm of both sides of the integral equation for w. Then using
these inequalities and the Holder inequality, i.e., |lugw||1 < [Ju1ll4]|w||4/3 and
[owa [y < [|vllallwella/s, we have

Jollaja) < Cra@) [ oz llnllagaCs) + lnla(} wla(e)ds

—s
fort > 0. If w; (2 = 1,2) satisfies sup;~ ¢ t1/4\|wi||4/3(t) < ¢p|m/|, then we obtain

t 1 2colm
l[wlla3(t) < 01L1(4)/0 mw@”ys(s)ds

for t > 0. We set t = 7 and multiply both sides by 7/4. Then, by taking the
supremum of both sides on (0,t) with respect to 7, we obtain

sup 7/ wllas(7)
0<T<t

T 7_1/4
< 2C1L1(4)cglm| < su / —  _ds$-{ sup V4w T}.
< 20 L(Hel {0<7‘Iit o (7 —s)3/4s1/2 } {0<r€t leollazs(r)

(By assumption, supg., ., 71/4||w||4/3(7) is always finite. Hence the left-hand
side of the inequality is finite.) Since

T i/ ! 3/4 —1/2
—d = 1 — - - d = C
A (T . 8)3/481/2 S /O ( p) 14 P 2
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is a positive constant independent of 7, setting Cs = 2C1 L1 (4)coC2, we have

Y4 wllays(7)-

sup 7'1/4||w\|4/3(7) < Cs|m| sup T

<7<t o<r<t
Let mg be a positive number such that 0 < mg < C?fl. Then we have 1 >
Cs|m| for |m| < mg, which gives supy.,, 7V/*||w||4/3(7) = 0. Therefore we
obtain [[w||4/5(t) = 0,¢ > 0, that is, wy is identically equal to wy on R?x (0, o),
and u; is identically equal to us.

On the other hand, (mg, K x (mg)) is a weak solution of (2.7) and (2.8)
with initial value md that satisfies (2.12a). (See the answer to Exercise 7.2.)
Hence by the above uniqueness result (by setting w; = @ and ws = myg), we
obtain w = mg. O

The uniqueness without the assumption of the smallness of |m| was open
for years. The difficulty is that the convective term (@, V)@ cannot be regarded
as small with respect to the diffusion term Aw. Recently, Gallay and Wayne
gave an affirmative answer to this uniqueness problem in [Gallay Wayne 2005].
The key idea there is to introduce the relative entropy as a Lyapunov function.
The details will be discussed in §2.8.

2.5.5 Completion of the Proof of the Asymptotic Formula

Finally, we summarize the proof of the asymptotic formula (2.10) by rescaling
methods. First assume that the initial vorticity wg is in Co(R?), and (w, u) is
a solution of (2.7), (2.8), and (2.9). Let {(wg, ur)}r>1 be the rescaled family.
Then each subsequence {wye)}<; of {wk}r>1 (under suitable choice of sub-
sequence {w(¢(s)) }i2 ;) converges uniformly on R™ x [n, 1/9] for any n € (0,1).
The limit function @, together with the velocity w = K * @, should be a
weak solution of (2.7) and (2.8) with initial value md that satisfies (2.12a)
and (2.12b). (This result is obtained in the first part of §2.5 and §2.5.1.) Here
m = [wodz. By §2.5.2 and §2.5.3, using the uniqueness of solutions §2.5.4,
@ = myg follows. (Here g(z,t) = G¢(z) denotes the Gauss kernel.) Hence the
limit @ is independent of the choice of the subsequence of {wy}. By Exer-
cise 1.4, for any n € (0,1), {wy} converges uniformly to mg on R™ x [, 1/7]
as k — oo. Hence we obtain limy_.« ||wr — mglle(1) = 0, and by §1.2.6, we
get (2.10). This completes the proof of the theorem of asymptotic behavior of
vorticities (§2.2.2).

The assumption that the absolute value of the total circulation m is small
is used only in the proof of the uniqueness of the limit equation. The main
advantage of the rescaling method is that no matter how large ||wo|1 is, we
can prove show the asymptotic formula (2.10) if |m| is sufficiently small.

Moreover, since the smallness assumption on |m| is actually unnecessary in
Theorem 2.5.4 (see §2.8), the asymptotic formula (2.10) is still valid without
the smallness assumption.
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Figure 2.1. Vector field U at the cross section y2 = 0 (in the case of a > 0).

2.6 Formation of the Burgers Vortex

Let us apply the asymptotic formula (2.10) to a problem of fluid mechanics.
We consider an incompressible viscous flow whose velocity field is expressed
by a sum of

e an axially symmetric flow U without vortices,
e a two-dimensional flow V' whose vortex vector is parallel to the symmetric
axis of U.

Here and in the sequel, y1, y2, and y3 denote spatial variables, 7 denotes the
time variable, and the y3-axis is taken as the axis of the symmetry. Consider
U as

U(y17112>y3) = (_ail/b —QaYy2, 204y3)> a e R.

See Figure 2.1. If a > 0, the flow concentrates on the ys-axis of symmetry,
and diverges to (plus and minus) infinity of the ys-axis. Obviously, it satisfies

divU =0, curlU =0, AU=0.
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Since (U, V)U = —VP, if we set P(y1,y2,y3) = —% (42,43, 4y2), it is clear
that the pair of functions (U, P) is a stationary solution (i.e., it is independent
of time) of the Navier—Stokes equations

Oou .

5 —vAu+ (u,V)u+Vp=0, divu=0 (2.13)

-

in R? x (0,00). In this section, we consider the Navier—Stokes equations with
density oo = 1 and viscosity v > 0. We assume that the unknown function
u = u(y1, y2,y3,7) in (2.13) has the form

u=U+V. (2.14)

Since V' denotes the velocity vector that expresses the two-dimensional flow,
it is given by

V(ylavaT) = (Vl(y17y2a7)a V2(y1ay2a7)a 0)7

and its vorticity vector is expressed by
(Oa079(y17y2’7))a N=————.

We are concerned with the behavior of £2(y, 7) as 7 — oo in the case of a > 0.
(Here, we write y = (y1,y2), and so £2(y, 7) denotes 2(y1, y2, 7). We use similar
notation for other functions.) In the case of & = 0, the pair of functions (2, V)
with v = 1 satisfies the two-dimensional vorticity equations (2.7), (2.8), and
(2.9) (see §2.1). Hence by the asymptotic formula (2.10), (if |m/| is sufficiently
small), 2 asymptotically behaves like mg as 7 — oo. Here we set

m= [ Do(y)dy,  oy) = 0(y,0).
R
(V also expresses the two-dimensional vector field (V*,V?).) If v is a general
positive constant, using the scaling transformation (7 = vr, 2 = 2/v, V =
V/v), we obtain the asymptotic formula 2 ~ mg” (7 — o0), by considering
. . .. . _ 1 —lyl?/4
the two-dimensional vorticity equations. Here we set " (y, 7) = =-e lyl*/4vr
In the case of a > 0, set

— m 2,2 20\ /2
Qm(y) = ﬂ_ngf\y\ / y = (E) 5

for y € R2. The above £2,, is called the Burgers vortez. In the following, we
discuss the convergence of (2 to §2,, when 7 goes to infinity.

2.6.1 Convergence to the Burgers Vortex

First we derive the equation for V from (2.13) and (2.14). Let U and P be
as stated in the first part of this section. Since (U, V)U = =V P, (V,V)U =
—aV, (U, V)V = —a(y, V)V, we obtain
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%—V—uAV—Oz(y7V)V—aV+(V,V)V—i-V(p—P) =0, divV =0. (S)
=

Considering V' as a two-dimensional vector field and applying curl to both
sides, we obtain

2
?9— — VAR —a(y, V)2 —2a2 + (V,V)2 =0 in R? x (0, 00) (R)

T

for 2 = 2(y,7), V=V(y,7), y € R? and 7 > 0. Here we used
curl (y, V)V) = (y, V)2 + 2, yeR%.

As in the calculation that leads to the vorticity equations from the Navier—
Stokes equations, we obtain (R) and the Biot-Savart law V = K x {2 on
R2x (0, 00) from (S). Here and in the sequel, we assume v = 1. If we transform
(R) with V =K * 2 by

-
T = 6oz‘r'y7 t = / 62a0d0',

0
w(x,t) =e 2272y, 1), u(z,t) =e 7 V(y,7),

then we obtain the equation for (2. The pair of functions (w,w) is a solution
of the vorticity equations (2.7), (2.8), and (2.9) with initial value wy given by
wo(z) = Qo(z), x € R2.
Assume that 2y € Cp(R?) and take mg as in §2.2.2. Then by the asymp-
totic formula
Tim tflw — mglloc(t) =0, || < mo,

we obtain

lim t(7)e 27| 2 =m0 (7) =0, t(7) = (27 —1)/(20).

T—00

Here (2, is a function such that g(x,t) = e 2%7 (2, (y,7), and since t = t(7)
and x = e*"y, we have

0 B 1 lyl?
*(y7T) - 7T€2(1 — 6720‘7) exp _42(1 _ 672(17') :

From lim, o t(7)e 297 = (2 /4, we obtain

lim |2 — mOy||o(7) = 0.
On the other hand, since

lim [[m82, — @pllos(r) = 0,

T—00
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we also obtain lim, . [[£2 — 2] l«(7) = 0. Note that 2, is a stationary
(7-independent) solution of (R). In the case that v is a general positive con-
stant, as in the case of & = 0, we can reduce (R) to the case of ¥ = 1, and
similar results hold. Since the total circulation fR2 w(z, t)dz is conserved and
is equal to [p, wo(x)dz (independent of ¢) (Proposition 2.2.4), for 7 > 0, it
follows that [, 2(y, 7)dy = m. Summarizing the above arguments, we finally
obtain the following theorem.

Theorem. Let 25 € Co(R?) and set m = [2 20(y)dy. Assume that the pair
of functions (2,V) satisfies (R) and the Biot-Savart law V = K x £2 on
R? x (0,00). Moreover, assume that (i), (ii), and (iii) in Theorem 2.2.1 are
satisfied by §2, (29, and V', instead of w, woy, and u, respectively. Then there
exists a (small) positive constant mg (that is independent of o > 0, {2, and
v) such that if |m|/v < mq then

lim [|2 — @oloo(T) = 0.

Moreover, the total circulation at T >0 is [5, Q(y, 7)dy = m.

Remark. Since (2.10) is still valid (see Remark 2.2.2) without the small-
ness assumption on |m/|, the assertion of Theorem 2.6.1 is still valid without
assuming that |m|/v is small. Thus the Burgers vortex is stable under two-
dimensional perturbations even if it is large. As for the stability under three-
dimensional perturbations, the linear stability is observed numerically by
[Schmid Rossi 2004]. Recently, it was rigorously proved by [Gallay Maekawa]
that the Burgers vortex is locally stable under three-dimensional perturba-
tions independent of the value of the total circulation.

2.6.2 Asymmetric Burgers Vortices

The Burgers vortex is a simple model of tubelike structures that are observed
in concentrated vorticity fields, and it is considered to represent the balance
between the stretching effect by the axisymmetric straining flow and the dif-
fusion effect through the action of viscosity. In real flows or numerical obser-
vations, however, such vortex tubes are not purely axisymmetric and usually
have an elliptic core region; see, for example, [Kida Ohkitani 1992]. To explain
this phenomenon as proposed in [Robinson Saffman 1984], we instead of (2.14)
postulate that the unknown velocity field is of the form

u=Ux+V
with
U — (- 14+ C1-A
A= 9 Y1, 2 Y2, Y3 |,
where A > 0 is a fixed parameter. Note that the case A = 0 corresponds to
(2.14). The equation for 2 = %—‘;12 - %—‘;; then becomes
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A stationary solution for (R’) with A # 0 is called an asymmetric
(or nonaxisymmetric) Burgers vortex. Different from the (axisymmetric)
Burgers vortex (2,,, an explicit representation is no longer available for an
asymmetric Burgers vortex. Several properties of nonaxisymmetric Burgers
vortices are numerically studied in [Robinson Saffman 1984], [Moffatt Kida
Ohkitani 1994], and [Prochazka Pullin 1998] by changing two parameters:
the total circulation m and the asymmetry parameter \. The first work in
mathematical analysis on this problem was done by [Gallay Wayne 2000],
[Gallay Wayne 2007]. In [Gallay Wayne 2007] the existence of an asymmet-
ric Burgers vortex is proved for all m when A\ € [0,1/2) is sufficiently
small. Moreover, it is shown that for these values of parameters the asym-
metric Burgers vortex is locally stable under two-dimensional perturba-
tions. In [Gallay Wayne 2006] the existence of an asymmetric Burgers vortex
is proved when |m| is sufficiently small depending on A € [0,1); more-
over, its local stability is obtained under three-dimensional perturbations.
The results in [Gallay Wayne 2006], [Gallay Wayne 2007] have been substan-
tially extended by [Maekawa 2009a], [Maekawa 2009b]. In [Maekawa 2009a]
the existence of an asymmetric Burgers vortex and its local stability under
two-dimensional perturbations are obtained for sufficiently large |m| when
A € [0,1/2). In [Maeckawa 2009b] it is proved that an asymmetric Burgers
vortex exists for any m and A € [0,1). There seem to be no mathematical
results on (R’) for A > 1. In particular, it seems that there are no stationary
solutions to (R') that decay at spatial infinity if A > 1.

In[Robinson Saffman 1984], [Moffatt Kida Ohkitani 1994], and [Prochazka
Pullin 1998] it is observed that the isovorticity contour of an asymmetric
Burgers vortex becomes more circular as |m/| is increasing. This mechanism
is explained in [Moffatt Kida Ohkitani 1994] by deriving a formal asymptotic
expansion at large |m|. This asymptotic expansion is rigorously proved by
[Gallay Wayne 2007] for sufficiently small A € [0,1/2) by [Maeckawa 2009a]
for all A € [0,1/2) and finally by [Maekawa 2009b] for all A € [0, 1).

2.7 Self-Similar Solutions of the Navier—Stokes
Equations and Related Topics

In this section we present recent developments mainly on self-similar solutions
of the Navier—Stokes equations. We start with a brief history on behavior
of vorticities at time infinity. Next we introduce the existence problem of
solutions to the Navier—Stokes equations or the vorticity equations. Finally,
we present the mentioned results on self-similar solutions to the Navier—Stokes
equations.
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2.7.1 Short History of Research on Asymptotic Behavior
of Vorticity

The asymptotic formula (2.10) shows that the solution of the two-dimensional
vorticity equations asymptotically converges to the rotationally symmetric
self-similar solution at time infinity. This formula was first obtained by
[Giga Kambe 1988]. In this paper the authors directly estimated w —mg using
the integral equation. But their argument required the smallness assumption
of ||wo||1- This result was improved using rescaling arguments in [Carpio 1994].
The advantage of this rescaling method is that we can relax the condition of
the smallness of ||wpl|1 to the smallness of |m| as we have seen in §2.2.2. Also
in [Carpio 1994] the estimates as in §2.4.1 play essential roles, but the author
used slightly weaker estimates there. For example, instead of §2.4.1(i), it is
used that

C
lwllq(t) < a1 llwoll1,
q

where the constant C' depends on [|wg||1 nonincreasingly. This estimate is
obtained in [Giga Miyakawa Osada 1988] by rewriting the Biot—Savart law
to apply the results of [Osada 1987]. Later, the fundamental decay estimate
in §2.3.1 was obtained by [Kato 1994, Ben-Artzi 1994]. In these works the
estimates of §2.4.1 are also established. The contents of §2.3, except for a
slight improvement in §2.3.6, is based on [Kato 1994]. (Another proof in §2.3.5
is due to [Ben-Artzi 1994].) The idea of the proof is based on the Nash—
Moser method, which estimates fundamental solutions (in the case of the heat
equation it is the Gauss kernel) of the second-order linear parabolic equations
of divergence form (generalization of the heat equation) under an assumption
that allows for singular coefficients in the equations. The fundamental work
on this problem was done by [Nash 1958]. There are many references to the
Nash—Moser method (see references below in this section). Here we only refer
to the nice paper [Fabes Stroock 1986], since it is rather easy to read.

The method to obtain estimates of the velocity from the vorticity as
in §2.4.1 is established in [Giga Miyakawa Osada 1988]. (Another proof in
§2.4.1(ii) is given by [Ben-Artzi 1994].) The estimates of derivatives of vortici-
ties §2.4.2 were obtained by [Kato 1994] in the case of 1 < p < oco. In this
book we have proved them in a more elementary way, which covers the case
p =1and p = oco. In §2.4.3 we have proved the decay estimate at spatial
infinity. We can also derive the same result using the pointwise estimate of
fundamental solutions established in [Osada 1987] for general parabolic PDEs
including (2.7). The method used in this book is more elementary, although
the class of equations to which we can apply this argument will be restricted.
Combining this with the estimate in [Kato 1994], we can improve the results
in [Osada 1987]. For details, readers should refer to [Matsui Tokuno 1997].
In [Maekawa 2008a], spatial decay estimates for derivatives of solutions are
obtained, which lead to the asymptotic behavior of derivatives of solutions by
the above rescaling arguments.
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In [Carpio 1994] there is no statement on the estimate of the limit func-
tion by the value |m| as in §2.5.2, while one needs this estimate to prove
the uniqueness of solutions to the limit equation. For this reason we have
to use general results on parabolic PDEs by [Osada 1987] (§2.5.2). Since the
details are complicated and beyond the scope of this book, we have omit-
ted them. As mentioned at the end of §2.5.2, results in [Maeckawa 2008b]
simplify the proof of Lemma 2.5.2(ii) without assuming the special relation
v = K x w. The pointwise estimates for fundamental solutions by Gaussian-
like functions from above and below are called the Aronson estimates. These
estimates were at first obtained by [Aronson 1968] for second order parabolic
PDEs of divergence form (but without transport terms). It is known that
the Aronson estimates lead to the Holder continuity of fundamental so-
lutions; for example, see [Fabes Stroock 1986]. As for the equations (H,),
[Carlen Loss 1996] and [Matsui Tokuno 1997] obtained the pointwise Gaus-
sian upper bounds for fundamental solutions, and in [Maekawa 2008b] the
pointwise Gaussian lower bounds (and thus the Holder continuity) are also
established. For the Aronson estimates and the Holder continuity of fun-
damental solutions to more general parabolic PDEs the reader is referred
to [Fabes 1992], [Liskevich Samenov 2000], [Liskevich Zhang 2004], [Zhang
2004], [Zhang 2006], [Samenov 2006].

The uniqueness of solutions to the limit equations is essentially included
in [Giga Miyakawa Osada 1988]. In [Giga Miyakawa Osada 1988] the time
global solution of (2.7), (2.8), and (2.9) is constructed when the initial
data is a general finite Radon measure. The uniqueness is proved in [Giga
Miyakawa Osada 1988] under the assumption that the initial data is suffi-
ciently regular in the sense that the singularity of Dirac delta type is suffi-
ciently small. This result was slightly improved by [Kato 1994], but for a long
time it remained an open problem whether the uniqueness of weak solutions
holds when the total mass |m| is large, even if the initial value is just md.
Recently the uniqueness of solutions with initial data as md was affirmatively
proved in [Gallay Wayne 2005] and then in [Gallagher Gallay Lions 2005].
In [Gallay Wayne 2005] they introduced the relative entropy and showed
that it is a Lyapunov function for the “flow” of the solution {w(t)}:>1,
which leads to a characterization of solutions with initial data as md. The
details will be discussed in §2.8. In [Gallagher Gallay Lions 2005] another
proof using the radial rearrangement of the vorticity is given. Using the results
of [Gallay Wayne 2005], the uniqueness of solutions with general finite Radon
measures as initial data was also proved by [Gallagher Gallay 2005].

In this chapter we have established the asymptotic formula (2.10) as
elementarily as possible using scaling transformations. Readers can see how
useful the detailed analysis of the linear equation (H,) is for the study of
the nonlinear equation (2.7). Throughout the chapter the initial data wg has
been assumed to be a continuous function with compact support. But this is
just for simplicity and we can take the initial data in larger classes of func-
tions. For example, if we define solutions appropriately, for any initial data
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wp belonging to L'(R?) we can prove the asymptotic formula (2.10) in §2.2.2
under the assumption |m| < mg (see [Carpio 1994]). If we use the argument
by [Gallay Wayne 2005], then this smallness assumption |m| < mg is again
removed.

The convergence to the Burgers vortex in §2.6 is obtained in [Kambe 1984],
for rotationally symmetric {2. In the case of the rotationally symmetric vortex,
the result is reduced to the case of the heat equation (§2.2.5); hence, in order
to obtain the desired convergence, the results in §1.1.4 are sufficient. Of course,
we do not need to assume the smallness of |m|. By the proof using the expres-
sion of solutions (§1.1.5), we have t|lu — mg||lo(t) < C t~%/2, ¢t > 0. In fact,
we can show not only that 2 — (2,, (T — 00), but more precisely,

12 = Zilloc(r) = O(e™7) (T — ).
In the nonrotationally symmetric case, by [Giga Kambe 1988],
192 = Zinlloc(7) = O(e™*7T) (1 — 00) (2.15)

is proved for 0 < o < 1 under the assumption that ||£2|; is sufficiently small.
This shows that {2 converges exponentially to £2,,. In [Gallay Wayne 2005]
this exponential convergence of 2 to §2,, is also verified for any m without a
smallness assumption.

The transformation (2.7) from (R) is due to [Lundgren 1982, Kambe 1983].
But note that mathematically it is considered a transformation by similarity

variables as stated in §2.7.3.

2.7.2 Problems of Existence of Solutions

The first mathematical approach to the initial value problem of the Navier—
Stokes equations for general initial data was developed by [Leray 1933,
Leray 1934a, Leray 1934b]. In [Leray 1934b], it is proved that in R3 if the
L?norm of the initial velocity is finite (in other words, if the initial kinetic
energy is finite), then there exists a time-global weak solution of the Navier—
Stokes equations. It is already known that if the initial velocity is sufficiently
small in some sense or the spatial dimension is two, then the weak solution
is smooth and unique. However, if the spatial dimension is three, for general
initial data the uniqueness and smoothness of weak solutions are still open. For
solvability problems including this famous open problem the reader is referred
to the fundamental books [Ladyzhenskaya 1969, Temam 1977, Galdi 1994,
Lions 1996], [Sohr 2001], [Chemin et al 2006] and the articles [Masuda 1985],
[Yamazaki 1999], [Kozono 2002], [Cannone 2004], [Hishida 2008]. Note that
analysis of the Navier—Stokes equations covers a very broad field with generali-
zations in many different directions. As variants here we just point out recent
results on the Navier—Stokes equations with more general boundary conditions
or in the time-dependent domain [Saal 2006], [Saal 2007a], [Saal 2007b]. In the
1960s Kato and Fujita considered a good successive approximation method
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to construct time local smooth solutions, which became a big milestone for
solving the initial value problem of nonlinear partial differential equations;
[Kato Fujita 1962, Kato 1996].

For the initial value problem of the two-dimensional vorticity equations,
even if the initial vorticity is a continuous function with compact support, the
L%-norm of the initial velocity is not always finite. Hence we cannot directly
obtain the existence of time global solutions of the vorticity equations from
Leray’s results. In general, we have at least three methods to prove the exis-
tence of time global solutions of evolution equations:

(i) Extend time local solutions globally in time.
(ii) Approximate the problem by a problem for which the existence of time
global solutions is easily obtained.
(iii) Use a fixed-point theorem.

Each method requires an a priori estimate, that is, we have to estimate how
large a solution can be if it exists.

Fortunately, in the case of two-dimensional vorticity equations, we can
uniquely construct a time global smooth solution w by a successive approxi-
mation and the method (i). Indeed, the maximal existence time T of the time
local solution is estimated by the LP-norm (1 < p < 2) of the initial vorticity

wo as Tr ' < Cl|wo||p, where the constant C is independent of wy. Hence, if
lwl|p(to) is bounded (for example bounded by M) for a solution w, then there
exists a constant 1Ts, which depends only on M, such that the solution can be
extended to the time to+ T)y. If the estimates as in §2.4.1 are valid for a time
local solution, we can repeat this procedure, and the solution can be extended
to any time as a smooth solution. In fact, in [Giga Miyakawa Osada 1988] a
time global solution is constructed by this argument.

Finally, we consider the smoothness of weak solutions that is mentioned in
the last part of §2.5.3. If ||w||,(t0) < oo for each p with 1 < p < oo, then there
exists a smooth time global solution with the initial data w(tp) at initial time
to that satisfies (i), (ii), and (iii) in §2.2.1. If we can show that this solution
and the weak solution coincide (namely, if we have the uniqueness of weak
solutions), then the weak solution is smooth and satisfies (for example) (i), (ii),
and (iii) in §2.2.1. Thus it suffices to prove the uniqueness of weak solutions
with LP-initial data. For LP-initial data, different from the case that the initial
data is the & measure, we have in fact a good estimate for weak solutions
near the initial time, which yields the uniqueness of weak solutions without
smallness assumptions for initial data. In [Leray 1934b] a similar method as
above is used to estimate the set of the time at which the weak solution in R?
can be singular.

In the next section we consider self-similar solutions of the Navier—Stokes
equations.
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2.7.3 Self-Similar Solutions

As we have seen in this chapter, forward self-similar solutions play an impor-
tant role in the asymptotic behavior of solutions. We can consider self-similar
solutions to the Navier—Stokes equations as in the case of the vorticity equa-
tions. Assume that a pair of smooth functions (u, p) satisfies the Navier—Stokes
equations

Ou — Au+ (u, V)u+Vp=0, divu=0

in R™ x (0,00) (n >2). Here u = (u!,...,u") is an R"-valued function. Then
for each A > 0 the pair of functions (), p™) rescaled by

u™ (2, 1) = Mu(dz, \2t), pN (A1) = XN2p(hx, A2t), 2z e R™, >0, (2.16)

is also a solution of the Navier—Stokes equations. In general, if a pair of func-
tions (u,p) in R™ x (0, 00) (which is not necessarily a solution of the Navier—
Stokes equations) satisfies

u(’\)(as,t) = u(x,t), p(/\)(as,t) =p(x,t), xz€R" t>0, A>0,

then the pair (u,p) is called forwardly self-similar, and if (u,p) is a solution
of the Navier—Stokes equations, it is called a forward self-similar solution. For
example, let g(ac7 t) = G¢(x) be the Gauss kernel and consider the associated
Ve1001ty field v = K % g. Then if we set the pressure field p as p = E *
Zl =1 O, O (0’ ‘u?), then (u, p) is a forward self-similar solution of the Navier—
Stokes equat1ons.

In general, if (u,p) is a self-similar solution, then by setting A = 1/v/%, it
is expressed as

u(z,t) = %u (% 1) . p(z,t) = %p (% 1) .

Hence, (u,p) is forwardly self-similar if and only if it can be written in the

o e =730 (7). o0 =17 ()

using a pair of functions (U, P) on R"™ (where U is an R"-valued function).
Thus it will be useful to consider the equations for (U, P) instead of (u,p).
To derive the equations for (U, P), first we transform the dependent variables
as u(x,t) = Vitu(z,t), p(z,t) = tp(x t), and next transform the independent
variables as y = x/v/t, and set @(y, t) = w(v/ty,t), p(y,t) = p(v/ty,t). Then we
easily see that (u, p) is forwardly self-similar if and only if (@, p) is independent
of t > 0, that is, if it depends only on y € R™. Now let us derive the equation
that (a,p) satisfies when (u, p) is a solution of the Navier—Stokes equations in
R”™ x (0,00). First, by the equalities
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oy, t) = u(\/iy, t) + %Zyi(ﬁmlu)(\/fy, t) + \/Eﬁtu(x, t),

1
2Vt
Dy, uly,t) = t(ds,u)(Vty,t), Au(y,t) = t3/*(Au)(Vity,t)
0y, Py, t) = t% 2(3mjp)(\/¥y, t),

if (u,p) satisfies the Navier—Stokes equations in R™ x (0,00), then (,p)
satisfies

1 1
toy — Au — §(y,V)ﬂ — 5& +(@,V)a+Vp=0,diva=0, t>0, yeR"
Moreover, since t0; = 0s, if we transform as s = logt and set w(y,s) =

u(y,e*), q(y, s) =y, €*), then (w, q) satisfies

1 1
6Swawf§(y, V)wf§w+(w, V)w+Vqg=0,divw =0, s € R, y e R* (S)
(conversely, if (w, q) satisfies (S'), then (u, p) satisfies the Navier—Stokes equa-
tions in R™ x (0, 00), which can be seen by performing the above calculation
inversely). We sometimes call new variables (y,s,w,q) similarity variables
with respect to the rescaling (2.16). Let us rewrite the above transformation

s=logt, y = .CE/\/Z, w(yas) = \/Zu(x’t)7 Q(yas) = tp(x,t).

Note that (w,q) is related to (u,p) as w(y,s) = e*/?u(ye’’?,e®), q(y,s) =
e*pye’/?, ).

The equation (S’) is nothing but the equation (S) in §2.6.1 with n = 2,
a = 1/2; and v = 1 under a suitable choice of p. The transformation from
(S) to the Navier—Stokes equations (the vorticity equations) is essentially the
same as the transformation by the above similarity variables.

We have now established the equations for (U, P). Indeed, since (U, P)
is independent of s in the similarity variables, (u,p) is a forward self-similar
solution if and only if U = U(y) and P = P(y) satisfy

1 1
—AU = S, V)U = U+ (UVU+VP =0, divU=0, yeR" (E)

in R™. This equation is just the one that stationary solutions of (S) satisfy.
Are there any forward self-similar solutions except for u = K * g7 In fact,
many special solutions are already known. We refer to [Okamoto 1997] for
the construction of special solutions and their properties including backward
self-similar solutions (we will mention backward self-similar solutions later).
Let us consider the forward self-similar solution v = K*g. If it is regarded
as the velocity field in R3, then its initial vorticity concentrates on an axis
through the origin and is zero outside the axis. Can we construct a self-similar
solution whose initial vorticity concentrates on half-lines through the origin,
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and is zero outside of them? This problem is studied in [Giga Miyakawa 1989],
where small self-similar solutions are constructed by analyzing the vorticity
equations directly instead of equation (E).

In [Carpio 1994], it is proved that if the initial vorticity is small, then the
solution asymptotically converges to one of the above self-similar solutions.

The initial velocity ug of a self-similar solution is a function homogeneous
of degree —1, i.e., Aug(Az) = uo(x) (A > 0,z € R™), which is easily seen if the
initial vorticity is g. The LP-norm of such a function is not finite except when
it is identically zero. For example, 1/|z| does not satisfy |||z|~!||, < oo for any
p (1 < p < o0). So we cannot use classical existence theorems of solutions in
LP spaces, and we need to introduce alternative function spaces that include
these homogeneous functions. This is the reason that Morrey spaces are used
in the analysis of the Navier—Stokes equations in [Giga Miyakawa 1989]. After
this work, the Navier—Stokes equations in Morrey spaces were studied also by
[Kato 1994] and [Taylor 1992], and completed by [Kozono Yamazaki 1994].
In [Kozono Yamazaki 1995], relations with self-similar solutions are also con-
sidered. Because of the important applications to forward self-similar solu-
tions, the Navier—Stokes equations have been studied in several function spaces
that include functions homogeneous of degree —1 (other than the Morrey
spaces). In [Cannone Meyer Planchon 1994], [Cannone 1995, Cannone 1997,
and [Cannone Planchon 1996], Besov spaces are used to construct forward
self-similar solutions. In [Meyer 1999] forward self-similar solutions are
obtained in Lorentz spaces, and in [LeJan Sznitman 1997] the Navier—
Stokes equations are studied by probabilistic arguments in pseudomeasure
spaces that include self-similar solutions. A simpler proof of the construc-
tion of forward self-similar solutions in pseudomeasure spaces is given in
[Cannone Planchon 2000], where harmonic analysis plays an essential role.

There are many studies concerning decay properties of solutions to the
Navier—Stokes equations at time or space infinity. Here we refer only to
[Miyakawa 1996, Miyakawa 1997, Miyakawa 1998].

Next we consider backward self-similar solutions. Let u® and p®) be
rescaled functions of u and p as in (2.16). But in this case we assume that u
and p are defined in R™ x (—o00,0). If

u(’\)(nc,t) = u(z,t), p(/\)(ac,t) =p(x,t), xz€R" t<0, A >0,

holds, then (u,p) is called backwardly self-similar. Moreover, if (u,p) is a
solution of the Navier—Stokes equations, it is called a backward self-similar
solution. As with forward self-similar solutions, if (u,p) is backwardly self-
similar, then we can write

u(z,t) = %U(%) , p(z,t) = _%P(%) .

By rewriting the Navier—Stokes equations in the similarity variables

y=z/vV—t, w(y,s) = vV—tu(z,t), ,8) =tp(x,t), s =—log(—t),
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—s/2

we see that the functions w = w(y, s) (= e~/ ?u(ye=*/2,e7*)) and ¢ = q(y, 5)

(= e~*q(ye*/%,e~*)) satisfy, instead of (S'),

ow 1 1 . n
s —Aw +§(y,V)w +§w + (w,V)w+Vqg=0, divw =0, s e R, y € R™.
This is just the case of « = —1/2 and v = 1 in the equation (S) in §2.6.1.
The pair (u, p) is a backward self-similar solution if and only if U = U(y) and
P = P(y) satisty

1 1
—AU+ 5, VU + U+ (UVU+Vp=0, div U=0, yeR". (L)

This equation is called Leray’s equation, since in [Leray 1934b] the auhtor
suggested the idea of proving the existence of a solution (u,p) that diverges
to infinity in finite time by constructing a backward self-similar solution. Let
(U, P) be a smooth solution of (L) with U(0) # 0. For T > 0, set

ulz,t) = \/Tl_tU<¢Tx_t)>P(””7t): TltP< Tx—t)

Then (u,p) is a solution of the Navier—Stokes equations in the interval (0,7T),
but «(0,¢) diverges to infinity as ¢ — T (this is called “blowup” at time T).
Usually weak solutions are constructed under the assumption that the initial
data up = u(z,0) has the finite energy |Jug|l2 < oo and that they satisfy the
energy inequality

t
IIUII§(15)+2/O IVull3(s)ds < [luol3, t> 0.

Are there any self-similar solutions satisfying the energy inequality? If such
solutions exist, we can construct a weak solution that loses regularities in finite
time. In the case of n = 2 every weak solution satisfying the energy inequality
is shown to be smooth for all time, so the blowup does not occur. Hence there is
no solution (U, P) of (L) with the above properties (we can prove this directly
by multiplying both sides of (L) by U and performing integration by parts).
When n = 3, by the energy inequality we have ||U]|s < oo and |VU||2 < occ.
Then by the Sobolev inequality we obtain ||U|lg < oo (moreover, the Holder
inequality yields ||U||3 < o0). The problem is whether there exists (U, P) satis-
fying (L). For this problem, it is proved in [Necas Ruzicka Sverak 1996] that
any weak solution of (L) with U € L3N I/Vli)f must be identically zero. Later
in [Mdlek Necas Pokorny Schonbek 1999] it is shown by another approach
that any weak solution of (L) belonging to W12 is a trivial function. This
is extended by [Miller O’Leary Schonbek 2001], in which the nonexistence of
pseudo (backward) self-similar solutions is obtained. Although backward self-
similar solutions discussed in the above papers (if they exist) are assumed to
decay at spatial infinity, [Tsai 1998] relaxed this condition and proved that any
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solution of (L) belonging to VV&)C2 is a constant function. The existence of back-
ward self-similar solutions is discussed also for other equations related to the
Navier—Stokes equations. For example, in [Guo Jiang 2006] it is proved that
there are no backward self-similar solutions to the isothermal compressible
Navier—Stokes equations. Moreover, [Chae 2007a] showed the nonexistence of
self-similar blowing-up solutions to the three-dimensional Euler equations.
Related to these results, recently [Chae 2007b] showed that asymptotically
self-similar blowup does not occur for solutions to the Navier—Stokes equa-
tions or the Euler equations. See also [Chae preprint] for a simplified proof.
These results are extended to cover equations in magnetohydrodynamics in
[Chae 2008], [Chae 2009).

Hence Leray’s idea of using backward self-similar solutions does not give
the construction of blowup solutions. But it does not mean the nonexistence
of blowup solutions. As for relations between the smoothness of solutions
of the Navier—Stokes equations and backward self-similar solutions, we refer
to [Kozono 1997], [Kozono Sohr 1996], [Kozono 1998], [Escauriaza Seregin
Sverak 2003]. We also refer to [Cannone 2004], in which several topics related
to the Navier—Stokes equations (including the topic of self-similar solutions)
are discussed using tools of harmonic analysis.

In Section 3 we will see that backward self-similar solutions are deeply
connected with blowup phenomena in some nonlinear partial differential
equations.

2.8 Uniqueness of the Limit Equation for Large
Circulation

In this section, we shall prove that a weak solution of (2.7)—(2.8) with initial
data md is unique, provided that the vorticity w satisfies the Gaussian estimate

!
%eflmﬁ/cﬁ <w(z,t) < %67‘$‘2/Cét, reR? t>0, (2.16)
with some positive constants Ci,Cs, C7,C% independent of x,t. As in §2.4
this estimate yields (2.12a), (2.12b). Our main statement in this section is
summarized as follows.

2.8.1 Uniqueness of Weak Solutions

Theorem. Let the pair (w,u) be a weak solution of (2.7)-(2.8) with initial
data md, where m > 0. Assume that w and u are smooth in R? x (0,00) and

satisfy (2.16) (so that (2.12a) and (2.12b) hold). Then w = myg.

As proved by H. Osada [Osada 1987] (see also [Giga Miyakawa Osada
1988]), I',(z,t,0,0) in Lemma 2.5.2 satisfies the Gaussian estimate (2.16)
with constants depending only on M; = supg ;. [|w|[1(¢) if v = K *w. This
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estimate is inherited by the rescaled limit (@, @) of a subsequence of {(wg, ux)}

as k — 0o, so w satisfies (2.16). By the above uniqueness theorem one is able

to conclude that @ = mg without assuming that |m/| is small. We argue in the

same way as in §2.5.5 and obtain (2.10) without assuming that |m| is small.
We shall prove this theorem in the rest of this section.

2.8.2 Relative Entropy

The main idea of the proof is to use a relative entropy function with respect
to g for (2.7)—(2.8) of the form

H(g,w)(t) = /R2 w(z,t)log <%> dx

This quantity is monotone decreasing in time if (w,u) is a solution of
(2.7)-(2.8).

Theorem. Let the pair (w,u) be a smooth solution of (2.7)-(2.8) in R? x
I, where I is an open interval in (0,00). Assume that there exist positive
constants C1,Cq, C1, Ch that satisfy

Cre~ 1717/ < w(z,t) < C’ieflmlz/cé for tel, xcR2 (2.17)

Then

%H(g, )():7/Rz V(g)rijdx, tel (2.18)

If H(g,w)(t) is a constant on I, then w = g in R? x I with some constant
m > 0.

Proof. As in §2.4.2, from the estimate (2.17) it follows that
l0707wllp(2), 11070 ull,(t)

are bounded on any compact time interval of I for all p € [1, 0], ¢ € (2, 0],
b=0,1,2..., and all multi-indices 3. These bounds and (2.17) justify all
calculations below. For example, (2.17) guarantees that H(g,w)(t) is a well-
defined convergent quantity for t € I.

We differentiate under the integral sign to observe that

%H (g,w /@wlog( >dx—/ 6tgdx+/8twdx

all integration in this proof is over the whole plane, so we suppress the region
of integration. We use (2.7) and 0;g = Ag and observe that the last term
vanishes by integration by parts, so that
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/ (Aw log (%) - %Ag) da — /log (%) div(uw)dz

= [+ 1I,

d
SLH(g,) (1)

where we have invoked the property div(uw) = (u, V)w. Integrating by parts,
we obtain

I=- / (Veo, V(w/9))/ (w/g)dz + / (V(w/g), Va)de

-J ) v @)= [ G

Again integrating by parts yields

= /uw (% - %) do = / ((u,V)w — (4, V)g) %) da

_ / div(uw)dz + % / (@, ulz, ))w(z, t)dz,

where the explicit form of g = e~ |#I*/4(47¢)=! is invoked. The first term
vanishes by integration by parts. Since u = K * w, the second term also
vanishes by the next lemma. This implies (2.18). If H is constant in I, then
by (2.18), w = 7i(t)g with 77 independent of x. Since [w dx is independent of
t (§2.2.4), 70 is also independent of t. We thus conclude that w = 7hg for t € T.

O

Lemma. Letw and @ be functions on R? such that |w|*T¢, |0|**¢, (J2] + 1)w,
(|z| + 1)@ are integrable on R? for some ¢ > 0. Let B be the bilinear form
defined by

B(w,®) = /(m,VJ‘E * W) dx
Then B(w,w) = —B(@,w). In particular, B(w,w) = 0.
Proof. By definition

2 B(w,) //< - y|2 >w(y)&1(:c)d:cdy,

where 2+ = (29, —21). (By our assumption the integrand is integrable on
R? x R?, so we may change the order of integration by Fubini’s theorem

(§7.2.2).)
The right-hand side equals

// x_é’_xy} V7)o dxdy+// v (@ —y\2 ) o) () dy

=0+ 21B(®,w).

€

The proof is now complete. O
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2.8.3 Boundedness of the Entropy

Lemma. Let the pair (w,u) be a smooth solution of (2.7)-(2.8) in R? x (0, 00)
satisfying the Gaussian estimate (2.16). Then

Hy = }irr(l) H(g,w)(t) and He = tlim H(g,w)(t)

exist as finite values.

Proof. By Theorem 2.8.2 the function H(t) = H(g,w)(t) is nonincreasing on
(0,00). So it suffices to prove that H(t) is bounded on (0,00). By estimate
(2.16),

H(t) < /w10g(47rC{e"m‘Q/Cét/ef\r\Q/élt)dx

< /w Bl + =* + max(0, log(47C1)) ¢ dx.
- Cyt 4t ’ !

Applying (2.16) and changing the variable of integration as y = z/t'/2, we
see that H(t) is bounded from above, since y2e’y2/cé is integrable on R2.
Similarly, one is able to prove that H(t) is bounded from below. ad

2.8.4 Rescaling

We rescale (w,u) as before by
wi(z,t) = K2w(kx, kt),
g (x,t) = ku(kz, k*t),

where (w, u) is the solution of Theorem 2.8.1. If (w, u) satisfies (2.12a),(2.12b),
the rescaled pair (wg,uy) satisfies (2.12a), (2.12b) with the same bound
independent of k& > 0. As argued at the beginning of §2.5, applying the
Ascoli-Arzela theorem (§5.2.5), we see that for any subsequence {wy(s)}72;
(k(£) — oo) (respectively, k(¢) — 0) there are a subsequence {wy (i)} and
a limit oo (resp. og) such that wy(;)) converges to oo (resp. op) locally
uniformly in R? x (0, 00) with its derivatives. When k& — 0, differently from
the case k — oo we are unable to apply §2.4.3, so we do not claim uniform
convergence in R? x [n,1/n] as k — 0. Estimates (2.12a) hold for 0g, 0 and
also (2.12b) holds for ug = K * 0p,uee = K % 0o. As in §2.5.1, (09, ug) and
(000, Uoo) are smooth solutions of (2.7)—(2.8) in R? x (0, o) satisfying (2.12a),
(2.12b).

Proposition. Let 0g and oo, be functions defined as above. Then
H(g700)(t) :HO and H(g7000)(t) :Hoo

for all t € (0,00). In particular, o9 = Mog, Ooo = Meog wWith constants mg
and Mso.
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Proof. Since g, = g, we easily see that
H(g,wi)(t) = H(g,w)(k?t),

so that

Since wy, satisfies (2.16) with a constant independent of k, one is able to
prove that

lim H(g,w)(t) = H(g,00)(0),  lim H(g,wx)(t) = H(g,000)(1)

by Lebesgue’s dominated convergence theorem (§7.1.1); the way to estimate
the integrand is the same as in §2.8.3. The last statement follows from
Theorem 2.8.2. |

2.8.5 Proof of the Uniqueness Theorem

We are now in position to prove Theorem 2.8.1. Let (w, u) be a (weak) solu-
tion of (2.7)—(2.8) satisfying (2.16) with initial data md. Then one is able to
prove that [wdz = m by Proposition 2.5.3. This implies that [wy dz = m,
which yields [ogdz = [0 dz = m. Since 0o = Moog, 0o = mpg in Proposi-
tion 2.8.4, we conclude that ma., = mo = m, since [gdz = 1. Thus Hy = He.
By Theorem 2.8.2 this implies that w = m'g with some m’ € R. However,
Jwdx = m, so m" = m. We now conclude that w = mg and the assertion
follows. |

Remark. The main result (Theorem 2.8.1) is due to [Gallay Wayne 2005],
where the authors studied rescaled vorticity equations (R) in §2.6.1 and V =
K« 2 (with a =1/2,v =1) for (£2,V) with

2y, 7) = eTw(eT/Qy,eT), V(y,7) = eT/Qu(eT/Qy,eT).

The quantity H(g,w) is transformed as

H(Q) = /mog(rz/e*‘y‘?/‘*)dy.

To prove Theorem 2.8.1 they instead studied the dynamical system (R)
with V = K x {2 for 7 € R instead of the rescaled functions wy, directly.

In their paper they further studied asymptotic expansions, not only for
the leading term of w as t — oo, but also the second term by spectral analysis
for (R).
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2.8.6 Remark on Asymptotic Behavior of the Vorticity

In §2.2.2 we estimate the difference only in the L>°-norm. However, it is possi-
ble to replace this by the LP-norm. We just state the results currently available
(also for the velocity) without proofs.

Theorem. For wy € L'(R?) let (w,u) be the solution of (2.7)-(2.9). Then it

satisfies

lim 77 lw — mgl,(t) =0, 1<p< oo, (2.19)
tlim t%7%||u —mKx*g|q,t) =0, 2<g<o0, (2.20)

form =[5, wodz.

The result (2.20) for u follows from w as in the proof of Theorem (ii), (iii)
of §2.4.1. Results (2.19) for general p,1 < p < oo, follow from a Rellich-type
compactness theorem instead of the Ascoli-Arzela-type theorem. A full proof
using (R) is given in [Gallay Wayne 2005]. Convergence of higher derivatives
was also shown by [Maekawa 2008a].

Exercises 2

2.1 (§2.1.2) Prove formulas (2.3.1) and (2.3.2).

2.2 (§2.3.4) Calculate 77, j/27.

2.3 (§2.3.5,82.3.7) For f € C(R"™), show that lim, ., || f||» = || f||cc- Here we
assume that there exists an ro (1 < rg < 00) with || f]|», < co. (To show
this, it suffices to assume (Lebesgue) measurability. We need not assume
continuity.)

2.4 (8§2.3.5) For 1 < ¢ < oo, prove that ||f]lq < Hin/quHégl/q, where f €
C(R™). (For a more general case, see Exercise 6.2.)

2.5 (§2.3.6) In Lemma 2.3.4, show that if y, < N, p = 2%, then for sufficiently
large m,

s o (4
(0 <

a

)

1/p
) s, g

where s = 2™ > p.

2.6 (§2.5) Assume that limy, oo fx(z) = f(z), r € R, (i.e., that f converges
pointwise to f on R™) and fj, f are (Lebesgue) integrable (it may be
assumed that the functions are continuous). Under these assumptions,
show that

1fllg < lm [[frlly; 1<gq<oo.
k—oo

(Hint: Use Fatou’s lemma from §7.1.2.)
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2.7 (§2.3) Extend the estimates in Theorem 2.3.6 to n-dimensional space to
prove LP-L? estimates (like (1.5)) for the heat equation without using
the representation formula.

2.8 (§2.3)

(i) Extend Lemma 2.3.2 to n-dimensional space (for Exercise 2.7).
Prove in particular that

t
2 / IVwl3(s)ds < [Jwoll2.
(ii) If v = 0, then
[Vw|l2(t) < CtY?|wolla, >0,

with some constant C. (One may take C' = 1/1/2.)
(iii) If v = 0, then

l07wll2(t) < C'tHwollz, >0, |a =2,

with some constant C”.

Hints:

(i) Integrate the identity in the lemma over the time interval (0, ).

(ii) By scaling it suffices to prove the estimate only at ¢ = 1. The
estimate (i) implies that there is a set J C (0,1) whose Lebesgue
measure is at least 1/2 such that ||[Vwl|2(s) < |wollz for s €
J. Since [|[Vw|2(1) < ||[Vw||2(s) for the heat equation we have
[[Vwll2(1) < |lwoll2- One may modify this argument in order to get
[Vwl2(1) < Cllwo ||z for any C > 1/+/2.

(iii) Use (ii) twice to get [|0%wll2(t) < C(t/2)7?||Vw|a(t/2) <
C2(t/2)lwoll-
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Self-Similar Solutions for Various Equations

We first present for the porous medium equation, a typical nonlinear degene-
rate diffusion equation, that its (forward) self-similar solution well describes
asymptotic behavior of solutions, as is observed for the heat equation, without
proof. We next explain that it is important to classify backward self-similar
solutions in order to analyze behavior of solutions near singularities for the
axisymmetric mean curvature flow equation as an example. In what follows, a
self-similar solution is regarded as a stationary solution of the equation written
with similarity variables. Convergence behavior of a solution of the equation
to its stationary corresponds to the asymptotic behavior of the solution of the
original equation near singularities. We give an outline of the proof of conver-
gence and mention that a monotonicity formula plays a key role. Moreover,
we give a simple proof of uniqueness of the stationary solutions, i.e., the back-
ward self-similar solutions of the original equation. The proof is simpler and
easier than that in the literature. We remark that the method using similarity
variables is applicable, to some extent, to other diffusion equations such as
semilinear heat equations and harmonic map flow equations. Finally, we note
that the existence of forward self-similar solutions has also been proved for
nonlinear equations of nondiffusion type.

3.1 Porous Medium Equation

The porous medium equation is proposed in order to describe the distribution
of the density of a substance that flows through a uniformly distributed porous
medium. For example, this equation may give a clue to the distribution of the
density of water as it soaks into concrete. It is usually derived as follows. Let
p = p(z,t) (> 0) denote the density of the substance (water, for example) at
time ¢ and point € R™. (Physically, the cases n = 1, 2, 3 are important.)
Moreover, v = v(z,t) (€ R™) denotes the velocity vector of the substance
and p = p(z,t) (€ R) denotes the pressure. By the mass conservation law we
obtain

M.-H. Giga et al., Nonlinear Partial Differential Equations, 105
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Op + div (pv) = 0. (3.1)

By Darcy’s law,! which reflects the fact that the substance flows in a porous
medium, we obtain
v=—Vp. (3.2)

Assuming the constitutive law for pressures and densities’
pp)=p", 721, (3.3)

by substituting (3.2) and (3.3) into (3.1), we obtain

2 1+y
O0ip — A T =0. 3.4
tP 1+~ P (3.4)
To simplify the equation (3.4), we shall take a constant C' such that C7 = 1—_;_%/,
and set u = Cp, and then (3.4) is equivalent to
Opu — Au™ =0, (3.5)

where m = « 4+ 1. The assumption v > 1 corresponds to m > 2. For m = 1,
(3.5) is the heat equation. In this book, when m > 1, we call (3.5) the porous
medium equation. The equation is also important for m satisfying 0 < m < 1,
since this describes plasma phenomena, for example. Since the properties of
the solutions for m < 1 and for m > 1 are significantly different, we will
discuss only the case for m > 1. Since v originally denotes a positive constant
multiple of the density, we consider only nonnegative solutions.

Let us calculate self-similar solutions of the porous medium equation (3.5).
As in the case of the heat equation, if u satisfies (3.5) in R™ x (0,00) (and u
and u™ are smooth), then

upa(z,t) = pu(Ae, Npmi), N> 0, p >0,

also satisfies (3.5) in R™ x (0, 00). Moreover, it can be shown that its total
mass [p, u(x,t)dz is conserved for evolution of time in the same way as for
the heat equation in §1.2.2 (if integration by parts is justified). Since the total
mass is conserved under the scaling transformation u, » with p = A" above,
we define the scaling transformation by

u(z,t) = k"u(kz, KT k>0, (3.6)

which preserves the total mass and is a generalization of the scaling transfor-
mation for the heat equation. Below, we shall consider only the case m > 1.

! In order to reflect physical phenomena, (3.2) and (3.3) have positive constant
coefficients on the right-hand sides. Those multipliers can be normalized to one
by changing scales as at the beginning of §2.1.
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3.1.1 Self-Similar Solutions Preserving Total Mass

Let u be a function invariant under the scaling transformation (3.6) preserving
total mass such that

ug(x,t) =u(z,t), xR t>0, k>0,
is satisfied. Then u can be expressed as
u(z,t) =t~ wt=" ") (3.7)
with
B n
24 (m—1)n’
Similarly to the Navier—Stokes equations in §2.7.3, a direct calculation shows

that a function w invariant under the scaling transformation (3.6) is a solution
of (3.5) if and only if w satisfies

wly) =u(y,1), yeR", k=t ¢

Aw™(y) + §<y, Vw(y)) +lw(y) =0, yeR"™ (3.8)

(This is a formal argument under the assumption that v and u™ are sufficiently
smooth.) Now we shall choose the pressure v = w™ ! as a dependent variable
instead of density. If v > 0, then we obtain an equation for v = v(y) from
equation (3.8):

1 m
pm—1

L(m—1)

=0
(3.9)
for y € R™. Let us find a nonnegative solution radially symmetric with respect

to the origin and quadratic in |y| near the origin. We in particular consider a
solution of the form

1 14
Av + —— | Voot + —v Ny, Vo) +
m—1 m—1 mn

o(y) = (B = lP),, yeRm, (3.10)

where (a)y = max(a,0) denotes the positive part of a. Here 8 and c are
constants. Since A7 = —2nc? at y € R™ with 9(y) > 0, setting

{(m —1)
2
=—" 3.11
c Dy (3.11)
we have A0 + % = 0. By a direct calculation we obtain

1 4 Aty e2e3y)?

— V3P + —(y, VD
m—l‘ 9l +mn<y’ o) m—1 mn

2¢2 Y4
=2y (m - %) =0.

(The final equality is due to the choice of ¢ in (3.11).) This shows that ¥ with
(3.11) formally satisfies (3.9). A further discussion is necessary to conclude
that o satisfies (3.9) on the boundary of the ball where ¢ > 0.
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Definition. Letw be a function on R™ of the form w(y) = (ﬁ2702|y2|)i/(m_1)

with ¢? = M;Z;Ll), { = 5=y, - Take (2 such that [y, w(y)dy = 1. For L >0

we call

T U A b n
Vi(z,t) =L I(Lt)f w((Lt)”")’ zeR™ t>0,

a Barenblatt self-similar solution.

From the expression of Vy, it is obvious that Vi is invariant under the
scaling transformation (3.6) from the expression of V;,. As we have observed,
Vi, satisfies (3.5) at (z,t) where Vi (z,t) > 0. By the choice of 3, we obtain

/ Vi (x, t)de = LY/ (m=1)

by a simple calculation; hence the total mass is conserved for ¢t > 0. At least for
m > 2, V1, is not differentiable on the boundary of the open set where Vi > 0.
We shall extend the notion of a solution of (3.5) to such a nondifferentiable
function. For this reason it is important to introduce the notion of a weak
solution.

3.1.2 Weak Solutions

Let u be a locally integrable function on R™ x [0, c0).

(i) Let f be a locally integrable function on R™. A function w is said to be a
weak solution of the porous medium equation (3.5) with initial value f if
u satisfies

0= / o(z,0)f(z)dz + /OOO /n(uﬁtgo FumAp)de dt

for any ¢ € C§°(R™ x [0, 00)).
(ii) If u satisfies, instead of (i),

0 = ke(0,0) + / / (uOrp + u™ Ap)dx dt
O n

for any ¢ € C§°(R™ x [0,00)), then u is called a weak solution of (3.5)
with initial value k9, where k € R.

It is not difficult to check that the function Vi, is a weak solution with
x = LY(m=1) in the sense of (ii). (Moreover, under suitable conditions it can
be shown that there is no other solution except the Barenblatt self-similar
solution.) Thereby the name “self-similar solution” has been justified.

This self-similar solution has some properties different from the Gauss
kernel g(z,t). The Gauss kernel g(z,t) is positive everywhere in the whole
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space for ¢ > 0. On the other hand, the set of points x with Vi, (z,t) > 0 forms
a ball, and its radius increases with evolution of time ¢. This is because the
diffusion of the porous medium equation (3.5) (m > 1) is degenerate at (x,t)
where u(z,t) = 0. In general, when the initial value is a continuous function
with compact support, the support of the corresponding weak solution u(-, t)
of (3.5) is bounded, so the support has the property of “finite propagation
speed” in contrast to the heat equation. (Recall that for the heat equation, if
the initial value is nonnegative and is not identically zero, then the support
of the solution u(-,t) is the whole space R™ for ¢ > 0, no matter how small
the support of the initial value is.)

For the porous medium equation (3.5) we are able to obtain the asymptotic
behavior of the solution as time tends to infinity by analyzing the compact-
ness and characterization of the limit function of the family {uy}r>1 obtained
by scaling transformation (3.6) in a similar way as in Chapter 1. In this
book we present only the results in the next section, whose proof is given in
[Friedman Kamin 1980]. For surveys of mathematical analysis on the porous
medium equation, the reader is referred to [Aronson 1986] and the books
[Vézquez 2006] and [Vézquez 2007]. For example, in [Vazquez 2006] smooth-
ing and decay estimates for the solution of (3.5) are extensively discussed.

3.1.3 Asymptotic Formula

Theorem. Let u be a weak solution of (3.5) with nonnegative initial value
f € Co(R™) and suppose that u satisfies

T
/0 /n(IU(:v,t)\2 +|V(u™(xz,t))*)dx dt < co

for T > 0. (Such a weak solution is known to exist and to be nonnegative.)

If one sets L = ([g. f(x) dz)™ ", then

n

lim t‘||u — V; o) =0, f=————".
Jdim ¢l = Vifleo(t) = 0, 3% (m = 1)n

The assumption on the initial value can be slightly weakened if we modify
a bit the presentation of the result (see [Friedman Kamin 1980]).

3.2 Roles of Backward Self-Similar Solutions

As mentioned in §2.7.3, backward self-similar solutions are considered to play
an important role for the analysis of existence of singularities and behavior
near singularities of solutions of evolution equations, in general. Here we
investigate the role of backward self-similar solutions of the mean curvature
flow equation for axisymmetric surfaces as an example.
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3.2.1 Axisymmetric Mean Curvature Flow Equation

Let I'(t) be a smooth n-dimensional hypersurface in R"**(n > 2) depending
on the time variable ¢. Assume that it divides R®*! into two parts. The vector
n denotes the unit normal vector field on the surface I'(¢). Let V = V(x,t) be
the normal velocity (in the direction of n) at « on I'(t). The mean curvature
flow equation is an equation describing the motion of I'(¢) and requires that
V be equal to the (n times) mean curvature H = H(z,t) of I'(t) (in the
direction of n). Namely,

V=H on I(). (3.12)

The mean curvature flow equation is often used to model the motion of phase
boundaries separating two phases by thermodynamic effects. For example, it
is used to describe a grain boundary motion of metal that consists of a huge
number of crystals (grains).

If I'(¢) is axially symmetric, say rotationally symmetric with respect to the
x1-axis, then I'(t) can be expressed by rotating a curve (t) in the x;-r-plane
with respect to the xi-axis, where r denotes the distance from the z;-axis.
Let n = n(P,t) be the downward unit normal vector of y(¢) at P in the
x1-r-plane; n points in the direction in which r decreases. When the surface
I'(¢) is axially symmetric, the mean curvature flow equation is reduced to the

equation
n—1

v==Fk+

cosf on ~(¢) (3.13)
r

for 7 > 0. Here v(P,t) is the normal velocity at the point P on +(¢) in the
direction of n, k(P,t) is the curvature at P on «(¢) in the direction of n, and
O(P,t) is the angle between the tangent vector at P on ~y(t) and the z;-axis.
The right-hand side of this equation is exactly the (n times) mean curvature
of I'(t). For t assume that a point P on v(t) is expressed by (z1,u(x1,t)), so
that v(t) is expressed by the graph of a nonnegative function u. Then we have

_ _atu _ aglu
T @) T T (w2
cosf = 1

(1+ (Oayu)?) /2

in the region where u > 0 and v is smooth. Then (3.13) is reduced to

0% u n—1
Oru — 4 =0. 3.14
U T+ (0n.u)? + ” ( )
For example, if T > 0, then
u(t) =+/2(n—1)(T —t) (3.15)

satisfies (3.14) for ¢t < T. Geometrically, a cylinder with radius @(t) satisfies
(3.12) for t < T and the radius becomes zero at time 7', so that the cylinder
shrinks to the xi-axis.
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atte (0, 7) att=T

‘ X, | X,

S

Figure 3.1. Two typical profiles of the graphs of u(z1,t) as a function of z1.

3.2.2 Backward Self-Similar Solutions and Similarity Variables

The equation (3.14) is invariant under the scaling transformation
1
uy(z1,t) = Xu()\xl,)\Qt), A> 0,

i.e., if u solves (3.14), so does u(y). This can be shown by direct calculations.
Geometrically this property corresponds to invariance of the mean curvature
flow equation (3.12) under dilation of surfaces and by dilation of the time
variable. As in §2.7.3, u is said to be backwardly self-similar if u(yy(z1,t) =
u(x1,t) holds for all z; € R, ¢t < 0, and A > 0. If such a function wu satisfies
(3.14) in R x (—00,0), u is said to be a backward self-similar solution. For
example, v in (3.15) is a backward self-similar solution if we replace T — ¢ by
—t. (Here and in the sequel, we also call a solution a backward self-similar
solution if it becomes backward self-similar by suitable translation in the time
direction.) The function @ defined by (3.15) is a backward self-similar solution
that becomes zero at t =T

How does the solution u(x1,t) generally behave when its local minima
decrease and vanish at some time? Geometrically, we are going to investigate
behaviors of the surface I'(t) at the time when the surface pinches off on
the axis of rotation. See Figure 3.1. We shall introduce similarity variables
as in §2.7.3. First we assume that one of the minima of u(x1,t) converges to
zero as t — T, and that the point at which the minimum is attained tends
to the point 7 = £ as t — T. (The property that the point at which the
minimum is attained tends to some point without oscillation is not trivial,
since the equation (3.14) makes no sense at ¢ = T. This is a typical pro-
perty of one-dimensional second-order parabolic equations, which is proved
in [Chen Matano 1989] using the nonincreasing property of the number of
zeros for solutions of linear parabolic equations [Angenent 1988] together with
reflection arguments.)

We have considered a scaling transformation around the origin

1
uoy(21,t) = Xu()\xl, Nt), A >0.
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Here we study a scaling transformation around point (£,7) € R x R,

1
Ufg(m,t) = XU(/\(xl —O+ENE-T)+T)
1 €eR, t<T, A>0.

In particular, when { =0 and T'= 0, uf;)r agrees with u(y). Note that uf;)r is

a function obtained by magnifying u around (x1,t) = (£,7) when one takes
A small. Hence its limit as A — 0 can be understood to reflect the asymptotic
behavior of u near (z1,t) = (£,T). If the limit «* of “f)f as A — 0 exists,
then u> satisfies

(u‘x’)f;)r (x1,t) = u>®(2z1,t), 11 €R, t<T, A>0.

This means that u* is a backward self-similar solution up to translation in
space variables. As in Chapter 1 and Chapter 2, an asymptotic formula for «
around (z1,t) = (£, T) can be derived by showing compactness of the sequence
{ufg}k a<1 and uniqueness of its limit as A — 0. However, here we will prove
an asymptotic formula using similarity variables.

As in §2.7.3, we introduce similarity variables (z,7,w) at (x1,t) = (§,7T)
with T' > 0 for the variables (z1,,u) as follows:

T =—logVT —t, z:—gcl_5 + &,
2(T —t)

w(z,T) = ———=u(x1,1).

2T — 1)

Using these similarity variables, we have

w(z,T) = Eu(ﬁef'r(z —O+E T—e ).

If u(xq,t) is defined and positive in J x (0,7T), where J is an open interval
containing &, then so is w in the domain (connected open set)

W= {(z,T); z = \/iieT(xl —§+E med > —%logT}

in R x R. See Figure 3.2. The cross-section

{zeR; . %e%ﬁg)w o eJ}

at 7 = 19 of W expands to the real line R as 7y tends to infinity.
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Figure 3.2. Domains of definition of 4 and w.

The constant v/2 is just for computational convenience. Note that v is a
backward self-similar solution if and only if w is independent of 7. Moreover,
u satisfies (3.14) in J x (0,7T) if and only if w satisfies

Orw — —FEi—— + z20,w —w +

=0 (3.16)

in W. The equation (3.16) is called an equation with similarity variables. The
behavior of w as 7 — oo corresponds to the behavior of u as ¢ — T'. Since

w(z,7) = ufg <z, T-— %) . A=+72eT,
the function w represents magnification of u(z1,t) near ;1 = £ as 7 becomes
large. Hence, in order to determine the behavior of u(x1,t) near (x1,t) =
(0,T), we shall analyze the behavior of w in (3.16) as 7 — oo.

Since the backward self-similar solution 4 corresponds to the constant
function v/n — 1 in the equation (3.16), we expect that w converges to v/n — 1
as 7 — oo if this self-similar solution exhibits typical behavior. To prove this
convergence it is sufficient to show compactness of the sequence {w(:,7)}r>1
and to characterize its possible limit functions as in Chapter 1. However, since
in this problem it is difficult to characterize the limit functions of {w(:,7)}r>1
directly, we will study the following two items:

(1) Compactness:
For a sequence {7;} such that lim;_ .., 7; = oo, set w’(z,7) = w(z, T +7;)
and show that {w’}52, contains a convergent subsequence {w'}.
(2) Characterization of the limit function:
(A) Show that the limit of {w*} is a solution of (3.16) that is independent
of 7, that is, a stationary solution. (The limit is a function on R
since the domain of the definition of w* converges to R as 7 tends to
infinity.) Furthermore, analyze properties of the limit function.
(B) Show that the stationary solution obtained in (A) is nothing other
than the constant v/n — 1.



114 3 Self-Similar Solutions for Various Equations

Proving the above items (1) and (2) will provide an asymptotic formula
(Theorem 3.2.4) of u near x; = £ as t — T. To prove (1) we use a certain
estimate based on structures of the equation. To prove (2)(A) it is sufficient
to show that d,w diminishes as 7 increases. (This in particular implies that
w does not oscillate.) The proof of (2)(B) corresponds to the characterization
of self-similar solutions. In the next section we prove (2)(B); however, for (1)
and (2)(A) we present only outlines of the proofs, in §3.2.4 and §3.2.5, respec-
tively. So far, the only known method to prove (2)(A) uses the monotonicity
formula as discussed in this book.

3.2.3 Nonexistence of Nontrivial Self-Similar Solutions
Theorem. If a positive function W € C*(R) satisfies

o*w n—1
T xR WA

=0 (3.17)

n R and
z 0, W —-W <0 (3.18)

in R, then W must be the constant function W = v/n — 1. (This claim is valid
for any real number n >1.)

If we express a backward self-similar solution by similarity variables, it solves
(3.17). Hence this theorem asserts that a self-similar solution that is non-
increasing in time must be @ (up to translation of time). (The condition (3.18)
is equivalent to the property that the self-similar solution is nonincreasing in
time ¢.) This theorem follows from the classification of the self-similar solutions
(not necessarily axisymmetric) of equation (3.12) due to [Huisken 1993], whose
proof is geometric and requires many pieces of geometric knowledge. An out-
line of a more analytic proof is given in [Altschuler Angenent Giga 1995]. Here
we give an analytic and elementary proof, which improves the proof due to
[Soner Souganidis 1993]. The last two articles impose the hypothesis that

inf W > 0 (3.19)

for the infimum of W, but we do not assume (3.19). The supplemental addi-
tional conditions (3.18) and (3.19) are mostly satisfied if W is obtained as the
limit of a solution w of equation (3.16) as 7 — oo as far as the neck-pinching
problem is considered. For simplicity of notation we denote 9,W and 9?W by
W’ and W”, respectively.

Proof. Since W is a positive function, it is sufficient to derive that W" < 0
on R (Exercise 3.2). Since

w" <n71 .
1+(WH2 - W ’
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from (3.17) and (3.18), we have ¢ < n — 1 with

ww”
YT T
Examining ", we will show that ¢ < 0.
The First Step

We shall derive a differential equation of second order that is satisfied by .
Since W is a solution of (3.17), we have

=2WW —W?4+n—1.
Differentiating both sides and expressing W by 1, we obtain
P = —WW + 2(W)? + 2(1 + (W')?)eh.
Differentiating again, we have

U= —WW 4 22 WW (L + ) + (L4 (W))ep + 2(1+ (W)
W/
=2z (1+ WAL+ 9) + 2(1+ (W)
For the convenience of applying the maximum principle in the second step, we
shall derive an expression for 1" such that the sign of the terms that do not
contain )’ can be easily checked. By (3.17) the above expression of ¢ yields

! W/ /
V=g W = (= 1)+ (14 (V1))
which implies
AU+ W) =~ — (= 1)) 4 (3.20)

w

Substituting this into the first term in the above expression of ¥, we have

2w’

(6= (= D)1 +6) +2(1+ (W)’ + = (1 9)'. (321)

2(W/)2
-~
The Second Step

1/}// _

We next prove that ¢ has no positive local maximum. By condition (3.18), we
have ¥» <n —1 on R. Hence, if ¥ has a positive local maximum M at z = zg,
then 1 satisfies

2(W/)2
W2

P+ by = (Y =(m—-1)A+¢)=0
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on a neighborhood I of zg by (3.21), where b(z) = —z(1 + (W')?) — 2(1 +
Y)W’ /W. The strong maximum principle (Exercise 3.1) yields that v identi-
cally equals a constant M on I. (In [Soner Souganidis 1993] an equation that
? satisfies is considered instead of (3.21).) Hence, equation (3.21) implies
that M = n—1 or W’ equals zero identically on I. However, if W' equals zero
identically, so does v, which contradicts M = 1(z¢) > 0. Thereby the case of
M =n — 1 remains, but in this case ¥ equals zero identically on I by (3.20),
which also contradicts 1(zg) > 0. Therefore ¥ has no positive local maximum.

The Third Step

We shall prove that 1y < 0 on R. This property implies that W/ < 0 on
R, so that W is a constant function (Exercise 3.2) since W > 0. The only
positive constant solution of (3.17), however, is W = y/n — 1. This completes
the proof.

Unless 9 < 0 on R, there is a point z; such that 1(z1) > 0 and ¢’(21) # 0.
(Since 9 is not a positive constant by the second step, we are able to take
such a z;.) Since ¢ has no positive local maximum, if ¢'(z1) > 0, then 1 is
nondecreasing in (z1,00), that is, ¥’ > 0 in (21, 00). We thus obtain

P(z) > Y(z1) >0, 2z € (21,00). (3.22)

If ¢'(21) < 0, this inequality holds for z € (—o0,z1). In the following we
discuss only (3.22), since the case of ¥’(z1) < 0 can be discussed similarly.

Now we suppose that there exists z2 € (21, 00) with W’(z2) > 0. Since W”
is positive on (z1, 00) by (3.22), W’ is positive on (22, 00). On the other hand,
we know that ¢» < n — 1 by (3.18), and that ¢ > 0 and ¢’ > 0 on (z2,00).
Then (3.21) yields that ¢ is positive on (max(z2,0),c0), but this contradicts
the fact that 1 is nondecreasing on (z2,00) and is bounded from above. Thus
we may assume that W’ is always negative on (21, 00). Since the definition of
¥ and (3.22) imply

Y(z1)

W//(Z) > W(21)

=c >0, z€(2,00), (3.23)

integrating both sides of (3.23) on the interval (z1, z) yields
W'(2) = W'(z1) > co(z — 21) >0, 2z € (21,00). (3.24)

Inequality (3.24) implies that W’ is positive for sufficiently large z, which
contradicts the hypothesis for W’. In this way, we are able to show that 1) < 0
on R, which completes the proof. O

3.2.4 Asymptotic Behavior of Solutions Near Pinching Points

Suppose that a smooth axisymmetric closed surface I'(t) governed by the
mean curvature flow equation (3.12) is given by
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') ={(x1,x2,...,xny1); r=u(x1,t), a(t) <z <b(t)}

with
r=(@3+ o)

(Hence u satisfies (3.14) in a region where v > 0.) Here n > 2 is an integer.
We assume that

u(zy,t) >0, a(t) <z <b(t),
u(a(t),t) =0, wu(b(t),t) =0,

in the time interval [0, 7). Namely, we consider I'(¢) as the surface obtained by
rotating the graph of a function r = u(z1,t) with one space variable around the
x1-axis. Suppose that a point £(t) at which u(z1,t) attains a local minimum
moves continuously in ¢ and that

converges to zero as t — 1. We also suppose that other local minima of v do
not converge to zero as t — T. In other words, a single neck of I'(t) pinches
first at ¢ = T'. In this case, as mentioned in §3.2.2, the limit

li t) =:&(T

lim £() =: £(T)
exists. (Here limyr denotes the limit as ¢ — T with ¢ < T', which is called
the left limit. Similarly, lim, 7 denotes the limit as ¢t — 7" with ¢ > T, which

is called the right limit. In this book we simply write them as lim;_,7, unless
otherwise stated.) Moreover, we set

}&iTT%a(t) =:a(T), ltiT_r;lb(t) =: (7).

Here lim denotes the lmit superior, and lim denotes the limit inferior

defined by

lim a(t) = lim( sup a(s)), lim b(t) = lim( inf a(s)>,

1T T \t<s<T T 1T \t<s<T

respectively. By monotonicity of motions near the axis (as explained later)
lim;17 a(t) and limgy7 b(¢) do exist. In this case, the asymptotic behavior of
I'(t) near x1 = &(T) is described as follows.

Theorem. Assume that a(T) < &(T) < b(T'). Then

i WD H VAT =00 oy (3.25)
tT 2T — 1)

The convergence is uniform on every bounded interval {z € R; |z| < M} with
M > 0.
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The assumption a(T) < &(T) < b(T) is essential; if it does not hold, this
asymptotic formula is no longer true. When &(7") coincides with b(T'), the
pinching behavior is essentially different from the one above. The existence of
such a singularity was shown by [Altschuler Angenent Giga 1995], and later
various explicit examples were constructed in [Angenent and Veldzquez 1997].

Sketch of the proof. The asymptotic formula (3.25) is equivalent to

TILH;O w(z,7) =+vn—1 (uniform convergence on {z € R; |z| < M}) (3.26)
for a solution w of the equation (3.16) with respect to the similarity variables
around (£(7),T) with T > 0. To prove (3.26), as mentioned in §3.2.2, it
suffices to prove (1) compactness and (2) characterization of the limit functions
(A) and (B). Since we have already characterized the limit functions (2)(B)
in §3.2.3, it remains to prove compactness (1), characterization of the limit
function (2)(A), assumption (3.18) in §3.2.3, and the positivity of the limit
function. Assumption a(T) < &(T) < b(T) guarantees that w(z,7) is well
defined for z € R with |z| < M for each M > 0, provided that 7 is sufficiently
large.

To prove (3.18) and (3.19) for the limit functions, we focus our attention
on the following two properties:

(i) The monotonicity of motions near the axis of rotation

For sufficiently small p > 0, du(z1,t) < 0, ¢t € (0,T), z1 € (a(t),b(t)),
provided that u(xy1,t) < p. Namely, the mean curvature H (in the direction
of the axis of rotation) is nonnegative near the axis, i.e.,

3§1u n—1
— <0.
14+ (Opyu)? uw T

By (3.12) this implies that a(t) is nondecreasing and b(¢) is nonincreasing in
time, so the limits limyr a(t) and limy,p b(¢) exist.

(ii) Estimates of the neck-shrinking rate

Let p be the constant in (i). Then there exists a constant § € (0,1) such that

02 u n—1
< (11—
1+ (Opyu)? =(1-9) u

holds for (z1,t) with 0 < u(z1,t) < p. Hence, from equation (3.14), we obtain
Ou < —8(n — 1) /u. Setting p(t) = u(£(t), 1), since Oz, u(€(¢),t) = 0, we have

dp < —b6(n—1)/p,

which implies
8y (p®) < —28(n - 1).
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Integrating this over the interval (¢,7') we obtain

p(t) > /28(n —1)(T —t), (tis sufficiently close to T with 0 < t < T'),

since p(T") = 0.

Both properties (i) and (ii) are proved in [Altschuler Angenent Giga 1995].
In the proof of (ii), the authors use an estimate of |A|?/H? obtained by
[Huisken 1990], where A represents the second fundamental form and H
represents the mean curvature of a surface. Relation (i) is obtained by com-
paring the intersection numbers between the stationary solution and the
curve ¥(t). The proofs of both (i) and (ii) become easier if the form of I'(t)
is symmetric. The proof for such a symmetric surface is actually given in
[Soner Souganidis 1993].

The inequality for u in property (i) is expressed by the similarity variables
(z,7,w) as follows:

0w n—1
- <0
14+ (0, w)? w T
for (z,7) with
0<w(z,T)< S - —
2(T—7)
This property is inherited for the limit W, = lim,_,o, w(z, 7). We thereby see
that
8§W* n- 1
1+ (0, W,)? W,

We thus obtain (3.18) for W, from (3.17). (Note that the domain of definition
of W expands as 7 increases and tends to R as 7 — oo, since a(T) < {(T) <
b(T).)

Properties (i) and (ii) are also important for obtaining an estimate for w
satisfying (3.16). For example, property (ii) yields that

<0 inR.

w(z,7) >/26(n—1), |z| <M, 7> 71y,

for any M > 0 provided that 7p; is taken large enough. (Hence we have
a lower bound (3.19) even for the limit W,.) Comparing w with a conelike
surface @(x1,t) = co|x1| and using (i), we obtain the upper estimate

sup |w(z, 7)[/(1+ |2]) < o0
(z,7)EW
T>TM

for the solution w of (3.16); however, we do not prove it here. (It easily
follows from the proof of Proposition 2.1 in [Soner Souganidis 1993] and
Lemmas 5.11-5.13 in [Altschuler Angenent Giga 1995].) By the estimates of
w and the arguments in the above articles, we are also able to obtain estimates
for derivatives
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sup sup |d.w(z,t)| < oo, sup sup |9 w(z,t)| < oo,
T>7M |2|<M T>TMm |2|<M

which imply the higher-order derivative estimate

sup sup |0F0Mw(z,T)| < 00
T>TM |2|<M

for any k,h = 0,1,2,..., since (3.16) is a parabolic equation. For estimates
of higher-order derivatives of solutions of parabolic equations, the reader is
referred to the standard book [Ladyzenskaja Solonnikov Ural’ceva 1968].

Using these estimates on derivatives of w, we apply the convergence of the
higher-order derivatives in §5.2.5 (obtained as an application of the Ascoli—
Arzela theorem in §5.1.1), and observe that for any sequence 7; — oo there
exists a subsequence 7;(,) such that

wl(z,T) =w(z, T+ Tj))

converges to some function we, as £ — oo with all its derivatives uniformly
in 2] < M, -1 <7 <1, for any M. For each M, if £ is chosen sufficiently
large, then w' satisfies (3.16) in (=M, M) x (—1,1), so that w is a smooth
solution of (3.16) in Rx (—1,1). The question is whether we is independent of
7. If 80, i.e., if (3.17) holds, then such a solution satisfies (3.18) as mentioned
before and is equal to wo, = v/n — 1 by §3.2.3. In particular, setting 7 = 0 in
w'(z,7) yields
w(z, i) — vVn—1 (£ — o0),

and the limit is independent of the choice of the subsequence {7; ) }. Therefore
w(z, T) converges to v/n — 1 as 7 — oo without taking a subsequence (Exercise
1.4). Thus we have given a sketch of a proof for the asymptotic formula (3.25)
except for the 7-independence of we. O

To give a proof of the 7-independence of wy it is convenient to find what is
called a Lyapunov functional for (3.16), which is nonincreasing in 7 along solu-
tions w(z, 7). We will mention this as a monotonicity formula in the following
section.

In terms of the asymptotic formula (3.25), the convergence of surfaces near
pinching points looks similar to the convergence of a cylinder at first glance, so
it is tempting to think that pinching points are not isolated. However, they are
isolated unless the surface is a cylinder. (This is proved in [Dziuk Kawohl 1991]
and [Soner Souganidis 1993] under a symmetry assumption with respect to the
origin such that the unique pinching point is the origin. For a general setting
see [Altschuler Angenent Giga 1995].) Since we are able to understand that
the left-hand side of (3.25) magnifies v near x; = £(T) as ¢ tends to T, it does
not contradict the fact that pinching points are isolated. What is the shape
of u(xy,t) at t = T near 21 = {(T)? We may formally guess the asymptotic
shape. However, there seems no proof available. Is it possible to prove it by
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extending ideas of the series of works including [Herrero Veldzquez 1993], in
which a detailed asymptotic formula for semilinear heat equations is obtained?

The asymptotic formula (3.25) was first proved in [Huisken 1993] for
n = 2 and H > 0. It seems to be difficult to extend Huisken’s proof to
general dimensions. The asymptotic formula (3.25) in this book is due to
[Altschuler Angenent Giga 1995].

3.2.5 Monotonicity Formula

We discuss the monotonicity formula, which plays an important role in show-
ing that 0;w tends to zero as 7 tends to oo when w satisfies (3.16).
We first consider a system of ordinary differential equations:

d

— = —(VF)(), >0, 2(0) =, (3.27)
where z(t) = (x1(t),...,zm(t)) is an R™-vector valued function and F is a
smooth real-valued function on R". This type of equation is called a gradient
system, since the right-hand side consists of the gradient of F'. For a solution
x of (3.27) we have

d 2

dx dx
GFe0) = (V) a0), &)=~

= (3.28)

dt

by the chain rule. In particular, F' decreases along the solution as time
increases. This is often called a monotonicity formula. Integrating both sides
over the interval (0,7) and multiplying by —1, we have

2

d
L at.

Flay) = P(m) = |5

If F is bounded from below, then limr_, F(2(T)) exists (as a finite value)
by the monotonicity of F(z(t)). Thus we have

J
so that the integral of the left-hand side is finite. Roughly speaking, the pro-
perty (3.29) shows that |dxz/dt| approaches zero in some sense as t tends to

oo (Exercise 3.3).
To extend this idea to (3.16), we first consider the equation

dr |?

&2, h

hy = ————
" 14 (84, h)2

(3.30)

for a function h = h(z1,t) of 21 € R and ¢ > 0. This equation is called the
curvature flow equation or the curve shortening equation, which expresses that
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the graph of the function h moves so that the velocity in the normal direction
equals its curvature. The right hand side is equal to

(1 + (amlh)Q)l/Q 8951 <m&%) y (331)

which is the product of the infinitesimal length of the graph of h and the
curvature. Recall that the curvature is obtained by “variation” of the length
of curves. The length of the graph of h over an interval I is

L(h) = /1(1 + (9u,h)?) 2 da.

Since h depends on time, L(h) is a function of time ¢. Its time derivative is

dL(h) Du.h
dt /I (1 + (9z,h)?)1/2 (Or, O¢h)de,

and integration by parts yields

dL(u) Oz, h
dt = Laml {(1+(amlh)2)1/2}8th dx7

provided that 9:h = 0 or 9,,h = 0 at the boundary of I. Since (3.30) and

(3.31) yield
dL(h) / (O1h)?
=— | ———=—5d 3.32

@ T @ (532
L(h) decreases along solutions as t increases, which corresponds to (3.28) for
(3.27). For (3.30) we thus obtain a functional L, which is a function whose
variables consist of functions.

For the more complicated equation (3.16) we consider the functional

F(w) = /a(z, w)(1 + (9-w)?)/2dz
I

for a function w = w(z, 7), instead of L. Here we assume that w satisfies (3.16)

in I x (0, 00) for simplicity. We shall take a suitable function o of two variables

in order to obtain a nonincreasing property like (3.32). Differentiating F'(w)

with respect to 7, we have

dF(w)
dr

= / g—sj(z,w)(l + (8.w)*)Y? 8w dz
I

oO,w
+ /Ia(z,w) W@ (a-,-’w) dz.

We integrate the second term by parts in a similar way as for the computation
of dL/dt. The right-hand side of the above equality is reduced to
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80' 80' (azw)2
/IaTw{a—w(l @)~ S AT i

— 6_0—6zw dzf/ﬁ w 2—3211) o dz
9z (1 + (O,w)2)1/2 02 (1+ (0.w)2)1/2 )

provided that 0w = 0 or d,w = 0 on the boundary of I. If we choose z such
that

do n—1 do
0 = ( . w) 0, 5 =40, (3.33)
then we get
dF(w) 9 o
ar /,(3*“’) 1+ @w)n®

by (3.16). Since (3.33) is a simple linear ordinary differential equation of first
order, its solution is a constant multiple of

o= wnflef(w2+zz)/2.
Hence we obtain the following monotonicity formula for (3.16).
Theorem (Monotonicity formula). Set

F(w) — /Iw"_le_(w2+22)/2(1+(8zw)2)1/2dz.

Suppose that w = w(z,T) satisfies (3.16) in I x (0,00). If 0;w =0 or d,w =0
on the boundary of I, then

dF (w) _ —/(a o Wil e— (W 4)/2
dr i (14 (9.w)?)1/?

dz (3.34)

for 7 > 0. (Even if I is equal to R, the formula is still valid if the preceding
integration by parts is justified.)

Integrating formula (3.34) on (0,71) and multiplying it by (—1) gives us
(F(w))(0) = (F(w))(0) = (F(w))(m1)
T1 n—1,—(w?+2%)/2
= 0,w)? ° dz dr.
A e
Here (F(w))(7) denotes the value of F'(w) at 7. Hence for the solution w of
(3.16) we obtain

00 wnflef(w2+zz)/2
Orw)? dz | dr < oo,
| </( v T G ) 07 <
which corresponds to (3.29) for (3.27). Here we note that even if the func-
tion A = wn=le=(+2/2/(1 4 (9.w)2)Y/? tends to zero as T — oo, there
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might be a chance that |0;w| may not be small as 7 — oo. We have
to exclude such a situation. However, we do not carry this out here. This
is discussed in [Altschuler Angenent Giga 1995, Soner Souganidis 1993]. For
example, estimate (ii) in §3.2.4 plays an important role in showing that w in
the function A does not tend to zero. Showing that A does not converge to zero
as 7 — 00, we are able to claim that |0;w| converges to zero as 7 — oo. For
general second-order parabolic equations of one spatial variable, the method
of finding F', which is called a Lyapunov functional, is due to [Zelenyak 1968]
and clearly discussed in the appendix of [Matano 1986].

When we try to prove 7-independence of ws in §3.2.4, that is, to derive
(3.34) so as to carry out (A) of (2) “Characterization of the limit function”
in §3.2.2, Theorem 3.2.5 requires the conditions d,w = 0 and/or d,w = 0
at the boundary of I, which are not guaranteed in general. However, if the
surface I'(t) is closed, then it is possible to obtain a monotonicity formula
that plays the same role as (3.34), so that we can show that d,w tends to
zero by similar arguments as above and we can carry out (2)(A). Here, we
only mention the monotonicity formula for closed surfaces; we do not give a
detailed proof of T-independence of wy.. (See [Altschuler Angenent Giga 1995,
Soner Souganidis 1993] in §3.2.3.)

We shall consider the geometric meaning of F'(w) in the monotonicity
formula (3.34) in order to expect a monotonicity formula for closed surfaces.
Let I'(1) be the closed surface obtained by rotating the graph 4(r) of w(r)
around the z-axis. Since

/ w1+ (Dow)2)2dz
expresses the area of I'(7), we can interpret

Flw) = / e /2 qpn=i(y),

I'(r)

where dH"! denotes the infinitesimal surface element of an (n — 1)-
dimensional surface and y is a point on I'(7). We write the right-hand side as

F(I') in the sense that it is defined by the surface I'. Here I is given by
1
I'(r)= =—e (z -+ xEFTeQT},
)= {y= -0+ serm-e?)

1
¢=(£0,...,0) eR*"™ 7> filogT,
so that it is possible to derive the monotonicity formula

d _ - . 1
—F()(t) = f/ e WERY2 anrl(y), 7> —=logT, (3.35)
dr f(T) 2

for closed surfaces I" from (3.34). Here V denotes the growth of the velocity
of I'(7) in the inner normal direction, so that
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72 — (0rw)? _
1+ (0,w)?
The formula (3.35) was first proved in [Huisken 1990].

Monotonicity formulas are basic tools in the study of the size of singular
sets and the approximation problem for solutions of the mean curvature flow
equation by inner translation layers of the Allen—-Cahn equation. There is a
local version [Ecker 2001]. The reader is referred to [Ecker 2004] for the role
of the monotonicity formula in the study of regularity theory.

There are many useful self-similar solutions for the mean curvature flow
equation including a shrinking sphere and Angenent’s torus [Angenent 1992].
The reader is refereed to [Giga 2006, §1.7, §1.8] for this topic. We do not
state any more about the mean curvature flow equation, but list some funda-
mental books and survey articles. For example, [Giga Chen 1996, Giga 1995,
Giga 2000, Giga 2006] are devoted to the notion of extension of solutions
after occurrence of singularities, which is called a level set approach. The
book [Chou Zhu 2001] focuses on evolution of curves. The book [Ohta 1997]
is a primer on the physical background and the derivation of the equation of
surface motion.

3.2.6 The Cases of a Semilinear Heat Equation and a Harmonic
Map Flow Equation

Analysis of singularities of solutions of nonlinear evolution equations using
backward self-similar solutions became popular through the study of

Owu — Au = |ulP~ u, ze€R", t>0, (3.36)

for a real-valued function v = u(z,t), where p is a real number greater than
one. The equation is called semilinear in the sense that the nonlinearity is
so weak that the nonlinear term does not contain the highest-order deriva-
tives of u in the equation. The porous medium equation and the mean
curvature flow equation are not semilinear. The Navier—Stokes equations are
semilinear. Equation (3.36) is an example of a semilinear heat equation with
self-multiplication term.
For T > 0, consider

v(t)=k(T—t)7P, 0<t<T, B=1/(p—1), k=05, (3.37)

which is a solution of (3.36) in t < T. (—v is also a solution of (3.36).)
This function v has the property that it diverges to infinity in finite time 7',
that is, it blows up. Even if a solution u of (3.36) evolves with nonconstant
initial data it can diverge and blow up in finite time. The behavior of such a
blowup solution can be analyzed well in a similar way to the analysis of the
behavior of a solution of equation (3.14) near pinching points. Let us discuss
the asymptotic behavior near blowup points for equation (3.36).
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We now assume that a function u satisfies (3.36) in Q,(a,T) = By(a) %
(T —r2,T), where B,(a) denotes the open ball in R™ centered at a € R™ with
radius 7. Let pg be the Sobolev exponent defined by

] oo if n<2,
bs = n+2)/(n—2) if n>3.

This exponent relates to the Sobolev inequality ||ulps+1 < C||Vul|2 for n >3
discussed in §6.1.1 (6.9).

Theorem (Asymptotic behavior near blowup points). Suppose that

sup |u(z, t)|(T —t)® < 0. (3.38)
Qr(a,T)

Assume that 1 < p < ps. Then

tlinjl“ u(a + 2T —t, t)(T —t)? =k, —k, or0, (3.39)

and the convergence is uniform in every bounded set with respect to z. More-
over, when the limit is equal to zero, u is bounded in a neighborhood of the
point (a,T). (Namely, (a,T) is not a blowup point of u.)

Formula (3.39) is the result corresponding to (3.25). Hypothesis (3.38)
is a restriction on the growth order of w as t — 7. If an initial data is
bounded and a solution exists in R™ x (0,7"), then (3.38) holds for 1 < p < pg
(cf. [Giga Kohn 1989], [Giga Matsui Sasayama 2004a]). Moreover, the solu-
tion (3.37) satisfies (3.38), so that the result seems to be natural, but (3.38)
may not be valid if p > ps. However, this problem has not been completely
solved. For example, if p = pg and n > 3, it is unknown whether “blowup solu-
tions” that do not satisty (3.38) exist. According to [Herrero Veldzquez 1994],
there exists a blowup solution that does not satisfy (3.38) for p > p;r, where

00 if n <10,
PIL = .
1+4/(n—4—-2yn—-1) if n>11,

which is often called the Joseph—-Lundgren exponent . See §3.4.1 for further
results.

The idea of the proof is similar to that in §3.2.2. Since we may assume
a = 0 without loss of generality, we may introduce similarity variables centered
at (a,T) with a =0 and T > 0 in a similar way as in §2.7.3:

xT

— _log(T—1), ==
T og( ), =z T

, w(z,7)=(T - t)ﬁu(gc,t)

~+

and then
w(z, 1) = e Pu(ze 2T —e 7).
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Rewriting equation (3.36) using w = w(z,7) with the independent variables
(z,7), we have

1 1
Orw — Aw + 3 (z, Vw) + pw — |[w|P'w =0, z€R", 7 > fﬁlog T. (3.40)
We now present key results for (A) and (B) of (2) “Characterization of the

limit function” in §3.2.2.

Theorem (Nonexistence of nontrivial self-similar solutions). Assume
that 1 < p < pg. Then there exists no bounded stationary solution of (3.40)
in R™ (solution of (3.40) satisfying Orw = 0) except the constant solutions
+k, 0.

Theorem (Monotonicity formula). Let p > 1 and set

1 8 1 2
E _ - 2 ~ 2 _ - p+1 —|z| /4d .
(w) /Rn <2|Vw + Z\w\ erl|w| e z

Suppose that w = w(z,T) is a bounded solution of (3.40) in R™ X (1p,00),
where 19 € R. Then the following identity holds:
dE(w)
dr

:—/ (Orw)2e 2 /aqs, (3.41)

We invoke a certain integral identity for the proof of nonexistence of a
nonconstant solution. The idea differs from that in §3.2.3. The restriction
on p is essential, since it is known that there exists a nonconstant bounded
solution for sufficiently large p (> (n +2)/(n — 2)) by [Troy 1987]. In fact, it
is proved by [Budd Qi 1989] that there are infinitely many bounded, radially
symmetric, nonnegative solutions for p satisfying ps < p < pyr. If p satisfies
psr < p < pr with

00 if n <10,
L = .
1+6/(n—10) if n>11,

it is shown by [Lepin 1988], [Lepin 1990] that there exists at least one bounded
radially symmetric, nonnegative solution besides the constant solutions. For
p > pr it has been recently proved by N. Mizoguchi that there is no such
solution; see [Mizoguchi 2004b] for a partial result. However, it is still an open
problem whether there is a nonradial bounded solution of (3.40) for p > py..
The exponent py, is often called the Lepin exponent. A proof of the monotonic-
ity formula is left as Exercise 3.4. This formula is also useful for regularity of
a weak solution for p = (n+2)/(n —2) [Chou Du Zheng 2007]. The results in
this section are due to [Giga Kohn 1985, Giga Kohn 1987, Giga Kohn 1989).
After these works, a more detailed behavior near blowup points was obtained
rigorously by [Filippas Kohn 1992] and [Herrero Veldzquez 1993] using
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matched asymptotic expansions. For later progress we refer the reader to
[Merle Zaag 1998] as well as §3.4.

We shall next derive a monotonicity formula for the harmonic map flow
equation

Owu — Au = |Vul*u, x €R", t>0, (3.42)
with values in the m-dimensional unit sphere S™ = {y € R™!|y| = 1}.
Here m > 1 and u = (u!,...,u™"!) is a function on R™ x (0,7") with values

in R™*! such that |u| = 1. (Actually, if |ug| = 1 for the initial value ug, then
lu| = 1 follows automatically.) Here |Vu|? denotes

m—+1

|Vul|* = Z |Vt |2,
i=1

Equation (3.42) also falls into the category of semilinear equations. A sta-

tionary solution of equation (3.42) (a solution of (3.42) with dyu = 0) is a

harmonic map from R™ to S™. Harmonic maps have been actively studied in

both geometry and analysis as a generalization of harmonic functions. For a

geometric background the reader is referred for example to [Urakawa 1990].
Considering the energy

E(u):/ |Vu|?dz,

for a solution of equation (3.42), we obtain the monotonicity formula

dE(u)
dt

= f/ |Osul?dz, t>0. (3.43)
RTL

Naturally, this is valid only for solutions with finite energy (E(u))(t). Since
|u| = 1, if we note that

1
(u, Opu)gmir = = —|ul?> =0

for the inner product on R™*! the identity (3.43) is easily obtained by taking
the inner product with dyu and (3.42) in R™*! and integrating by parts in
the spatial variables.

If the initial energy (E(u))(0) is finite, then there exists a local-in-time
smooth solution of equation (3.42). However, the derivatives of the solution
may blowup in finite time. What is the asymptotic form of the blowup?
A synthetic report on the occurrence of blowup, asymptotic behavior, and
extension of a solution after blowup is available in survey notes [Struwe 1996].
Here we just present a monotonicity formula to analyze blowup behavior.
We introduce similarity variables in a similar way as in §2.7.3:

7= —log(T —t),
x
T _

z= ,  w(z,7) =u(z,t),

~
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so that w(z,7) = u(ze”™/2, T — e~7). Rewriting (3.42) as an equation with
the independent variables (z,7) for w = (w?,...,w™*!), we have

4 1 4 ,
o-w' — Aw' + 5(2, Vu') = |Vw[*w', i=1,2,...,m+ 1 (3.44)

Since |w|? = 1, we have
(w, Oy Wygm+1 =0

for the inner product in R™*!, and hence, setting

1
U(w) = E/R |Vw\267‘z‘2/4dz,

we obtain the following monotonicity formula.

Theorem (Monotonicity formula). Let u be a smooth solution such that
(E(u))(t) < co. Then
d 2
L) = —/ Oowf2e 1 Ads ¢ 0. (3.45)
dr R

The proof is left as Exercise 3.4. To analyze the behavior of a solution w
of (3.44) as 7 — oo, it is useful to classify the stationary solutions of (3.44).
However, they are not isolated from each other in contrast to the case of the
semilinear heat equation (3.36). As a result, the asymptotic behavior is not
as simple as (3.39) for (3.36). When n = 2, it is considered that w might tend
to a harmonic map from R? to S™ as 7 — oo. Indeed, if we take a suitable
subsequence 7; — o0, one is able to prove the convergence, but it is unknown
in general whether it is convergent, without taking a subsequence, as T — oo.
Recently, this was proved by [Topping 2004] when the map is from S? to
S2. Less is known for higher-dimensional cases n > 3. See [Struwe 1996] and
[Lin Wang 2008] concerning the behavior of solutions of the harmonic map
flow equation (3.42), which includes what is mentioned above.

A monotonicity formula for solutions of a nonlinear equation was origi-
nally introduced in the study of size and asymptotic form of the singular set
for minimal surfaces, which is treated in detail in [Simon 1983, Giusti 1984,
Morgan 1991]. The monotonicity formula for the harmonic map flow equation
was first proved in [Struwe 1988], where it was expressed not by similarity
variables but by the original variables (x,t).

3.3 Nondiffusion-Type Equations

The structures of the equations that we have treated so far are of diffusion type
like the heat equation even though they have nonlinearities. In this section we
study the existence problem of forward self-similar solutions for a nonlinear
Schrédinger equation and for generalized KAV equations, which are essentially
different from the heat equation.
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3.3.1 Nonlinear Schrodinger Equations

We consider a semilinear equation having power-like nonlinearity of the form
V=10 + Au = y[ulP"'u, x €R", t>0, (3.46)

where v € R is a constant and p > 1. Here /=1 denotes the imaginary
unit. The equation with v = 0 is the Schrédinger equation appearing in quan-
tum mechanics, so (3.46) is called a nonlinear Schrodinger equation. Equation
(3.46) is semilinear and its nonlinear term consists of a power of the unknown
function. This is a typical nonlinear Schrédinger equation. There is a large
number of articles on the existence and blowup for this kind of equation.
Concerning background on this equation, see [Ozawa 1997], [Ozawa 1998],
[Tsutsumi 1995, Agemi Giga Ozawa 1997], [Cazenave 2003]. These are refer-
ences for the situation of the mathematical theory before around 2000.

Equation (3.46) with v = 0 is easily solved. Indeed, the solution v with
initial value f is formally expressed as

1 _lz—y|?
u(z,t) = (G =g, * )(z) = (v =102 /n e W f(y)dy.

As in the case of the heat equation, we denote by S(t) (= eV~1*4) the linear
operator that maps ¢ to the function u of x. Namely,

(SO)(x) = (G =, * ().

The absolute value of e~17I°/4V=1t ig equal to one, so it is not (absolutely)
integrable. In contrast to the case of the heat equation, the integrand of S(t) f
is not (absolutely) integrable unless f is integrable on R™. There arises the
problem how to interpret in general the integral expression. Here, we use the
integral expression only for integrable functions f, and interpret, for other
functions f, that S(t) f is defined through the approximation of f by integrable
functions. There are some estimates similar to those in §1.1.1 and §1.1.2 for
the operator S(t), but their exponents are drastically restricted.

L7-L" estimate
Lemma. We have

1S@) fllr < (4t 5G| ],

where 1/r+ 1/ =1 and 2 <r < oo.

In the case of r = oo and 7 = 1 the claim is proved similarly as in
§1.1.1. For the case of r = 2 = ¢/, using Fourier transformation, we obtain
1S@) fll2 = ||fll2- (In fact, S(t) is a unitary operator on L?(R™), which is
a Hilbert space consisting of the square integrable functions on R™.) For
the remaining r, interpolating the results for ¥/ = 1 and 7 = 2 by the
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Riesz—Thorin interpolation theorem (§6.2.4) yields the lemma. If one uses
the Marcinkiewicz interpolation theorem (§6.2.4), then a constant multiple
is needed on the right-hand side. There are many other important estimates
for S(t) such as Strichartz estimates, for which the reader is referred to the
literature cited at the beginning of this subsection.

We shall now construct a self-similar solution of (3.46). Equation (3.46) is
invariant under the scaling transformation defined by

u™ (z, 1) = XY Py (az, A2), A >0,

which is like the semilinear heat equation. Hence we shall call a solution of
(3.46) satisfying

u(/\)(gc,t) =u(z,t), A>0, x eR", t >0,

a forward self-similar solution. Restricting the exponent of the nonlinear term,
we are able to prove the existence of forward self-similar solutions.

Theorem (Existence of forward self-similar solutions). Let the expo-
nent p satisfy

n
po<p< —m—(F,
n—2

where pg is the positive solution of the quadratic equation ﬂp‘;—_ll = “;)’—OH. Let

© be a finite linear combination of Py(x)|z|~9%, where the real part of the
complex number q is equal to 2/(p—1) and Py(x) is a homogeneous polynomial
of © of degree k (including degree zero). Then ||S(1)o|lp+1 is finite, and if
1S(1)pllp+1 is small enough, there exists a global-in-time solution of (3.46)
with initial value o that is a forward self-similar solution.

One constructs a forward self-similar solution by constructing a global-
in-time solution for a homogeneous initial value. This method originates in
the article [Giga Miyakawa 1989], where it is used to construct a forward
self-similar solution of the Navier—Stokes equations (§2.7.3). This type of
result for equation (3.46) is due to [Cazenave Weissler 1998a], where the sta-
bility of the self-similar solution is also discussed; there Pj is assumed to
be harmonic. The result is extended by [Cazenave Weissler 1998b] in the
form of the theorem above. By [Ribaud Youssfi 1998] the initial data is
allowed to be any C™(R™\{0})) positively homogeneous function of degree
(p—1)/2. For further development see [Cazenave Weissler 2000], [Furioli 2001],
[Miao Zhang Zhang 2003].

The number (n + 2)/(n — 2) in the relation of the index also appears in
the case of semilinear heat equations as the Sobolev critical exponent. As for
Po, we may interpret this as follows. The norm || f||,(,—1)/2 is invariant under

the transformation f — fy = A®=D f(Az). On the other hand, Pp# is the

conjugate index of p+ 1, i.e., 1% + 5_% = 1. As a result, we may interpret
that p = pg is the value of p such that the L? norm with the conjugate index
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q of p+ 1 is invariant under the transformation f — f). The problem why p
has to be greater than py or whether the restriction is indeed necessary is still
open.

3.3.2 KdV Equation

The KdV (Korteweg—de Vries) equation is an equation derived in the nine-
teenth century to describe the behavior of water waves in a canal, and it is
essentially of the form

8tu+u8Iu+8§u:0, rzeR, t>0.
Here we consider its generalized version

Opu+uPoyu+03u=0, z€R, t>0, (3.47)
where p is a positive integer. When an initial condition

u(z,0) = f(x)

is imposed, if f decays sufficiently rapidly as # — oo, the initial value
problem (3.47) is solvable globally in time for p < 4, even if the initial value f
is large. When p > 4, the problem is globally solvable if the initial value is small
in a suitable sense, but if not so, it had been unknown whether the problem
is globally solvable and it had been conjectured through an experiment in
numerical analysis that a local-in-time solution can blowup. As proved in
[Martel Merle 2002], the blowup actually occurs for p = 4; the authors proved
that the H' norm blows up for some initial data. The above solvability is
discussed in detail in [Kato 1983].

Recently, in the case of p > 4, a backward self-similar blowup solution was
constructed, so that at least the existence of a blowup solution was guaranteed.
We first note that the equation is invariant under the scaling transformation

uoy(z,t) = A2/Py(Az, A2), A > 0.

As in §2.7.3, a backward self-similar solution of (3.47) is expressed as

0= 1 Tye — T
U(I, ) - (T _ t)2/3p()0 (T _ t)1/3 ’
with a function ¢ on R, T' > 0, and z, € R. The equation for ¢ = ¢(s) is

2 1
" / /

+ P — —p—=-s5¢'=0, seR 3.48
R W (3.48)
Showing the existence of a solution decaying for large s, we can construct a
blowup solution despite the fact that the initial value decays at space infinity.
In the following we state a result on existence of self-similar solutions only for
p=4.
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Theorem (Existence theorem for nontrivial backward self-similar
solutions). Assume that p = 4. Then there exist infinitely many smooth
solutions ¢ (not identically zero) of equation (8.48) satisfying the following
properties:

(i) ¢(s) >0 in s >0 and its asymptotic form as s — o is

_m1/2,-252/3vE) (1 _ 2 1
o(s) =cs e (1 37357 +o =k

Here c is a positive constant.
(ii) The asymptotic form as s — —o0 is

o(5) = (=) | cos (%)

() ol )

Here a and b are real constants that do not vanish simultaneously.

2

Here, 0(—7) means that the term multiplied by s3/2 converges to zero as
s — o0o. This term is negligible compared with other terms in the asymptotic
form. For this equation a nontrivial blowup solution as in Leray’s proposal
was constructed with a self-similar solution. No result so far is available on
the stability of this solution, that is, whether the solution of (3.47), when
the initial value is perturbed slightly but suitably, blows up near the time
T as the self-similar solution does. The above existence theorem is due to
[Bona Weissler 1999], in which the existence theorem for p > 4 is also shown.
Note that this solution is not an H!-solution and is different from those studied
in [Martel Merle 2002]. For further developments see [Molinet Ribaud 2003].

Before finishing the explanation of self-similar solutions, we note a related
topic. Recently the method to analyze asymptotic behavior of solutions with
self-similar solutions is frequently seen as an example of the methods of using
a renormalization group, because scaling transformation can be considered as
an action of the multiplicative group of all positive real numbers. Stationary
solutions of the equation written by similarity variables replacing the origi-
nal equation are invariant solutions under this action. Although this may be
thought of as just an issue of wording, many problems can be formulated from
this point of view with this idea. Here, we mention only a related article on
blowup for semilinear heat equations [Bricmont Kupiainen 1994]. Concern-
ing the renormalization group method, the reader is referred to, for example,
[Nishiura 1999], in which the singular perturbation method is introduced in
detail for the equation of surface motion discussed in §3.2. This book also
explains the method of matched asymptotic expansions.
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3.4 Notes and Comments

It is by now well known that a solution of an initial value problem for nonlinear
diffusion equations may cease to exist after finite time. This phenomenon was
first observed for nonlinear heat equations typically of the form (3.36) in
several pioneering works [Kaplan 1963], [Ito 1966] (see also [Ito 1990]), and
[Fujita 1966]. It was rather surprising that there exists no nonnegative global-
in-time solution of (3.36) if p < pr = 14 2/n (the Fujita exponent) no
matter how small the initial data is, as shown in [Fujita 1966]. For the role
of this exponent the reader is referred to the review paper [Levine 1990].
From the 1980s on, research has focused on behavior of blowup of solu-
tions rather than its existence. The reader is referred to the review article
[Ishige Mizoguchi 2004] and a recent book by P. Quittner and Ph. Souplet
[Quittner Souplet 2007] for the development of the theory. This problem
is related to combustion theory, where u? of (3.36) is replaced by e%; see
[Bebernes Eberly 1989] for the basic theory of such an equation. In this section
we give several comments on equation (3.36).

3.4.1 A Priori Upper Bound

In §3.2.6 we dealt with asymptotic behavior of solutions of the semilinear heat
equation (3.36) and explained how condition (3.38) is useful in investigating
blowup behavior. Nowadays it is standard to say that the blowup of a solution
is of type I if it satisfies estimate (3.38) and of type II otherwise. The Sobolev
exponent pg plays a crucial role. As was stated in §3.2.6, it is shown in [Giga
Kohn 1987] that the blowup of any nonnegative solution of (3.36) is of type
Iif 1 < p < pg. It is also shown in [Giga Kohn 1987] that for sign-changing
solutions, the blowup is always of type I under the additional assumption
that p < (3n+8)/(3n — 4)(< ps) or n = 1. Later, the result was extended to
all p < ps by [Giga Matsui Sasayama 2004a, Giga Matsui Sasayama 2004b].
These results are still valid when the original (3.36) is considered in a
bounded convex domain with homogeneous Dirichlet conditions. For non-
negative solutions the convexity assumption turns out to be unnecessary
[Polacik Quittner Souplet 2007].

On the other hand, if p > pg, estimate (3.38) can fail to hold; type-II
blowup can occur. This fact was first reported by [Herrero Veldzquez 1994],
whose proof is presented in [Herrero Veldzquez unpublished]. Due to these
articles, a type-II blowup solution does exist if n > 11 and p > pyp =
1+4/(n—4—2y/n—1). The proof requires extremely difficult calculations.
A shorter proof is available in [Mizoguchi 2004a]. The type-II blowup solutions
constructed in these articles are from a category of positive radially symmetric
functions. When ps < p < pyr, nonexistence of type-II blowup solutions
in this category is proved in [Matano Merle 2004], in which sign-changing
solutions are also taken into consideration except for p = ps. When p = pg,
the formal analysis in [Filippas Herrero Veldzquez 2000] suggests the existence
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of a sign-changing type-II blowup solution, and it is shown that if n = 3, a
type-1I blowup solution exists for a certain shrinking ball [Naito Suzuki 2007].
Type-IT blowup (pinching) also exists for the mean curvature flow equation
as indicated after Theorem 3.2.4.

3.4.2 Related Results on Forward Self-Similar Solutions

In §3.2 we explained how backward self-similar solutions play an important
role to describe the singularity, such as finite-time blowup, of solutions of
evolution equations. On the other hand, it is also useful to analyze forward
self-similar solutions so as to investigate the asymptotic behavior of global
solutions. There is a large number of articles on this topic. We present some
results on forward self-similar solutions for a semilinear heat equation

uy=Au+uP, zeR" t>0, p>1, (3.49)

which has a long history of research. If u is a solution of (3.49), then so is
uy(x,t) := A/ P~ Dy(\x, \2t) for any A > 0. If a solution u of (3.49) satisfies

u(z,t) = ur(z,t)  in R"™ x (0,00), (3.50)

for any A > 0, then it is said to be a forward self-similar solution of (3.49).
A forward self-similar solution is of the form

u(x,t) =t~ VP Vy(z/VE), zeR", t>0, (3.51)

where v is a solution of the semilinear elliptic equation

AUJr%l"VUJr 11v+vp:0 in R™. (3.52)
Conversely, if v is a solution of (3.52), the function u defined by (3.51) is a
forward self-similar solution of (3.49). In general, initial data (at ¢ = 0) of
a self-similar solution, if it exists, should be of the form A(z/|z|)|z|~%/®~1
with some function A defined on the unit sphere S™~'. This fact is readily
seen if one sets t = 0 and A = 1/|z| in (3.50). Let us consider the initial
condition with nonnegative homogeneous initial data continuous outside the
origin. In other words,

u(z,0) = Aa(z/|z|)|z|~2/®=D  in R™\ {0}, (3.53)

where a is a nonnegative continuous function on S"~! and A > 0 is a pa-
rameter. The idea of constructing self-similar solutions by solving the Cauchy
problem for homogeneous initial data goes back to the work of Giga and
Miyakawa [Giga Miyakawa 1989] for the Navier—Stokes equations in vorticity
form (§2.7.3). It is clear that w defined by (3.51) is a forward self-similar
solution of (3.49) satisfying initial condition (3.53) if and only if v satisfies
(3.52) and
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lim 7% P Vy(rw) = Aa(w), we SV (3.54)

T™—00

For the existence problem of forward self-similar solutions, there are at
least three approaches: ODE methods, variational methods, and the method
using function spaces. The first approach has been developed by
[Haraux Weissler 1982], [Peletier Terman Weissler 1986], [Weissler 1985a],
[Naito 2006]. Since we discuss only radial solutions (radially symmetric solu-
tions), problem (3.52) with (3.54) is reduced to the problem

N -1
vrr—l—(——i-i) o+ VP =0, >0, (3.55)
r 2 p—1
v (0)=0 and  lim @ Yy(r) = ¢, (3.56)
Here v in (3.52) is interpreted as a function of r = |z| and is still denoted

by v; vy = 0", v, = v’ denote its derivatives. In these articles the Cauchy
problem for (3.55) with initial condition v(0) = a, v’(0) = 0 is studied in
order to investigate the existence of a solution of (3.55)—(3.56).

The second approach was developed by Escobedo and Kavian
[Escobedo Kavian 1987] and Weissler [Weissler 1985b]; in the latter article,
variational methods are applied to radial functions. The problem is formu-
lated as a minimization problem in a weighted Sobolev space and it is proved,
for pp = 14 2/n < p < pg, that there exists a positive solution of (3.49)
exhibiting exponential decay at infinity, hence showing existence of forward
self-similar solutions with null data.

Kawanago [Kawanago 1996] studied the Cauchy problem for the semilinear
heat equation (3.49) with initial data A¢(z), z € R™, where A > 0 and ¢ Z 0
is a nonnegative continuous function in R™. He showed that if pr < p < pg,
then there exists Ao > 0 having the following property: If A < Ao, then the
corresponding solution exists globally in time and tends to the Gauss kernel
as time goes to infinity. If A > Ao, then the corresponding solution blows
up in finite time, if A = Ao, then the corresponding solution exists globally
in time and tends to a forward self-similar solution of (3.49) as time goes to
infinity. Namely, the self-similar solution is a threshold solution for blowing-up
solutions and global solutions converging to the Gauss kernel.

In [Naito 2004], the author considered the Cauchy problem (3.49) with
initial data ug(z) = Az|~2/(P=1D where A > 0 is a parameter. A variational
approach is used there to show multiple existence of self-similar solutions.
In the low supercritical range ps < p < pyr, the Cauchy problem (3.55)—
(3.56) is studied in [Souplet Weissler 2003, Naito 2006], where the number of
positive radial solutions is discussed.

In [Souplet Weissler 2003] the case p = pg is also discussed. For the case
p = pg the reader is referred to [Naito 2008] and references cited there.
In [Naito 2008] the existence of more general self-similar solutions starting
from (3.53) is also discussed.
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A solution of problem (3.55)—(3.56) is a positive radial stationary solution
of the Cauchy problem

N -1 1
vs—vrr+< +Z>vr+ v+vP, yeR™ s>0,
r 2 p—1 (3.57)

v(y,0) = o(y), yeR",

where the initial function ¢ € C(R™) N L>(R™) is assumed to be radial,
nonnegative, and not identically zero and to satisfy

lim [y>/ P Ve(y) = ¢

ly|—o0

for some ¢ > 0. Note that equation (3.57) is obtained from (3.49) by the
change of variables

v(y,s) = (t+ 1P u(z,t), w=(t+1)"y, t=e?-1L

Recently, Naito [Naito in preparation] reported that a self-similar solution of
(3.49) describes the large-time behavior of the solutions u of (3.49) such that
u(z,to) < ¢(z), € R™, for some ¢y > 0.

Uniqueness of a radial positive solution of (3.52) exhibiting exponentially
decay at infinity is proved in [Yanagida 1996, Dohmen Hirose 1998]. Moreover,
it is proved in [Naito Suzuki 2000] that any solution v of (3.52) satisfying
limy,|— oo |2/ ®~Dv(2) = 0 must have radial symmetry. It is also shown there
that there are nonradial self-similar solutions that have a decay as |z|~2/(P—1),
Thus, in particular, the solution obtained in [Escobedo Kavian 1987] must
be radially symmetric, and the initial data of the corresponding self-similar
solution defined through (3.51) should be zero.

When initial data is not identically zero, the variational method would
not work well, since the initial data does not belong to the weighted Sobolev
space. Because initial data of the form (3.53) do not belong to L?(R™) for
any ¢ > 1, we are forced to work with other function spaces. Kozono and
Yamazaki [Kozono Yamazaki 1994] introduced new function spaces of Besov
type, which include such initial functions, based on Morrey spaces in place of
L7 spaces. There the existence and uniqueness of solutions of (3.49) as well as
of the Navier—Stokes equations with initial data belonging to these function
spaces is discussed. Cazenave and Weissler [Cazenave Weissler 1998a] used
other function spaces, which include self-similar solutions of (3.49) as well as of
the nonlinear Schrédinger equation (§3.3.1), and discussed existence, unique-
ness, and stability of self-similar solutions in a sufficiently narrow space. See
also [Ribaud 1998, Snoussi Tayachi Weissler 1999] for related results. One is
able to find recent progress on the stability properties in [Souplet 1999,
Snoussi Tayachi Weissler 2001]. In [Souplet 1999], the author studied the
Cauchy—Dirichlet problems and obtained a geometric necessary and sufficient
condition on the domain under consideration for the null solution to be asymp-
totically stable in some Lebesgue spaces. In [Snoussi Tayachi Weissler 2001],
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the authors consider the general semilinear heat equation, where a general
nonlinear term g(u) satisfying some growth condition is added to the right-
hand side of (3.49). It is proved that despite the fact that this equation has
no self-similar structure, some global solutions are asymptotically self-similar
solutions of the semilinear heat equation with g = 0.

For recent progress on this topic, the reader is referred to [Cazenave
Dickstein Escobedo Weissler 2001], [Souplet Weissler 2003], [Benachour Karch
Laurencot 2004], [Laurengot Vazquez 2007], and references therein. One finds
both historical and up-to-date studies in the book [Quittner Souplet 2007].
It is a nice reference for superlinear elliptic and parabolic problems.

Exercises 3

3.1. (§3.2.3) Assume that ¢ € C?(I) satisfies ¢ + by)’ > 0 in an open inter-
val I, where b is a bounded function on I. Show that if ¢ achieves its
maximum in [/ at a point zg € I, then 9 is constant in I.

3.2. (§3.2.3) Assume that w € C%*(R) satisfies w” < 0 in R. Show that if w
is positive in R, then w is constant.

3.3. (§3.2.5) Assume that f is a nonnegative continuous function defined on
(0,00) and that the integral [ f(t)dt is finite.

(i) Prove that lim, . a, = 0 for a,, = f:+1 f(t)dt.
(ii) Find an example of f not satisfying lim; . f(¢) = 0.

3.4. (§3.2.6) Prove formulas (3.41) and (3.45). Here, one may freely use inte-
gration by parts.
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Various Properties of Solutions of the Heat
Equation

Here we establish the tools used in Chapter 1 in order to analyze the
asymptotic behavior of solutions for the heat equation. We start by deriving
LP-L1? estimates for solutions and their derivatives and the uniqueness theorem
for weak solutions. For this purpose, we prepare the Young inequality for con-
volution, which has a wide range of applications. Furthermore, algebraic and
commutativity properties, in particular concerning differentiation of convo-
lutions, are stated. These properties turn out to be helpful in the proof of
smoothness for ¢ > 0 for the solution of the heat equation in Chapter 1. Next,
we consider the continuity of the solution at time ¢ = 0, in the case that the
initial value is continuous. Continuity is proved by a fairly general method
that applies to a large class of equations.

In the next step we derive a solution formula for the inhomogeneous heat
equation. This formula is often used in Chapter 2. Here it is applied in order
to prove uniqueness of (weak) solutions. We also give a result on unique solv-
ability for heat equations including transport terms (first-order terms with
unknown coefficients). Moreover, we discuss properties of the fundamental
solution of the heat operator including transport terms (drift terms) that
are used in §2.5.2. The section is closed by giving a sufficient condition for
integration by parts on unbounded domains as applied in §1.2.2 and §2.3.

The properties discussed here are fundamental and typical tools in analysis.
However, with regard to the fact that this monograph should serve as a text-
book also for beginners, the results discussed are neither always optimal nor
best possible. Rather the results are given in a form as general as required in
the first part of the book.

4.1 Convolution, the Young Inequality, and LP-L4
Estimates

We start with the essential estimate for convolution on which the LP-LY esti-
mates are based. To this end, first let us recall the notion of convolution. Let

M.-H. Giga et al., Nonlinear Partial Differential Equations, 141
Progress in Nonlinear Differential Equations and Their Applications 79,
DOI 10.1007/978-0-8176-4651-6_4, (© Springer Science+Business Media, LLC 2010
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f and h be two functions on R™. We define the function h * f on R™ by
(s 1)) = [ - i)y, zeR

The expression hx f is called convolution of h and f. Here, the value (h* f)(x)
is well defined, provided that the integral on the right-hand side is defined and
finite. Hence, in general, suitable assumptions for h and/or f have to be given
such that h* f makes sense. For example, if f, h € C(R™) and the support of
either f or h is compact, then (h * f)(z) is defined for each x € R™ and h * f
is defined as a continuous function on R™ (Exercise 7.1). Some properties of
convolutions are discussed in §4.1.3, §4.1.4, and §4.1.6.

The Young inequality estimates h * f in terms of A and f. This inequality
is natural in the category of the Lebesgue integral. Readers not yet familiar
with Lebesgue integration theory may consider f and h in C'(R™) such that
either one of them belongs to Cp(R™) as in §4.1.1. For the sake of simplicity
of notation, some remarks on convolution for the Lebesgue integral are given
in the end of §4.1.3. In §4.1 we often write [ for [, when it is convenient.

The Young inequality provided in §4.1.1 is a very useful tool and therefore
contained in many standard textbooks. For instance, we refer to an introduc-
tory book on real analysis [Folland 1999] or to the monograph [Kuroda 1980],
which is a nice textbook on functional analysis for beginners. See also
[Reed Simon 1975] or [Adams 1978] for further use of these inequalities.

4.1.1 The Young Inequality

Theorem. Let1 < p,q,r < 0o such that

1/r=1/p+1/¢—1. (4.1)

Then, for any h € LP(R™) and f € LY(R™) we have that h* f € L"(R™) and
that

17 fllr < [[Rllp [1fllg- (4.2)

Here LP(R™), 1 < p < oo, denotes the space of functions with integrable
pth power on R™, i.e., the space of (Lebesgue) measurable functions f satis-

fying )
1/p

= Pd .

= ([ 1@lrar) <o

Note that f,h € LP(R™) are regarded as equal if they coincide for “almost
all” points on R™ (almost all means except on sets with “Lebesgue measure”
zero). Equipped with this equivalence relation, LP(R™) with | - ||, as a norm
is a Banach space. (That is to say, Lebesgue defined a notion of an integral
so that LP(R") is complete.) When a function f satisfies f € LY(R"), we
call f integrable on R™. Moreover, L>°(R"™) denotes the space of all essentially
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bounded functions on R", i.e., it contains the set of (Lebesgue) measurable
functions satisfying

| flloo := inf{M; |f(x)] < M for almost all x € R"} < oo.

With the same identification as before, L>°(R™) with || - [ as a norm forms
a Banach space. Of course, if f is continuous, ||f||, and || f||c agree with the
definitions in §1.1.1. We may replace R™ by a domain {2, or more generally,
by a Lebesgue measurable set U. Then LP(f2) or LP(U), defined completely
analogously, are Banach spaces too. Also the terminology remains the same,
i.e., f € LY(U) if and only if f is (Lebesgue) integrable on U. Furthermore,
[ is called locally integrable on U if f € L'(K) for any compact subset K C
U. (For an elementary introduction to Lebesgue integration theory see, e.g.,
[Folland 1999], [Rudin 1987], [Ito 1963], and [Kakita 1985].)

Before we turn to the proof of the Young inequality, we remark that the
necessity of the relation of the indices p, ¢, and r can easily be seen by a
scaling argument. In fact, for A > 0 we set

ha(z) = h(Az), falz) = f(Ax), z € R™.

Then, by the substitution Az = z, we obtain

sl = ([ 1m0 dx)l/p

1/p
N ( / |h(2)[” dzx”) = |[h[lpA~"",

1l = I1fllg A~/

Similarly,

I« 5l = [ | [ 1w = pOus| o= e i 37 a0

The Young inequality applied to fy and hy yields

1x# Fxlle < Wallp [1/3]lq-

Consequently, ||l * f[[,A""""/" < ||h|lpl|fll4A™/PA~"/9. Now suppose that
relation (4.1) does not hold. Then, by letting A — oo or A — 0 we can always
achieve h * f = 0, which is meaningless. Hence, if (4.2) holds for all h and f,
(4.1) should hold too. Equality (4.1) is called a dimension balance relation.
A corresponding relation often appears in norm inequalities of this type such
as the Holder inequality (see the lines below).

Proof. We turn to the proof of (4.2). The most elementary method is based on
the Holder inequality (in the case of p = 2 it is called the Schwarz inequality)
(Exercise 4.2), which is given by
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\ [ @@ < 1115l

1/p+1/p =1, 1 <p,p < oo, fi € LP(R"), fo € L¥ (R™).

Here p' is called the conjugate exponent of p. First we observe that for the case
r = 0o, (4.2) immediately follows from the Holder inequality. In case either
p = 00 or ¢ = 00, relation (4.1) implies that either ¢ = 1 or p = 1 respectively
and therefore that » = co. Hence, we may assume that p, ¢, r < co.

Let 0 < § < 1, to be determined later, and write |f| = |f|*=¢ |f|°. The
Holder inequality gives us

(o f)(2)] < /Ih(w—y)l FWI7 1)l dy

: (/ [h(@ — )" [ f(y)|OP dy)l/p </ |f(y)0p/dy)l/pl

for x € R™. In the case of p = 1 we set § = 0. Then the latter term turns to
1. If p > 1, since p’ # oo, we determine § through p'6 = ¢q. Then (4.1) implies
(1—-0)p=p+q— pqg=pg/r. This implies

, 1/p
[(hx f)(@)] < (|12 (/Ih(w—y)lp F )P dy) :

Note that this inequality is also valid for p = 1 (i.e., p’ = 00), since ¢/p’ = 0.
Let ¢’ be the conjugate exponent of g. Then by (4.1), 1/r =1/p—1/4’. Thus,
the conjugate exponent of r/p is ¢//p. Next, by splitting |h| = |h[?/"|n|P/¢
and applying the Holder inequality (for exponents ¢’ /p and r/p), we obtain

[ inte = uyplriray

:/|h(3§—y)|p-p/q’ |h(x_y)|p.p/r |f(y)‘pq/r dy

<([ne-wr dy)m/ (/e = 15 dy)p/r.

This yields

1/r
(o F) ()| < B/ | Fll” ( [ e =wr dy) .

Taking the rth power on both sides, integrating over x, and interchanging the
order of integration (§7.2.2) implies that
1 FI7 < (RIS P  flpe/ P+,

Since by (4.1), rp/¢' +p=rp(1—1/q+1/r) =r and rq/p’ +q = r, we deduce
(4.2). a
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4.1.2 Proof of LP-L9 Estimates

As an application of the Young inequality, we obtain the LP-L? estimates
stated in §1.1.2. Assume that u = Gy * f is the solution of the heat equation
with initial value f € L9(R™) given by (1.3) with the Gauss kernel G;. By the
Young inequality we immediately obtain

[ullp() = 1Ge * fllp < |Gellr [[fllg, £ >0,

for r with 1 <r <ooand 1/p=1/r+1/q— 1. It remains to calculate |G¢||.
If 1 <r < oo, for t >0 we have

_ rlaf®
/\Gt )|"dx = /( Dy exp (— pP )dx
n/2
1 4t 2 r\1/2
- - (= —lzl (L
(4mt)nr/2 (r) /6 dz, = (4t) .

Since [ e~%"dx = \/7, we obtain Jan e~1#’dz = 77/2. Thus,

|Ge|Im = (4nt)EA=7) =%,
The relation 1/p = 1/r 4+ 1/q — 1 then implies
1Gellr = (4mt)E G~ % < (amt) 3 (570).

Since, 7 = oo only in the case that ¢ = 1 and p = oo, (1.5) is nothing but
(1.4), which has been proved in §1.1.1. Inequality (1.6) can be proved in a
similar way (Exercise 4.3). a

4.1.3 Algebraic Properties of Convolution

Proposition. Assume that 1/r=1/p+1/q—1 for 1 <p,q,r < 0.

(i) (Commutativity) If h € LP(R™) and f € L1(R™), then h* f = f x h,
regarded as an equality in L™ (R™).
(ii) (Distributivity) If h; € LP(R™), i = 1,2, and f € LYR"), then (hy +
ho)* f =hy* f+hax f in L"(R™).
(iii) (Associativity) If h € LP(R™), f € LY(R"™), and v € L*(R"), 1 <
s < o0, then v (h* f) = (vxh)x f in LP(R™). Here we assume that
1/p=1/r+1/s—1,1<p<o0,s0that0<1/p+1/s—1<1.

Outline of the proof.

(i) is obtained as a consequence of the translation invariance of the integral
on R™. In fact, by the substitution z — y = z we obtain

(s 1)@ = [ o= )7y = [ )1~ 2z = (1) (o)
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(ii) follows easily by the linearity of the integral.
(iii) is a consequence of Fubini’s theorem (II) in §7.2.2. Indeed, interchanging
the order of integration implies for almost all x € R™ that

ot ([ o= 211632) du= [ ( [ote = nty - 2)0) 11

By referring to the proof of the Young inequality one may easily check
that the assumptions of Fubini’s theorem are satisfied. O

Relations (i), (ii), and (iii) follow by fundamental properties of inte-
grals. However, here we refer to the Lebesgue integral. Readers may consult
[Tto 1963], [Jost 2005], [Rudin 1987] for the definition and properties of the
Lebesgue integral. On the other hand, if the integrand is assumed to be con-
tinuous, one may check the relations in the sense of the Riemann integral.

We also remark that for h, f € L'(R™), the Young inequality implies that
h* f € L*(R") as well. In other words, convolution maps pairs of L' func-
tions again into L!. In the algebraic terminology this means that L!(R") is a
commutative algebra with convolution as its multiplication. Moreover, by the
Young inequality, the convolution is a continuous operation. Hence L!(R") is
a commutative Banach algebra. But observe that there is no unit element in
L' with respect to convolution (Exercise 4.1).

4.1.4 Interchange of Differentiation and Convolution

Proposition.

(I) Assume f to be integrable on R", i.e., f € L*(R™).
(i) Assume that h is a bounded and continuous function, i.e., h €
L>°(R™) N C(R™). Then hx* f is bounded and continuous on R™.
(ii) Assume that h € C*(R™) and that for each 1 < j < n the function h
and the deriwative O, ;h are bounded on R™. Then hx f is C! on R"
and
(O (b ) (@) = ((Ou;h) * f)(x), = €R"
(IT) Let 1 < p < o0, p’' be the conjugate exponent of p, i.e., 1/p+1/p' =1,
and f € LP(R™).
(i) For h € C(R™) N LF (R™) the convolution h* f is bounded and con-
tinuous on R™.
(ii) Suppose that h € C*(R™) and that for each 1 < j < n the quantities
0z, h|lp and ||kl are finite. Then hx f € C*(R™) and

(Or; (hx [))(@) = ((Oa;h) % [)(2),  ©€R™

The proposition shows that a convolution is always as smooth as each of
its factors. For example, if h € C*°(R™) and 9%h is bounded for each multi-
index «, even if merely f € L'(R"), as a consequence of (I) (ii) we have
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hx f € C*°(R™). Observe that (I) is nothing but the special case p = 1 of (II).
However, we first prove (I), since (IT) can be reduced to this case.

ORCEY

By assumption we have for the integrand of h x f the estimate

h(z =) f ()l < |[Pllool f(W)], v € R™

Hence, the absolute value of the integrand is bounded from above
by an integrable function ||h||eo|f(y)| that is independent of x. This
shows that hx f is bounded, and by Lebesgue’s dominated convergence
theorem (§7.1.1) and the continuity of h we obtain

lim (1 * £)(2) = / lim h(z — y) f(w)dy = (h* /) ().

zZ—T zZ—T

First note that (0,h) = f is continuous on R™ by (i). We fix 2° =

(29,...,25) € R" such that the component z is contained in the
open interval (a,b) and set
:f(y)h(x(l)_yh e 71.?71 “Yi-1,T5 Y5, x?Jrl “Yi+1s- - 7x91_yn)'

We intend to apply the theorem on differentiation under the integral
sign in §7.2.1. By [|0,h]lec < 00 and f € L'(R™) we have

s/(a,b) XR"™

which shows that condition (ii) of Theorem in 7.2.1 is satisfied.
Conditions (i) and (iii) are obvious. Furthermore, condition (iv)
follows from the continuity of (0,,h) * f and (i). Therefore, Theo-
rem 7.2.1 implies that h x f is C! with respect to x; and that

(O, (h % f))(x(l), . ,x?,...,x%) = ((Og;h) * f)(x?, . ,x?,...,x?l).

The right-hand side is continuous at = x°; hence h* f is C' on R™.
We prove only the case p = co. The general case is left to the reader
(Exercise 7.4). If p = oo, the integrand of (h * f)(z) cannot be esti-
mated directly by an integrable function that is independent of = on
R™. For this reason we consider the function fr for R > 0 defined by

o f('r)’ HAS BR7
fR(x) B {0, x ¢ BR.

o

oz, dx; dy < oo,
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Then we have

(h# fr)(@) = / Wz — 9)f(y)dy , = € R™.

Br

For Ry > 0let © € Bp,. Since h is continuous on R", h is bounded on
Bpir, (the Weierstrass theorem). Furthermore, since f € L% (R"™),
by the bounded convergence theorem (§7.1.1) (h* fr)(x) is continuous
at ¢ € Bpg,. Since this argument holds for any Ry > 0, we have
(h+ fr) € C(R™).

Note that for R > Ry, |z| < Ry, and |y| > R the triangle inequality
implies that |z — y| > |x| — |y| > R — Ro. For fixed Ry we therefore
obtain

sup [(hx fr)(z) — (h* f)(z)|

TE€BR,

< flloe sup / Ih(z — y)ldy
R"\BR

z€BR,

<11l / o
"\BRrR-Rg

= 1floo (nhnl - /E

which shows that hx fr converges uniformly to hxf on B, as R — 0.
But then h * f is continuous on R", since it is the uniform limit of
the continuous family {h* fr}r>o on Bg, for each fixed Ry > 0 (see
answer of Exercise 1.6).

Again we fix Ry > 0 and let x € Bg,. The continuity of h and 0.,k
on R™ implies the boundedness on Brp,. By similar arguments as
in (I) (ii) for each R > 0, h* fg is C* on Bpg, and satisfies

(O; (h * fr))(x) = ((O;h) % fR)(x), @ € B,

Analogously to (II) (i), (O, h) * fr converges uniformly to (9,h) * f
on Bgr, as R — oo. Clearly, h * fr converges uniformly to h * f on
Bpr, as R — o0, too. By the elementary result on the interchange of
limit and differentiation obtained in §4.1.5, we see that hx f is C' on
Bpr, and that

((aﬁh)*f)(x): (axg(h*f))($)7 xEBRo'

By the fact that Ry > 0 is arbitrary, (II) (ii) follows for the case that
p = 00. O

Ih(y)dy> —0 (R—o00),

0
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4.1.5 Interchange of Limit and Differentiation

Lemma. Let f be a real-valued function defined on an open set QQ in R™.
Assume that for any f- € C1(Q), 0 <e < 1,

lim f.(z) = f(x)

e—0

for any point x € Q. Furthermore, assume that for each 1 < j < n the function
Oq, fe converges uniformly to a function hj(€ C(Q)) on Q for e — 0, i.c.,

lim sup |9y, f-(x) — hj(z)| = 0.

E_)OIGQ
Then, f is C* on Q and
Oz, f(x) = hj(x), 2€Q, 1<j<n.

Proof. First we show that f is partially differentiable at each point x = a
(= (a1,...,a,)) in Q with respect to ;. To this end, for small enough |o| the
fundamental theorem of calculus yields

fE(al,...,aj_l,aj +o,aj+1,...,an)

o
= / Oz, fe(ar, ..., a5-1,a; + 7,041, .., a,)dT + fe(a).
0

Since 0y, fo converges uniformly to h; on @ as ¢ — 0 we may interchange
limit and integral (§7.1) to obtain

(e
lim
e—0 0

o
(O, f)(vyay +1,...)dr :/ hi(...,a;+T,...)dr.
0
The pointwise convergence of f. to f then implies
f(al,. ey G—1,05 + 0,041, - .,an)

(e
:/ hj(ai,...,aj-1,a; + T,aj41,...,a,)dT + f(a).
0

Since h; is continuous, this formula shows that f is partially differentiable at
& = a with respect to x; and that 9,, f(a) = hj(a). Hence f is C* on Q. O

As an application of the results in §4.1.4, we can prove the differentiability
of the solution u = G; * f of the heat equation in §1.1.
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4.1.6 Smoothness of the Solution of the Heat Equation
Proposition. Let 1 <p < oo and f € LP(R").
(i) The function (Gy x f) is C*° on R™ for t > 0. Moreover,
S (Gex f) = (05Gy) * f, (x,t) € R" x (0,00),
for any multi-index o.

(i) Assume that f is C* on R™ and that for any multi-index o with |a| < k,
10 fllp < co. Then

0 (Gx [) =G+ (07 f), (2,t) € R™ x (0,00).
(iil) The function (x,t) — Gy * f(xz) is C*° on R™ x (0,00) and
O (Gux [) = (07 G) x f = (AGy) + f = A™(Gy * f)
for all (z,t) € R™ x (0,00) and k € N.

Since [|09Gy]|pr < o0, where 1/p+1/p’ = 1 and 1 < p’ < o0, (i) and
(ii) follow immediately from §4.1.4. The first equality in (iii) is obtained
as a consequence of differentiation under the integral sign given in §7.2.1.
We remark that this argument is also used for the interchange of differ-
entiation and convolution (Exercise 7.2). The second equality follows from
0,Gy = AGy(t > 0) (Exercise 1.1 (i)). Here A = A... A,

k times

4.2 Initial Values of the Heat Equation

In Chapter 1 we derived a representation of the solution u of the heat equation
in terms of the Gauss kernel given by u = Gy * f with initial value f. A priori
it is not clear whether and in what sense u converges to f as t — 0. In fact,
there are many sorts of convergence depending on the class of functions to
which f belongs. In the sequel we discuss this problem for continuous f.

4.2.1 Convergence to the Initial Value

Theorem. Assume that f is bounded and uniformly continuous on R™. Then
Gy * f converges uniformly to f ast — 0 (¢t > 0), that s,

i |Gy % f — flloe = 0.

Since a continuous compactly supported function is bounded and uni-
formly continuous, this theorem in particular applies to such initial values.
On the other hand, if f is discontinuous at some point, Gy * f cannot converge
uniformly to f, in view of the fact that uniform convergence always implies
that the limit function is continuous (answer of Exercise 1.6). The proof of
the above theorem is elementary, and readers will easily find references (e.g.,
[Kuroda 1980], [Evans 1998], [John 1991]). Here, we give a proof not using -0
arguments. Before we start, let us recall the definition of uniform continuity.
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4.2.2 Uniform Continuity

We set

w(o) =sup{|f(z) = f(W); |z —y| < o5 2,y € K}, o >0.

A function f is uniformly continuous on a subset K in R™ if lim,_,o w(c)=0.
Observe that w is a nondecreasing function, but not necessarily continuous in
o > 0. By definition, |f(z) — f(y)| < w(|z — y|) (z,y € K).

In view of the wide range of applications, we prove a more general result
than Theorem 4.2.1.

4.2.3 Convergence Theorem

Theorem. Let K; be an integrable function on R™ depending on a parameter
t > 0 and satisfying the following conditions:

(1) fR“ Ki(x)dx =1,

(ii) For any 1 > 0, limy|o f\w\Zn |K¢(z)|dr =0,

(iii) co = limyjo [on [K¢(2)|de < co.

Then, for any bounded uniformly continuous function f defined on R™ we
have

lim || K * f — =0.
fon [ f — fl
Here lim denotes the limit superior, that is,

fim h(t) =lim sup h(s),
i ()= sup Als)

for a function h defined on a neighborhood of 0.

In Fourier analysis a kernel K; satisfying (i), (ii), and (iii) is often called
a summation kernel. The region of large values of K; concentrates at z = 0
ast — 0.

Proof. Since [,, Ki(z — y)dy =1 by (i), we have

(K + f)(x) = f(z) = - Ki(z —y)f(y)dy — - Ki(z —y)f(x)dy

= Ki(x —y)(f(y) — f(z))dy , x € R™.

Taking the absolute value and dividing the integral area R™ into the two parts
|z —y| > n and |z —y| <n for n > 0 implies
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(K # f)(x) — f ()] S/ [Ki(x —y)| [f(y) — f(2)|dy

lz—y|<n
Ki(z — — f(x)|dy.
el 1) - ey

Since the distance between = and y is small in the first term on the right-hand
side, we may employ the function w defined in §4.2.2 to estimate this term as

o Vel sy < [ el sy

|z—y|<n

<ol [ 1)

For the second term, using the boundedness of f, we obtain

[ el )~ Sy < [ K ) 2 1 ey

|z—y|>n

— 2 f] /| K
z|>n

Thus, both terms can be estimated by quantities independent of z. This yields
K s = floo ot [ VK= 200l [ (Kl
R™ z|2n

Taking lim on both sides, assumptions (ii) and (iii) result in
T (|56, f — flloe < w(n)eo +0.

(Note that here the limit does not exist in general. Therefore, it is convenient
to take the limit superior, which always exists in this situation.) Finally, we
let n — 0. Since the left-hand side is independent of 7, and f is uniformly
continuous, we obtain lim; .o ||K;* f — f||sc = 0. Hence the assertion follows.

O

We remark that for pointwise convergence it is sufficient to assume f to
be continuous. In fact, if f is continuous at £ € R™, by similar arguments we
obtain that

[Kox 7(3) ~ £(2)
< su T) — Ki(z)|dz + 2 o Ki(z)|dz.
o 110) =10 [ 1Kl +20 0 [ 102

iyl <n
Taking lim;_ gives us
lim | K+ f(2) = f(3)] < co sup |f(2) = f(y)
- |&—y|<n

Letting n — 0, the continuity of f at & implies that the right-hand side
converges to 0. Hence we have proved the following corollary.
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4.2.4 Corollary

Corollary. Fort > 0 let K; be a summation kernel. If f € L=(R"™) is con-
tinuous at & € R™, then lim;_,o(K; x f)(2) = f(Z).

4.2.5 Applications of the Convergence Theorem 4.2.3

Proof of Theorem 4.2.1. According to Theorem 4.2.3, it is sufficient to prove
that Gy is a summation kernel. As in the proof of the decay estimate in §4.2.1,
by the facts ||G¢l|s = 1 and Gy > 0, properties (i) and (iii) are obvious. For
any 1 > 0 we obtain

1 IZ)
Gxdx:—/ ex (— dx
/r>n +(=)l @7 Jiany O\ A

:71'7"/2/ e FFdz — 0 (t —0),
|z]>n/(2t1/2)

where we substituted z = z/(2t'/?). Hence property (ii) holds as well and
Theorem 4.2.1 is proved. O

Proof of Proposition 1.4.1. We shall apply Corollary 4.2.4. We may assume
m # 0. in fact, if m = 0, we pick h € Co(R™) such that o := [, h(z)dz #
0. By the result for m # 0 we have [,.(f 4+ h)x(z)(z)dz — ov(0),
Jgn Pi(x)p(x)de — o1p(0) (k — oo). Consequently [, fr(2)Y(x)dz — 0.
In the situation of Corollary 4.2.4 we set f = ¥, K; = fi/m, t = 1/k, and
& = 0. Suppose that ¢ € L>(R™) N C(R™). We have to prove that fi/m is
a summation kernel.' Since fx(z) = k" f(kx), f € Co(R™) (or more generally
f € LY(R")), and k > 1, we may calculate

f)fm o= [k skt { Klf@ﬁw}l—l,

RTL
" x)|dx = ! x)|dx
[ i@ymide = oo [l = oo [ i@l

Hence, we see that conditions (i) and (iii) of Theorem 4.2.3 are satisfied.
Furthermore, for 7 > 0 we have that

/Ir|>n | fr(x)/m|dx = |/>kn 2)|dz — 0 (1/k — 0),

which shows that also condition (ii) is fulfilled. Hence Proposition 1.4.1 follows
from Corollary 4.2.4. In analogy to the remark in §1.4.1 we note that for
I € Co(R™) it suffices to require ¢ € C'(R™) without assuming also the bound-
edness of 1), since 1 is bounded on the support of the fi (k > 1). |

LIf f € C§°(R™), f >0, and m > 0, fi/m is called a mollifier.
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Observe that G; and fj are obtained by a scaling transformation from the
functions G; and f, respectively. This shows that the results in §4.2.1 and
§1.4.1 can be proved by a dilation argument without using §4.2.3 and §4.2.4
(Exercise 4.4).

4.3 Inhomogeneous Heat Equations

We consider the initial value problem for the heat equation with a heat source
given by

Ou(x,t) — Au(z,t) = h(z,t), z€R™ t>0,
u(z,0) = f(z), xeR™

(4.3)

Here, f and h are known functions on R™ and R™ x (0,00), respectively.
If h # 0, the first equation of (4.3) is called inhomogeneous.

In the first step we construct a solution formula for this equation by a
formal discussion. We consider ¢ as a parameter, and for a function f write
the convolution Gy f of Gy and f in terms of the operator et?. More precisely,
we set

(e f)(x) = (Gy x f)(z), zeR™, t>0.

Since u = Gy * f is a solution of the heat equation d;u — Au = 0, we have
O (e!Af) = AetA .

(Recall that this formula is valid under suitable assumptions on f, as shown in
Proposition 4.1.6.) Observe the analogy to the classical exponential function
for a € R given by
O,et = qete.

This motivates the notation e??. However, a rigorous justification is required.
It is not obvious how to give a sense to e*? for an unbounded operator such
as A. For example, here the standard technique using the exponential series
fails. The abstract theory dealing with such objects is called semigroup theory.
A key generation theorem was established by K. Yosida and E. Hille around
1948. Since then, the theory has been applied to various fields. We refer to
[Yosida 1964], [Tanabe 1975], [Goldstein 1985], [Engel Nagel 2000] for a com-
prehensive approach. In this book we will not give an introduction to semi-
group theory. Here we just use the semigroup terminology. Our aim is to
derive a representation of the solution of (4.3) with heat source in terms of
the operator e*?. In fact, considering A as a number,

Ou—Au=nh (4.4)
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is a linear first-order ordinary differential equation. The solution is

¢
w :/ (=94 b(s)ds, (4.5)
0

by the variation of constants formula. In order to satisfy the initial condition
we add e'? f to (4.5). Since (4.3) is a linear equation,

t

= —|—/ e=9)A p(s)ds (4.6)
0

is the solution. In semigroup theory this formula is generalized from “numbers

A” to a wide class of unbounded operators as the Laplacian A. Here we use

(4.6) in order to show that the solution satisfies the initial condition (4.3)

under certain assumptions on f and h.

4.3.1 Representation of Solutions

Next, we try to find out under what circumstances w in (4.5), obtained by
the formal discussion above, is differentiable with respect to t. For simplicity
we assume that f = 0. Differentiating w formally, we obtain

dyw = VA1) / Aet=9)2n(s)ds

To ensure that the integral on the right-hand side is well defined, we have to
check whether the L*°-norm of its integrand is integrable with respect to s.
If we merely assume h to be bounded and continuous, then by the L>-L>°
estimate in §1.1.3 we have

A2 o < 7 loe(s).

Thus, the integrand is in general not integrable on the interval (0,¢) as a
function with respect to s.

This formal calculation shows that it seems to be difficult to prove the
differentiability of w with respect to ¢t by just assuming h to be bounded and
continuous with respect to (x,t). In fact, it is impossible. Additional assump-
tions are required such as Holder continuity of h with respect to (z,t) (see
[LadyZzenskaja Solonnikov Ural’ceva 1968]). We will not prove such a precise
result here. Instead we are content to give some sufficient conditions, which
are easier to derive and to apply.

In the following we write v(t) = v(-, ), t € (0,00), for a function v = v(x,t)
defined on R” x (0, 00). Moreover, e(*=5)44(s) denotes Gy_ * v(s). Note that
this notation is an abbreviation for e(t=5)4(y(s)). Analogously, Ae(t A (s)
and e*=%)4 Ay(s) are abbreviations for A(e*=5)2v(s)) and =92 ((Av)(s)),
respectively.
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4.3.2 Solutions of the Inhomogeneous Equation: Case of Zero
Initial Value

Proposition. Assume that h € C®°(R" x [0,00)) satisfies

sup (|05 0F hlso(t) < 00
0<t<T

for any T > 0, any multi-index o, and any k =0,1,2,.... Let G; denote the
Gauss kernel. We set

t
wat) = [ [ Gesla - phly. )y ds, 2B >0,
0 n

i.e.

t
w(t) = / e(tfs)Ah(s)ds on R™, t>0.
0

Then, w € C*°(R™ x [0,00)) and for any T > 0, any multi-index o, and any
k=0,1,2,...
sup |02 0F wl|oo(t) < 0.
0<t<T

Furthermore, w satisfies

Orw — Aw = h, zeR™ t>0,
w(z,0) =0, x € R,

and lim_o ||w||eo (t) = 0. This implies that the initial value is approached
uniformly in x € R™, which in particular yields the pointwise continuity of w

att =0 and w(z,0) =0 (x € R™).

Proof. First we cut off the singularity of the integrand. More precisely, we
consider

wp(t):/ pe(tfs)Ah(s)ds

0

for t > p > 0. Then, we may differentiate under the integral sign (§7.2.1),
which implies w? € C*°(R™ x (p,00)). Applying 9; to w” with respect to t,
we obtain!

t—p
DpwP (t) = eP2h(t — p) + / %e(t_smh(s)ds
0

t—p
= eP2h(t —p) + / Aet=D2n(s)ds (=: IV + IF).
0

! For formal reasons we write the partial differential as d/dt in the term in which
e!? appears.
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(Note that here we employed

d a(t)

@ ), F(t,s)ds = o' () F(t,a(t)) + / —(t, s)ds.

This formula is easily obtained from the fundamental theorem of calculus and
the chain rule under the assumption that F, 0F/0t, a, o' are continuous.) Our
intention is to show that for each ¢t € R™, I{ and I} converge uniformly to
Il = h(t) and

t
I, = / (=928 Ap(s)ds
0
as p — 0, respectively.

According to properties of the convolution (§4.1.6) we have Ae(t=%)4h =
e(=9)AAh (t > s), which implies

t
L—15 = / e(=9)4 Ap(s)ds.
t—p

By §1.1.2 we have the estimate ||e*=)2 Ah(s)||oo(t) < ||Ah|ls(s) (t > s).
Hence, we deduce

t

I - 1) < [

|AR]|c(s)ds < p sup [|Ahfloc(s), po <t <T,
t—p 0<s<T

for any p with 0 < p < pg and for fixed py. In order to get a similar estimate
for I — I we write
I? — 1) = e??h(t — p) — h(t)
= (" = Dh(t — p) + {(t — p) = h(t)}.

Here I denotes the identity operator. In view of Lemma 4.3.2, the first term
on the right-hand side can be estimated as

(eP? —I)h(t —p) = /OP dis e*Ah(t — p)ds

p p
= / Ae*2Ah(t — p)ds = / e*AAR(t — p)ds.
0 0

For 0 < p < pp <t <T we therefore obtain
P
H@M*DMFmeS/IMMFWkaéﬂﬁm\MH&@)
0 0<s<T

For the second term the integral form of the mean value theorem (§1.1.6)
yields
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[h(t = p) = h(t)loc < p sup [|O¢h][os(s).
0<s<T

Consequently,

|uf—huwu>Sp{ sup

0<s<T

|Mu@+wpmwwﬁ
0<s<T

for all 0 < p < ¢ < T. This implies that for p — 0 and for any py > 0, I + I§
converges uniformly to I; + I on R™ X [pg, T]. Thus, the limit function I + I
is continuous on this set. Since w” converges uniformly to w on R™ x [pg, T] as
well, the results in §4.1.5 imply that w is partially differentiable with respect
to t and Oyw is continuous on R™ X [pg, T']. Hence, Oyw = I + 13 on R™ X [pg, T.
Since po > 0 and T' > 0 have been arbitrary, this equality holds on R™ x (0, c0).
Very similar to the above argumentation for d,w, it can be proved that

P
our(z) =35 [ eI n(s)ds, ol <2
0

converges uniformly to
t
/ e=)29% N (s)ds
0

on R™ X [pg, T] as p — 0. A repeated application of Lemma 4.1.5 then implies
that w(x,t) is twice partially differentiable with respect to z, and all partial
derivatives (up to second order) are continuous on R™ x [pg, T]. Consequently,
w is C? on R™ x (0,00) with respect to z. In particular, we have Aw = Iy,
which implies

Ow=1 +Aw=h+ Aw, ze€R" t>0.

By virtue of the L>-L> estimate |e/? f||s < ||f||s derived in §1.1.2, we
obtain

t
leloo(t)é/ [Pllsc(s)ds <t sup |lhfloc(s) =0 (t —0).
0 0<s<T

Analogously, we may show that for any multi-index a and any nonnegative
integer k, 020Fw” converges uniformly to a continuous function on R™ x [pg, T'].
By §4.1.5 we therefore obtain that w € C*°(R"™ x (0, 00)). Accordingly, it can
also be shown that supy.,<p [|020Fw]|oo(t) < co. Thus, w is smooth at ¢ = 0,
ie, we C®(R" x [0,00)). This is the content of Exercise 4.5. ad

Lemma. Assume that f : R™ — R is bounded and uniformly continuous. For
0<n <t we set

t
d

F, :/ —e™Af dr on R™.
" dr
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Then, F;, converges uniformly to etAf — f onR™ asn — 0, i.e.,
lim |, — (45 = )0 =0.

If f is additionally bounded and C* on R™ and ||0y, fl|o is finite for each
1 < j < n, then the integrand (%GTA.]C)(.I) is integrable on (0,t) for each x as
a function in 7. (Note that the boundedness of the derivatives of f implies the
uniform continuity of f on R™.) This integrability and the above convergence
then yield

t d t
etAfff:/ _@TAde:/ Ae™A fdr, t>0,
o dr 0
regarded as a function on R™.

Proof. Since Gy is smooth for ¢ > 0 and since f € L>(R"), e'2 f is smooth
on R™ x (0,00) (see Exercise 7.2). The fundamental theorem of calculus then
implies e!Af — e f = F,, 0 < n < t, on R". For bounded and uniformly
continuous f, Theorem 4.2.1 gives us lim, o [[e"f — f|lc = 0. Hence the
first part follows.

Now assume that f € C'(R") and that || f||o and [|0s, f||o are finite for
1 < 5 < n. Proposition 4.1.6 yields

d TA p TA ¢ . TA
e = Ae f= 0u,e0:,f.

Jj=1

The L*°-L*° estimate for first-order derivatives obtained in §1.1.3 results in

- C

10, Aaarijoo < 172 102, fllocs 7 >0.
T

(Here C' is a constant that is independent of 7 and f.) Hence for each z,

(Lem2 f)(x) is integrable on the interval (0,t) as a function in 7. ad

The just proved lemma motivates the conjecture
A "d, A
t T
—f= — dr.
¢af—f= [ e

However, without any additional smoothness of f, by the singularity of 9;G;
at t = 0, the integrand might not be integrable in general. Consequently, we
considered the integral as the limit of F;, as n — 0.

Since the heat equation is linear, the so-called principle of superposition
applies. More precisely, this means that if w satisfies dyw — Aw = h and
v satisfies d;v — Av = 0, then w + v satisfies d¢(w + v) — A(w + v) = h.
By Proposition 4.3.2 and the fact that e*2 f is the solution of the heat equation
with initial value f, the principle of superposition implies the following result.
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4.3.3 Solutions of Inhomogeneous Equations: General Case

Corollary. Assume the same hypotheses of Proposition 4.3.2. If f € Co(R™),
then w given by (4.6) is the solution of the initial value problem (4.3), which
satisfies u € C°(R™ x (0,00)) N C(R™ x [0, 00)).

In §2.4.2, which differs from §4.3.2 and §4.3.3, we consider the case that
the inhomogeneous term of (4.4) is not necessarily bounded near ¢ = 0. Also
in this case the above formula for the solution, in the form as it is used in
§2.4.2, is still valid in many cases. Next we derive some results for the formula
in this form of inhomogeneous term given in §2.4.2 with zero initial value.

4.3.4 Singular Inhomogeneous Term at t = 0
Theorem. Assume that the function h* € C*(R™ x (0,00)) satisfies

sup [|050F b0 (t) < o0
§<t<T

for any T > 0, any 6 > 0, any multi-index o, and for any nonnegative integer
k. (We emphasize that we do not assume the existence of a uniform bound in
all these parameters, but merely the existence of some bound, which can depend
on the parameters. So, for instance, sups, 7 ||020Fhi||oo(t)) might grow as

§ — 0.) Moreover, we assume that sup,ot/?||h||1(t) < oo, i = 1,2,...,n.
For h=(h',...,h") and t > 0 we set

t
w(t):/ div (e®=94n(s))ds in R".
0

Then w € C**(R™ x (0,00)),

sup |05 0fwl|oo (t) < o0,
5<t<T

and w is a weak solution of
Ow—Aw=div b in R" x (0,00)
with zero initial value. Furthermore, we have supgy, ||w||1(t) < oco.

For a vector-valued function h the expression e*? is to be understood as

the matrix ' with I € R™*" the identity matrix, i.e., we have
e!Ah = (e!?ht, ..., e2hn).

In the above theorem w satisfies the differential equation in the usual
sense. However, w is eventually not continuous at ¢ = 0. Hence, we need
to explain in which sense w satisfies the initial condition. Weak solutions
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for the inhomogeneous equation can be defined similarly to (1.17). A locally
integrable function u on R™ x [0, 00) is called a weak solution of

Opu — Au=div ha + h; in R™ x (0, 00)

with initial value f if for any ¢ € C§°(R™ x [0, 00)), u satisfies

0—/ o(x,0)f(x d:c—i—/ /n (O + Ap)u dz dt

/ / (ph1 — (V i, he ))dz dt.

(The weak solution with initial value mé for m € R and § the Dirac
distribution is defined by replacing the first integral of the right-hand side
by m(0,0).) Here, hy is an R™-valued function and hy and hy are locally
integrable on R™ x [0, 00), whereas f is locally integrable on R™.!

Proof. For o € (0,1) we define

¢
we (t) = / et=)A((div h)(s))ds, t> 0.
Then by Proposition 4.3.2 we have w, € C*°(R" X [g, 00)) and that w, satisfies

Ou— Au =divh in R™ x (0,00),
u(z,0) =0, z € R™.

Multiplying the first equation by ¢ € C§°(R™ x [0, 00)) integrating over R™ x
(0,00), and applying integration by parts, we obtain the weak form

By the properties for convolution derived in §4.1.4 and §4.1.6 we also have
t
e (t) = / div (e*=*)2h(s))ds, t > o.

Note that by assumption, h¢(t) € L'(R") for all i = 1,2,...,n and t > 0. But
then the L'-L! estimate for 9,,e*? (§1.1.3) implies

t
C
b < [ o=alilhds, ¢

! For T > 0 and a locally integrable function u on R"™ x [0,T) we may define the
weak solution by replacing the time interval (0, co) by (0,7") and [0, co) by [0, 7).
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with a constant C' depending only on the dimension. (Note that ||h||; for a
vector-valued function h is defined by || |h][]1.) In view of H := sup,. t'/?
[Ih]l1(t) < oo, we can continue this estimate by

¢ CH
Honl(t)S/O (t_S)—l/Qsl/st

1
1
=ci | Gt = Ol >

The right-hand side is a constant that depends on the dimension n and H but
is independent of ¢ and o.

Now suppose that w, converges uniformly to w as ¢ — 0 on any compact
subset of R™ x (0,00). Then we define for ¢t > 0 the function F, by

Fo(t) = Jon Oep(,1) + Ap(z, 1)) wo (2, t)dz, t > o,
o, o<t<o.

Similarly to the proof of Theorem 1.4.4 it can be shown that F, converges
pointwise to

F(t) = / (Orp + Ap)w dx.
Observe that the uniform boundedness of sup,., ||we|[1(¢) for 0 < o < 1

implies that also F,(t) is uniformly bounded for 0 < ¢ < 1 on each interval
[0,T]. The dominated convergence theorem (§7.1.1) therefore yields

/ F,(t)dt = / / (Orp + Ap)w, dx dt
0 o n

H/ F(t)dt:/ / (v + Ap)w da dt
0 0 n

as 0 — 0. Since for ¢t > 0,

CW = sup ‘v@‘7
R” % [0,00)

/n<ch(x,t), h(z,t)) dx

again dominated convergence implies

/:o/nW@,h) dx dtﬂ/ooo/n<V<p,h> dz dt

as 0 — 0. Consequently, w is a weak solution of
Ow — Aw = div h in R™ x (0, 00)

with zero initial value. Moreover, Fatou’s lemma (§7.1.2) implies that
lwll1(t) < lim, o ||we|l1(t). Thus, we have ||w||1(t) < C'H, ¢ > 0.
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To complete the proof it remains to show that w, converges uniformly to
w on any compact subset of R™ x (0,00) and to prove the claimed estimate
for higher derivatives d%9Fw. To this end, we prove for

w(t) — we(t) = /00' div (e=92n(s))ds, t > o,

that
lim sup ||0%0F(w — wy)||eo(t) =0
0—=05<¢<T
for each 6 € (0, 7). First observe that by applying Proposition 4.3.2 to w, we
obtain
sup [|020Fw, || (t) < oc0.
o<t<T

Next we employ the L>°-L! estimate for O, e (§1.1.3). Differentiating under
the integral sign (§7.2.1) gives us

1020F (w — we) |0 (1) S/ oz oy div (e“"*2h(s))lloods
0

7 Ca,k
= /o (t — s)k+(jal+1+n)/2 |h]l1(s)ds

v 1
< Ca,kH/O (t — s)k+(lal+1+n)/241/2 ds.

Here Cy, 1 is a constant depending only on the dimension n (and on a, k, of
course). If t > § > 20, we have 6 — o > §/2. Thus, we obtain

i 2 k+(lal+1+n)/2 o 1
10207 (w — we)||loo(t) < CorH <S> /0 mds.

Since the right-hand side is independent of ¢,

sup [|050f (w — wg)||eo(t) = 0 (o —0)
5<t<T

follows. Consequently, sups<,<p [|030fw||oo(t) < oo. (The fact that w €
C*°(R™ x (0, 00)) obviously follows from w, € C*°(R" x [0,00)) and w —w, €
C>*(R™ x [d,00)) by differentiating under the integral sign.) O

Remark. If ||h|1(t) is replaced by supg,o,, t'/2||h]1(t) = Hy < oo in the
assumption for some 0 < tg < 0o, the estimate for w in the assertion changes
to supg sy, [lw||1(t) < C"Hp. Here C' is again a constant depending only on
the dimension n. Thus, we do not get just the boundedness of ||w||1(¢) on
(0,10), but also information on the specific form of the bound.
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4.4 Uniqueness of Solutions of the Heat Equation

Concerning the initial value problem for the heat equation
ou—Au=0,t>0,2zeR"; wu(x0)=f(z), v €R",

u = Gy x f is a solution if, e.g., f € Co(R™). In fact, in §4.2.1 and §4.2.5
we proved that u approaches the initial value f as ¢ — 0. Furthermore, as a
direct consequence of differentiation under the integral sign, it can be proved
that u satisfies the equation for ¢ > 0 (Exercise 7.2). It remains to show that
there are no other solutions. It is well known that uniqueness for the above
problem might fail if u is rapidly growing at space infinity. The problem of
showing that there is just one solution is called the uniqueness problem.
For continuous initial values, for example, the following growth condition is
sufficient to guarantee uniqueness: For any T > 0,

sup{w;xeR", O§t<T} < 00
|22 + 1

(see [Widder 1975]). From this condition we immediately see that uniqueness
holds if u is bounded on R™ x [0,7T). The purpose of this section is to give a
proof of a uniqueness theorem for weak solutions that covers also a class of
discontinuous initial data (as in §1.4.6), such as for example md. Recall that
in §1.4.6 we assume that v satisfies the growth condition sup, ||v||1(t) < oco.
However, observe that this condition requires a sort of decay at space infinity.

4.4.1 Proof of the Uniqueness Theorem 1.4.6

We consider two weak solutions v; and vy and will show that v; = vg. First
note that by the principle of superposition and the definition of weak solutions,
w = v; — v is a weak solution of the heat equation with zero initial value.
Hence, it suffices to prove the following uniqueness theorem.

4.4.2 Fundamental Uniqueness Theorem

Theorem. If a function w € C(R™ x (0,00)) satisfies (1) sup;sgllwl1(t) <oo
and (i) for any ¢ € C§°(R™ x [0,00)), [;° [an (O + Ap)w dx dt = 0, then
w=0.

Remark. If oo is replaced by a finite 7' > 0 in each appearing time interval and
condition (i) by supg.;p ||w||1(t) < oo, we have that w = 0 on R™ x (0,7).

Proof. For functions hy and hsy defined on R™ x (0, 00), we define the L2-inner
product by (h1,ha)2 = [ Janhi(z, t)ha(z,t)da dt, and write (i) as

<A(p, w>2 = Oa
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with A = 9y + A. We will show that w = 0 if this equality is satisfied for any
v € C§°(R™ x [0,00)). This will follow if we can prove that the image of the
operator A applied to C§°(R™ x [0,00)) is a dense subset of L?(R™ x [0, 00)).
Then w is orthogonal to any function in L?(R" x [0, 00)), which implies that
w = 0. In other words, this means we need to show that for any ? in an
appropriate dense subset, the equation Ay = 1 is solvable. For this, we will
use the existence theorem for the inhomogeneous equation proved in §4.3.2.
For a rigorous proof, however, we first have to introduce suitable classes for

1 and .

The First Step

First we prove that the equality (ii) still holds for ¢ € C*®(R™ x [0,00))
satisfying

sup; s (|01l (1) < 00, supysq |00l (t) <00 (la] <2)  and
there exists 77 > 0 such that supp ¢ C R™ x [0,T").

Note that for this purpose we will need condition (i).
Let us show that ¢ can be approximated by C°°-functions with compact
support in R™ x [0, 00). Pick a function § € C*°(R) such that 0 <6 <1 and

0, 7>2,
o0(r) =
1, <1

(For example,

e_l/s, s> 0,
q(s) =

0, s < 0.

Then g € C*°(R), and we may set 0(7) = q¢(2 —7)/{q(2 —7) + q( — 1)})
Next, for j =1,2,... we set

0j(x) = 0(lz/5), =eR"

This implies 6; € C§°(R™) and 6;(z) = 1 for |z| < j. For j — oo, 0;(x)
converges to 1 pointwise for any € R". Now we define ¢; as

p;(x,t) =0;(x)p(x,t), (z,t) €R"x][0,00).

Then ¢; € C§°(R™ x [0,00)), and we have

/ / (Orpj + Apj)w dz dt = 0.
0 n
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Thus, to prove (ii) for ¢ it remains to show that

/Ooo /n(ﬁtcpj)w d dt — /OOO /n(ﬁ‘tgo)w dz dt, (4.7)

/OOC /n(Aw)w dx dt — /Ooo /n(Acp)w da dt (4.8)

as j — 0o. By the definition of ¢;, obviously (0:p;)w — (0:p)w pointwise on
R™ x (0,00) and we have

|(Brp )wl(z, t) < |wl(t, z) sup 10cplloc(t)  (x,1) € R™ x (0, 00).
Therefore, the assumptions on ¢ and w and the dominated convergence

theorem (§7.1.1) imply (4.7). In order to see (4.8), we divide the integral
into the three parts I, IT and IIT according to

/ / (Apj)w dz dt
0 n
_ / ((AQ)0,w + 2(V8;, Vihw + (A8, ywhdar dt.
0 R™

Using (i) and sup,q [|02¢||(t) < oo (la| < 2), analogously to the proof of
(4.7) it follows that I converges to

[ [ o ira

as j — oo. For the convergence of II, observe that

1
00,0 = =0 [ ze o cre, 1-19. .n
i \Ji/ |zl

This yields that ||020; || < C/j (|3 = 1) with C independent of j. By (i) and
the assumptions on ¢ in the first step we obtain

o0 2 C Tl
< [T [ 240 196l lwldr e < 22E [ [ (9l wlde
0 R™ J 0 R™

2./nC

< ———C'T’sup [w[l1(s) = 0 (j — o).
J s>0

Here C' satisfies sup,~ [|05¢]|c(t) < C' for all a with |af = 1. In a very
similar way it can be shown that III — 0 as j — co. Hence (4.8) follows.
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The Second Step

For T > 0 and for ¢ € C§°(R™ x R) with suppt C R"™ x (0,7'), we denote by
© the solution of

O+ Ap =1, t<T, zeR"

oz, T)=0 x € R™

By the substitution 7 = T — ¢ the above problem transforms to a standard
inhomogeneous heat equation for the variables (z, 7) as treated in §4.3.2. Thus,
by Proposition 4.3.2 there exists a solution ¢ € C*°(R™ x [0,T]) to the above
problem satisfying

sup_[|020F lloc(t) < o0

<t<T

for any multi-index « and for any nonnegative integer k. Moreover, representa-
tion (4.5) shows that there exists an e > 0 such that ¢ is zero on R" x [T'—¢, T7].
We extend ¢ as ¢(x,t) = 0 for ¢ > T. Then this extended ¢ satisfies all
conditions in the first step. Therefore, we may substitute ¢ into (ii) to obtain

&S] T
0= / / (Orp + Ap)w dx dt = / / Yw dz dt.
0 n 0 n

Since this holds for all ¢ € C§°(R™ x (0,T)), the remark in Exercise 1.8
implies that w is identically zero on R™ x (0,7). By the fact that T"> 0 is
arbitrary, w is identically zero on R™ x (0, 00). The proof is now complete.

O

4.4.3 Inhomogeneous Equation

Using the fundamental uniqueness theorem, we may prove that the solution
of the inhomogeneous equation (4.3) is given by formula (4.6) under suitable
assumptions on h and f. For example, it is easy to show that the solution
w constructed in Proposition 4.3.2 and Theorem 4.3.4 is unique, provided
Sup;~g |lw||1(t) < co. However, here we just give a weaker version of these
results as it is applied in §2.4.2 and §2.5.3.

Theorem. Assume that the vector-valued function h = (h',... h™) satisfies
the assumptions of Theorem 4.3.4. Then there exists a unique weak solution

u of
Oy — Au = div h in R™ x (0, 00)

with initial value f € Co(R™) satisfying sup,sq ||ull1(t) < co. Furthermore, u
is given by
t
u(t) = e f +/ div ()2 h(s))ds, t> 0.
0

If the initial value is f = mé for m € R, there exists a unique weak solution
u of the above inhomogeneous equation satisfying sup, ||ul/1(t) < oo and
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t
u(t) = mGy + / div (e*=92h(s))ds, t> 0.
0

The solution u given by the above formula is exactly the weak solution
considered in the theorem. This is a consequence of the principle of superpo-
sition of weak solutions (§4.3.4)." The uniqueness of weak solutions follows by
the fundamental uniqueness theorem (§4.4.2).

If we assume the weaker condition supy.,, |[u|1(t) < oo for some tg > 0
instead of sup,. g ||ull1(t) < oo, the remark after the fundamental uniqueness
theorem implies that the result remains valid if R™ x (0,00) is replaced by
R™ x (0,t0), t >0by 0 <t <tp,and T >0by 0<T < tg.

Next we consider existence and uniqueness for the initial value problem
(H,), which is studied in §2.4.3. Note that for v = 0 the next theorem turns
to a result for the standard heat equation.

4.4.4 Unique Solvability for Heat Equations with Transport Term

Theorem. Assume that for given T > s, v\ € C®(R" x [s,T)), i =
1,2,...,n, and that for any multi-index o and £ =0,1,2,...,

sup [|020% | oo(t) <00 (i=1,2,...,n).
s<t<T
Furthermore, we set v = (v!,...,v") and assume that f € C(R™) is bounded

and integrable (i.c., || f|loco < 00 and || f|1 < 00).

I. Homogeneous equation. There exists a unique solution w €
CR"™ x [5,T))NC>®R" x (s,T)) satisfying the initial value problem

{&gw—Aw—i—(v,V)w:O, xeR™ te(sT),

w(z,s) = f(x), r e R".
Furthermore, for any multi-index « and ¢ = 0,1,2,... there exists a
constant C' depending on v, £, a, n, and T — s such that
C

105 0wl (t) <

” )5+I<;7\+%(;,;)||f||q’s<t<T’ 1<qg<p<oo.
— S a p

Concerning convergence to the initial value we have ||w(t) — f|l, — 0
(t —s) for each 1 <r < 0.

By the existence and uniqueness the solution operator U (t, s) that maps f
to w(-,t) is well defined. The family (U(t, s))o<s<t<T Of linear operators
U(t,s) is called a propagator or an evolution system.

! Note that e f is a classical solution of the heat equation with initial value f
(Exercise 7.2 and §4.2.1). Hence it is also a weak solution (§1.4.2 and §1.4.3).
By Exercise 1.9, mG, is the weak solution to the initial value md.
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II. Inhomogeneous equation. Assume that h and v' are given as above
and set

w(t) = /t U(t,7)h(r)dr, s<t<T.

Then w € C*(R"x [s,T)), and for any multi-index « and k =0,1,2, ...,
w satisfies
sup |05 9wl () < o0
s<t<T

and

ow — Aw + (v, V)w = h, zeR" te(sT),
w(z,s) =0, x € R™.

Moreover, we have lim;_, ||w]|(t) = 0.

Observe that in the case v = 0 the evolution system is given by U (¢, s) =
e(t=2)4 Also note that the estimate for the derivatives of w is weaker than the
LP- L9 estimate for the derivatives of the solution of the heat equation (§1.1.3).
This is because here the constant C depends on T'— s and since the estimate
above does not directly imply the decay of solutions in time. Moreover, the
constant C' depends on v. Thus, the estimate is also weaker than the one in
Theorem 2.3.1, even if we assume divv = 0.

Proof.

(I) Existence. The proof is based on the method of successive approxi-
mation. This procedure is often used for existence proofs of local solu-
tions for ordinary differential equations. In the proof we will be brief
in details. Without loss of generality, we may set s = 0. We define w;
inductively by

wit1(t) = wo(t) — f(f =74 ((v, Vw;)(T)dr, j=0,1,2,...,
wo(t) = etAf.
For 0 <T' < Tlet X = C([0,T"]; L*(R™)), i.e., X is the space of all con-
tinuous functions defined on [0,7”] with values in L!(R™). By the com-
pleteness of L*(R™) it can be shown by similar arguments as in the proof
of the completeness of C[0, 7] (Exercise 1.6) that with supg<, < ||-[/1(t)
as a norm, X is complete as well. Now, Exercise 7.3 implies ! f € X.

Furthermore, it can be shown that w; is smooth on R™ x (0,T'). Setting
(v, V)w; = div (vw;) — w;div v, we obtain the representation

/ DA (v, V)wj) (r)dr = / div (=% (vw; ) (7)) dr
0 0

t
— / A (w;div ) (1)dr.
0
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If w; € X, it is not difficult to show that w; 1 € X as well using (*) in
Exercise 7.3 and the L1-L! estimate for the derivatives of the solution of
the heat equation (§1.1.3). (Here we omit the details.) Let us show that
{w,} is a Cauchy sequence in X. Set U;y1 = wjt1 — w;Uj41. Then, we
have

Ui () = — /0 div (=AU, (7)) dr

t
+/ TIAUdive)(r)dr,  j=1,2,....
0

To show that {w;} is a Cauchy sequence in X, it is sufficient to show
that -7 supg<,<7 [|Ujl[1(t) converges to zero. Applying the L'-L*
estimate for derivatives (§1.1.3) and the L'-L' estimate (§1.1.2) to the
above representation, we obtain

t 1 t
[Uj+1ll1() < Cl/ —12||Uj\|1(T)dT+Cz/ 1Ujl1(7)dr
o (t—1)1/ 0

Here the constants Cy, Cy depend only on n, supg ;.7 ||v]|sc(t), and
SUPg<i<7 || V0|0 (t). Moreover, for 0 < 7 < t < T we have 1 < T1/2
(t — 7)~1/2. This yields

10yl (¢ <K/ TVl (e

for 0 <t < T with K := C} 4+ CoT"/2. So, successively we obtain
[Uj+all1(2)

¢ t1 dt dt
< K2 Ui 1|l (t 2 !
<k {A ”th(ﬁulmwﬂ}<tnﬂﬂ

< [{ [ 0t e

. dh
(t—t1)1/2

, P ¢ gt
SK]'H/ {/ {/ w t: B S }
o o 0 | OHI(JH)(tj —tj+1)!/?

dts dt
(t1 — )12 f (t —t1)1/2"

Once again the L!-L! estimate (§1.1.2) implies ||wol[1(¢) < ||f]l1 (¢ > 0),
which gives us

1U;111(t) < K| 11 (),
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where
o[ e} 2
e W o (tj—1 —t;)1/? (t1 — t2)1/2
dt1
M g<i<T
X(t7t1)1/2 -

Calculating I;(t) we deduce that
I;(t) =t/?B(1/2,1)B(1/2,3/2) ... B(1/2,7/2 + 1/2),

where B(p,q) = fol(l — 7)P~17971dt is the beta function and where we
used the relation fg Tt — 7)"V2%dr = t*T12B(1/2,a + 1) (a > —1).
Employing relation B(p,q) = I'(p)I'(¢)/I'(p + q) between the beta and
gamma functions (§6.2.5), this can be expressed as

Li(t) = ¢2(I(1/2)Y T(1)/I(( +2)/2).
By the fact that I'(1) = 1, I'(1/2) = /7 we arrive at
1U511.(t) < IF11A7 /(G +2)/2),
with A := K\aTY? for 0 <t < T and j = 1,2,3,.... Finally,
taking advantage of the relation I'(p + 1) = pI'(p), we see that Z;’;l
AT /I((j 4 2)/2) converges for any fixed A. Thus, {w;}52, is a Cauchy
sequence in X . Since X is complete, there is a unique limit in X, which

we denote by w. Since T’ was arbitrary, w is defined on [0,7T), and
satisfies the integral equation

w(t) =2 f — /Ot div (6(t77)A(vw)(T)) dr

t
+/ eI (wdiv v)(r)dr, 0<t<T. (4.9)
0

(Here we skip the details on the interchangeability of integrals and limits,
which is valid in this situation.) We just outline the remaining steps.

a) Successively for w; it can be shown that

lel ym(1_1
sup [|0200w; ()T TEGT) < Gy £l
o<t<T

£=0,1,2,..., 1<g<p<o0, j=0,1,2,...,

where « is a multi-index; its totality is written by
n

0 =Ngx---xNg, Ngo = {0,1,2,...}. Here C5 is independent of
i, f, q, and p. Analogously to the proof in §2.4.2 this estimate can
be easily derived by dividing the interval of integration (0,t) into
(0,t/2) and (t/2,t).
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b) The estimate in (a) and Theorem 5.2.5 then imply that w €
C*(R™ x (0,T)) and that w; and its derivatives converge uniformly
to w on any compact subset in R™ x (0, 7).

¢) By Fatou’s lemma (§7.1.2), the estimate in (a) is also valid for w in
the case that p < oo. (The case p = oo is obvious.)

d) Since w satisfies the integral equation (4.9), similarly to Proposi-
tion 4.3.2 we may show that w satisfies dyw — Aw + (v, V)w = 0 in
R™ x (0,T).

e) The continuity of w at ¢ = 0 is a consequence of representation (4.9)
and §4.2.4. The LP-continuity follows from the fact that w € X is
the limit of the approximating sequence {w;} in C([0,T"]; LP(R™)).
(w; € C([0,T]; LP(R™)) follows from (*) of Exercise 7.3.)

Uniqueness. Also here we may assume s = 0 without loss of gene-

rality. Let w; and ws be two solutions satisfying the assumptions in

I and whose initial values are f. Since the equation is linear, we may

assume f = 0 considering w = w; — ws. Applying the nonnegativity-

preserving principle (§2.3.8) to w and —w, it is obvious that w = 0.

However, here we give a uniqueness proof based on the integral rep-

resentation (4.9).! By the properties of w; and ws, for each n > 0

we have sup, ;7 [|090fwl|oo (t) < 00 and supg.;o7 w1 (t) < oo for

each o € Njj and ¢ = 0,1,2,.... Hence, by a similar argument as in

Theorem 4.3.4,

w(t) = — /Ot A (v, VYw)(r)dr, 0<t<T,

is a weak solution of dw — Aw = h,h = —(v, V)w with zero initial
value. (Here the key is to consider h as a known function.) It is easy to
show that supy;«r ||]|1(£) < co. The fundamental uniqueness theorem
(§4.4.2) and the remark thereafter then imply that w = @. Consequently,
we have

w(t) = — /0 A (v, VIw)(7) dr

t t
= 7/ div (e(t*T)A(vw)(T))dTJr/ e(th)A(w div v)(7)dr
0 0
on R™ for 0 < t < T. Applying the L-L! estimates from §1.1.2 and

§1.1.3, we may estimate the L'-norm of w as

Juwlh(®) < s [ mslula(rydr +C [ (r)ar

! The advantage of using the integral representation lies in the fact that we can
obtain uniqueness also for v that are unbounded near initial time as given in the
lemma at the end of this section.
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for 0 <t < T. Here Cj, j = 1,2, depends only on supy_,.r ||v|/co(t)
and supg.,o7 ||V|loo(t). Setting ¢ = s and taking the supremum over
s € (0,t) we obtain

J(t) < J#)(2C "2 + Cot), J(t) := sup |Jwl1(s).

0<s<t

Choosing ¢ > 0 such that 2Cye'/? 4+ Cye < 1, we see that J(t) = 0
on t < e. Thus, w(t) = 0 follows on this interval. Next, consider ¢ = ¢
as initial time. By the same method we may show that w(t) = 0 on
e <t < 2¢. Repeating this argument yields w(t) = 0 on 0 < t < T
Hence, uniqueness is proved.

(IT) is proved analogously by replacing elt=5)4 by U(t,s) in Propo-
sition 4.3.2. O

Remark.

(i) Note that we proved the uniqueness of solutions of the integral equation
(4.9). By similar arguments, we may prove the uniqueness of the following
integral equation in the case of divev = 0.

Lemma. Let v* € CYR™ x (0,7)), i = 1,2,...,n, and set v =
(vt ..., 0"). We assume divo =0 on R™ x (0,T) and that there exists a
B € [0,1/2) such that supy.,p t°||v]|oo(t) < 00. For the initial value we
suppose that f € LY(R™). Then we have w € C(R™ x (0,T)) satisfying
supg ;<7 [lwl[1(t) < oo and

w(t) = efAf— /75 div (e(t_T)A(vw)(T))dT7 0<t<T. (4.10)
0

Furthermore, w is unique (if it exists).

It is an open problem whether w is unique in the lemma, under the
assumption supy,<p t'/2||v]|oe(t) < 0o, which is the version of 3 = 1/2
in the lemma. In this case, we cannot consider that “the term vw is small
compared with e?? f7.

In the proof of (I) of the theorem, we need estimates of higher derivatives
of v and w to show that the solution w satisfies the integral equation (4.9),
since we use the integral expression of solutions with known transport
terms similarly to §4.3.4. But in fact, we do not need such an estimate if
we use the theory of evolution equations [Tanabe 1975].

! Similarly as in the proof of existence, it can be shown that ||w|:i(t) <
Kfot (t — 7)Y w|i(r)dr, K = Ci + CoTY?, 0 < t < T. Tterating implies
w1 (t) < AT (supge,er 0|1 (7)) /T ((5+2)/2),  =1,2,3,...,0 < t < T, where
A= K\/mT"?. Letting j — oo yields w = 0 on R" x (0,T).
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(ii) Observe that in the proof of uniqueness for the integral representation of
solutions with inhomogeneous terms we use only

sup H@g@waoo(t) < 00.
n<t<T

Here « is a multi-index, £ =0,1,2,...,s <n <T,w e CR™ x [s,T)) N
C>®(R™ x (5,T)), and sup, ;7 ||w||1(t) < co. Then for

t
W= / U(t,7)h(r)dr onR", s<t<T,

satisfying sup, ;.7 ||@0|[1(t) < oo, we obtain @ = w if w satisfies

ow — Aw + (v, V)w = h, xeR™ te(sT),
{w(x,s) =0, r € R".
Furthermore, for an initial value f € C(R™) with || f]j1 < 00, ]| f]lec < 00,
the function w, satisfying the conditions above and
ow — Aw + (v, V)w = h, zeR" te(sT),
{w(az,s) = f(z), r € R,

is uniquely represented as
t
w(t) =U(t,s)f +/ U(t,7)h(r)dr, =z e€R™ te (s,T),
by the principle of superposition. This fact is used in the proof of §2.4.3.

4.4.5 Fundamental Solutions and Their Properties

Here we give the definition of the fundamental solution of (H,) that appears
in §2.5.2 and discuss some of its properties. For a more detailed approach
we refer to [Ladyzenskaja Solonnikov Ural’ceva 1968], [Ito 1979], [John 1991],
[Friedman 2005]. Assume that T and s are given real numbers such that
T > sop >0, and let v = (v},...,v") be an R™-valued function defined on
R™ x (S(),T).

Definition (Fundamental solution). Assume that I',(x,t,y,T) is continu-
ous on {(z,t,y,7); x,y € R T >t > 7 > 50}, integrable on R™ as a
Junction of y, and that sup,, o, <7 [gn [To(x,t,y,7)|dx < co. The function

I, is called a fundamental solution of the operator 0y — A + (v, V) if for any
bounded continuous function f on R",

w(ot) = [ Loty i@y (111)

satisfies
ow—Aw+ (v, V)w=0 inR"x(1,T)
in the weak sense, w € C(R™ x [1,T)), and w|i=- = f (on R™).
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In the case that v is identically zero we set I'v(x,t,y,7) = Gi—r(z — y),
which is then the fundamental solution of 9; — A. (See §4.1.6, §4.2.4, and
Exercise 7.2.)

We give a sufficient condition for the existence of such a fundamental
solution.

Theorem (Unique existence theorem 1). Let so > 0, v* € C*R"™ x
0,7),i=1,2,...,n, and v = (v},...,v"). For each T' € (0,T) assume
that supgci<7 ||]|oo(t) < 00, SUpgei<yr [|VV]|oo(t) < 0o. Then there exists a
unique fundamental solution I,. (Here T = oo is permitted.)

In case of s¢9 > 0 this theorem is a special version of [Ito 1979, Chapters 1,
2] (see §2.3.8). In case of sg = 0, v(z,t) is not always C! at t = so. However,
T, is continuous at 7 = 0; hence w given by (4.11) is also continuous at 7 = 0.
(This property is not used in this monograph. However, it can be easily verified
by integral equation (4.12) given below, for example.) The following theorem
is used in Lemma 2.5.2.

Theorem (Unique existence theorem 2). Let so > 0, v € C*R" x
0,7)),i=1,2,...,n, and v = (v',...,v"). For each T' € (0,T) assume that
SUPg<y< ||V|loo(t) < 00, dive =0 in R™ x (0,T). Then, there exists a unique
fundamental solution I,. (Here T = co is permitted.)

We sketch the proofs of these theorems. Similarly as in the case of the
Gauss kernel, this fundamental solution I, (z,t,y,s) gives rise to a weak
solution of the equation 0;z — Az + (v, V)z = 0 in R™ x (s,T) with initial
value §(- — y) at time t = s (see Exercise 1.9). Indeed, fixing y and s and
setting z(z,t) = Iy(x,t,y, s), for any ¢ € C(R™ x [s,T)), = satisfies

T
0=¢(y,s) + / /n 2{(0rp + Ap) + div (vy) }dz dt.

Supposing that v and z are sufficiently smooth for ¢ > s so that we may apply
the representation formula in §4.4.3, we observe that z satisfies

z2(x,t) = Gi—s(x — y) f/ /n Gi—r(x — Q) (v(¢,7),V)2(¢,7)d¢ dr  (4.12)

for x € R and T > t > s. The fundamental solution z is obtained by solving
the integral equation (4.12) through successive approximation. The standard
way is to set u(z,t) = z(z,t) — Gi—s(x — y) and rewrite (4.12) as'

u@t) == [ [ Gurle = OW(C.). Vo) (€. 7) + Gros(C = ) dr

! V¢ and V. denote gradients with respect to ¢ and =, respectively.
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and then determine u successively. This yields a solution u by

t
u(z,t) :/ /n Gi—r(x — OK(¢, T,y,8)dC dr,
Ca Y,s ZJE Ca 7Y,Ss

where

JO(l”yt’va) = 7(U(xat)7vm)ths(l' - y),
t
J((.’L‘,t,y,s) = / (/ J0($7t7C?T)Jf—1(<777y>s)d<) dT7 = 1727 LR

We have thus solved the integral equation (4.12). We also remark that assump-
tions supg ;< ||V oo(t) < 00 and dive = 0 [Ito 1979] are not required for
the existence, but for the uniqueness of the solution of the integral equation
(4.12). (See the proof of uniqueness in §4.4.4 (I).)

Multiplying both sides of (4.12) by a bounded continuous integrable func-
tion f = f(y) on R™ and then integrating with respect to y, we obtain in view
of (4.11) that

t
w(t) = =947 _ / (DA (0, VIw(r))dr mR", T>t> s,

By the assumptions on v in the unique existence theorem 2, we have supg ;.7
lwl]]1(t) < oo (this follows by properties 1° and 3° below). Hence, if dive = 0
and if w € C(R™ x (0,7)) with supg,7 ||@0]1(t) < oo satisfies the integral
equation

t
w(t) = e3)Af — / div(e"2(v)(1))dr, T >t > s,

then by (v, V)w = div (vw) the uniqueness of solutions of integral equation
(4.10) (Lemma 4.4.4) implies w = w. In other words,

w(z,t) :/ Ly(z,t,y,8)f(y)dy, 0< s <t <T, z€R"

If v satisfies the assumptions of Theorem 4.4.4 for each s € (0,7), the fun-
damental solution exists for so > 0. On the other hand, U(¢, s)f satisfies the
integral equation (4.9), and its solution is unique by the proofin §4.4.4. By the
fact that w also satisfies (4.9), we obtain

Ut,s)f = Iy(z,t,y,s)f(y)dy InR" sp<s<t<T.
Rn
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Consequently, the solution (4.11) given in terms of the fundamental solution
coincides with solutions obtained by different methods. It is also possible
to reconstruct the fundamental solution if U(t,s) is given. In fact, choose
f € Co(R™) satisfying f > 0, fRn fdxr =1, and yo € R™. Next, consider
U(t,s)fx for the scaled function fi(x) = k" f(k(x — yo) + yo) and let k — oo.
Then U (t, s) fr, converges to the fundamental solution I',(z, ¢, yo, s) according
to Proposition 1.4.1. This idea is also used in the proof of (i) in Lemma 2.5.2.
We list the basic properties of the fundamental solution used in §2.5.2.1

1° (Positivity) Iy(z,t,y,s) >0, x,y € R*, T >t > s > s0. (In fact it is
known that I',(z,t,y,s) > 0.)

2° Jpu Lo(z,t,y,8)dy =1, z € R™, T >t > 5> 5.

3° Ifdive =0, then [,, (. t,y,s)de =1, y e R", T >t > s > s0.

Here the positivity 1° follows from the preservation of nonnegativity (§2.3.8).
Let us prove this under the assumption that w given by (4.11) is bounded on
R™ x (7,T). For f in (4.11), choose the scaled fi as defined above. In view of
§2.3.8, we obtain w > 0 on R" X [, T"). Letting k — oo yields I, (z, t, yo,7) > 0.
Here we assumed z € R™, and T >t > 7 > 59, yo € R™. Property 2° follows
from the fact that the solution is identically 1 if the initial value equals 1.
Concerning 3°, observe that for w given by (4.11) Lemma 2.3.2 implies that
Jgn w(z, t)dz is independent of t. Consequently,

- fly)dy = /nw(ac,t)d:c = /n (/n Fv(x,t,y,s)f(y)dy> de.

Interchanging the order of integration and bringing all terms over to the left-

hand side yields
/ (1 —/ Fv(as,t,y,s)dac> f(y)dy = 0.

Since f € Co(R™) is arbitrary, the fundamental lemma of the calculus of
variations (remark in Exercise 1.8) implies 3°.

4.5 Integration by Parts

In Proposition 1.2.2 we proved that

d

@ Jon u(z,t)der =0

for a solution u of the heat equation. In the proof we applied integration by
parts in the form

! For v we assume the assumptions in the unique existence theorem 1 and/or 2 to
hold.
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Au dx = / div (Vu)dx =0 (4.13)
Rn n

for u supported in unbounded domains. This relation will be verified now for
a fairly general class of functions u under the assumption that Vu is small at
space infinity. But we emphasize that this is no restriction on the solution of
the heat equation. Since the time variable ¢ will not play a role in the sequel,
we consider functions v € C?(R"). Moreover, we assume [p, |[Au|dz < co.
Under these assumptions we have

Au dr = lim Au dzx,
R7 R—oo Jpg

where Br C R" denotes the open ball centered at the origin with radius R.
Integration by parts on bounded domains (§4.5.3) yields in view of V1 = 0
that

/ Au dx:/ <n,Vu>daf/ <V1,Vu>dx:/ (n, Vu)do,
BR aBR BR BBR

where n denotes the outer unit normal vector at the boundary 0Bpg of Bg,
and do denotes the infinitesimal surface element of 0Bg.
Consequently, if there exists at least one subsequence R; — oo such that

/ [(n, Vu)|do < / |Vuldo — 0,
9Bx, OBr;

we obtain (4.13). The aim of the next subsections is to establish this rigorously.
The integration by parts applied in §1.2.2 will then be a consequence of the
following propositions.

4.5.1 An Example for Integration by Parts in the Whole Space

Proposition. Let u € C?(R™) be such that ||Aull; < oo and |Vul|1 < oc.

Then
/ Au dx = 0.

Proof. Note that Cavalieri’s principle (or coarea formula) implies that

/ |Vu|dz :/ </ Vuda) dR.
R" 0 dBr

J(R) = / Vu|do.
OBRr

The assumption ||Vu|; < oo then implies that J € L1(0,00).! We show that
J(R) is continuous in R > 0. In fact, by a coordinate transformation we may
write

L L0, 00) = L((0, 00)).

We set
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IR = R Vh(E), hR) = [ [Vul(Ry)do,,
0B1

Then it remains to show that Jo(R) is pointwise continuous in each Ry > 0.2
In view of u € C?(R"), we obtain that |Vu|(Ry) converges uniformly to
|Vu|(Roy) on {|y| = 1} as R — Ry. Since in this situation integral and limit
commute (§7.1), the continuity of R +— Jy(R) in each Ry > 0 follows. Hence,
there exists a subsequence R; — oo such that

J(R]') — 0,

since otherwise it would yield J ¢ L(0,00) (Exercise 4.6). The arguments in
the beginning of this section then imply (4.13). O

Since the solution u in Proposition 1.2.2 satisfies the assumptions above
for t > 0 (see §1.1.3), Proposition 4.5.1 applies to the proof in §1.2.2. Observe
that by the same arguments we may prove Proposition 1.2.2 for f provided
that || f||1 is finite. Moreover, similarly to §4.5.1, the following theorem can be
proved.

4.5.2 A Whole Space Divergence Theorem

Proposition. Let F be a C* vector field in R"™. Assume that |[F||, < oo and
||div F||1 < co. Then

/ div F' dx = 0.

By this proposition the integration by parts used in §2.3 is verified. Finally,
we recall integration by parts on bounded domains.

4.5.3 Integration by Parts on Bounded Domains

Proposition. Let D C R" be a bounded domain of class Cl. For f,h €
C1(D) we have

of 1 / oh .
——h dx = hn; dH" " — —dzr (1<j5<n).
/Daxj an ! Dfaxj (A<j<n)

Here n; denotes the jth component of the outer unit normal vector n at the
boundary 0D of D, and dH"~' denotes the infinitesimal surface element of
dD (H"™! denotes (n — 1)-dimensional Hausdorff measure). (In the case that
D is a sphere, we write do instead of dH""1.)

2 The subscript y in do, indicates that y is the integration variable.
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Recall that D is of class C! if and only if for each x € 9D, n(x) is well
defined and continuous. In particular, D is located on one side of its boundary
dD. Obviously Bp is of class C! (in fact of class C). Thus, this proposition
applies to Bpg.

The first place integration by parts of the above type usually appears
is in elementary calculus courses of vector analysis (for example the Gauss
divergence theorem). So it gives an impression that integration by parts needs
vector analysis. However, integration by parts in multiple integrals is based on
integration by parts for functions of one variable and formulated without the
terminology of vector analysis. We give the above description for practical use.
The above proposition can be proved in a similar spirit or it can be regarded
as an easy consequence of the Gauss divergence theorem.

The more concise formulation used in vector analysis is then obtained
as follows. We set f = f; € CY(D), j = 1,2,...,n, and F = (f1,..., fn)-
Summing up the above formula from j = 1 to n implies

/ h div Fdz = / (F,n)hdH" ™t — / (F,Vh)dz.
D oD D

If (F,n)h is zero on 0D, we have

/hdidex:f/<F,Vh>dx.
D

D

These formulas of integration by parts are very important in the analysis of
partial differential equations in general.

Exercises 4

4.1 (§4.1.1)  There exists no h € LY(R") satisfying h * f = f for any
f € Co(R).

4.2 (§4.1.1) Prove the Holder inequality.

4.3 (§1.1.3, 84.1.2)  Prove LP-L? estimates for derivatives (1.6).

4.4 (§1.4.1, §4.2.5)  Prove the convergence in §1.4.1 without using §4.2.4.
Instead, prove it directly using coordinate transformations for the integral
variables.

4.5 (§4.3.2)  Prove the estimate supy.;<r [|020Fw|oc(t) < oo for w in
Proposition 4.3.2. -

4.6 (§4.5.1) Suppose that J is an integrable continuous nonnegative func-
tion on (0,00). Then prove that there exists a sequence {R;}%2, such
that lim; .o, J(R;) =0 as j — oo.



5

Compactness Theorems

In this section we prove the Ascoli-Arzela-type compactness theorem intro-
duced in §1.3.2. The theorem is fundamental since a variety of compactness
results on various function spaces follows. Here we give a detailed proof, since
the case that the domain of definition of functions is not compact is usually
not contained in elementary course books.

The proof is elementary and standard and based on fundamental argu-
ments, such as the diagonal argument. In §1.3.2 the domain of definition of
functions is supposed to form a metric space. This assumption can be relaxed
to a topological space.

5.1 Compact Domains of Definition

First we treat the case that the domain of definition is compact. There are
several different ways to prove the Ascoli-Arzela theorem. Here we prefer a
direct proof that does not require a new concept.

5.1.1 Ascoli—Arzela Theorem

Theorem. Let M be a compact set (more precisely, compact topological space)
and K a subset of C(M), where C(M) denotes the space of continuous func-
tions on M. (Note that in the present case we may identify C(M) with
Coo(M).) The set K is relatively compact in C(M) if and only if K is bounded
and equicontinuous in C'(M).

Proof. We concentrate on the essential part, i.e., that boundedness and
equicontinuity imply relative compactness. The converse direction is left to
the reader (Exercise 5.1). If M is empty, then K is also empty, so we may
assume that M is nonempty.
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The First Step

Let A be an (at most) countable nonempty set in M, and {f;}32, a sequence
in K. We show that there exists a subsequence of { f;} that converges at each
point = in A. (In this step we use only the boundedness of K.)

Let A = {z¢}32,. (If A is finite, we set z¢ := x,, for £ > m and a certain
m € N.) Since K is bounded, {f;(z1)}52, is a bounded sequence in R. Hence
there exists a subsequence {f}} of {f;} such that the sequence {f}(z1)

o0
j=1

converges to a limit, which we denote by f(z1). Similarly, for k = 2,3, ...,
there exists a subsequence {ff} of {f]’.“_l} such that the sequence {ff(xk) el

converges to a limit f(xy). We set
9; = I3

Since {fj](xk) 2, is a subsequence of {fF(xx)}52, for j > k, we obtain

jlggo F(zy) = ]11,120 FF(ax) = flar).

This yields

Jim g () = Flaw)
forall k =1,2,.... The family {g;}32, is the desired subsequence of {f;}3.
(Observe that { f]] } represents the diagonal elements of the double sequence
{fF}, which justifies the terminology diagonal argument.)

The Second Step

For each natural number k there exist N (k) points z¥, 1 < i < N(k), in M
and open neighborhoods V. of each point satisfying the properties

sup sup | f(af) - f(y)] <

N(k)
o U ve=m
feK yEVI;C -1

=

This easily follows from the equicontinuity of K (the definition in §1.3.1
is still valid if M is a topological space) and the compactness of M. In fact,
the equicontinuity implies that for any point x € M, there exists an open
neighborhood Vj, of  (which depends on k) such that

sup sup |f(x) — f(y)| <
yeV, fEK

T =

Obviously, {V;}zeam is an open covering of M. Since M is compact, it is
already covered by finitely many neighborhoods {mep}f\;(f ) of certain xf , 1<
i < N(k). Hence the second step follows.
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The Third Step
Let A be the set

A={zF; 1<i<N®E), k=1,2,3...},

where the 2} are defined in the second step. Assume that {h;}°2, is a sequence
in K converging pointwise on A. We show that {h;}22, converges uniformly
on M.

By the assumption, for any x € A, {h;(x)}32, is a Cauchy sequence in R.
In other words, we have

lim sup |hj(z) — hm(z)| =0. (5.1)

£—00 jm>e
For z € M, we write
hj(2) = hin(2) = hj(2) = hy(2]) + hy(2F) = han (@) + hn (2F) = han (2).
Taking the absolute value and using the triangle inequality, we obtain
[hj(2) = hm (2)]
< |hj(2) = hy(@f)] + |hy(2F) = o (25)] + [hin(2F) = B (2))]
< 2;161113|f(2) = F@D)] + i (@) = b ()]

Next we fix k and pick z¥ and V.« given in the second step such that z € V.
This yields

2 2
[hj(2) = hm(2)] < - + \hj(@f) = b ()| < =+ sup  |hy(}) = hyn(2])].
1<i<N(k)

Taking the supremum with respect to z € V,» we arrive at

2
sup [y () = ()| < 7+ sup |hj(ak) = B (b))
zeM 1<i<N (k)

Passing to the upper limit (§3.2.4 and §4.2.3) with respect to j and m, by
(5.1), we obtain

lim  sup |h;(2) — hm(2)] = lim sup sup |h;(2) — hp(2)] <
Jym—00 e M EHOOj’mZE 2EM

ESl )

Since k € {1,2,...} was arbitrary, we have shown that

lim sup |2 (2) = hm(2)| =0

JymM—=00 zeM
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and therefore L
lim  ||h; — Aumloo, i = 0.
j,m—o0

Hence, {h;}52, is a Cauchy sequence in C'(M) with respect to the L*°-norm.
Since for compact M the space C'(M) equipped with the L®°-norm is complete
(Exercise 1.6), {h;}52, converges to a function h in C'(M) with respect to that
norm. (More precisely, lim; . || — hllco,ps = 0.) In other words, {h;}32,
converges uniformly to h in M. Hence we have proved the assertion of the
third step. (Note that in Exercise 1.6, M is assumed to be a metric space.
However, for the completeness of C(M) it is sufficient to assume that M is a
compact topological space.)

The Fourth Step

The relative compactness of K is now an easy consequence of the previous
steps. In fact, let A be the countable subset of M that is defined in the
third step. For a sequence {f;}32; in K, let {g;}32; C K be the subsequence
constructed in the first step converging at each point of A. By the outcome
of the third step, {g;}52, converges uniformly to a certain g in C(M). Thus,

j=1
{fj}521 contains the subsequence {g;}72; converging in C(M), and therefore
K is relatively compact in C(M). a

Let {x} be a bounded sequence in a Banach space X that is continuously
embedded in a Banach space Y. It is of fundamental importance in which
cases there exists a subsequence of {xy} that converges in the weaker norm of
the space Y, or in other words, under which circumstances the embedding of
X into Y is compact. The above theorem plays a key role in answering this
sort of question.

5.1.2 Compact Embeddings

Let X and Y be Banach spaces, and let T be a bounded linear operator from
X to Y. In other words, T'maps any bounded subset of X to a bounded subset
in Y. (Note that if T" is linear, the boundedness is equivalent to the continuity
of T.) If T maps any bounded subset of X even to a relatively compact subset
inY, we call T a compact operator. If X C Y and the identity operator from
X to Y is compact, then we call X compactly embedded in Y.

FEzxzample 1. Let M be a compact subset in R. For 0 < v < 1, we set
(M) = {f M R; f e I2(M), [f], = sup LD IO OO}'

Then, equipped with the norm || f||cv = supy, |f] + [f]. the space C¥(M) is
a Banach space (Exercise 5.2). C¥(M) is called a Hélder space.

Set X = C¥(M) and Y = C(M). By virtue of the fact that any bounded
set in X is bounded and equicontinuous in Y, the Ascoli-Arzela theorem
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yields that the embedding X C Y is compact (Exercise 5.3). More generally,
it can be shown that the embedding C*(M) C C*(M) for 0 < p < v < 1is
compact.

FEzample 2. Let D be a bounded open set in R™ and let
C*(D) = {f € C(D); 9 f extends continuously to D for |a| < k}
for k=1,2,... as defined in §1.4. Equipped with the norm

Ifller = sup sup|d; f|
la|<k D

this space is a Banach space. Here « is the multi-index introduced in §1.1.3
and 0% f denotes the partial derivative of f of order |a|. Suppose that the
boundary of D is sufficiently smooth. Then, by the Ascoli-Arzela theorem
(and since limit and derivative commute according to §4.1.5), we may show
that C*(D) is compactly embedded in C"*(D) if k > h > 0. (Observe that D is
compact.) The reader is encouraged to verify this result at least for the easiest
case in which D is convex and k =1, h =0, and k = 2, h = 1 (Exercise 5.4).
For any positive noninteger v (0 < v < 00), we also define the Holder space
of order v by

C'D):={feC*"D): k<v<k+1, [02f]s—k < 00, |a| <k},
which forms a Banach space if equipped with the norm
Ifller = Ifllex + > 109 flu—k-
|| =k

It is easy to see that C¥(D) C C*(D) for 0 < u < v < oo. It can be proved
again by employing the Ascoli-Arzela theorem that this embedding is compact
for0<pu<v<oco.

Finally, we remark that many results on compact embeddings in the frame-
work of LP and Sobolev spaces are based on the idea of the Ascoli-Arzela
theorem as well.

5.2 Noncompact Domains of Definition

In this section we prove the Ascoli-Arzela-type compactness theorem stated in
§1.3.2. (The converse direction is again left to the reader (Exercise 5.5).)

5.2.1 Ascoli—Arzela-Type Compactness Theorem

Theorem. Let M be a topological space such that there exists an exhausting
sequence of compact sets (see the Definition in §1.8.1), and let K be a subset of
Coo(M). If K is bounded, equicontinuous, and having the equidecay property,
then K is relatively compact in Coo (M) and conversely.
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5.2.2 Construction of Subsequences

Let an exhausting sequence of compact sets {Mj};?';l of M and a sequence
{fm}$5_1 C K be given. Since M; is compact, by the theorem in §5.1.1, we
may choose a subsequence {f! } such that fl uniformly converges to an f; in
M. Similarly, if {f%~1} uniformly converges to f*~% on Mj_1, then we may
choose a subsequence {f¥} of {f*=1} such that f* uniformly converges to
f* on My, using the Ascoli-Arzela theorem in §5.1.1. So, inductively we have
constructed subsequences { X} for k = 1,2,..., where we set fO, = f,,. Since
the limit functions satisfy f/ = f* (j > k) on Mj, there exists a function f
such that f = f* on Mj,. Next, we may employ again the diagonal argument.
More precisely, we set g, = f™. Then, by construction, {g,, }>°_; converges
uniformly to f on each Mj. So far we have not used the equidecay property
for K. The remaining question is whether {g,,}5°_; converges uniformly to
f on Upey M = M. The following proposition gives a sufficient condition
by involving the equidecay property of K. This will complete the “if-part” of
Theorem 5.2.1.

5.2.3 Equidecay and Uniform Convergence

Proposition. Let M be a topological space such that there exists an
exhausting sequence of compact sets. Suppose that on each M; the sequence
{hm}55—1 C Coo(M) converges uniformly to a function h : M — R.
If H = {hn}3°_, has the equidecay property, then {h,}S°_, converges uni-
formly to h on M. Moreover, h € Coo(M).

Proof. First we show that h € C(M). Since h,, converges uniformly to h on
Mj, h is continuous on each M;. Since M = [J;Z, M;, we have h € C(M).
Hence, if we show that

sup [h(z)| =0 (j — o0),
xeM\M;

we obtain h € Cu(M). Obviously, h,, converges pointwise to h on M. This
implies by the lower semicontinuity of sup (Exercise 5.6) that

sup |h(x)|= sup | lim h,(z)| < lim  sup |h,(2)]
z€M\M; zeEM\M; ™M m—00 g€ M\ M;

<sup sup [f(z)].
fGerM\Mj

The equidecay property of H yields

sup  sup |f(z)] =0 (j — o0),
fEH ze M\ M;

which shows that h € Coo (M).
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Next, we show that the convergence of {h,,}5°_; to h is uniform on M.
By the above estimate for i we have

sup |him (z) — h(z)| < sup [k (z) — h(z)[ +  sup  (Jhm(z)| + [h(2)])
M M; €M\ M,

< sup |hy(x) — h(z)| +2sup sup [f(z)[
M]' fGHIEM\Mj

Letting m — oo, the uniform convergence of h,, to h on each M; gives us

lim |hm = hllco,pr < 2sup  sup | f(@)].
m=—00 FEH zeM\M;

By the equidecay property, the right-hand side of the above inequality con-
verges to 0 for 7 — oo, and the proof is now complete. O

5.2.4 Proof of Lemma 1.3.6

We used the equidecay property only to show the uniform convergence of
the subsequence on M. In order to obtain a subsequence converging uni-
formly on each M}, the diagonal argument in §5.2.2 is sufficient. This proves
Lemma 1.3.6.

The diagonal argument can also be applied to derive convergence of
derivatives.

5.2.5 Convergence of Higher Derivatives

Theorem. Let fo, £ = 1,2,..., be C™ functions defined on an open set D
in R"™. Assume that sup,s, sup,cx |05 fe| is finite for each multi-index o and
for each compact subset K in D. Then we have:

(i) There exist a subsequence { fyi)}2, of {fe}i2, and an f € C(D) such
that for any multi-index o, Og fo;) converges uniformly to Oy f on any
compact subset in D as i — oo.

(i) Assume that {f;}32, converges pointwise to a function fonD astl— co.
Then f € C>(D), and for each multi-index o, OF f¢ converges uniformly
to 8§f on each compact subset in D as £ — oo.

Proof. Let B,(a) be the open ball centered at a € R? with radius » > 0.
Let B denote the collection of all B,(a) with rational radius r and center
a = (ay,...,aq) such that each a; is rational for 1 < ¢ < d and the closure
B,(a) is contained in D. Note that a sequence of smooth functions uniformly
converges on each element of B if and only of it converges uniformly on each
compact subset. By Exercise 5.4, for each B,(a) € B and each multi-index «
any subsequence of {92 f,} contains a subsequence that converges uniformly
to a certain gq,r o depending on «, r, a. First we fix a. Since B is countable, by
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applying the diagonal argument as used in §5.2.2, we can show that for each
« any subsequence of {02 f;} contains a subsequence converging uniformly to
a go € C(D) on each By,(a) in B (or equivalently, on each compact subset).

Next, we apply the diagonal argument with respect to the multi-index .
Let {f}} be the convergent subsequence of {f,}22, and let {9 f?} be the
convergent subsequence of {92 f}} for |a| = 1. More generally, let {9 ™}
be the convergent subsequence of {02 fF} for |a| = k. Thus, inductively we
have constructed a double sequence {fF}. Now, set hy = f{. Then for each a,
0% hy converges uniformly to g, on each compact subset of D. Since limit and
differential commute by Lemma 4.1.5, we have 0390 = ¢, Where go expresses
Jo for |a| = 0. Hence, the subsequence {hs} of {f¢} and go represent the
desired subsequence { fy(;y} and f in (i), respectively.

For (ii), observe that now the limit of any convergent subsequence of
{fe}32, is independent of the choice of subsequence. Consequently, fo
converges uniformly to f € C°°(D) on each compact subset of D (see
Exercise 1.4). For the same reason, {09 f¢}72, converges uniformly to oo f
on each compact subset of D. O

Exercises 5

5.1 (§5.1.1) Let M be a compact set and K a subset of C(M). Show that if
K is relatively compact in C(M), then K is bounded and equicontinuous
in C(M).

5.2 (85.1.2) Let M be a compact subset in R”, and 0 < v < 1. Show that
the Holder space C¥ (M) with norm || f||c» is a Banach space.

5.3 (§5.1.2) Let M and v be as in Exercise 5.2. Show that C*(M) is
compactly embedded in C(M).

5.4 (§5.1.2) Let D be a bounded convex open set in R™. Show that
C*(D) is compactly embedded in C(D). Furthermore, show that C2(D)
is compactly embedded in C*(D).

5.5 (§5.2.1) Let M be a topological space with an exhausting sequence of
compact sets. Show that any relatively compact subset K in Co (M) is
bounded, equicontinuous, and with the equidecay property in Ci, (M).

5.6 (85.2.3) Let hy,, m =1,2,..., be real-valued functions defined on a set
Z. Show that the supremum is lower semicontinuous, i.e., that

sup lim hy,(z) < lim sup o, ().

rEZ m—oo m—oo x€Z
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Calculus Inequalities

In this section we introduce the Nash inequality and its generalized version, the
Gagliardo—Nirenberg inequality. Roughly speaking, these inequalities provide
estimates for an integral of a function by its derivatives, a tool that is very
helpful not only in the analysis of the vorticity equations as demonstrated in
Chapter 2, but in the analysis of nonlinear PDE in general.

There exist various methods to prove these inequalities. Here we will
present an approach that relies on estimates for the solution of the heat
equation (§1.1.2, §1.1.3). Here the special case of the Gagliardo—Nirenberg
inequality known as the Sobolev inequality appears to be exceptional. We will
present two methods of proof. The first one is based on the Hardy—Littlewood—
Sobolev inequality (§6.3.3), whereas the second one is based on merely the
Holder inequality (§6.3.4). The Hardy—Littlewood—Sobolev inequality, in turn,
will be obtained by applying the Marcinkiewicz interpolation theorem and
again estimates for the solution of the heat equation. In order to keep our
approach self-contained, we give also a proof of this result. In fact, the
Marcinkiewicz interpolation theorem is a fairly general result with a wide
range of applications. Here it will also be applied in order to prove the
Calderén—Zygmund inequality.

In this section a number of integral operators will appear. Note that it is
one of our main intentions to keep the book readable to readers not neces-
sarily familiar with Lebesgue integration theory. Therefore, the integrals in
the main statements are always to be understood as Riemann integrals. This
is the reason that we will frequently require the functions that appear to be
continuous or, depending on the situation, even C*-functions.

6.1 The Gagliardo—Nirenberg Inequality and the Nash
Inequality

The simplest method to estimate a function by its derivative is to use the
fundamental theorem of calculus. That is, a C'-function u of one variable
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with compact support can be represented by

u(z) = / Z—Z(z)dz, xR

Hence we can estimate

T old d
ol < [ |Ge|es<|F] . cer
which yields
du
oo < Il=—1 . 6.1
fulle < |52 (6.1)

Using this inequality, we further obtain

du

oo
3= [ o < Jullulle < full | 5

— 00

1

The Gagliardo—Nirenberg inequality can be regarded as a generalized version
of these two inequalities.

6.1.1 The Gagliardo—Nirenberg Inequality

Theorem. Assume that 1 < p,q,7 < oo and o € [0,1] such that

Lo (Dot 62)

r n

Here n is a natural number that expresses the dimension of space. We also
assume, if n > 2, that

p#oo or T #n. (6.3)

Then there exists a positive constant C = C(p,q,r,n) depending only on p, q,
r, n such that
lullp < Cllullg= I Vull7, (6.4)

for all w € CL(R™) (= CHR™) N Co(R™)). If n =1, p= oo, r = 1, inequality
(6.4) holds with C = 1.

Furthermore, the following holds: If p > q, 7 < oo, inequality (6.4) holds
for any u € CH(R™) with ||u||, < 0o (forn =1, ¢ = 0o, r = 1, instead of
llullg < oo, we assume that u € Coo(R).) If p > q, 7 = o0, inequality (6.4)
holds for any uw € C*(R™) with ||ul|, < oo and Oy,u € Coo(R™), £=1,2,...,n.
If p < q, inequality (6.4) holds for any u € C*(R™) with ||ul|s < oo for some
1 < s < oo such that 1/s > 1/r — 1/n. (Observe that the right hand side of
(6.4) may attain +oco.)
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Inequality (6.4) is called the Gagliardo—Nirenberg inequality. In the next
subsection we will see that the Nash inequality is a special version of this
inequality. We remark that (6.2) plays the same role as the balancing relation
(4.1) in the Young inequality (§4.1.1). In the case of o = 1, inequality (6.4) is
called the Sobolev inequality. In the case of o = 0, we have p = ¢, and (6.4) is
obvious.

Remark. For readers familiar with Lebesgue integration theory and differen-
tiation in the sense of distributions we make the following remark: In fact,
inequality (6.4) holds for any u satisfying v € LY(R"), 0y,u € L"(R"),
=1,2,...,n,if p > q,7 < 00, ¢ < oo. In particular, (6.4) implies u € LP(R"™).
Here 0,,u expresses the derivative in the sense of distributions.

6.1.2 The Nash Inequality

Theorem. There exists a positive constant C = C(n) such that for any u €
CH(R™) satisfying ||ull1 < oo we have that

_4_ 2 _4_
lull3 < Cllull77 [ Vull; . (6.5)

Note that for p =2, 0 =1-2/(n+2),q =1, and r = 2 in (6.4) we
arrive at (6.5). Nash proved this inequality in order to derive estimates for
the fundamental solution of diffusion equations with discontinuous coefficients.
His original proof [Nash 1958] relies on Fourier transformation. His paper had
a deep impact on studies of nonlinear elliptic and parabolic equations.

In his paper Nash even obtained an explicit value for C' in inequality (6.5),

which is ,
n—1 nt2
C=2 |5 | .
n(2m)»

Here |S™71| denotes the surface of the n-dimensional unit ball. (In terms of
the gamma function it can be written as [S"~!| = 272 /I"(n/2). See §6.3.1 for
a proof.) In [Carlen Loss 1993] the optimal constant (i.e., the smallest possible
constant) is obtained for which (6.5) is valid.

First we will prove the Nash inequality (6.5) by utilizing estimates for
the solution of the heat equation and its differentials. Of course, the Nash
inequality is automatically proved if we have proved the Gagliardo—Nirenberg
inequality. However, the proof of the Nash inequality is easier, and therefore
we will prove this inequality first.

6.1.3 Proof of the Nash Inequality

The First Step

First we assume that the support of u € C*(R™) is compact. Let e!4u = Gy xu
be the solution of the heat equation with initial value u. Adopting the notation
in §4.3, by Lemma 4.3.2, for each ¢ > 0 the equation
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1 d t
ety —u = / (—eTAu> dr = / Ae™ Ay dr (6.6)
o \dr 0

holds, regarded as an equality of functions on R™. Hence, for ¢ > 0 we obtain

t
uuu%:/ uudw:/ uemudaz—// w APy da dr.
Rm™ R~ 0 n

(As in Chapter 4, the integrand of the second term on the right-hand side
is continuous and compactly supported in spatial variables, which allows for
interchanging the order of integration (see §7.2.2).) We denote the first term
and the second term on the right-hand side by J; and Ja, respectively. By the
Holder inequality we have that

il < Jlullleullos, ¢ > 0.
Applying (1.4) then yields
|| < (dmt) |}, > 0.

For the second term we use integration by parts (§4.5.3) and the fact that
Vet4y = e!AVu (§4.1.6). This gives us

—/ ule™u das:/ <Vu,VeTAu>dx:/ (Vu, €™ Vu)dz.
Thus, we obtain
t
\J2|§/ IVulllleVulladr, ¢ >0,
0

since |{ Vu, e™?Vu )| < |Vu| |e"Vu| by the Schwarz inequality (§4.1.1).
From (1.5) we infer that [|e”™®Vu||z < ||Vul|2, which implies that

t
22l < [ IVuldr = e|vulg, ¢ o.
0

Summarizing, we deduce
lull < (4mt) ™2 ||ullf + ¢ Vul3 (6.7)

for all ¢ > 0. In order to prove (6.5) it remains to choose ¢ in a suitable way.
In fact, if we set (47t)~™/2||u||? = t||Vu||3 or equivalently

fAn/2 _ [Jul 7
[Vu||3(4m)n/2”

then we see that the two terms on the right-hand side of (6.7) coincide. More
precisely, (6.7) turns into
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_2
fg <2 (——IuE 3™ gy
2 <2 a7 2

2
1 nt+2 4 9__4
— - n+2 n+2
2 (o) TVl
This proves (6.5). However, the constant C' is larger than the constant that is
obtained by the arguments of Nash in [Nash 1958].

The Second Step

Next we prove (6.5) for u € C(R") that are not necessarily compactly sup-
ported. We just assume that the norms ||u||2, ||u]]1, and || Vul|2 are finite. As in
the proof of Theorem 4.4.2, we approximate u by cutting off large values of
|z|. For this purpose pick 8 € C*°(R) such that 0(y) =1 for y <1, (y) =0
for y > 2, and 0 < # < 1. Next we define functions 6;, j =1, 2,..., on R"
such that 0;(z) = 0(|z|/j)(z € R™), and set

uj(z) == 0j(x)u(z), zeR"
Then we have that

lim |lu; —ull2 =0, lm |lu; —uli =0, lim |[V(u;—u)|2=0
j—oo j—o0 j—oo

(see Exercise 6.1). This in particular implies that

lim fJujflo = flullz,  Tm juglls = flufy, - Tim [[Vaglle = [Vl

On the other hand, by the first step we know that (6.5) is satisfied for u; with
the same constant C' > 0 for all j = 1,2,.... Letting j — oo we see that (6.5)
holds for all u € C*(R"), provided that ||ul|2, |[u[/1, and || Vul|2 are finite.

The Third Step

Finally, we prove (6.5) for general u satisfying ||u|l; < co. Observe that in the

case that |Vull2 = oo, relation (6.5) is obvious. Hence, we may assume that

|[Vu||2 is finite. For a positive number ¢, we define the function u' on R™ as
ul = etPu = Gy *u.

Then by §4.1.6, u' € C°°(R"™). Furthermore, since ||u|; is finite, by the esti-
mates derived in §1.1.2 we obtain that

lulls < Jlufls < oo, [Ju']lz < (4mt)~ ¥ [full < oo
for ¢ > 0. In view of Vu! = !4V (§4.1.6), once more by (1.5) we have that

[Vu|lz < [|[Vull2 < 0o, ¢>0.
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By the finiteness of ||u'[]1, ||u']|2, and ||[Vu'||2, the second step now implies
that

_4 __4
13 < Ol |72 | Vatlls ™2, t> 0.

Thus, the above estimates for u! yield

4 4
[l < Clull T IVall ™, ¢ > 0.
Since w is continuous, u' converges pointwise to u in R™ as t — 0. (Note
that this does not follow directly from the corollary in §4.2.4, since u may
be unbounded. But the pointwise convergence can be shown, for instance,
using similar arguments as in Exercise 4.4.) By an application of Fatou’s
lemma (§7.1.2), ie., |[ul|3 < lim, , ||u?||3, we then arrive at (6.5) in view
of the fact that the right-hand side is independent of ¢. Hence, the Nash
inequality is proved. O

Remark. As mentioned earlier, the Nash inequality is a special case of the
Gagliardo—Nirenberg inequality in §6.1.1. In fact, if Vu is realized in the sense
of distributions, the Nash inequality holds under the assumption that u €
L'(R™) and Vu € L*(R™). The proof is the same in the first and second steps.
The third step is also analogous except for the argument that u; converges
pointwise to w on R™ as ¢ — 0. Here one has to use general theory for the
Lebesgue integral. As pointed out in Exercise 7.3, for u € L!(R™) we have that
lim; ¢ ||u’ —wul|[y = 0. Using this fact we may choose a suitable subsequence u'i
of u' converging to u almost everywhere as ¢; — 0. (For example, see [Ito 1963,
Theorem 22.2], [Rudin 1987, Theorem 3.12].) Hence, again by Fatou’s lemma,
applied to u% instead of u!, inequality (6.5) follows.

6.1.4 Proof of the Gagliardo—Nirenberg Inequality (Case of o < 1)

Here we present a proof of the Gagliardo—Nirenberg inequality (6.4) by modi-
fying the proof of the Nash inequality in a suitable way. But note that this
method excludes the case ¢ = 1, which is the special case known as the
Sobolev inequality. We will give a proof of the Sobolev inequality (¢ = 1) at
the end of this section.

In the proof we make use of the following characterization by duality of
the LP-norm of u:

fully=sup{ [ w@) ¢ @) dsi ol <19 GEERD). (68)

Here p’ is the conjugate exponent of p, i.e., 1/p+ 1/p’ = 1. Let us show that
(6.8) is valid for all w € LP(R™) and 1 < p < co. By the Holder inequality
it is clear that the right-hand side of (6.8) is smaller than the left hand side.
To see the converse direction we choose a suitable function ¢ € g (R™). First



6.1 The Gagliardo—Nirenberg Inequality and the Nash Inequality 195

note that for the case u = 0 the formula is obvious. Hence we may assume
that ||ul|, # 0. Therefore the function ¢ = v/||v||,, where v = |u[P~2u, is
defined almost everywhere for 1 < p < oo. Observe that ¢ satisfies ¢ €
L¥ (R™), Jgn w(z)@ (x) dx = ||ull,, and that |[¢||,» = 1. Next we approximate
¢ by elements of C§°(R™). Recall from Exercise 7.3 that C§°(R™) is dense in
LP (R™) for 1 < p/ < oo, that is, the closure of C§°(R™) with respect to the
topology of L¥ (R™) is exactly the space LP' (R™). Therefore (6.8) is proved
for the case that 1 < p’ < 0.

In this book we will not carry out the proof of (6.8) for the cases p’ =1
or p’ = co. Note that in the case p’ = co the space C§°(R™) is not dense in
L (R™), whereas the problem in the case p = oo is to give a suitable definition
of v. We recommend to the reader to prove this as an exercise in Lebesgue
integration theory and functional analysis.

Now we prove the Gagliardo—Nirenberg inequality for the case that 0 <
o < 1. As in the proof of the Nash inequality, the essential work is done if we
have proved (6.4) for C'-functions with compact support.

The First Step (p >q and p>7r)
Employing (6.6) and (6.8) we obtain for ¢ > 0 that

t
|u|p—sup{ / u<e% | a2 dr) dz: llgly < 1, wGCS"(R")}
Rn

0
<sup{Li(p) + L2(¢); llelly <1, ¢ € CF°(R™)},

where
t
/ u Py da / / u Ae™? dxdr
n 0 n

To I we apply the Holder inequality (§4.1.1, Exercise 4.2), which yields

Li(p) =

, Ia(p) =

A
L(p) < llullglleZelly, t>0.

Furthermore, since ¢’ > p/, we may apply the L9 -LP’ estimate (1.5) for the
solution of the heat equation to the result

_n(1 1
L) <t F ) Julligly, > 0.

Observe that here and in the sequel the constants C;, j = 1,2,..., depend
only on p, q, r, and the dimension n. In order to estimate I we use integration
by parts (§4.5.3) and the Holder inequality. This gives us

t
/ / (Vu, Ve ™) dadr
O n

for t > 0. By virtue of ' > p/ the L™ -L”" estimate (1.8) for derivatives of the
solution of the heat equation then implies

t
L) = < / IVull Ve gl dr
0
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(L1aq
IVem gl < Cor™ (39 o],

n(1 1 n (1 1
a=—|=—=-=)==(=Z=2].
2 \p 2\r p

A necessary and sufficient condition for the right-hand side to be integrable
over 7 on the interval (0,t) is

with

1

= <1,

5 + «
which is equivalent to

1 1 1

-> =

p r n

By our assumptions p > ¢ and 0 < ¢ < 1, this condition is satisfied and we
obtain for ¢t > 0 that

t
(o) < Call Vul gl [ 7 Cr)ar
0

1_
= Cs||Vullllell 27,

where C5 = Cy/ (% - a). Summarizing then results in

1 1

lull, < C1 ¢~ 2G5 |lul|, + Cat2 | Vul,, t>0.

Analogously to the proof of the Nash inequality, we choose t suitably so that
the first term is equal to the second term of the right-hand side. This implies

(6.4).
The Second Step (General exponents)
Note that the following two cases are not treated in the first step:

(i) g <p<rm;

(i) r<p<gq
Observe also that in view of condition (6.2), it is impossible to apply the
method in the first step to the cases p < r and p < q. Here we have to argue
in a different way.

In the case of (i) the Holder inequality implies that

1 p 1-p

lullp < lullgllul: =", P M 0<p<l

(Exercise 6.2). By r > ¢ we have that
1 1 1
S-S < -,
r n o r q



6.1 The Gagliardo—Nirenberg Inequality and the Nash Inequality 197

Hence, there exists a o1 € (0, 1) such that
1 1 1 1
- =0 (———) +(1—O’1)—.
T roon q

Since r > ¢, we may apply the estimate obtained in the first step, which
gives us
lullr < Callullg™* [Vull7*.

Applying this to the estimate above results in
ully < Csllullgllull§ =002 [ Va7 (=2

with C5 = C} 7. Setting p = (1/p—1/r) / (1/q—1/r) and 0 = o1 (1 — p), we
finally arrive at (6.4).

To prove (6.4) for the second case (ii) we make use of estimate (6.4) for
the case 0 = 1. As mentioned earlier, this is the case of the Sobolev inequality

Jully. < CollVall, (6.9)
where 1 < r < oo and 1 < r, < oo such that 1/r, = 1/r — 1/n. Observe
that estimate (6.9) is an obvious consequence of (6.1) if n = 1. For n >
2 (6.9) will be derived in Section §6.3 in an independent way, which relies
on an application of the Hardy—Littlewood—Sobolev inequality (§6.2.1). This
method, however, requires r > 1. For r = 1 we present a proof based on the
Holder inequality (§6.3.4).

This is essentially due to the fact that the method used in the first step is
not applicable to the case o = 1.

First suppose that p < ¢. By relation (6.2) we have that r. < p < ¢ for
1/r. =1/r — 1/n. Similarly to (i) the Holder inequality leads to

1 1—0 o
gu - = + —.
q Tx

lullp < llullg™"llu

Therefore, by applying estimate (6.9) we immediately obtain (6.4) for this
case. For the case p = ¢ first assume that r. < oo. Then, since r < p =r,, as
in the case p < ¢ estimate (6.4) is again a consequence of (6.9). On the other
hand, 7. = oo implies that n = 1 (hence r = 1) by condition (6.3). But then
(6.4) follows easily from (6.1).

The Third Step

In order to prove (6.4) for functions that are not necessarily compactly
supported we can adapt the second and third step in §6.1.3. More precisely,
again we approximate an arbitrary C!-function by functions with compact
support. Here we also assume that the case o = 1 is proved for the case of com-
pactly supported C'-functions, i.e., from now on we suppose that 0 < ¢ < 1.
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Observe that in the case || Vul|, = oo the assertion is obvious. Therefore, we
may suppose ||[Vul|, < oo.

We start with the case p > ¢ and p > 7 and assume that u € C1(R")
satisfies ||ul|, < oo and |lul|, < co. Next we set u; = 6;u with 0; as defined in
the second part of §6.1.3. (Note: if ¢ = co we assume u € Co(R™), whereas
for r = oo we assume that 0,,u € Cox(R*) for £ =1,...,n.) By 0 <o <1
and p > ¢ it follows that 1/r—1/n < 1/p. If p > g then we have g < co except
for the case that p=¢=oc and r =n = 1.

(i) The case p < oo: Exercise 6.1 (i), (iii) imply that

lim [[V(u; —u)llr =0, lim [luj —ulg =0, lim [ju; —ull, = 0.
Jj—o0 j—oo j—oo

Since (6.4) is valid for the u;, j = 1,2, ..., passing to the limit yields the
assertion for w.

(ii) The case of p = oo: First exclude the case r = n = 1. Then r > n in
view of assumption (6.3). If » < oo then we have |V (u; — u)|, — 0,
lu; —ullg = 0, and ||uljoo = lim; o0 ||ujloo again by Exercise 6.1 (i) and
(iii). (Observe that we may not assume ||u; —u||oc — 0 in this case.) Thus,
again passing to the limit yields (6.4). Recall that for » = co we assumed
that 9;,u € Coo(R™). By virtue of the fact that ¢ < oo, |lu; —ullqy — 0,
lim; oo ||4)]lco = ||tt|cos and that

IV (uj = w)lleo <l

—~

VO;j)ulloo + (1 = 0;)Vullo

| Q

<= [ulloo + [I(1 = ;) Vulloo — 0 if j — o0,
the assertion follows analogously. There remains the case p = oo and
r = n = 1. Here a direct proof is possible. In fact, by the fundamental
theorem of calculus we obtain that u(z) —u(a) = [ 9%(2) dz. This yields
lu(z) —u(a)] < ||Z—7;||1. The assumption [Jul; < 0o if ¢ < 00 or u € Coo(R)
if ¢ = oo then implies the existence of a sequence a; — —oo (j — 00)
satisfying u(a;) — 0 (see Exercise 4.6). This gives us estimate (6.1), i.e.,
we have that ||ullc < HZ—Z which implies the validity of (6.4) also in
this case.

1°

By defining u* = e'?u as in the third step of §6.1.3, also here we may omit

the assumption |jul|, < co. This is again due to the fact that |ul|, < oo,
t > 0, in view of (1.5) and since p > ¢. Hence, in the case p > ¢q, p > r, and
0 < o <1, estimate (6.4) is valid for functions with noncompact support.

By the above fact the case p > g and p < r can be treated analogously to
the case (i) in the second step in §6.1.4.

For the case p < ¢ (hence r < p) observe that the Holder inequality
lull, < [lully=llullg, with 1/r. = 1/r — 1/n, which we used in (i) of the
second step in this subsection, still holds in this case. In view of r, > s
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and |lul|ls < oo we then again may apply the Sobolev inequality in order to
obtain (6.4).

By the arguments above we see that the validity of (6.4) for C*-functions
with compact support implies the assertions for the general case as stated
in the second part of the theorem. In fact, we have proved slightly more.
By similar arguments as used at the end of the third step in the proof of the
Nash inequality, the computations above show that for any 0 < ¢ < 1 the
general case for functions with noncompact support is implied by the validity
of (6.4) for C§°(R™)-functions.

6.1.5 Remarks on the Proofs

In the original papers [Gagliardo 1959] and [Nirenberg 1959] of Gagliardo and
of Nirenberg respectively, inequality (6.4) is proved in an elementary way by
merely using the fundamental theorem of calculus and the Holder inequality.
Their method also works for the case ¢ = 1, i.e., it includes a proof of the
Sobolev inequality. In §6.3.4 we will present a proof in case of c =1 and r =1
by the above idea. We also remark that even a more general inequality of type

el llp < Ol ol g7l |21Vl 17

is known. However, then the balancing relation (6.2) also involves the addi-
tional parameters «, (3, 7, and becomes therefore much more complicated.
(see [Caffarelli Kohn Nirenberg 1984]).

The method for the proof presented in §6.1.4 is well known in the
field of probability theory (for the proof of the Nash inequality see, e.g.,
Remark I1.3.3 (a) in [Varopoulas Saloff-Coste Coulhon 1992]). In the field
of semigroup theory, it is a common method to apply the Nash inequal-
ity (or the Gagliardo—Nirenberg inequality) to obtain LP-L? estimates for
semigroups generated by differential operators such as for e!?. In this sense,
the LP-L7 estimates for e'? are equivalent to inequality (6.5) (see, e.g.,
[Carlen Kusuoka Stroock 1987]). We also would like to mention that the
idea to employ a representation for ||u||, in the first step of the proof of
the Gagliardo—Nirenberg inequality is similar to Lemma 1.5.3 of [Fukushima
Oshima Takeda 1994]. However, the representation for |lul|, used there differs
from ours. Our proof of (6.4) can be regarded as a simplified version of the
one in [Maremonti 1998].

6.1.6 A Remark on Assumption (6.3)

In the statement (and in the proof) of the Gagliardo—Nirenberg inequality,
we have seen that the case p = 0o, r =n > 1, 0 = 1 is excluded (see (6.3)).
This is due to the fact that

[tfloo < Cl[Vulln
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is not valid in that case. However, if we replace the L°°-norm by the BMO
seminorm

1
llullsMo = sup sup |u —uglde |,
seir p>0 \ |Bo(@)] 5, ()

then we have that
[ullemo < O Vully.

Here B,(x) is the open ball centered at = with radius p, and |B,(x)| denotes its
volume (with respect to the Lebesgue measure). Moreover, by ux we denote
the mean of u in B,(z) given by

() = —

1B, ()| B,(z)

The bounded mean oscillation seminorm (BMO seminorm) and the above
inequality were introduced first in [John Nirenberg 1961]. For ||-||smo, (ii) and
(iii) of the definition of a norm in §1.3 hold. However, ||z|| = 0 does not imply
x = 0 in general, since ||c|[pmo for any constant function c is zero. Therefore
it is called a seminorm. The reader is referred to §6.5 for further development
of the critical case of the Sobolev inequality discussed in this subsection.

u(y) dy.

6.2 Boundedness of the Riesz Potential

Let 0 < a < n. The Riesz potential I,(f) of a function f is defined by

1
L@ = [ AWty o f, wer
For example, if f € Cy(R™), by similar arguments as in the proposition in
§4.1.4 (Exercise 7.1) it can be shown that I, (f) is well defined as a continuous
function on R"™. It is of main interest under what circumstances the Riesz
potential gives rise to a bounded operator from L? to L". The next result, the
so-called the Hardy-Littlewood—Sobolev inequality , answers this question.

6.2.1 The Hardy-Littlewood—Sobolev Inequality

Theorem. Let 0 < a <n. Let 1 < p,r < oo satisfy

1 n—a 1 1 «
- = +-—-1=-—-—

r n P P n

Then there exists a constant C = C(«,p) such that for every f € Co(R™) we
have

HIoz(f)Hr < CHfHP’ f € CO(Rn)'

Hence the operator I, extends uniquely to a bounded linear operator from
LP(R™) to L™(R™) (See §7.3).
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Remark. 1t is a good exercise in Lebesgue integration theory to show that the
extended operator, here and hereinafter also denoted by I, can be expressed
as a Lebesgue integral through |z|*~" % f. If f is continuous on R", another
good exercise is to prove that I, can be expressed as a Riemann integral.

If we set ¢ = n/(n—a), we see that the balancing relation for the exponents
is exactly the one for the Young inequality in §4.1.1. So, at first glance, one
might think that the Hardy—Littlewood—Sobolev inequality is a consequence
of the Young inequality. But observe that h in (4.2) here is given by h(z) =
|z|*~™ = |x|"/9. Therefore h is obviously not L9(R")-integrable, which means
that the Young inequality is not applicable in this situation.

There are many different ways to prove the Hardy—Littlewood—Sobolev
inequality. Here again we prefer a method based on the estimates for the
solution of the heat equation (§1.1.2).

The proof requires some further preparations related to Lebesgue integra-
tion theory. The integrals in §6.2.2-§6.2.4 should be interpreted as Lebesgue
integrals. For a Lebesgue measurable function f on R™ we define its distribu-
tion function by

mg(A) = [{z € R"; [f(2)| > A}

Here |A| denotes the Lebesgue measure of a set A in R™. By definition it follows
that for f € L (R™) we have that ms(X) = 0 for A > ||f||oc. Conversely, if
there exists a Ag such that my(A) = 0 for all A > Xg, then ||f|lcc < Ao. Thus
we see that we can gain some knowledge on f by properties of its distribution
function and conversely. In particular, we have the following relations.

6.2.2 The Distribution Function and LP-Integrability

Proposition. For p > 0 and |f|P € L*(R"™) we have
(i) mp(A) < AP Jpu [f(@)[Pdz, A >0;
(ii) fgu [f(z)Pdz =p fooo tP= mp(t)dt.

For p = 2 the inequality in (i) is called the Chebyshev inequality. Tt is
easy to see that it remains valid if R™ is replaced by any open set 2 C R™.
The Chebyshev inequality is one of the fundamental inequalities in probability
theory.

Proof.
(i) For A > 0 we set F) = {z € R™;|f(z)| > A}. Since |f(z)| > X on Fy, we

obtain
Jovars [ s@pds [ 1s@p

Observe that the left-hand side equals A?m (). This proves (i).
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Figure 6.1. An example of a set W for n =1

(ii) For h € L*(R") satisfying h > 0 we have that
h(z)
/h()dx:/ / 1dy | dx
n n 0
)s Jgn h(z) dz coincides with the

Hence, by Fubini’s theorem (§7.2.2)
(n + 1)-dimensional Lebesgue measure || of the set
W = {(z,s) € R"" 0 < s < h(z)}

(For n = 1 see Figure 6.1 for a sketch of W.) If we set
={z e R"; h(x) > s},

we see that W can also be represented by
R™: ¢ € Hy, s> 0}

W = {(z,s)
See Figure 6.1. Applying Fubini’s theorem once more yields
[W| = / |Hs|ds, hence / h(z) dx = / |Hs|ds
0 n 0
Graphically this means that in the first representation we cut W into
columns and in the second into rows. Now set A = | f|P. In view of
= {z eR™; |f(@)PP > s} = {z € R™; |f(2)| > "7} = Foupa,

this results in
x)|Pdx —/ my(s 1/p

By substituting t = 51/” we arrive at (ii).
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6.2.3 Lorentz Spaces

For a positive number ¢ the set of all Lebesgue measurable functions f on R"
satisfying
| flg,00 :=sUP A mf()\)l/q < 0
A>0

is denoted by L%*°(R"™) and is called Lorentz space. By part (i) of Proposi-
tion 6.2.2 we know that

‘f|q,<x> < Hqu§

hence obviously LI(R™) C L?**°(R™) for 1 < ¢ < oo. Observe that |f|q 00
satisfies

i) 1f

(i) [aflgoo = la] [flg00, @ €R,

g0 =0 & f =0 almost everywhere;

whereas it does not satisfy the triangle inequality |f + glg.0c0 < |flg.00 +19lg,00
for f,g € LT°°(R™) in general. Therefore, | - |4 00 is not a norm. On the other
hand, for ¢ > 1 it can be shown that |- |40 iS equivalent to a norm (see
Exercise 6.3). Moreover, L9*°(R") is complete with respect to this norm;
hence it is a Banach space.

Remark. For the sake of simplicity we have introduced the distribution func-
tion and Lorentz spaces on R™ only. But note that the definitions work equally
well for any domain {2 C R". In fact, they work for general measure spaces
in the same way as for the definition of LP-spaces. Since we did not use any
specific features of R™ in the proof, Proposition 6.2.2 still holds in such a
setting.

A crucial feature of Lorentz spaces is that they are strictly larger than
the corresponding L9-spaces. Indeed, they contain some important singular
functions. For instance, the function 1//z does not belong to L?(0,1), but
by definition, it belongs to L?°°(0,1) (Exercise 6.4). By similar arguments it
can be shown that for any domain 2 C R™ and ¢ > 1, L%°({2) is strictly
larger than L9(£2).

Next we will prove the Marcinkiewicz interpolation theorem. This result
will be the essential ingredient not only in the proof of the Hardy-Littlewood—
Sobolev inequality, but also in the proof of the Calderén—Zygmund inequality,
given in §6.4.

6.2.4 The Marcinkiewicz Interpolation Theorem

Theorem. Let 1 < p; < q; < oo fori = 1,2 so that ¢1 # q2, and let
1 <p,q < oo be such that
1 06 1-60 1 6 1-0

= , —=—4+ (6.10)
p D1 b2 q q1 q2
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for some 0 € (0,1). (In other words, 1/p, respectively 1/q, lies on the line
connecting 1/p1 and 1/pa, respectively 1/q1 and 1/qa, where the quotient of
the distances is 0/(1 — 0).) Furthermore, suppose that T is a linear operator
from LPi(R™) to L%>(R%) and that there exist constants M; such that

rf

fori = 1,2. Then T extends to a bounded linear operator from LP(R™) to
LY(R%). In particular, there exists a C' > 0 such that

gio0 < M|\ fllps,  f € LP*(R™) N LP2(R™), (6.11)

ITfllq < CMIM ™ | fllps  f € LP(R™). (6.12)
Here C depends only on p;, q;, i = 1,2, and p, q.

The result in which assumption (6.11) is replaced by the stronger one

1T flla: < Mil| £llp:

and which was obtained already in the first half of the twentieth century,
is known as the Riesz—Thorin theorem (then (6.12) holds with C = 1 with
no restriction on p; and ¢;. In particular, p; > ¢; is allowed). Since L& is
strictly larger than L9, including even singular functions such as 1/|z|"/9, the
Marcinkiewicz interpolation theorem is an essential improvement of the result
of Riesz—Thorin. Analogously to §6.2.2, it will be proved by real-analytic argu-
ments. We first give a detailed proof in the case p; = ¢;, i = 1,2 (hence p = ¢
by (6.10)), since it is easy to understand the arguments. (Logically speaking,
it is enough to give a proof for the general case.) The assumption p; < ¢;
cannot be removed, but ¢; and also p; are allowed to be oo [Folland 1999].

Proof. Without loss of generality we may assume p; < p < py. For s > 0 we
first split f € LP*(R™) N LP2(R™) into a part with absolute value larger than
s and a part with absolute value smaller than s, i.e., we set

Then we have
f(x)=f°(z) + fs(z), x€R™
Since T is linear, we obtain that T f = T f* 4+ T fs. Consequently,

TS ()l < T W)+ ITfy)l y e R (6.13)

Observe that for measurable functions g, g1, g2 satisfying |g| < |g1| + |g2| we
always have that
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lg(@)| >t = |gi(z)] >t/2or [g2(2)] > t/2
for each t > 0 and € R™. This implies that

X{lg/>0 () < X(jgi|>t/2) (T) + X{lga|>t/23 (), @ E€R", >0,

where xp denotes the characteristic function of a set B C R", i.e.,

() 1,z € B,
XBLE) = 0,z ¢ B.

Thus, for the distribution function we obtain
mg(t) < mg, (t/2) +myg,(t/2), t>0. (6.14)
Applying (6.14) to (6.13) results in
myy(t) < mrpys(t/2) + mry, (t/2), t>0. (6.15)

Now we apply assumption (6.11) for ¢ = 1 on T'f* and for i« = 2 on T fs. This
gives us

mrgs(£/2) < My /6™ [ I3,
mry, (t/2) < @Mz /O)% || fll7; (s> 0). (6.16)

By the validity of (6.16) for all s,t > 0, we may regard s as a function
depending on t, say s = g(t), with g chosen suitably in the sequel. The task is
now reduced to an estimate of ||Tf||, by utilizing relations (6.15) and (6.16).
Employing §6.2.2 (ii) we obtain

[@nwiay=a [ o tmes @
Rd 0
Inserting (6.15) and (6.16) into this equality we arrive at

l q « Ooq—l—ql p1 g
=] Jwpiay < e [T (/W)>g(t)f<x> dx> Z

42

oo P2
+ (2M2)q2/ it (/ |f(z)|P? dx) dt.
0 [f (2)|<g(t)

(6.17)

The terms on the right-hand side of (6.17) will now be estimated by choosing
g and substituting ¢ suitably.
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The case p; = q;:

Here we set g(t) = t/A with a positive constant A to be defined later. Then
the substitution ¢t = As turns (6.17) into’

1 oo
_/ |Tf|%dy < (2M;)? AT % / gi—1-a / |f|Prdx | ds
qJ) Rrd 0 |f]>s

+ (2]\/[2)"214‘17‘12/ gim1—a (/ f|p2dx> ds. (6.18)
0 [f1<s

Analogously to the proof of §6.2.2 (ii) we set
W={(zt) eR"™; 0<t<|f(2)]}, Hs={xeR"|f(zx)| > s},

which means W = {(z, s) € R""!;z € Hy, s > 0}. Interchanging the integrals
(§7.2.2) then implies

N A S R
= [ @ ( [ d> "

1
— [ i,
P —DP1 Jrn

In exactly the same way we obtain

/000 sP—17p2 </f|§s f|p2dgc> ds = /n |f(z)|P? (/:;)l sp_l_mds) dx

1 p
- —— [ 1@

From p; = ¢q; (i =1, 2) we get p = ¢, and therefore by (6.18),

1 QM )PL AP—P1 QMo )\P2 AP—P2
L[ sy < [SHAE L GUIRAZE] [y,
D Jra p—n p2—p n

Since this expression is valid for every A > 0 we can minimize the expression
in brackets with respect to this variable. By differentiating with respect to A
we find that the zero of the derivative will be attained in

! In the sequel, if no confusion seems likely, we omit the variable of integration.
Furthermore, |f| > s is an abbreviation for {z € R";|f(z)| > s}, and in the same
sense we use |f]| < s.
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—P1 P2
—P1

A — 2M1P27P1 M2P2 .

Inserting this, we find that the expression in brackets is the product of p_lpl +
1

p2—p

and

p1(P2—p) p2(r—p1)

2pM1 P2—P1 M2 P2-P1  _ 2pM10pM2(1—9)p'

Therefore we have proved that

9 1-6
IT |2 < oPpafPpa =% £ |12 (6.19)

1/p
022(L+L) .
p—D P2 — P

Since LP*(R™) N LP2(R™) is dense in LP(R™), the operator T extends
uniquely to a bounded operator on LP(R™) (see §7.3), i.e., (6.12) is valid
for every f € LP(R™).

with

The case of general exponents:

Again it is sufficient to consider f € LP1(R™) N LP2(R™). First suppose that
a1 < G2-

Now we set g(t) = (t/A)"/* with constants A, > 0 again to be defined
later. By the substitution ¢ = As*, the first integral on the right-hand side of
(6.17) takes the form

a1

oo Pr1
Jy = / oo / |flPrda | dt
0 |f1>s

= qufql/ gla=1—a)ptp—1 </ XW(I75)|f(I)|p1dI) " ds
0 R™

= pAIN /Oo
0

By the assumption g1 /p; > 1 and the integral form of the Minkowski inequality
(Exercise 6.5) we obtain

r

q

a1
/ s((qﬂ“)”*l)%XW|f(33)|p1dﬂc " s,

/ s((qf‘“)“fl)%xw\f(gc)\pldas s

q1

 ga-au-1 A
LA s is@mas) ™ ao
n 0
1 (@)] i
— / / gla—a)p=1 7, |f ()P da
n 0

IN
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Note that the last equality follows by the definition of the set W. Calculating
the inner integral then results in

q1
1 -~ P1 P1
B S p AT e (/ [l +’“dac) -
R’IL

The fact that we would like to have an estimate by the L? norm of f shows
us how we have to choose p, namely as

_Nap—h
P14—q1
Then i
J <A@ Hfugth/pl
q9—qQ1
follows.

By a very similar calculation for

a2

oo P2
Jy = / it / |f|P2dx dt,
0 Ifl<s

a2
J2 < Aq—Q2 1 (/ |f(q—Q2)N§§+p2dm> P2 .
- G2 — q \Jr»

At this point condition (6.10) comes into play. Indeed, this relation gives us

we obtain

“np—p1 ZQ_zp—pz
pP14—q1 P2 q—Qq2

hence u =

1

D2
12
p

Therefore, J, turns into
1
Jo < AII*qz_”fnng/PQ.
a2 —4q

Combining the estimates for J; and J3, we infer from (6.17) that
(2M1)<h Ad—n (2M2)Q2Aq—Q2
—q _
Again by minimizing with respect to A we see that the right-hand side is
minimal for

1717 + 1717

1
— Tf' QS
pLedt

p(22-2) 1

A= 2(My " M| fllp ™ ")
This implies that
IR VRV ETTCES] (USUEA LS
qg—q  q2—4q

which proves (6.12) for the case ¢1 < ¢a.
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For the case g1 > g2 we just have to interchange the roles of ¢; and ¢2 in
(6.16). This means here that we employ

mrgs(t/2) < Mo /)% 7[5, mrs, (8/2) < MO f5]15 -

Then by arguments analogous to the case ¢ < go, estimate (6.12) follows.!
O

Remark. In the proof of the Marcinkiewicz theorem we use only measure-
space-theoretic properties of R" and R¢. Hence the theorem is valid if we
replace R™ and R? by arbitrary domains 2, C R” and {2, C R?, respectively.
In fact, we may replace R” and R? by general measure spaces. Furthermore,
for the operator T' we do not really need its linearity. More precisely, it is
sufficient to assume the following subadditivity:

TfW)l < ITHWI+ T )], yeR",
f=fi+ fa, f1, fa € LP*(R™) N LP*(R").

An application of this remark is given by the following integral estimate. The
proof is left as Exercise 6.6.

Proposition. Assume that 1 < r,p,q < oo satisfy 1 < g < r < oo and
2/r =n(1/q—1/p). Then there exists a positive constant C' = C(p,q,n) such
that

| e siga < e
holds for any f € L1(R™).

The importance of this proposition as well as its applications was pointed out
by [Weissler 1981, Giga 1986].

6.2.5 Gauss Kernel Representation of the Riesz Potential

For 0 < a < n we define the operator (—A)~*/2 by
1
I'(a/2)

The convergence of the integral is an easy consequence of the decay estimate
(1.5) for e!2 f. We will see later why this operator is denoted by (—A)~/2.

(—A)~/2f = /oo t27 et A f)dt,  f € Co(R™).
0

Lemma. We have that

(=A) "2 f = C(n, )l (f)  with

C(n,a) =T (g - %) / (F (%) 2%"/2) (6.20)
for f € Co(R™).

1 Alternatively, one could just replace p by —p in the definition of the function g.
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Here I' is Euler’s gamma function, which is defined by

I'(z) :/ et 27 dt,
0

for z > 0. We give a formal proof of (6.20). The justification of the following
calculation is left as Exercise 6.7. Observe that by

/OOO t2 et A f dt = /Ooo t2 1 </ Gy(z — y)f(y)dy> dt

= [ ([Tt ae) sy, 1< o)
(6.21)

we obtain

* . > 1 2 a
271Gy (z)dt = el /s gy
A 2 t(x) /0 (4,n_t)n/26 2

1 L a 1
/ 272 e dr
0

= an/240/2 ‘x‘nfa'

The substitution 7 = |z|?/(4t) then yields

/ t2 7 Gy (x)dt = M

0 2a7rn/2|x|nfo¢’

which proves (6.20).

6.2.6 Proof of the Hardy—Littlewood—Sobolev Inequality

Here we prove the boundedness of the Riesz potential by utilizing relation
(6.20) and the Marcinkiewicz interpolation theorem. The proof presented here
is based on [Varopoulas Saloff-Coste Coulhon 1992, Proposition I1.2.6]. The
idea of this proof goes back to [Yoshikawa 1971].

First we show the boundedness of the operator

T.(f) = /Oootfi—lemf dt.

from LP to the corresponding Lorentz space.

As mentioned in §4.1.6, note that if f € LP(R"), the expression e/ f is
smooth for ¢ > 0 and = € R™. Thus, here we may regard T, (f)(x) as an
improper Riemann integral for f € L?(R™) (1 < p < o).

Lemma. Suppose that a, p, v satisfy 0 < a <n, 1 <p<oo, 1 <1 < o0,
and
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1 1 «

T p n

Then there exists a constant C, depending only on p, a, and n, such that

Ta(f)lroe <Clfllp,  f € LPR").
Proof. For S > 0 we set

S 0o
FS = / t37 1A f dt, Fg= / t3 1A f dt.
0 S

This implies
(Ta(N))(@)] < |F5(@)| +|Fs(2), = €R" S>0.

(Note that the integrals fOS and |, ;o are understood in the sense of lim, .o f:

and lim, . f g exist. Thus F'°, Fg are realized as the pointwise limits of a
continuous function with respect to z, hence they are well defined.) We infer
from (6.14) that

mr, () (t) < mps(t/2) +mpg(t/2), ¢>0.
By the L>°-LP estimate in §1.1.2, Fg can be estimated as

oo
|Fslloe < / 131! floo dt
S

<C / 5L dt | f]l, = OS]l
S

with ¢’ = 2rC/n. Choosing S such that t/4 = C'S~27| f||», we see by the
estimate above that mp,(t/2) = 0 for ¢ > 0. Furthermore, the Chebyshev
inequality (§6.2.2) implies that

mps (t/2) < (¢/2) 77| F2|5.

Employing the estimate ||/ f|, < ||f|l, (§1.1.2), we obtain

S
o 2 N
151, < 11£1l / 370 dt =~ ||f],S%.
0

By our choice of S, we have that S = (4C" ||f]|,/t)Z % . This yields

mps(t/2) < O £ Y FIPTE
with € = 2P (2)" (4C")2P"/". Since by definition 1+ ar/n = r/p, we have
that
mps(t/2) < C"t7"|| fll,, t>0.
Thus, we obtain
mr, (p(t) < CfllL >0,

and the claim follows. O
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6.2.7 Completion of the Proof

Let p,r satisfy the conditions in the lemma in §6.2.6. It is clear that we can
find p;, ; (1 =1,2), and 6 € (0,1) satisfying 1 < p;,7; < 00, 11 # re, and

1 6 1-66 1 6 1-96 1 1

AT T N )

p b1 D2 r ™ T2 T3 Di n
By §6.2.6, T, is a bounded linear operator from L?i(R™) to L"#°°(R™). The
Marcinkiewicz interpolation theorem (§6.2.4) shows that T, extends to a
bounded linear operator from LP(R™) to L"(R™). Relation (6.20) then yields
the Hardy-Littlewood—Sobolev inequality given in §6.2.1.

6.3 The Sobolev Inequality

Next we will prove the Sobolev inequality (6.9) for C°°-functions with compact
support in dimension n > 2. (The case n = 1 follows trivially from (6.1).)
As mentioned in §6.1.1 this inequality is equivalent to the Gagliardo—Nirenberg
inequality for o = 1. After some preparations in §6.3.3 we give a proof for the
case r > 0 by employing the Hardy—-Littlewood—Sobolev inequality. This idea
was originally used by Sobolev. But, as pointed out in §6.1.5, the Sobolev
inequality can also be proved using the fundamental theorem of calculus
and the Holder inequality only. Since it can be important to know different
approaches to the same inequality, we also present a proof by this method.
One advantage of this approach is that it admits a proof in both cases r > 1
and r = 1. In §6.3.4, we will demonstrate this for the case r = 1 and outline
how the general case » > 1 can be reduced to this one.

As in Remark 6.1.4, we emphasize that by a density argument we may
omit the assumption of compact support. In fact, inequality (6.9) holds for
all w such that Vu € L"(R"™).

First, we recall some basic facts about the operator (—A)~! defined in
§6.2.5. If n > 3, by setting a = 2 < n this operator can be expressed by
(6.20). In fact, as proved in §6.2.6, it is a bounded linear operator from suitable
LP(R™) to L"(R™). The reason we write (—A)~! will be clear after the next
paragraph.

6.3.1 The Inverse of the Laplacian (n > 3)

Proposition. Let n > 3. For any f € C§°(R™), we have
(i) (-A)tAf=—f,
(ii) ()" f=Exf,

where E(z) = 1/((n - 2|S"jal"2) for o € R"\ {0}. Here 5"
21™/2 /'(n/2) denotes the area of the (n — 1)-dimensional unit sphere.
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Proof.

(i)

(i)

Since I'(1) = 1, we have that

m

(—A)—lAfz/ eAAf dt = lim etAAS dt.
0

m—00 0

By the L>®-L! estimate in §1.1.2, there exists a constant C' > 0 such that
| e?Af|lee < tn%HAle Thus the convergence above is uniform in

z € R™ Moreover, by the equality e!*Af = Ae!?f (see Proposi-
tion 4.1.6) and (6.6) we obtain for m > 0 that

m m m d
/ AASf dt:/ Aetdf dt:/ — A dt=emAf — f.
0 0 o dt
From the L®°-L! estimate we infer
mA C
€™ flloo < —5 1l =0 (m — o0).
m
Therefore the claim follows.

This is obtained by setting o = 2 in the formula in §6.2.5. In fact, we
have that

r(z—1 _2r() 1

C(n,2) = = :
(0:2) = FR)Zm/z = n=2) 32/
B 1
- (n=2)sm1
where we used relation z I'(z) = I'(z + 1) for the gamma function. O

Remark. Tt is a well-known fact that |S”~1| = 277/2/I"(n/2). Nevertheless, we
give a simple proof here. By introducing polar coordinates, fR“ el dy (=:J)
is expressed by

On

J = |S"71\/ Lo dr.
0

the other hand, since [ e=®dx = /7, we have J = 7"/2. This

results in

|S™1 :W"/Q// e dr.
0

Another change of variables implies

/ 1""7167T2dr:/ s"T e* L ds = F(n/2).
0 0 281/2 2

Hence we obtain that |S™~!| = 272™/2/T'(n/2).
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6.3.2 The Inverse of the Laplacian (n = 2)

Proposition. Let n = 2. For x € R?\ {0} set E(z) = —5-log|z|. Then
Ex Af = —f holds for f € C3°(R2).

Note that this proposition can be proved by employing direct methods
(Exercise 6.8). However, here we employ methods relying on the expression
(—A)~/2. Observe also that in the two-dimensional case, expression (6.20) of
(—A)~! is a priori not well defined, since the integration over ¢ may diverge.
To overcome this difficulty we prove F x« Af = —f by letting the parameter
ain (—=A)~*/2 tend to 2 from below.

Lemma.

(i) limagz [[(—A)"/DAf + flloo =0 (f € C5°(R?)).
(ii) limyro((—A)~/2n)(z) = (E * h)(z), = € R?, holds for h € C$°(R?)
satisfying [o. h(z) do = 0.

Setting h = Af, integration by parts (§4.5.1) yields [po h(2)d2z = 0. This
shows that the proposition is reduced to the assertions in the lemma.

Proof of the lemma.
(i) Pick € > 0. We split the integration over ¢ into two parts:

(—A)"*2Af
= —F(;/2) {/Oo t‘z"l(etAAf)dH/:t‘é‘1(etAAf)dt}
1
= W(Jl + J2).

By Proposition 4.1.6 and integration by parts we obtain

le/ t%—l(AefAf)dt:/ (51 %(emf)dt

--(5-1) /:o 1572t f)dt — e 82 )

on R2. Observe that there is no contribution of the value t = oo by virtue
of the uniform boundedness of ||e!? f||o in t > 0 (§1.1.2). Let n be the
space dimension. Now, employing the L>®-L! estimate in §1.1.2, i.e.,

e flloo < C1t™™2||fll1,  Ci = (4m)~"/2,

we can estimate

[ e e [T et a
€ €

a n 1
—C1 eFE fh
5113

oo



(i)

6.3 The Sobolev Inequality 215
The latter term is bounded as « T 2. This implies

11% [ J1 + €2 flloo = 0.

On the other hand, we have that

€ a 2 o
[l < [ #570 dt|Afl < ZeAfl — £l Af (a1 2).
0

«

This gives us

@u(fmﬂ/w + flloo < If — €2 flloo + €l Af ] co-

Letting ¢ — 0, we obtain ||f — 2 f|c — 0 in view of Theorem 4.2.1.
Hence (i) is proved.

Expressing (—A)~%/2 in terms of the Riesz potential as given in §6.2.5
for 0 < a < 2, we have that

(=A% = C(2,a)I,(h) on R

In view of [, h(x) dz = 0, we obtain that

C(2,a)Io(h) = Eqxh, Eq(z)= g‘fif(zfgg <CL';_O‘ a 1> ’

Well known properties of the gamma function imply that

r(1-5) =357 (2-3).

and I' (2— %) — I'(1) = 1if a | 2. Hence, I" (1 — %) tends to infinity as
a T 2 with the principal term ﬁ Set 2 —a =4. If z # 0, we obtain

(1712 ~1)/6 = S{exp(~log]a]) ~ exp(~0log a])}
— —loglz| (6§ —0).

This implies that

. 1
ltg o (a) = —5-log]a]

for any x € R? with o # 0. Thus, we have proved that

gg((*ﬂ)*“”h)(ﬂf) = (Exh)(z)

if we can show that taking the limit and integration commute. By the
equality
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(—A)*/2h)(x) = /

Eo(z —y)h(y)dy = / Eo(y)h(x — y)dy
R2

R2

and since the support of h is compact, this is a consequence of the
dominated convergence theorem (§7.1.1). In order to apply this result,
it remains to show that |F,(y)| is bounded from above by a locally inte-
grable function independent of a € (1,2). In fact, if y # 0, we apply the
mean value theorem in §1.1.6 to |y| =% as a function of §. This yields

1
‘y|—5 —1= _(Slog |y‘ / exp(—57 IOg |y‘)d7—’
0

from which we may conclude that

[log |yl ly|™*, 0<|yl <1,

(ly|~° = 1)/6| <
log |y|, ly| > 1,

for 0 < § < 1. As a consequence we obtain the estimate

sup |Ea(y) < 4 €218l =, o<yl <1,
1<a<2 ~ | Caloglyl, yl > 1,
I'2—a/2
Cy = sup w'

1<a<2 2077 (0/2)

Since the right-hand side of the above inequality is locally integrable, the
application of the dominated convergence theorem is justified. ]

6.3.3 Proof of the Sobolev Inequality (r > 1)

Next we prove (6.9) (i.e., inequality (6.4) of Theorem 6.1.1 with o = 1) for
u € C§°(R™) in the case of r > 1 (see Remark 6.1.4). We apply Proposi-
tion 6.3.1 if n > 3, and Proposition 6.3.2 if n = 1. For v € C§°(R™) and
x € R™ we have that

u(z) = — - E(r —y)Au(y)dy.

By properties (i) and (ii) in §6.3.5 we then obtain

u@) = [ (VE)e - ), Vuly) )dy.

(This follows via integration by parts. But observe that F is not continuous
for y = x, i.e., the method in §4.5.5 cannot be applied directly.) In view of

C
E <
VE@) < e

(C is a constant) (6.22)
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(see Exercise 6.9 (i)) and by employing the Riesz potential I;, we have that
C
u@)| < [ e Vuwldy=C h(va). (629
rn |7 — 9

Thus, the Hardy-Littlewood—Sobolev inequality implies (6.9) for the case
r>1andn>2. O

6.3.4 An Elementary Proof of the Sobolev Inequality (r = 1)

The method used in §6.3.2 for the proof of (6.9) does not apply to the case
r = 1. For this case and n > 2 we will present a direct proof for functions
u € C}(R™) based on the Hélder inequality and the fundamental theorem of
calculus.

Employing the latter result, we obtain that

T
u(z) = / O, (X1, ooy X1, 8, Tig 1, - -, Tp)ds (1 < i < m).
—0o0
This yields
o0
lu(z)] < / |0p, (X1, .oy X1, 8, i1, - -y Zn)|ds (1 < i < m).
—0o0
Forming the product over ¢ = 1,...,n and taking the 1/(n — 1)th power

gives us'
1

ju(e)| 7 < (H I am,iuwxi) -

i=1 YT

Integrating this inequality with respect to the first variable x; and then
applying the Holder inequality in the form

m m 1
1 Sl < TT Al 1< pi<io0, 3o =1,

i=1 i=1

results in

| @,
g(/ |8$1ud$1>n/ H{/ amu|dggi}” dz

2

o0 e 00 oo T
< (/ |8$1ud331> H </ / 8I,iudasidx1) .
—00 i—2 —o0 J—o0

I Here H:’;l a; denotes the product aiasz - - - am.
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Iterating this procedure with respect to variables zo, ..., z, gives us

w(z)|7idr < / O, U dx) nil.
[ = <TT ([ 1o

Next we apply the fact that the geometric mean does not exceed the arithmetic
mean, i.e., we use the inequality

n l/n n
(Haj> < % Z Qj, a; > 0,

i=1

in order to obtain

n 1/n n
1
llln/(n—1) H (/ 8xlu|d:c) < E/R Z |0, u|dz

=1

\/_

< — | Vuls.

Hence the proof of (6.9) for the case r = 1 and n > 2 is complete. Note that
the case r > 1 is obtained as a consequence of the case r = 1. Indeed, choosing
s > 1 such that
. sn (s—1)r
T = =

n—1 r—1
and applying (6.9) on u = |v|*, formally we deduce

ol < 22 = o).

The Holder inequality applied to the right-hand side then yields
- S Ol IVl

r*—

o]l

with C depending only on r,n. Consequently, (6.9) holds for general r > 1.
The only problem in this argument lies in the fact that |v| might not be
differentiable at 0. But this difficulty can be overcome by approximating |v|

|v|? + €2. Since this is analogous to the proof of the lemma in §2.3.3, we
omit the details at this point. O

Next we collect some elementary properties of the Newton potential
Ex f of f.
6.3.5 The Newton Potential

Proposition. Suppose that n > 2, f € C§°(R™), and let o be a multi-index.
For x € R™ we set

—=log|zl, n=2,
Bw =177 g ||
z[*7"/((n = 2)[S"1), n=>3.
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Then the following properties hold:

() ExfeC>®R").
OX(Ex f)=ExJ2f on R™.
Op;(Ex f) = (0, E) x f onR", 1 < j <n.

iii
J

ii)
i)

V; —A(Ex* f)=f on R",
i)

—~
=

—-

If x ¢ supp f then (07 (E * [))(z) = (07 E) * f)(x).

Assume that n = 2 and |a| > 1. Let Br be an open ball centered at the
origin with radius R so that supp f C Br. Then there exists a constant
C = C(R, f,n,a) independent of x such that

C
05 (B = f)(2)] < To[2al”

=)

|z| > 2R.

Proof.

(i), (ii) By Exercise 7.1, E % f is continuous. We express the Newton
potential as

(Ex i) = [ Fle—)E@wdy

Next we pick j € {1,...,n} and fix all variables in the vector = =
(z1,...,2j,...,2,) € R™ except for ;. Furthermore, we set

h’(xj7y) :f(l'l —Yi,-.., T 7yjaaxn7yn)E(y)7 Yy = (y17"'ayn)'

Let (a,b) be a bounded open interval containing z9. Theorem 7.2.1
now implies that H(xz;) = [p.h(x;,y)dy is C' on (a,b) and H'(z;) =
IRH%(:B]', y)dy. Let us check that h satisfies the assumptions of Theo-

rem 7.2.1. In fact, §7.2.1 (i) is obvious. Taking R > 0 such that
supp f C Qg :=[—R, R]", (a,b) C [-R, R], we obtain

[].]5
</, (/Qm
<10, fl [ 1; ( | E)ldy ) dz;.

This yields §7.2.1 (ii), since the right-hand side of the above inequality is
finite by the local integrability of E. Relation §7.2.1 (iii) is obvious, since
E is locally integrable, whereas §7.2.1 (iv) is an immediate consequence
of the continuity of 0., f * E (see Exercise 7.1). Hence f x E is partially
differentiable with respect to z; at any point (z1,.. .,xg-), ..., xp) and
we have O, (f * E) = (0, f) * E on R". This shows in particular that
E x f € CY(R") and the validity of relation (ii) for the case |a| =

An easy induction argument with respect to |a| yields the general case.

x], ‘ dy dx;

f
8_ x—y ’|E dy) dx;
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(iii) Now we write (Ex f)(z) = [p.E )f(y)dy. Again we fix all variables

except for z; and set

h(zj,y) = E(x1 — Y1, %5 = Yjr oo T = Yn) F(Y), ¥ = (Y1, Un)-

In a similar way as before, Theorem 7.2.1 yields that H(z;) = [p.
h(x;, )dy is C' on an interval (a,b) such that z% € (a,b) and we have
that H'(x f]R" G (z;,y)dy. In fact, h is C* with respect to x; except
on the segment

2= {y:(y17"'7yj7"'7yn); ylle(]#Z), ij(a,b)}.

On the other hand, the Lebesgue measure of X' in R™ is zero.This implies
assumption (i) of §7.2.1. Since we have

(see Exercise 6.9 (i)), by Exercise 6.9 (ii), 0., E is locally integrable. The
fact that f € Co(R™) then implies that (iv) of Theorem 7.2.1 is fulfilled
(see Exercise 7.1). Here Cy (k = 1,2,3) denote constants independent
of z. The assertion §7.2.1 (iii) is obvious by the local integrability of E.
Finally, we have to check §7.2.1 (ii). Pick R such that supp f C Qr and
(a,b) C [-R, R], {x;s; i # j} C [-R, R]. (Here z; is the ith coordinate of
x.) Employing the estimate for 0., F, we see that

R
Cy
(zj,y ddx_/ (/— d)das'
/ /71 J ‘ Yyax; R On |xfy|"’1|f(y)‘ Y J
R 1
<alfl [ (/Q i) e

n—1
Q2r ‘y|

Note that in the last inequality we used the fact that
r+Qr={r+2 2€Qr}C Q2r

Hence the assertion follows from Theorem 7.2.1.

(iv) This is a consequence of (ii) and Propositions 6.3.1 and 6.3.2.
(v) Assume that = ¢ supp f. Let (a,b) be a small neighborhood of z;, the

jth component of z, such that the distance between the segment X and
supp f is positive. Here we set

hMzj,y) =03 E(x1 — Y1,y &j — Yjs oo, T — Yn) f(Y),

where we fixed again the remaining components of x. By construction,
h and 0,,h are bounded and continuous on (a, b) x supp f. Relation (v)
is again obtained as a consequence of Theorem 7.2.1 and induction with
respect to |a|.
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Observe that we have |[02E(z)| < lmln?—gﬂal, x € R™ (Exercise 6.9 (i)).
Relation (v) now implies that

02(E * f)(@)] < / 02 E(z — )] |f ()ldy

Br

Cy
< _ d
</ oypem Wl

C>Cs

= - rpem (€F

with O3 = [, |f(y)|dy. If |x| > 2R we have that |z| — R > ||/2. This
proves (vi). a

Remark. The above proposition, establishing differentiability and representa-
tions of derivatives of E x f, can be generalized to f that are not necessarily
compactly supported. Indeed, the assertion remains true if f and its deriva-
tives decay sufficiently fast for large x.

(1)

For example, if f is continuous, bounded, and integrable on R™, then for
1<j5<n, (8$jE) x f is continuous on R".

If f € CHR") and f and |V f]| are bounded and integrable on R™, then
we have (9, E) « f € CY(R") and 0,,((02,E) * f) = (02, E) % (0z, f) on
R™ for 1 <14, 5 < n. This follows by similar arguments as in the proof of
Proposition (II) in §4.1.4 (see Exercise 7.4).

Iteratively it can be shown that f € C"(R™) such that 9% f is bounded
and integrable on R” for every multi-index a with || < r implies that
Oz, E * f € C"(R™) and that 0% ((0, E) * f) = (0, E) * (03 f) on R™.
Similarly the following can be shown: Let f € C(R™ X (to,t1)) and £,r €
NU {0}. Suppose that 9?92 f € C(R™ x (to,t1)) and

sup (0705 flloo(t) < 00, sup (8705 f[l1(t) < oo,
to<t<ty to<t<ty

for all 0 < b < £ and all multi-indices o with |a| < r. Then (9,,E) * f
is {-times partially differentiable with respect to ¢ and r-times partially
differentiable with respect to z. Furthermore, we have that 0792 ((0,, E)
f) = (02, E) % (0202 f) € C(R™ x (to,t1)) on R™ x (tg,t1) for all 0 < b < ¢
and |a| < 7.

6.3.6 Remark on Differentiation Under the Integral Sign

A straightforward calculation shows that AE(z) = 0 (z # 0). But observe
that the formal calculation

AExf)=(AE)x f=0
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is wrong. In fact, it contradicts relation (iv) of the last section. In this situ-
ation differentiation and integration do not commute, since the second-order
derivatives of E are not locally integrable. In other words, for x € supp f and
|af = 2 the equality 03 (E * f)(z) = (97 E)  f)(z) for convolutions does not
hold in the classical sense. However, if we regard AFE as a “distribution,” it
can be shown that —AFE = §, where 0 denotes the Dirac delta distribution.
Then we obtain

AExf)=(AE)* f=(AE)x f= =0« f = —f.

This calculation is compatible with (iv). In the theory of distributions, con-
volutions and differentials always commute. The theory of distributions will
not be treated within this book. For the interested reader we therefore refer
to the monographs [Kakita 1985], [Schwartz 1966], [Treves 1967].

6.4 Boundedness of Singular Integral Operators

In §2.4.1 we estimated the L%-norm of first-order derivatives of the velocity by
the Li-norm of the vorticity (1 < ¢ < co). This estimate for singular integral
operators of this form is usually called the Calderén-Zygmund inequality.
There are many generalized versions known in the literature. Here we present
a proof of this inequality for arbitrary dimension n > 2 in the form that we
used in §2.4.1.

6.4.1 Cube Decomposition

Let Ky be a closed cube in R™ (note that throughout this book by a “cube”
we always mean a cube whose edges are parallel to the coordinate axis with
length strictly larger than 0) and let f be a nonnegative integrable function
on Ky (i.e., f >0 on Ky and f € L*(Kj)). Depending on the values of f, we
divide K{ into smaller cubes. To this end, pick ¢ greater than the mean value
of f in Ky. Then we have

f(z) de <t |Kp|.
Ko

(Here |Ky| := fKo dx denotes the volume of Kj.) We divide K into 2" con-
gruent closed cubes such that the edges of the smaller cubes are half the size
of the edges of K. Observe that the new cubes do not intersect, except at
the boundary. We call the smaller cubes children of Ky, and Kj the parent of
the smaller cubes. Each child K’ of Ky on which

/ fla) de <t K]
»
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is satisfied, we divide again into 2™ children (grandchildren of K so to speak)
and iterate this procedure. (Note that this procedure has to be carried out
infinitely many times, since each child satisfying the above inequality has at
least one grandchild satisfying this inequality as well.) On the other hand, for
small cubes that are not divided we always have

/K F@) de >t |K]. (6.24)

Let K denote the set of all cubes obtained by the above procedure and on
which (6.24) is satisfied. By construction K is at most countable. Let K be
the parent of the element K of K. Since K ¢ K, we obtain

[ f@dn< [ f@) o<

On the other hand, by virtue of | K| = 2"| K|, this inequality and (6.24) imply

t< L/ f(z) do < 2™. (6.25)
K| Jx
Next we set
G=FK\ |J K.
KeK

(In other words, G is the set of points not contained in the union of all sets
K of the class K.) In what follows, we denote by L(Q) the length of the edges
of a cube @ and set for simplicity L := L(Kp). By definition, for any point
x € G there exists a sequence {Qn,}°_; of closed cubes @, = @ (z) such
that L(Qm) = L/2™, © € Q.,, and such that

[t <t ien). (6.20)
Qm(x)
In particular, L(Q,) — 0 as m — co. Lebesgue’s differentiation theorem (see

next claim) therefore yields

1
lim ———— dy = f(z
Ao @) Qm(m)f(y) y = f(z),

for almost every point z in G. Hence, by (6.26), we obtain f(x) < ¢ for almost
all z in G. In what follows we write for short

fl@)<t, aa zed. (6.27)

Summarizing, we see that on G the function f is bounded from above by ¢,
whereas outside G the mean value of f is bounded from above as in (6.25).
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Theorem (Lebesgue’s differentiation theorem). Assume that the func-
tion f is integrable on the closed set (more generally on a Lebesgue measurable
set) X CR™. For each point x in X, let Q. = Qm(x) be a sequence of closed
cubes such that x € Q, for allm € N and L(Q.,) — 0 if m — oco. Then the
mean value of f on Qu(x) converges to f(x) as m — oo for almost all z € X,
ie.,

1

lim —— dy = f(z a.a. ¢ € X. 6.28
Ao @ Qm(m)mxf(y) y = f(x), € (6.28)

In case f is continuous at the interior point = € X, it is easy to show that
the mean value of f in Q.,(x) converges to f(z) as m — oo. However, if f
is only integrable, the convergence of (6.28) is not valid for each z € X in
general. It is just valid for “almost all z € X”. The proof requires the covering
theorem. Here we do not give a proof of this result. Instead, the interested
reader is recommended to consult [Yosida 1976], [Rudin 1987, Theorem 8.8].

For later purpose we summarize the properties of the cubes obtained by
the procedure above.

Lemma. Let Ky be a closed cube in R"™ and f € L'(Ky) such that f >0 on
Ko. Assume that t > 0 satisfies

f(x) de < t|Ky).
Ko

Then there evists an at most countable sequence {K;}52, of closed cubes
satisfying

1
t<—/ f(.’)?) d.’)3§2nt, KjCK() (j:1,2,3,...),
K| Jk,

fl@)<t, aa zeG:=Kp\ U K;,

j=1
int K;Nint K; =¢ (Z #])

Here int A denotes the interior of the set A. (It is possible that {K;} is empty
or finite.)

For a clear statement of the next result we recall some facts and notation
from §6.3.

Let 2 € R". The function E(z) was defined by E(z) = — 5= log|z| if n = 2,
and by E(z) = |z|>7"/(]S"t|(n — 2)) if n > 3. Pick 4,5 € {1,...,n} and set
w:=Exf= f+xEfor f € C§°(R"). The operator that maps f to d;,0,,w is a
linear operator from C§°(R™) to C°°(R™) (see Proposition 6.3.5 (i)). Next we
will prove the L? (1 < p < oo) boundedness of this operator, which is known

as the Calderon—Zygmund inequality .
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6.4.2 The Calder6on—Zygmund Inequality

Theorem. Assume that 1 < p < oo and n > 2. Then there exists a constant
C' depending only on p, n such that for any f € C§°(R™),

Haafiaafj (E * f)”p <Clfll, (1<4, j<n). (6.29)
Hence, for each i,j € {1,...,n} the operator defined by
T:frs 00z, (E* f)

extends uniquely to a bounded linear operator from LP(R™) to LP(R™) (see
§7.3).

Remark.

(i) Let f € C*(R™) be such that f and |V f| are bounded and integrable
on R™. In view of Remark (ii) in §6.3.5, we obtain (9,,F) * f € C*(R")
(1 <j <n). Moreover, Tf is represented through the integral

Tf=0.((0E)«f) onR"

As mentioned in Remark 6.2.1, this is a nontrivial result and a good
exercise in Lebesgue integration theory. Observe that in the case n = 2
the Calderén—Zygmund inequality implies the following estimate for the
operator K defined in (2.6), which we frequently applied in Chapter 2.
Indeed, for 1 < ¢ < oo the L9-boundedness of the operator T yields the
existence of a constant C' depending only on ¢ such that

IV = £llg < ClIfllq

for any f € C'(R?) such that f and |Vf| are bounded and integrable
on R2,

(ii) Suppose that 2 < r < oo and again f € C*(R?) such that f and |Vf|
are bounded and integrable on R%. Combining the Gagliardo—Nirenberg
inequality (§6.1.1), the Hardy—Littlewood—Sobolev inequality (§ 6.2.1),
and the Calderén—Zygmund inequality in the form given in (i) for the
operator K, we deduce that

1K * flloo < CIIK * fIIL727| V(K  f)]|2/
< COMATCHT| FIAA IR, /g =1/r +1/2,

with a constant C' > 0 independent of f. This estimate is used in the
proof of (ii) of Theorem in §2.4.1. Note that without the assumption on
the derivative of f, K * f is not C' on R? in general. In this case V has
to be realized as a differential in the sense of distributions. Nevertheless,
the estimate
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1K % hlloo < CCY=2mC2T||R|| >/ R,

where1/¢ =1/r+1/2and 2 < r < oo, can be proved without distribution
theory for any bounded integrable function h € C(R?) by approximating
h through the functions f; := Gy/;*h (j = 1,2,...). By the assumption
of h, we have ||h|; < oo and ||h||; < co. Hence, employing Exercise 7.3,
we obtain ||f; — hllq — 0, and || f; — A|l; — 0 (j — o0). On the other
hand, by ||h|1 < oo, §4.1.6, and §1.1.3, we have that f; € C*°(R?) and
that 9% f; is bounded and integrable on R? for any multi-index «. This
implies

1K * filloe < CCM2/7 G| 112N £5112/7

Thus, by taking the limit 7 — oo, the desired estimate for h follows,
provided we can show that K = f; converges (pointwise) to K % h on
R? for almost all z € R?. Employing the method applied at the end of
§2.4.1 (there it was applied to the operator I7), we obtain [|K * hl|ec <
27||h]|oo + [|R]l1 < co. On the other hand, exchanging the order of inte-
gration (§7.2.2) yields K  f; = G/; * (K x h). By Remark 6.3.5, K * h
is continuous. But then Corollary 4.2.4 implies that K * f; converges
pointwise to K * h as j — oo on R2.

Inequality (6.29) is subtle in the following sense: For example, in the case
n=2and i=j =1 we have

1 —2? + 23

axlaIlE(x) = _% ‘x‘4

= K(x), (6.30)

and we see that 9,,0,, E is not contained in L!(R?). In spite of this
fact it seems that inequality (6.29) might be obtained by regarding K
as an element of L!(R?) and by applying the Young inequality to K * f
(except for the cases p = 1 and p = o). Note that K(z) as defined in
(6.30) satisfies the following properties for n = 2:

(i) K(Az) = A""K(x) (A > 0) (positive homogeneity of order n),
(ii) flrlzl K(x)do = 0.

Furthermore, K is smooth except at = 0. These properties also hold for
general dimension n and for 0% F with |a] = 2. However, for general K
satisfying (i) and (ii) it is a priori not clear how to define Tf = K x f, in
view of the fact that it is not integrable near = 0. An operator T" defined
with a nonintegrable K satisfying (i) and (ii) is called a singular integral
operator. Due to their significance, singular integral operators have been
extensively studied in the literature (see, e.g., [Stein 1993]). However,
this will not be a topic of the monograph at hand. Here we just consider
the special case of inequality (6.29). The proof of (6.29) presented in this
book will be based on real-analytic methods as prepared in the previous
section.
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The boundedness of singular integral operators on LP(R™) was first
proved in [Calderon Zygmund 1952]. We also refer to [Tanabe 1981] for a
precise proof of the Calderén—-Zygmund inequality and the Marcinkiewicz
interpolation theorem. The proof of the Sobolev inequality and the
properties of the Newton potential given in §6.3.5 presented here are
essentially the same as given in [Gilbarg Trudinger 1983], which is a well-
known and famous textbook on elliptic equations.

The proof of (6.29) can be outlined as follows: First we prove the inequality
for p = 2 (§6.4.3). Next we show that

‘aafiaafj (E * f)|1,<>o < CHbe

where ||-||1,00 denotes the norm in the Lorentz space L1 (R™) (§6.4.4) (at this
point we emphasize that the corresponding estimate in L', i.e., if we replace
Il ll1,00 by || - |11, does not hold). This is the most intricate part of the proof.
Here we employ the dividing procedure for cubes introduced in §6.4.1. Once
the estimate in the Lorentz norm is derived, we can apply the Marcinkiewicz
interpolation theorem in order to obtain (6.29) for 1 < p < 2. The case p > 2
then follows by a duality argument.

6.4.3 L? Boundedness

Proposition. Let n > 2. Set w=E x f for f € C°(R™). Then we have

Y 1000503 = 1113

1<ij<n

In particular, for fized i,j € {1,...,n} the operator T defined through T f =
02,05, w extends to a bounded linear operator from L*(R™) to L*(R™) (§7.3).

Proof. Take an open ball Br that contains the support of f and that is
centered at the origin. By part (i) of the proposition in §6.3.5 we know that
w € C°°(R™). Furthermore, the propositions in §6.3.1, §6.3.2, and §6.3.5
(iv) yield —Aw = —A(E x f) = —E x« Af = f. Employing integration by
parts twice and the fact that f = 0 on 0Bg, we therefore obtain

> / |0y, 0, w? da
Br

1<4,5<n

- Z / (8x,iaxiaxjw)8$jw dx
Br

1<i,j<n

S, (B
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0 0
:/ | Awl|? dx — Aw—wd0+/ <Vw, — (Vw)>da
Br 9Br ov dBr ov

. 2 ) ar
_/BR|f d:c—i—/aBR<Vw, £y (Vw) ) d

Here 0/0v denotes the differential in the outer normal direction at dBg, and
o the surface measure on dBr. Now we fix Ry > 0 such that supp f C Bg,.
Part (vi) of Proposition 6.3.5 then implies the existence of constants C7,Cs
independent of z such that

4 Cs

|6m1UJ( )‘ < ||T7 \&Elﬁmjw( )‘ < T € Rn\BZRm 1 < Z,j <n.

||
Thus, for R > 2Ry we deduce

/aB (Vw, a% (Vw))do ‘< RSQI%R" 18" 50 (R — ).

This results in

> / |0, 0, w( |2dx—/ |f(2)]? da. m

1<4,5<n

6.4.4 Weak L! Estimate

Proposition. Let n > 2, f € C§°(R™), and w = E * f. Then there ezists a
constant C = C(n) depending only on n such that

102,00 ;01,00 < Cllfll1,  feC(R") (1<i, j<n).

Proof. Let f € C3°(R™). For fixed i,j € {1,...,n} and Tf = 0,,0,,w it is
sufficient to show that the distribution function mrs of T'f satisfies

i, .,
t '

mry(t) <

For this purpose, fix t > 0. Next let Ky C R™ be a closed cube containing the
support of f such that

/ F(@)lde < t] o).
Ko

Observe that in view of the compact support of f this can always be achieved
by choosing Ky large enough. By decomposing R™ according to the results
stated in Lemma 6.4.1, we next will split f into a “good” part g and a “bad”
part b. Let {K,}72; be the family of closed cubes in R™ enjoying the properties
of Lemma 6.4.1 for | f|. We set
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flx), z € G =K\ J K,

g(x) = 1 =1
T (y)dy, zeK, (=12,...,
Kol Jk,

and b(z) = f(z) — g(z). First we observe that g = b =0 on R"\ K{ and that
g,b € L?(R™). Furthermore, Lemma 6.4.1 implies

lg(x)] < 2™, a.a.z € Ky,
b(xz) =0, z € G,
/ bdr =0, £=1,2,3,....
K,

Since T is linear and bounded on L?(R"™) (§6.4.3), we may write T'f = T'g+Tb.
Hence, similarly as in (6.14), we obtain

mrg(t) < mry(£/2) + my(t/2).

This gives us the possibility to estimate the term related to g and the term
related to b separately, which will be done in (a) and (b) respectively.

(a) Estimate of T'g.

The L2-boundedness of T implies ||Tg|l2 < ||g/l2. Applying the Chebyshev
inequality (§6.2.2) then gives us

mag(t/2) < (%) | rakas < (%) / g

The fact that |g|] < 2"t yields

on+2
may(t/2) < 2= [ gl .
By the definition of g it is clear that ||g||1 < || f||1. Consequently,
mrg(t/2) < 2" fll1/t.
(b) Estimate of T'b.
(The First Step: Decomposition of b)
Here we first introduce a further decomposition of b as b(z) = Yoo, be(z) a.a.

x € R™, where
b(x), € Ky,
be(z) = ) e
0, X ¢ K@,
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for ¢ = 1,2,3,.... (Note that the decomposition of f as f = g+ > o, by
with g and by, £ = 1,2,3,..., as above is called the Calderén—Zygmund
decomposition.) Since f and g are supported in Ky and bounded, b is so
as well. By the bounded convergence theorem (see §7.1.1) this implies that
limy,—oo || >opey be — bll2 = 0, i.e., b can be regarded as the limit of the series
>y, be in the L%-sense. Thus, by the boundedness of T' in L*(R™), also
Ay = Zile Tb, converges to Tb as k — oo in the L2-sense. By general facts
of integration theory (see for example [Ito 1963, Theorem 22.2], [Rudin 1987,
Theorem 3.12]) this in particular yields the existence of a subsequence of Ay,
converging pointwise to T'b for almost all z € R™.

(The Second Step: Approximation of by)

In order to estimate T'b, we intend to employ the integral representation for
the operator T'. To this end we will approximate b, € L>(K,)(C L*(K;)) in
L?(K) by elements in C§°(int K;) with vanishing mean values on K. For the
construction of such a sequence first we may choose {b, }5°_; C C§° (R™)
satisfying supp by, C int Ky and

lim ||b(m — b(HQ =0 (6.31)

(Exercise 7.3). In particular, this implies that

lim borm dv = / by dz = 0. (6.32)
m— 00 K, K,
Now observe that )
me y— bém dx
|Ke| Jk,

has vanishing mean value in K,. Therefore, by (6.32), it converges to by on
L?(K;). However, the support of this function is not compact in int K.
To make this function compactly supported we apply a cut-off technique
as follows. We choose ¢, € C5°(int Ky) satisfying ¢, = 1 on the sup-
port of bpm, 0 < e < 1, and limg,,— o0 Yem(x) = 1 for all € int
K. Note that such a 1y, is easily constructed by employing the function
0(r) =q(2—7)/(q¢(2—7)+q(7 — 1)) as defined in the proof of Theorem 4.4.2.
In fact, we may set 0. (1) = (24 (1+e—2)/e) for 0 < e < 1 and 7 € R, where
0 € C*(R) is a function satisfying 6(7) = 0 for 7 > 2, 0(7) = 1 for 7 < 1, and
0 < 6(r) <1 for 7 € R. This implies that 6.(7) =0for 7 > 2 —¢, 6.(7) =1
for 7 < 2—2¢,and 0 < 6. < 1. Let (z¢1,...,2e,) denote the center of Ky,
and Ly the length of each edge of Ky. Since the support of by, is compact in
Ky, by choosing 1 > g¢(m) > 0 suitably, we obtain

supp bem C {33 = (21,...,2p) € Ky;

L
|xi *xZi| < ?Z(l 76[(771,)), 1= 172a"'an}'
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Moreover, observe that we may choose the g4(m) in a way such that e,(m) — 0
(m — 00). Now set

- 4|z — x4
Wm(l”) = Haag(m) <T> , x € Ky

i=1
Then we have that supp ¥y, C int K, and that 1, = 1 on supp be,,. By virtue
of gg(m) — 0 (m — o0), we also see that limy, oo Yem(x) = 1, x € int K.
The smoothness of 1, and the property that 0 < 1y, < 1 are obvious by
the definition of 6,.

Utilizing the function vyg,,, we set

bom(2) = bom() — ( / %(y)dy) V@) [ ()i

By definition we therefore obtain sz l;g;(x)dx =0 and bfz\n: € C§°(int Ky).
Furthermore, (6.31) and (6.32) imply that

lim_||be — bl = 0.

Thus, we may proceed under the assumption that be,, € C§°(int K,) satisfies
(6.31) and

/ bom (x)dz = 0. (6.33)
K,

(The Third Step: Estimate of Tbe, outside Kp)

For by, we may write

(Tbem) (1) = O, 0, ( E(z — y)bgm(y)dy) , x€eR".

K,

If © ¢ Ky, we can interchange differentiation and integration (§6.3.5 (v)) to
obtain

(The) (z) = / (02,0, ) (& — )bt (1) dy.

K,
Let y denote the center of Ky. Since by, has vanishing mean value, the integral
Tbyy, can be represented as

(Tblm)(x) = p {(awiawj E)(x - y) - (awiawj E)(x - @)}bzm(y)dy.

By the integral form of the mean value theorem (§1.1.6), and the fact that
|09 E(x)| < Colx|~"+2~ 1ol (Exercise 6.9 (1)), we obtain

|a$1a$gE(x - y) - a$1a$JE(:L. _y)‘

1
<ly—7l / (V0r,00, E) (@ — y + 0y —7))|d0

< |y = gIC1(dist (z, K)) ™"
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1L

x=y+0(y-y)

dist(x,K,)

<

y

Figure 6.2. Estimates by dist(x, K¢) : |z —y + 6(y — 7)| > dist(x, K¢).

(see Figure 6.2.). Here dist (x, Ky) := inf{|x —y|; y € K} denotes the distance
between x and K; and ¢y the diameter of K, (which is twice the distance of
7 to a vertex of Ky). Hence, for x ¢ K, we deduce the estimate

[(Tbe)(2)| < C16e(dist (x, Kp)) "t /K |bem|dy, (6.34)

with a constant C; > 0 depending only on the dimension n. Next, let B*
denote the ball centered at 7 with radius ;. We integrate (6.34) over R™\ B*.
Since dist (z, Ky) > |z — 3| — 0,/2 for x € R™\ B, we obtain

1
TbmxdasgCé/ —daz/ bem (v)|dy.
/Rn\BeK )2 Y a1ss, (2] = 8e/2)m+ Ke| o)

Introducing polar coordinates, the inner integral can be estimated as

1 o0 pn-1
—————dz = |S" ! ———dr
/;2&(ar—5d2ﬁ+1 SR ey

[ee] 2 n—1
80/2 P

n— * 2p nl n— n— 2
<ismi| [ B = s 2,
52/2 p ya

and we conclude with

/ wmmmms&/wm@m.
Rm\ B¢

K,
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(The Fourth Step: Estimate of Tb)

Observe that ||be, — bell1 < |Ke|*?||bem — bell2 — 0 as m — oco. This implies
that a suitable subsequence of Tby,, converges to Tb, a.a. x € R". Fatou’s
lemma (§7.1.2) then yields that

/ |Tbg\das§02/ beldy.
R"\ B¢ K,

Let {Ag(;)} be the subsequence of {Ay} converging to Tb a.a. x € R", which
exists according to the first step. Summing up the inequality above from ¢ = 1
to £ = k(i), taking the limit ¢ — oo, and using Fatou’s lemma again, we obtain

/ |Tb|dz < CQZ/ |bg|dy = 02/ bldy, G* =R"\F*, F* = | ] B".
G* /=1 K, Ko =1

Note that [ lgldy < [ |fldy implies that [, [bldy < 2[ . |f|dy. This
gives us

/ ITblde < 2051
G*

Employing the Chebyshev inequality (§6.2.2) for p = 1, and for R™ replaced
by G*, we arrive at

o e G |TO@] > /2] < LSl G =40, (635)

(See Remark 6.2.3.) Thus, the estimate for the distribution function of T'b on
G* is proved.

On F* the estimate is proved as follows. Since |Bf| = |S"~1|§7/n and
|K¢| = (6¢/n'/?)", we obtain that

[FH < OB =18 AT YK,
=1 =1

By the definition of K, we have

t< i — |fldz.
|Ke| Jk,

This implies that

> 1 & 1
SIKA <Y [ iflde < Sl
l=1 l=1 £

Consequently,
* « . C
{z € F*; [(Th)(x)] > t/2}] < [F*[ < T4||f”1' (6.36)

Estimates (6.35) and (6.36) now result in mry(t/2) < Cs||f|l1/t. Combining
(a) and (b), we finally arrive at mp;(t) < Cg||f|1/t; hence the proposition
follows. a



234 6 Calculus Inequalities

6.4.5 Completion of the Proof

We are now in position to complete the proof of the Calderén—Zygmund
inequality (§6.4.2). For n > 2 and fixed 4,5 € {1,...,n} we still set
Tf = 0y,0z;(E* f). By the results in the previous paragraphs 7' is a bounded
linear operator from L?(R™) to L?(R") and from L*(R™) to L1°°(R™). (See
§7.3 and Exercise 7.3. Note that L1:°°(R"™) is not a normed space. However, it
is complete as a pseudonormed space with the pseudonorm | f|1 .. We refer to,
for example, [Bergh Lofstrom 1976] for basic facts on pseudonormed spaces,
in particular on Lorentz spaces. Furthermore, observe that the assertion in
the extension theorem in §7.3 is still valid for complete pseudonormed spaces
Y. Hence, we may apply this result on Y = L1:°°(R").) The Marcinkiewicz
interpolation theorem (§6.2.4) then implies

1T fllp = 11020, (E + f)llp < Clsp) | fllps [ € C57(R"), (6.37)

for 1 < p < 2. The case p > 2 follows by a duality argument. In fact, for f,
g € C§°(R™) the Holder inequality gives us

[ wngdo= [ (£ 000,90

R
[ ] Bl 0 )(0.0s,9) ) dy

1 1
:/ f Tgdy < || Tolys =+ =
R p p

By the duality characterization (6.8) for p > 2 we further know that
71, =sw{ [ (@natsilaly <1. g€ CREn)}
< sup{[[fllpl|ITgllp [lgllr <1, g € C5°(R™)}.

The fact that 1 < p’ < 2 and relation (6.37) then result in

ITfllp < Cr )1 £l

This proves (6.29) for 1 < p < oo and f € C§°(R"). Since C§°(R"™) is dense in
LP(R™) (Exercise 7.3), by §7.3 the operator T extends uniquely to a bounded
linear operator from LP(R™) to LP(R™). ad

6.5 Notes and Comments

We first give comments on §6.1.6, where the critical case of the Sobolev
inequality is discussed. There are inequalities asserting that exponential
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integrability of w is controlled by the L™-norm of the gradient of u. Such
an inequality is often called a Trudinger—Moser inequality. Here is a typical
form. There exist positive constants a and C' such that

/ (exp(a|u(x Z alu(z ) dz < C||lu||? (6.38)
" §=0

for all u € C}(R™) with ||ul|, < oo, ||Vul, <1, n>2, where n’ =n/(n—1),
the conjugate exponent of n. This type of inequality was first obtained by
[Trudinger 1967] and improved by [Moser 1970]. The version (6.38) is a special
case of the inequality given in [Ozawa 1995], where n is replaced by a general
exponent with necessary modification. The proof is based on the Gagliardo—
Nirenberg inequality

lully < Cp =™l /P Va2, (6.39)

where the dependence of the constant in (6.4) with respect to p is explicit.
In [Ozawa 1995] inequality (6.39) is obtained by proving the Hardy—
Littlewood—Sobolev inequality (§6.2.1) with explicit dependence of the
constant with respect to r and p. Like the Sobolev inequality, the Trudinger
inequality has substantial applications to nonlinear partial differential equa-
tions. We give only an example where it is used for the study of equations
of chemotaxis [Nagai Senba Yoshida 1997]. The Trudinger—Moser inequality
can be extended in Lorentz—Zygmund-type spaces. For such developments the
reader is referred to [Edmunds Gurka Opic 1995], [Edmunds Hurri-Syrjanen
2001], [Mizuta Shimomura 1998].

There is another development for the critical case of the Sobolev inequality.
The first example is provided by [Brezis Gallouet 1980]. The Brezis—Gallouet
inequality is of the form

lullse < CIL+ (| Vull2{log (|| Aullz + €)}/?]

for u € C}(R?). A similar critical inequality for higher-dimensional space
with general exponent (instead of L?) is due to [Brezis Wainger 1980]. The
Brezis—-Wainger inequality is of the form

lulloso < CLLA+ [[(=2)"ul[ {1+ log(e + | (1 — 2)* 2ul|,)}* /7]

for all u € C§°(R™) with ||(—A)"/?Pul|, < oo, |(I — A)*/?ul|, < oo, where
s > n/p. These inequalities can be considered a variant of the Gagliardo—
Nirenberg inequality in the sense that the dependence with respect to one
norm is logarithmic instead of powerlike. For a further development of the
logarithmic Sobolev inequality the reader is refereed to [Ogawa Taniuchi 2004]
(and [Kozono Ogawa Taniuchi 2002]) for inequalities in Besov spaces and
to [Ogawa 2003] for inequalities in Lizorkin—Triebel spaces. Note that these
results include the Beale-Kato-Majda inequality [Beale Kato Majda 1984]
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in their study of the Euler equations. As carried out in these works, such
estimates provide a nice regularity criterion for several evolution equations
including the Navier—Stokes equations and the harmonic map flow equations.

We next give comments on §6.2 and §6.3. There are various ways to prove
the Hardy—Littlewood—Sobolev inequality. A standard proof is to estimate
its kernel and apply the Marcinkiewicz interpolation theorem; see, e.g.,
[Folland 1999], [Ozawa 1995]. The proof given in [Reed Simon 1975] uses the
Hunt interpolation theorem as well as the Marcinkiewicz interpolation theorm
and it is in some sense the shortest one. There is a method using maximum
functions. For example, see [Ziemer 1989]. This book also contains a proof
of the Sobolev inequality based on the isoperimetric inequality. The proof
of the Marcinkiewicz interpolation theorem is found in standard textbooks
on analysis, for example [Folland 1999], where a proof of the Riesz—Thorin
theorem is given. For Lorentz spaces, see [Bergh Lofstrom 1976). To con-
struct new function spaces by interpolating two function spaces is very
important for an effective use of interpolation theorems. For this direction,
see also [Butzer Berens 1967, Triebel 1978, Muramatu 1985, Komatsu 1978].
Sobolev spaces, which are not introduced in this book, are treated in many
elementary textbooks on partial differential equations. Moreover, textbooks on
interpolation theory also treat them. There are famous books [Adams 1978,
Mazja 1985] mainly treating Sobolev spaces. Rellich’s theorem, which is a
compactness result for Sobolev spaces corresponding to the Ascoli-Arzela
theorem (Section 5) for continuous functions, is very important. Besides the
Sobolev spaces there are many further important function spaces. For a com-
prehensive overview we refer to [Triebel 1983, Triebel 1992].

We further give some remarks on §6.4. There is a large branch within
analysis that is concerned with the treatment of singular integral opera-
tors and that goes far beyond the discussions in §6.4. This branch is called
harmonic analysis. It includes the theory of Fourier multipliers, which is closely
related to the theory of singular integrals. For a comprehensive introduction
to harmonic analysis we refer to the books [Stein 1993] [Torchinsky 1986],
[Garcia-Cuerva Rubio de Francia 1985], and [Stein 1970] as well as to [Stein
Weiss 1971].

Many of the results on multipliers and singular integral operators have
counterparts in a Banach-space-valued setting such as LP(R", X), i.e., if the
image space C or R is replaced by a Banach space X. The value of the
X-valued versions of these results lies in their importance for the treatment
of linear and nonlinear partial differential equations. In particular, the notion
of strong solutions in recent years has become significant for the treatment
of quasilinear problems. In this context one aims for solutions in anisotropic
Sobolev spaces such as WP((0,T), LP(R™)) N LP((0,T), W?P(R")) for the
heat equation in R™. In this context the X-valued versions (X = L?(R™) in the
case of the heat equation) of the results on multipliers and singular integral
operators serve as a powerful tool.
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Inter alia there are X-valued versions of the Marcinkiewicz interpola-
tion theorem and of the Calderén—Zygmund inequality (see [Torchinsky 1986],
[Hieber 1999]). For X-valued multiplier theorems and their relation to
X-valued singular integral operators we refer to the orignal paper [Weis 2001]
and to the booklet [Denk Hieber Priiss 2003].

Exercises 6

6.1

6.2

6.3

6.4
6.5

(86.1.3) Let € C*(R) be such that 6(y) = 0 for y > 2, 6(y) =1
ony < 1,and 0 < # < 1 on R. For a natural number j we define
0;(z) = 6(|z|/4) (x € R"), and for u € C*(R"™) we set u; = 0;u.
(i) For |jull, < oo show that lim; o ||u; — ul, = 0 if p € [1,00), and
that ||ul|co = im0 ||uj||oc if p = co. Furthermore, if u € Coo (R™)
and |luljeo < 00, show that lim;_ ||u; — 1] = 0.

(ii) If JJullp, [Vullp, < oo for p € [1,00) and ||Vul|, < oo, then
lim; o [[V(uj — )|, = 0.

(iii) If Jull, < oo and ||Vull, < oo for 1 < r < p < oo satisfying
1/r —1/p < 1/n, then lim; o ||V(u; — u)||; = 0. (The assertion
remains valid if p = oo, n < r < 00.)

(§6.1.4) For w € LIR") N L"(R") with 1 < ¢ < r < oo, show that

u € LP(R™) for ¢ < p <r and that

1 p 1-p
lullp < lullgllulli™, ~==+-—=, 0<p<L.

q r

(8§6.2.3)  For a Lebesgue integrable function f on R™, we define
1_
e = sup{ 1B [ 17lds
E C R"™ Lebesgue measurable, |F| < oo},

where 1 < ¢ < co. Show that there exist positive constants Cy and Cs,
independent of f, such that

Cill fllg00 < [ flg,00 < Col fllg,00-

Moreover, show that ||f||q,c0 is & norm in L?°°(R™).
(§6.2.3)  Show that 1/y/x € L?°°(0,1), but that 1//z & L?(0,1).
(86.2.4)  Prove the integral form of the Minkowski inequality:

[ 1] swis| ar< ( L(/ f(x,y)|rdy)1/rdx>r
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6.6

6.7
6.8
6.9

6 Calculus Inequalities

Here 1 < r < oo, whereas {2 and U are (Lebesgue) measurable sets on
R™ and R™, respectively. (For students not yet familiar with measurable
sets, the assertion can be proved under the relaxed assumption that 2
and U are open sets, and that f is continuous on U X ﬁ)
(§6.2.4)  Prove Proposition 6.2.4.
(8§6.2.5) Prove (6.21).
(§6.3.2)  Prove Proposition 6.3.2 directly.
(§6.3.3, §6.3.5, §6.4.4)
(i) Let « be a multi-index, n > 2, and assume for n = 2 that |a| > 1.
Show that
sup [0S E(x)| |z|" 2ol < 0.
z€R™,x#0

(ii) For 1 < j < n prove that d,, F is locally integrable on R™.
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Convergence Theorems in the Theory
of Integration

This section gives a summary of some elementary facts used frequently
throughout this book, and can be regarded as an appendix. In particu-
lar, we consider sufficient conditions for the interchange of integration and
limit operations. In detail, we discuss a result on uniform convergence, the
dominated convergence theorem, the bounded convergence theorem, Fatou’s
lemma, and the monotone convergence theorem from the points of view of
both Lebesgue integration theory and Riemann integration theory. Note that
these are well-known results; hence we will be brief in details. For the proof
of the monotone convergence theorem and Fubini’s theorem we merely refer
to the appropriate literature.

We also present a theorem for differentiation under the integral sign, which
is based on the interchange of the order of integration. This theorem allows
for an elegant differentiation under the integral sign for integrals including an
unbounded function. It is in particular applied in §6.3.5. Since this result seems
not to be contained in many elementary textbooks on integration theory, we
give its proof here.

Finally, we recall that a linear operator in a normed space Y that is
bounded on a dense subspace extends uniquely to a bounded linear opera-
tor on Y. This elementary functional-analytic fact, for instance, is used in
Chapter 6.

7.1 Interchange of Integration and Limit Operations

From many calculations in the previous chapters it can be seen that the ques-
tion of interchangeability of integration and limit operations is of fundamental
importance in the analysis of differential equations. Since integration can also
be regarded as a limiting process, this problem reduces to the question of
interchangeability of two limit operations. Among many sufficient conditions
guaranteeing the valdity of the interchange of integration and limit operations,

M.-H. Giga et al., Nonlinear Partial Differential Equations, 239
Progress in Nonlinear Differential Equations and Their Applications 79,
DOI 10.1007/978-0-8176-4651-6_7, (© Springer Science+Business Media, LLC 2010



240 7 Convergence Theorems in the Theory of Integration

the most elementary one is the condition of uniform convergence of function
sequences.

Proposition. For natural numbers m = 1,2,..., let f,, be (real-valued) con-
tinuous functions defined on a closed ball Br C R™ centered at the origin with
radius R such that f,, converges uniformly to f on Br. (Observe that by this
assumption f is continuous on Br; see the answer to Ezercise 1.6.) Then we

have
lim fm(z)dx = f(z)dx.
Br

m—00 BR

The statement still holds if Bg is replaced by any compact subset of R™.

We may easily prove this result by

fm(x)dx — f(x)dx
Br Br

< /B 1fn@) =~ Sl

< (supfm—f> |Br| =0 (m — o).

Br

Instead of a sequence of natural numbers m, we may also consider a continuous
parameter ¢ € R. In fact, assuming that f (+,t) converges uniformly to f as
t — tp on BRr, we obtain in the same way that

lim/ f(z,t)dx = f(z)dz.
Br Br

t—>t0

(Here also ty = oo is allowed.)

On the other hand, note that in the proposition above, the finiteness of
the integration area, i.e., | Bg| < 0o, is essential. In fact, Br can in general not
be replaced by R™. This follows, for example, from the discussion in §1.2.2,
which shows that even if a function u(-,t) converges uniformly to 0 on R™ as
t — 00,

lim u(z,t)de = 0 (-/ tlim u(x,t)dx)
Rn

t—o0 Rn —00

might not be true in general. Thus, one seeks a sufficient condition such that
integration and passing to the limit can be interchanged, even in the case
of unbounded integration areas or sequences of unbounded functions. This
problem is the subject of the next subsection.

7.1.1 Dominated Convergence Theorem

For simplicity we will restrict ourselves to the case of R™. First we discuss the
case of Lebesgue integrals (Lebesgue’s dominated convergence theorem). Here
the required conditions are easily stated, but nevertheless widely applicable.
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Theorem (The case of the Lebesgue integral). For m = 1,2,..., let
fm(z) be real-valued integrable functions on R™ (that is, f,, € L*(R™)) such
that

lim fpn(z) = f(2) (7.1)

for each point x € R™. If there exists a function g € L*(R™) such that for all
m=1,2,...,

[fm(2)| < g(x) (7.2)

for each x € R™, then f is integrable on R™ and we have

lim fm(x)dx = f(z)dx. (7.3)
m— 00 Rn Rn

As before we may replace the natural m by a real parameter ¢, and m — oo
by t — tp in the statement of the theorem. Then (7.3) still follows from
(7.1) and (7.2). This is due to the fact that in R™ convergence is equivalent
to sequential convergence, that is, the equivalence of lim; ¢, F'(t) = « and
limy;, 00 F(tm) = a for any sequence {t,,} converging to ty. In this mono-
graph we mainly use this theorem in the convergence form, i.e., in the case
that t — ty with a real parameter t. In the statement we may replace “for
each z € R™ by “for almost all z € R™ (in the sense of the Lebesgue mea-
sure theory).” Furthermore, the theorem also applies without any change
to complex-valued functions. As an application of this result we obtain the
bounded convergence theorem for integrals over bounded sets.

Theorem (Bounded convergence theorem). Let (2 be a bounded open set
inR™. (Then £2 is in particular Lebesgue measurable with finite Lebesque mea-
sure |£2].) For m = 1,2,..., we assume that hy,(x) are real-valued integrable
functions on 2 satisfying

lim h,,(z) = h(z)

m—00

for each x € 2. Then, if there exists a constant M such that
hm(2)| <M (x€ 2, m=1,2...), (7.4)

then the function h is also integrable on §2 and we have

lim hm(x)dx:/ h(z)dx.

The existence of M in (7.4) is equivalent to

sup sup [Am(z)] < 0o,
m>1xze

i.e., it is equivalent to the uniform boundedness of the h,, on {2 with respect
to m. The bounded convergence theorem is readily obtained by setting
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and applying the dominated convergence theorem. Indeed, since {2 is bounded,
g is integrable; hence the assumptions of the dominated convergence theorem
are satisfied. We remark that also here the assumption on the finiteness of the
measure of (2 is essential, as pointed out in §1.2.2 and the discussions above
§7.1.1. Observe that the proposition at the beginning of §7.1 is a special case
of the bounded convergence theorem.

Finally, note that (7.2) in general cannot be dropped in order to obtain
(7.3). However, under certain circumstances it can be weakened, as the follow-
ing celebrated result (Fatou’s lemma) on “lower semicontinuity of integrals”
shows.

7.1.2 Fatou’s Lemma

Lemma. Assume that for m = 1,2,..., the functions h,, are (Lebesgue)
integrable on R™ such that hy,(x) > 0 for x € R™. Then we have

/ lim Ay, (z)dr < lim hon (z)dz, (7.5)
R

n m-—0oo m—oo JR"

where lim hm(z) denotes the limit inferior, which is defined as

—m—0o0

mli?rnoo hn () = mlgnoo klggl hi(z).

(Note that lim,,, . hy,(x) = —limpy, oo (= (2)).)

Observe that by no means is the existence of the limits above assumed.
In fact, if the left-hand side of the inequality (7.5) is infinity, the right-hand
side is so as well. The dominated convergence theorem can be obtained as a
consequence of Fatou’s lemma. Indeed, by setting

hm:g+fma

an application of Fatou’s lemma shows that (—oo < —[¢g <)[f < lim,,
[ [ Analogously, setting h,, = g — fm, Fatou’s lemma implies (oo > J9>)
Jf > limy,—oo [ fi. Hence we obtain (7.3).

On the other hand, Fatou’s lemma is a direct consequence of the monotone
convergence theorem (see next section) by setting g, (z) = infy>m hi(z).

7.1.3 Monotone Convergence Theorem

Theorem. For m = 1,2,..., we assume that g,, are real-valued (Lebesgue)
integrable functions on R™ such that gm+1(x) > gm(x) > 0 for each x € R™.
Then we have

m—00 n M—00

lim gm(:c)d:cz/ lim g, (z)dz.
Rn R
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In analogy to the dominated convergence theorem, we remark that it
suffices to assume that g,,+1(x) > gm(x) > 0 for almost all x € R™. Moreover,
also here nothing is assumed on convergence of g,,, i.e., g,, may in particular
tend to infinity.

The monotone convergence theorem essentially follows from the definition
of the Lebesgue integral. So, since we do not give an introduction to Lebesgue
integration theory in this book, we forbear from giving a proof here.

Also note that a measurable function in §7.1.2 and §7.1.3 may be inter-
preted as an almost everywhere pointwise limit of a sequence of continuous
functions. In particular, continuous functions are measurable.

7.1.4 Convergence for Riemann Integrals

Except for the case of uniform convergence, results concerning commutati-
vity of integrals and limit operations are usually considered in the framework
of Lebesgue integration theory. To students this might give the impression
that in order to understand such convergence theorems, a study of Lebesgue
integration theory is unavoidable. However, there are convergence theo-
rems corresponding to §7.1.1-§7.1.3 also for Riemann integrals. Particularly
in Chapter 1, Lebesgue integrability is not essential. For example, by the
assumption that the functions and integrands are continuous, the dominated
convergence theorem in §7.1.1, Fatou’s lemma in §7.1.2, and the monotone
convergence theorem in §7.1.3 can be proved in the framework of improper
Riemann integrals. (For the dominated convergence theorem in §7.1.1 we
assume that (2 is a bounded closed set, where the volume is taken in the
sense of Riemann integrals.) On the other hand, the continuity assumption
for the functions that appear may be too strong, since sometimes we have
to deal naturally with unbounded or discontinuous functions. This motivates
the statement of a version of the dominated convergence theorem also for
Riemann integrals. Here we restrict ourselves to the case n = 1. This suffices
for the application in §1.4.4.

Theorem. Assume that [, f,g are continuous on R except for finitely many
points. Suppose also that (7.1) and (7.2) hold except for finitely many points.
Then we have (7.3).

This theorem can be regarded as an extension of Arzeld’s theorem. (Note
that the assumption “except for finitely many points” can be relaxed to
“except for a set of Lebesgue measure zero,” which includes in particular
countable sets, and that it holds also in higher dimensions.) For Arzeld’s
theorem and its extension we refer to [Kodaira 1976 1977 1979, II Theo-
rem 5.10, 5.12, IV Theorem 8.9, 8.10] and [Fujita 1981, pp. 1-3]. Compared
to Lebesgue’s dominated convergence theorem, direct proofs of Arzela-type
convergence theorems are much more intricate. Moreover, these results are
included in the result of Lebesgue. This is the reason why they usually do
not appear in elementary calculus courses. On the other hand, these are
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important tools suitable for undergraduate students still not familiar with
Lebesgue integration theory. This motivates the study also of Arzela-type
convergence theorems. However, it should be mentioned that the assump-
tions for Lebesgue’s result are handier and much easier to state. And another
important point is that there are no assumptions on the limit function, which
is usually required for Arzela-type results.

7.2 Commutativity of Integration and Differentiation

We consider a sufficient condition for “differentiation under the integral sign,”
which is a helpful tool for the differentiation of parameter-dependent inte-
grals. The commutativity of integration and differentiation is often justified
by Lebesgue’s dominated convergence theorem. The following result, however,
will be derived in a different way. It is obtained as a consequence of the com-
mutativity of the order of integration (i.e., Fubini’s theorem; see §7.2.2) and
the fundamental theorem of calculus. The result applies directly to the case
that singularities of the integrand are moving with respect to parameters; see
Proposition 6.3.5.

7.2.1 Differentiation Under the Integral Sign

Theorem. Let the function h = h(x,y) be defined on (a,b) X R™ and assume
that it satisfies the following properties.

(i) For almost all y € R™, h(z,y) is C* on (a,b) with respect to x.
ii) The derivative 2&(z is integrable on (a,b) x R™, i.e.
(i) o2 (T, g : e,
Jiay e | 32 (@, y)|da dy < oo
(iii) The function h(c,y) is integrable on R™ with respect to y at least at one
point ¢ € (a,b), i.e., [p. |h(c,y)ldy < oco.
v e function U(xz) = [, 5= (x,y)dy 1s continuous on the interval (a,b).
iv) The function U an O (2, y)dy i ' he i I (a,b

Then H(x) = [g.h(z,y)dy is C* on (a,b) and its differential is given by

oh

H'(z) = - 5, &Yy (= Uz)). (7.6)

This theorem is easily proved as follows. First, assumption (i) and the
fundamental theorem of calculus imply for almost all y that

W) = ne) = [ SHEdE v e (@) (r.7

Assumption (ii) now allows for an application of Fubini’s theorem. Hence,
interchanging the order of integration, we obtain for the right-hand side of
(7.7) that
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/n </ %(ﬁ,y)d§> dy = / </ %(E’y)dy) 3

This and (iii) also imply that two of the three terms in (7.7) are integrable
with respect to y. Thus, also the third term, that is, h(x,y), is integrable and
we obtain by integrating equation (7.7) that

H(x)— H(c) = /m U€)d¢, =z € (a,b). (7.8)

By (iv), U(z) is continuous. Hence, (7.8) and once again the fundamental

theorem of calculus imply that H is C' and H'(z) = U(z). This yields (7.6).
For a corresponding version of the above result in the framework of

Riemann integrals, see the discussion at the end of the next section.

7.2.2 Commutativity of the Order of Integration

Theorem (Fubini’s theorem). Let f be a real-valued function on R™ x R™.

(I) Assume that f is integrable on R™ x R™, i.e.,

/ |f(@,y)|dz dy < oo. (7.9)
R™ xR™

Then we have

(i) For almost all x we have [g, |f(z,y)|dy < oo, and for almost all y
we have [g,, |f(x,y)|dr < oc.

(i) fgu [f(z,y)|dy is integrable on R™ with respect to x and [g, |f(x,y)|
dx is integrable on R™ with respect to y.

Furthermore, we may interchange the order of integration, i.e.,

[ swpara= [ ( f(:c,y)dy>dx
R™ xR™ m R™

_ / ) ( » f(ac,y)d:c) dy.

(IT) Ezistence of either one of the integrals

/m (/ f(x,y)ldy> dx, / (/ |f(x,y)dx> dy

implies the existence of the other integral and the validity of (7.9) and
(7.10).

(7.10)

The proof of this theorem is too long to be given here.
There is also a counterpart for Riemann integrals of this result. Indeed,
assuming f to be continuous and replacing R™ and R"™ by closed rectangles
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in R™ and R"™ respectively, the result can be proved in an elementary way in
the framework of Riemann integration theory. (In this case, “almost all” in
(i) should be replaced by “all.”)

Note that then the theorem in §7.2.1 also becomes a result in the frame-
work of Riemann integrals by the usual changes in the assumptions. More
precisely, we have to replace R™ by a closed rectangle in R™, the interval (a, )
by the closed interval [a, b], integrability by continuity, and “almost all” in (i)
by “all.” A more comprehensive approach to Fubini’s theorem for Riemann
integrals is given in [Kodaira 1976 1977 1979].

7.3 Bounded Extension

In Chapter 6 we several times employed the fact that a densely defined
bounded operator extends boundedly to the closure of the dense subset. For
instance, in §6.2.1 it was applied in order to show that the Riesz potential I,
initially defined on the dense subspace Cy(R"™) (see Exercise 7.3), extends to
a bounded linear operator from LP(R™) to L"(R™). In detail this functional-
analytic fact on bounded extensions reads as follows.

Theorem (Extension theorem). Let X be a normed space with norm ||| x,
andY a Banach space with norm || - ||y. Assume that Xg is a dense subspace
of X (i.e., the closure of Xy equals X ) and that T is a linear operator from
Xo to Y. Assume furthermore that there exists a Cy > 0 independent of f
such that

ITflly < Collfllx,  f € Xo. (7.11)

Then there exists a unique bounded linear operator T from X toY satisfying
I7hlly < Collbllx, heX, (7.12)
Tf=Tf feXo. (7.13)

(The operator T is called the extension of T and often denoted by T as well.)

The proof is a good and elementary exercise in functional analysis and
therefore left to the reader.

The content of this section is discussed more in detail in pertinent text-
books on integration theory, as e.g. in [Ito 1963], [Rudin 1987]. The mono-
tone convergence theorem in §7.1.3 e.g. is a special case of [Ito 1963, Theo-
rem 13.2], [Rudin 1987, Lebesgue’s Monotone Convergence Theorem 1.26].
Fubini’s Theorem in §7.2.2 is a special case of [Ito 1963, Theorem 15.3],
[Rudin 1987, Theorem 7.8] whereas the extension theorem in §7.3 is given
in [Ito 1963, Theorem 25.2]; see also [Yosida 1964].
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Exercises 7

7.1.

7.2.

7.3.

7.4.

7.5.

(§4.1, §6.2, §7.1)

(i) Assume that f € Co(R™) and that h is locally integrable on R”, i.e.,
h € LY(Bg) for any ball Bg. Show that (h* f)(z) is continuous with
respect to € R™. (Hint: See the proof of (I) (i) in Proposition 4.1.4.)

(ii) Assume that f € Cy(R™) and that h € C(R™). Show that (h* f)(z)
is continuous with respect to x € R™ using Proposition 7.1 only.

(§1.1,84.1.6) Let 1 <p < oo.For f € LP(R™) set u(x,t) = (Ge* f)(x),
x € R™, t > 0, where G¢(z) is the Gauss kernel. Show that u is partially
differentiable infinitely many times as a function of (x, t). Moreover, show
that u satisfies the heat equation (1.1) in ¢ > 0. (In case of problems
with general dimension, start with n = 1.)

(§6.1.4)  Show that C§°(R™) is dense in LP(R™), by employing

lm[[Gyxf—fl, =0, fELP®"), 1<p<oo, ()

and Exercise 7.2. (Hence, Cy(R™), which contains C§°(R™) as a subspace,
is also dense in LP(R™). The reader may find the proof of (%) in
[Kuroda 1980]. In [Kuroda 1980], the author uses the continuity of
parallel transformations with respect to the LP-norm.) Show generally
that C§°(§2) is dense in LP(f2) for any open set {2 in R™ under the
assumption that 1 < p < oo.

(§4.1.4) Let 1 < p < oo and let p’ be the conjugate index of p.
Moreover, assume that f € LP(R™). Show that h x f is bounded and
continuous if & is continuous on R™ and ||A||, is finite. Moreover, if h is
C!' on R" and for each j (1 < j < n), ||y, k| is finite, then hx f is C*
on R™ and satisfies

(Or; (hx ) (@) = ((8z; h) % f)(2), @ eR™

Show that C'*°[0, 1] is not dense in the Holder space C*[0,1] (0 < p < 1),
but that C'*°[0, 1] is dense in C[0, 1].
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Chapter 1

1.1 (i) We calculate dyg(z, t) = (— & + 20)g(2, 1), Op,g(z,t) = —Tig(x, 1),
82,00, 9(x, 1) = (=% + LZyg(x,t) (1 < 4,5 < n), where 6;; = 1 if

i =7, and d;; = 0 if ¢ # j. From this we also see that

Ag-Z@ O, g(x,t) = ( 26”+4t2zx>

=1

jz?
= _§+47 g(w,t) = Org,

ie., Oig— Ag=0.

(i) Since f € Co(R™), f is identically zero outside a ball Bg. Since f is
continuous, f is bounded in Br (the Weierstrass theorem). We set
M = supg,_ |f| < oo. This implies || f|lcc = M < 00. For 1 < p < o0
we have

12 = / ) Pdz < Mp/ Lz < 5.
BR BR

(Using spherical coordinates, f Br ldx can be explicitly calculated.
Its finiteness can easily be seen from [ 1ldx < [ ldz = (2R)",
where we used B C K = [-R,R] x --- x [-R, R].)

1.2 Since f’(s) = (a — s)s*te™%, f is increasing on 0 < s < a, and is
decreasing on a < s < oo. Hence f achieves its maximum on [0, 00)
at a = s. Moreover, since f > 0, f is bounded on [0,00). Hence the
maximum value of f is f(a) = (a/e)".

1.3 First we consider the case 1 < p < co. By definition,

o) = ([ et aypar)



250

1.4

1.5

1.6

Answers to Exercises

Observe that y = kz is a homothety transformation of R™, hence its
Jacobian is k™. This implies

= k"7 |ollp (k).

Setting k2 = t, we obtain the desired equality.

For the case p = oo we have |[vg|loo(l) = sup,epn k"|v(kz, k?)| =
% ||v]|oo(t). Hence, also here we have ||vg oo (1) = t"/2||v]| s (t).

We prove the claim by contradiction. Suppose that a; does not converge
to a as k — oo. This implies the existence of a positive constant e
and a subsequence {ayy)}72; such that the distance between a and
ag(e) is greater than e for all £. But by the assumption, there exists a
subsequence of ayy) that converges to . This contradicts the fact that
the distance between ay,) and « is greater than e. Hence ay converges
to o as k — o0.

Let {M;}32, and {N;}32, be two exhausting sequences of M. For f €
C(M) we set a; = sup{|f(x)]; © € M\M;}, b; = sup{|f(x)]; = €
M\N;}. It suffices to prove that lim;_..a; = 0 if and only if we have
lim;_.o b; = 0. By the definition of exhausting sequences of compact
sets, for each M; there exists a natural number ¢ = i(j) such that
M; C Nj). By the choice of Nj;) we have by;y < a;. Moreover, we
may assume that i(j) — oo (j — o0). Hence, if lim; .o, a; = 0, then
lim; o0 bi(j) = 0. Since b; is nonincreasing, this shows that lim; o b; =
0. So we have proved that lim;_, a; = 0 yields lim;_. ., b; = 0. By inter-
changing the roles of M; and N; we may prove that the converse is also
true.

Since the sequence {f;}32; is a Cauchy sequence in C (M), for each
z € M, {fj(x)}52, is a Cauchy sequence of real numbers. By the com-
pleteness of the real number field R, the limit of f;(x) as j — oo exists,
which we denote by f(x).

(i) “f; converges uniformly to f on M.” We will show that
Jim [ = Filsoasr = 0.

By the definition of f and interchanging supremum and limit, we
obtain

sup [f(x) — f;(z)| = sup lim [fe(z) — f;(2)]

zEM zeM £—00

lim sup |fe(z) — fj(2)]

lL—ooxeM

IN

lim ||f€ - fjHoo,M~
{— 00
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(This interchanging property of supremum and limit is called lower
semicontinuity of sup, and is left as Exercise 5.6. The proof is very
easy.) Since {f¢}72, is a Cauchy sequence of Coo (M), we also have
m&m_,oo Il fe — fmlloo,ps = 0. Taking the upper limit on both sides
of the above inequality in j, we obtain lim; .o ||f — filleos <
o limy o 1o — fylloons = 0. Since [|f — filloos = 0, this
shows that {f;} converges uniformly to f on M.

(ii) Since the uniform limit of continuous functions is continuous, we
obtain f € C(M). This fact can be found in every fundamental
textbook of elementary calculus. For the reader’s convenience we
give a proof here.

Assume that || f — fj|loo,ps — 0 (j — 00), f; € C(M). For z, y € M,
we may estimate

[f(y) = F@) = 1f () = i) + fi(w) = f3(x) + f(2) = f(2)|
< 1fy) = i+ £ ) = fi@)| + [fi(2) - f(2)]
<2f = filloor +1£i(y) — fi(2)].

Taking first the upper limit on both sides as y — x, the continuity of
fi yields limy . | f(y) — f(z)] < 2[|f — fjlloo,n- Letting then j — oo
yields lim, ., | f(y) — f(z)| = 0. Hence, f is continuous in z.

(iii) “f € Coo(M).” In order to prove this, we approximate f by fr and
use similar arguments as in (ii). First we estimate as

[f (@) = |f(z) = folz) + fo(2)|
< [f(x) = fe(@)| + | fe(@)|
< = fellso,ar + [ fe()].

Taking first the supremum over M\M; and then taking the limit
superior as j — oo, the fact that fy € Coo (M) implies

lm sup [f] < ||f = fellooas + lim sup |fe]
J700 MM, 7700 MM,

= [If = felloo,m-
Since {f¢} converges uniformly to f as £ — oo, we obtain

lim sup [f|=0.
I700 MA\M;
This shows that lim;_.cc supyp g, |f| = 0. By virtue of f € C(M)
we get f € Coo(M). Thus, Coo (M) is complete.
1.7 Example 1. Since ||h¢|loo,ns = 1 for £ = 1,2,..., K is bounded
in C(M). Assuming that K is relatively compact, hy(z) = 2 has a
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convergent subsequence in C(M), i.e., there exist f € C(M) and a
subsequence {hy;)}i2; of he satisfying lim; oo ||hei) — flloo, s = 0.
In particular, hy;) converges pointwise to f on M = [0,1]. However,
its limit satisfies f(z) = 0 at any z € [0,1) and f(1) = 1; hence it is
discontinuous. This contradicts the fact that the uniform limit of con-
tinuous functions is continuous. Therefore, K cannot be relatively com-
pact. If a bounded set K is equicontinuous, the Ascoli-Arzela theorem
implies that K is relatively compact in C(M), which again contradicts
the above result. Therefore, K is not equicontinuous. The fact that K
is not equicontinuous also easily follows from sup,s; |h’(z) — h*(1)| > 1
(z €[0,1)).

Example 2. For hy € K, ||he)lco.r = ||¢|loo,as is independent of ¢;

hence K is bounded.

(i) Equicontinuity: Since ¢ is a continuous function with compact
support, it is uniformly continuous (§4.2.2). Setting w(o) =
sup{lp(x) — @i |o—yl < 0, 2,y € R}, we have w(o) — 0
(0 — 0). Next, we estimate

sup |h(z) — h(y)| = sup|p(z — £) — p(y — £)]
heK >1

<w(lz -yl

This yields limy—., sup,cx [h(2) — h(y)| < lim,—,w(]z —y|) = 0,
which shows the equicontinuity of K.

(ii) “K is not relatively compact.” Set he(x) = p(xz—F). If K is relatively
compact, then hy has a convergent subsequence in Cy,(M). More
precisely, there exist f € O (M) and a subsequence {hy; }72; of hy
satisfying lim; . ||hes) — flloo,asr = 0. In particular, hyg;) converges
pointwise to f on R. Since ¢ € Cy(R), the limit is zero. In other
words, f = 0. On the other hand, ||y |loo,pr = [|0]lco,ns 7 0 con-
tradicts the fact that hy(;) converges uniformly to f. Hence K is not
relatively compact.

(iii) “K does not have the equidecay property.” Let {M;}32; be an
exhausting sequence of compact sets of R. Since ¢ # 0, there exists
xzo € R such that |p(xo)| > 0. Choosing a suitable large natural
number £y, we may assume that xog + ¢ ¢ M;. This implies

sup sup |he(x)| =sup sup |p(x —{)]
21 xe M\ M; 21 xe M\ M;

> [p(z0 + Lo — £o)| = |¢(w0)]-

Thus, we obtain lim;_,a Supj,c x suppp\ g, B = |@(20)| > 0, which
shows that K is not equidecay.

1.8 First we prove the fact mentioned in the Hint by a contradiction

argument. Assume that h Z 0. Replacing h by —h if necessary, we may
assume that there exists an zo € {2 such that h(xg) = a > 0. By the
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continuity of h there exists a small open ball B, (x¢) centered at xy and
with radius r such that h(z) > a/2, © € B.(z9), Br(x¢) C §2. Next, we

set
e s >0,
q(s) =
0, s <0,

and ¢(z) = q(r? — |z —z0|?). Then ¢ € C*°(R") and supp ¢ C B;(zo) C
£2; hence we have ¢ € C§°(R™). Since ¢ is nonnegative, we obtain for
the integral of the product of ¢ and h that

Oz/hcpdng/ o da > 0,
2 2 Br(ﬂﬁo)

which is a contradiction. Thus, A = 0.

The fundamental lemma of the calculus of variations, mentioned as a
remark, can be found, e.g., in [Kakita 1985]. There many types of proof
are given, which are essentially based on two ideas: either exhausting the
space with allowed functions ¢ or approximating h by smooth functions.
Here we present a proof using the latter method. Utilizing the above g for
zo and 7 with 2o € Q, B,(mg) C Q, we set ®(x; xo, 1) = q(r? —|x—1x0|?).
Furthermore, for ¢ € C§°(Q) we set p = (G *1))P, where = is the convo-
lution as defined in §2.1.3 and §4.1. Then, ¢ € C§°(Q). By assumption
we have 0 = [, h ¢ dv = [,(Ph)(Gy * )dz. Fubini’s theorem (§7.2.2)
now implies 0 = fQ (G¢ * Ph)pdx. Note that Gy x Ph is continuous with
respect to x for t > 0 as a consequence of Lebesgue’s dominated con-
vergence theorem (Exercise 7.2). Since ¢ € C§°(Q) is arbitrary, by the
Hint of Exercise 1.8 we have (G; * (Ph))(z) = 0, x € Q. Next observe
that @h is an integrable function on R™ and that (%) of Exercise 7.3
yields limy o |Gt * (@h) — @hl|; = 0. This implies that (G, * (Ph))(x)
converges to (Ph)(z) for almost all x as t; — 0 for suitable ¢; — 0. (See
[Rudin 1987, Theorem 3.12], [Ito 1963, Theorem 22.2].) On the other
hand, since Gt * (®h) = 0 on Q, Ph is zero almost everywhere on Q.
(In other words, (Ph)(z) = 0 for almost all z € @Q.) In view of the fact
that @ is positive on B,.(zq), h is zero almost everywhere on a neigh-
borhood B, (x¢) of xg. Since xg € @ was arbitrary, h is zero almost
everywhere on Q.

Now, if u € C°(R™ x (0,00)) N (C(R™ x [0,00)) is a weak solution with
initial value u(x,0), we may reverse integration by parts in §1.4.2 to
obtain the result that

0= / / o(Opu — Au)dx dt
0 n

for any ¢ € C§°(R™ x [0,00)). Applying the Hint yields dyu — Au =0
on R™ x (0,00). (Note that it is sufficient to prove the above equality
for p € C§°(R™ x (0,00)).)
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1.9

1.10

Answers to Exercises

Since v;(x,t) = g(x,t+1/i) is a solution of the heat equation with initial
value vio(x) = g(x,1/i) (Exercise 1.1), it is a weak solution of (1.1)
with initial value v;9. Thus, to solve the exercise it suffices to verify
the assumptions of Theorem 1.4.4. Assumption (iii) is obvious since
g(x,t) is continuous on ¢t > 0, and therefore uniformly continuous on
any compact subset of R™ x (0, c0). The assumption (ii) is also obvious,
since ||G:||s = 1. Finally, to see assumption (i) we employ §4.2.4 with
Z = 0 and K; = G¢. Note that (i) also can be proved directly; see
Exercise 4.4.

Since v;(x,t) = u(z,t+1/%) is a solution of the heat equation with initial
value v;o(x) = u(x,1/1), it is a weak solution of (1.1) with initial value
vip. As in Exercise 1.9 it therefore suffices to verify the assumptions
of the theorem in §1.4.4 for m = [, u(z,1)dz. First we show (i), i.e.,
“the convergence to the initial value.” By the self-similarity of u we
have vio(z) = u(z,1/i) = k"u(kz,1), k* =i, k > 0, and |Ju/|1(1) < oco.
Hence, (i) follows from Proposition 1.4.1.

Next we show (ii), i.e., “the uniform estimate.” By the L!-L' estimate
(8§1.1.2), we have ||v;||1(t) < |lvioll1- (Observe that the support of v;g is
not compact. However, the L'-L! estimate is valid for v;p € L'(R").)
Set i = k2, k > 0. Then the self-similarity and

ool = /R Kk, 1)|dz = [lully (1)

imply that sup;~; sup,~q [|vil[1(t) < |lul[1(1) < co. By the continuity
of u on ¢t > 0, (iii) can be obtained similarly as in Exercise 1.9. From
Theorem §1.4.4 we then infer that u is a weak solution of the heat
equation with initial value mJd.

Chapter 2

2.1

Let n =3 and @ = 1,2, 3. The ith component of Vdiv v is given by

3
(Vdivo)' = 0, Zaquﬂ',

j=1
whereas the ¢th component of curl curl v is given by

(curlcurlv)’ = 0,,,, (curlv)™™? — 0, , (curlv) ™!

= 6$i+1 (aﬂﬁz‘vi+1 - 8$i+1vi) - 6$i+2 (amzurzvi - 6$ivi+2)

=02 V' =02 V' 40, 00,0 + 0y, 000"

Tit1 Tif2 i+1



2.2
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Here the indices are modulo 3. This implies
—Av' = (curleurlv)’ — 9,,divo (1<i<3),

which proves (2.3a). In the case that n = 2 we regard v as a three-
component vector, where v' and v? are functions depending only on
(71, 22), and where v3 = 0. Then we obtain

curlcurlv = curl (0,0, 9z, v* — 9,,0") = (VH(9,, 0% — 0pyv1), 0).

Thus, (2.3b) follows from (2.3a).

Differentiating both sides of the geometric series > ) 7 = !

1—z° |1‘| < 17
we obtain »_7° ja/ ! = ﬁ, since it is termwise differentiable under
summation for |z| < 1. Setting x = 1/2, by >7°ja’ = z/(1 —x)* we
obtain Z;io 4277 = 2. Of course, the assertion also follows easily from
Z;io ja’ — Zoo:o(] — )2’ = Z;io a’l.

Suppose that \ffHoo > M > 0. Then {z € R": |f(z)| > M} has positive
Lebesgue measure. Hence, for sufficiently large R, the set ' = {x € Bg :
|f(z)| > M} has finite positive Lebesgue measure. This yields

1/r
£l = (/F f(x)’”das) > M|F|V".

(Here |F'| denotes the Lebesgue measure of F.) Letting r — oo we obtain
lim._ . |Ifll» > M. Since M was an arbitrary positive constant such
that M < ||f|lco, we have shown that lim,_, . || f|l» > || f|lcc for the case
1flloe < co. o

Hence it remains to show that lim, o || f]lr < || flleo for ||f]lee < oo.
If | fllo =0, then f = 0 almost everywhere on R™. Hence || f||» = 0 for
r > 0 and the inequality is obvious. Therefore, we may assume || f||o > 0.
Since || flr, < o0, for any € > 0, there exists a sufficiently large R such
that

Il = [ isiedes [ Appedes [ psiedee,
Br R"\Bgr Br

By this choice of R for r > ry we obtain

11 < 1A 15 BRI +/ [f1"de < | FIISIBrl+ L fll5 e

R”\BR

This implies

T (£l < [1floe T (1Bal + [ F12°0)"" = ]l
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2.4 We have
1/q
I = ([ 1)
Rn
1 1 1-1 1/
< </R 1£113 If(l”)ldx) < LIS A1

2.5 (i) We will show inductively that ys(t) < Nst'=%/7, s = 2™ > p = 2k,

t > 0, where N, is defined by N, = 5N82/2/pa, s=2" m+1>k.
We employ induction with respect tom =k, k+1,.... If m =k, the
desired result is obvious by the assumption. Suppose that the desired
result is true up to m and set s = 2™ > 2F = p. Substituting the
induction hypothesis into the differential inequality, we obtain

dyas 1\ 43(t) 25/p—2
S22y < —a (1 — ) Lely2sle
i D= “( 23> N?

for ¢ > 0. Dividing this inequality by —y3, yields

dyas 2 1 —2,25/p—2
— t t) > 1— — | N“t%/°
dt ()/yZS( ) Za %2 s

14 —242s/p—2
> 1——)N {2/ 0).
_a( 2s s (>0)

Hence, similarly to the proof of Lemma 2.3.4 we deduce

1 > ap t25/p71 _ LtZS/pfl
ygs(t) ~ 2sN?2 Nog ’

S

which implies (i).
For sufficiently large s = 2™ we will show that

(ys(t))l/s < (4/a)1/P N;/Pt*1/0+1/s

for t > 0, p = 2*. Set v, = (N,)*/*. Then (i) implies that (y,)/* <
vet=1/Pt1/s s > p. Thus, in order to obtain (i) it suffices to show
that vs < v,(4/a)/? for sufficiently large s. Set ¢,, = logvs, s = 2.
By the successive relations (Ny)/* = (s/pa)'/*(N,/2)**, we have
Cm =k + 21"y 97((7 — k) log2 —loga). Similarly to Lemma 2.3.4
(ii) we estimate ¢, for large m, obtaining result

< +11 4
Cm < ¢k + — log —.
BT oE 08

Applying the exponential function to both sides implies vy <
v,(4/a)'/?. Hence, (ii) is proved.
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2.6 First consider the case 1 < ¢ < co. Then |fr(x)|? converges pointwise to
|f(z)|? as k — oo. Fatou’s lemma (§7.1.2) implies

[ i@l < i [ i,
" k—oo JR™

Since t — t'/9 is continuous in ¢ > 0, taking the 1/q power on both sides
of this inequality yields

1/q
1l < (1_m mng) = lm [fely

For the case ¢ = oo, it is sufficient to prove that M < lim, || fx|lco
for each M satisfying ||f|lcc > M > 0. Suppose the result does not
hold. Then, limy, .o || fx]|eo < M. Hence for sufficiently large k we have
Ifelloc < M. Since f is the pointwise limit of fi, we have ||f|lcc <
M. This contradicts the definition of M. Hence, we have shown that
M < lim; || frlleo for each M with | f|lecc > M > 0. This implies
1o < litmy o | il
2.7 and 2.8 Answers are omitted.

Chapter 3

3.1 Let M be the maximum value of ¢ on I. We will show that assuming
¥ # M on I leads to a contradiction. By the continuity of ¢ there exists
a open interval J = (xg, 1), (J C I), such that

(i) PY(x) < M, z € [xo,11), P(x1) =M

(ii) Y(r) < M, z € (zo,x1], Y(x0) = M.

We may concentrate on the second case, since the proof for case (i) is
analogous.

Recall that p(z) = e*(*~%0) —1 satisfies p” +bp’ > 0 on I if a > sup; |b].
We fix such an « > 0 and choose € > 0 such that (x1) + ep(z1) < M.
Then set ¢ = 1 + ep. By the signature of p and the definition of €
we obtain ¢(z) < M, x < xo, ¢(xg) = M, and ¢(x;) < M. Taking a
subinterval [y, z1] C I such that yo < xg, we observe that the maximum
point a of ¢ in [yg, 7o) is an interior point of [yo,zo]. (The existence of
the maximum follows from the Weierstrass theorem.) On the other hand,
by the definition of p and since ¥ + by’ > 0, we deduce ¢” (a)+ by’ (a) >
0. Thus, at the maximum point we have ¢'(a) = 0 and ¢”(a) < 0,
which contradicts the above inequality. Therefore, case (ii) cannot occur.
Similarly, the case (i) cannot occur. This implies ¢» = M.
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Remark. This result is the strong maximum principle for the case of one
variable. For a general version of the strong maximum principle we refer
to the standard textbook [Protter Weinberger 1967].

3.2 Assume that there exist x¢ and 27 such that w(zg) < w(z1) and zp < 1.
The assumption w”(x) < 0 implies that w is concave. Consequently, we

have )
w(zy) —w(z
wle) < L= ) ()
Tr1 — XTo
for © < xo. However, this contradicts the fact that w(z) > 0 for x < xg.

Similarly, there exists no pair of z¢ and 21 such that w(zg) > w(z1) and
ro < x1. Hence w is a constant function.

3.3 (i)

‘We remark that
oo>/ f(t)dt:Zan.
0 n=0

Since a, > 0 we obtain lim,, . a, = 0. (Elementary exercise: if
Yo g an < oo and a, > 0, then limy, o a, = 0.)
An example of such an f is constructed as follows. Set

sint, 0<t<m,
h(t) =
0, t<0 or m<t,

and h;(t) = h(j?t — 2j37) for j > 1. Then we obtain supph; =
[2j7, 2jm + 7/§?%], maxh; = 1, and

> 1 (™ 2
0 J7Jo J

We set f(t) = 2272, hj(t). Since supp h; are disjoint sets for j > 1,
the above summation is finite for ¢ € [0, 00). The nonnegativity and
continuity of h; also imply that f is nonnegative and continuous.
Moreover, for any ¢ we can choose a sufficiently large j such that ¢ is
to the left of supp h;. Hence, by maxh; = 1 there exists a number s

such that s > ¢ and f(s) > 1. This yields lim;_.o f(t) # 0. On the

other hand, we have
0o oo e} 1
[ rwi=3 [ wa-2y <
0 j=1 supp h; J

Jj=1

3.4 (3.41) Differentiating F(w) with respect to 7, we obtain

dE(w)

7 =/ (( Vw, Vo,w ) + Bwdw — [wlP~ wd,w)e™ " /4dz.
T n
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In view of
/ <Vw7vaTw>e*\z\2/4dz - R Awdyw e/
[ L ot
we obtain
dl:]ig_w) _ /n Orw (Aw — %(z,Vw) — Buw + |w|p1w> e 1212/4 g,

= —/ (6Tw)2e_‘z‘2/4dz.

(3.45) Differentiating ¥ (w) with respect to 7 implies

dw (As .
d(Tw) = /n ;( Vuw', Vo,w >67‘z‘2/4d2

m—+1

=— Z / (Awi - %( z, V' >) 0wt e 1A,
i=1 VR

Since |w|* = 1, we have (w, d;w)gm+1 = 0. This yields

dr

= —/ \aTw\Qef‘zW‘Ldz.
Rn

Chapter 4

v sy o1 : : :
(w) =— Z / <Aw1 —5 (z, Vw') + |Vw2w1> Opwie 1 /Ay
i=1 "

4.1 Let r > 0 be a positive number, and set Q@ = R™\B,.. For f € C5°(R")
with supp f C @, by the assumption we have (h* f)(0) = f(0) = 0. Since
h* f = f«h, we obtain fQ o(y)h(y)dy = 0 for arbitrary ¢(y) = f(—y)
in C§°(Q). By the fundamental lemma of calculus of variations (Exercise
1.8), h is almost everywhere zero on Q. Since r > 0 is arbitrary, h is
almost everywhere zero on R™. Hence h * f = 0 for f € C§°(R™). Thus,
there exists no h € L'(R") such that h x f = f for every f € C§°(R"™).

First recall that for real numbers 1 < p, p’ < oo satisfying %—I— 1% =1 the

4.2

following Young inequality holds:

p o pp
<+ a>0,b>0.
p p
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(Equality holds if and only if a? = b?".) (If p = 2, it is just the relation
between geometric and arithmetic means.)

This inequality follows from the fact that the logarithmic function logx
is strictly concave, since (logz)” = —2=2 < 0. In fact, for 0 < X\ < 1 we
have Alogz+ (1 —A)logy < log(Az+ (1 —X)y), and equality holds if and
only if x = y. Substituting A = 1/p, x = a?, and y = b”" into the above
inequality, we obtain Young’s inequality.

The Holder inequality is obvious for p = 1 or p = 0o, hence we assume
1<p p <oo. If|fillp = 0 or || folly = 0, then fi1foy is also zero and
we see that also in this case the Holder inequality holds. So, we may
assume | fill, # 0 and || foll, # 0. Integrating Young’s inequality for

a = |fi(@)|/lf1llp, &= 1fo(@)[/[[follyr, we obtain

1
FATNIA™ T z)|dx
AN / A1) fo()]

- pd
puflup/'fl vt |fo||”/|f° )l deo

Jr
p P
and the Holder inequality is proved.
We remark that the Holder inequality is valid not only for integrals over

R™, but also for integrals over an open set {2 in R™, or even more generally,
for a measure space X with measure p. In fact, we have

1/p , 1/p
]/Xflfodu]ijulfodus (/X|flpdu> </Xfo|”d/t>

for all p-integrable functions fy, f1 on X. The proof works completely
analogously to the above by replacing dz by du.

Applying the Young inequality to 0, ,u = 0, (G * f) = (0r,Gy) * f, we
obtain ||0,ul[p(t) < |0z, Gtllr[|fllq for 1 < r < oo with 1/p = 1/r +
1/qg — 1. If r < oo, the substitution z = (r/4t)/2z yields [|0,,G¢||" =
[ |z;/2t]"|G¢(z)|"dz. Then, similarly as in §4.1.2 we obtain

n/2 r/2
) 1 4t
10z, G|y = {mty 2 (7) ( ) /|Z re s,

By Exercise 1.2 we have

l257e 7 = |z]Te /2

< 2r/2 (Sup Sr/2e—s) 6—2]2./2
s>0

2
e~ % /2

< 2T/2(r/2e)r/267zﬂ2'/2.
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Hence, [ |zj\7"e*22 dz is finite. Therefore, there exists a constant C
depending only on n and r such that ||0;,G¢[|; < Ct™"7 (t > 0), where
o =1/2+n/2r". This implies |0, ul|,(t) < Ct=7| f|lq (t > 0). (The case
r = oo was shown already in §1.1.3.)

A simple substitution gives us

n

n Y
fulp@yds = [k sihayierds = [ s (¥) dy
R™ R™
for k > 1. We have |[¢(y/k)| < sup{|¥(y)| : v € supp f} = co < o0,
which yields |f(y)¥(y/k)| < colf(y)|, v € supp f. The right-hand side
represents an integrable function independent of k. Lebesgue’s dominated
convergence theorem (§7.1.1) therefore implies

Jm o fi(z)y(z)de = | f(y) Lim o (y/k)dy =9(0) | f(y)dy.
— 00 R™ Rn — 00 R

Note that here the boundedness of supp f and f allows for an application
of the dominated convergence theorem. In the case that f € L'(R") and
1 is bounded we may estimate |f(y)¥(y/k)| < (supgn |%¥])|f(y)|- Thus,
also in this case Lebesgue’s dominated convergence theorem yields the
assertion.

Similarly to the proof in §4.3.2 we obtain

k t—p
OFwr(t) = er? Z ARQF Bt — p) + / (=98 AR (s5)ds.
h=0 0

(Note that here A = 99 = I with I the identity operator.) From the
estimate [|e”2 f|loo < || f]loo (see §1.1.2) we infer that

k
|05 0F w? (D)oo < D |A"OF"OTR(E = p)]loo

h=0
t—p
+ / | AFO%h(s) || sods.
0

By assumption, ¢; = sup|,|4a0<; SUPo<t<r 1020 h|| oo (t) is finite. For p <
t < T this gives us [|020Fw” ()]l < (k + 1)cogs(a| + TCok|al- Thus,
0%0FwP converges uniformly on R™ x [pg,T], po > 0 as p — 0. This
implies supy ;< |02 0f wl|oo (t) < co.

Suppose the assertion does not hold. Then, limp_,  J(R) = ¢y > 0.
Hence, we have J(R) > ¢/2 for R > Ry and sufficiently large Ry. This
contradicts [ J dt < oc.



262

Answers to Exercises

Chapter 5

5.1

5.2

5.3

For f € C(M) we define an open ball in C'(M) centered at f with radius
e >0by B(f,e) ={h € C(M); ||f = hlloo,ms < e} Since K is compact
and K C Ugcg B(f,¢€), there exist suitable f1,..., fx() € C(M) such

that K C Uf\;(f) B(fi,e). Since B(f;,¢) are bounded sets, K is bounded,
too.

For the equicontinuity of K pick e > 0 and let { fl}ﬁ(f ) be as constructed
above. For z € M, since f; € C(M), 1 < i < N(e), there exists a
suitable neighborhood V! of z such that |f;(z) — fi(y)| < e for y € V2.
Since {f1,..., fn(e)} is finite, we observe that V, = ﬂivz(f) Vi s still a
neighborhood of z. This implies |fi(z) — fi(y)| < € for all ¢ with 1 <
it < N(¢) and y € V,. By construction, for any f € K, there exists an
i with 1 < ¢ < N(e) such that ||f — filloo,m < €. Thus, for y € V, we
deduce |f(2) = f(y)| < [f(2) = fi(2)| + |fi(z) = fim)| + [ fi(y) — f(y)] <
21f = filloons + 1fi(2) — fi(y)] < 2e + ¢ (ie., V, is independent of f).
In other words, for any given € we can find a neighborhood V, of z as
above such that sup ¢ i | f(2) — f(y)| < 3¢ for all y € V. This shows that
limy .. sup e e [f(2) — f(y)| = 0; hence K is equicontinuous.

We will show only the completeness of C*(M). Let {f;}32, be a Cauchy
sequence in C¥(M). By the definition of the norm || f|/cv, the sequence
{f}52, is also a Cauchy sequence in C'(M ). By the completeness of C'(M)
(Exercise 1.6), {f;}32; converges uniformly to an element f in C'(M).
Furthermore, the lower semicontinuity of the supremum (Exercise 5.6)
implies

[f]]/ = sup |hmj*>00(fj(x) — fJ(y))| < h_m [fj]l/'

Ty lz —y[” j—o0

Since {f;}32; is a Cauchy sequence in C¥(M), it is bounded, i.e.,
sup;>1 || fjllov < co. Hence [f], is finite, implying f € C¥(M).
Again by the lower semicontinuity of the supremum we have

Jim [f ~ fily = Tim [lim fo— fjlo < T lim (fe = flo-
The fact that {f;}52, is a Cauchy sequence with respect to |- ||+ shows
that the right-hand side is zero. Since || f — filloo,ms — 0 as j — oo we
obtain lim; . ||f — fillcv = 0. Thus, C¥(M) is complete.
Let K be a bounded subset of C¥(M), i.e., A = supsck || fllcv < oo.
The fact that K is bounded as a subset of C(M) is obvious from the
definition of the norm ||-||c». The uniform boundedness in C¥ (M) implies
supepe |f(y) — f(2)| < Aly — 2]”. Consequently, lim,, .. sup ;e [ f(y) —
f(2)] < limy,_. Aly — 2|Y = 0, and we see that K is equicontinuous.
By the Ascoli-Arzela theorem for compact M, K is relatively compact
in C(M). Hence C” (M) is compactly embedded in C'(M).
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)

A = sup sup sup |05 f] < 0.
fEK |a|<1 D

The fact that K is bounded as a subset of C'(D) is obvious. For z € D,
take a ball B,.(z) centered at z with radius r. Then, by the convexity of
D, the line segment connecting any point y with z in B,.(z) N D is con-
tained in B,(z) N D. Hence, the integral form of the mean value theorem
gives us

1
If(y) = f@I <1y - ZI/O Vf(ry + (1= 7)2)ldr < VnAly — 2,
for all y € D N B,.(2). (See §1.1.6.) This yields

lim sup |f(y) — f(2)] < vnAlim |y — 2| =0,
y—z

yeD €

which shows the equicontinuity of K. By the Ascoli-Arzela theorem for
compact domains, K is relatively compact in C(D). Thus, C*(D) is com-
pactly embedded in C(D).

Let K be a bounded set in C?(D). For a subsequence { f;}3, in K, con-
sider {0y, fe}pe, (J = 1,2,...,n). By similar arguments as above, the
boundedness of K in C?(D), {fi}3%;, and {0,, fr}3, are equicontinu-
ous. According to the Ascoli-Arzela theorem we may choose a suitable
subsequence { fy(;) }72, such that fi;y and 0., fi(;) converge uniformly to
continuous functions hg and h; (j = 1,...,n) on D as i — oo, respec-
tively. By interchanging limits and differentials (§4.1.5), ho is C! and
hj = 0y, ho. Hence, we obtain | fz;) — hollcr — 0 (i — oc). This shows
that K is relatively compact in C*(D).

Let K be relatively compact in Coo(M) and e > 0. Then, analo-

gously to Exercise 5.1 there exists a finite set { fl} E such that K C

UN(E B(fi,¢). Hence, the boundedness and the equ1cont1nuity in Coo (M)
follow completely analogously to those in Exercise 5.1. For the equidecay
property note that we may assume that

sup  sup |fi(z)] <e
1<i<N(e) z€M\M;

by choosing j sufficiently large. Now, for f € K we choose f; such that
f € B(fi,e). This implies

sup |f(z)] < sup [f(z) - fi(z)|+ sup |fi(z)]
zeM\M; zeM\M; zeM\M;

< ||f = filloo,nr +€ < 2e.
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Thus, for each € > 0 there exists j = j(¢) such that

sup sup |f(z)| < 2e.
fEK zeM\ M

. oo s . .
Since {M;}32, is an increasing sequence,

lim sup sup [f(x)| =0,
J—oo ferEM\M]'

which proves the equidecay property of K in Coo(M).
The fact that hp,(z) < supy hy, is obvious by the definition of the supre-
mum. This implies lim,, ., hm(z) < lim,, ., supy by, valid for arbi-
trary z € Z. Taking the supremum on the left-hand side with respect to
z shows that sup, lim, hm(z) <lm,, .. supy hm.

11— OO

Chapter 6

6.1

(i) Assume that 1 < p < oco. Since u;(z) = u(z) for |z| < j, we have

luj — ullp < / 1) W@ < / ()P de.
o|>j

x>

Since [|ul|h < oo, the right-hand side converges to 0 as j — oo. For
u € Coo(R™) we obtain

[uj = tlloo < sup fu(z)] =0 (j — o0).
>4

The norm ||u;||c is nondecreasing with respect to j, which implies
lujlloo < |ltulloc. On the other hand, by Exercise 2.6, ||ulle <
lim ;o [[4jlleo- Thus, [Jullee = lim . [|uj]loo- Note that here u €
Coo(R™) is not required in this paragraph.

(ii) Note that

Vi () = 0;(2)Vu(z) + %e’uxvj)iu(x).

||

The triangle inequality for the LP-norm yields
1 .
IV (uj = w)llp < 1[(6; = DVull, + 3”9/(‘1’.‘/])’“(1‘)HP‘

For the first term we can proceed analogously to (i) in view of
[IVull, < co. For the second term we use the fact that supg |6’ < oo,
|lu|l, < oo. Therefore, this term converges to 0 as j — oo, which
proves the assertion.
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(iii) Similarly as in (ii) it is sufficient to prove that

30 (2l /5)u@)llr =0 (G — o0)

in the estimate of ||V(u; — u)||,. By the Holder inequality (Exer-
cise 4.2) we obtain

1/p
10/l /)ul, < ( /| N |updx) 10/l )11,

for 1/p+1/p=1/r, p < co. By assumption we have p > n. Hence, a

change of the variables of integration gives us that [|6'(|z|/5)|,j " —

0(j — o0)if p>n,or ||0'(|z]/5)]l,5 " is bounded as j — oo if p = n.
If p < oo, the fact that f$|>] |ulPdz — 0 (j — oo) then implies
F7 16 (|| /5)ull, — 0 (j — o0). (Even for p = oo if 7 = p > n, then
the last convergence follows.)
6.2 The relation of the indices can be written as 1 = pp/q+ (1 — p)p/r. Thus,
by the Holder inequality we obtain

lullfy = /Rn [l lul PP de < [l g ppll [l PP 1 pyey

< Jullg? 2%

6.3 First suppose that |f|s00 < 00. Then, by definition we have my(\) <
|12 cA™% A > 0. For a measurable set £ (|E| < co) in R™ we consider
the distribution function m;(\, E) = [{z € E; |f(x)] > A} of fin E.
We obtain my (A, E) < min(mg(A), [E]) < min([f[I (A7 [E]), A > 0.
By replacing R™ by E we have according to Proposition 6.2.2(ii) that

[ e = [ " s\ B)dA

Splitting this integral at 8 > 0 gives us

/‘f \dx—/mf)\Ed)\Jr/ mg (A, E)dA
<|E‘/ dX+ [ fI / AT9dA
B

= BB+ 1§00 —61 ..

Now we set 3 = | f|g.00| E| /9. This yields

1
T)|ax e -1/
[ i@ < (14 L) el

hence Hqu,oo < (1 + q_%)‘ﬂq,oo
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Conversely, suppose that || f]lq,00 < 00. We set E = {z € R™; |f(z)| >
AN B,. (Here B, denotes an open ball centered at the origin with radius
r.) Similarly to Proposition 6.2.2(i) we deduce A|E| < [, |f(z)|dx for
A, 7 > 0. This implies A|E|Y? < ||f|l4.00 for A, 7 > 0. Letting 7 — oo we
obtain |E| — my(X) and therefore |f|g.00 < ||f]lg,00- By definition it is
clear that | 19,00 is & norm, so the proof is left to the reader.

For f(z) = 1/\/_ T we calculate f |f(x)|?dx = f; dr/x = [logz]L, € > 0.
This ylelds fo |f(x)|?dx = lim._g fa |f(x)|?dx = oc. Therefore, f ¢&
L?(0,1). On the other hand, m¢(\) = |[{z € (0,1) : |f(z)] > A\}| =
|(0, min(A=2, 1)] < A72. So, |f|2.00 < 1 < oo, which shows that f €
L?°°(0,1).

The case r = 1 is obvious by Fubini’s theorem (§7.2.2). Let » > 1.
Without loss of generality we may assume that f > 0 (and f # 0).
Consider a sequence of integrable functions {f;} (f; < f) with [,
lf v iz, y)dz|"dy < oo and that converges almost everywhere monotoni-
cally to f on 2xU. Thus, we may also assume that [ | [ f(z,y)dz|"dy <

0. Fubini’s theorem implies
r—1
[t [ f(z,y)dZ}dy
U U

/Q /Uf(x,y)dxrdy—/n{
_/U{/Q /Uf(x,y)dx -

Applying the Holder inequality to the y-integral, we obtain

f(z,y)dy} dz.

r—1
f(z,y)dy

2
1/r' 1/r
T x(r—l)r’ P r
g(/ﬁl/Uf( )iz dy) </Qf(,y)dy) ,

where 1/r + 1/r' = 1. Inserting this, we arrive at

| [ stevpas]
< ( i f(x,y)dxrdy)l_l/r / ( / f(z,wdy)l/rdz.

Dividing both sides by ( [, | [, f(z,y dx|rdy) T and taking the rth
power, we obtain the integral form of the Minkowski inequality.

We set (T'f)(t) = |le!2f]l,- By the LP-L9 estimate (§1.1.2) and since
t=e € L1**°(0,00) (0 < a < 1), we obtain |T'f|ri0,00) < C|f]lq
where 2/r; = n(1l/q; — 1/p), 1 < q;, 7 < 00, i = 1,2. (Here we set

f(z,y)dx
U

dy
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L>>°(0,00) = L*°(0,00).) For given 1 < ¢ < r < oo we choose ¢; and
g2 with 1 < ¢1 < ¢ < ¢@ < o and co > r; > ¢; © = 1,2, which is
always possible. The Marcinkiewicz interpolation theorem then implies

ITfl|Lr0,00) < Clifllq (f € LIR™)).
By the estimates in §1.1.2 we have

H/RnGt(x—y)f(y)ldyH <Nl

‘ /112
This implies

()2’
1 o 1 o
[ ([ ea—aiswiay)ae< sl [ o5

. Wl [ e s
/1 t2 1( RnGt(gc—y)|f(y)dy)dt§(47r)n/2/1 3= 514t

Since f € Cp(R™) and 0 < o < m, the right-hand sides are finite. Hence,
by Fubini’s theorem (§7.2.2 (IT)) we may interchange the order of inte-
gration.

Integration by parts yields

t>0.

Gi(o —y)f(y)ldyHoo <

Rn™

Ayf (@ — o) E(y)dy = / f(& — ) AyE(y)dy

ly|>e

of (z —y)
+ /y_E ayy E(y)day

ly|>e

oF
- /y_sf(xy)a—%(y)doy

for ¢ > 0. Here A, and 0/dv, are Laplacian with respect to y and the
outer normal derivative with respect to |y| > ¢ respectively, whereas do,,
is the line element of the circle with radius e. Since AE(y) = 0, y # 0,
the first term of the right hand side is zero. Moreover, we have

‘/U_E v, (x —y)E(y)doy

for e — 0, where 1 = (cos 6, sin 6). Next, observe that

81/y ~on \or 08T ) Ir=le| = 27|z|”

<Sup|Vf|/ E(en)ledd — 0
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By the fact that

OFE 27 . €
flz —y)z—(y)doy = f(z1 —ecosby, xo —esinby)—adb,
lvl=e ov 0 2

y e

the continuity of f at x shows that

/ . f<xy>§—j<y>day L f@) (e —0).

This yields

6.9 (i)

(B x Af)(z) = (Af * E)(x)

= lim Ay f(x —y)E(y)dy = —f().
=0yl >e

This can be proved by a direct calculation of 3¢ E. However, we will
use the following scaling method, since it is more transparent. For
h: R™\ {0} — R we define the scaled function hy by hy(x) = h(Azx)
for A > 0. If there exists a d such that hy(z) = A?h(z), A > 0, z € R?
(x # 0), h is called positively homogeneous of degree d. If h is posi-
tively homogeneous of degree d, then 9¢'h is positively homogeneous
of degree d — |a. In fact, A20%h = 8% (hy) = N®l(02h).
In the case of n > 3, F is obviously positively homogeneous of de-
gree 2 — n. In case of n = 2, since E(Az) = E(z) — 5=log\, 0,,F
is positively homogeneous of degree —1. Hence, 0% F is positively ho-
mogeneous of degree 2 — n — |a. (If n = 2, we assume |«| > 1.)
Now, consider z € R” lying on a sphere centered at the origin, i.e.,
|z| = r for fixed r > 0. Since O E is positively homogeneous of degree
2 —n — |al|, we obtain

0°E(z) = 0°F <xi> = g2 lelge R <i) .

|z ]

The continuity of 02F on the unit sphere |z| = 1 and the Weierstrass
theorem imply

C = sup |(9°E) <i) | < co.
zeR™ ‘JJ‘
x#0

Hence we obtain (i).
By (i) there exists a constant C’ independent of  such that |0, E(x)|<
C/|z|"~t. This implies

d
/ 10, B(x)|dz < c/ o
Br Br |Z|"

R
=C|5" Y| / rtmrtnldr = C1S" R,
0

which is finite. Thus, 0, F is locally integrable on R".
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7.1

7.2

(i) Assume that R is a real number such that suppf C Bgr. If z €
Bpg, f(x — y) is zero on y ¢ Bsgr. Thus, we have (h x f)(z) =
fBzR x — y)h(y)dy for x € Bpg. The integrand is estimated as
|f(x — )h(y)| < || fllec|h(y)|. Since h € L'(Bag), by the dominated
convergence theorem (§7.1.1) we obtain lim, . (h* f)(z) = (h* f)(z)
for x € Bg. Since R is arbitrary, (h* f)(x) is continuous with respect
to x € R™.

(ii) Let R be as in (i). Since h(x — y) is continuous as a function of
(z,y) € R"xR", it is uniformly continuous as a function on B x Bg.
Hence, lim,_,, h(z — y)f( ) = h(az - )f( ) uniformly for y € Bp if
x € Bg. Since (hxf)(z fB f(y)dy, Proposition 7.1 implies
the continuity of (h * f)( )in x E BR Hence7 h * f is continuous on
R™.

(Sketch)

First we show that W; x f is continuous as a function of (z,t) on R™ x

(0,00), where W; = 020FG; and where « is a multi-index and k =

0,1,.... We choose a suitable polynomial Py . such that W, is expressed

as

Wi(x) = t=F 101202 py o (2/81%) exp{—|a[*/ (4t)}.

By Exercise 1.2 there exists a constant C = C(k,a,n) > 0 such that
[Wi(z)] < Ct=F-lel/2=n/Zexpl—|2?|/(8t)}, t > 0, * € R". (Remark:
using this estimate the result in §1.1.3 follows immediately from the
Young inequality.) By estimating the right-hand side, for each R > 0
and b > a > 0, there exist constants Ag, A1 > 0 such that

Wiz —y)| < Ao exp(—Aily*) =: A(y), = € Bg,t € (a,b),y € R".

Since A € LP (R™), Af is integrable on R" by the Hélder inequality. The
dominated convergence theorem (§7.1.1) then implies W; x f € C(Bg X
(a, b)), i.e., Wy x f € C(R™ x (0,00)).

Next we show that W f is C* with respect to t > 0 for each x € Bg, and
that 0;(W; * f) = (0:W) = f. To this end we set h(t,y) = Wi(z —y)f(y)
and apply Theorem 7.2.1. By the results above, we obtain |W;(x — y)|,
|0:We(z —y)] < A(y), t € (a,b), y € R™, for suitable Ag and A;. Using
these estimates, (ii) and (iii) in §7.2.1 can be proved. The results above
also show that (iv) is valid. Since (i) is obvious, Wy  f is C* with respect
to ¢t and we have 0;(W; x f) = (0;W) = f. By very similar arguments it
follows that Wy« f is C! with respect to z; as well and that 0, , (W, f) =
(O, W) f. Thus, we obtain Gyx f € C*°(R™x (0, 00)) and 8‘18’“( o f) =
(030 Gy) = f.

The fact ;G = AG: (t > 0) is proved in Exercise 1.1. This yields
Oc(Gerx ) = (0:G) x f = (AG4) x f = A(Gy * f), and therefore u satisfies
the heat equation (1.1) for ¢ > 0.
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7.3

7.4

Answers to Exercises

By Exercise 7.2 we have Gy * f € C*°(R™); hence the fact that C*°(R™)N
LP(R™) is dense in LP(R™) follows from (). Similarly as in the first step
of the proof in §4.4.2 we choose 0; € Cg°(R™), j = 1,2,..., satisfying
0j(x) =1 (|| <j), 0<6; <1, 0;(x) =0 (|z] > 2j). Since f; = 0,f €
C§°(R™) for f € C*°(R™) N LP(R™), and

Hh*ﬂ&g/

R"\B

[fIPdz — 0 (j — o0),

J

we see that C§°(R"™) is dense in C*°(R™) N LP(R™) with respect to the
LP-norm. Therefore C§°(R™) is dense in LP(R™).

We extend f € LP(£2) by zero outside 2. Then f € LP(R™). Next we
use the density of C§°(R™) in LP(R™) in order to construct a sequence
{hj}52, C C§°(£2(R)) such that fQ(R) |h—h;|Pdz — 0 as j — oo, for h €
C§°(R™). Here we set 2(R) = 2N Bg and choose R such that supp h C
Bpg. To do so, we determine ¢; € C°(2(R)) with lim; o @;(z) = 1
and 0 < @;(z) < 1 for z € 2(R) and set h; = @;h. The dominated
convergence theorem then yields the desired property of the h;. Let us
show that such ¢; exist. Similarly as in the first step of the proof in
§4.4.2, we pick 6 € C§°[0, o0) satisfying (1) = 0 for 7 < 1/2, 0(r) = 1 for
7>1,and 0 < 6 < 1. Next, we define pg by po(z) = dist (z, d(2(R))) for
x € 2(R) and po(z) = 0 for z € R"\2(R). Note that pg is bounded and
uniformly continuous on R™, however not smooth in general. Fortunately,
by §4.2.1 we have ||G¢*po— pollec — 0 as t — 0. Hence, for each j we may
choose a t > 0 such that ||p; — polleo < 1/(4j), where p; = Gy * po. Using
this p; we define ¢;(x) = 8(jp;(x)). Then, p; € C§°(2(R)) and we may
easily check that lim; .. ¢;(z) =1 for z € 2(R) and 0 < ¢; < 1.

Let fr be defined as in the proof of (IT) of Proposition 4.1.4. Then we have
fr € L*(R™). Assume that R > Ry > 0. Since h is bounded on By r,,
the dominated convergence theorem (§7.1.1) implies that (h * fg)(z) is
continuous with respect to x € Bg,. Hence h * fr is continuous on R™.
Similarly to the proof of (II) of Proposition 4.1.4, we will show that hx* fr
converges uniformly to h * f. To this end, we estimate h * frp — h* f in
a slightly different way. By the Holder inequality we have

1/p
sup [(h (fr ~ D)@ < Il sup ([;v3|MxynﬂmO

TE€BR, TE€BR,

1/p’
< me)</; . h(ynpdy> .
"\BRrR-Rg

In view of ||h|,y < oo, the latter term converges to zero as R — oc.
As the uniform limit of continuous functions, h * f is continuous on Bp,.
Since Ry is an arbitrary, h * f is continuous on R™. The boundedness of
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h* f is a consequence of the Young inequality (§4.1.1). (It can also be
obtained directly using the Holder inequality.)

The second statement is proved by similar arguments to those in the
proof of (IT)(ii) of Proposition 4.1.4.

Suppose there exist f; € C*°[0,1] and f € C*[0,1] such that
| f — fillce — 0 as j — oo. For a function u defined on [0,1] we set
A(r,u) = sup{Ju(z) — u(0)|/|z]* : 0 < = < 7}, 7 € (0,1]. We simply
write A(r, f;) for A;(r) and A(7, f) for A(T). Then we obtain

|(fi(z) = () — (£;(0) = f(0))|

||

|A;(T) = A(7)| Ssup{ :0<33§T}.
By the definition of [f; — f],, (see Example 1 §5.1.2 with M = [0, 1]), we
therefore have
sup |A;(1) — A7) < [f = flu:

0<7<1
The assumption that || f — f;|lcx — 0 as j — oo implies [f; — f], — 0;
hence A; converges uniformly to A on (0, 1]. If f; € C*°[0, 1], then A; is
continuous in (0, 1], and by the mean value theorem (§1.1.6) we obtain
|A;(T)| < | filloe™ ~* for 7 > 0. In particular, A; extends continuously
to 7 = 0 and we have A;(0) = 0. Since A is the uniform limit of A; on
(0,1], we have lim,_,g A(T) = 0. However, for f(z) = a* we have f €
C*[0,1] but A(r) = 1. Thus, a sequence {f;}32; C C*[0,1] satisfying
I f; — fllew — 0 cannot exist. In other words, 2 does not belong to the
closure of C*°[0, 1] with respect to the C*-norm.
In fact, it is known that the closure h*[0, 1] of C°°[0,1] with respect to
the C*-norm is

0, 1] = {f ccno. 1 tm LW =IO o 1]}.

Yy—T ‘;[; —y‘u

Next, let f € Co(R) be an extension of f € C[0,1] on R. By §4.2.1 we
have |Gy % f — flloo — 0 as t — 0. Clearly, Gy * f € C®°(R) (§4.1.6).
For f;(z) = (G * f)(x), z € [0, 1], we therefore obtain f; € C°°[0,1] and
SUpg<,<1 |fe(x) — f(x)] — 0 as t — 0. This shows that C°°[0, 1] is dense
in C0, 1].



Comments on Further References

In [Barenblatt 1979, Barenblatt 1996] a formal aspect of asymptotic analysis
is described in detail to study the behavior of solutions using self-similar
solutions. As discussed in §3.2.6, to give a precise description of the solution
near blowup time, analyzing the asymptotic behavior near blowup time is
not sufficient. We need to match approximate solutions apart from blowup
points. The method of matched asymptotic expansions first divides the domain
into several regions and then constructs an approximate solution in each
divided region. The important step is that one has to match approximate
solutions on the boundary of divided regions so that there is no jump. This
method was originally developed in fluid mechanics. As in [Barenblatt 1979,
Barenblatt 1996], this method is often used formally. Only recently has it
been applied rigorously to many problems. For blow-up problems the reader
is referred to [Herrero Veldzquez 1993]. Very recently, we were informed of
two nice survey papers [Eggers Fontelos 2009], [Bernoff Witelski 2009] on self-
similarity closely related to the present book. In [Eggers Fontelos 2009] the
authors emphasized how useful similarity variables are in analysis on singu-
larities of solutions of partial differential equations. In [Bernoff Witelski 2009]
the authors discussed a methodology for identifying self-similar solutions and
determining their stability. The authors are grateful to Professor Robert
V. Kohn for informing them of these two papers.

Asymptotic analysis is an important method for analyzing the behavior of
solutions of partial differential equations of any type. For example, it is very
important in the analysis of linear equations [Fujiwara 1976 1977]. It also
includes a singular perturbation method in the analysis of the profile of solu-
tions of reaction-diffusion equations. This method is considered one of asymp-
totic analysis. For this method, see [Nishiura 1999], where several matched
asymptotic expansions are discussed.

There are many elementary textbooks on partial differential equations
(PDE) with various goals. We just point out a few books that are rela-
tively easy to read but still contain a great deal on nonlinear partial dif-
ferential equations. The book of M. Taylor [Taylor 1996] is a self-contained
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book covering a wide range of topics on PDEs. It also includes the De Giorgi—
Nash—Moser theory for elliptic equations (related to Chapter 2 of our book).
This is a very important reference for the applicability of basic theory as
well as its significance as a fundamental tool for the study of PDEs. The
book of L.C. Evans [Evans 1998] is shorter but the contents are very rich.
Different from [Taylor 1996], this book focuses on typical important examples
for applications instead of developing a general theory. It provides numerous
typical methods to analyze PDEs with emphasis on nonlinear problems. There
are several elementary books whose major goal is to study nonlinear PDEs,
for example [Logan 1994], [Roubicek 2005]. However, the goals of these books
are quite different from ours.

There are elementary books on the analysis on partial differential equations
also published in Japanese, for example, [Ikawa 1996, Murata Kurata 1997,
Tkawa 1997, Matano Jimbo 1997, Kaneko 1998]. But there are only a few
descriptions of analysis of nonlinear equations. There is no overlap between
these and the present book except for elementary facts, for example the
expression of the solution of the heat equation (§4.1.6, Exercise 7.2), and
the expression of the inverse operator of the Laplacian by E (§6.3.5). Among
them, the book [Murata Kurata 1997] is most closely related to this book.
In fact, there is a deep relation between [Murata Kurata 1997, Corollary 3.68
§3.3 (e)] and the fundamental decay estimates in §2.3.1 in this book. (But
results in §2.3.1 are not directly derived from Corollary 3.68.) The elementary
proof of the Sobolev inequality (§6.3.4) is also given in [Murata Kurata 1997,
Theorem 3.23 §3.2].
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r €A
ACB
Ax B
B\A

int A
0A
P=qQ

P<sqQ

a<ba>b

laf; a4 (a € R)
sup; max

inf; min

lim

a; —aasj— 0o
lim

lim

[a,0); (a,); (a,b)

Sets and General Topology

x is an element of A

A is a subset of B (possibly, A = B)
Cartesian product of A and B (§1.1)
complementary set of A in B (§1.3.1)
closure of A

interior of A

boundary of A

If the claim P is valid, then the claim Q
is valid

The claim P and the claim @ are equivalent

Real Numbers

the field of real numbers, real line
a<b(a=bora<b);
azb(a=bora>b)

absolute value of a; positive part of a (§3.1.1)
supremum; maximum (§1.1.1)
infimum; minimum (§1.1.1)

limit

lim; .ca; =a

limit superior (§3.2.4, §4.2.3)

limit inferior (§1.4.5, §3.2.4, §7.1.2)
{teR: t>a}; {teR: ¢t >a};
{teR:a<t<b}
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0<a<oo; —0<a<oo

a=:bb:=a

>l

e*, expz
logt

cos f; sin 6
Gy

I'(p); B(p,q)

—
R*"=Rx---xR

(a, b),a,beR"

|z|, © € R™
Br

Sn—l
Ela

a.a.
dist (z, A)

a is finite and nonnegative;
a is a real number

define b by a; set the value of b by a
summation symbol; product symbol (§6.3.4)

Functions

exponential function
logarithmic function

cosine function; sine function
the Gauss kernel (§1.1)

gamma function (§4.4.4, §6.2.5);
beta function (§4.4.4)

Euclidean Spaces

n-dimensional Euclidean space

standard inner product of a and b in R"”, i.e.,
(a, b):= Z?:l aiby, a = (a1,...,an),

b= (b1,...,bn)

Euclidean norm (length) of z, i.e.,

o = (@2 )1/

an open ball with radius R centered

at the origin in R"”

(n—1)-dimensional unit sphere (S"~1= 0B)
area of (n — 1)-dimensional unit

sphere (§6.3.1)

almost all (§6.4.1); almost everywhere

distance between a point x and
aset A (§6.4.4)

Operators

partial differential operator in the direction
of t

partial differential operator in the direction
of X

partial differential operator

with respect to x of order || (§1.1.3)

gradient (§1.1.5)
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div divergence (§1.2.2)

A Laplacian (§1.1)

curl rotation (§2.1.1)

vt (§2.1.1)

(u, V) (= >0, u'dy,) differentiation in the direction of u (§2.1)
u=(ul,...,u")

supp f support of f (§1.3.3)

f*xg convolution of f and g (§2.1.3, §4.1)

Jo f(z)da integral of f over Q

Jon, fdo, f|m|:Rf(x)dg surface integral of f over the sphere

of radius R

etAf Gy x f (§2.4.2, §4.3)

u, Uk, W, U(N)s u® scaling transformation of u, w

f=0 the function f equals zero identically

Function Spaces

c(Y) the space of all real-valued continuous
functions on Y (§1.3.1)
Co(Y) {f € C(Y);supp [ is compact } (§1.4)
Coo (M) the space of all f € C(M) that
converge to zero at infinity (§1.3.1)
C>=(Y) the set of all smooth functions on Y™ (§1.4)
C5o(Y) Co(Y)NnC=(Y) (§1.4)
C"(Q) (Q is an the set of all h whose derivative
open set in R™) 0% h is continuous on @ for |a| < r
(r is a natural number) (§1.4)
heC™(Q) his C" on Q
h e C>®(Q) his C* on Q
Lr(2) (2 CR™) the space of all measurable functions with
pth integrable power on 2 (§4.1.1)
LT>°(R") Lorentz space on R™ (§6.2.3)
my(N) distribution function of f (§6.2.1)

1Al p LP-norm of h (§1.1.1)
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almost all, 142, 253

almost everywhere, 36, 253

Ascoli—-Arzela theorem, 22, 181

Ascoli—-Arzela-type compactness
theorem, 185

backward self-similar solution, 95, 111

backwardly self-similar, 95, 111

Banach space, 20

Barenblatt’s self-similar solution, 108

Biot—Savart law, 42

BMO seminorm, 200

Bolzano—Weierstrass theorem, 19

bounded, 7, 19, 21

bounded convergence theorem, 241

bounded linear operator, 184

bounded mean oscillation seminorm,
200

Brezis—Gallouet inequality, 235

Brezis—Wainger inequality, 235

Burgers vortex, 85

Calderén—Zygmund decomposition, 230
Calderén—Zygmund inequality, 59, 224
Cauchy problem, 4

Cauchy sequence, 35

Chebyshev inequality, 201

compact, 19

compact operator, 184

compactly embedded, 184

conjugate exponent, 144

converges uniformly, 19, 21

convolution, 41, 142
curvature flow equation, 121
curve shortening equation, 121

dense, 195

diagonal argument, 182

dimension balance relation, 143
distribution function, 201
divergence, 15

dominated convergence theorem, 240
duality, 194

equicontinuous, 21

equidecay, 21

evolution system, 69, 168

exhausting sequence of compact sets, 20
extension, 28

Fatou’s lemma, 242

forward self-similar solution, 16, 45, 93,
131, 135

forwardly self-similar, 93

Fujita exponent, 134

functional, 122

fundamental solution, 41, 77, 174

Gagliardo—Nirenberg inequality, 60, 191
Gauss kernel, 5
Gaussian vortex, 37
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gradient, 11
gradient system, 121

Holder inequality, 143

Holder space, 184

Hardy—Littlewood—Sobolev inequality,
59, 200

harmonic map, 128

harmonic map flow equation, 128

heat equation, 3

infimum, 7
initial value problem, 3, 4, 39, 42
integrable, 142

Joseph—Lundgren exponent, 126

KdV equation, 132

LP-norm, 8

Laplacian, 3

leading term, 10

left limit, 117

Lepin exponent, 127
Leray’s equation, 96
limit inferior, 33, 117
limit superior, 117, 151
locally integrable, 30, 143
Lorentz space, 203

Marcinkiewicz interpolation theorem,
203

maximum, 7

mean curvature flow equation, 110

metric, 18

metric space, 18

Minkowski inequality, 207, 237

monotone convergence theorem, 242

monotonicity formula, 123, 127, 129

multi-index, 9

Nash inequality, 50, 191
Navier—Stokes equations, 38
Newton potential, 218

nonlinear Schrédinger equation, 130

norm, 19
normed space, 19

porous medium equation, 106
positively homogeneous, 131, 268
principle of superposition, 159

R"-valued function, 39

relatively compact, 19

relatively sequentially compact, 19
renormalization group, 133
rescaled function, 16

Riesz potential, 200

Riesz—Thorin theorem, 204, 236
right limit, 117

rotation, 39

scaling transformation, 16
Schwarz inequality, 54, 143
self-similar solution, 16, 45
semilinear, 125

similarity variables, 94
singular integral operator, 59, 226
smooth function, 27
Sobolev exponent, 126
Sobolev inequality, 191, 197
solution, 43

summation kernel, 151
support, 24

supremum, 7

total circulation, 46
Trudinger-Moser inequality, 235

uniform boundedness, 21, 241
uniformly continuous, 151
upper bound, 7

vector field, 39
vorticity, 40
vorticity equations, 42

weak solution, 30, 108, 161

Young inequality, 8, 62, 142
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