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Preface

In this book we intend to present basic materials as well as real research
examples to young researchers in the field of non-linear analysis for partial
differential equations (PDEs), in particular, for semi-linear elliptic PDEs. We
hope it will become a good reading material for graduate students and a handy
textbook for professors to use in a topic course on non-linear analysis.

We will introduce a series of well-known typical methods in non-linear
analysis. We will first illustrate them by using simple examples, then we will
lead readers to the research front and explain how these methods can be
applied to solve practical problems through careful analysis of a series of
recent research articles, mostly the authors’ recent papers.

From our experience, roughly speaking, in applying these commonly used
methods, there are usually two aspects:

i) general scheme (more or less universal) and,

ii) key points for each individual problem.

We will use our own research articles to show readers what the general
schemes are and what the key points are; and with the understandings of these
examples, we hope the readers will be able to apply these general schemes to
solve their own research problems with the discovery of their own key points.

In Chapter 1, we introduce basic knowledge on Sobolev spaces and some
commonly used inequalities. These are the major spaces in which we will seek
weak solutions of PDEs.

Chapter 2 shows how to find weak solutions for some typical linear and
semi-linear PDEs by using functional analysis methods, mainly, the calculus
of variations and critical point theories including the well-known Mountain
Pass Lemma.

In Chapter 3, we establish W2 a priori estimates and regularity. We prove
that, in most cases, weak solutions are actually differentiable, and hence are
classical ones. We will also present a Regularity Lifting Theorem. It is a simple
method to boost the regularity of solutions. It has been used extensively in
various forms in the authors’ previous works. The essence of the approach is
well-known in the analysis community. However, the version we present here



VI Preface

contains some new developments. It is much more general and is very easy
to use. We believe that our method will provide convenient ways, for both
experts and non-experts in the field, in obtaining regularities. We will use
examples to show how this theorem can be applied to PDEs and to integral
equations.

Chapter 4 is a preparation for Chapter 5 and 6. We introduce Rieman-
nian manifolds, curvatures, covariant derivatives, and Sobolev embedding on
manifolds.

Chapter 5 deals with semi-linear elliptic equations arising from prescrib-
ing Gaussian curvature, on both positively and negatively curved manifolds.
We show the existence of weak solutions in critical cases via variational ap-
proaches. We also introduce the method of lower and upper solutions.

Chapter 6 focus on solving a problem from prescribing scalar curvature
on S™ for n > 3. It is in the critical case where the corresponding variational
functional is not compact at any level sets. To recover the compactness, we
construct a max-mini variational scheme. The outline is clearly presented,
however, the detailed proofs are rather complex. The beginners may skip
these proofs.

Chapter 7 is devoted to the study of various maximum principles, in partic-
ular, the ones based on comparisons. Besides classical ones, we also introduce a
version of maximum principle at infinity and a maximum principle for integral
equations which basically depends on the absolute continuity of a Lebesgue
integral. It is a preparation for the method of moving planes.

In Chapter 8, we introduce the method of moving planes and its variant—
the method of moving spheres—and apply them to obtain the symmetry, mono-
tonicity, a priori estimates, and even non-existence of solutions. We also intro-
duce an integral form of the method of moving planes which is quite different
than the one for PDEs. Instead of using local properties of a PDE, we exploit
global properties of solutions for integral equations. Many research examples
are illustrated, including the well-known one by Gidas, Ni, and Nirenberg, as
well as a few from the authors’ recent papers.

Chapters 7 and 8 function as a self-contained group. The readers who are
only interested in the maximum principles and the method of moving planes,
can skip the first six chapters, and start directly from Chapter 7.

Yeshiva University Wenxiong Chen
University of Colorado Congming Li
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1

Introduction to Sobolev Spaces

1.1 Distributions

1.2 Sobolev Spaces

1.3  Approximation by Smooth Functions
1.4 Sobolev Embeddings

1.5 Compact Embedding

1.6 Other Basic Inequalities

1.6.1 Poincaré’s Inequality
1.6.2 The Classical Hardy-Littlewood-Sobolev Inequality

In real life, people use numbers to quantify the surrounding objects. In
mathematics, the absolute value |a — b| is used to measure the difference
between two numbers a and b. Functions are used to describe physical states.
For example, temperature is a function of time and place. Very often, we use
a sequence of approximate solutions to approach a real one; and how close
these solutions are to the real one depends on how we measure them, that
is, which metric we are choosing. Hence, it is imperative that we need not
only develop suitable metrics to measure different states (functions), but we
must also study relationships among different metrics. For these purposes,
the Sobolev Spaces were introduced. They have many applications in various
branches of mathematics, in particular, in the theory of partial differential
equations.

The role of Sobolev Spaces in the analysis of PDEs is somewhat similar
to the role of Euclidean spaces in the study of geometry. The fundamental
research on the relations among various Sobolev Spaces (Sobolev norms) was
first carried out by G. Hardy and J. Littlewood in the 1910s and then by S.
Sobolev in the 1930s. More recently, many well known mathematicians, such
as H. Brezis, L. Caffarelli, A. Chang, E. Lieb, L. Nirenberg, J. Serrin, and
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E. Stein, have worked in this area. The main objectives are to determine if
and how the norms dominate each other, what the sharp estimates are, which
functions achieve these sharp estimates, and which functions are ‘critically’
related to these sharp estimates.

To find the existence of weak solutions for partial differential equations,
especially for nonlinear partial differential equations, the method of functional
analysis, in particular, the calculus of variations, has seen more and more
applications.

To roughly illustrate this kind of application, let’s start off with a simple
example. Let 2 be a bounded domain in R™ and consider the Dirichlet problem
associated with the Laplace equation:

{—Au =f(z), zen (1.1)

u =0, x € 0f2

To prove the existence of solutions, one may view —/\ as an operator acting
on a proper linear space and then apply some known principles of functional
analysis, for instance, the ‘fixed point theory’ or ‘the degree theory,” to derive
the existence. One may also consider the corresponding variational functional

J(u)z%/ﬁ\VuFda:—/ﬁf(x)udx (1.2)

in a proper linear space, and seek critical points of the functional in that
space. This kind of variational approach is particularly powerful in dealing
with nonlinear equations. For example, in equation (1.1), instead of f(x), we
consider f(x,u). Then it becomes a semi-linear equation. Correspondingly, we
have the functional

J(u):%/Q|Vu|2d:c—/QF(x,u)dx, (1.3)

where

Fla,u) = /Ou F@,5)da

is an anti-derivative of f(z,-). From the definition of the functional in either
(1.2) or (1.3), one can see that the function u in the space need not be second
order differentiable as required by the classical solutions of (1.1). Hence the
critical points of the functional are solutions of the problem only in the ‘weak’
sense. However, by an appropriate regularity argument, one may recover the
differentiability of the solutions, so that they can still satisfy equation (1.1)
in the classical sense.

In general, given a PDE problem, our intention is to view it as an op-
erator A acting on some proper linear spaces X and Y of functions and to
symbolically write the equation as

Au=f (1.4)
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Then we can apply the general and elegant principles of linear or nonlinear
functional analysis to study the solvability of various equations involving A.
The result can then be applied to a broad class of partial differential equations.
We may also associate this operator with a functional J(-), whose critical
points are the solutions of the equation (1.4). In this process, the key is to
find an appropriate operator ‘A’ and appropriate spaces ‘X’ and ‘Y’. As we
will see later, the Sobolev spaces are designed precisely for this purpose and
will work out properly.

In solving a partial differential equation, in many cases, it is natural to
first find a sequence of approximate solutions, and then go on to investigate
the convergence of the sequence. The limit function of a convergent sequence
of approximate solutions would be the desired exact solution of the equation.
As we will see in the next few chapters, there are two basic stages in showing
convergence:

i) in a reflexive Banach space, every bounded sequence has a weakly con-
vergent subsequence, and then

ii) by the compact embedding from a “stronger” Sobolev space into a
“weaker” one, the weak convergent sequence in the “stronger” space becomes
a strong convergent sequence in the “weaker” space.

Before going onto the details of this chapter, the readers may have a glance
at the introduction of the next chapter to gain more motivations for studying
the Sobolev spaces.

In Section 1.1, we will introduce the distributions, mainly the notion of
the weak derivatives, which are the elements of the Sobolev spaces.

We then define Sobolev spaces in Section 1.2.

To derive many useful properties in Sobolev spaces, it is not so convenient
to work directly on weak derivatives. Hence in Section 1.3, we show that, these
weak derivatives can be approximated by smooth functions. Then in the next
three sections, we can just work on smooth functions to establish a series of
important inequalities.

1.1 Distributions

As we have seen in the introduction, for the functional J(u) in (1.2) or (1.3),
what really involved were only the first derivatives of u instead of the second
derivatives as required classically for a second order equation; and these first
derivatives need not be continuous or even be defined everywhere. Therefore,
via functional analysis approach, one can substantially weaken the notion of
partial derivatives. The advantage is that it allows one to divide the task of
finding “suitable” smooth solutions for a PDE into two major steps:

Step 1. Existence of Weak Solutions. One seeks solutions which are less
differentiable but are easier to obtain. It is very common that people use
“energy” minimization or conservation, sometimes use finite dimensional ap-
proximation, to show the existence of such weak solutions.
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Step 2. Regularity Lifting. One uses various analysis tools to boost the
differentiability of the known weak solutions and try to show that they are
actually classical ones.

Both the existence of weak solutions and the regularity lifting have become
two major branches of today’s PDE analysis. Various functions spaces and
the related embedding theories are basic tools in both analysis, among which
Sobolev spaces are the most frequently used ones.

In this section, we introduce the notion of ‘weak derivatives,” which will
be the elements of the Sobolev spaces.

Let R™ be the n-dimensional Euclidean space and {2 be an open connected
subset in R"™. Let D(£2) = C§°(£2) be the linear space of infinitely differen-
tiable functions with compact support in (2. This is called the space of test
functions on f2.

Example 1.1.1 Assume
Br(z°) :={z € R" ||z —z°| < R} C 12,
then for any r < R, the following function

flz) = {SXp{zmolzrz} for |z —a°| <r

elsewhere
is in C3°(£2).

Example 1.1.2 Assume p € C§°(R"™), u € LP({2), and suppu C K CC 2.

Let
1 x—y

ule)i= porui= [ ool

Rn € €

Ju(y)dy.
Then ue € C§°(82) for e sufficiently small.

Let LfOC(Q) be the space of pth—power locally summable functions for
1 < p < co. Such functions are Lebesque measurable functions f defined on
{2 and with the property that

1/p
Wl = ( /| f(x)l”d:v> .

for every compact subset K in 2.
Assume that u is a C! function in 2 and ¢ € D(£2). Through integration
by parts, we have, for i =1,2,--- n,

ou I e 0¢ N
o(z)dx = /Q (x)=——dx. (1.5)

ou
Now if u is not in C1(42), then 97 does not exist. However, the integral on
N

the right hand side of (1.5) still makes sense if u is a locally L' summable
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Y weakly as the
831‘1'

function. For this reason, we define the first derivative

function v(x) that satisfies

99

Quaxi dx

/Q v(z)p(x)dx = —

for all functions ¢ € D(£2).
The same idea works for higher partial derivatives. Let o = (a1, e, -+, o)
be a multi-index of order

kEi=lal=ai+as+-- 4 ay.
For u € C*(£2), the regular ath partial derivative of u is

91992 ... 9oy

= 5015 s ay,
0x{"0zy” - - Oz

D*u

Given any test function ¢ € D({2), through a straight forward integration by
parts k times, we arrive at

/QDO‘uqb(x)dx:(—1)‘“'/QuDa¢dx. (1.6)

There is no boundary term because ¢ vanishes near the boundary.

Now if u is not k times differentiable, the left hand side of (1.6) makes no
sense. However the right hand side is valid for functions u with much weaker
differentiability, i.e. u only need to be locally L' summable. Thus it is natural
to choose those functions v that satisfy (1.6) as the weak representatives of
D%u.

Definition 1.1.1 Foru,v € L, (£2), we say that v is the ath weak derivative
of u, written
v = D%

provided

/ v(x) pla)da = (—1)‘“'/ uD%pdx
fo) Q
for all test functions ¢ € D(£2).

Example 1.1.3 Forn=1 and 2 = (—m,1), let

u(z) = cosz if —m <z <0
T ll-z o<z <.
Then its weak derivative u'(x) can be represented by

v(z) = —sinz if —m<x<0
-1 if0<x <.
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To see this, we verify, for any ¢ € D(2), that

/ L (@) (@) = / L o(@)é()d. (1.7)

—T —T
In fact, through integration by parts, we have

/1 u(z)¢ (z)dr = /0 cosz ¢’ (z)dx + /01(1 — )¢ (z)dx

—T —T

o 1
= / sinz ¢(x)dx + ¢(0) — ¢(0) + /0 ¢(x)dx

—T

= —/1 v(x)d(z)dx.

—T

In this example, one can see that, in the classical sense, the function u is
not differentiable at = 0. Since the weak derivative is defined by integrals,
one may alter the values of the weak derivative v(x) in a set of measure zero,
and (1.7) still holds. However, it should be unique up to a set of measure zero.

Lemma 1.1.1 (Uniqueness of Weak Derivatives). If v and w are the weak
ath partial derivatives of u, D%u, then v(z) = w(x) almost everywhere.

Proof. By the definition of the weak derivatives, we have

| @@ = 0! [ uw)pods = [ w@ote)is

9]

for any ¢ € D(£2). It follows that

/ (0(@) — w(@))p(x)dz = 0 Vg € D(12),
Q
Therefore, we must have

v(z) = w(x) almost everywhere .

O

From the definition, we can view a weak derivative as a linear functional
acting on the space of test functions D({2), and we call it a distribution. More
generally, we have

Definition 1.1.2 A distribution is a continuous linear functional on D(S2).
The linear space of distributions or the generalized functions on §2, denoted
by D'(£2), is the collection of all continuous linear functionals on D(S2).
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Here, the continuity of a functional T' on D(f2) means that, for any se-
quence {¢r} C D(£2) with ¢p—¢ in D(§2), we have

T(d)k)HT(qS% as k’—>OO;

and we say that ¢p—¢ in D(£2) if
a) there exists K CC {2 such that suppey, suppy C K, and
b) for any a, D¥¢i,— D*¢® uniformly as k—oc.
The most important and most commonly used distributions are locally

summable functions. In fact, for any f € LfOC(Q) with 1 < p < oo, consider

Ty(6) = /Q f(@)é(x)d.

It is easy to verify that Ty (-) is a continuous linear functional on D({2), and
hence it is a distribution.
For any distribution , if there is an f € LiOC(Q) such that

n(@) = Ty(9), Vo € D(£2),

then we say that u is (or can be realized as ) a locally summable function and
identify it as f.

An interesting example of a distribution that is not a locally summable
function is the well-known Dirac delta function. Let x° be a point in {2. For
any ¢ € D(£2), the delta function at z° can be defined as

dzo () = ¢(z°).

Hence it is a distribution. However, one can show that such a delta function is
not locally summable. It is not a function at all. This kind of “function” has
been used widely and so successfully by physicists and engineers, who often
simply view §,0 as

0, for x # x°

oo, for x = x°.

S0 (z) = {

Surprisingly, such a delta function is the derivative of some function in the
following distributional sense. To explain this, let 2 = (—1,1), and let

0, forxz <0

flz) = {17 for z > 0.

Then, we have

- / @) (@ydo = - / ¢/ (2)dz = $(0) = bo(0).

Compare this with the definition of weak derivatives, we may regard do(z) as
f/(z) in the sense of distributions.
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1.2 Sobolev Spaces

Now suppose given a function f € LP({2), we want to solve the partial differ-
ential equation

Au = f(a)

in the sense of weak derivatives. Naturally, we would seek solutions wu, such
that Au are in LP(2). More generally, we would start from the collections of
all distributions whose second weak derivatives are in LP((2).

In a variational approach, as we have seen in the introduction, to seek
critical points of the functional

1/ |vu|2dx7/ F(z,u)dz,
2 Je o

a natural set of functions we start with is the collection of distributions whose
first weak derivatives are in L?(§2). More generally, we have

Definition 1.2.1 The Sobolev space W*P(£2) (k > 0 and p > 1) is the col-
lection of all distributions u on §2 such that for all multi-index « with || < k,
Dy can be realized as a LP function on 2. Furthermore, WP (£2) is a Ba-
nach space with the norm

1/p

= { ¥ [ IDute)ras

|| <K

In the special case when p = 2, it is also a Hilbert space and we usually
denote it by H(£2).

Definition 1.2.2 WF?(£2) is the closure of C5°(£2) in WP (£2).

Intuitively, WP (£2) is the space of functions whose up to (k — 1)th order
derivatives vanish on the boundary.

Example 1.2.1 Let 2 = (—1,1). Consider the function f(x) = |z|?. For
0 < B < 1, it is obviously not differentiable at the origin. However for any

1
1<p< 5 it is in the Sobolev space WP (£2). More generally, let §2 be

an open unit ball centered at the origin in R", then the function |z|® is in
WP(0) if and only if

n
8>1——. 1.8
p (1.8)

To see this, we first calculate

o) = gt fora 20,

and hence
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Vi@ = i (L9)

Fiz a small ¢ > 0. Then for any ¢ € D(S2), by integration by parts, we
have

/ for(2)p(a)dz = / F(@)6, (@)der + / FoudS.
2\B.(0) 2\B.(0) 8B.(0)

where v = (v1,Va, -+, V) is an inward-normal vector on 0B¢(0).
Now, under the condition that 8 > 1—n/p, f., is in LP(£2) C L1(£2), and

| fovdS| < Ce" 1P -0, as e—0.

9B.(0)
It follows that
R e
Q ozl
Therefore, the weak first partial derivatives of |x|® are
B; .
MTB, 1= 1,2,"',71.

Moreover, from (1.9), one can see that |7 f| is in LP(£2) if and only if
p>1-12.

1.3 Approximation by Smooth Functions

While working in Sobolev spaces, for instance, proving inequalities, it may feel
inconvenient and cumbersome to manage the weak derivatives directly based
on its definition. To get around, in this section, we will show that any function
in a Sobolev space can be approached by a sequence of smooth functions. In
other words, the smooth functions are dense in Sobolev spaces. Based on this,
when deriving many useful properties of Sobolev spaces, we can just work on
smooth functions and then take limits.

At the end of the section, for more convenient application of the approxi-
mation results, we introduce an Operator Completion Theorem. We also prove
an Ezxtension Theorem. Both theorems will be used frequently in the next few
sections.

The idea in approximation is based on mollifiers. Let

1
oy ) eel=P1 i |zl <1
i(@) {o if |2] > 1.

One can verify that
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j(x) € C5°(B1(0)).

Choose the constant ¢, such that

/nj(m)dx =1

jela) = i

For each € > 0, define

P
Then obviously
/ Je(x)dz =1, Ye> 0.

One can also verify that j. € C5°(B¢(0)), and

{0 for x #0

lim je () = oo for x = 0.

e—0

The above observations suggest that the limit of j.(z) may be viewed as a
delta function, and from the well-known property of the delta function, we
would naturally expect, for any continuous function f(z) and for any point
x € (2,

(o)) = /Q Jelo — 9)f(W)dy—F(z), as e—0. (1.10)

More generally, if f(x) is only in LP(£2), we would expect (1.10) to hold almost
everywhere. We call j.(z) a mollifier and (J.f)(x) the mollification of f(z).
We will show that, for each € > 0, J.f is a C*° function, and as e—0,

Jef—f in WhP,

Notice that, actually
U@ = [ o= i
Be(z)N2

hence, in order that J.f(z) to approximate f(z) well, we need B(x) to be
completely contained in {2 to ensure that

/ Je(x —y)dy =1
Be(z)N$2

(one of the important property of delta function). Equivalently, we need = to
be in the interior of (2. For this reason, we first prove a local approximation
theorem.

Theorem 1.3.1 (Local approximation by smooth functions).
For any f € WFP(£2), J.f € C®(R™) and J.f — f in VV/ZCP(.Q) as e—0.
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Then, to extend this result to the entire {2, we will choose infinitely many
open sets O;, i = 1,2, ---, each of which has a positive distance to the bound-
ary of {2, and whose union is the whole (2. Based on the above theorem, we are
able to approximate a WP (§2) function on each O; by a sequence of smooth
functions. Combining this with a partition of unity, and a cut off function if
{2 is unbounded, we will then prove

Theorem 1.3.2 (Global approzimation by smooth functions).
For any f € WFkP(Q), there exists a sequence of functions {fm} C
C=(2)NWkP(Q) such that f.,, — f in WEP(£2) as m—oo.

Theorem 1.3.3 (Global approzimation by smooth functions up to the bound-

ary).
Assume that 2 is bounded with C' boundary 02, then for any f €

WkP(§2), there exists a sequence of functions {f,} C C®(£2) = C*(2) N
WHkP(0) such that f,, — f in WEP(2) as m—oo.

When (2 is the entire space R", the approximation by C'* or by C§°
functions are essentially the same. We have

Theorem 1.3.4 WHEP(R") = WEP(R™). In other words, for any f € WEP(R™),
there exists a sequence of functions {fm} C C§°(R™), such that

fim—f, asm—oo; in WHP(R™).

Proof of Theorem 1.3.1

We prove the theorem in three steps.
In step 1, we show that J.f € C*°(R") and

I Jeflleco) < 1 fllze(2)-

From the definition of J. f(x), we can see that it is well defined for all x € R™,
and it vanishes if x is of € distance away from {2. Here and in the following,
for simplicity of argument, we extend f to be zero outside of 2.
In step 2, we prove that, if f is in LP({2),
(Jef)—f in Lj,

loc

(02).

We first verify this for continuous functions and then approximate LP functions
by continuous functions.

In step 3, we reach the conclusion of the Theorem. For each f € WkP(§2)
and |of <k, D*f is in LP(£2). Then from the result in Step 2, we have

Je(DYf)=Df in Ljoc(£2).

Hence what we need to verify is
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Da<J€f)<$) = Je(Daf)(x)
As the readers will notice, the arguments in the last two steps only work

in any compact subset of (2.

Step 1.
Let ¢; = (0,---,0,1,0,---,0) be the unit vector in the z; direction.
Fix € > 0 and = € R™. By the definition of J. f, we have, for |h| < €,

(Jef) (@ + hei) — (Jf)(x) _ / Je(x + he; —y) — je(x — y)
h Ba. (2)N02 h

Since as h—0,
Je(r +he; —y) — je(z —y) Haje(x - y)
h 0x;
uniformly for all y € Bao.(x) N {2, we can pass the limit through the integral
sign in (1.11) to obtain

Txi /Q Ox;

f(y)dy.

Similarly, we have

D(Jf) () = /Q De(x — y)f(y)dy.

Noticing that j.(-) is infinitely differentiable, we conclude that Jf is also
infinitely differentiable.

Then we derive
[ Tefllzec2) < [ fllze(a)- (1.12)
By the Holder inequality, we have

() @) = | /Q 5T (@ — )it (o — ) f)dy

p—1 1

< (/Qje(wy)dy) ' (/Qje(fvy)lf(y)lpdy)p

P
< ( / je(wy)lf(y)lpdy> .
Be(z)
It follows that

/Q (T f) (@) Pde < /Q ( /B ﬁ(r)je<x—y>|f(y)f”dy> da
< /Q Fa)P ( /B 6(y)je<x—y>dx> dy

< /Q Fw)lPdy.
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This verifies (1.12).

Step 2.
We prove that, for any compact subset K of {2,

[Jef = fllLe()—0, as e—0. (1.13)

We first show this for a continuous function f. By writing
(D)@ - 1@ = [ il —y) — @y
B(0)
we have

[(Jef)(@) = f(2)] < max  [f(z—y) - f(z)] Je(y)dy

zEK,|y|<e B.(0)
< max |f(z—y) - f(z)]

zeK,|y|<e
Due to the continuity of f and the compactness of K, the last term in the above
inequality tends to zero uniformly as e—0. This verifies (1.13) for continuous
functions.

For any f in LP({2), and given any 6 > 0, choose a a continuous function

g, such that

1
1f = gllzr(2) < 3 (1.14)

This can be derived from the well-known fact that any LP function can be
approximated by a simple function of the form 2?21 a;x;(z), where x; is the
characteristic function of some measurable set A;; and each simple function
can be approximated by a continuous function.

For the continuous function g, (1.13) infers that for sufficiently small €, we

have

)
| Jeg — g”LP(K) < 3

It follows from this and (1.14) that

| Jef = fllzexy < N Jef — Jegllemy + 1Jeg — gllrxy + 119 — fllzr k)

<2lf = gllrxy + 1Jeg — gllLe )
6 O

<2-- 4=
=233
=4

This proves (1.13).

Step 3.
Now assume that f € W¥*P(£2). Then for any a with |a| < k, we have
D« f € LP(£2). We show that
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DY(J.f)—D*f in LP(K). (1.15)
By the result in Step 2, we have
J(D*f)—»Df in LP(K).
Now what left to verify is, for sufficiently small e,
D(Jef)(x) = J(D"f)(x), Yz e K.

To see this, we fix a point « in K. Choose € < %dist(K, 012), then any
point y in the ball B(x) is in the interior of 2. Consequently,

D(Jef) () = /Q D — ) f(y)dy
= [ Dtie-wrwi
Be(x)
= (=1)l D% (x — d
(1) /Bm %o — y)f(y)dy
- / je(z — 9)D* f(y)dy
B.(x)
- / je(z — ) D" f(y)dy.
2

Here we have used the fact that j.(z —y) and all its derivatives are supported
in B.(z) C £2.
This completes the proof of the Theorem 1.3.1. O

The Proof of Theorem 1.3.2

Step 1. For a Bounded Region §2.
Let

1
2; = {x € 2| dist(x,00) > g}, i=1,2,3,---

Write O; = §2;13\ £2;1+1. Choose some open set Oy CC {2 so that 2 = Us2 0.
Choose a smooth partition of unity {n;}5°, associated with the open sets
{Oi}z(‘)iO’
0<mi(z) <1, mn €CF0;)
o0
Yoicomi(x) =1, 2 € £2.

Given any function f € W*P(£2), obvious n; f € W*P(£2) and supp(n; f) C O;.
Fix a 6 > 0. Choose €; > 0 so small that f; := J.,(n;f) satisfies

{ Ifi = niflwero) < 557

suppfi C (2,44 \ 2;) L (1.16)



1.3 Approximation by Smooth Functions 15

Set g = > .2, fi- Then g € C°°(£2), because each f; is in C°°(£2), and for
each open set O CC (2, there are at most finitely many nonzero terms in the
sum. To see that g € W*P(£2), we write

It follows from (1.16) that
o oo 1
DM =mfllwrniay <6 omm =0,
i=0 =0

From here we can see that the series Y ;o (f; —n: f) converges in W*P(£2) (see
Exercise 1.3.1 below), hence (g — f) € W*P(£2), and therefore g € W*P(£2).
Moreover, from the above inequality, we have

lg = fllwer) < 0.

Since § > 0 is any number, we complete step 1.

Remark 1.3.1 In the above argument, neither Y f; nor > n;f converge, but
their difference converges. Although each partial sum of > fi is in C5°(£2),
the infinite series Y. fi does not converge to g in WP (£2). Then how did we
prove that g € WkP(§2)? We showed that the difference (g— f) is in W*P(£2).

Exercise 1.3.1 .

Let X be a Banach space and v; € X. Show that the seriesy ;- v; converges
in X if 377 |luil] < oo.

Hint: Show that the partial sum is a Cauchy sequence.

Step 2. For Unbounded Region (2.
Given any § > 0, since f € W*P(£2), there exist R > 0, such that

[ fllwer(2\Br_s0) < 0 (1.17)

Choose a cut off function ¢ € C*°(R") satisfying

_ 17 HAS BR72(0)7 o n
o(x) = {O, € R"\ Br(0); and |[DY¢p(x)] <1 Vz € R",V]a| < k.

Then by (1.17), it is easy to verify that, there exists a constant C, such that

1o.f = fllwrr o) < C0. (1.18)

Now in the bounded domain {2 N Br(0), by the argument in Step 1, there is
a function g € C*°(£2 N Br(0)), such that
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lg = fllwrr(2nBro) < 6. (1.19)
Obviously, the function ¢g is in C°*°(£2), and by (1.18) and (1.19),

log — fllwre(o) < ll0g — o fllwreo) + 10f = fllwrr(o)
< Cillg = fllwrr@nBr) +C6
< (Cy + C)6.

This completes the proof of the Theorem 1.3.2. O

The Proof of Theorem 1.3.3

We will still use the mollifiers to approximate a function. As compared to
the proofs of the previous theorem, the main difficulty here is that for a point
on the boundary, there is no room to mollify. To circumvent this, we cover
(2 with finitely many open sets, and on each set that covers the boundary
layer, we will translate the function a little bit inward, so that there is room
to mollify within 2. Then we will again use the partition of unity to complete
the proof.

Step 1. Approximating in a Small Set Covering 0f2.

Let x° be any point on 9f2. Since 92 is C', we can make a C' change
of coordinates locally, so that in the new coordinates system (z1,---,z,), we
can express, for a sufficiently small r > 0,

B. ()N ={zx € B.(2°) | &y, > ¢(x1, - Tp_1)}

with some C! function &.
Set
D = .Q M BT/Q(ZCO).

Shift every point x € D in z,, direction ae units, define
¢ = x + aee,.

and
D¢ ={z°|z € D}.

This D€ is obtained by shifting D toward the inside of {2 by ae units. Choose
a sufficiently large, so that the ball B.(z) lies in 2 N B,.(z°) for all z € D¢
and for all small € > 0. Now, there is room to mollify a given W*? function
f on D€ within 2. More precisely, we first translate f a distance € in the z,
direction to become f€¢(x) = f(z¢), then mollify it. We claim that

Jf—=f in WhP(D).
Actually, for any multi-index |o| < k, we have

[DY(Jef) = D*fllLepy < 1DY(Jef) = D* f ooy + 1D f = D fllLr()-
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A similar argument as in the proof of Theorem 1.3.1 implies that the first
term on the right hand side goes to zero as e—0; while the second term also
vanishes in the process due to the continuity of the translation in the LP norm.

Step 2. Applying the Partition of Unity.

Since 042 is compact, we can find finitely many such sets D, call them D;,
1=1,2,---, N, the union of which covers 92. Given § > 0, from the argument
in Step 1, for each D;, there exists g; € C*°(D;), such that

llgi — fllwrr(py) <6 (1.20)

Choose an open set Dy CC §2 such that 2 C UY,D;, and select a function
go € C*®(Dy) such that

llgo = fllwew(py) < 0. (1.21)

Let {n;} be a smooth partition of unity subordinated to the open sets
{D;}},. Define

N
9= Z Nigi-
i=0
Then obviously g € C*°(£2), and f = Zi]\io 1; f. Similar to the proof of Theo-

rem 1.3.1, it follows from (1.20) and (1.21) that, for each |a| < k

N

ID*g = D*fllLo(ay < Y ID*(migi) — D*(mif) | ooy
=0

N
< Cz lg: — f”W’cvp(Di) = C(N +1)6.
=0

This completes the proof of the Theorem 1.3.3. O

The Proof of Theorem 1.3.4

Let ¢(r) be a C§° cut off function such that

1, for 0 <r < 1;
¢(r) =4 between 0 and 1 , for 1 <r < 2;
0, for r > 2.

Then by a direct computation, one can show that

||

le(5) (@) = f(@)llwro(rny—0,  as R—oo. (1.22)

Thus, there exists a sequence of numbers {R,,} with R,,—o0, such that for
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(&) = 6(1) ()
we have )
lgm = Fllwrsrmy < —. (1.23)

On the other hand, from the Approximation Theorem 1.3.3, for each fixed
m?
Je(Gm)—gm, ase—0, in Wk’p(R")_

Hence there exist ¢,,, such that for

fm = Jem (gm)a

we have 1
m — Ym P(R™ S . 1.24
Il f g ||Wk (R™) m ( )
Obviously, each function f,, is in C§°(R™), and by (1.23) and (1.24),
2
”fm_f”kaP(R") < ”fm_gmHW’“:P(Rn)‘FHgm_f”kaP(R") < E_)()v as m-—00.

This completes the proof of Theorem 1.3.4. O

Now we have proved all the four Approximation Theorems, which show
that smooth functions are dense in Sobolev spaces W*P. In other words, W*»
is the completion of C* under the norm || - ||y +.». Later, particularly in the
next three sections, when we derive various inequalities in Sobolev spaces, we
can just first work on smooth functions and then extend them to the whole
Sobolev spaces. In order to make such extensions more conveniently, without
going through approximation process in each particular space, we prove the
following Operator Completion Theorem in general Banach spaces.

Theorem 1.3.5 Let D be a dense linear subspace of a normed space X . Let
Y be a Banach space. Assume

T:-Dw—Y

is a bounded linear map. Then there exists an extension T of T from D to the
whole space X, such that T is a bounded linear operator from X to 'Y,

\IT| =||T|| and Tz =Tz Yx € D.

Proof. Given any element z, € X, since D is dense in X, there exists a
sequence {z;} € D, such that

T;—To, AS 1—00.
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It follows that
[Tz — Tayl| < |T|[|2; — 2] =0, as i, j—o0.

This implies that {Tx;} is a Cauchy sequence in Y. Since Y is a Banach space,
{T'z;} converges to some element y, in Y. Let

Txo = Yo. (1.25)

To see that (1.25) is well defined, suppose there is another sequence {z}} that
converges to z, in X and Tx,—y; in Y. Then

lyn = yoll = Mim [T} — Tal| < Climi— oo |27 — il| = 0.

Now, for z € D, define Tx = Tx; and for other x € X, define Tz by (1.25).
Obviously, T is a linear operator. Moreover

[ Tzo|| = lim ||Ta;]| < lim [ T[|2:| = ||T]][|]I
K2 o0 2 oo

Hence T is also bounded. This completes the proof. O

As a direct application of this Operator Completion Theorem, we prove
the following Extension Theorem.

Theorem 1.3.6 Assume that (2 is bounded and 912 is C*, then for any open
set O D §2, there exists a bounded linear operator E : WFP(£2) — Wég’p(O)
such that Eu = u a.e. in (2.

Proof. To define the extension operator E, we first work on functions u €
C*(£2). Then we can apply the Operator Completion Theorem to extend E
to WkP(02), since C*(§2) is dense in W*?(£2) (see Theorem 1.3.3). From this
density, it is easy to show that, for u € WkP(£2),

E(u)(xz) = u(x) almost everywhere on {2

based on
E(u)(z) =u(z) on 2 Yue C*N).

Now we prove the theorem for u € C*(§2). We define E(u) in the following
two steps.

Step 1. The special case when (2 is a half ball

Bf(0):={z = (2/,2,) € R" | |z| < 1, z,, > 0}.

Assume u € C*(B;7(0)). We extend u to be a C* function on the whole

ball B,(0). Define

u(z', zy), Ty >0
k
Yoio tiu(x', —Aixy), , <O0.

w(x' zy) = {
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(', x,)
ox?,
continuous across the hyper plane x,, = 0, we first pick A;, such that

To guarantee that all the partial derivatives up to the order k are

O< < A< <A<

Then solve the algebraic system
k .
Zaz)\z - 17 j:O71a"'7k7

to determine ag,aq,---,ar. Since the coeflicient determinant det()\g ) is not
zero, and hence the system has a unique solution. One can easily verify that,
for such \; and a;, the extended function @ is in C*(B,.(0)).

Step 2. Reduce the general domains to the case of half ball covered in Step
1 via domain transformations and a partition of unity.

Let O be an open set containing 2. Given any xz° € 0f2, there exists a
neighborhood U of z° and a C* transformation ¢ : U—R"™ which satisfies
that ¢(z°) = 0, ¢(U N 912) lies on the hyper plane z,, = 0, and ¢(U N ) is
contained in R’ . Then there exists an 7, > 0, such that B, (0) cC ¢(U),
Dyo := ¢~ 1(B,,(0)) is an open set containing z°, and ¢ € C*(D,.0). Choose
r, sufficiently small so that Do C O. All such D,o and {2 forms an open
covering of {2, hence there exist a finite sub-covering

DO = Q; Dla Tty Dm
and a corresponding partition of unity

o571y 5 s

such that
i GCSO(DZ) i:(]ala"'am

and

Zm(x) =1Vzel

Let ¢; be the mapping associated with D; as described in Step 1. And let
i (y) = u(¢; *(y) be the function defined on the half ball

From Step 1, each @;(y) can be extended as a C* function ;(y) onto the
whole ball B, (0).
Now, we can define the extension of v from (2 to its neighborhood O as

m

Z ni(w)u;(¢i(x)) + nou(z).



1.4 Sobolev Embeddings 21
Obviously, E(u) € C§°(0), and
1E(w)[[wrro0) < Cllullwrs(a)-

Moreover, for any z € (2, we have
Blu)(e) = 3 ml@)as(i(a)) + ml Zm )i (64(2)) + mo(2)u)

ZZ%( Ju(e; (¢i(2))) +no(a Zm ) + no(z)u()

- (i ) = u(z).

This completes the proof of the Extension Theorem. 0O

Remark 1.3.2 Notice that the Extension Theorem actually implies an im-
proved version of the Approximation Theorem under stronger assumption on
982 (be C* instead of C*). From the Extension Theorem, one can derive im-
mediately

Corollary 1.3.1 Assume that §2 is bounded and 02 is C*. Let O be an open
set containing §2. Let

O, :={zx € R" | dist(z,0) < €}.
Then the linear operator
Je(B(u)) : WHP(2)—C5°(0,)
is bounded, and for each u € W*P(£2), we have
| Je(E(u)) — ullwr.p2)—0, as e=0.

Here, as compare to the previous approximation theorems, the improvement
is that one can write out the explicit form of the approximation.

1.4 Sobolev Embeddings

When we seek weak solutions of partial differential equations, we start with
functions in a Sobolev space W*P. Then it is natural that we would like to
know whether the functions in this space also automatically belong to some
other spaces. The following theorem answers the question and at meantime
provides inequalities among the relevant norms.
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Theorem 1.4.1 (General Sobolev inequalities).

Assume 2 is bounded and has a C* boundary. Let u € WFP($2).

(i) If k < 3, then u € L(£2) with % = Il) - % and there exists a constant
C such that

[ullLa(2) < Cllullwes o)

(it) If k> %, then u € CH=BI=17(0), and there exists a constant C, such
that

HU’”C]C*[%]*L‘Y(E) < Cllullwr.r )

where
n| _n T ;
= 1+ [p} b zfp 18 not an tnteger
any positive number <1, if% is an integer .

Here, [b] is the integer part of the number b.

The proof of the Theorem is based upon several simpler theorems. We
first consider the functions in W1P(§2). From the definition, apparently these
functions belong to L1(f2) for 1 < ¢ < p. Naturally, one would expect more,
and what is more meaningful is to find out how large this ¢ can be. And to
control the L? norm for larger ¢ by W1? norm-the norm of the derivatives

1
P
| Dul| vy = (/ |Du|”daz>
2

—would suppose to be more useful in practice.

For simplicity, we start with the smooth functions with compact supports
in R™. We would like to know for what value of ¢, can we establish the in-
equality

lull La(rmy < CllDull Lo (rny, (1.26)

with constant C' independent of u € C§°(R™). Now suppose (1.26) holds. Then
it must also be true for the re-scaled function of wu:

uy(z) = u(Ax),

that is
luxllza(rry < Cll[Duxl|Le(gn)- (1.27)

By substitution, we have

1
| @l = 5 [ jutwirdy. and
" RW,
AP
| pupds =55 [ puray
n R’V'L
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It follows from (1.27) that
[ ul| pa(rny < CX'™ 54| Dul| Lo (gny.-

Therefore, in order that C to be independent of u, it is necessarily that the
power of X\ here be zero, that is

np
n—p

q:

It turns out that this condition is also sufficient, as will be stated in the
following theorem. Here for ¢ to be positive, we must require p < n.

Theorem 1.4.2 (Gagliardo-Nirenberg-Sobolev inequality).
Assume that 1 < p < n. Then there exists a constant C = C(p,n), such
that
[ull Lo+ (gny < ClIDullLo(rny, u € Co(R™) (1.28)

where p* = e

Since any function in W1?(R™) can be approached by a sequence of func-
tions in C}(R™), we derive immediately
Corollary 1.4.1 Inequality (1.28) holds for all functions u in W1P(R™).

For functions in W1P(§2), we can extended them to be WP (R™) functions
by Extension Theorem and arrive at

Theorem 1.4.3 Assume that §2 is a bounded, open subset of R™ with C"
boundary. Suppose that 1 < p < n and u € WHP(£2). Then u is in LP*(12)
and there exists a constant C = C(p,n, 2), such that

lull e 2y < Cllullwrr(o)- (1.29)

In the limiting case as p—n, p* := n”—fp—wo. Then one may suspect that

u € L* when p = n. Unfortunately, this is true only in dimension one. For
n =1, from

we derive immediately that

u@) < [ o)
However, for n > 1, it is false. One counter example is u = loglog(1 + ﬁ) on

2 = B1(0). It belongs to W (£2), but not to L>°(£2). This is a more delicate
situation, and we will deal with it later.
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Naturally, for p > n, one would expect WP to embed into better spaces.
To get some rough idea what these spaces might be, let us first consider the
simplest case when n = 1 and p > 1. Obviously, for any z,y € R! with x < y,
we have

Y
u(y) —ule) = [ w0y,
and consequently, by Holder inequality,

1—1

) - o) < [ wiopars ([ |u’<t>|pdt); (o) "

It follows that )

ly —x| "% —o0

Take the supremum over all pairs x,y in R', the left hand side of the above
inequality is the norm in the Holder space C%7(RY) with v =1 — %. This is
indeed true in general, and we have

Theorem 1.4.4 (Morrey’s inequality).
Assume n < p < co. Then there exists a constant C = C(p,n) such that

[ullgon(gny < Cllullwiogny, ue CHR™)

where*y:lf%.

To establish an inequality like (1.28), we follow two basic principles.

First, we consider the special case where {2 = R™. Instead of dealing with
functions in W*P?, we reduce the proof to functions with enough smoothness
(which is just Theorem 1.4.2).

Secondly, we deal with general domains by extending functions u €
WP(£2) to WHP(R™) via the Extension Theorem.

Here, one sees that Theorem 1.4.2 is the ‘key’ and inequality (1.27) there
provides the foundation for the proof of the Sobolev embedding. Often, the
proof of (1.27) is called a ‘hard analysis’, and the steps leading from (1.27)
to (1.28) are called ‘soft analyseses’. In the following, we will show the ‘soft’
parts first and then the ‘hard’ ones. First, we will assume that Theorem 1.4.2
is true and derive Corollary 1.4.1 and Theorem 1.4.3. Then, we will prove
Theorem 1.4.2.

The Proof of Corollary 1.4.1.

Given any function u € W1P(R"), by the Approximation Theorem, there
exists a sequence {uy} C C§°(R™) such that ||u—ug|w1rgrn)y — 0as k — oo.

Applying Theorem 1.4.2, we obtain

lwi = wjll o= (rry < Cllui — ugllwre(rny — 0, as i, j — oo.
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Thus {uy} also converges to u in LP (R"). Consequently, we arrive at
[ull o= (rry = lim [Jug|[ Lo~ (gny < lim Cllug|lwre(rny = Cllullwrern).

This completes the proof of the Corollary. O

The Proof of Theorem 1.4.3.

Now for functions in W1P(£2), to apply inequality (1.27), we first extend
them to be functions with compact supports in R™. More precisely, let O be
an open set that covers §2, by the Extension Theorem (Theorem 1.3.6), for
every u in W1P(£2), there exists a function @ in W, *(0), such that

U = u, almost everywhere in (2;
moreover, there exists a constant C; = Cy(p,n, £2,0), such that
lillwrr0y < Crllullwie(e)- (1.30)
Now we can apply the Gagliardo-Nirenberg-Sobolev inequality to @ to derive
[l os () < Nl Los 0y < Cllallwrroy < CC1lullwre(a)-
This completes the proof of the Theorem. O

The Proof of Theorem 1.4.2.
We first establish the inequality for p = 1, i.e. we prove

(/.

Then we will apply (1.31) to |u|” for a properly chosen v > 1 to extend the
inequality to the case when p > 1.
We need

n—1

"T—lex) ' S/ |Duldz. (1.31)

Lemma 1.4.1 (General Hélder Inequality) Assume that
u; € LPi() fori=1,2,---,m

and
1 1 1
—F =+ -+ — =1
D1 P2 Pm

/ [urug - - - Uy |de < H (/ |uipidx) " (1.32)
7 ~\Jao

Then
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The proof can be obtained by applying induction to the usual Holder inequal-
ity for two functions.

Now we are ready to prove the Theorem.

Step 1. The case p = 1.

To better illustrate the idea, we first derive inequality (1.31) for n = 2,

that is, we prove
2
/ () 2de < (/ |Du|dx> . (1.33)
R2 R2

Since u has a compact support, we have

u(z) = _9: %(91, T2)dy: .
It follows that -

u@/ < [ Dulon,w)ldy.
Similarly, we have :

u@| < [ 1DuCer,ge)ldye

The above two inequalities together imply that

u(@)|? < / Duyy, 2)|dy, - / |Du(zr, yo)|dys.

— 00 — 00

Now, integrate both sides of the above inequality with respect to z; and x5
from —oco to oo, we arrive at (1.33).
Then we deal with the general situation when n > 2. We write

i Ou )

U(I) = / 87(':617 oy Ti—15Yiy Tig1y 7$7l)dyia = 1a 2a oo
—oc0 OUi

Consequently,

|'I.L(SU)|§/ |Du(x17"'vyia"'vxn)‘dyia i:1a2»"'n~

—0o0

And it follows that

|u(x)|"7il SH(/ |Du($177y1a7xn)|dy’t)
i=1 e

Integrating both sides with respect to z; and applying the general Holder
inequality (1.32), we obtain

o0 i oo mIT poo P oo et
/ lu|"=Tdzy < (/ |Du|dy1> / H (/ |Du|dyi> dx

1

n—1

n—1

< (/ |Du|dy1> . (H/ / |Du|d$1d%‘>
—00 j—oJ —00J—c0
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Then integrate the above inequality with respect to x2. We have

o0 o0 "
/ / |u| =T dz1dxs <
D 1 1 n 1
o o n—1 o 0 n—1 0 0 n—1
(/ / |Du|d:z:1dy2> / {(/ |Dudy1) . H (/ / Du|d:171dy¢) }(
—o0 J —o0 —00 —00 i—3 —o0 J—o0

Again, applying the General Holder Inequality, we arrive at

o0 o0 n
/ / |u| =T dz1das <
—o0 J —o0
/ / |Du|dy1dx2) (/ / |Du|d:ﬂ1dy2) X
,—1
</ / / |Du|dm1dm2dyz) .

Continuing this way by integrating with respect to x3,---,x,_1, we deduce

/ .../ |u|ﬁdl‘1..dxn_1g
1
oo oo n—1
(/ / Du|dy1dx2---dxn1> (/ / |Duldzqdysdxs - - - da,— 1> S X
_1 n—l
(/ / |Duldxzy -+ - dap—ody, — 1) </ |Du|d:z:> .

Finally, integrating both sides with respect to x, and applying the general
Holder inequality, we obtain

/ lu| 7T dx < </ |Du|d:v> .
n Rn

Exercise 1.4.1 Write your own proof with all details for the cases n = 3 and
n =4.

VR

H::z

This verifies (1.31).

Step 2. The Case p > 1.
Applying (1.31) to the function |u|” with v > 1 to be chosen later, and by
the Holder inequality, we have

([ wiae) ™ < [ inGuyiae=o [ P =ouas
n R‘VL R‘VL

(=D (n-1) y+n—1

<75 </ |uv7n1dx) b </ |Du|v+w:—1 d:r) v
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It follows that

n_1 ytn—1
N e " e
</ lu 71alac) <’y(/ |Du|v+7"—1dx>
n RTL
n
Now choose 7, so that +7 =P that is
YTn-—

_ p(n—1)
n—p '

we obtain
p L

(/ |Unnppdx) v S’y</ |Du|de>p

This completes the proof of the Theorem. O

The Proof of Theorem 1.4.4 (Morrey’s inequality).
We will establish two inequalities

sup ul < Cllullwecrn), (1.34)
. ) vl
ulr) —u

Both of them can be derived from the following

1 lu(y) — u(z)|dy < C _|Du(y)|

1.36
B @) o oo W (1.36)

_x‘n—l

where |B,(z)| is the volume of B,(z). We will carry the proof out in three
steps. In Step 1, we prove (1.36), and in Step 2 and Step 3, we verify (1.34)
and (1.35), respectively.

Step 1. We start from
/ —u(z+t(y —x))dt = / Du(z + Tw) - wdr,
0

where

vy |, and hence y = x + sw.

w= ‘,s:|x—y

It follows that

|u(z + sw) —u(z)] < /OS |Du(x + Tw)|dT.

Integrating both sides with respect to w on the unit sphere 9B;(0), then
converting the integral on the right hand side from polar to rectangular coor-
dinates, we obtain
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/ |u(z + sw) — u(z)|do < / / |Du(x + Tw)|dodr
831(0) aBl
/ / | Du(x —I—Tw)
9B1(0
D
= / 7| u(z n)lldz.
B.(z) |z — 2|

Multiplying both sides by s"~!, integrating with respect to s from 0 to r, and
taking into account that the integrand on the right hand side is non-negative,
we arrive at

/ ()|u<y>fu<x>|dys’”— Duw)]_,
B, (xz

n JB,(z) |z —y
This verifies (1.36).
Step 2. For each fixed x € R™, we have

1
1
S Bl I | () —uy)ldy + 5~ \Bl( o u(y)ldy
=1 + L. (1.37)

By (1.36) and the Hoélder inequality, we deduce

Ilgc/ _Duty)l
B

(@) lT =yt

1/p e
d
< c( / |Du|de> < / B — dy)
R By (z) |x_ | p—1
1/p
<y (/ |Dupdy> . (1.38)

Here we have used the condition that p > n, so that ("p_fll)p < n, and hence

the integral
/ %
(n—Dp
Bi(x) |1'_ | p—1

is finite.
Also it is obvious that

IQ S CHU;HLP(R%). (139)

Now (1.34) is an immediate consequence of (1.37), (1.38), and (1.39).
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Step 3. For any pair of fixed points x and y in R™, let r = |z — y| and
D = B,(z) N B,(y). Then

lu(z) — uly)| < |D|/ u(z |dz—|—|D|/ lu(z) — u(y)|dz.  (1.40)

Again by (1.36), we have

C
|u(z z)|dz < lu(z) — u(z)|dz
|D|/ |B,(2)] /5, (2
p—1
1/p P
n B, () |x_z| p—1
= CTl_n/p||DU||Lp(Rn). (141)
Similarly,

5 / lu(z) — u()|dz < Cr' ="/ | Dul| o eny- (1.42)

Now (1.40), (1.41), and (1.42) yield
u(z) = u(y)| < Clz — y|'~"/?||Dul| Lo (rn)-
This implies (1.35) and thus completes the proof of the Theorem. O

The Proof of Theorem 1.4.1 (the General Sobolev Inequality).

(1) Assume that u € WHP(Q) with k < " We want to show that u €
p

L1(£2) and
[ull (o) < Cllullwrrq)- (1.43)

with % = % — % This can be done by applying Theorem 1.4.3 successively on
the integer k. Again denote p* = n"—i), then p% = %—%. For |a| < k—1, D%u €
W1P(§2). By Theorem 1.4.3, we have D% € LP (§2), thus u € WkE=1P"(12)
and

HUHW’“*LP*(Q) < ClHUHW’c»p(Q)-

Applying Theorem 1.4.3 again to W*=1P"(£2), we have u € W52 (£2) and

[ullwr—20 () < Collullwr-10% (o) < C2Chllullwrr (),

np*
n—p*’

where p** = or

1 1 1 1 1 1 1 2
P Pt p n n p n

Continuing this way k times, we arrive at (1.43).
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n
(ii) Now assume that k > —. Recall that in the Morrey’s inequality
p

lullcor 2y < Cllullwir(a), (1.44)

we require that p > n. However, in our situation, this condition is not neces-
sarily met. To remedy this, we can use the result in the previous step. We can
first decrease the order of differentiation to increase the power of summability.
More precisely, we will try to find a smallest integer m, such that

WhP(Q2) = W),

with ¢ > n. That is, we want

and equivalently,

Obviously, the smallest such integer m is

;)

m=|—|.

p

For this choice of m, we can apply Morrey’s inequality (1.44) to D%u, with
any |a| < k—m — 1 to obtain

[D%ul| o) < Chllullwr-mae) < C1C2llullwrr(q)-

Or equivalently,

Il ] 1y < Cllulwsoge

n
Here, when — is not an integer,
y=1-2-14 (8] -2,
q p p
While — is an integer, we have m = —, and in this case, ¢ can be any number

> n, which implies that v can be any positive number < 1.
This completes the proof of the Theorem. O
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1.5 Compact Embedding

In the previous section, we proved that W'?(£2) is embedded into LP" (£2)
with p* = 2. Obviously, for ¢ < p*, the embedding of W?(£2) into L%(£2)

n
is still true, ifp the region (2 is bounded. Actually, due to the strict inequality
on the exponent, one can expect more, as stated below.

Theorem 1.5.1 (Rellich-Kondrachov Compact Embedding).

Assume that 2 is a bounded open subset in R™ with C' boundary 0f2.
Suppose 1 < p < n. Then for each 1 < q < p*, WHP(£2) is compactly imbedded
into L(£2):

W () e L9(0),

in the sense that
1) there is a constant C, such that

lullzaco) < Cllullwrog) » ¥V ueWHP(02); (1.45)

and
ii) every bounded sequence in WP ({2) possesses a convergent subsequence
in L1(£2).

Proof. The first part—inequality (1.45)— is included in the general Embedding
Theorem. What we need to show is that if {ux} is a bounded sequence in
WLP(£2), then it possesses a convergent subsequence in L?(§2). This can be
derived immediately from the following

Lemma 1.5.1 Every bounded sequence in W1(£2) possesses a convergent
subsequence in L1(2).

We postpone the proof of the Lemma for a moment and see how it implies
the Theorem.

In fact, assume that {u} is a bounded sequence in W1?(£2). Then there
exists a subsequence (still denoted by {ug}) which converges weakly to an ele-
ment u, in W1P(§2). By the Sobolev embedding, {us} is bounded in LP*(2).
On the other hand, it is also bounded in W!(§2), since p > 1 and £ is
bounded. Now, by Lemma 1.5.1, there is a subsequence (still denoted by {uy})
that converges strongly to u, in L'(£2). Applying the Hélder inequality

—0
||Uk - UOHL‘Z(J’Z) < ”Uk - UOH?}(Q)H“k - uOH},p*(Qy

we conclude immediately that {ux} converges strongly to u, in L?({2). This
proves the Theorem.

We now come back to prove the Lemma. Let {ux} be a bounded sequence
in W1(£2). We will show the strong convergence of this sequence in three
steps with the help of a family of mollifiers

uf(x) = /Q Je(w)ur(a — y)dy.
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First, we show that
u§—uy  in L'(2) as e—0, uniformly in k. (1.46)
Then, for each fixed € > 0, we prove that
there is a subsequence of {uf,} which converges uniformly . (1.47)

Finally, corresponding to the above convergent sequence {uf,}, we extract
diagonally a subsequence of {u} which converges strongly in L(£2).

Based on the Extension Theorem, we may assume, without loss of gener-
ality, that 2 = R", the sequence of functions {u} all have compact support
in a bounded open set G C R", and

ukllwrie) <C < oo, forallk=1,2,---.

Since every W' function can be approached by a sequence of smooth
functions, we may also assume that each uy is smooth.
Step 1. From the property of mollifiers, we have

u () — ug(x) = / e (W) [ ( — ey) — ug(2)]dy

B1(0)

1
. d
/ ]E(y)/ —ug(x — ety)dt dy
B1(0) o dt

1
—e/ je(y)/ Duy(z — ety)dt y dy.
B1(0) 0

Integrating with respect to x and changing the order of integration, we
obtain

1
g — well ) < € / i) / / \Dug(z — ety)|dz dt dy
1(0) 0 G

B
< e/ Dug(2)]d= < ellurllwrae. (1.48)
G
It follows that
|lug, — urllz1(¢)—0, as e=0, uniformly in k. (1.49)

Step 2. Now fix an € > 0, then for all x € R™ and for all k = 1,2,---, we
have

i ()] < /B )y

. C
< dellzoe (rryllurllLra) < o < oo (1.50)
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Similarly,
. C
|Dug,(z)] < T < 00 (1.51)

(1.50) and (1.51) imply that, for each fixed € > 0, the sequence {uf} is uni-
formly bounded and equi-continuous. Therefore, by the Arzela-Ascoli Theo-
rem (see the Appendix), it possesses a subsequence (still denoted by {u} )
which converges uniformly on G, in particular

lim ||u§ - ’U/EHLI(G) =0. (1.52)

J,i—00

Step 3. Now choose € to be 1,1/2,1/3,---,1/k, - - - successively, and denote
the corresponding subsequence that satisfies (1.52) by

1k 1/k  1/k
Upy »Upg »Upg "

for k =1,2,3,---. Pick the diagonal subsequence from the above:
{ui/"} € {ui}.
Then select the corresponding subsequence from {uyg}:

Uy, U22,U33, " " - -
This is our desired subsequence, because
1/i

1/4 1/5 1/35 ..
i =5l (@) < lus—us! e+l =) | e +lwg) —usgllr @ =0, as i, j—o0,

due to the fact that each of the norm on the right hand side —0.
This completes the proof of the Lemma and hence the Theorem. 0O

1.6 Other Basic Inequalities

1.6.1 Poincaré’s Inequality

For functions that vanish on the boundary, we have

Theorem 1.6.1 (Poincaré’s Inequality I).
Assume (2 is bounded. Suppose u € Wol’p(Q) for some 1 < p < oo. Then

ull r 2y < CllDul| L (0)- (1.53)
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Remark 1.6.1 i) Now based on this inequality, one can take an equivalent
norm of Wy (£2) as [ullyrr o) = 1 DullLe2)-

1) Just for this theorem, one can easily prove it by using the Sobolev in-
equality ||ullLr < ||[Vullpe with p = = and the Hélder inequality. However,
the one we present in the following is a unified proof that works for both this
and the next theorem.

Proof. For convenience, we abbreviate |[u| zr(o) as ||ull,. Suppose inequality
(1.53) does not hold, then there exists a sequence {uz} C W, *(£2), such that

| Dugll, = 1, while [Jug]l,—o0, as k—oc.

Since C5°(£2) is dense in W, ?(£2), we may assume that {u,} C C5°(£2).
m
Let v, = ———. Then
[lurlp

[okllp =1, and || Du[|,—0.

Consequently, {vg} is bounded in WP (£2) and hence possesses a subsequence
(still denoted by {v}) that converges weakly to some v, € W1P(£2). From the
compact embedding results in the previous section, {v;} converges strongly
in LP(£2) to v,, and therefore

[voll[p =1. (1.54)

On the other hand, for each ¢ € C§°(42),

/vqﬁxidx: lim /vkquidx:— lim /vk’miqbdac:O.
0 k— o0 0 k— o0 0

It follows that
Dv,(z) =0, a.e.

Thus v, is a constant. Taking into account that v, € C5°(£2), we must have
v, = 0. This contradicts with (1.54) and therefore completes the proof of the
Theorem. O

For functions in W1P(§2), which may not be zero on the the boundary, we
have another version of Poincaré’s inequality.

Theorem 1.6.2 (Poincaré Inequality II).

Let 2 be a bounded, connected, and open subset in R™ with C* boundary.
Let u be the average of u on 2. Assume 1 < p < oco. Then there exists a
constant C'= C(n,p, 12), such that

|u — |, < C||Dul,,Yu € W(£). (1.55)
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The proof of this Theorem is similar to the previous one. Instead of letting
i
7k, we choose

Vi =
[lurlp

U — Uk
Vg =75 ——— -
[Juk —

Remark 1.6.2 The connect-ness of {2 is essential in this version of the in-
equality. A simple counter example is when n =1, 2 =1[0,1]U[2,3], and

[ -1 forxe]0,1]
u(gj){l for x €]2,3].

1.6.2 The Classical Hardy-Littlewood-Sobolev Inequality

Theorem 1.6.3 (Hardy-Littlewood-Sobolev Inequality).
Let 0 < XA < n and s,r > 1 such that

11 A
SH-4+ =2
T S n

Assume that f € L"(R™) and g € L*(R"™). Then

| ] f@le=slawdedy < Cons NIl all, (156

clmed= Zz'B—'AA);s ((1 i/y/j/n “(3 i/?/sy/n)

with |B™| being the volume of the unit ball in R"™, and where

11l = W fllrmy-

where

Proof. Without loss of generality, we may assume that both f and g are non-
negative and [ f|l, =1 = [|g]ls.

Let
1 fzed@

Xele) = {0 if v £G

be the characteristic function of the set G. Then one can see obviously that
flx) = A X{f>a}(®) da (1.57)
g(x) = / X{g>b} (@) db (1.58)
0

o~ = )\/0 NN ooy () de (1.59)
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To see the last identity, one may first write

2] A = / Xtlol->sey (&) dE

and then let ¢ = ¢,
Substituting (1.57), (1.58), and (1.59) into the left hand side of (1.56), we

have

I:= /Rn/ f@)|z —y|*g(y) de dy

= /0 / / // "X ar (@)X (el <er (@ = Y)X (g0} () dx dy de dbda
:A/ // ¢ (a,b,c)dedbda. (1.60)
0
Let
u(c) = [B"|c",

the volume of the ball of radius ¢, and let

v(a) Z/Rn X{f>a}(®)dz, w(b) Z/Rn X{g>b} (%) dy,

the measure of the sets {z | f(z) > a} and {y | g(y) > b}, respectively. Then
we can express the norms as

IfIr = r/ooo & v(a)da =1 and |g* = s/om Flwb)db=1.  (1.61)
It is easy to see that
1000 < [ [ Xeteo @~ 0)xion @) dody
< [ oo ) dy = u(eu

Similarly, one can show that I(a,b,c) is bounded above by other pairs and
arrive at

I(a,b,c) < min{u(c)w(b),u(c)v(a),v(a)w(b)}. (1.62)
We integrate with respect to c¢ first. By (1.62), we have

(o)
/ ¢ 1(a,b,c)de
0

< / c A Lw(b)ulc) dc+/ ¢ tw(b)v(a) de
u(c)<v(a) u(c)>v(a)
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(v(a)/|B™)"/"
= w(b)|B"|/ ATl dc—!—w(b)v(a)/ c A de
0 (v(a)/| B/

_ |Bn|)\/n 1-A\/n |Bn|/\/n 1-A\/n

= P opotay =+ B py(a)

_ |Bn|>\/n 1-A/n

ERYCESY )\)w(b)v(a) (1.63)

Exchanging v(a) with w(b) in the second line of (1.63), we also obtain

/ ¢ 1(a,b,c)de
0

§/ ¢ (a)u(c) dc+/ ¢ rw(b)v(a) de
u(c)<w(b) u(c)>w(b))

|Bn|)\/n ny
< — " 1.64
< T (1.64)

In view of (1.61), we split the b-integral into two parts, one from 0 to ar/s
and the other from a’/* to co. By virtue of (1.60), (1.63), and (1.64), we derive

n
I < B" A/n
- nf)\| |
r/s

< /Ooov(a) /0 w(b) =/ dbda+Amv(a)1_A/" /aiw(b)dbda(.l.%)

To estimate the first integral in (1.65), we use Holder inequality with
m=(s—1)(1—X\/n)

ar/s
/ w(b) =A™ db
0

o/ 1-X\/n o/ A/n
< ( / w(b)b* ! db) ( / p=mn/A db)
0 0

1-X\/n
w(b)b* ! db) cam (1.66)

since mn /A < 1. It follows that the first integral in (1.65) is bounded above

by
<n—S(A”—A)>A/n </OOO v(a)a”da) (/OOO w(b)bﬂdb)lk/n

1! ( A/n )A/n.(1.67)

rs \1—1/r
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To estimate the second integral in (1.65), we first rewrite it as

b/ ™

/OOo w(b)/o v(a)=™ da db,

then an analogous computation shows that it is bounded above by

1 ( An )A/n. (1.68)

rs 1-1/s

Now the desired Hardy-Littlewood-Sobolev inequality follows directly from
(1.65), (1.67), and (1.68). O

Theorem 1.6.4 (An equivalent form of the Hardy-Littlewood-Sobolev in-
equality )
Let g € LP(R") for -2~ < p < oo. Define

Tg(z) = / lz —y|* " g(y)dy.

Then
1Tgll, < C(n,p,@)||gll ne_. (1.69)

ntap

Proof. By the classical Hardy-Littlewood-Sobolev inequality, we have
< f,Tg>=<Tf,g><C(n,s,0)|fl,llgll,

where < -,- > is the L? inner product.
Consequently,

1Tgll, = Sup < f,Tg><C(n,s,a)lgls,
=1

where Lo
{1717
_ nta
Fts =
Solving for s, we arrive at
np
§ = .
n—+ ap

This completes the proof of the Theorem. O

Remark 1.6.3 To see the relation between inequality (1.69) and the Sobolev
inequality, let’s rewrite it as

ITgll 2o < Cllgllq (1.70)

with
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n+ap o
Let w =Tg. Then one can show that (see [CLOJ),

l<gi=—2 1
(—D)Fu=g.
Now inequality (1.70) becomes the Sobolev one

el =a_ < CII(~2)Full.
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Existence of Weak Solutions

2.1 Second Order Elliptic Operators
2.2 Weak Solutions

2.3 Method of Linear Functional Analysis

2.3.1 Linear Equations
2.3.2  Some Basic Principles in Functional Analysis
2.3.3 Existence of Weak Solutions

2.4 Variational Methods

2.4.1 Semi-linear Equations

2.4.2 Calculus of Variations

2.4.3 Existence of Minimizers

2.4.4 Existence of Minimizers under Constrains

2.4.5 Mini-max Critical Points

2.4.6 Existence of a Mini-max via the Mountain Pass Theorem

Many physical models come with natural variational structures where one
can minimize a functional, usually an energy E(u). Then the minimizers are
weak solutions of the related partial differential equation

E'(u) =0.

For example, for an open bounded domain 2 C R", and for f € L?(2),

the functional )
E(u) = 7/ |vu|2dx—/ fudz
2Ja Q

possesses a minimizer among all u € H{(£2) (try to show this by using the
knowledge from the previous chapter). As we will see in this chapter, the
minimizer is a weak solution of the Dirichlet boundary value problem
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—Au=f(x),x €N
{u(w)zo, x € 012

In practice, it is often much easier to obtain a weak solution than a classical
one. One of the seven millennium problem posed by the Clay Institute of
Mathematical Sciences is to show that some suitable weak solutions to the
Navie-Stoke equation with good initial values are in fact classical solutions
for all time.

In this chapter, we consider the existence of weak solutions to second order
elliptic equations, both linear and semi-linear.

For linear equations, we will use the Lax-Milgram Theorem to show the
existence of weak solutions.

For semi-linear equations, we will introduce variational methods. We will
consider the corresponding functionals in proper Hilbert spaces and seek weak
solutions of the equations associated with the critical points of the functionals.
We will use examples to show how to find a minimizer, a minimizer under
constraint, and a mini-max critical point. The well-known Mountain Pass
Theorem is introduced and applied to show the existence of such a mini-max.

To show that a weak solution possesses the desired differentiability so that
it is actually a classical one is called the regularity method, which will be
studied in Chapter 3.

2.1 Second Order Elliptic Operators

Let {2 be an open bounded set in R™. Let a;;(x), b;(x), and ¢(z) be bounded
functions on {2 with a;;(z) = a;;(z). Consider the second order partial differ-
ential operator L either in the divergence form

n
Lu=— Z (aij(T)ug,)e; + Zb )y, + c(z)u, (2.1)
ig=1

or in the non-divergence form

n
Lu=— a;( um7+2b &)y, + c(z)u. (2.2)
i,j=1
We say that L is uniformly elliptic if there exists a constant § > 0, such
that

n
> ai(x)eig; > ol
i,j=1
for almost every = € (2 and for all £ € R".

In the simplest case when a;;(z) = d;;, b;(x) =0, and ¢(x) = 0, L reduces
to —A. And, as we will see later, that the solutions of the general second order
elliptic equation Lu = 0 share many similar properties with the harmonic
functions.
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2.2 Weak Solutions

Let the operator L be in the divergence form as defined in (2.1). Consider the
second order elliptic equation with Dirichlet boundary condition

{Lu:f,xeﬂ 2.3)

u=0, x€df

When f = f(x), the equation is linear; and when f = f(x,u), semi-linear.
Assume that, f(z) is in L?(£2), or for a given solution u, f(z,u) is in
L2(02).
Multiplying both sides of the equation by a test function v € C§°(£2), and
integrating by parts on (2, we have

n

/Q Z @i (T) Uy, Vg, + sz; bi(x)ug, v + c(x)uv | de = /Q fodz.  (2.4)

ij=1

There are no boundary terms because both v and v vanish on 9f2. One can see
that the integrals in (2.4) are well defined if u, v, and their first derivatives are
square integrable. Write H'(£2) = W2(£2), and let H}(§2) the completion of
C§°(£2) in the norm of H!(02):

1/2

Jul) = [ [ (Du +uf)as

Then (2.4) remains true for any v € H}(£2). One can easily see that H}(§2)
is also the most appropriate space for u. On the other hand, if u € Hg(£2)
satisfies (2.4) and is second order differentiable, then through integration by
parts, we have

/ (Lu — f)vde =0 Yo € Hy(92).
Q

This implies that
Lu=f, Yz e .

And therefore u is a classical solution of (2.3).
The above observation naturally leads to

Definition 2.2.1 The weak solution of problem (2.3) is a function u €
HLY(92) that satisfies (2.4) for all v € HL(£2).

Remark 2.2.1 Actually, here the condition on f can be relaxed a little bit.
By the Sobolev embedding

HY(9) — L7 (9),
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we see that v is in L%(Q), and hence by duality, f only need to be in

n 2
anﬁ(ﬁ). In the semi-linear case, if f(z,u) = uP for any p < n 5 or more
n—

generally
n+2

flz,u) < Ci+ Calu|—2;
then for any u € H'(82), f(x,u) is in L%(Q)

2.3 Methods of Linear Functional Analysis

2.3.1 Linear Equations

For the Dirichelet problem with linear equation

Lu=f(z),z €
{uzO, x € 052, (2.5)

to find its weak solutions, we can apply representation type theorems in Linear
Functional Analysis, such as Riesz Representation Theorem or Laz-Milgram
Theorem. To this end, we introduce the bilinear form

n

Blu,v] = /Q Z i (T) Uz, Vg; + Zbl(x)uxv + c(z)uv | de
i=1

4,j=1

defined on H(£2), which is the left hand side of (2.4) in the definition of the
weak solutions. While the right hand side of (2.4) may be regarded as a linear
functional on H}(£2);

< f,v >::/ fudz.
Q

Now, to find a weak solution of (2.5), it is equivalent to show that there
exists a function u € H}(£2), such that

Blu,v] =< f,v >, Yve Hj(0). (2.6)

This can be realized by representation type theorems in Functional Analysis.

2.3.2 Some Basic Principles in Functional Analysis

Here we list briefly some basic definitions and principles of functional analysis,
which will be used to obtain the existence of weak solutions. For more details,
please see [Schl].

Definition 2.3.1 A Banach space X is a complete, normed linear space with
norm || - || that satisfies

(i) flu+ ol < [luf] +[Jo]l, Vu,v € X,

(i) [[Aul| = [Al[[ull, Vu,v € X, X € R,

(i) ||ul| = 0 if and only if u = 0.
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The examples of Banach spaces are:
(i) LP($2) with norm [Jul| s (0,
(ii) Sobolev spaces W*P(£2) with norm [u|yyr.(g), and
(iii) Holder spaces C*7(£2) with norm ||ul|co.(g)-
Definition 2.3.2 A Hilbert space H is a Banach space endowed with an inner
product (-,-) which generates the norm
ull == (u,u)"/?

with the following properties
(i) (u,v) = (v,u), Yu,v € H,
(ii) the mapping u — (u,v) is linear for each v € H,
(iii) (u,u) >0, Yu € H, and
(iv) (u,u) =0 if and only if u=0.
Examples of Hilbert spaces are

(i) L*(£2) with inner product

(u,v)z/ﬂu(:n)v(a:)dz,

and
ii) Sobolev spaces H'(f2) or H}(£2) with inner product
0

(u,v) = /Q[u(gc)v(x) + Du(z) - Du(x)]dx.

Definition 2.3.3 (i) A mapping A: X—Y s a linear operator if
Alau + ] = aA[u] + bA[u] Vu,v € X, a,b€ R
(i) A linear operator A : X—Y is bounded provided

Al ;= sup [|Aully < co.
llullx <1
(iii) A bounded linear operator f : X—R" is called a bounded linear func-

tional on X. The collection of all bounded linear functionals on X, denoted by
X*, is called the dual space of X. We use

< fyu>:= flu]
to denote the pairing of X* and X.

Lemma 2.3.1 (Projection).
Let M be a closed subspace of H. Then for every uw € H, thereis av € M,
such that
(u—v,w)=0, Ywe M. (2.7)

In other words,
H=M®M*:={ucH|ulLM}.
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Here v is the projection of u on M. The readers may find the proof of the
Lemma in the book [Sch] ( Theorem 1-3) or as given in the following exercise.

Exercise 2.3.1 i) Given any uw € H and v £M, there exist a v, € M such
that

lvo — u|| = inf [jv — u]|.
veM

Hint: Show that a minimizing sequence is a Cauchy sequence.
i1) Show that

(u—vo,w) =0, Ywe M.
Based on this Projection Lemma, one can prove

Theorem 2.3.1 (Riesz Representation Theorem). Let H be a real Hilbert
space with inner product (-,-), and H* be its dual space. Then H* can be
canonically identified with H, more precisely, for each u* € H*, there exists
a unique element u € H, such that

<u*,v>= (u,v) Yv € H.
The mapping u* +— u is a linear isomorphism from H* onto H.

This is a well-known theorem in functional analysis. The readers may see
the book [Schl] for its proof or do it as the following exercise.

Exercise 2.3.2 Prove the Riesz Representation Theorem in 4 steps.
Let T be a linear operator from H to R' and T %~0. Show that
i) K(T):={u € H | Tu=0} is closed.
i) H=K(T)® K(T)*.
iii) The dimension of K(T) is 1.
iv) There exists v, such that Tv = 1. Then

Tv = (u,v), Yue H.
From Riesz Representation Theorem, one can derive the following

Theorem 2.3.2 (Lax-Milgram Theorem). Let H be a real Hilbert space with
norm || - ||. Let

B:Hx H-R
be a bilinear mapping. Assume that there exist constants M, m > 0, such that
(i) | Blu, v]| < Mulll]v]|, Vu,v e H
and
(i) ml|jul|? < Blu,u], Vu € H.

Then for each bounded linear functional f on H, there exists a unique
element uw € H, such that

Blu,v] =< f,v >, Yv € H.
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Proof. 1. If Blu,v] is symmetric, i.e. Blu,v] = Blv,u], then the conditions
(i) and (ii) ensure that Blu,v] can be made as an inner product in H, and
the conclusion of the theorem follows directly from the Reisz Representation
Theorem.

2. In the case B[u,v] may not be symmetric, we proceed as follows.

On one hand, by the Riesz Representation Theorem, for a given bounded
linear functional f on H, there is an f € H, such that

< fiu>=(f,v), Yve H. (2.8)

On the other hand, for each fixed element v € H, by condition (i), Blu, -]
is also a bounded linear functional on H, and hence there exist a @ € H, such
that

Blu,v] = (@,v), Yv e H. (2.9)

Denote this mapping from u to @ by A, i.e.
A:H—H, Au=a. (2.10)

From (2.8), (2.9), and (2.10), It suffice to show that for each f € H, there
exists a unique element v € H, such that

Au = f.

We carry this out in two parts. In part (a), we show that A is a bounded
linear operator, and in part (b), we prove that it is one-to-one and onto.
(a) For any uy,us € H, any aj,as € R, and each v € H, we have

(A(arug + agusg),v) = Bl(a1u1 + asus),v]
= a1 Blu1,v] + a2 Blug, ]
= a1(Auy,v) + az(Aus,v)
= (a1 Aug + a2 Ausg, v)
Hence
A(auy + agusz) = a1 Aug + asAus.

A is linear.
Moreover, by condition (i), for any u € H,

[Aul* = (Au, Au) = Blu, Au] < M||ul[| Aul,

and consequently
|Au|| < M||u|| Yu € H. (2.11)
This verifies that A is bounded.
(b) To see that A is one-to-one, we apply condition (ii):

mllull* < Blu,u] = (Au,u) < || Aul][|ul,
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and it follows that
mull < [|Au. (2.12)

Now if Au = Aw, then from (2.12),
mllu —wv| < [|Au = Av].

This implies © = v. Hence A is one-to-one.

From (2.12), one can also see that R(A), the range of A in H is closed. In
fact, assume that vy, € R(A) and vy—v in H. Then for each vy, there is a ug,
such that Auy = vi. Inequality (2.12) implies that

llui = sl < Cllvi = w5,

i.e. ug is a Cauchy sequence in H, and hence uy—u for some u € H. Now, by
(2.11), Aug—Au and v = Au € H. Therefore, R(A) is closed.

To show that R(A) = H, we need the Projection Lemma 2.3.1. For any
u € H, by the Projection Lemma, there exists a v € R(A), such that

0= (u—wv,A(u—2))=B[(u—"v),(u—uv)]>mlu—uo|*

Consequently, u = v € R(A) and hence H C R(A). Therefore R(A) = H.
This completes the proof of the Theorem. O

2.3.3 Existence of Weak Solutions

Now we explore that in what situations, our second order elliptic operator
L would satisfy the conditions (i) and (ii) requested by the Lax-Milgram
Theorem.

Let H = H}(£2) be our Hilbert space with inner product

(u,v) = / (DuDv + uv)dzx.
0
By Poincaré inequality, we can use the equivalent inner product
(u,v) g ::/ DuDuvdzx
¢

and the corresponding norm

lull g := 1// | Dul?dz.
2

For any v € H, by the Sobolev Embedding, v is in L2 (£2). And by virtue
of the Holder inequality,
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<tz [ ep@as < ([ 1r@#sa) " ([ peia) T

hence we only need to assume that f € Lz (£2).
In the simplest case when L = —/A\, we have

Blu,v] = / Du - Dvdx.
7

Obviously, condition (i) is met:
| Blu, v]| < [lullel[v]l,
Condition (ii) is also satisfied:
Blu,u] = [Jul7-

Now applying the Laz-Milgram Theorem, we conclude that there exists a
unique u € H such that

Blu,v] =< f,v >, Yv € H.

We have actually proved
Theorem 2.3.3 For every f(x) in L%(Q), the Dirichlet problem

—Au= f(z), x € 0,
u(z) =0, x €02

has a unique weak solution u in HE(£2).
In general,

n

Blu,v] = /Q Z @i (2)Ug Vg + Zbi(x)uxiv + c(x)uv | dz.
i=1

i,j=1
Under the assumption that
lasj | oo (29, 10ill oo (205 €l Lo () < C,
and by Holder inequality, one can easily verify that
|Blu, v]| < 3Culllv]a-

Hence condition (i) is always satisfied. However, condition (ii) may not auto-
matically hold. It depends on the sign of ¢(z), and the L® norm of b;(z) and
c(z).

First from the uniform ellipticity condition, we have
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n
/ Z @i (T)Ug, Uy, d > (5/ |Dul?dz = 6|jul|%, (2.13)
@ij=1 «?

for some § > 0.
From here one can see that if b;(z) = 0 and ¢(z) > 0, then condition (ii) is
met. Actually, the condition on ¢(x) can be relaxed a little bit, for instance, if

c(z) > —9/2 (2.14)
with ¢ as in (2.13), then condition (ii) holds. Hence we have

Theorem 2.3.4 Assume that b;(z) = 0 and c(x) satisfies (2.14). Then for
every f € LT%L?(Q), the problem

{Luf(x)xeﬂ
u(z) =0 x€02

has a unique weak solution in Hg({2).

2.4 Variational Methods

2.4.1 Semi-linear Equations
To find the weak solutions of semi-linear equations
Lu = f(z,u)

the Lax-Milgram Theorem can no longer be applied. We will use variational
methods to obtain the existence. Roughly speaking, we will associate the
equation with the functional

where

F(x,u) = ; (z,s)ds.

We show that the critical point of J(u) is a weak solution of our problem.
Then we will focus on how to seek critical points in various situations.

2.4.2 Calculus of Variations

For a continuously differentiable function g defined on R"™, a critical point is
a point where Dg vanishes. The simplest sort of critical points are global or
local maxima or minima. Others are saddle points. To seek weak solutions of
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partial differential equations, we generalize this concept to infinite dimensional
spaces. To illustrate the idea, let us start from a simple example:

{Au—f(x),xeﬁ;

u(z) =0, x € 002 (2.15)

To find weak solutions of the problem, we study the functional
1 2
Jw) == | |Du|*dz— | f(x)udzx
2Ja 0
in H}(92).
Now suppose that there is some function u which happen to be a minimizer
of J(-) in H}(£2), then we will demonstrate that u is actually a weak solution

of our problem.
Let v be any function in H}(§2). Consider the real-value function

g(t) = J(u+tv), t € R.

Since wu is a minimizer of J(-), the function ¢(¢) has a minimum at ¢ = 0;
and therefore, we must have

d
g (0) =0, ie. %J(u + tv) |4=o= 0.
Here, explicitly,
1
J(u+tv) = 5/ |D(u + tv)|*dx _/ f(@)(u + tv)da,
2 2

and
%J(u—i—tv):/QD(u—i—tv)~Dvda:—/Qf(x)vdx.

Consequently, ¢’(0) = 0 yields
/ Du - Dvdx — / f(z)vdr =0, Yo € Hy(0). (2.16)
Q Q

This implies that u is a weak solution of problem (2.15).
Furthermore, if u is also second order differentiable, then through integra-
tion by parts, we obtain

/ [—Au — f(z)]vdx = 0.
17}

Since this is true for any v € HJ(£2), we conclude

—Au— f(z) =0.
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Therefore, u is a classical solution of the problem.

From the above argument, the readers can see that, in order to be a weak
solution of the problem, here u need not to be a minima; it can be a maxima,
or a saddle point of the functional; or more generally, any point that satisfies

d
aJ(u + tv) |i=0 -

More precisely, we have

Definition 2.4.1 Let J be a linear functional on a Banach space X .

i) We say that J is Frechet differentiable at uw € X if there exists a con-
tinuous linear map L = L(u) from X to X* satisfying:

For any € > 0, there is a § = 0(e,u), such that

[J(u+v) — J(u)— < L(u),v > | < €||v]|x whenever ||v||x < d,

where
< L(u),v >:= L(u)(v)

is the duality between X and X*.
The mapping L(u) is usually denoted by J'(u).
it) A critical point of J is a point at which J'(u) = 0, that is

< J'(u),v>=0 Yv € X.
iii) We call J'(u) = 0 the Euler-Lagrange equation of the functional J.
Remark 2.4.1 One can verify that, if J is Frechet differentiable at u, then

Ju+tv) —Jw) d
/ _ _
< J'(u),v>= tl L . —dtJ(u—i—tv) lt=o0 -

2.4.3 Existence of Minimizers

In the previous subsection, we have seen that the critical points of the func-

tional
/\Du| dsc—/f Yudz:

are weak solutions of the Dirichlet problem (2.15). Then our next question is:
Does the functional J actually possess a critical point?
We will show that there exists a minimizer of J. To this end, we verify
that J possesses the following three properties:
i) bounded-ness from below,
ii) coercivity, and
iil) weak lower semi-continuity.

i) Bounded-ness from Below.
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First we prove that J is bounded from below in H := H} () if f € L*(12).
Again, for simplicity, we use the equivalent norm in H:

s = 1// |\ Dul2da.
0

By Poincaré and Hélder inequalities, we have

\%

1
J(u) = Slullzr = Cllullullfl22)

1 s C?
) (||U||H - C||fHL2(Q)) - 7||f|\%2(9)

02
— 1 F13 - (2.17)

Y

Therefore, the functional J is bounded from below.

11) Coercivity. However, A functional that is bounded from below does not
guarantee that it has a minimum. A simple counter example is

g(l‘):m, JJERI.
Obviously, the infimum of ¢g(z) is 1, but it can never be attained. If we take a
minimizing sequence {xy} such that g(zy)—1, then x; goes away to infinity.
This suggests that in order to prevent a minimizing sequence from ‘leaking’ to
infinity, we need to have some sort of ‘coercive’ condition on our functional .J.
That is, if a sequence {ux} goes to infinity, i.e. if ||u|| gz —o0, then J(uy) must
also become unbounded. Therefore a minimizing sequence would be retained
in a bounded set. And this is indeed true for our functional J. Actually, from
the second part of (2.17), one can see that

if ||ug|| g—o0, then J(uy)—oo.

This implies that any minimizing sequence must be bounded in H.

111) Weak Lower Semi-continuity. If H is a finite dimensional space, then a
bounded minimizing sequence {uy } would possesses a convergent subsequence,
and the limit would be a minimizer of J. This is no longer true in infinite
dimensional spaces. We therefore turn our attention to weak topology.

Definition 2.4.2 Let X be a real Banach space. If a sequence {u;} C X
satisfies
< fiup >— < f,u, > ask—oo

for every bounded linear functional f on X ; then we say that {uy} converges
weakly to u, in X, and write
U — Ugp.
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Definition 2.4.3 A Banach space is called reflexive if (X*)* = X, where X*
is the dual of X.

Theorem 2.4.1 (Weak Compactness.) Let X be a reflexive Banach space.
Assume that the sequence {ug} is bounded in X. Then there exists a subse-
quence of {uy}, which converges weakly in X.

Now let’s come back to our Hilbert space H := H}(§2). By the Reisz
Representation Theorem, for every linear functional f on H, there is a unique
v € H, such that

< fyu>= (v,u), Yu€ H.

It follows that H* = H, and therefore H is reflexive. By the Coercivity and
Weak Compactness Theorem, now a minimizing sequence {ux} is bounded,
and hence possesses a subsequence {uy, } that converges weakly to an element
U, in H:

(U, V)= (Uo,v), Vv € H.

Naturally, we wish that the functional J we consider is continuous with respect
to this weak convergence, that is

lim J(ug,) = J(u,),

i—>00

then u, would be our desired minimizer. However, this is not the case with our
functional, nor is it true for most other functionals of interest. Fortunately,
we do not really need such a continuity, instead, we only need a weaker one:

J(ue) < hlrglor.}f J(ug;)-

Since on the other hand, by the definition of a minimizing sequence, we obvi-
ously have
J(uo) > liminf J(uyg, ),
17700

and hence
J(uo) = lim inf J(ug,).

Therefore, u, is a minimizer.

Definition 2.4.4 We say that a functional J(-) is weakly lower semi-continuous
on a Banach space X, if for every weakly convergent sequence

U — Uy, 1 X,

we have
J(uo) < 1}€rgloréf J(ug).
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Now we show that our functional J is weakly lower semi-continuous in H.
Assume that {uy} C H, and

up — U, in H.

Since for each fixed f € LTL%LZ(Q), fQ fudx is a linear functional on H, it
follows immediately

/fukdmﬂ/fuod:c, as k—oo. (2.18)
2 2

From the algebraic inequality
a® + b > 2ab,

we have
/ | Duy|*dx > / | Du,|*dx + 2/ Du, - (Dug, — Duy)dzx.
2 9] 9]

Here the second term on the right goes to zero due to the weak convergence
U — U,. Therefore

liminf/ |Duk|2dx2/ | Du,|*da. (2.19)
k— o0 0 0

Now (2.18) and (2.19) imply the weakly lower semi-continuity. So far, we
have proved

Theorem 2.4.2 Assume that §2 is a bounded domain with smooth boundary.
2n
Then for every f € L»+2((2), the functional

J(u)z%/ﬂ\DuFdxf/quda:

possesses a minimum u, in H($2), which is a weak solution of the boundary
value problem

—Au=f(z),z €N
u(z) =0, x € 012

2.4.4 Existence of Minimizers Under Constraints

Now we consider the semi-linear Dirichlet problem

{ —Au = |ulP~tu, x € 2,

u(z) =0, x € 012, (2.20)

with 1 < p < 22,
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Obviously, u = 0 is a solution. We call this a trivial solution. Of course,
what we are more interested is whether there exists non-trivial solutions. Let

1 1
J(u) == [ |Dufdr — —— Py,
) 2/Q| urd P+1/Q|U| :

It is easy to verify that

d
—J(u+tv) |t=0= / (Du - Dv — [ulP~ uv) dz.
dt 5

Therefore, a critical point of the functional J in H := Hg (£2) is a weak solution
of (2.20)

However, this functional is not bounded from below. To see this, fixed an
element v € H and consider

J 2 Dul?d il rtlg
tu) = — — :
(tu) 2/9' u*dw p+1/n‘u| !

Noticing p + 1 > 2, we find that
J(tu)— — 0o, as t—00.

Therefore, there is no minimizer of J(u). For this reason, instead of J, we will
consider another functional

1
I(u) := f/ | Du|?dz,
2 Jq
in the constrain set

Mi={ucH|Gu) = /Q P+ dz = 1.

We seek minimizers of I in M. Let {u;} C M be a minimizing sequence, i.e.

lim I = inf I(u) :=m.

A, ) = gl 100 =m

It follows that [, |Duy|?dx is bounded, hence {uy} is bounded in H. By the
Weak Compactness Theorem, there exist a subsequence (for simplicity, we
still denote it by {uy}), which converges weakly to u, in H. The weak lower
semi-continuity of the functional I yields

I(u,) < 1}cr£>io%f I(ug) =m. (2.21)

2
On the other hand, since p+1 < 77127 by the Compact Sobolev Embedding
n—
Theorem
H'(2) —— LFT(02),
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we find that uy, converges strongly to u, in LPT1(£2), and hence

/ [uo|P T da = 1.
2

That is u, € M, and therefore

I(uy,) > m.
Together with (2.21), we obtain

I(uy) = m.

Now we have shown the existence of a minimizer u, of I in M. To link
U, to a weak solution of (2.20), we derive the corresponding Euler-Lagrange
equation for this minimizer under the constraint.

Theorem 2.4.3 (Lagrange Multiplier). let u be a minimizer of I in M, i.e.

I(u) = 11}21]\1}[(1})

Then there exists a real number \ such that
I'(u) = MG (u),

or
<I'(u),v>= X< G'(u),v>, YveH.

Before proving the theorem, let’s first recall the Lagrange Multiplier for
functions defined on R™. Let f(x) and g(z) be smooth functions in R™. It is
well known that the critical points ( in particular, the minima ) x° of f(x)
under the constraint g(z) = ¢ satisfy

Df(z°) = ADg(z°) (2.22)

for some constant A. Geometrically, D f(z°) is a vector in R™. It can be de-
composed as the sum of two perpendicular vectors:

Df(x%) = Df(z°) [n +Df(2°) |r,

where the two terms on the right hand side are the projection of D f(z°)
onto the normal and tangent spaces of the level set g(x) = ¢ at point 2°. By
definition, x° being a critical point of f(x) on the level set g(x) = ¢ means
that the tangential projection D f(z°) |r= 0. While the normal projection
Df(z°) |n is parallel to Dg(x°), and we therefore have (2.22). Heuristically,
we may generalize this perception into infinite dimensional space H. At a fixed
point u € H, I'(u) is a linear functional on H. By the Reisz Representation
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Theorem, it can be identified as a point (or a vector) in H, denoted by I'(u),
such that

< I'(w),v>= (I'(u),v), Yve H.

Similarly for G’'(u), we have G'(u) € H, and it is a normal vector of M at
point w. At a minimum w of I on the hyper surface {w € H | G(w) = 1},

I"(u) must be perpendicular to the tangent space at point u, and hence

I'(u) = AG'(u).
We now prove this rigorously.

The Proof of Theorem 2.4.3.
Recall that if u is the minimum of J in the whole space H, then, for any
v € H, we have

d
%I(u—ktv) |t:0 . (223)

Now w is only the minimum on M, we can no longer use (2.23) because u + tv
can not be kept on M, we can not guarantee that

G(u + tv) ::/ lu + to|PTdz = 1
7

for all small t. To remedy this, we consider
g(t,s) := G(u + tv + sw).
For each small ¢, we try to show that there is an s = s(¢), such that
Gu+tv+s(t)w) =1.

Then we can calculate the variation of J(u + tv + s(t)w) as t—0.
In fact,
9g

==(0,0) =< G'(u),w >= (p+ 1)/ Ju[P~ tuwdz.
aS 0

Since u € M, fQ |ulPtldz = 1, there exists w (may just take w as u),
such that the right hand side of the above is not zero. Hence, according to the
Implicit Function Theorem, there exists a C! function s : R'—R!, such that

s(0) =0, and g(t,s(t)) =1,

for sufficiently small ¢t. Now u+tv+ s(t)w is on M, and hence at the minimum
u of J on M, we must have

%I(u +tv 4 s(t)w) |tmo=< I'(u),v > + < I'(u),w > s'(0) = 0.  (2.24)
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On the other hand, we have

_ 99 0y 9% 9% 4 04
0=20.0)= 20,0+ 20,050
=< G (u),v >+ < G'(u),w > s0).
Consequently
iy <G'(u),v>
$(0) = < G'(u),w >’

Substitute this into (2.24), and denote

\ o <I'(u),w >
<G (u),w >

)

we arrive at

<I'(u),v >= A< G'(u),v>, YveH.
This completes the proof of the Theorem. O

Now let’s come back to the weak solution of problem (2.20). Our minimizer
u, of I under the constraint G(u) = 1 satisfies

< I'(up),v >= X< G'(u,),v >, Yv€H,

that is
/ Du, - Dvdx = )\/ [uo|P tupvde, Yo € H. (2.25)
Q 2

One can see that A > 0. Let @ = au, with A\/a?~! = 1. This is possible
since p > 1. Then it is easy to verify that

/Dﬂ-Dvdzz/ |a|P~ avdz.
2 2

Now @ is the desired weak solution of (2.20) in H. O

Exercise 2.4.1 Show that A\ > 0 in (2.25).

2.4.5 Mini-max Critical Points

Besides local or global minima and maxima, there are other types of critical
points: saddle points or mini-max points. For a simple example, let’s consider
the function f(z,y) = 2% —y? from R? to R'. (x,y) = (0,0) is a critical point
of f, i.e. Df(0,0) = 0. However, it is neither a local maximum nor a local
minimum. The graph of z = f(z,y) in R3 looks like a horse saddle. If we
go on the graph along the direction of z-axis, (0,0) is the minimum, while
along the direction of y-axis, (0,0) is the maximum. For this reason, we also
call (0,0) a mini-max critical point of f(z,y). The way to locate or to show
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the existence of such mini-max point is called a mini-max variational method.
To illustrate the main idea, let’s still take this simple example. Suppose we
don’t know whether f(z,y) possesses a mini-max point, but we do detect a
‘mountain range’ on the graph near xz plane. To show the existence of a mini-
max point, we pick up two points on xy plane, for instance, P = (1,1) and
Q = (—1,—1) on two sides of the ‘mountain range’. Let v(s) be a continuous
curve linking the two points P and @ with v(0) = P and (1) = Q. To go
from (P, f(P)) to (@, f(Q)) on the graph, one needs first to climb over the
‘mountain range’ near xz plane, then to decent to the point (Q, f(Q)). Hence
on this path, there is a highest point. Then we take the infimum among the
highest points on all the possible paths linking P and (. More precisely, we
define
c=inf Jnax, f(v(s)),

where
I = {y |~ =~(s) is continuous on [0,1], and v(0) = P,v(1) = Q}

We then try to show that there exists a point P, at which f attains this
mini-max value ¢, and more importantly, D f(P,) = 0.

For a functional J defined on an infinite dimensional space X, we will apply
a similar idea to seek its mini-max critical points. Unlike finite dimensional
space, in an infinite dimensional space, a bounded sequence may not converge.
Hence we require the functional J to satisfy some compactness condition,
which is the Palais-Smale condition.

Definition 2.4.5 We say that the functional J satisfies the Palais-Smale con-
dition (in short, (PS)), if any sequence {uy} € X for which J(uy) is bounded
and J'(ur)—0 as k—oo possesses a convergent subsequence.

Under this compactness condition, Ambrosetti and Rabinowitz [AR] estab-
lish the following well-known theorem on the existence of a mini-max critical
point.

Theorem 2.4.4 (Mountain Pass Theorem). Let X be a real Banach space
and J € CY(X, R"). Suppose J satisfies (PS), J(0) =0,

(J1) there exist constants p,a > 0 such that J |gp,0)> o, and

(J2) there is an e € X \ B,(0), such that J(e) < 0.

Then J possesses a critical value ¢ > « which can be characterized as

c¢= inf max J(u)
vyET uev[0,1]

where
I'={yeC(0,1],R) [ 7(0) = 0,(1) = e}.
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Here, a critical value ¢ means a value of the functional which is attained
by a critical point u, i.e. J'(u) =0 and J(u) = c.

Heuristically, the Theorem says if the point 0 is located in a valley sur-
rounded by a mountain range, and if at the other side of the range, there is
another low point e; then there must be a mountain pass from 0 to e which
contains a mini-max critical point of J. In the figure below, on the graph of
J, the path connecting the two low points (0,.J(0)) and (e, J(e)) contains a
highest point S, which is the lowest as compared to the highest points on the
nearby paths. This S is a saddle point, the mini-max critical point of J.

(low point)

The proof of the Theorem is mainly based on a deformation theorem which
exploits the change of topology of the level sets of J when the value of J
goes through a critical value. To illustrate this, let’s come back to the simple
example f(x,y) = 22 — y%. Denote the level set of f by

fer=A(z,y) € R*| f(z,y) < c}.

One can see that 0 is a critical value and for any a > 0, the level sets f, and
f—a has different topology. f, is connected while f_, is not. If there is no
critical value between the two level sets, say f, and f, with 0 < a < b, then
one can continuously deform the set f;, into f,. One convenient way is let the
points in the set f; ‘flow’ along the direction of —D f into f,; correspondingly,
the points on the graph ‘flow downhills’ into a lower level. More precisely and
generally, we have

Theorem 2.4.5 (Deformation Theorem). Let X be a real Banach space. As-
sume that J € CY(X,R') and satisfies the (PS). Suppose that ¢ is not a
critical value of J.
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Then for each sufficiently small € > 0, there exists a constant 0 < § < €
and a continuous mapping n(t,u) from [0,1] x X to X, such that

(i) n(0,u) =u, Yue X,

(ii) n(1,u) =u, Yu £J c—€,c+ ¢,

(i11) J(n(t,u) < J(u), Yue X, t €10,1],

() n(1, Jets) C Jees.

Roughly speaking, the Theorem says if ¢ is not a critical value of J, then
one can continuously deform a higher level set J.s into a lower level J._s by
‘flowing downhills’. Condition (ii) is to ensure that after the deformation, the
two points 0 and e as in the Mountain Pass theorem still remain fixed.

Proof of the Deformation Theorem.
The main idea is to solve an ODE initial value problem (with respect to
t) for each u € X, roughly look like the following;:

{ %(Lu) = =J'(n(t,u)), (2.26)

That is, to let the ‘flow’ go along the direction of —J'(n(t,u)), so that the
value of J(n(t,u) would decrease as t increases. However, we need to modify
the right hand side of the equation a little bit, so that the flow will satisfy
other desired conditions.

Step 1 We first choose a small € > 0, so that the flow would not go too
slow in Jey \ Je—e. This is actually guaranteed by the (PS). We claim that
there exist constants 0 < a, € < 1, such that

| (w)]| > a, Yu € Jege\ Jore. (2.27)

Otherwise, there would exist sequences ax—0, €,—0 and elements uy, € Jeie, \
Je—e, with [|J'(uk)|| < ag. Then by virtue of the (PS) condition, there is a
subsequence {ug, } that converges to an element u, € X. Since J € C*(X, R!),
we must have

J(u,) = ¢ and J'(u,) = 0.

This is a contradiction with the assumption that c¢ is not a critical value of J.
Therefore (2.27) holds.
Step 2. To satisfy condition (ii), i.e. to make the flow stay still in the set

M:={ue X |Ju) <c—eor J(u) >c+e},

we could multiply the right hand side of equation (2.26) by dist(n, M), but
this would make the flow go too slow near M. To modify further, we choose
0 < § < ¢, such that

§< — (2.28)

and let
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N:={ueX|c—§<Ju)<c+d}
Now for u € X, define

dist(u, M)

g(u) = dist(u, M) + dist(u, N)’

and let .
1 if0<s<1
h(s) '{i if 5> 1.
We finally modify the —J'(n) as
F(n) = —g(mh(J" ()" (n).

The introduction of the factor h(-) is to ensure the bounded-ness of F(-).
Step 3. Now for each fixed u € X, we consider the modified ODE problem

{ %(t7u) = F(n(tv u))
U(Oau) =

One can verify that F' is bounded and Lipschitz continuous on bounded sets,
and therefore by the well-known ODE theory, there exists a unique solution
n(t,u) for all time ¢ > 0.

Condition (i) is satisfied automatically. From the definition of ¢

g(u) =0 Yu e M;
hence condition (ii) is also satisfied.

To verify (iii) and (iv), we compute

dtJ(( ))—<J’nt7U)), ( u) >

(n(
= < J'(n(t,u)), ( (t,u)) >
= —g(n(t, ) (|7 (n(t, W) IDIT (n(t, w))*. (2.29)

In the above equality, obviously, the right hand side is non-positive, and
hence J(n(t,u)) is non-increasing. This verifies (iii).
To see (iv), it suffice to show that for each v in N = J.45 \ Jo—s, we have
n(l,u) € Jo_s.

Notice that for n € N, g(n) = 1, and (2.29) becomes

dtJ( n(t,u)) = —=h(|lJ' (n(t, w) DI (n(t, w)]]*.

By the definition of h and (2.27), we have,
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A [T ) < —a? i | w)] < 1
a1 ”‘{—||J'<n<t,u>>||<—a it 17 (n(t, )| > 1.

In any case, we derive
J(n(1,u)) < J((0,u)) —a®* < c+d—a* < c—0d.
This establishes (iv) and therefore completes the proof of the Theorem. O

With this Deformation Theorem, the proof of the Mountain Pass Theorem
becomes very simple.

The Proof of the Mountain Pass Theorem.
First, due to the definition, we have ¢ < co. To see this, we take a particular
path y(¢) = te and consider the function

It is continuous on the closed interval [0,1], and hence bounded from above.
Therefore
c< max J(u) = max g(t) < oo.
B uev([O),cl]) (w) te{Oﬁ]g( )

On the other hand, for any v € I
7([0,1]) N 0B,(0) # 0.
Hence by condition (J7),

max J(u) > inf J(v)>a.
uev([0,1]) vEDIB,(0)
And it follows that ¢ > a.

Suppose the number ¢ so defined is not a critical value. We will use the
Deformation Theorem to continuously deform a path v € I' down to the
level set J._s to derive a contradiction. More precisely, choose the € in the

(e}

Deformation Theorem to be 5, and 0 < § < e. From the definition of ¢, we

can pick a path v € I'; such that

max _J(u) <c+96,
u€x([0,1])

B 1([0,1]) € Jers.

Now by the Deformation Theorem, this path can be continuously deformed
down to the level set J._s, that is

77(17’7/([07 1]) C chch

or in order words,
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max  J(u) <c—4. (2.30)
uen(1,7([0,1]))

On the other hand, since 0 and e are in J._., by (ii) of the Deformation
Theorem,
n(1,0) =0 and n(l,e) =e.

This means that n(1, ([0, 1])) is also a path in I", and therefore we must have

max  J(u) >ec.
uwen(1,7([0,1]))

This contradicts with (2.30) and hence completes the proof of the Theorem.
O

2.4.6 Existence of a Mini-max via the Mountain Pass Theorem

Now we apply the Mountain Pass Theorem to seek weak solutions of the
semi-linear elliptic problem

{—Au = f(z,u), z € 2,

u(z) =0, z € 0. (2.31)

Although the method we illustrate here could be applied to a more general
second order uniformly elliptic equations, we prefer this simple model that
better illustrates the main ideas.

We assume that f(x,u) satisfies

(fl)f(xas) € C(Q X RlaRl)a

(f2) there exists constants ¢, ca > 0, such that
|f($,$)| <ca+ CQ|5|pa

with 0 <p < Z—f; if n>2 If n =1, (f2) can be dropped; if n = 2, it suffice
that
|f(x,9)] < 16,

with ¢(s)/s2—0 as |s|—o0.
(f3)[f(2,5) = o(|s]) as s—0, and
(fa) there are constants > 2 and r > 0 such that for |s| > r,

0 < pF(z,s) < sf(x,s),
where s
F(z,s) :/ f(z,t)dt.
0
Remark 2.4.2 A simple example of such function f(x,u) is |u[P~ u.

Theorem 2.4.6 (Rabinowitz [Ra]) If [ satisfies condition (f1) — (fa), then
problem (2.31) possesses a nontrivial weak solution.
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To find weak solutions of the problem, we seek mini-max critical points of

the functional
/|Du|2dx7/ F(x,u)dx

on the Hilbert space H := H}(£2). We verify that J satisfies the conditions in
the Mountain Pass Theorem.
We first need to show that J € C'(H, R'). Since we have verified that the

first term
/ | Dul?dx
I7)

is continuously differentiable, now we only need to check the second term
I(u) ::/ F(z,u)dz.
Q

Proposition 2.4.1 (Rabinowitz [Ra]) Let 2 C R™ be a bounded domain and
let g satisfy

(91)9 € C(2 x R, RY), and

(g92) there are constants r,s > 1 and ay,as > 0 such that

l9(2, )| < a1+ a7

forallz € 2, £ € R.
Then the map u(z)—g(x,u(x)) belongs to C(L™(£2), L*(2)).

Proof. By (g2),
/ l9(z, u(z))*de < / (a1 + aglu|™/*)*da
2 (P
< ag/ (1+ |ul")dx
2
It follows that if u € L7(£2), then g(x,u) € L*(£2). That is
g(z,”) : L"(2)—L*(0).

Now we verify the continuity of the map. Fix u € L"(£2). Given any ¢ > 0, we
want to show that, there is a 6 > 0, such that,

whenever [|¢[|z(o) <, we have [|g(-,u+ @) — g(-,u)l[zs(2) <€  (2.32)

Let -
21 :=A{z € 2][d(z)| <m}

and -
.QQ = () \ Ql-

Let



2.4 Variational Methods 67

L= [ lgtau(o) +0(a) = gla,u(w)de, i =12
By the continuity of g(z,-), for any n > 0, there exists m > 0, such that

l9(z, u(z) + ¢(x)) — gz, u(x))| <n, Vo e 2.

It follows that
I < [f]n® < [2]n°,

where |£2| is the volume of §2. For the given € > 0, we choose 7 and then m,

so that cns
o < (3) -
12In° < (3
and therefore s
I < (5) . (2.33)

Now we fix this m, and estimate I.
By (g2), we have

B [ (etal + )i <altl+e [ judes a6,
2
’ ’ (2.34)
for some constant ¢; and cs.
Moreover, as ||¢||Lr(0) < 0,
o > / |p|"dx > m"|§2s]. (2.35)
2

Since u € L"(§2), we can make fflz |u|"dz as small as we wish by letting | (25|
small. Now by (2.35), we can choose § so small, such that |{2;] is sufficiently
small, and hence the right hand side of (2.34) is less than (%)S Consequently,
by (2.33), for such a small ¢,

€\* €\
L+1L< (7) (7) .
r=3) T\
This verifies (2.32), and therefore completes the proof of the Proposition. O

Proposition 2.4.2 (Rabinowitz [Ra]) Assume that f(z,s) satisfies (f1) and
(f2). Let n>3. Then I € C1(H, R) and

< I'(u),v >:/ f(z,u)vdx, Vv e H.
7

Moreover, I(-) is weakly continuous and I'(-) is compact, i.e.

I(up)—I(u) and I'(ugp)—1I'(u), whenever uy — u in H;
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Proof. We will first show that I is Frechet differentiable on H and then prove
that I'(u) is continuous.

1. Let u,v € H. We want to show that given any € > 0, there exists a
0 = (e, u), such that

Q(u,v) :=|I(u+v) — / f(z,u)vdz| < €||v]| (2.36)

whenever |[v]| < 4. Here ||v|| denotes the H'(£2) norm of v.
In fact,

Qu,v) < IF(l" u(z) +o(z)) — F(z,u(z)) — f(z, u(z))v(z)|dz

/ [Faula) +€(@) = fla,u(@)] - [o(@)lda
< Cut &) = FCal, 0, 2 )
< Cu+ &) = FCu)l, Kol

Ln+2 (_Q)

S

(2.37)

Here we have applied the Mean Value Theorem (with |£(x)] < |v(x)]), the
Holder inequality, and the Sobolev inequality

< Kol
() —
2n

= and s = 2" . Then by (f2), we deduce

In Proposition 2.4.1, let r =
that the map

u(x)—=f(z, u(z))

is continuous from L%(Q) to L%(Q). Hence for any given € > 0, we
can choose sufficiently small § > 0, such that whenever ||v]| < §, we have

[lv]| 2o < K6, and hence ||§|| 2». < K4, and therefore
L72(0) L72(0)

€

||f(7u + 6) - f(vu)”L%(Q) < E
It follows from (2.37) that
Q(u,v) <€, whenever |Jv|| <é.

This verifies (2.36) and hence I(-) is differentiable, and

<I'(u),v >= /Qf(x,u(x))v(a:)dx. (2.38)

2. To verify the continuity of I’(-), we show that for each fixed u,

117 (u+¢) = I'(w)[[ -0, as [|¢]|—0. (2.39)
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By definition,

II'(u+¢) —I'(w)|| = sup < I'(u+¢)—1I'(u),v>

lv]| <1
~ sup / (@, ue) + 6(x)) — f(o, u(@)]o(z)dz
o<1 /e

S K[fCu+¢) = f(u)ll (2.40)

2n
Ln+2 (Q)

Here we have applied (2.38), the Hélder inequality, and the Sobolev inequality.
Now (2.39) follows again from Proposition 2.4.1. Therefore, I(-) is continuous.

3. Finally, we verify the weak continuity of I(u) and the compactness of
I'(u). Assume that
{ux} C H, and u, — v in H.

We show that
I(ug)—1I(u) as k—oo.

In fact,
T (ug) — I(w)] < /Q \F (2, up(2)) — F(z,u(z))|dz
< /Q (@ (@) - Jue() — u(z)|dz

<N FC&)llr o) llur — ullLaco)

< Okl 2, (Q)Iluk —ullLa() (2.41)

Here we have applied the Mean Value Theorem and the Holder inequality with
&k (z) between uy(z) and u(x), and

2n r 2n

r:p(n—2)’ 1= 1 :2n—p(n—2)'

It is easy to see that
2n

n—2

q<

Since a weak convergent sequence is bounded, {uj} is bounded in H,
and hence by Sobolev Embedding, it is bounded in L%(Q), so does {&k}.
Furthermore, by Compact Embedding of H into L({2), the last term of (2.41)
approaches zero as k—oo. This verifies the weak continuity of I(-).

Using a similar argument as in deriving (2.40), we obtain

17 (ur) = T' ()| < KILFCyup) = f(u)

22 0 (2.42)
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n+2
n—27

2np

Since p < we have -=5 < % Then by the Compact Embedding,

H < Lut3 (1),
we derive -
up—u strongly in Ln+2 (£2).

Consequently, form Proposition 2.4.1,
f( up)—f(-,u) strongly in L%(Q)
Now, together with (2.42), we arrive at
I'(ug)—1'(u) as k—oo.
This completes the proof of the proposition. O

Now let’s come back to Problem (2.31) and prove Theorem 2.4.6. We will
verify that J(-) satisfies the conditions in the Mountain Pass Theorem, and
thus possesses a non-trivial mini-max critical point, which is a weak solution
of (2.31).

First we verify the (PS) condition. Assume that {uy} is a sequence in H
satisfying

|J(ug)| < M and J'(uy)—0.

We show that {uy} possesses a convergent subsequence.
By (f4), we have
pM A (LT (i) k]| = ] (u) = < T (uge), ur >

~ &) [ DuPde+ [ [fwn - pF ()] do
B - u 2 X T, UL U — r,Uu X
2 (50 [ 1Dwldes [ (e wu— pP )

> (g — 1)/ |Dug |*dx — (a1 + arP™h)|02|
Q

= Collur]|* = Co, (2.43)

for some positive constant ¢, and C,. Since ||J' (ug)|| is bounded, (2.43) implies
that {ur} must be bounded in H. Hence there exists a subsequence (still
denoted by {u}), which converges weakly to some element u, in H.

Let A : H—H™* be the duality map between H and its dual space H*.
Then for any u,v € H,

< Au,v >= [ Du- Dvdz.
o)

Consequently,
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AT (w) =u— AT (). (2.44)
From Proposition 2.4.2,

fG ug)—f(-,u) strongly in H*.
It follows that
up = AV (ug) + AV up)— AT (), as k—oo.

This verifies the (PS).

To see there is a ‘mountain range’ surrounding the origin, we estimate
Jo F(z,u)dz. By (f3), for any given ¢ > 0, there is a 6 > 0, such that, for all
T € 2,

|F(x,s)| <e|s|?, whenever |s| < . (2.45)

While by (f2), there is a constant M = M (d), such that for all x € (2,
|F(x,s)| < M|s|PT. (2.46)
Combining (2.45) and (2.46), we have,
|F(xz,5)] < e|s|* + M|s|PT!, for all x € 2 and for all s € R.

It follows, via the Poincaré and the Sobolev inequality, that
|/ Flx, u)da| < e/ querM/ Pz < Cle+ MlulP~Y)|[ull2. (2.47)
2 7 2
And consequently,
1
) > | = et Ml . (248)
Choose € = g&. For this ¢, we fix M; then choose |lu|| = p small, so that

CMpP—t <

ool —

Then form (2.48), we deduce

1
JaB,0) = sz'

To see the existence of a point e € H, such that J(e) < 0, we fix any u # 0
in H, and consider

2

J(tu)z%/n|Du|2dx—/QF(x,tu)dx. (2.49)
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By (fs), we have for |s| > r,

3o (s F o) = 1o 2 (o) +spesn { 20 027
In any case, we deduce, for |s| > r,
F(z,s) > as|s|*;
and it follows that
F(xz,s) > as|s|* — aq. (2.50)

Combining (2.49) and (2.50), and taking into account that u > 2, we conclude
that
J(tu)— — 00, as t—o0.

Now J satisfies all the conditions in the Mountain Pass Theorem, hence it
possesses a minimax critical point u,, which is a weak solution of (2.31).
Moreover, J(u,) > 0, therefore it is a nontrivial solution. This completes the
proof of the Theorem 2.4.6. 0O
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Regularity of Solutions
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3.1.2  Uniform Elliptic Equations

3.2 W?P Regularity of Solutions

3.2.1 The Case p > 2.

3.2.2 The Case 1 <p < 2.

3.2.3  Other Useful Results Concerning the Existence, Uniqueness, and
Regularity

3.3 Regularity Lifting

3.3.1 DBootstraps

3.3.2 the Regularity Lifting Theorem
3.3.3 Applications to PDEs

3.3.4 Applications to Integral Equations

In the previous chapter, we used functional analysis, mainly calculus of
variations to seek the existence of weak solutions for second order linear or
semi-linear elliptic equations. These weak solutions we obtained were in the
Sobolev space W12 and hence, by Sobolev imbedding, in LP space for p < Z—fg
Usually, the weak solutions are easier to obtain than the classical ones, and
this is particularly true for non-linear equations. However, in practice, we are
often required to find classical solutions. Therefore, one would naturally want
to know whether these weak solutions are actually differentiable, so that they
can become classical ones. These questions will be answered here.

In this chapter, we will introduce methods to show that, in most cases, a
weak solution is in fact smooth. This is called the regularity argument. Very
often, the regularity is equivalent to the a priori estimate of solutions. To see
the difference between the regularity and the a priori estimate, we take the
equation
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—Au= f(z)
for example. Roughly speaking, the W?2P regularity theory infers that
If u € WYP is a weak solution and if f € LP, then u € WP,
While the W2P a priori estimate says
If u e Wol’p NW?2P is a weak solution and if f € LP, then

lullwzr < C[lfllr-

In the a priori estimate, we pre-assumed that u is in W2P. It might seem
a little bit surprising at this moment that the a priori estimates turn out to
be powerful tools in deriving regularities. The readers will see in section 3.2
how the a priori estimates and uniqueness of solutions lead to the regularity.

Let {2 be an open bounded set in R™. Let a,;(x), b;(z), and c(x) be bounded
functions on 2 with a;j(x) = a;;(x). Consider the second order partial differ-
ential equation

Lu:=— i @i (T)Ug o, + Zb )ug, + c(z)u = f(x). (3.1)

i,7=1

We assume L is uniformly elliptic, that is, there exists a constant § > 0,
such that

n

Z )&i&; > Ol¢f?

for a. e. x € (2 and for all £ € R™.

In Section 3.1, we establish W?2P a priori estimate for the solutions of (3.1).
We show that if the function f(z) is in LP(£2), and u € W?P({2) is a strong
solution of (3.1), then there exists a constant C, such that

[ullw2r < C(llullze + 1 £]ze)-

We will first establish this for a Newtonian potential, then use the method of
“frozen coefficients” to generalize it to uniformly elliptic equations.

In Section 3.2, we establish a W?2? regularity. We show that if f(z) is in
LP(£2), then any weak solution u of (3.1) is in W2P(£2).

In Section 3.3, we introduce and prove a regularity lifting theorem. It
provides a simple method for the study of regularity. The version we present
here contains some new developments. It is much more general and very easy
to use. We believe that the method will be helpful to both experts and non-
experts in the field.

We will also use examples to show how this method can be applied to boost
the regularity of the solutions for PDEs as well as for integral equations.
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3.1 W?2P a Priori Estimates

We establish W?2P estimate for the solutions of
Lu=f(x), xe€df (3.2)

First we start with the Newtonian potential.

3.1.1 Newtonian Potentials

Let 2 be a bounded domain of R™. Let

1 1

I(z) = n(n — 2)wy, |z|"—2

n > 3,

be the fundamental solution of the Laplace equation. The Newtonian potential
is known as

w@) = [ Ta=r)s
We prove
Theorem 3.1.1 Let f € LP(02) for 1 < p < oo, and let w be the Newtonian
potential of f. Then w € W2P(§2) and
Aw = f(x), a.e x€ 2, (3.3)

and
||D2w||LP(Q) < Ol flle(o)- (3.4)

Write w = N f, where N is obviously a linear operator. For fixed i, 7,
define the linear operator T as

Tf=DiNf= Dy - I'(x—y)f(y)dy

To prove Theorem 3.1.1, it is equivalent to show that
T :LP(2) — LP(2) is a bounded linear operator . (3.5)

Our proof can actually be applied to more general operators. To this end,
we introduce the concept of weak type and strong type operators.
Define

pp(t) =z e 21 [f(2)| > t}].

For p > 1, a weak L space LP (f2) is the collection of functions f that
satisfy

1F12, ) = sup{i(£)E7, ¥t > 0} < oo.
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An operator T : LP(2) — L%(12) is of strong type (p, q) if

1T fllac2y < Cllflleee),Vf € LP(£2).

T is of weak type (p, q) if

ITfllLg,2) < ClfllLe o),V € LP(£2).

Outline of Proof of (3.5).
We decompose the proof into the proofs of the following four lemmas.
First, we use Fourier transform to show

Lemma 3.1.1 T : L?(2) — L?(R2) is a bounded linear operator. i.e. T is of
strong type (2,2).

Secondly, we use Calderon-Zygmund’s Decomposition Lemma to prove
Lemma 3.1.2 T is of weak type (1,1).

Thirdly, we employ Marcinkiewicz Interpolation Theorem to derive
Lemma 3.1.3 T is of strong type (r,r) for any 1 <r < 2.

Finally, by duality, we conclude

Lemma 3.1.4 T is of strong type (p,p), for 1 < p < occ.

The Proof of Lemma 3.1.1.
First we consider f € C§°(£2) C C§°(R"™). Then obviously w € C*(R™)
and satisfies
Aw = f(x) , Y € R™
Let
a 1

be the Fourier transform of f, where

/ e <TE> f(2)dx,

n
<z, E>=)  wb
k

is the inner product of R™, and i = v/—1.
We need the following simple property of the transform

Dyf(€) = —i& f(€), and Dy f(€) = —&€ f(€), (3.6)

and the well-known Plancherel’s Theorem:

11122 rmy = 11 £1l22(n)- (3.7)

It follows from (3.6) and (3.7),
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[ arae = [ 15pa
~ [ 1bu(@)Pds
~ [ B
= [ tetaora

Z/ GIR

k] 1

= | putopa
ko j—=1 n

Z/ | Dyjw(x)|?dx
k,j=1

:/ |D?w|*dz.
Consequently,
ITfll20) < 1fllz2) . Vf € G5 (£2). (3.8)

Now to verify (3.8) for any f € L?(2), we simply pick a sequence {fi} C

C§°(£2) that converges to f in L?(£2), and take the limit. This proves the
Lemma. O

The Proof of Lemma 3.1.2.

We need the following well-known Calderén-Zygmund’s Decomposition
Lemma (see its proof in Appendix C).

Lemma 3.1.5 For f € L'(R"), fized « > 0,3 FE, G such that
(i) R"=EUG, ENG =10
(i) |f(z)| < @, a.e. x € E

(iti) G = U Q, {Qr}: disjoint cubes s.t.
k=1

a < 7/ x)|de < 2"«
@kl Jq,

For any f € L'(£2), to apply the Calderén-Zygmund’s Decomposition
Lemma, we first extend f to vanish outside §2. For any given a > 0, fix a
large cube @, in R™, such that

/ (@)l < alQl-

o
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We show that
prp(@) = o € R" | |Tf(2)] > a}| < 022, (3.9)

Split the function f into the “good” part g and “bad” part b: f = g + b,

where
(2) = flx) forze E
g\r) = ‘Q—lklkaf(:r)d:c forz € Qr,k=1,2,---.

Since the operator T is linear, T'f = T'g + Th; and therefore
e

5)+ ().

prs(a) < prg( B)

We will estimate pi7y(§) and prs(§) separately. The estimate of the first one
is easy, because g € L?. To estimate pry(§), we divide R™ into two parts: G*
and E* := R™\ G* (see below for the precise definition of G*.) We will show
that

C
(a) |G*] < E”fHLl(Q)a and

. o c C
) o€ B | 1Tb@)] > 2} < < o 1b@)lde < T fllsco.
These will imply the desired estimate for pry(%).
Obviously, from the definition of g, we have
lg(x)] < 2"a, almost everywhere (3.10)
and
b(x) =0 forxz € E, and / b(x)dr =0 for k=1,2,---. (3.11)

k

We first estimate prg. By Lemma 3.1.1 and (3.10), we derive

a n+2 n+2
pro(3) < 5 [P < T [lg@lar < 2= [ @iz (312)

(%

We then estimate ppy,. Let
ba(z) = {b(x) for x € Qx

0 elsewhere .

Then -
Th = Z Tby,.
k=1

For each fixed k, let {bpm} C C§°(Qk) be a sequence converging to by in
L?(02) satisfying

/Qk b (x)dx = /k bi(x)dz = 0. (3.13)
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From the expression

Tbpm(z) = . Di;I'(z — y)brm (v)dy,
k

one can see that due to the singularity of D;;I'(x —y) in Q) and the fact that
bkm may not be bounded in Q, one can only estimate Tb,, (x) when x is of
a positive distance away from Q. For this reason, we cover QJ; by a bigger
ball B, which has the same center as (), and the radius of the ball J; is the
same as the diameter of Q. We now estimate the integral in the complement
of Bkt

/ |Tbpn | (z)dx = / | | Dyl = y)brm(y)dy|dz
R™\ By, Qo\Br JQx

- / [ (DuT(@ — y) — DyT(x — §))bem (y)dylde
QO\BIC Qk

1
<o / L / b (1))
Qo\ By |~T| +1 Qr

> 1
<Cy 5k/ ﬁdT'/ brm (y)|dy

Ok Qk
< 02/ bk (y) |dy (3.14)
Qk

where 7 is the center of the cube Q. One small trick here is to add a term
(which is 0 by (3.13)):

DI (x — §)brm (y)dy
Qk

to produce a helpful factor é; by applying the mean value theorem to the
difference:

Di;I'(x —y) = Di; I'(z =) = (y = 9) - D(Di;I')(x — &) < 6| D(Dij) (x — §)].
Now letting m—oo in (3.14), we obtain

/ Top(@)ldz < C [ [bu(y)ldy.
R"\Bk Qr

Let

G*=|JBr and E*=R"\G".
k=1
It follows that

/E* ITb(x)|dz < oiL

< C};/ [k () |dy < C/m |f(2)|dz. (3.15)

|Tby|da < CZ/ | Ty, |da
k=1

n\G* n\Bk
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Obviously

(E

pro(3) < 1G°) + [ € B To(x) = 5)1. (3.16)

By (iii) in the Calderén-Zygmund’s Decomposition Lemma, we have

R SEAETD o) UC RSy U

(3.17)
Write o
B ={o e B | [Tha)| > 5}
Then by (3.15), we derive
B S < / (Th(a)|de < / To(@)lde < C [ [f@)lde.  (318)
2 E;; E* Rn

Now the desired inequality (3.9) is a direct consequence of (3.12), (3.16),
(3.17, and (3.18). This completes the proof of the Lemma.

The proof of Lemma 3.1.3. In the previous lemmas, we have shown that
the operator T is of weak type (1, 1) and strong type (2, 2) (of course also weak
type (2, 2)). Now Lemma 3.1.3 is a direct consequence of the Marcinkiewicz
interpolation theorem in the following restricted form:

Lemma 3.1.6 Let T be a linear operator from LP(§2)NLI((2) into itself with
1<p<qg<oo. If T isof weak type (p, p) and weak type (q, q), then for any

p <r<gq, T is of strong type (r, r). More precisely, if there exist constants
B, and By, such that

1) < (Btf”) and. jirg(t) < (B”tf”) Ve 1/(2)N19(9),

then
ITfllr < CBYB Il , Vf € LP(2)NLI(R2),

where

and C' depends only on p, q, and r.
The proof of this lemma can be found in Appendix C.

The proof of Lemma 3.1.4. From the previous lemma, we know that,
for any 1 < r < 2, we have

1Tl r2) < CrllgllLr(0)- (3.19)



3.1 W?P a Priori Estimates 81

Let
<fg>= /Q f(@)g(x)da

be the duality between f and g. Then it is easy to verify that
<g,Tf>=<Tg,f>. (3.20)

Given any 2 < p < oo, let r = p%l, ie. % + 1% = 1. Obviously, 1 < r < 2. It

follows from (3.19) and (3.20) that

I Tfller = sup <g,Tf>= sup <Tg,f>

lgllzr=1 lgllzr=1
< sup || fllzelTgller < Crllflro-
lgllzr=1

This completes the proof of the Lemma.

3.1.2 Uniform Elliptic Equations

In this section, we consider general second order uniform elliptic equations
with Dirichlet boundary condition

{Lu == iy i () + Y0 bi(@)ue, + c(@)u = f(x), z € 2
u(z) =0, x € 012.
(3.21)
We assume that (2 is bounded with C?® boundary, a;;(z) € Co(£2), b;(z) €
L>(£2), c(z) € L*=(£2), and

AP < ai&ig; < AlgP
for some positive constants A and A.
Definition 3.1.1 We say that u is a strong solution of
Lu= f(z), x€

if u is twice weakly differentiable in {2 and satisfies the equation almost ev-
erywhere in §2.

Based on the result in the previous section—the estimates on the Newtonian
potentials—we will establish a priori estimates on the strong solutions of (3.21).

Theorem 3.1.2 Let u € WP(£2) \Wy2(2) be a strong solution of (3.21).
Assume that f € LP(£2). Then

[ullwzr2) < C|ullLeo) + | fllzr(2)) (3.22)

where C' is a constant depending on ||bi(x)| 1 (2), ||lc(2)||L=(2), A, A, n, p,
and the domain 2.
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Remark 3.1.1 Conditions
bi(x),c(x) € L™(02)
can be replaced by the weaker ones
bi(x),c(z) € LP(£2), for any p > n.

Proof of Theorem 3.1.2.

We divide the proof into two major parts.
Part 1. Interior Estimate

IV?ull Loy < CUIVUll Loy + ullLe ) + [1f]]r () (3.23)
where K is any compact subset of (2.

Part 2. Boundary Estimate

[ullw2r\05) < CUIVUllLr ) + [ull ey + [ fllzr2) (3.24)

where 25 = {x € 2| d(z,08) > 6}.
Combining the interior and the boundary estimates, we obtain

[ullw2r 2y < [|ullwzeo\0.) + [1ullw2e o)
< C([|Vullpr 2y + lullr @) + [l (2))- (3.25)

Theorem 3.1.2 is then a simple consequence of (3.25) and the following
well known Gargaliado-John-Nirenberg type interpolation estimate

1/2 1/2 C
IVl [y < Olful Loy IV ull oy < ellVPull oy + -l lullzoce)-

Substituting this estimate of ||Vu[|L» () into our inequality (3.25), we get:

C
[ullw2r(2) < Cel|V?ul|Lo(a) + C(EHUHLP(Q) 1 f e (2))-
Choosing € < 5&, we can then absorb the term ||V?u||1» () on the right hand
side by the left hand side and arrive at the conclusion of our theorem

lullw2r(2) < Clllullr ) + [1fllLr(2) (3.26)

For both the interior and the boundary estimates, the main idea is the well
known method of “frozen” coefficients. Locally, near a point x°, we may regard
the leading coefficients a;;(x) of the operator approximately as the constant
a;;(x°) (as if the functions a;; are frozen at point x°), and thus we are able
to treat the operator as a constant coefficient one and apply the potential
estimates derived in the previous section.
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Part 1: Interior Estimates.
First we define the cut-off function ¢(s) to be a compact supported C'*°

function:
o(s)=1 ifs<1
¢(s) =0 if s > 2.
Then we quantify the ‘module’ continuity of a;; with

€(0) = sup |laij(z) — ai;j(y)]
|z—y|<8;z,y€82;1<4,5<n

The function €(d) \, 0 as § \, 0, and it measures the ‘module’ continuity
of the functions a;;.
For any x° € (295, let

then
(xo>8jjg% = (a(2°) — ayy(a)) &f;‘; + aij<x>afg"%
= (o)~ a0 g e )5 +
+ aa)ute) g+ 2 e) o O
— (00(e) — a0 e + ) i)+ el = () +
52 ou ﬁ

+ aij(z)u(z) du:0z, + 2a;,(x)
= F(x) for x € R".

c’)xi al'j

In the above, we skipped the summation sign ) .. We abbreviated Z? j=1 @ij
as a;; and so on. Here we notice that all terms are supported in Bys :=
Bss(2°) C £2. With a simple linear transformation, we may assume a;;(x°) =

d0;j. Apparently both w and

1 1
[« F = F(y)d
* / P (y)dy

n(n — 2w,

are solutions of
Au=F.

Thus by the uniqueness, w = I' x F' (see the exercise after the proof of
the theorem). Now, following the Newtonian potential estimate (see Theorem
3.3), we obtain:
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1 7% wllLo(Bas) = I V2 wllzo(rey < ClIF||Lorn) = ClIF||Lo(Bay)-  (3:27)
Calculating term by term, we have

1E 2o (Bas) < €OV Wl| Lo (Bas) H 11 L0 (B25)+C UVl o (Bag) Hul | Lo (525))-

Combining this with the previous inequality (3.27) and choosing § so small
such that Ce(20) < 1/2, we get

V2 wllLr(Bag) < Ce(20)l] V2 Wl|Le(Bas) + CUI Lo o) + IVl Lo (Bas) + [[ull Lo (52))
< 2l V2 wllLe(Bas) + CUIlle(Bas) + [[VullLeas) + llullLe(Bas))-

This is equivalent to

172 wllzo(B2s) < CU Lo (Bas) + IVl Lr (Bag) + l] o(525))

Since u = w on Bs(x?), we have

|72 ullLess) = || V2 wl|Lo(sy)-

Consequently,

177 ull sy < CU Lo (Bas) + IVullLosas) + llulloesay)- (3.28)

To extend this estimate from a §-ball to a compact set, we notice that the
collection of balls
{B(;(x) | T € 925}

forms an open covering of {255. Hence there are finitely many balls {Bs(2?) |
1=1,..... m} that have already covered (255. We now apply the above esti-
mate (3.28) on each of the balls and sum up to obtain

NE

172 ullie(ms) < D IV tll Loy @)

1

.
Il

< Ol Bas) @) +IVUllLrBas) @) + |ullr (Bog) )

i

<

2

I[fllzr(2) + [IVullLr o) + [ullzr ) (3.29)

For any compact subset K of {2, let § < %dist(K, 012), then K C (295, and
we derive

IV2ul| o iy < CIVullpoc) + |ull Loy + || fllzec))- (3.30)

This establishes the interior estimates.

Part 2. Boundary Estimates

The boundary estimates are very similar. Let’s just describe how we can
apply almost the same scheme here. For any point 2° € 92, Bs(x°) (012
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is a C%“ graph for § small. With a suitable rotation, we may assume that
Bjs(xz°) (042 is given by the graph of

Tp = h(z1, 72, ..., xn1) = h(2),
and {2 is on top of this graph locally. Let
y=(z) = (&' — 2, 2, — h(z")),

then v is a diffeomorphism that maps a neighborhood of z° in 2 onto B, (0) =
{y € B;(0) | y, > 0}. The equation becomes

{ = 21 G (W), + 300 bi(y)uy, + e(y)u = f(y), for y € BF(0)
u(y) =0, for y € dB;(0) with y,, = 0;

(3.31)
where the new coefficients are computed from the original ones via the chain
rule of differentiation. For example,

as(0) = 20 0 e ) 2 (67 w))

If necessary, we make a linear transformation so that @;;(0) = d;;. Since
a plane is still mapped to a plane, we may assume that equation (3.31) is
valid for some smaller r. Applying the method of frozen coeflicients (with

w(y) = o(2¥)u(y)) we get:
Aw(y) = F(y) on B} (0).

Now let w(y) and F(y) be the odd extension of w(y) and F(y) from B (0)
to B.(0), i.e.

v(y) = W _Jwlyr, - Yn—1,Yn)s if y, > 0;
w(y) = U.)(yh 7yn71ayn) - {_w(yl’ . ’yn_17_yn)7 if Yn < 0.

Similarly for F(y).
Then one can check that:

Nw(y) = F(y), for y € B.(0).

Through the same calculations as in Part 1, we derive the basic interior esti-
mate

| 7% ullzo (B, o)) < CULr(Bar o)) + VUl Lo(Bs, o)) + Ul o (Bay (2o))
< CLllfllze(Bar@oyne) + [[VullLe(s,,o)ne) + lullLe (B, o)ne)
for any x° on 942 and for some small radius r. The last inequality in the above

was due to the symmetric extension of w to w from the half ball to the whole
ball.
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These balls form a covering of the compact set {2, and thus has a finite
covering B, (z%) (i = 1,2, ...., k). These balls also cover a neighborhood of 92
including 2\ 25 for some ¢ small. Summing the estimates up, and following
the same steps as we did for the interior estimates, we get:

[ullwzr 0 < CUIVUllLr @) + [ullze @) + | fllzr2)- (3.32)

This establishes the boundary estimates and hence completes the proof of
the theorem. 0O

Exercise 3.1.1 Assume that 2 is bounded, and w € WP(£2). Show that if
—Aw=F, thenw=1IxF.
Hint: (a) Show that I" x F(z) = 0 for x £1.
(b) Show that it is true for w € C3(R™).
(¢) Show that
A(Jew) = J(Aw)

and thus
Jew =TI % (J.F).

Let €—0 to derive w =1 % F.

3.2 W?2P Regularity of Solutions

In this section, we will use the a priori estimates established in the previous
section to derive the WP regularity for the weak solutions.
Let L be a second order uniformly elliptic operator in divergence form

n

Lu=-— Z (ai;(x)ug,) Tt Zb )y, + c(x)u. (3.33)

i,j=1

Definition 3.2.1 We say that u € WP (£2) is a weak solution of

Lu=f(z),z€ N
{u(x) =0, z€dN? (3.34)

if for any v e Wy9(£2),

n

/Q Z i (T)Ug, Ve, + zi:bi(a:)umv + ce(x)uv | de = /Q f(z)vdz, (3.35)

ij=1

1,1 _
where;—&—a_l.
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Remark 3.2.1 Since C3°(£2) is dense in Wy (£2), we only need to require
(3.85) be true for all v € C5°(§2); and this is more convenient in many appli-
cations.

The main result of the section is

Theorem 3.2.1 Assume {2 is a bounded domain in R™. Let L be a uniformly
elliptic operator defined in (3.33) with a;j(x) Lipschitz continuous and b;(x)
and c(z) bounded.

Assume that u € Wy (2) is a weak solution of (3.34). If f(z) € LP(£2),
then uw € W2P(02) .

Outline of the Proof. The proof of the theorem is quite complex and
will be accomplished in two stages.

In stage 1, we first consider the case when p > 2, because one can rather
easily show the uniqueness of the weak solutions by multiplying both sides of
the equation by the solution itself and integrating by parts. As one will see,
this uniqueness plays a key role in deriving the regularity.

The proof of the regularity is based on the following fundamental proposi-
tion on the existence, uniqueness, and regularity for the solution of the Laplace
equation on a unit ball.

Proposition 3.2.1 Assume f € LP(B1(0)) with p > 2. Then the Dirichlet

problem
D= f(z), @ € By(0)
{U(x) =0, =€ afél(o) (3.36)

exists a unique solution u € W2P(B1(0)) satisfying

[ullw=e(m) < Cllfllrsy)- (3.37)

We will prove this proposition in subsection 3.2.1, and then use the
“frozen” coefficients method to derive the regularity for general operator L.

In stage 2 (subsection 3.2.2), we consider the case 1 < p < 2. The main
difficulty lies in the uniqueness of the weak solution. To show the uniqueness,
we first prove a W?2P? version of Fredholm Alternative for p > 2 based on
the regularity result in stage 1, which will be used to deduce the existence of
solutions for equation

- Z(aij(w)wm)mj = F(x).

Then we use this equation with a proper choice of F(x) to derive a contradic-
tion if there exists a non-trivial solution of equation

- Z(aij(m)vzi)% =0.
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After proving the uniqueness, to derive the regularity, everything else is
the same as in stage 1.

Remark 3.2.2 Actually, the conditions on the coefficients of L can be weak-
ened. This will use the Regularity Lifting Theorem in Section 3.3, and hence
will be deliberated there.

3.2.1 The Case p > 2

We will prove Proposition 3.2.1 and use it to derive the regularity of weak
solutions for general operator L. To this end, we need

Lemma 3.2.1 (Better A Priori Estimates at Presence of Uniqueness.) As-
sume that
i) for solutions of
Lu= f(z), z€ (3.38)

it holds the a priori estimate

ullw2r2) < CllullLe@) + 1 fllzr(2))s (3.39)

and
it) (uniqueness) if Lu =0, then u = 0.
Then we have a better a priori estimate for the solution of (3.38)

[ullw2r(2) < CllfllLr(a)- (3.40)

Proof. Suppose the inequality (3.40) is false, then there exists a sequence of
functions {fx} with || fx||lz» = 1 and the corresponding sequence of solutions

{uy} for
Luk = fk(x) , T € £

such that
|lug |lwzr—00 as k—oo.

It follows from the a priori estimate (3.39) that

lugllLp—o0  as k—oo.

Let
Uk Tk
vp = ——— and gy = ————.
[k || o [k o
Then
[vellze =1, and [|gk /|- —0. (3.41)

From the equation
Lv, = gi(z), =€ (3.42)
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it holds the a priori estimate

[orllw2r < Cllvellze + llgrllze)- (3.43)

(3.41) and (3.43) imply that {vs} is bounded in W?2P, and hence there exists
a subsequence (still denoted by {vy}) that converges weakly to v in W?2P?. By
the compact Sobolev embedding, the same sequence converges strongly to v
in LP, and hence |[v||r» = 1. From (3.42), we arrive at

Lv=0, z €.

Therefore by the uniqueness assumption, we must have v = 0. This contradicts
with the fact ||v||L» = 1 and therefore completes the proof. O

The Proof of Proposition 3.2.1.

For convenience, we abbreviate B, (0) as B,.

To see the uniqueness, assume that both v and v are solutions of (3.36).
Let w = u — v. Then w weakly satisfies

Aw=0, z€ B
w(x) =0,z € 0B

Multiplying both sides of the equation by w and then integrating on B, we

derive
/ |vw|?dz = 0.
B1

Hence syw = 0 almost everywhere, this, together with the zero boundary
condition, implies w = 0 almost everywhere.
For the existence, it is well-known that, if f is continuous, then

u(z) = [ G(z,y)f(y)dy

B

is the solution. Here

G(xay) = F(m - y) - h($7y)
is the Green’s function, in which
1 1 >3
s — n(n—2)w, |z|"=2 " n=z
(@) {217r1n|ac|7 n=2
is the fundamental solution of Laplace equation as introduce in the definition

of Newtonian Potentials, and

1 1
n(n — 2w, (el Zz g2

h(z,y) = forn >3
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is a harmonic function. The addition of h(z,y) is to ensure that G(z,y) van-
ishes on the boundary.
We have obtained the needed estimate on the first part

/ I'(z—y)f(y)dy
B

when we worked on the Newtonian Potentials. For the second part, noticing
that h(x,y) is smooth when y is away from the boundary (see the exercise
below), we start from a smaller ball By_s for each § > 0. Let

us(r) = ; G(z,y) f5(y)dy,
where i) B
x),x € _5
fs(z) = {0 , elsewLere .

Now, by our result for the Newtonian Potentials, D?u; is in LP(Bj). Applying
the Poincare inequality, we derive that ws is also in LP(B7), and hence it is in
W?2P(By). Moreover, due to uniqueness and Lemma 3.2.1, we have the better
a priori estimate

lusllwzr(B) < CllfllLe(By)- (3.44)

Pick a sequence {d;} tending to zero, then the corresponding solutions
{us,} is a Cauchy sequence in W2P(By), because

Huéi — us; “WQ”’(B1) < CHf(Sz - f(;jHLT‘(Bﬂ_)O , as 1, J—00.

Let
u, = lim wus, , in W2P(By).
1700

Then u, is a solution of (3.36). Moreover, from 3.44, we see that the better a
priori estimate (3.37) holds for wu,.
This completes the proof of Proposition 3.2.1. O

Exercise 3.2.1 Show that if |y| <1 —0 for some 6 > 0, then there exist a
constant ¢, > 0, such that

x
\xIIW —y| > ¢, , Yz € By(0).

Proof of Regularity Theorem 3.2.1 for p > 2.

The general frame of the proof is similar to the W?2? a priori estimate in
the previous section. The key difference here is that in the a priori estimate, we
pre-assume that v is a strong solution in 2P, and here we only assume that
u is a weak solution in WP, After reading the proof of the a priori estimates,
the reader may notice that if one can establish a W?2? regularity in a small
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neighborhood of each point in (2, then by an entirely similar argument as in
obtaining the a priori estimates, one can derive the regularity on the whole of
0.

As in the proof of the a priori estimates, we define the cut-off function

¢(S):{1, ifs<1

0, if s> 2.

Let u be a W, ?(£2) weak solution of (3.34).
For any
x° € (s :={x € 2| dist(x,002) > 20},
let
|z — 2°]

n(z) = ¢(—75—) and w(z) = n(z)u(z).

Then w is supported in Bas(x°). By (3.35) and a straight forward calculation,
one can verify that, for any v € C§°(Bas(x°)),

/ i () Wy, vy da = / [aij(xo)—aij(m)]wwivmjdm—&—/ F(x)vdx
Bas(z°) Bas(z°) Bas(z°)
where
F(z) = f(z) = (aij(@)n2,0)a, — bi(z)ue, — c(z)u(z).
In order words, w is a weak solution of

{au(w")wximj = ([aij (2°) = aij(@)]wa,),, — F(z) , © € Bys(2°)

w(z) =0, x € OBas(x°). (3.45)

In the above, we omitted the summation signs Y .. We abbreviated Zl" =1 @ij
as a;; and so on.

With a change of coordinates, we may assume that a;;(z°) = 6;; and write
equation (3.45) as

Lw = ([aij(2°) = aij(@)ws, ), — F(z) (3.46)

J

For any v € W?2P(Bays(x°)), obviously,
([aij (2°) = aij(2)]va,),, € L (Bas(2°)).

Also, one can easily verify that F(z) is in LP(Bas(x°)). By virtue of Proposi-
tion 3.2.1, the operator A is invertible. Consider the equation in W?2?

v=Kv+AT'F (3.47)

where
(Kv)(x) = 27" (laij(2°) — agj(2)]oz,), -
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Under the assumption that a;;(x) are Lipschitz continuous, one can verify that
(see the exercise below), for sufficiently small §, K is a contracting map from
W?2P(Bas(x°)) to itself. Therefore, there exists a unique solution v of equation
(3.47). This v is also a weak solution of equation (3.46). Similar to the proof
of Proposition 3.2.1, one can show (as an exercise) the uniqueness of the weak
solution of (3.46). Therefore, we must have w = v and thus conclude that w is
also in W2P(Bas(2°)). This completes the stage 1 of proof for Theorem 3.2.1.
O

Exercise 3.2.2 Assume that each a;;(x) is Lipschitz continuous. Let
(Kv)(x) = A7 ([aij (2°) = aij(2)]vs,),, @ € Bas(a®).

Show that, for § sufficiently small, the operator K is a contracting map in
W2P(Bys(x°)), i.e. there exists a constant 0 <~y < 1, such that

K¢ — Kllwe2r(Bys(zo)) < YN — Yllwzr(Bas(ao))-

Exercise 3.2.3 Prove the uniqueness of the W1P(Bas(2°)) weak solution for
equation (3.46) when p > 2.

3.2.2 The Case 1 < p < 2.

Lemma 3.2.2 Let p > 2. If u = 0 whenever Lu = 0 (in the sense of Wy '*(£2)
weak solution), then for any f € LP(£2), there exist a unique u € W, "*(£2) N
W2P(), such that

Lu = f(z) and ||[ullw2.r2) < C| fllLr- (3.48)

Proof. This is actually a W?2?P version of the Fredholm Alternative.

From the previous chapter, one can see that for « sufficiently large, by
Lax-Milgram Theorem, for any given g € L?(§2), there exist a unique VVO1 ’2((2)
weak solution v of the equation

(L+a)v=g, z€ .

From the Regularity Theorem in this chapter, we have v € W22(§2). There-
fore, we can write
v=(L+a)y

where (L + «)~! is a bounded linear operator from L?(£2) to W?22(£2).
Let {fx} C C5°(£2) be a sequence of smooth approximations of f(z). For
each k, consider equation

(L +a)w —aw = f, (3.49)
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or equivalently,

(I — K)w = F, (3.50)
where [ is the identity operator, K = a(L+a)™!, and F = (L +a) ™! fx. One
can see that K is a compact operator from WO1 2((2) into itself, because of
the compact embedding of W22 into W'2. Now we can apply the Fredholm
Alternative:

Equation (3.50) exists a unique solution if and only if the corresponding
homogeneous equation (I — K)w = 0 has only trivial solution.

The second half of the above is just the assumption of the theorem, hence,
equation (3.50) possesses a unique solution ug in Wy2(£2), i.e.

Up — Oz(L + Oé)il’u,k = (L + Ol)ilfk. (351)

Furthermore, since both (L + o) tuy and (L + )~ ! fy, are in W22(£2), we
derive immediately that uy, is also in W22(£2), or we can deduce this from the
Regularity Theorem 3.2.1. Since fi is in LP(2) for any p, we conclude from
Theorem 3.2.1 that uy is in W2?(£2), and furthermore, due to uniqueness, we
have the improved a priori estimate (see Lemma 3.2.1)

lugllwze < Cllfellze s k=1,2,--
Moreover, for any integers ¢ and j,
L(ui — uj) = fi(w) — fi(x), z € 2.
It follows that
lui —ujllwer < C|fi = fille—0, as i, j—o0.

This implies that {uy} is a Cauchy sequence in W2P and hence it converges
to an element u in W2P({2). Now this function u is the desired solution. O

Proposition 3.2.2 (Uniqueness of Wol’p Weak Solution for 1 < p < 00. )
Let 2 be a bounded domain in R™. Assume that a;;(x) are Lipschitz con-
tinuous. If u is a Wy'P(2) weak solution of

(aij(2)ua,)o, =0, (3.52)
then uw = 0 almost every where.

Proof. . When p > 2, we have proved the uniqueness. Now assume 1 < p < 2.
Suppose there exist a non-trivial weak solution u. Let {ux} be a sequence
of C§°(§2) functions such that

up—u in WyP(2), as k—oo.

For each k, consider the equation
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|kl 7,

VI+vul?

(aij(2)v2,)a; = Fi(2) =V (3.53)
where % + 1% =1.

Obviously, for p < 2, ¢ is greater than 2, and Fj(z) is in L(£2). Since we
already have uniqueness for WO1 7 weak solution, Lemma 3.2.2 guarantees the
existence of a solution vy for equation (3.53).

Through integration by parts several times, one can verify that

[7ug P/ I57up,
V1 [ l?

Since up—u in WHP, it is easy to see that

0= / V(i () Uy, ), do = -vud. (3.54)
I7; 7

[vurlP/un  gulP/ u
—
VItlvwl 1+ [vuP
in L9(£2), and therefore, by (3.54), we must have syu = 0 almost everywhere.

Taking into account that u € VVO1 P(§2), we finally deduce that u = 0 almost
everywhere. This completes the proof of the proposition. O

After proving the uniqueness, the rest of the arguments are entirely the
same as in stage 1. This completes stage 2 of the proof for Theorem 3.2.1.

3.2.3 Other Useful Results Concerning the Existence, Uniqueness,
and Regularity

Theorem 3.2.2 Given any pair p,q > 1 and f € L), if u € Wol’p(_Q) 18
a weak solution of

Lu= f(z), x €2, (3.55)
then u € W24(02) and it holds the a priori estimate

[ullwza(2) < C(lJullze + [ fllz)- (3.56)

Proof. Casei) If ¢ < p, then obviously, u is also a VVO1 "1(£2) weak solution, and
the results follow from the Regularity Theorem 3.2.1 and the W29 a priori
estimates.

Case ii) If ¢ > p, then we use the Sobolev embedding

W2P s Wl’p17
with
np
n—p
If p1 > g, we are done. If p; < ¢, we use the fact that u is a WPt weak

solution, and by Regularity, u € W?2P1. Repeating this process, after a few
steps, we will arrive at a py > gq.

p1=
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From this Theorem, we can derive immediately the equivalence between
the uniqueness of weak solutions in any two spaces VVO1 P and VVO1 4

Corollary 3.2.1 For any pair p,q > 1, the following are equivalent
i) If u € Wy'P(R2) is a weak solution of Lu = 0, then u = 0.
i) If u € Wy9(82) is a weak solution of Lu = 0, then u = 0.

Theorem 3.2.3 (W?2P Version of the Fredholm Alternative). Let 1 < p < oo.
If u = 0 whenever Lu = 0 (in the sense of Wy (2) weak solution), then for
any f € LP(£2), there exist a unique u € Wy (£2) N W2P(£2), such that

Lu= f(x) and [[ullw22(2) < C|fllLr-

For 2 < p < oo, we have stated this theorem in Lemma 3.2.2. Now, for
1 < p < 2, after we obtained the W?2? regularity in this case, the proof of this
theorem is entirely the same as for Lemma 3.2.2.

3.3 Regularity Lifting
3.3.1 Bootstrap
Assume that u € H(£2) is a weak solution of
—Nu=uP(z), zen (3.57)

Then by Sobolev Embedding, u € L%(Q) If the power p is less than the
critical number %’ then the regularity of u can be enhanced repeatedly

through the equation until we reach that « € C*(£2). Finally the “Schauder
Estimate” will lift u to C?7(£2) and hence to be a classical solution. We call
this the “Bootstrap Method” as will be illustrated below.

For each fixed p < :%%, write

n+2
= )
P n—2

for some 6 > 0. )
Since u € L7-2(£2),

uP € Li7 () = L5 ().
The equation (3.57) boosts the solution u to W24 (§2) with

2n
(n+2)—dn—2)

q1 =

By the Sobolev Embedding
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ngy

W2 () s L727 (£2)

we have u € L*1(£2) with

o — ngr  2n 1
! n—2¢p n—21-6

The integrable power of u has been amplified by ﬁ (> 1) times.
Now, uP € L% ({2) with

s1 4n
s T A —0)m+t2—on—2)]

And hence through the equation, we derive u € W29%(£2). By Sobolev em-
bedding, if 2g2 > n, i.e. if

(1-8)[n+2-8n—2)]-4<0,

then, we have either u € L%({2) for any ¢, or u € C*(£2). We are done. If
2¢o < n, then u € L*2((2), with

2n
(1-8)n+2-¥56n-2)]—4

S9 =

It is easy to verify that

N 2n 1
20 —m-21-0 '1-45

The integrable power of u has again been amplified by at least 1—; times.

Continuing this process, after a finite many steps, we will boost u to LI({2)
for any ¢, and hence in C*(£2) for some 0 < « < 1. Finally, by the Schauder
estimate, u € C2t%(§2), and therefore, it is a classical solution.

From the above argument, one can see that, if p = Z—“:g, the so called
“critical power”, then 6 = 0, and the integrable power of the solution u can not
be boosted this way. To deal with this situation, we introduce a “Regularity
Lifting Method” in the next subsection.

3.3.2 Regularity Lifting Theorem

Here, we present a simple method to boost regularity of solutions. It has been
used extensively in various forms in the authors previous works. The essence of
the approach is well-known in the analysis community. However, the version
we present here contains some new developments. It is much more general
and is very easy to use. We believe that our method will provide convenient
ways, for both experts and non-experts in the field, in obtaining regularities.
Essentially, it is based on the following Regularity Lifting Theorem.
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Let Z be a given vector space. Let || - ||x and || - ||y be two norms on Z.
Define a new norm || - ||z by
-tz =g/ %+ 1 115
For simplicity, we assume that Z is complete with respect to the norm || - | z.

Let X and Y be the completion of Z under || - ||x and || - ||y, respectively.
Here, one can choose p, 1 < p < 00, according to what one needs. It’s easy to
see that Z =X NY.

Theorem 3.3.1 Let T be a contraction map from X into itself and from Y
into itself. Assume that f € X, and that there exits a function g € Z such
that f =Tf+g. Then f also belongs to Z.

Proof. Step 1. First show that T': Z — Z is a contraction. Since T is a
contraction on X, there exists a constant 61, 0 < #; < 1 such that

|Thy — Thal|lx < 61|k — ha|lx.
Similarly, we can find a constant 65, 0 < 63 < 1 such that
[Thy — Thally < 62(h1 — hally.

Let = max{61,02}. Then, for any hq, hy € Z,

|Thy = Thallz = {/IThy = Thally + | Thy — Tholy

< {07 1y — hally + 65 7y — ol
< 0|[h1 — hal|z.

Step 2. Since T' : Z — Z is a contraction, given g € Z, we can find a
solution h € Z such that h = Th + g. We see that T': X — X is also a
contraction and g € Z C X. The equation x = Tz + g has a unique solution
in X. Thus, f = h € Z since both h and f are solutions of x = Tz 4 g in X.

3.3.3 Applications to PDEs

Now, we explain how the “Regularity Lifting Theorem” proved in the previous
subsection can be used to boost the regularity of week solutions involving
critical exponent:

—Au=urz, (3.58)

Still assume that 2 is a smooth bounded domain in R™ with n > 3. Let
u € Hi(£2) be a weak solution of equation (3.58). Then by Sobolev embedding,

ue L2 (0).
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We can split the right hand side of (3.58) in two parts:

n+2 4

un—2 = ur2y = a(z)u.

Then obviously, a(z) € L% (§2). Hence, more generally, we consider the regu-
larity of the weak solution of the following equation

—Au = a(x)u + b(x). (3.59)

Theorem 3.3.2 Assume that a(x),b(z) € L= (£2). Let u be any weak solution
of equation (3.59) in H}(£2). Then u is in LP(£2) for any 1 < p < oo.

Remark 3.3.1 FEven in the best situation when a(x) = 0, we can only have
u € W% (02) via the WP estimate, and hence derive that u € LP(£2) for any
p < 00 by Sobolev embedding.

Now let’s come back to nonlinear equation (3.58). Assume that u is a
H}(£2) weak solution. From the above theorem, we first conclude that u is
in L9(£2) for any 1 < ¢ < oco. Then by our Regularity Theorem 3.2.1, u is
in W24(§2). This implies that u € C1*(£2) via Sobolev embedding. Finally,
from the classical C*“ regularity, we arrive at u € C%%(2).

Corollary 3.3.1 Ifu is a H}(£2) weak solution of equation (5.58), then u €
C?(02), and hence it is a classical solution.

Proof of Theorem 3.3.2.
Let G(z,y) be the Green’s function of —A in (2. Define

(TF)() = (~0) 7 f(z) = /Q Gz, y)f (y)dy.

Then obviously
C

0<G(z,y) < |z —y]) = mv

and it follows that, for any ¢ € (1, §),

IITfHangq(m <N fIl, 2 @y = Cllfllza(e)-

Here, we may extend f to be zero outside {2 when necessary.
For a positive number A, define

~ Ja(z) if |a(z)] > A
aa(w) = {O otherwise ,

and
ap(z) = a(z) — aa(z).
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Let
(Tau)(z /GmyaA u(y)dy.
Then equation (3.59) can be written as
u(z) = (Tau)(z) + Fa(z),
where

/Gmy ap(y)u(y) + b(y)]dy.

We will show that, for any 1 < p < oo,

i) T4 is a contracting operator from LP({2) to LP(£2) for A large, and

i) Fa(x) is in LP(S2).

Then by the “Regularity Lifting Theorem”, we derive immediately that

u € LP(92).
i) The Estimate of the Operator Ty.
For any "5 < p < oo, there is a ¢, 1 < ¢ < %, such that
__nq
b= n — 2q

and then by Holder inequality, we derive
[Taullr(2) < I * aaullLo(rny < Cllaau|ae) < Cllaall,g o) llullr -

Since a(z) € L% (£2), one can choose a large number A, such that

—_

||aA||L%(Q) < D)

and hence arrive at

1
ITaullr2) < 5llullpeo)-

That is T4 : LP(£2)—LP(£2) is a contracting operator.
ii) The Integrability of Fa(x).

(a) First consider
- /Q Gla,)bly)dy

For any —"5 < p < o0, choose 1 < ¢ < 5, such that p = "q . Extending b(x)
to be zero outside {2, we have

IFAllLe () < |1 # bl Lormy < Cllbllzaa) < Clbll 3 o) < 00

Hence
Fi(z) € LP(0).
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(b) Then estimate
F3(e) = [ Gla.pant)uty)dy.
Q
By the bounded-ness of ap(x), we have

1F3llr(2) < llapullLae) < Cllullaco)-

2
Noticing that w € LI(£2) for any 1 < ¢ < n27 and
n—

2n L 2n
when g =
n—=6 1=

p =
we conclude that, for the following values of p and dimension n,

l<p<oo when3d3<n<6
1<p<% when n > 6,

F4(x) € LP(£2), and hence T4 is a contracting operator from LP(§2) to LP(12).
Applying the Regularity Lifting Theorem, we arrive at

u€e LP(f2), forany 1<p<oo if3<n<6
ue LP(R2), forany 1 <p< 2% ifn>6.

The only thing that prevent us from reaching the full range of p is the
2n
estimate of F%(x). However, from the starting point where u € L7=2(§2), we

have arrived at 9
ue LP(12), forany1<p<7n6
Now from this point on, through an entire similar argument as above, we will
reach
{ueL”(Q),forany1<p<oo if3<n<10

ue LP(§2), forany 1 <p< if n > 10.

n—10
Each step, we add 4 to the dimension n for which holds

ueLP(2),1<p<oo.

Continuing this way, we prove our theorem for all dimensions. This completes
the proof of the Theorem. 0O

Now we will use the similar idea and the Regularity Lifting Theorem to
carry out Stage 3 of the proof of the Regularity Theorem.

Let L be a second order uniformly elliptic operator in divergence form

n

Lu=— Z (@i (x)ug,) . —|—Zb )z, + c(x)u. (3.60)

ij=1

we will prove
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Theorem 3.3.3 (W2P Regularity under Weaker Conditions)
Let 12 be a bounded domain in R™ and 1 < p < co. Assume that
i) ai;(x) € WLH9(02) for some § > 0;
i)
L"(f2), ifl<p<n
bi(z) € { L"), ifp=mn
Lr(2), ifn <p<oo;
iii)
LV2(2), ifl<p<n/2
c(x) € { L*Ho(2), ifp=n/2
L?r(92), ifn/2 <p < oo.
Suppose f € LP(2) and u is a Wy (2) weak solution of
Lu = f(z) = € (2. (3.61)
Then u is in W2P(02).

Proof. Write equation (3.61) as

= (ay(@)us,),, = - (Z bi()ua, + C(x)U> + f(=).

i,j=1 i=1

Let

n

Lou:=— Z (aij(x)uzi)wj .

i,j=1
By Proposition 3.2.2, we know that equation L,u = 0 has only trivial
solution, and it follows from Theorem 3.2.3, the operator L, is invertible.
Denote it by L;!. Then L;! is a bounded linear operator from LP({2) to
W2r(£2).
For each ¢ and each positive number A, define

bia(z) = {W) , if [bi()] > A

0, elsewhere .

Let
b,B(l‘) = b,(.’[?) — bzA(l‘>

Similarly for C4(z) and Cp(x).
Now we can rewrite equation (3.61) as

u=Tau+ Fa(u,x) (3.62)

where

Tau=—L" (Z bia(x)ug, + cA(x)u>
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and
Fa(u,2) = —L;* (Z bip(z)u,, + cB(x)u> + L ().
We first show that
Fa(u,-) € W?P(22) , Yu € WHP(Q), f € LP(12). (3.63)

Since b;p(z) and ¢;p(x) are bounded, one can easily verify that

<Z bip(z)u,, + cB(x)u> € LP(N2)

for any u € W1P(£2). This implies (3.63).
Then we prove that T is a contracting operator from W27 (£2) to WP (£2).
In fact, by Hélder inequality and Sobolev embedding from W2P to W4,
one can see that, for any v € W2P(2),

[biallLn[vflw=r , H1<p<n
HbiAD'U”LP S C- ||biAHL"+5||'UHW2‘p 5 ifp =N (3.64)
[biallzellvlwzr ,  ifn<p<oo,

and

leallpnrzlvllwes, i1 <p<n/2
leavllr < C- g lleallnrzssllvlwas , if p=n/2 (3.65)
leallzellvllwzs , i n/2 <p< oo

Under the conditions of the theorem, the first norms on the right hand
side of (3.64) and (3.65), i.e. ||biallL», |[call;n/2 can be made arbitrarily small
if A is sufficiently large. Hence for any € > 0, there exists an A > 0, such that

1" bia(@)ve, + ca@)vllre < ellvllwen , Vv € W2P(0).

Taking into account that L,! is a bounded operator from LP(§2) to
W2P(§2), we deduce that T4 is a contract mapping from W2P(£2) to W2 ((2).
It follows from the Contract Mapping Theorem, there exist a v € W?2P(£2),
such that

v="Tav+ Fa(u,x).

Now u and v satisfy the same equation. By uniqueness, we must have
u = v. Therefore we derive that u € W2P(£2). This completes the proof of the
theorem. 0O
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3.3.4 Applications to Integral Equations

As another application of the Regularity Lifting Theorem, we consider the
following integral equation

1 nto
u(@) = / ————u(y) e dy w € R, (3.66)
R

n |z —ynme
where « is any real number satisfying 0 < o < n.
It arises as an Euler-Lagrange equation for a functional under a constraint
in the context of the Hardy-Littlewood-Sobolev inequalities.
It is also closely related to the following family of semi-linear partial dif-
ferential equations

(_A)a/Qu — u(nﬁ’a)/(n*a) , T c Rn n 2 3 (367)

Actually, one can prove (See [CLO]) that the integral equation (3.66) and the
PDE (3.67) are equivalent.
In the special case a = 2, (3.67) becomes

— Ay = "2/ (=2) 0 e R1

which is the well known Yamabe equation.

In the context of the Hardy-Littlewood-Sobolev inequality, it is natural
to start with u € L%(R"). We will use the Regularity Lifting Theorem to
boost u to L1(R™) for any 1 < ¢ < oo, and hence in L*°(R™). More generally,
we consider the following equation

K(y)|u(y) P~ uly) ay

u(z) = (3.68)
R |z —y|
for some 1 < p < co. We prove
Theorem 3.3.4 Let u be a solution of (3.68). Assume that
u € L*(R™) for some q, > n , (3.69)

n—«oa

n 1
/ |K (y)|u(y)[P~ ady < oo, and |K(y)| < C(1 + W) for some v < «.
(3.70)
Then u is in LY(R™) for any 1 < g < oo.
Remark 3.3.2 i) If
p> 2 |K(x) <M, andue L™ (R"), (3.71)
n—a

then conditions (3.69) and (3.70) are satisfied.
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it) Last condition in (3.71) is somewhat sharp in the sense that if it is

violated, then equation (3.68) when K(x) = 1 possesses singular solutions
such as
c
u(zx) = —.
=

Proof of Theorem 3.3.4: Define the linear operator

K(y)lo)lP~ w

dy.
re |l —y[ne

Tyw =

For any real number a > 0, define

{ua(x) =u(z), if |u(z)| >a, orif |z| > a
=0

Ug () , otherwise .

Let up(z) = u(x) — uq(x).
Then since u satisfies equation (3.68), one can verify that u, satisfies the
equation
Ug = Ty, g + g(z) (3.72)

with the function

K (y)|up () [P~ up (y)
Rn |z —y[n—e

g(x) = dy — up().

Under the second part of the condition (3.70), it is obvious that
g(x) € L*° N L.

For any ¢ > "~ we first apply the Hardy-Littlewood-Sobolev inequality
to obtain
Ty, wlpe < C(a,n7q)HK|ua|p_1w||LL. (3.73)

ntaq

Then write H(z) = K (z)|uq(2)|P~1, we apply the Hélder inequality to the
right hand side of the above inequality

{ [ 1w dy}
R’!L

1 1 n+aq
g{(/ |H<y>|ni‘iq'rdy) (/ |f<y>|niiq'5dy)‘}

o

= (/n IH(y)IZdy)n [wllza- (3.74)

Here we have chosen

n+aq
nq

e | £ (y)

n+ oq n + oq
s = and r = .
n aq
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It follows from (3.73) and (3.74) that

o
n

= dy)

[T, wl[La < C(OHNI)(/ K (y)ua(y) P~ wl|La. (3.75)

By (3.70) and (3.75), we deduce, for sufficiently large a,

1
1T wlize < Sllwla. (3.76)

Applying (3.76) to both the case ¢ = ¢, and the case ¢ = p, > ¢,, and by
the Contracting Mapping Theorem, we see that the equation

w =Ty, w+ g(x) (3.77)

has a unique solution in both L% and LPe N L. From (3.72), u, is a solution
of (3.77) in L%. Let w be the solution of (3.77) in LP> N L%, then w is also a
solution in L%. By the uniqueness, we must have u, = w € LP°> N L% for any
Po > "= So does u. This completes the proof of the Theorem.
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4.5 Calculus on Manifolds

4.5.1 Higher Order Covariant Derivatives and the Laplace-Bertrami Op-
erator

4.5.2 Integrals

4.5.3 Equations on Prescribing Gaussian and Scalar Curvature

4.6  Sobolev Embeddings

According to Einstein, the Universe we live in is a curved space. We call
this curved space a manifold, which is a generalization of the flat Euclidean
space. Roughly speaking, each neighborhood of a point on a manifold is home-
omorphic to an open set in the Euclidean space, and the manifold as a whole
is obtained by pasting together pieces of the Euclidean spaces. In this section,
we will introduce the most basic concepts of differentiable manifolds, tangent
space, Riemannian metrics, and curvatures. We will try to be as intuitive and
brief as possible. For more rigorous arguments and detailed discussions, please
see, for example, the book Riemannian Geometry by do Carmo [Cal.

4.1 Differentiable Manifolds

A simple example of a two dimensional differentiable manifold is a regular
surface in R3. Intuitively, it is a union of open sets of R2, organized in such a
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way that at the intersection of any two open sets the change from one to the
other can be made in a differentiable manner. More precisely, we have

Definition 4.1.1 (Differentiable Manifolds)

A differentiable n-dimensional manifold M is

(1) a union of open sets, M =, Va

and a family of homeomorphisms ¢o from V, to an open set ¢po(Vy) in
R™, such that

(i1) For any pair o and § with Vo, (Vs = U # 0, the images of the
intersection ¢ (U) and ¢(U) are open sets in R™ and the mappings ¢so ¢!
are differentiable.

(iii) The family {Va, b} are mazimal relative to the conditions (i) and

A manifold M is a union of open sets. In each open set U C M, one
can define a coordinates chart. In fact, let ¢y be the homeomorphism from
U to ¢y(U) in R™, for each p € U, if ¢y(p) = (x1,22, -+, z,) in R™, then
we can define the coordinates of p to be (z1,x32, - ;). This is called a local
coordinates of p, and (U, ¢y) is called a coordinates chart. If a family of
coordinates charts that covers M are well made so that the transition from
one to the other is in a differentiable way as in condition (ii), then it is called
a differentiable structure of M. Given a differentiable structure on M, one
can easily complete it into a maximal one, by taking the union of all the
coordinates charts of M that are compatible with (in the sense of condition
(ii)) the ones in the given structure.

A trivial example of n-dimensional manifolds is the Euclidean space R",
with the differentiable structure given by the identity. The following are two
non-trivial examples.

FEzample 1. The n-dimensional unit sphere
St ={zeR" |2l + 42l =1}

Take the unit circle S* for instance, we can use the following four coordinates

charts:
Vi={xeS" x>0}, d1(x)
Vo ={z €S| xy <0}, ¢o(z) = 11,
(z)

Vi={x € S|z <0}, ps(x) = z2.

Obviously, S' is the union of the four open sets Vi, Va, Vs, and V;. On the
intersection of any two open sets, say on V; [ V3, we have

Ty = /1 —a%, z1 >0;
xlzx/l—ac%, T > 0.

They are both differentiable functions. Same is true on other intersections.
Therefore, with this differentiable structure, S is a 1-dimensional differen-
tiable manifold.
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Ezample 2. The n-dimensional real projective space P"(R). It is the set of
straight lines of R"*! which passes through the origin (0,---,0) € R"*! or
the quotient space of R"™1\ {0} by the equivalence relation

(1, Tpg1) ~ (A1, ATpt1), AE R, A #0.
We denote the points in P"(R) by [z]. Observe that if ; # 0, then
(21, T = @1 /20, i1 /2, 1, @i [T, T [T0]

Fori=1,2,---,n+1,let

Vi = {[a] | 2 # 0},

Apparently,

Geometrically, V; is the set of straight lines of R"*! which passes through the
origin and which do not belong to the hyperplane z; = 0.
Define

¢l([m]) = (5%7 T ,52,1;ff+17 o ?é-’lz;?r‘rl)’

where & =z /x; (i # k) and 1 <i<n+1.
On the intersection V; [V}, the changes of coordinates

=% ki
. J
j_ 1
g=2

are obviously smooth, thus {V;, ¢;} is a differentiable structure of P"(R) and
hence P™(R) is a differentiable manifold.

4.2 Tangent Spaces

We know that at every point of a regular curve or at a regular surface, there
exists a tangent line or a tangent plane. Similarly, given a differentiable struc-
ture on a manifold, we can define a tangent space at each point. For a regular
surfaces S in R?, at each given point p, the tangent plane is the space of all
tangent vectors, and each tangent vector is defined as the “velocity in the am-
bient space R3. Since on a differential manifold, there is no such an ambient
space, we have to find a characteristic property of the tangent vector which
will not involve the concepts of velocity. To this end, let’s consider a smooth
curve in R™:

v(#) = (x1(t), -+, xn(t)), t € (—€,€), with v(0) =p.
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The tangent vector of v at point p is

v = (Ill(()), T 7xln(0))

Let f(z) be a smooth function near p. Then the directional derivative of f
along vector v € R™ can be expressed as

al ;)
for) li= O_Zaxz ° z(in(O)azi)f.

K3

Hence the directional derivative is an operator on differentiable functions that
depends uniquely on the vector v. We can identify v with this operator and
thus generalize the concept of tangent vectors to differentiable manifolds M.

Definition 4.2.1 A differentiable function v : (—e,€)—M is called a (differ-
entiable) curve in M.

Let D be the set of all functions that are differentiable at point p = v(0) €
M. The tangent vector to the curve v at t = 0 is an operator (or function)
~'(0) : D—R given by

F(0)F = 5707 lemo

A tangent vector at p is the tangent vector of some curve v at t = 0 with
v(0) = p. The set of all tangent vectors at p is called the tangent space at p
and denoted by T, M.

Let (x1,--+,x,) be the coordinates in a local chart (U, ¢) that covers p
with ¢(p) = 0 € ¢(U). Let y(t) = (x1(t), -, zn(f)) be a curve in M with
~(0) = p. Then

d
%f(lj(t% “yzn(t)) le=o

= 3 0oL ;(wm (5)) ;

This shows that the vector 7/(0) can be expressed as the linear combination

a .
of (67) , L.e.
P

Y (0)f = if(w(t)) o=

7(0) = 3 4(0) (ai),)

)

Here (%) is the tangent vector at p of the “coordinate curve”:
“p

xi_)¢71(07 e ,O,I%O, e 70)7

and
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o0x; o0x;

One can see that the tangent space T, M is an n-dimensional linear space with

the basis
9N (9
8x1 p ’ ’ 8xn p '

The dual space of the tangent space T}, M is called the cotangent space,
and denoted by Ty M. We can realize it in the following.
We first introduce the differential of a differentiable mapping.

Definition 4.2.2 Let M and N be two differential manifolds and let f :
M—N be a differentiable mapping. For every p € M and for each v € T, M,
choose a differentiable curve v : (—e,e)—M, with v(0) = p and +'(0) = v. Let
B = f o~. Define the mapping

dfp . TpM%Tf(p)N

< ; ) f= 0 f(djil(of"707531'707"'70)) |921:=0'

by

dfp(v) = B(0).
We call df, the differential of f. Obviously, it is a linear mapping from one
tangent space T),M to the other T,y N; And one can show that it does not
depend on the choice of v (See [Ca]). When N = R, the collection of all such
differentials form the cotangent space. From the definition, one can derive

that o 5
()~ (2)

In particular, for the differential (dx;), of the coordinates function z;, we have

(d:mp((afcj)p) s

And consequently,

dfy =3 ( ;"j ) (dai)p.

2

From here we can see that

(dml);ﬂ? (dm2)pa T (deL)P
form a basis of the cotangent space Ty M at point p.
Definition 4.2.3 The tangent space of M is
™ = | T,M.
peEM
And the cotangent space of M is
™M= | T;M.
peEM
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4.3 Riemannian Metrics

To measure the arc length, area, or volume on a manifold, we need to introduce
some kind of measurements, or ‘metrics’. For a surface S in the three dimen-
sional Euclidean space R3, there is a natural way of measuring the length of
vectors tangent to S, which are simply the length of the vectors in the ambient
space R3. These can be expressed in terms of the inner product <, > in R3.
Given a curve y(t) on S for t € [a,b], its length is the integral

b
/ Iy (1) dt,

where the length of the velocity vector +/(¢) is given by the inner product in

R3:
Y ()] = V< y(1),7(t) >
The definition of the inner product <, > enable us to measure not only
the lengths of curves on S, but also the area of domains on S, as well as other
quantities in geometry.
Now we generalize this concept to differentiable manifolds without using
the ambient space. More precisely, we have

Definition 4.3.1 A Riemannian metric on a differentiable manifold M is a
correspondence which assoctates to each point p of M an inner product < -,- >,
on the tangent space T, M, which varies differentiably, that is,

9ii\q) = oz, qa 61’j q
q

is a differentiable function of q for all ¢ near p.
A differentiable manifold with a given Riemannian metric will be called a
Riemannian manifold.

It is clear this definition does not depend on the choice of coordinate
system. Also one can prove that ( see [Cal)

Proposition 4.3.1 A differentiable manifold M has a Riemannian metric.

Now we show how a Riemannian metric can be used to measure the length
of a curve on a manifold M.

Let I be an open interval in R!, and let v : I—M be a differentiable
mapping ( curve ) on M. For each t € I, dv is a linear mapping from T;I to
TyyM, and +'(t) = ‘é—z = dvy(4) is a tangent vector of T),(;y M. The restriction
of the curve 7y to a closed interval [a,b] C I is called a segment. We define the
length of the segment by

b
/ <A(t),7/(t) >/? dt.
a
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Here the arc length element is
ds =< ~'(t),~'(t) >/2 dt. (4.1)

As we mentioned in the previous section, let (x1, - -, x,) be the coordinates
in a local chart (U, ¢) that covers p = v(t) = (x1(t), -+, 2, (t)). Then

Z” (ax)

Consequently,
ds* = < +/(t),7'(t) > dt?

n a 8
=3 < e R QU OL
i,5=1
= Z 9ij(p)dx;dz;.

ij=1

This expresses the length element ds in terms of the metric g;;.

To derive the formula for the volume of a region (an open connected subset)
D in M in terms of metric g;;, let’s begin with the volume of the parallelepiped
form by the tangent vectors. Let {eq, - -, e, } be an orthonormal basis of T, M.

Let
6:& Za”e], i=1,---n.
Then
glk(p) 0 Z QA < €5, €l >= Z AijQj- (42)
axz 8$k
We know the volume of the parallelepiped form by 8%1, e % is the deter-

minant det(a;;), and by virtue of (4.2), it is the same as \/det(g;;).
Assume that the region D is cover by a coordinate chart (U, ¢) with co-
ordinates (z1,---x,). From the above arguments, it is natural to define the

volume of D as
vol(D / \/det(gij)dxy - -
#(U)

A trivial example is M = R"™, the n-dimensional Euclidean space with

0
8.’1%

:ei:(oa"'a1507"'50)'

The metric is given by
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A less trivial example is S?, the 2-dimensional unit sphere with standard
metric, i.e., with the metric inherited from the ambient space R? = {(x,y, 2)}.
We will use the usual spherical coordinates (6,) with

x = sinf cosy
y = sin @ siny
z = cosf

to illustrate how we use the measurement (inner product) in R? to derive the
expression of the standard metric g;; in term of the local coordinate (6, ) on
S2.

Let p be a point on S? covered by a local coordinates chart (U, ¢) with

coordinates (6,1). We first derive the expression for (%)p and (%) the

P
tangent vectors at point p = ¢~ 1(6,) of the coordinate curves 1) = constant
and 6 =constant respectively.

In the coordinates of R3, we have,

0 0z Oy 0z, . .
(8&>p(89769,69)(cosﬂcosw,cosesmq/),sm&),

and
np N’ N’
It follows that

(8) :(ax Oy aZ):(fsin&sinw,sin@cosw,0).
P

g1 (p) =< %, % >p= cos? 0 cos? ¥ + cos? Osin? ¢ + sin? 6 = 1,
o 0
912(p) = 921(p) =< 55, 95 v 0,
and 5 s
— = — q 2
g22(p) =< 90 09 >p=sin” 6.

Consequently, the length element is

ds = \/g11d0? + 2g12d0dsp + goadip? = \/dB? + sin® dip?,

and the area element is

dA = y/det(g;;)dbdyp = sin 0dOdip.

These conform with our knowledge on the length and area in the spherical
coordinates.
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4.4 Curvature

4.4.1 Curvature of Plane Curves

Consider curves on a plane. Intuitively, we feel that a straight line does not
bend at all, and a circle of radius one bends more than a circle of radius 2.
To measure the extent of bending of a curve, or the amount it deviates from
being straight, we introduce curvature.

Let p be a point on a curve, and T(p) be the unit tangent vector at p. Let
¢ be a nearby point. Let A« be the amount of change of the angle from T(p)
to T(q), and As the arc length between p and ¢ on the curve. We define the
curvature at p as

If a plane curve is given parametrically as ¢(t) = (x(¢),y(t)), then the unit
tangent vector at c(t) is

and

ds = /[2'(t)]? + [y’ ()] dt.
By a straight forward calculation, one can verify that
o)y (t) —y' (t)a"(t)
{2’ @) + [y (1))2}3/2

If a plane curve is given explicitly as y = f(z), then in the above formula,
replacing ¢ by « and y(¢) by f(z), we find that the curvature at point (x, f(x))

: . ‘ 1)
TENTIGREE

_ a7 _

Ket) =

k(z, f(x

. (4.3)

4.4.2 Curvature of Surfaces in R3

1. Principle Curvature

Let S be a surface in R3, p be a point on S, and N(p) a normal vector
of S at p. Given a tangent vector T(p) at p, consider the intersection of
the surface with the plane containing T(p) and N(p). This intersection is a
plane curve, and its curvature is taken as the absolute value of the normal
curvature, which is positive if the curve turns in the same direction as the
surface’s chosen normal, and negative otherwise. The normal curvature varies
as the tangent vector T(p) changes. The maximum and minimum values of
the normal curvature at point p are called principal curvatures, and usually
denoted by k;(p) and ka(p).
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2. Gaussian Curvature. One way to measure the extent of bending of a
surface is by Gaussian curvature. It is defined as the product of the two
principal curvatures

K(p) = k1(p) - k2(p).

From this, one can see that no matter which side normal is chosen (say, for
a closed surface, one may chose outer normals or inner normals), the Gaussian
curvature of a sphere is positive, of a one sheet hyperboloids is negative, and
of a torus or a plane is zero. A sphere of radius R has Gaussian curvature #.

Let f(z,y) be a differentiable function. Consider a surface S in R?® defined
as the graph of x3 = f(x1,22). Assume that the origin is on S, and the x-y
plane is tangent to .S, that is

f(0,0) =0 and f1(0,0) =0 = f2(0,0),

where, for simplicity, we write f; = % and we will use f;; to denote %.
k3 2 J
We calculate the Gaussian curvature of S at the origin 0 = (0, 0, 0).
Let u = (u1,u2) be a unit vector on the tangent plane. Then by (4.3), the

normal curvature k,(u) in u direction is

8% f

ou? (0)

where % and % are first and second directional derivative of f in u direction.
Using the assumption that f1(0) = 0 = f2(0), we arrive at

kp(w) = (fi1uf + 2fi2urus + fo2u3)(0) = u’F u,

Ji1 fiz
F= 0),
<f21 Ja2 ()
and u” denotes the transpose of u.

Let A1 and A2 be two eigenvalues of the matrix F with corresponding unit
eigenvectors e; and es, i.e.

where

F e, = )\1 €e;, = 172 (44)

Since the matrix F is symmetric, the two eigenvectors e; and e are orthog-
onal, and it is obvious that

elFe =\, i=12
Let 6 be the angle between u and e;. Then we can express
u=cosf e; +sinb es.

It follows that
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kn(u) = u’F u = cos?0 A\ +sin?0 \y.
Assume that A\; < \y. Then
A <A +sin? 0 (A — A\p) = kn(u) = cos?0 (A1 — A2) + Aa < Ao

Hence A\ and Ay are minimum and maximum values of normal curvature,
and therefore they are principal curvatures k; and k.
From (4.4), we see that A; and A2 are solutions of the quadratic equation

fii =X fi2 ’:
for fo2 — A

Therefore, by definition, the Gaussian curvature at 0 is

K(0) = kika = MA2 = (fi1f22 — f12/21)(0).

M — (fi1 + fo2)A + (fi1 foz — fi2fo1) =0

4.4.3 Curvature on Riemannian Manifolds
On a general n dimensional Riemannian manifold M, there are several kinds
of curvatures. Before introducing them, we need a few preparations.

1. Vector Fields and Brackets

A vector field X on M is a correspondence that assigns each point p € M
a vector X (p) in the tangent space T, M. It is a mapping from M to T M. If
this mapping is differentiable, then we say the vector field X is differentiable.
In a local coordinates, we can express

Z a:(p 63:1

When applying to a smooth function f on M, it is a directional derivative
operator in the direction X (p):

Z a:(p aml

Definition 4.4.1 For two differentiable vector fields X and Y, define the Lie
Bracket as
[X,)Y]=XY -YX.

It X(p) = Y0 as(p)p and ¥(p) = 27 b;(p) g, then

X,Y]f=XYf-YXf= Zn: (a»ab b, 8‘”) 9f

< *Ox; ‘Oz; ) Oz’
4,j=1
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2. Covariant Derivatives and Riemannian Connections

To be more intuitive, we begin with a surface S in R3. Let ¢ : I—S be a
curve on S, and let V(¢) be a vector field along ¢(t),t € I. One can see that
—— is a vector in the ambient space R2, but it may not belong to the tangent

plane of S. To consider that rate of change of V' (¢) restricted to the surface S,

we make an orthogonal projection of g onto the tangent plane, and denote

DV
it by ——. We call this the covariant derivative of V'(¢) on S — the derivative

viewed by the two-dimensional creatures on S.

On an n-dimensional differentiable manifold M, the covariant derivative
is defined by affine connections.

Let D(M) be the set of all smooth vector fields.

Definition 4.4.2 Let X,Y,Z € D(M), and let f and g be smooth functions
on M. An affine connection D on a differentiable manifold M is a mapping
from D(M) x D(M) to D(M) which maps (X,Y) to DxY and satisfies

1)Dfx+gyZ = fDxZ+gDyZ
2)Dx(Y+Z)=DxY +DxZ
3)Dx(fY) = fDxY + X(f)Y.

Given an affine connection D on M, for a vector field V(t) = Y(¢(t)) along
a differentiable curve ¢ : I—M, define the covariant derivative of V along c(t)

as DV
— =DuY.
dt dt

In a local coordinates, let

C(t) = ($1(t),$n(t)) and V sz
Then by the properties of the affine connection, one can express

dv; 0O dx; 0
—v;D o —. 4.5
Z dt 3337 o dt Y 5% Ox; (4.5)

Recall that in Euclidean spaces with inner product <, >, a vector field
V(t) along a curve c¢(t) is parallel if only if % = 0; and for a pair of vector
fields X and Y along c(t), we have < X, Y >= constant. Similarly, we have
Definition 4.4.3 Let M be a differentiable manifold with an affine connec-
tion D. A vector field V(t) along a curve c¢(t) € M is parallel if % =0.
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Definition 4.4.4 Let M be a differentiable manifold with an affine connec-
tion D and a Riemannian metric <,>. If for any pair of parallel vector fields
X andY along any smooth curve c(t), we have

< X,Y >.n= constant ,
then we say that D is compatible with the metric <,>.

The following fundamental theorem of Levi and Civita guarantees the
existence of such an affine connection on a Riemannian manifold.

Theorem 4.4.1 Given a Riemannian manifold M with metric <,>, there
exists a unique connection D on M that is compatible with <,>. Moreover
this connection is symmetric, i.e.

DxY — Dy X =[X,Y].
We skip the proof of the theorem. Interested readers may see the book of do

Carmo [ca] (page 55).
In a local coordinates (x4, - - -, ), this unique Riemannian connection can

be expressed as
0 0
Do — = Ik—
o Oz; Xk: 7 oxy’

1 dg; Ogmi  09ij
Fk _ = im mi ij mk
K 2 ; ( &rl + 8xj 8£Cm g

is called the Christoffel symbols, g;; =< %, % >, and (g%) is the inverse
i J

where

matrix of (g;;).
3. Curvature

Definition 4.4.5 Let M be a Riemannian manifold with the Riemannian
connection D. The curvature R is a correspondence that assigns every pair of
smooth vector field X, Y € D(M) a mapping R(X,Y) : D(M)—D(M) defined
by

R(X,Y)Z = DyDxZ — DxDyZ + Dix y)Z, YZ € D(M).

Definition 4.4.6 The sectional curvature of a given two dimensional sub-
space & C T,M at point p is

< R(X,Y)X,Y >

K(E) =
E) = XPyp—<x,v 2

where X and 'Y are any two linearly independent vectors in E, and

VIXPY]2— < X, Y >2

is the area of the parallelogram spun by X and Y.
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One can show that K(F) so defined is independent of the choice of X and Y.
It is actually the Gaussian curvature of the section.

Example. Let M be the unit sphere with standard metric, then one can
verify that its sectional curvature at every point is K(F) = 1.

Definition 4.4.7 Let X =Y, be a unit vector in T,M, and let {Y1,---,Yn_1}
be an orthonormal basis of the hyper plane in T, M orthogonal to X, then the
Ricci curvature in the direction X is the average of the sectional curvature of
the n — 1 sections spun by X and Y1, X and Ya, ---, and X and Y,_1:

n—1

) 1
RZCp(X) = m i:E - < R(X,E)X,)/Z > .
The scalar curvature at p s
Rp) = 13" Riey(v)
o i e

One can show that the above definition does not depend on the choice of
the orthonormal basis. On two dimensional manifolds, Ricci curvature is the
same as sectional curvature, and they both depends only on the point p.

4.5 Calculus on Manifolds

In the previous chapter, we introduced the concept of affine connection D on
a differentiable manifold M. It is a mapping from I'(M) x I'(M) to I'(M),
where I'(M) is the set of all smooth vector fields on M. Here we will extend
this definition to the space of differentiable tensor fields, and thus introduce
higher order covariant derivatives. For convenience, we adapt the summation
convention and write, for instance,

i 9 - i 9
X@xz _ZX 8.2317

i

J k._ J k
I dx" = ZFikdI ,
k
and so on.

4.5.1 Higher Order Covariant Derivatives and the
Laplace-Bertrami Operator

Let p and ¢ be two non-negative integers. At a point x on M, as usual, we
denote the tangent space by T, M. Define T)/(T,;M) as the space of (p,q)-
tensors on T, M, that is, the space of (p + ¢)-linear forms
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n:TeM x - x TyMxTiM x --- x Tf M —R".

p q

In a local coordinates, we can express

0

T=T""7de" @ @ da'r :
i1-ip Tt ® ® dx ®8(Ej1 8qu

Recall that, for the affine connection D, in a local coordinates, if we set

Vi:Da ’

dx;

o ()13 (&)

where I i’; are the Christoffel symbols. For smooth vector fields X,Y € I'(M)
with

then

X=(XY---,X") and Y = (Y -, Y"),
by the bilinear properties of the connection, we have

DxY =Dy, o Y = X'v;Y

. (OYI 9 ; 0
= X! — 4+Yirk—
( Ox; Ox; + * 8xk>

oYy - 0
= X Jyk) 2 4.
(8 ik ) Oz (4.6)

Now we naturally extend this affine connection D to differentiable (p, q)
tensor fields 7" on M. For a point z on M, and a vector X € T, M, DxT is
defined to be a (p, q)-tensor on T, M by

DxT(x) = X' (,T)(z),

where
o 8szl Jq )
(VZT)(‘,I;)‘ZIZJZ = ( 6331 Z uk nglociprlmip
ZFM J1 Jk— la]kJrl]q (4 7)
z zp .

Notice that (4.6) is a particular case when (4.7) is applied to the (0,1)-
tensor Y. If we apply it to a (1, 0)-tensor, say da’, then

Vi(da?) = —I7 dz*. (4.8)

Given two differentiable tensor fields 7" and T, we have
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Dx(T®T)=DxT®T+T®DxT.

For a differentiable (p, ¢)-tensor field T, we define 77 to be the (p+ 1, q)-
tensor field whose components are given by

JiJq JiJq
(VT>111 ’Lp+1 (vilT)i21“~7;p+1 :
Similarly, one can define v/ v \V4 37
For example, a smooth function f(z) on M is a (0,0)-tensor. Hence v/ f is
a (1,0)-tensor defined by

vf= vifda:i = a—fdxi.
ox

9

And 72 f is a (2,0)-tensor:

Vf V]<gf >®dx3
of

( (af> o vj(da:)>dzj

of ; ;
_ 71k i J
( Dy, k- o > dz' @ dx’.

Here we have used (4.7) and (4.8). In the Riemannian context, 7°f is called
the Hessian of f and denoted by Hess(f). Its ij*" component is
Pf . 0f

(V f)’b] axzaxj (¥ al'k.

The trace of the Hessian matrix ((\7°f):;) is defined to be the Laplace-
Bertrami operator A acting on f,

01 ﬂaq

_ ij _ k9
Af=g (8:51833]- 7 Oz,

where (¢g%) is the inverse matrix of (g;;). Through a straight forward calcula-
tion, one can verify that

Z i)
” 181: 33:j

where |g| is the determinant of (g;;).

4.5.2 Integrals

On a smooth n-dimensional Riemannian manifold (M, g), one can define a
natural positive Radon measure on M, and the theory of Lebesgue integral
applies.
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Let (U;, ¢;); be a family of coordinates charts that covers M. We say that
a family (U;, ¢i,1;); is a partition of unity associate to (U, ¢;); if

(i) (m;); is a smooth partition of unity associated to the covering (U;); ,
and

(ii) for any i, supp n; C U;.

One can show that, for each family of coordinates chart (U;, ¢;); of M,
there exists a corresponding family of partition of unity (U;, ¢, 7;)i-

Let f be a continuous function on M with compact support, and given a
family of coordinates charts (U, ¢;); of M, we define its integral on M as the
sum of the integrals on open sets in R™:

_ 4 0d-1
/Mfdngij /¢ o Il 07

where (U;, ¢4, 1;); is a family of partition of unity associated to (U, ¢;)q, |g| is
the determinant of (g;;) in the charts (U;, ¢;);, and dz stands for the volume
element of R™. One can prove that such a definition does not depend on the
choice of the charts (U;, ¢;); and the partition of unity (U;, @i, 1;):-

For smooth functions v and v on a compact manifold M, one can verify
the following integration by parts formula

— AguvdVy = / < Yu, Vv > dVy, (4.9)
M M
where A/ is the Laplace-Bertrami operator associated to the metric g, and

ij O Ov.
8l‘i 8l‘j

< vu, v >=gUguv =g
is the scalar product associated with g for 1-forms.

4.5.3 Equations on Prescribing Gaussian and Scalar Curvature

A Riemannian metric g on M is said to be point-wise conformal to another
metric g, if there exist a positive function p, such that

g9(z) = p(z)go(z), V2 €M.

Suppose M is a two dimensional Riemannian manifold with a metric g, and
the corresponding Gaussian curvature K, (z). Let g(x) = ¢>*(®) g,(x) for some
smooth function u(x) on M. Let K(x) be the Gaussian curvature associated
to the metric g. Then by a straight forward calculation, one can verify that

—Aju+ K,(z) = K(z)e®*® | Ve M. (4.10)

Here A, is the Laplace-Bertrami operator associated to g,.
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Similarly, for conformal relation between scalar curvatures on n-dimensional
manifolds ( n > 3), say on standard sphere S™, we have
n(n —2) (n—2) nt2

= n—2_ Y Sm 4.11
JU+ U 4(n71)R(33)u 2, Voeels”, (4.11)

—-A

where ¢, is the standard metric on S™ with the corresponding Laplace-
Bertrami operator A,, R(x) is the scalar curvature associated to the point-
wise conformal metric g = uﬁgo.

In Chapter 5 and 6, we will study the existence and qualitative properties
of the solutions u for the above two equations respectively.

4.6 Sobolev Embeddings

Let (M,g) be a smooth Riemannian manifold. Let u be a smooth function
on M and k be a non-negative integer. We denote vku the k" covariant
derivative of u as defined in the previous section, and its norm |Vku\ is defined
in a local coordinates chart by

[ ul? = g9 g (T ) (V) g
In particular, we have |7°u| = |u| and

) y . 0u Ou
[V ul? = [vul® = g¥ (vu)i(vu); = g7 v,uvu = g7 Or; O’

For an integer k and a real number p > 1, let Cy (M) be the space of C*
functions on M such that

/ [P ulPdV, < o0,¥j=0,1,---, k.
M

Definition 4.6.1 The Sobolev space H*P(M) is the completion of CY(M)
with respect to the norm

k ) 1/p
T =Z( / |vﬂu|f’dvg) |
j=0 WM

Many results concerning the Sobolev spaces on R™ introduced in Chapter
1 can be generalized to Sobolev spaces on Riemannian manifolds. For appli-
cation purpose, we list some of them in the following. Interested readers may
find the proofs in [He] or [Au].

Theorem 4.6.1 For any integer k, H*2(M) is a Hilbert space when equipped
with the equivalent norm
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X 1/2
Jull = (Z / |vlu|2dvg> .
i=1/M

The corresponding scalar product is defined by

k
<u,v>:Z/ <Viu,viv>dVg
i=1/M

where < -, - > is the scalar product on covariant tensor fields associated to the
metric g.

Theorem 4.6.2 If M is compact, then H*P(M) does not depend on the met-
Tic.

Theorem 4.6.3 (Sobolev Embeddings I)
Let (M, g) be a smooth, compact n-dimensional Riemannian manifold. As-
sume 1 < qg<n andp=-"L. Then

n—q’

H™(M) C LP(M).

More generally, if m, k are two integers with 0 < m < k, and if p =

ng
m, then

H"4(M) c H™P(M).

Theorem 4.6.4 (Sobolev Embeddings IT)

Let (M, g) be a smooth, compact n-dimensional Riemannian manifold. As-
sume that ¢ > 1 and m, k are two integers with 0 < m < k. If ¢ > =,
then

H*4(M) c C™(M).

Theorem 4.6.5 (Compact Embeddings)
Let (M, g) be a smooth, compact n-dimensional Riemannian manifold.
(i) Assume that ¢ > 1 and m, k are two integers with 0 < m < k. Then
for any real number p such that 1 < p < %, the embedding

H*4(M) c H™P(M)

is compact. In particular, the embedding of H»9(M) into LP(M) is compact
ifl1<p< n"—fq.

(ii) For ¢ > n, the embedding of H*4(M) into C*(M) is compact, if
(k—A) > 2. In particular, the embedding of HY4(M) into CO(M) is compact.
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Theorem 4.6.6 (Poincaré Inequality)
Let (M, g) be a smooth, compact n-dimensional Riemannian manifold and
let p € [1,n) be real. Then there exists a positive constant C' such that for any

u € HYP(M),
1/p 1/p
([ juapav,) " <c ([ wupav,) .
M M

o )
=" udV,
VOZ(M7g) M g

where

is the average of u on M.
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Prescribing Gaussian Curvature on Compact
2-Manifolds

5.1 Prescribing Gaussian Curvature on S?

5.1.1 Obstructions
5.1.2  Variational Approaches and Key Inequalities
5.1.3 Existence of Weak Solutions

5.2 Gaussian Curvature on Negatively Curved Manifolds

5.2.1 Kazdan and Warner’s Results. Method of Lower and Upper Solu-
tions
5.2.2 Chen and Li’s Results

In this and the next chapters, we will present the readers with real re-
search examples—semi-linear equations arising from prescribing Gaussian and
scalar curvatures. We will illustrate, among other methods, how the calculus
of variations can be applied to seek weak solutions of these equations.

To show the existence of weak solutions for a certain equation, we consider
the corresponding functional J(-) in an appropriate Hilbert space. According
to the compactness of the functional, people usually divide it into three cases:

a) subcritical case where the level set of J is compact, say, J satisfies the
(PS) condition (see also Chapter 2):

Every sequence {uy} that satisfies J(up)—c and J'(ur)—0 possesses a
convergent subsequence,

b) critical case which is the limiting situation, and can be approximated
by subcritical cases, or

¢) super critical case-the remaining cases.

To roughly see when a functional may lose compactness, let’s consider
J(z) = (z%—1)e® defined on one dimensional space R'. One can easily see that
there exists a sequence {z}, for instance, x, = —k, such that J(z,)—0 and
J'(x)—0 as k—oo, however, {z}} possesses no convergent subsequence be-
cause this sequence is not bounded. The functional has no compactness at level
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J = 0. We know that in a finite dimensional space, a bounded sequence has a
convergent subsequence. While in infinite dimensional space, even a bounded
sequence may not have a convergent subsequence. For instance {sin kz} is a
bounded sequence in L%([0,1]) but does not have a convergent subsequence.

In the situation where the lack of compactness occurs, to find a critical
point of the functional, one would try to recover the compactness through
various means. Take again the one dimensional example J(x) = (22 — 1)e?,
which has no compactness at level J = 0. However, if we restrict it to levels
less than 0, we can recover the compactness. That is, if we pick a sequence
{z} satisfying J(zx) < 0 and J'(z)—0, then one can verify that it possesses
a subsequence which converges to a critical point zg of J. Actually, this zq is
a minimum of J.

To further illustrate the concept of compactness, we consider some exam-
ples in infinite dimensional space. Let {2 be an open bounded subset in R",
and let H}(£2) be the Hilbert space introduced in previous chapters. Consider
the Dirichlet boundary value problem

—Au=uP(z),xz €S
{m@—o, 2 € 09, (5.1)
To seek weak solutions, we study the corresponding functional
T (u) = / P+
9
on the constraint
H:{ueﬂagn/ﬁvm%x:u.
0
When p < Z—f%, it is in the subcritical case. As we have seen in Chapter

2, the functional satisfies the (PS) condition. If we define

mp = ulgﬁl Jp(u),

then a minimizing sequence {uy}, J,(ug)—m, possesses a convergent subse-
quence in Hg(£2), and the limiting function ug would be the minimum of J,
in H, hence it is the desired weak solution.

When p =7 := Z—fg, it is in the critical case. One can find a minimizing
sequence that does not converge. For example, when 2 = B;(0) is a ball,
consider

[n(n = 2)k) "5

ug(z) = u(z) = (1+ k|z?)

where n € C§°(£2) is a cut off function satisfying

n(x):{l, x € By(0)

between 0 and 1 , elsewhere .
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Let
ug(z)

o Jo Ivug|?dx’

Then one can verify that {v;} is a minimizing sequence of J. in H with
J'(vg)—0. However it does not have a convergent subsequence. Actually, as
k—oo0, the energy of {v;} are concentrating at one point 0. We say that the
sequence “blows up ” at point 0.

In essence, the compactness of the functional J here relies on the Sobolev
embedding:

vg ()

HY(0) — LPTY().

As we learned in Chapter 1, this embedding is compact when p < Z—J_rg and is
not when p = Z—fg

In the critical case, the compactness may be recovered by considering
other level sets or by changing the topology of the domain. For example, if {2
is an annulus, then the above .J; has a minimizer in H. In this and the next
chapter, the readers will see examples from prescribing Gaussian and scalar
curvature, where the corresponding equations are in critical case and where
various means have been exploited to recover the compactness.

5.1 Prescribing Gaussian Curvature on S?

Given a function K (z) on two dimensional unit sphere S := S? with standard
metric g,, can it be realized as the Gaussian curvature of some point-wise
conformal metric g7 This has been an interesting problem in differential ge-
ometry and is known as the Nirenberg problem. If we let g = e2%g,, then it is
equivalent to solving the following semi-linear elliptic equation on S2:

~Au+1=K(x)e*, zc 5% (5.2)

where A is the Laplace-Bertrami operator associated with the standard metric

Yo-
If we replace 2u by u and let R(x) = 2K (x), then equation (5.2) becomes

—Au+2 = R(z)e"®, (5.3)

Here 2 and R(z) are actually the scalar curvature of S? with standard metric
go and with the point-wise conformal metric e“g,, respectively.

5.1.1 Obstructions

For equation (5.3) to have a solution, the function R(z) must satisfy the
obvious Gauss-Bonnet sign condition

/ R(z)e“dx = 8. (5.4)
s
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This can be seen by integrating both sides of the equation (5.3), and the fact

that
f/Aud:c:/vu~V1da::0.
s s

Condition (5.4) implies that R(x) must be positive somewhere. Besides this
obvious necessary condition, there are other necessary conditions found by
Kazdan and Warner. It reads

/ VoivR(x)e" dr =0, i=1,2,3. (5.5)
s
Here ¢; are the first spherical harmonic functions, i.e

—A(bi = 2¢1(I), Z = 1,2,3.

Actually, ¢;(z) = x; in the coordinates x = (w1, r2,x3) of R3.
Later, Bouguignon and Ezin generalized this condition to

/ X(R)e" dx = 0. (5.6)
S

where X is any conformal Killing vector field on standard S2.

Condition (5.5) gives rise to many examples of R(x) for which the equa-
tion (5.3) has no solution. In particular, a monotone rotationally symmetric
function admits no solution. Then for which kinds of functions R(x), can one
solve (5.3)? This has been an interesting problem in geometry.

5.1.2 Variational Approach and Key Inequalities

To obtain the existence of a solution for equation (5.3), people usually use
a variational approach. First prove the existence of a weak solution, then by
a regularity argument, one can show that the weak solution is smooth and
hence is the classical solution.

To obtain a weak solution, we let

HY(S) := H“*(S)

be the Hilbert space with norm

Julll = US(Ivu2 —l—uz)dx} 1/2.

Let
H(S) = {u e H'(S) | /S wdz = 0, /S R(z)e"dz > 0}.

Then by the Poincaré inequality, we can use
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1/2
full = | [ I de]
S

as an equivalent norm in H(S5).
Consider the functional

J(u) = %/S|vu|2 dx — 87r1n/SR(;v)e“ dx

in H(S).
To estimate the value of the functional J, we introduce some useful in-
equalities.

Lemma 5.1.1 (Moser-Trudinger Inequality)
Let S be a compact two dimensional Riemannian manifold. Then there
exists constant C, such that the inequality

/ e dA < C (5.7)
s
holds for all u € H'(S), satisfying

/S\Vu|2dA <1 and /SudA: 0. (5.8)

We skip the proof of this inequality. Interested readers many see the article
of Moser [Mol] or the article of Chen [C1].
From this inequality, one can derive immediately that

Lemma 5.1.2 There exists constant C, such that for all w € H'(S) holds

1 1
/ e"dA < Cexp {/ |7ul>dA + 7/ udA} . (5.9)
S 1671' S 47(' S
Proof. Let
1
u=— [ u(z)dA
47T S

be the average of u on S. Still denote

1/2
Jul = [ [ i dx} .
S

i) For any v € H(S) with o = 0, let w = %. Then ||jw| =1 and @ = 0.

ol

Applying Lemma 5.1.1 to such w, we have

7\"1)2
/ 7 dA < C. (5.10)
S
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From the obvious inequality

(5445

we deduce immediately
o2 4mv?
v .
— 167 |jv)?

Together with (5.10), we have

1
/ e'dA < Cexp {|v||2} , Yve HY(S), with o = 0. (5.11)
S 167

ii) For any u € H'(S), let v = u—@. Then v = 0, and we can apply (5.11)

to v and obtain .
UTUdA < C — |} .
[eraascen{ ]

1
“dA < —— | +ay.
/Se < Cexp { 1671_||uH Jru}

This completes the proof of the Lemma. O

Consequently

From Lemma 5.1.2, we can conclude that the functional J(-) is bounded
from below in H(S). In fact, by the Lemma,

1
/ R(z)e"dA < maxR/ e"dA < max R(x) - C'exp {||u|2} .
S S 167

It follows that

1

1
J(u) §||uH2 — 87 [1n(C’maXR) + ||u||2}

Y

167
> —8nmIn(C' max R) (5.12)

Therefore, the functional J is bounded from below in H(.S). Now we can take
a minimizing sequence {u,} C H(S):

J(ug)— ueiII}f(‘S) J(u).

However, as we mentioned before, a minimizing sequence may not be bounded,
that is, it may ‘leak’ to infinity. To prevent this from happening, we need some
coerciveness of the functional. Although it is not true in general, we do have
coerciveness for J in some special subset of H(S), In particular, in the set

of even functions—antipodal symmetric functions. More precisely, we have the
following ” Distribution of Mass Principle” from Chen and Li [CL7] [CLS].
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Lemma 5.1.3 Let £21 and {25 be two subsets of S such that
dZSt(.Ql, Qg) Z (50 > 0.

Let 0 < ap < % Then for any € > 0, there exists a constant C' = C(a, 0o, €),
such that the inequality

1
/ e"dA < C’exp{<+e> ||u2—|—u} (5.13)
s 32

holds for all u € H'(S) satisfying

vdA
f(zl € > oy

frzz etdA
2> > . (5.14)
JgerdA

JgerdA —

Intuitively, if we think e“(*) as the density of a solid sphere S at point
x, then fn e“dA is the mass of the region (2;, and fs e“dA the total mass
of the bphere The Lemma says that if the mass of the sphere is kind of
distributed in two parts of the sphere, more precisely, if the total mass does
not concentrate at one point, then we can have a stronger inequality than
(5.9). In particular, for even functions, this stronger inequality (5.13) holds.
If we apply this stronger inequality to the family of even functions in H(.S),
we have

J(u) > %||u||2 — 87 [ln(CmaXR) + (32 +6> ||u2}

> —8m In(C' max R) + (i - 87T€> [|]|2.

Choosing € small enough, we arrive at
1
J(u) > §||u||2 — C4q, for all even functions u in H(S). (5.15)

This stronger inequality guarantees the bounded-ness of a minimizing se-
quence, and hence it converges to a weak limit u, in H'(S). As we will show in
the next section, the functional J is weakly lower semi-continuous, and there-
fore, u, so obtained is the minimum of J(u), i.e., a weak solution of equation
(5.2). Then by a standard regularity argument, as we will see in the next next
section, we will be able to conclude that u, is a classical solution.

In many articles, the authors use the “center of mass ” analysis, i.e., con-
sider the center of mass of the sphere with density e“(*) at point a:

JyxetdA

Plu) = JgerdA”’

and use this to study the behavior of a minimizing sequence (See [CD], [CD1],
[CY], and [CY1]). Both analysis are equivalent on the sphere S%. However,
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since “the center of mass” P(u) lies in the ambient space R®, on a general
two dimensional compact Riemannian surfaces, this kinds of analysis can not
be applied. While the “Distribution of Mass” analysis can be applied to any
compact surfaces, even surfaces with conical singularities. Interested reader
may see the author’s paper [CL7] [CL8]for more general version of inequality
(5.13).

Proof of Lemma 5.1.3.
Let g1, g2 be two smooth functions, such that

12920, gi(z)=1, forxze 2, i=12

and supp g1N supp g2 = 0. It suffice to show that for u € H'(S) with fs udA =
0, (5.14) implies

1
/Se“dA < Cexp{(m+e)||u|2}. (5.16)
Case i) If ||giu] < |lg2u||, then by (5.9)

1 1
/ e"dA < —/ edA < — [ e9'“dA
s o

(&) (&) S

C 1 9

<L s _
s eX19{167T||91u|| + gru}
C

1
< o eXP{3277T||91U + goull* + gru}

C 1
< Zep{o(L+e)lul? +ee)lulil.  (517)

o

for some small ¢; > 0. Here we have used the fact that
o+ goul® = [ [9gru+ gaufaa
s

= /s (Vg1 + Vg2)u+ (g1 + g2)vul*dA
< Jull® + Cullul[Jull 2 + Callull7-.

In order to get rid of the term ||ul|2, on the right hand side of the above
inequality, we employ the condition [qudA = 0.

Given any n > 0, choose a, such that meas{z € S|u(x) > a} = n. Apply
(5.17) to the function (v — a)™ = max{0, (u — a)}, we have

/e“dA < ea/ e A < e / (=" g4
S S S

1
< Cexplgy-(L+a)ul’ +er(@)(w—a) B +a}  (5.18)
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Where C = C(0, a,).
By the Hoélder and Sobolev inequality (See Theorem 4.6.3)
I(u—a)*l7: < 2w —a) II2s < en? (Jull® + [(w = a)[172)  (5.19)

1/2

Choose 7 so small that Cn'/* < %7 then the above inequality implies

1
1w = a)* 17> < 20n2 ||u]®. (5.20)

Now by Poincaré inequality (See Theorem 4.6.6)

a-n< / udA < / |u|dA < ¢||ull
u>a S

hence for any § > 0,

a < 6|jul* + (5.21)

“
46m2’
Now (5.16) follows from (5.18), (5.20) and (5.21).

Case ii) If ||goul|| < ||g1ul|, by a similar argument as in case i), we obtain
(5.17) and then (5.16). This completes the proof.

5.1.3 Existence of Weak Solutions
Theorem 5.1.1 (Moser) If the function R is even, that is if
R(z) = R(—xz) Yz € S,

where x and —x are two antipodal points. Then the necessary and sufficient
condition for equation (5.3) to have a solution is R(x) be positive somewhere.

To prove the existence of a weak solution, as in the previous section, we
consider the functional

J(u) = %/S|vu|2 dx — 87r1n/SR(;v)e“ dz

in He(S) = {u € H(S) | u is even almost everywhere }. Let {ux} be a mini-
mizing sequence of J in H,(S). Then by (5.15), {uy} is bounded in H*(S), and
hence possesses a subsequence (still denoted by {ug}) that converges weakly
to some element u, in H'(S). Then by the Compact Sobolev Embedding of
H' into L?

ug—u, in L*(9). (5.22)

Consequently

to(—x) = uo(x) almost everywhere , and /uo(ac)dA =0,
S
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that is u, € H(S5).
Furthermore, as we showed in the previous chapter, the integral is weakly
lower semi-continuous, i.e.

T— A
s s
To show that the functional J is weakly lower semi-continuous:

J(u) <l () = inf S (u).

We need the following

Lemma 5.1.4 If {uy} converges weakly to u in H'(S), then there exists a
subsequence (still denoted by {uy}), such that

/e“k(w)dAe/e“(w)dA, as k—oo.
s s

We postpone the proof of this lemma for a moment. Now from this lemma,
we obviously have

/R(x)e”deH/R(x)e“OdA,
5 S

and it follows that J(-) is weakly lower semi-continuous. On the other hand,
we have

J(uo) > inf J(u).
(o) uegle(S) ()

Therefore, u, is a minimum of J in H.(S).
Consequently, for any v € H.(S), we have

81
0=<J'(u,),v >=/ <Vuo,Vv>dA—7/R x)e vdA.
(to) s Js R(z)evedA Jg @)

For any w € H(S), let

o) = g (wle) + w(—)) = 5(w(z) +v_(2))

Then obviously, v € H.(S), and it follows that
1
0=<J(up),v >= §(< J (o), w >+ < J(uo), w_ >) =< J (up),w > .

Here we have used the fact that u,(—z) = u,(z). This implies that u, is a
critical point of J in H'(S) and hence a constant multiple of u, is a weak
solution of equation (5.3). Now what left is to prove Lemma 5.1.4.

The Proof of Lemma 5.1.4.
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From Lemma 5.1.2, for any real number p > 0, we have

2
p 2 p
PUdA < C — dA + — dA}. 5.23
/Se < eXp{167T/S|VU| +47T/Su } (5.23)

And by Héder inequality, for any 0 < p < 2,

/|v(e“)|pdA:/e”“|vu|pdA§ (/ efiudA> (/ |vu|2dA)
S S S S
(5.24)

Inequalities (5.23) and (5.24) imply that {e“*} is a bounded sequence in H?
for any 1 < p < 2. By the compact Sobolev embedding of H'? into L!, there
exists a subsequence of {e“*} which converges strongly to e“e in L'(S). This
completes the proof of the Lemma.

P
2

Chen and Ding [CD] generalized Moser’s result to a broader class of sym-
metric functions, as we will describe in the following.

Let O(3) be the group of orthogonal transformations of R3. Let G be a
closed finite subgroup of O(3). Let

Fg={x¢€S?|gx=2a, Vg€G}

be the set of fixed points under the action of G.
The action of G' on S? induces an action of G on the Hilbert space H!(S):

glul(z) > u(gz)
under which the fixed point subspace of H'(S) is given by
X ={uec H(S) | u(gz) = u(z), Vg € G}.
Assume that R(x) is G-symmetric, or G-invariant, i.e.
R(gx) = R(x), Vge€G. (5.25)
Let X, = X[ H(S). Recall that

H(S) = {u € H(S) | / wdA = o,/ R(z)e"dA > 0}.
s s
Under the assumption (5.25), the functional
J(u) = 1/ |vul? de — 87rln/ R(z)e" dx
2Js s
is G-invariant in X,, i.e.

J(glu]) = J(u), Vg € G, Yue X,.

We seek a minimum of J in X,. The following lemma guarantees that such a
minimum is the critical point we desired.
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Lemma 5.1.5 Assume that u, is a critical point of J in X, then it is also
a critical point of J in H(S).

Proof. First, for any g € G and any u,v € H(S), we have
< J'(u), g[v] >=< J' (g7 u]),v > . (5.26)

Where g~! is the inverse of g. This can be easily see from

8T
J' = dA — ———— | Re“wdA.
< J'(u),v > /SVUVU ste"dA/S e"v

Assume
G = {glagm}
For any w € H(S), let

o= (gl + -+ gmf]):

Then for any g € G
1

glv] = E(ggl[w} + -+ ggm([w]) = v.
Hence v € X,.. It follows that
0=<J (up),v>=— Z<Juo , gi[w] >
LS g ) w = - Zkfu
m 4 g °

=< J (up),w > .

Therefore, u, is a critical point of J in H(S). O

Theorem 5.1.2 (Chen and Ding [CD]). suppose that R € C“(S?) satisfies
(5.25) with maxg R > 0. If Fg # 0, let m = maxgp, R. Then equation (5.2)
has a solution provided one of the following conditions holds:

(1) Fo =10,
(1) m <0, or
(#91) m >0 and ¢, = infx, J < =8 lndmrm.

Remark 5.1.1 In the case when the function R(x) is even, the group G =
{id, —id}, where id is the identity transform, i.e.

id(x) =z and —id(z) = —x V€S>

Obviously, in this case Fg is empty. Hence the above Theorem contains
Moser’s existence result as a special case.
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To prove this theorem, we need another two lemmas.

Lemma 5.1.6 (Onofri [On]) For any uw € H'(S) with [yudA =0, holds
1
/ e“dA < 4dmexp {/ |Vu|2dA} . (5.27)
S 167 S

Lemma 5.1.7 Suppose that {u;} is a sequence in H(S) with J(u;) < B. If
lu;|| =00, then there exists a subsequence (still denoted by {u;}) and a point
¢ € 5% with R(€) > 0, such that

/ R(z)e"'dA = (R(€) + 0(1))/ e“idA, (5.28)
s

S

and
lim J(u;) > —8mwIn4nR(§). (5.29)

1—>00

Proof. We first show that, there exists a subsequence of {u;} and a point
¢ € S2, such that for any € > 0, we have

/ ¢ dA—0. (5.30)
S\Be(¢)

Otherwise, there exists two subsets of S2, 2; and 2, with dist(£2;, (2)
> €, > 0 such that {u;} satisfies all the conditions in Lemma 5.1.3. Hence the
inequality

1
YidA < N 112
/Se d _CeXp(167r 0)||wil|

holds for some ¢ > 0. Then by the previous argument, we conclude that | u;]|
is bounded. This contradicts with our assumption, and hence verifies (5.30).
Now (5.30) and the continuity assumption on R(x) implies (5.28).

Roughly speaking, the above argument shows that if a minimizing sequence
of J is unbounded, then passing to a subsequence, the mass of the surface S
with density e%(*) at point z will be concentrating at one point & on S.

To verify (5.29), we use (5.28) and Onofri’s Lemma:

J(u;) = %/S|Vu|2dA—87rln(R(£)+0(1))/Se“idA
_1 u|*dA — 87 1n o —8mln [ e
_2/S|v|dA 87 In(R(€) + o(1)) 81/S dA
> %/{g|vu|2dA—87rln(R(§)—|—0(1))—87T(1n47r+%/5|vu\2d14)
= —8rIn(47R(§) + o(1)).
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Let i—o0, we arrive at (5.29). Since the right hand side of (5.29) is bounded
above by 3, we must have R(£) > 0. This completes the proof of the Lemma.

Proof of the Theorem. Define

¢y = inf J.
X.
As we argue in the previous section (see (5.12)), we have ¢, > —oo. Let
{u;} C X. be a minimizing sequence, i.e. J(u;)—cy, as i—oo.

Similar to the reasoning at the beginning of this section, one can see that
we only need to show that {u;} is bounded in H!(S). Assume on the contrary
that ||u;||—o0c. Then from the proof of Lemma 5.1.7, there is a point ¢ € S,
such that for any € > 0, we have

/ " dA—0. (5.31)
S\B.(€)
Since w; is invariant under the action of G, we must also have
/ e dA—0. (5.32)
S\Bc(9¢)

Because ¢ is arbitrary, we deduce that g€ = ¢, that is £ € Fg.
Now under condition (i), F is empty. Therefore, {u;} must be bounded.
Moreover, by Lemma 5.1.7,

R(&) >0 and ¢, > —8rlndnwR(E).

Noticing that m > R(£) by definition, this again contradicts with conditions
(ii) and (iii).

Therefore, under either one of the conditions (i), (ii), or (iii), the mini-
mizing sequence {u;} must be bounded, and hence possesses a subsequence
converging weakly to some u, € X,. This a constant multiple of u, is the
desired weak solution of equation (5.3).

Here conditions (i) and (ii) in Theorem 5.1.2 can be easily verified through
the group G or the given function R. However, one may wonder, under what
conditions on R, do we have condition (iii). The following theorem provides a
sufficient condition.

Theorem 5.1.3 (Chen and Ding [CD]). Suppose that R € C?(S?), is G-

invariant, and m = maxg, R > 0. Let
D ={x € S?| R(z) =m}.
If AR(z,) > 0 for some x, € D, then
cx < —8mIndmm, (5.33)

and therefore (5.3) possesses a weak solution.
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Proof. Choose a spherical polar coordinate system on S := S2:
(0,9), —f<9<§, 0<¢<2m

with z, = (§, ¢) as the north pole.
Consider the following family of functions:
1-)\2

1
U)\(67¢>—1nm7 UA—UA_E/SUAdA, 0< A<,

One can verify that this family of functions satisfy the equation
—Auy + 2 = 2e". (5.34)

As A—1, the family {u)} ‘blows up’ (tend to co) at the one point x,,
while approaching —oo everywhere else on S2. Therefore, the mass of the
sphere with density e“*(*) is concentrating at point z, as A—1.

It is easy to see that vy € H(S) for A closed to 1. Moreover, we claim that

vy € X, ie. ua(gx) =wvi(x), Vg € G.
In fact, since g is an isometry of S2, and gz, = x,, we have
d(gm, xo) = d(g%gwo) = d(xa :L‘O),

where d(-,-) is the geodesic distance on S2. But vy depends only on § =
d(z,x,), so
ua(gz) = va(x), Vg € G.
It follows that vy € X, for A sufficiently closed to 1.
By a direct computation, one can verify that

1
7/ |Vux|?dA + 87y = 0.
2 Js

Consequently,
J(vy) = —87rln/ R(z)e">dA.
s

Notice that ¢, < J(vy) by the definition of ¢.. Thus, in order to show (5.33),
we only need to verify that, for A sufficiently close to 1

/ R(z)e"*dA > 4mm. (5.35)
s

Let § > 0 be small, we have

2m Z
us 2 2 cos 0
/Re dA=(1-X) {/ / [R(0,9) — ]7(1 — Asin9)2d9d¢

27 775
cos 6
7 4
/ /72r m](l—)\sm9) d0d¢}+ m

= (1= N){I +II} + 47m.
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Here we have used the fact

/ e""dA = 4r
s

which can be derived directly from equation (5.34).

For each fixed ¢, it is easy to check that the integral II remains bounded
as A tends to 1. Thus (5.35) will hold if we can show that the integral I — + o0
as A\—1.

Notice that z, is a maximum point of the restriction of R on F. Hence
by the principle of symmetric critically, x, is a critical point of R, that is
VR(z,) = 0. Using this fact and the second order Taylor expansion of R(x)
near x,, we can derive

z |AR(z,)cos? 0 o— x|
P A okt G 1o

2

3 cos3 6
> — 0.
- 60/2(_5 (1- )\SinH)QdH

Here ¢, is a positive constant. We have chosen ¢ to be sufficiently small and
have used the fact that AR(x,) is positive. From the above inequality, one
can easily verify that as A—1, [— 4 oo, since the integral

5 3
/ COb. 0 _do
z_s (1 —sind)
diverges to +oo.

This completes the proof of the Theorem. 0O

5.2 Prescribing Gaussian Curvature on Negatively
Curved Manifolds

Let M be a compact two dimensional Riemannian manifold. Let g,(z) be
a metrics on M with the corresponding Laplace-Beltrami operator A and
Gaussian curvature K,(z). Given a function K(z) on M, can it be realized as
the Gaussian curvature associated to the point-wise conformal metrics g(z) =
e?“(*) g, (x)? As we mentioned before, to answer this question, it is equivalent
to solve the following semi-linear elliptic equation

—Au+ K, (r) = K(z)e** x € M. (5.36)

To simplify this equation, we introduce the following simple existence re-
sult.
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Lemma 5.2.1 Let f(x) € L>(M). Then the equation
—Au=f(z) xeM (5.37)

possesses a solution if and only if

/ f(z)d A =0. (5.38)
M

Proof. The ‘only if’ part can be seen by integrating both side of the equation
(5.37) on M.

We now prove the ‘if’ part. Assume that (5.38) holds, we will obtain the
existence of a solution to (5.37). To this end, we consider the functional

/ |7ul?d A — / f(z)ud A.
under the constraint

G={ue H (M |/ x)d A =0}.

As we have seen before, we can use, in G, the equivalent norm

full = [ 1vuPas)
M

By Hoder and Poincaré inequalities, we derive

J(u)

%

1
Flull® = 1£ 122 llull 2

vV

1
S lull® = coll Fll 2 lull

1 |l f1Z
= 5 (lull = coll fllz2)* = =757 (5.39)

The above inequality implies immediately that the functional J(u) is
bounded from below in the set G.

Let {uy} be a minimizing sequence of J in G, i.e.

J(uk)—>igf J, as k—oo.
Then again by (5.39), {us} is bounded in H', and hence possesses a subse-

quence (still denoted by {uy}) that converges weakly to some u, in H'(M).
From compact Sobolev imbedding

Hl ey -[/27
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we see that
ur—u, strongly in L?, and hence soin L.

Therefore
/ o ()d A = lim/ up(z)d A = 0, (5.40)
M M

and

/ F@)uo()d A =Tim | f(@)us()d A (5.41)
M M
(5.40) implies that u, € G, and hence

J(up) > igf J(u). (5.42)

While (5.41) and the weak lower semi-continuity of the Dirichlet integral:

liminf/ |vuk|2dA2/ |Vuo|?d A
M M

leads to
J(uo) < igf J(u).

From this and (5.42) we conclude that u, is the minimum of J in the set G,
and therefore there exists constant A, such that u, is a weak solution of

—Au, — f(x) = A

Integrating both sides and by (5.38), we find that A = 0. Therefore u, is a
solution of equation (5.37). This completes the proof of the Lemma. O

We now simplify equation (5.36). First let @ = 2u, then
— AT+ 2K, (z) = 2K (x)e”. (5.43)
Let v(z) be a solution of
—Av =2K,(z) — 2K, (5.44)
where

_ 1 /
K,=— K,(x)dA
3]y o)

is the average of K,(x) on M. Because the integral of the right hand side of
(5.44) on M is 0, the solution of (5.44) exists due to Lemma 5.2.1.
Let w = @ + v. Then it is easy to verify that

—Aw+ 2K, = 2K (z)e Ye®. (5.45)

Finally, letting
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a=2K, and R(z)=2K(z)e *®
and rewriting w as u, we reduce equation (5.36) to
~Au+a=R@)e"™, zeM (5.46)

By the well-known Gauss-Bonnet Theorem, if ¢ is a Riemannian metrics
on M with corresponding Gaussian curvature K, (z), then

/ Ky (z)d Ay =2mx(M)
M

where x(M) is the Euler Characteristic of M, and d A, the area element
associated to metric g.
We say M is negatively curved, if x(M) < 0, and hence o < 0.

5.2.1 Kazdan and Warner’s Results. Method of Lower and Upper
Solutions

Let M be a compact two dimensional manifold. Let o < 0. In [KW], Kazdan
and Warner considered the equation

—Au+a=R(@)e"™ | zeM (5.47)
and proved

Theorem 5.2.1 (Kazdan-Warner) Let R be the average of R(x) on M. Then
i) A necessary condition for (5.46) to have a solution is R < 0.
i) If R < 0, then there is a constant o, with —o0o < a, < 0, such that
one can solve (5.46) if a > a,, but cannot solve (5.46) if a < «,.
i11) ap = —o0 if and only if R(z) <0.

The existence of a solution was established by using the method of upper
and lower solutions. We say that u, is an upper solution of equation (5.47) if

—Aug +a > R(x)e"t, ze M.
Similarly, we say that u_ is a lower solution of (5.47) if
—Au_ +a < R(zx)e"~, z e M.
The following approach is adapted from [KW] with minor modifications.

Lemma 5.2.2 If a solution of (5.47) exists, then R < 0. Even more strongly,
the unique solution ¢ of

Ap+ap=R(x), xe€M (5.48)

must be positive.
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Proof. We first prove the second part. Using the substitution v = e™*, one

sees that (5.47) has a solution w if and only if there is a positive solution v of

v

Av+ av — R(x) ”

0. (5.49)

Assume that v is such a positive solution. Let ¢ be the unique solution of
(5.48) and let w = ¢ —v. Then

Aw+aw=——"—<0. (5.50)

It follows that w > 0. Otherwise, there is a point x, € M, such that w(z,) < 0
and x, is a minimum of w, hence Aw(x,) > 0. Consequently, we must have

Aw(x,) + aw(z,) > 0.

A contradiction with (5.50). Therefore w > 0 and ¢ > v > 0. This shows
that a necessary condition for (5.47) to have a solution is that the unique
solution ¢ of (5.48) must be positive. Integrating both sides of (5.48), we see
immediately that R < 0. This completes the proof of the Lemma. O

Lemma 5.2.3 (The Existence of Upper Solutions).
1) If R(x) <0 but not identically 0, then there exist an upper solution uy

of (5.47).
it) If R < 0, then there exists a small 6 > 0, such that for —§ < a < 0,
there exists an upper solution uy of (5.47).

Proof. Let v be a solution of
—Av = R(z) — R.

We try to choose constant a and b, such that vy = av+b is an upper solution.
We have

—Auy + o — R(x)e™ = aR(z) —aR + o — R(x)e™t?. (5.51)

We want to choose constant a and b, so that the right hand side of (5.51) is
non-negative.
In Case i), when R(z) < 0, we regroup the right hand side of (5.51) as

fla,b,z) = (—aR + a) — R(z)(e™*’ — a). (5.52)

For any given o < 0, we first choose a sufficiently large, so that —aR + o > 0.
Then we choose b large, so that

e (@) +b _ 0> 0, Vz e M.

This is possible because v(z) is continuous and M is compact. It follows from
(5.51) and (5.52) that
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—Auy +a— R(z)e't > 0.

In Case ii), we choose o > % and e® = a, where a is a positive number
to be determine later. Then (5.52) becomes

Flaba) > ~2 — aR@)e - 1)

R
> o~ ~ IRlule - 1])

__j? av
= a||R| = <2||R||L°° — le" — 1|) .

Again by the continuity of v and the compactness of M, we see that

av(x)

e —1, uniformly on M as a—0.

Therefore, we can make
-R
lea?@) 1| < ——— forallze M,
2||R|

by choosing a sufficiently small. Thus u, so constructed is an upper solution
of (5.47) for v > & This completes the proof of the Lemma. O

Lemma 5.2.4 (Ezistence of Lower Solutions) Given any R € LP(M) and a
function uy. € W2P(M), there is a lower solution u_ € W*P(M) of (5.47)
such that u_ < uy.

Proof. If R(x) is bounded from below, then one can clearly use any suf-
ficiently large negative constant as u_. For general R(z) € LP(M), let
K(r) = max{1l,—R(z)}. Choose a positive constant a so that aK = —a.
Then aK(z) + o = 0 and (aK () + «) € LP(M). Thus there is a solution w
of

Aw = aK(z)+ a.

By the L, regularity theory, w € W?P(M) and hence is continuous. Let
u_ = w — A. Then

~Au_ta— R@e" = —Aw+a - R(x)e
= —aK(z) — R(x)e¥
< —K(@)(a— ") (5:53)

Choosing \ sufficiently large so that

a—e" >0,
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and noticing that K (x) > 0, by (5.53), we arrive at
—Au_ +a— R(z)e" <0.

Therefore u_ is a lower solution. Moreover, one can make X large enough such
that u_ = w — A < wug. This completes the proof of the Lemma. O

Lemma 5.2.5 Let p > 2. If there exist upper and lower solutions, uy,u_ €
W2P(M) of (5.47), and if u— < uy, then there is a solution u € W2P(M).
Moreover, u— < u < uy, and u is C* in any open set where R(x) is C™.

Proof. We will rewrite the equation (5.47) as
Lu = f(z,u),
then start from the upper solution uy and apply iterations:
Luy = f(x,uy) , Lugyr = f(z,uy), i=1,2,---.

In order that for each ¢, u_ < wu; < uy, we need the operator L obeys some
maximum principle and f(z,-) possess some monotonicity. The Laplace oper-
ator in the original equation does not obey maximum principles, however, if
we let

Lu = —Au+ k(z)u,

where k(x) is any positive function on M, then the new operator L obeys the
maximum principle:

If Lu > 0, then u(z) >0, forallze M.

To see this, we suppose in the contrary, there is some point on M where u < 0.
Let z, be a negative minimum of u, then —Awu(z,) < 0, and it follows that

—Au(x,) + k(zo)u(x,) < k(xo)u(z,) < 0.

A contradiction. Hence the maximum principle holds for L. We now write
equation (5.47) as

Lu=-Au+k(z)u= R(z)e" —a+ k(x)u:= f(z,u).

Based on the maximum principle on L, to keep u_ < u; < uy, it requires that
f(z,-) be monotone increasing, that is

or _

5 R(z)e" + k(z) > 0.

To this end, we choose

k(z) = ky(z)e* @ | where ki(z) = max{1l, —R(z)}.



5.2 Prescribing Gaussian Curvature on Negatively Curved Manifolds 149

Base on this choice of L and f, we show by math induction that the
iteration sequence so constructed is monotone decreasing:

Uirg <ug < -~ <wuy <uy, i=1,2,---. (5.54)
In fact, from
Luy > f(z,uy) and  Luy = f(z,uy)

we derive immediately
L(uy —up) > 0.

Then the maximum principle for L implies w4 > u;. This completes the first
step of our induction. Assume that for any integer m, ;11 < Uy < uy, we
will show that w42 < Upq1. Since f(z,-) is monotone increasing in u for
u < uy, we have

f(x’um-i-l) < f(xvum)

and hence L(tp41 — Umy2) > 0. Therefore w11 > Upmyo. This verifies (5.54)
through math induction. Similarly, one can show the other side of the inequal-
ity and arrive at

Ue <tpg <up <o <wug, i=1,2,00 (5.55)

Since u4,u—, and u; are continuous, inequality (5.55) shows that {|u;|} is
uniformly bounded. Consequently, in the LP norm,

[Luisrl|r = [R(z)e" — o+ k(@)usl|r < C.

Hence {u;} is bounded in W2P(M). By the compact imbedding of W?2? into
C', there is a subsequence that converges uniformly to some function « in
C1(M). In view of the monotonicity (5.55), we conclude that the entire se-
quence {u;} itself converges uniformly to u. Moreover

lwit1 — wjallwzr < Cl|L(wivy — wja)|e
< C(IR[|rlle™ — e ||z + (1Kl e lus — ujllLe).

Therefore, {u;} converges strongly in WP, so u € W2P. Since L : W2P—LP
is continuous, it follows that u is a solution of (5.47) and satisfies u_ < u < uy.

By the Schauder theory, one proves inductively that « € C* in any open
set where R(z) is C°°. More precisely, if R € C™*7, then u € C™ "2+, This
completes the proof of the Lemma. 0O

Based on these Lemmas, we are now able to complete the proof of the
Theorem 5.2.1.

Proof of Theorem 5.2.1.

Part i) can obviously derived from Lemma 5.2.2.
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From Lemma 5.2.4 and 5.2.5, if there is a upper solution, then there is
a solution. Hence by Lemma 5.2.3, there exist a ¢ > 0, such that (5.47) is
solvable for —§ < o < 0. Let

a, = inf{a | (5.47) is sovable }.

Then for any 0 > « > a,, one can solve (5.47). In fact, if for oy, (5.47)
possesses a solution ui, then for any o > «ay, we have

—Auqg +a > R(x)e™,
that is, u1 is an upper solution for equation (5.47) at . Hence equation
—Au+ a = R(x)e"

also has a solution.

Lemma 5.2.3 infers that a, = —oo if R(z) < 0 but R(z) is not identically
0. Now to complete the proof of the Theorem, it suffice to prove that if R(x)
is positive somewhere, then o, > —oo. By virtue of Lemma 5.2.2, we only
need to show

Claim: There exist a < 0, such that the unique solution of
Ao+ ap = R(x) (5.56)

is negative somewhere.
Actually, we can prove a stronger result:
—ap(r)—R(z) almost everywhere as a— — 0. (5.57)
We argue in the following 2 steps.

i) For a given o < 0, let u = u(z, ) be the solution of (5.56). Multiplying
both sides of equation (5.56) by u and integrate over M to obtain

_ /M \Tul2dA + o /M WA = /M R(z)u(x)dA.

Consequently,
1
llullz2 < —/ RudA.
@ Jm
Then by Hdder inequality
1
lullze < —[IR|L>-
o
This implies that

as a— — 00, u(z,«)—0, almost everywhere . (5.58)
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Since for any a < 0, the operator A + « is invertible, we can express
u=(A+a) 'R(x).

From the above reasoning, one can see that, as a— — oo,
if R € Ly, then (A + a) 'R(x)—0 almost everywhere . (5.59)
ii) To see (5.57), we write
—a¢p+ R(z) = (A+a) 'AR. (5.60)

One can see the validity of (5.60) by simply apply the operator A + « to both
sides.
Now by the assumption, we have AR € Lo, and hence (5.59) implies that

—a¢ + R(x)—0, a.e..

Or )
(b(x)HaR(x) a.e.

Since R(x) is continuous and positive somewhere, for sufficiently negative a,
¢(x) is negative somewhere.
This completes the proof of the Theorem.

5.2.2 Chen and Li’s Results

From the previous section, one can see from the Kazdan and Warner’s result
that in the case when R(z) is non-positive, equation (5.46) has been solved
completely. i.e. a necessary and sufficient condition for equation (5.46) to have
a solution for any 0 > o > —oo is R(z) < 0. However, in the case when R(x)
changes signs, we have o, > —o0, and hence there are still some questions
remained. In particular, one may naturally ask:

Does equation (5.46) has a solution for the critical value o = «,?

In [CL1], Chen and Li answered this question affirmatively.

Theorem 5.2.2 (Chen-Li)
Assume that R(x) is a continuous function on M. Let o, be defined in the
previous section. Then equation (5.46) has at least one solution when a = «,.

Proof. The Outline. Let {a} be a sequence of numbers such that
ap > o, and ap—a,, as k—oo.

We will prove the Theorem in 3 steps.



152 5 Prescribing Gaussian Curvature on Compact 2-Manifolds

In step 1, we minimize the functional, for each fixed ay,

1
Jp(u) = 5/1\/1 |vul?d A + ay /M udA—/M R(z)e*d A

in a class of functions that are between a lower and a Upper solution. Let the
minimizer be ug. Then let ap—ay,.

In step 2, we show that the sequence of minimizers {uy} is bounded in the
region where R(x) is positively bounded away from 0.

In step 3, we prove that {uy} is bounded in H'(M) and hence converges
to a desired solution.

Step 1. For each oy > a,, by Kazdan and Warner, there exists a solution

¢ of
—A¢p + o, = R(x)e?™. (5.61)

We first show that there exists a constant ¢, > 0, such that
op(x) > —co, Ve e M andVk=1,2,---. (5.62)
Otherwise, for each k, let ¥ be a minimum of ¢ (x) on M. Then obviously,
or(zF)— — 00, as k—oo.

k

On the other hand, since z* is a minimum, we have

—A¢p(zF) <0, Vk=1,2,---.
These contradict equation (5.61) because
ap—a, < 0, as k—oo.

This verifies (5.62).
Choose a sufficiently negative constant A < —c, to be the lower solution
of equation (5.46) for all oy, that is,

~AA+ap < R(x)e?.

This is possible because R(x) is bounded below on M, and hence we can make
R(z)e? greater than any fixed negative number.

For each fixed ay, choose o, < ap < ai. By the result of Kazdan and
Warner, there exists a solution of equation (5.46) for & = @&j,. Call it ¢);. Then

— Ay, + o > — Ay, + ag = R(z)e? )]
i.e. Yy is a super solution of the equation

—Au+ ap, = R(x)e"™. (5.63)
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Nluminated by an idea of Ding and Liu [DL], we minimize the functional
Ji(u) in a class of functions

H={uecC'(M)|A<u<}.

This is possible, because the functional Jy(u) is bounded from below. In
fact, since M is compact and R(z) is continuous, there exists a constant C1,
such that

|R(z)] < Cq, Yz € M.

Consequently, for any u € H,

1
Ji(u) > B /M |vul?d A + ay /M ud A — Cy /M e¥rd A
1
> 5 (llull = C2)* = Cs. (5.64)

Here we have used the Holder and Poincaré inequality. From (5.64), one
can easily see that Jj is bounded from below. Also by (5.65) and a similar
argument as in the previous section, we can show that there is a subsequence
of a minimizing sequence which converges weakly to a minimum wuy of Jy(u)
in the set H. In order to show that wy is a solution of equation (5.63), we
need it be in the interior of H, i.e.

A < up(x) < ¢p(x), Yo e M. (5.65)

To verify this, we use a maximum principle.
First we show that

ug(z) < Yr(z), Yo e M. (5.66)

Suppose in the contrary, there exists x, € M, such that ug(z,) = ¥r(z,), we
will derive a contradiction. Since ug(z,) > A, there is a ¢ > 0, such that

A < ug(z), Ve Bs(z,).

It follows that, for any positive function v(z) with its support in Bs(z,),
there exists an ¢ > 0, such that as —e > t < 0, we have u + tv € H.
Since uy is a minimum of J; in H, we have in particular that the function
g(t) = Jp(ug +tv) achieves its minimum at ¢ = 0 on the interval [—e, 0]. Hence
¢'(0) < 0. This implies that

/M[—Auk + g — R(@)e"u(z)d A < 0, (5.67)

Consequently
—Aug(zo) + g — R(Jco)e“’“(”") <0. (5.68)

Let w(x) = ¢g(z) — ug(z). Then w(z) > 0, and z, is a minimum of w. It
follows that —Aw(x,) < 0. While on the other hand, we have, by (5.68),
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—Aw(z,) = —Ag () — (—Aug(z,)) > —ég + ay, > 0.
Again a contradiction. Therefore we must have
ug(z) < Yr(z), Yo e M.
Similarly, one can show that
A <ug(x), Yo e M.

This verifies (5.65). Now for any v € C' (M), uy +tv is in H for all sufficiently
small t, and hence 4 .J; (u+tv)|;—o = 0. Then a direct computation as we did
in the past will lead to

—Aug + ap = R(x)e"™ , Yo e M.

Step 2. It is obvious that the sequence {ug} so obtained in the previous
step is uniformly bounded from below by the negative constant A. To show
that it is also bounded from above, we first consider the region where R(x) is

positively bounded away from 0. We will use a sup + inf inequality of Brezis,
Li, and Shafrir [BLS]:

Lemma 5.2.6 (Brezis, Li, and Shafrir). Assume that V is a Lipschitz func-
tion satisfying
0<a<V(z)<b< o

and let K be a compact subset of a domain 2 in R?. Then any solution u of
the equation
—Au=V(z)e", x € 2,

satisfies
supu—l—i??fug C(a,b, |7V e, K, 2). (5.69)
K

Let ° be a point on M at which R(z°) > 0. Choose € so small such that
R(z)>a>0, Vx € 2= By (z°),

for some constant a.
Let v, be a solution of

—Avp—ap=0x¢c
vg(x) =1 x € 012.

Let wi = up + vg. Then wy, satisfies

—Awy, = R(x)e”ke" k.
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By the maximum principle, the sequence {v} is bounded from above and from
below in the small ball £2. Since {uy} is uniformly bounded from below, {wy}
is also bounded from below. Locally, the metric is point-wise conformal to the
Euclidean metric, hence one can apply Lemma 5.2.6 to {wy } to conclude that
the sequence {wy} is also uniformly bounded from above in the smaller ball
B (x°). Since z° is an arbitrary point where R is positive, we conclude that
{wg} is uniformly bounded in the region where R(z) is positively bounded
away from 0. Now the uniform bound for {uy} in the same region follows suit.

Step 3. We show that the sequence {uy} is bounded in H!(M).
Choose a small § > 0, such that the set

D={xe M| R(z)>d}

is non-empty. It is open since R(x) is continuous. From the previous step, we
know that {uy} is uniformly bounded in D.
Let K(z) be a smooth function such that

K(z) <0, forz € D; and K(z)=0,else where.
For each ay, let vy, be the unique solution of
—Avg + oy, = K(z)e®™ , v e M.
Then since
—Avp +ap <0, and ap—a,
The sequence {vy} is uniformly bounded.
Let wg = up — v, then
—Awy, = R(x)e"* — K(x)e . (5.70)

We show that {wy} is bounded in H'(M).
On one hand, multiplying both sides of (5.70) by e** and integrating on
M, we have

/ |Vwk|26“”“dA:/ R(x)e"”w’“dA—/ K(x)e* dA. (5.71)
M M D

On the other hand, since each wu is a minimizer of the functional Jy, the
second derivative Ji/(uy) is positively definite. It follows that for any function
¢ € HY (M),

[ 9P = R@yereaa >
M
Wi
2

Choosing ¢ = e |, we derive
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1
Z/ |Vw;€|26w"’dA2/ R(z)e"* Tk dA. (5.72)
M M

Combining (5.71) and (5.72), we arrive at
3
—/ K(x)e"*dA > f/ |7wp|?eVrdA. (5.73)
D 4 S

Notice that {uy} is uniformly bounded in region D and {wy} is bounded
from below due to the fact that {uj} is bounded from below and {vy} is
bounded, (5.73) implies that [}, |7wi|*dA is bounded, and so does [}, [u|?dA.

Consider u, = ui—1uy, where uy, is the average of ug. Obviously fM updA =
0, hence we can apply Poincaré inequality to @ and conclude that {a} is
bounded in H*(M). Apparently, we have

/uidA§2</ ade+uiM|).
M M

If [}, uzdA is unbounded, then {y} is unbounded. Taking into account that
{ux} is bounded in the region D where R(x) is positively bounded away from

0, we would have
/ ﬂde :/ |uk —ﬂk|2dA—>OO,
D D

for some subsequence, a contradiction with the fact that {a@x} is bounded
in H'(M). Therefore, {u;,} must also be bounded in H'(M). Consequently,
there exists a subsequence of {uy,} that converges to a function u, in H'(M),
and u, is the desired weak solution for

—Au, + a, = R(x)e".

This completes the proof of the Theorem. O
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Prescribing Scalar Curvature on S™, for n > 3

6.1 Introduction

6.2 The Variational Approach

6.2.1 Estimate the Values of the Functional
6.2.2 The Variational Scheme

6.3 The A Priori Estimates

6.3.1 In the Region Where R < 0
6.3.2 In the Region Where R is small
6.3.3 In the Region Where R > 0

6.1 Introduction

On higher dimensional sphere S™ with n > 3, Kazdan and Warner raise the
following question:

Which functions R(x) can be realized as the scalar curvature of some
conformally related metrics? It is equivalent to consider the existence of a
solution to the following semi-linear elliptic equation

-2 -2
fAu+n0Z )u4&_1ﬁﬂ@uji u>0, xeS"  (6.1)
The equation is “critical” in the sense that lack of compactness occurs.
Besides the obvious necessary condition that R(x) be positive somewhere,
there are well-known obstructions found by Kazdan and Warner [KW2] and
later generalized by Bourguignon and Ezin [BE]. The conditions are:

X(R)dV, =0 (6.2)
S'n.
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where dVj is the volume element of the conformal metric g and X is any
conformal vector field associated with the standard metric gg. We call these
Kazdan-Warner type conditions. These conditions give rise to many examples
of R(z) for which equation (6.1) has no solution. In particular, a monotone
rotationally symmetric function R admits no solution.

In the last two decades, numerous studies were dedicated to these problems
and various sufficient conditions were found (please see the articles [Ba] [BC]
[C] [CC] [CD1] [CD2] [ChL] [CS] [CY1] [CY?2] [CY3] [CY4] [ES] [Ha] [Ho] [Li
[Li2] [Li3] [Mo] [SZ] [XY] and the references therein ). However, among others,
one problem of common concern left open, namely, were those Kazdan-Warner
type necessary conditions also sufficient 7 In the case where R is rotationally
symmetric, the conditions become:

R > 0 somewhere and R’ changes signs. (6.3)

Then

(a) is (6.3) a sufficient condition? and

(b) if not, what are the necessary and sufficient conditions?

Kazdan listed these as open problems in his CBMS Lecture Notes [Ka].

Recently, we answered question (a) negatively [CL3] [CL4]. We found some
stronger obstructions. Our results imply that for a rotationally symmetric
function R, if it is monotone in the region where it is positive, then problem
(6.1) admits no solution unless R is a constant.

In other words, a necessary condition to solve (6.1) is that

R'(r) changes signs in the region where R is positive. (6.4)

Now, is this a sufficient condition?

For prescribing Gaussian curvature equation (5.3) on S?, Xu and Yang
[XY] showed that if R is ‘non-degenerate,” then (6.4) is a sufficient condition.

For equation (6.1) on higher dimensional spheres, a major difficulty is
that multiple blow-ups may occur when approaching a solution by a mini-
max sequence of the functional or by solutions of subcritical equations.

In dimensions higher than 3, the ‘non-degeneracy’ condition is no longer
sufficient to guarantee the existence of a solution. It was illustrated by a
counter example in [Bi] constructed by Bianchi. He found some positive ro-
tationally symmetric function R on S*, which is non-degenerate and non-
monotone, and for which the problem admits no solution. In this situation,
a more proper condition is called the ‘flatness condition’. Roughly speaking,
it requires that at every critical point of R, the derivatives of R up to order
(n — 2) vanish, while some higher but less than n*" order derivative is dis-
tinct from 0. For n = 3, the ‘non-degeneracy’ condition is a special case of
the ‘flatness condition’. Although people are wondering if the ‘flatness condi-
tion’ is necessary, it is still used widely today (see [CY3], [Li2], and [SZ]) as a
standard assumption to guarantee the existence of a solution. The above men-
tioned Bianchi’s counter example seems to suggest that the ‘flatness condition’
is somewhat sharp.



6.1 Introduction 159

Now, a natural question is:

Under the ‘flatness condition,’ is (6.4) a sufficient condition?

In this section, we answer the question affirmatively. We prove that, under
the ‘flatness condition,’ (6.4) is a necessary and sufficient condition for (6.1) to
have a solution. This is true in all dimensions n > 3, and it applies to functions
R with changing signs. Thus, we essentially answer the open question (b)
posed by Kazdan.

There are many versions of ‘flatness conditions,” a general one was pre-
sented in [Li2] by Y. Li. Here, to better illustrate the idea, in the statement
of the following theorem, we only list a typical and easy-to-verify one.

Theorem 6.1.1 Let n > 3. Let R = R(r) be rotationally symmetric and
satisfy the following flatness condition near every positive critical point r,:

R(r) = R(ro) +a|r —ro|*+ h(lr —7o|), witha #0 andn—2 < a <n. (6.5)

where h'(s) = o(s®™1).
Then a necessary and sufficient condition for equation (6.1) to have a
solution is that

R'(r) changes signs in the regions where R > 0.

The theorem is proved by a variational approach. We blend in our new
ideas with other ideas in [XY], [Ba], [Li2], and [SZ]. We use the ‘center of
mass’ to define neighborhoods of ‘critical points at infinity,” obtain some quite
sharp and clean estimates in those neighborhoods, and construct a max-mini
variational scheme at sub-critical levels and then approach the critical level.

Outline of the proof of Theorem 6.1.1.

n(n—2) n+
4

Let ~, = and 7 = n_g. We first find a positive solution u, of the

subcritical equation
—Au~+ yu = R(r)uP. (6.6)

for each p < 7 and close to 7. Then let p—7, take the limit.
To find the solution of equation (6.6), we construct a max-mini variational
scheme. Let

Ip(u) == / RuPTdv
and
B = [ (el + )iV,
We seek critical points of J,(u) under the constraint
H={uec H (S") | E(u) = v,|5"],u > 0}.

where |S™| is the volume of S™.
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If R has only one positive local maximum, then by condition (6.4), on each
of the poles, R is either non-positive or has a local minimum. Then similar
to the approach in [C], we seek a solution by minimizing the functional in a
family of rotationally symmetric functions in H.

In the following, we assume that R has at least two positive local maxima.
In this case, the solutions we seek are not necessarily symmetric.

Our scheme is based on the following key estimates on the values of the
functional J,, () in a neighborhood of the ‘critical points at infinity’ associated
with each local maximum of R. Let r; be a positive local maximum of R. We
prove that there is an open set G; C H (independent of p), such that on the
boundary 0G; of Gy, we have

Ip(u) < R(ry)[S™] =4, (6.7)
while there is a function 11 € G1, such that

Jolir) > Br)|S™| — 3. (6.9)

Here 6 > 0 is independent of p. Roughly speaking, we have some kinds of
‘mountain pass’ associated to each local maximum of R. The set (G; is defined
by using the ‘center of mass’.

Let 71 and ro be two smallest positive local maxima of R. Let 17 and 1
be two functions defined by (6.8) associated to r1 and r2. Let v be a path in
H connecting 11 and 19, and let I" be the family of all such paths.

Define

¢p = sup min Jp(u). (6.9)
~yell 7Y

For each p < 7, by compactness, there is a critical point u, of J,(-), such
that

Jp(up) = ¢p.

Obviously, a constant multiple of w, is a solution of (6.6). Moreover, by (6.7),
Ip(up) < R(r;)|S™ — 0, (6.10)

for any positive local maximum r; of R.

To find a solution of (6.1), we let p—7, take the limit. To show the conver-
gence of a subsequence of {u,, }, we established apriori bounds for the solutions
in the following order.

(i) In the region where R < 0: This is done by the ‘Kelvin Transform’ and
a maximum principle.

(ii) In the region where R is small: This is mainly due to the bounded-ness
of the energy E(up).

(iii) In the region where R is positively bounded away from 0: First due to
the energy bound, {u,} can only blow up at most finitely many points. Using
a Pohozaev type identity, we show that the sequence can only blow up at one
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point and the point must be a local maximum of R. Finally, we use (6.10) to
argue that even one point blow up is impossible and thus establish an apriori
bound for a subsequence of {u,}.

In subsection 2, we carry on the max-mini variational scheme and obtain
a solution u, of (6.6) for each p.
In subsection 3, we establish a priori estimates on the solution sequence

{up}.
6.2 The Variational Approach

In this section, we construct a max-mini variational scheme to find a solution
of

—Au+ yu = R(r)u? (6.11)

for each p < 7 := Z—f%
Let

Ip(u) = / Rur*av

and
E(u) ::/ (|7ul?* + ynu?)adv.
STL

Let

(u,v) = (/ VUV + ypuv)dV
s
be the inner product in the Hilbert space H'(S™), and
[ull = v E(u)

be the corresponding norm.
We seek critical points of Jp,(u) under the constraint

H:={uec H'(S™) | E(u) = E(1) = v,|S"|,u > 0}.

where |S™| is the volume of S™.

One can easily see that a critical point of J, in S multiplied by a constant
is a solution of (6.11).

We divide the rest of the section into two parts.

First, we establish the key estimates (6.7) and (6.8).

Then, we carry on the max-mini variational scheme.
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6.2.1 Estimate the Values of the Functional

To construct a max-mini variational scheme, we first show that there is some
kinds of ‘mountain pass’ associated to each positive local maximum of R.
Unlike the classical ones, these ‘mountain passes’ are in some neighborhoods
of the ‘critical points at infinity’ (See Proposition 6.2.2 and 6.2.1 below).

Choose a coordinate system in R™*!, so that the south pole of S™ is at
the origin O and the center of the ball B™™! is at (0,---,0,1). As usual, we
use | - | to denote the distance in R"*1.

Define the center of mass of u as

T+1
) = L 2DV (6.12)
Jgn Tt (x)dV

It is actually the center of mass of the sphere S™ with density «”!(z) at the
point x.

We recall some well-known facts in conformal geometry.

Let ¢, be the standard solution with its ‘center of mass’ at ¢ € B"!, that
is, ¢4 € H and satisfies

—Au 4 ypu = ypu, (6.13)

We may also regard ¢, as depend on two parameters A and ¢, where ¢
is the intersection of S™ with the ray passing the center and the point q.
When ¢ = O (the south pole of S™), we can express, in the spherical polar
coordinates = = (r,0) of S™ (0 <r <, 60 € S"~1) centered at the south pole
where 7 = 0,

)\ n—2

— - T2, 6.14
(bq d))\,q ()\2 COS2 % + Sin2 ) ( )

.
2
with 0 < A < 1. As A—0, this family of functions blows up at south pole,
while tends to zero elsewhere.

Correspondingly, there is a family of conformal transforms

n—2

T,: H— H; Tyu:=u(hy(z))[det(dhy)] = (6.15)

with ,
ha(r,0) = (2tan~!(\tan 5)7 0).

Here det(dhy) is the determinant of dhy, and can be expressed explicitly as

)\ n
det(dhy) = .
et(dh») <coszg+)\zsin2§>

It is well-known that this family of conformal transforms leave the equation
(6.13), the energy E(-), and the integral [q, u™*'dV invariant. More generally
and more precisely, we have
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Lemma 6.2.1 For any u,v € H'(S™), and for any non-negative integer k,
it holds the following

(1) (Tqu, Tqv) = (u,v) (6.16)

(i) / (Ty)* (Tyo)™ 1 %av = [ wkom 1k gy, (6.17)
.

In particular,

E(T,u) = E(u) and (T,u)™dv :/ u™ V.
S’IL n
Proof. (1) We will use a property of the conformal Laplacian to prove the
invariance of the energy
E(T,u) = E(u).
The proof for (i) is similar.
On a n-dimensional Riemannian manifold (M, g),

Ly:=A,—c(n)R,

is call a conformal Laplacian, where ¢(n) = PTCE= 1) , A, and Ry are the Laplace-
Beltrami operator and the scalar curvature assomated with the metric g re-
spectively.

The conformal Laplacian has the following well-known invariance property
under the conformal change of metrics. For § = w* ™2 g w > 0, we have

Lyu = w_%ng(uw), for all w e C*(M). (6.18)

Interested readers may find its proof in [Bes].
If M is a compact manifold without boundary, then multiplying both sides
of (6.18) by u and integrating by parts, one would arrive at

[ {waul + e Bylul s = [ {19, ) + el Rl )V, . (6.19)

In our situation, we choose g to be the Euclidean metric g in R™ with
gi; = 0i; and § = g,, the standard metric on S™. Then it is well-known that

4

go = wn2(x)g
with L
4 =
v = (4 + wl?)
satisfying the equation
— n+42
—Aw = ywiss.

We also have



164 6 Prescribing Scalar Curvature on S", for n > 3

__nn-2)
cln) By, = = "2
and

c(n)Rg = ¢(n)0 = 0.

Now formula (6.19) becomes

/ (1570l + Yalul?}dV, = / 1 (ww) 2dz, (6.20)
Sn Rﬂ,

where 7, and 1/ are gradient operators associated with the metrics g, and g
respectively.

Again, let ¢ be the intersection of S™ with the ray passing through the
center of the sphere and the point q. Make a stereo-graphic projection from
S™ to R™ as shown in the figure below, where ¢ is placed at the origin of R™.

Under this projection, the point (r,0) € S™ becomes = = (x1,---,z,) €
R™, with
|| r
— = tan ¢
2 2
and Y
A+
(Tte) =) (507 )

It follows from this and (6.20) that

Bt = [ {m [uwc) () B

- [ [ (D) T i

n—2
A+
2 n 2 dv.

r n—2

_ / 7 :u(y) <4+4|y|2> 1 2dy

- / 7 () (y))Pdy

(ii) This can be derived immediately by making change of variable y =
h)\ (:Z?)
This completes the proof of the lemma. O

One can also verify that
Topq = 1.
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The relations between ¢ and A, ¢ and T;, for ¢ # O can be expressed in a
similar way.

We now carry on the estimates near the south pole (0,6) which we as-
sume to be a positive local maximum. The estimates near other positive local
maxima are similar. Our conditions on R implies that

R(r) = R(0) — ar®, for some a >0, n —2 < a < n. (6.21)
in a small neighborhood of O.
Define
5 = {u € H | lg(w)] < pos ol := min [u — 9] < po}. (6.22)

Notice that the ‘centers of mass’ of functions in X are near the south pole O.
This is a neighborhood of the ‘critical points at infinity’ corresponding to O.
We will estimate the functional .J,, in this neighborhood.

We first notice that the supremum of J, in X' approaches R(0)|S™| as p—.
More precisely, we have

Proposition 6.2.1 For any 61 > 0, there is a p1 < 7, such that for all
T 2P 2P
sup Jp(u) > R(0)[S™| — d1. (6.23)
by

Then we show that on the boundary of X, J, is strictly less and bounded
away from R(0)[S™|.

Proposition 6.2.2 There exist positive constants p,,po, and d,, such that
for all p > p, and for all w € 30X, holds

Jp(w) < R(0)|S™| = b, (6.24)

Proof of Proposition 6.2.1
Through a straight forward calculation, one can show that

Jr(édr,0)—R(0)|S™], as A—0. (6.25)

For a given §; > 0, by (6.25), one can choose A,, such that ¢, 0 € X, and
n 51

J+(6r,0) > ROIS™ - 3. (6.26)

It is easy to see that for a fixed function ¢y, o, J, is continuous with
respect to p. Hence, by (6.26), there exists a pi, such that for all p > py,
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Jp(@r,,0) > R(0)[S™| — d:.

This completes the proof of Proposition 6.2.1.

The proof of Proposition 6.2.2 is rather complex. We first estimate J, for
a family of standard functions in X.

Lemma 6.2.2 For p sufficiently close to 7, and for X\ and |q| sufficiently
small, we have

Tp(9x.3) < (R(0) = C1[q[*)|S™[(1 + 0p(1)) — CrA**0r, (6.27)
where 0p :=T — p and 0,(1)—0 as p—.

Proof of Lemma 6.2.2. Let € > 0 be small such that (6.21) holds in
B.(0) C S™. We express

Jp(%,q):/ R(z)¢} AV = +/ (6.28)
sn B.(0) S™\B.(0O)

From the definition (6.14) of ¢ 5 and the bounded-ness of R, we obtain
the smallness of the second integral:

/ R(2)g} 5 dV < CoX"9"F" for § € B5(0). (6.29)
S™\B.(0) ’
To estimate the first integral, we work in a local coordinate centered at O.

/ R(z)d dv = / Rz + e Lav
B.(0) B.(O)

< / [R(0) — alo + )¢} Lav
B.(0)

< [ [HO) = Culal” —Cyigieg Gav
< [R(0) — C5]g|°]|S™|[1 + 0p(1)] = Car+or (=22, (6.30)
Here we have used the fact that |z + G|* > ¢(|z|* +|¢]|®) for some ¢ > 0 in
one half of the ball B.(O) and the symmetry of ¢, o.
Noticing that a < n and §,—0, we conclude that (6.28), (6.29), and (6.30)
imply (6.27). This completes the proof of the Lemma.
To estimate J, for all u € 9%, we also need the following two lemmas that
describe some useful properties of the set X.

Lemma 6.2.3 (On the ‘center of mass’)
(i) Let g, A\, and q be defined by (6.14). Then for sufficiently small q,

la> < C(la* +A%). (6.31)
(ii) Let po,q, and v be defined by (6.22). Then for p, sufficiently small,
po < lal+ Cllvl|. (6.32)
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Lemma 6.2.4 (Orthogonality)
Letu € X and v = u—top,, be defined by (6.22). Let T,, be the conformal
transform such that

T, g, = 1. (6.33)
Then
/ Ty,vdV =0 (6.34)
and
/ Ty, v-¢i(x)dV =0, i=1,2,---n. (6.35)

where ; are first spherical harmonic functions on S™:
_A’l;[}z = Tld)z(df) 7i = 1727"'7’”'

If we place the center of the sphere S™ at the origin of R™*! (not in our case),
then for © = (1, -+, p),

Yi(x) =2;,i=1,2,---,n.

Proof of Lemma 6.2.3.
(i) From the definition that ¢, = ¢y 4, and (6.14), and by an elementary
calculation, one arrives at

lg — G| ~ A2, for \ sufficiently small . (6.36)

Draw a perpendicular line segment from O to ¢g, then one can see that
(6.31) is a direct consequence of the triangle inequality and (6.36).

(ii) For any u = t¢y + v € 0X, the boundary of X, by the definition, we
have either ||v]| = p, or |g(u)] = po. If ||v]| = po, then we are done. Hence we
assume that |q(u)| = p,. It follows from the definition of the ‘center of mass’

that "
)
|fsn (tdg + v)
Jgn (tdg +v)7+1

Noticing that ||v]| < p, is very small, we can expand the integrals in (6.37) in
terms of |lv]|:

. (6.37)

1 [aopt 4+ (r+ DT [ adqo + of|lvl)
41 f¢g+1 + (r+1)t7 fqi)gv + o([Jv]])

f ¢7‘+1
<| f¢7“ |+ Cllvll < lg| + Cllv]].

Here we have used the fact that v is small and that ¢ is close to 1. This
completes the proof of Lemma 6.2.3.

Po =
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Proof of Lemma 6.2.4.
Write L = A + 7,,. We use the fact that v = u — t,¢,, is the minimum of
E(u — t¢4) among all possible values of ¢ and g¢.

(i) By a variation with respect to ¢, we have

0= (v,6,,) = / oLy, dv. (6.38)

It follows from (6.13) that

/ Vg, dV = 0.
Now, apply the conformal transform 7j, to both v and ¢, in the above

integral. By the invariant property of the transform, we arrive at (6.34).

(ii) To prove (6.35), we make a variation with respect to g.

0= Vq/vLﬁbq lg=q,= fYTLVq\/,U(ZSZ]- l=a,
Vq/quv(qu%)T lg=q,= Vq/quU(‘lsq*qo)T lg=q.
T / T0, 005 4.V ¢Pa—a0 la=g.

= T/Tqav(wl, c ).

This completes the proof of the Lemma.

Proof of Proposition 6.2.2
Make a perturbation of R(x):

wo = {0 5 B o) (6:39)

where m = R [98,, o) -
Define

Ip(u) = /n R(z)uPav.

The estimate is divided into two steps.
In step 1, we show that the difference between J,(u) and J.(u) is very
small. In step 2, we estimate J, (u).
Step 1.
First we show
Ip(w) < J-(u)(1 + 0p(1)). (6.40)

where 0,(1)—0 as p—7.
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In fact, by the Holder inequality
p+1

/Rup+1 < (/ R;‘HUT+1dV) T |Sn|:—jrf

pt1

_ T rp
< (/Rwldv) | RO)|S" |FF

This implies (6.40). B
Now estimate the difference between J,(u) and J,(u).

PAOERATIESY B
5™\ B2y, (0)
< CZ/ (tdg)" ™ + Co WL < Gy 4 Oyl
S\ Bzp, (0) S\ Bzp, (0)

(6.41)
Step 2.
By virtue of (6.40) and (6.41), we now only need to estimate .J,(u). For
any u € 90X, write u = v + t¢,. (6.38) implies that v and ¢, are orthogonal
with respect to the inner product associated to E(-), that is

/ (VvV g + 1nveg)dV = 0.
Notice that ||u||? := E(u), we have
l[ull> = Jv]|* + £[l¢g 1.
Using the fact that both u and ¢, belong to H with

[ull = m|S™ = ll¢qll,

We derive ol )
v
2 =1— ) 6.42
’Yn|5n| ( )
It follows that
R(x)u7+1 S
S’n.
_ _ +1
t”l/ R(z)¢7 ™ + (7 + 1)/ R(z)¢Tv + %/ dp 0% + o(||v]|?)
n n Sn
+1
= L+ tr+ 0k + L o ol?) (6.43)

To estimate I;, we use (6.42) and (6.27),



170 6 Prescribing Scalar Curvature on S", for n > 3

LTl o)

I < (1
1*( 2 ’Yn|S"|

JR(0)[S™[(1 = c1]q|* = esA*) + O(N") +o([[v]]?). (6.44)

for some positive constant c;.
To estimate I, we use the H' orthogonality between v and ¢, (see (6.38)),

I = /W(R(m) —m)pgudV = : (O)(R(m) —m)pgvdV
1 (R(z) — m)Ley - vdV
’Yn B2po (O)

< Cpg | L¢g - vdV |= Cpg|(¢q, )]
B2ﬂo(o)
< Cpglloglilivll < Capglloll- (6.45)

To estimate I3, we use (6.34) and (6.35). It is well-known that the first
and second eigenspaces of —A on S™ are constants and ; corresponding to
eigenvalues 0 and n respectively. Now (6.34) and (6.35) imply that T,v is
orthogonal to these two eigenspaces and hence

V(T,0)2dV > Ag/ T,v|?dV
Sn Sn

where Ay = n + co, for some positive number ¢, is the second non-zero eigen-
value of —A. Consequently

ol = 1Z0l > G+ ca) [ (T2

n

It follows that

h< RO) [ oy = RO) [ (@0 Tprav

= RO) [ T < . (6.46)

T Yntntco
Now (6.44), (6.45), and (6.46) imply that there is a 5 > 0 such that

J-(u) < R(O)|S™|[1 = B(|q|* + A% + [[v]*)]. (6.47)

Here we have used the fact that |[v|| is very small and p&||v|| can be controlled
by |g|* + A\ (see Lemma 6.2.2). Notice that the positive constant cs in (6.46)
has played a key role, and without it, the coefficient of ||v||? in (6.47) would
be 0 due to the fact that -, = %.

For any u € 0%, we have

either |[v|| = po or |q(u)| = po.

By (6.31) and (6.47), in either case there exist a d, > 0, such that
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Jr(u) < R(0)|S™] — 24,. (6.48)

Now (6.24) is an immediate consequence of (6.40), (6.41), and (6.48) . This
completes the proof of the Proposition.

6.2.2 The Variational Scheme

In this part, we construct variational schemes to show the existence of a
solution to equation (6.11) for each p < 7.

Case (i): R has only one positive local mazimum.
In this case, condition (6.4) implies that R must have local minima at

both poles. Similar to the ideas in [C], we seek a solution by maximizing the
functional J, in a class of rotationally symmetric functions:

H.={ue H|u=u(r)}. (6.49)

Obviously, J, is bounded from above in H, and it is well-known that the
variational scheme is compact for each p < 7 (See the argument in Chapter
2). Therefore any maximizing sequence possesses a converging subsequence in
H,. and the limiting function multiplied by a suitable constant is a solution of
(6.11).

Case (ii): R has at least two positive local mazima.

Let 1 and r5 be the two smallest positive local maxima of R. By Propo-
sition 6.2.1 and 6.2.2, there exist two disjoint open sets X, Yy C H,¢; €
Xi,po < 7 and 6 > 0, such that for all p > p,,

0
Jp(Wi) > R(ri)|S"| = 5, i=1,2; (6.50)
and
Jp(uw) < R(r;)|S™| =6, YuedX;, i=1,2. (6.51)

Let v be a path in H joining 11 and 5. Let I' be the family of all such
paths. Define

¢p = sup min Jp(u). (6.52)
~eT uey

For each fixed p < 7, by the well-known compactness, there exists a critical
(saddle) point u, of J, with

Ip(up) = cp.
Moreover, due to (6.51) and the definition of ¢,, we have
Ip(up) < I{lin2 R(r;)|S™| = 4. (6.53)
One can easily see that a critical point of J, in H multiplied by a constant

is a solution of (6.11) and for all p close to 7, the constant multiples are
bounded from above and bounded away from 0.
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6.3 The A Priori Estimates

In the previous section, we showed the existence of a positive solution u, to
the subcritical equation (6.11) for each p < 7. In this section, we prove that
as p—, there is a subsequence of {u,}, which converges to a solution u, of
(6.1). The convergence is based on the following a priori estimate.

Theorem 6.3.1 Assume that R satisfies condition (6.5) in Theorem 6.1.1,
then there exists p, < 7, such that for all p, < p < T, the solution of (6.11)
obtained by the variational scheme are uniformly bounded.

To prove the Theorem, we estimate the solutions in three regions where
R < 0, R close to 0, and R > 0 respectively.

6.3.1 In the Region Where R < 0

The apriori bound of the solutions is stated in the following proposition, which
is a direct consequence of Proposition 6.2.2 in our paper [CL6].

Proposition 6.3.1 For all 1 < p < 7, the solutions of (6.11) are uniformly
bounded in the regions where R < —§, for every § > 0. The bound depends
only on 0, dist({z | R(z) < =4}, {x | R(z) = 0}), and the lower bound of R.

6.3.2 In the Region Where R is Small

In [CL6], we also obtained estimates in this region by the method of moving
planes. However, in that paper, we assume that 7R be bounded away from
zero. In [CLT], for rotationally symmetric functions R on S®, we removed this
condition by using a blowing up analysis near R(z) = 0. That method may
be applied to higher dimensions with a few modifications. Now within our
variational frame in this paper, the a priori estimate is simpler. It is mainly
due to the energy bound.

Proposition 6.3.2 Let {u,} be solutions of equation (6.11) obtained by the
variational approach in section 2. Then there exists a p, < 7 and a § > 0,

such that for all p, < p <, {u,} are uniformly bounded in the regions where
|R(z)| < 6.

Proof. It is easy to see that the energy E(u,) are bounded for all p. Now
suppose that the conclusion of the Proposition is violated. Then there exists
a subsequence {u;} with u; = u,,, p;—7, and a sequence of points {z’}, with
2'—2° and R(x°) = 0, such that

ui(z')—00.

We will use a re-scaling argument to derive a contradiction. Since ! may not
be a local maximum of u;, we need to choose a point near x’, which is almost
a local maximum. To this end, let K be any large number and let
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=1

ri = 2K [u;(2")] 772

In a small neighborhood of z°, choose a local coordinate and let

. . 2
si(2") = ui(2)(ri — |z — ') P77
Let a; be the maximum of s;(z) in B, (z*). Let \; = [ui(ai)]_pi;.
Then from the definition of a;, one can easily verify that the ball By, k (a;)
is in the interior of B, (z%) and the value of u;(x) in By, (a;) is bounded
above by a constant multiple of w;(a;).
To see the first part, we use the fact s;(a;) > s;(x%). From this, we derive

2

2 2
it = (2K)PiT.

%

wi(a;)(r; — |a; — xﬂ)l’if1 > i (zh)r
It follows that )
W > MK, (6.54)
hence '
B)\iK(CLfL') C Bri(Iz).
To see the second part, we use s;(a;) > s;(x) and derive from (6.54),
L2
ri — |a; — ’Il|) Pt

r — |z — ¥

ui(x) < ui(a;) (

Sui(ai)QW%l ; Va € By, k(ai).
Now we can make a rescaling.
1
i = i(Ai i)
v; () Ui(ai)U( x+ a;)

Obviously v; is bounded in Bg(0), and it follows by a standard argument
that {v;} converges to a harmonic function v, in Bg(0) C R", with v,(0) = 1.
Consequently for ¢ sufficiently large,

/ vi(x) " Hdr > cK™, (6.55)
Bk (0)

for some ¢ > 0.
On the other hand, the bounded-ness of the energy F(u;) implies that

/ ultdv < C, (6.56)

for some constant C. By a straight forward calculation, one can verify that,

for any K > 0,
/ ul tdv > / o] Tdz. (6.57)
n BK(())

Obviously, (6.56) and (6.57) contradict with (6.55). This completes the
proof of the Proposition. 0O
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6.3.3 In the Regions Where R > 0.

Proposition 6.3.3 Let {u,} be solutions of equation (6.11) obtained by the
variational approach in section 2. Then there exists a p, < T, such that for
all po < p <7 and for any € > 0, {uy,} are uniformly bounded in the regions
where R(x) > e.

Proof. The proof is divided into 3 steps. In Step 1, we argue that the solutions
can only blow up at finitely many points because of the energy bound. In Step
2, we show that there is no more than one point blow up and the point must
be a local maximum of R. This is done mainly by using a Pohozaeve type
identity. In Step 3, we use (6.53) to conclude that even one point blow up is
impossible.

Step 1. The argument is standard. Let {2’} be a sequence of points such
that u;(z")—o0 and z'—z, with R(z,) > 0. Let r;, s;(z), and v;(z) be defined
as in Part II. Then similar to the argument in Part II, we see that {v;(z)}
converges to a standard function v,(z) in R™ with

—Av, = R(x,)v].

It follows that
/ ul TV > ¢, > 0.
B, (z0)

Because the total energy of w; is bounded, we can have only finitely many
such x,. Therefore, {u;} can only blow up at finitely many points.

Step 2. We have shown that {u;} has only isolated blow up points. As a
consequence of a result in [Li2] (also see [CL6] or [SZ]), we have

Lemma 6.3.1 Let R satisfy the ‘flatness condition’ in Theorem 1, Then {u;}
can have at most one simple blow up point and this point must be a local
mazimum of R. Moreover, {u;} behaves almost like a family of the standard

functions ¢y, g, with A; = (max ui)_% and with ¢ at the mazimum of R.
Step 3. Finally, we show that even one point blow up is impossible. For

convenience, let {u;} be the sequence of critical points of J,, we obtained in
Section 2. From the proof of Proposition 2.2, one can obtain

Jr(u;) < mkinR(rk)|S"| -9, (6.58)

for all positive local maxima 7 of R, because each u; is the minimum of J,,,
on a path. Now if {u;} blow up at z,, then by Lemma 6.3.1, we have

Jr(u;)—R(x,)]5"].

This is a contradiction with (6.58).

Therefore, the sequence {u;} is uniformly bounded and possesses a subse-
quence converging to a solution of (6.1). This completes the proof of Theorem
6.1.1. O
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Maximum Principles

7.1 Introduction

7.2  Weak Maximum Principle

7.3 The Hopf Lemma and Strong Maximum Principle
7.4 Maximum Principle Based on Comparison

7.5 A Maximum Principle for Integral Equations

7.1 Introduction

As a simple example of maximum principle, let’s consider a C? function u(z)
of one independent variable z. It is well-known in calculus that at a local
maximum point x, of u, we must have

v’ (z,) <0.

Based on this observation, then we have the following simplest version of
maximum principle:

Assume that u”(x) > 0 in an open interval (a, b), then u can not have
any interior maximum in the interval.

One can also see this geometrically. Since under the condition u”(z) > 0,
the graph is concave up, it can not have any local maximum.

More generally, for a C? function u(x) of n-independent variables z =
(z1,-+,2n), at a local maximum z°, we have

D?u(x°) := (U2, (7)) <0,

that is, the symmetric matrix is non-positive definite at point x°. Correspond-
ingly, the simplest version maximum principle reads:
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If
(a;j(z)) >0 and Za” T)Ug,a, () >0 (7.1)

in an open bounded domain (2, then u can not achieve its maximum in the
interior of the domain.
An interesting special case is when (a;;(x)) is an identity matrix, in which
condition (7.1) becomes
Au > 0.

Unlike its one-dimensional counterpart, condition (7.1) no longer implies
that the graph of u(x) is concave up. A simple counter example is
2 1,
u(xy, x2) = o7 — 502
One can easily see from the graph of this function that (0, 0) is a saddle point.
In this case, the validity of the maximum principle comes from the simple
algebraic fact:
For any two n X n matrices A and B, if A >0 and B <0, then AB <0.
In this chapter, we will introduce various maximum principles, and most
of them will be used in the method of moving planes in the next chapter.
Besides this, there are numerous other applications. We will list some below.
i) Providing Estimates
Consider the boundary value problem

{Auf(;z:) ,x € B1(0) C R" (7.2)

u(z) =0, x € 0B1(0).

If a < f(z) < bin B1(0), then we can compare the solution u with the
two functions )
a
— (1 —|z*) and —(1 — |z|?
(1~ af?) and 5 (1~ [af)
which satisfy the equation with f(z) replaced by a and b, respectively, and
which vanish on the boundary as u does. Now, applying the maximum prin-
ciple for A operator (see Theorem 7.1.1 in the following), we obtain

(1~ 1a’) < ula) < 5o(1 ~|aP).

ii) Proving Uniqueness of Solutions

In the above example, if f(z) = 0, then we can choose a = b = 0, and
this implies that u = 0. In other words, the solution of the boundary value
problem (7.2) is unique.

iil) Establishing the Fxistence of Solutions

(a) For a linear equation such as (7.2) in any bounded open domain 2, let

u(x) = sup ¢(z)



7.1 Introduction 177

where the sup is taken among all the functions that satisfy the corresponding
differential inequality

—Ap < f(z),z €N
{¢(x):07 x € 012

Then wu is a solution of (7.2).
(b) Now consider the nonlinear problem

—Au=f(u),zen
{u(x) — 0,2 €00, (7.3)

Assume that f(-) is a smooth function with f’(-) > 0. Suppose that there
exist two functions u(x) < @(x), such that

—Au < f(u) < f(u) < —Aa.

These two functions are called sub (or lower) and super (or upper) solutions
respectively.
To seek a solution of problem (7.3), we use successive approximations. Let

—Auy = f(u) and — Auipr = fluy).
Then by maximum principle, we have

U<up Sug <o <up <

IN
N

Let u be the limit of the sequence {u;}:
u(z) = limwu;(x),

then u is a solution of the problem (7.3).
In Section 7.2 ; we introduce and prove the weak maximum principles.

Theorem 7.1.1 (Weak Mazimum Principle for —A\.)

i) If
—Au(z) >0, x €,
then
min v > minu.
Q EXe;
i) If
—Au(z) <0, z€f2,
then

max v < max u.
0 o2
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This result can be extended to general uniformly elliptic operators. Let

0 o?

8:}51»’ J 83316%

Za” D”+Zb )Di + ().

Here we always assume that a;;(z), bi(x), and c(z) are bounded continuous
functions in 2. We say that L is uniformly elliptic if

Define

a;;(x)&&; > 5|€> for any z € 2, any & € R™ and for some & > 0.

Theorem 7.1.2 (Weak Maximum Principle for L) Let L be the uniformly
elliptic operator defined above. Assume that c(x) = 0.
1) If Lu > 0 in {2, then

min u > min u.
Q

1) If Lu <0 in (2, then

maxu < max.
2 an

These Weak Maximum Principles infer that the minima or maxima of u
attain at some points on the boundary 0f2. However, they do not exclude
the possibility that the minima or maxima may also occur in the interior of
(2. Actually this can not happen unless u is constant, as we will see in the
following.

Theorem 7.1.3 (Strong Maximum Principle for L with ¢(x) = 0) Assume
that §2 is an open, bounded, and connected domain in R" with smooth bound-
ary 082. Let u be a function in C?(2) N C(2). Assume that c(z) = 0 in
0.
i) If
Lu(x) >0, =€ £,

then u attains its minimum value only on 0f2 unless u is constant.
ii) If
Lu(z) <0, x€ {2,

then u attains its maximum value only on 02 unless u is constant.

This maximum principle (as well as the weak one) can also be applied to
the case when ¢(x) > 0 with slight modifications.
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Theorem 7.1.4 (Strong Mazimum Principle for L with c¢(x) > 0) Assume
that £2 is an open, bounded, and connected domain in R™ with smooth bound-
ary 082. Let u be a function in C?(2) N C(£2). Assume that c(z) > 0 in
0.
1) If
Lu(x) >0, =€,
then u can not attain its non-positive minimum in the interior of 2 unless u
18 constant.
ii) If
Lu(z) <0, € {2,
then u can not attain its non-negative maximum in the interior of {2 unless
u s constant.

We will prove these Theorems in Section 7.3 by using the Hopf Lemma.

Notice that in the previous Theorems, we all require that c(z) > 0.
Roughly speaking, maximum principles hold for ‘positive’ operators. —A is
‘positive’; and obviously so does —A + ¢(x) if ¢(z) > 0. However, as we will
see in the next chapter, in practical problems it occurs frequently that the
condition ¢(z) > 0 can not be met. Do we really need ¢(x) > 0?7 The answer
is ‘no’. Actually, if ¢(x) is not ‘too negative’, then the operator -~A+ c(x)’
can still remain ‘positive’ to ensure the maximum principle. These will be
studied in Section 7.4, where we prove the ‘Maximum Principles Based on
Comparisons’.

Let ¢ be a positive function on (2 satisfying

—Np+ ANz)p > 0. (7.4)
Let u be a function such that

—Au+cx)u>0xe R
u>0 on O0f2.

Theorem 7.1.5 (Maximum Principle Based on Comparison)
Assume that 2 is a bounded domain. If

c(x) > ANz) ,Vx € 02,

then v >0 in (2.

Also in Section 7.4, as consequences of Theorem 7.1.5, we derive the ‘Nar-
row Region Principle’ and the ‘Decay at Infinity Principle’. These principles
can be applied very conveniently in the ‘Method of Moving Planes’ to estab-
lish the symmetry of solutions for semi-linear elliptic equations, as we will see
in later sections.

In Section 7.5, we establish a maximum principle for integral inequalities.
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7.2 Weak Maximum Principles

In this section, we prove the weak maximum principles.

Theorem 7.2.1 (Weak Mazimum Principle for —/\.)

i) If
—Au(z) >0, ze€f2 (7.6)
then
min v > min u. (7.7
Q2 00
ii) If
—Au(x) <0, ze€, (7.8)
then
max v < max u. (7.9)
2 a0

Proof. Here we only present the proof of part i). The entirely similar proof
also works for part ii).

To better illustrate the idea, we will deal with one dimensional case and
higher dimensional case separately.

First, let 2 be the interval (a,b). Then condition (7.6) becomes u”(z) <
0. This implies that the graph of u(z) on (a,b) is concave downward, and
therefore one can roughly see that the values of u(x) in (a,b) are large or
equal to the minimum value of u at the end points (See Figure 2).

/AN

a b
Figure 2

To prove the above observation rigorously, we first carry it out under the
stronger assumption that
—u"(x) > 0. (7.10)

Let m = mingg, u. Suppose in contrary to (7.7), there is a minimum z° € (a,b)
of u, such that u(z°) < m. Then by the second order Taylor expansion of u
around z°, we must have —u” (2°) < 0. This contradicts with the assumption
(7.10).

Now for u only satisfying the weaker condition (7.6), we consider a per-
turbation of u:

ue(x) = u(z) — ex?.

Obviously, for each € > 0, u.(x) satisfies the stronger condition (7.10), and
hence
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min ue > min ue.
(9] o2

Now letting e—0, we arrive at (7.7).
To prove the theorem in dimensions higher than one, we need the following

Lemma 7.2.1 (Mean Value Inequality) Let x° be a point in (2. Let B (z°) C
£2 be the ball of radius r center at x°, and OB, (x°) be its boundary.

i) If =Au(z) > (=) 0 for x € B, (z°) with some r, > 0, then for any
ro>1r >0,

1
0B, (2°)] Jop, (ze)

It follows that, if x° is a minimum of u in {2, then

u(z?) > (=) u(x)dS. (7.11)

—Au(z?) <0. (7.12)

it) If —Au(z) < 0 for x € B, (x°) with some r, > 0, then for any r, >
r >0,
1

< e
0B, (z°)| Jop, (z°)

It follows that, if x° is a maximum of u in (2, then

u(z?)

u(x)dS. (7.13)

—Au(z?) > 0. (7.14)

We postpone the proof of the Lemma for a moment. This Lemma tell
us that, if —Awu(z) > 0, then the value of u at the center of the small ball
B,(z°) is larger than its average value on the boundary 0B, (x°). Roughly
speaking, the graph of u is locally somewhat concave downward. Now based
on this Lemma, to prove the theorem, we first consider u(x) = u(x) — e|x|?.
Obviously,

—Aue = —Au+ 2en > 0. (7.15)
Hence we must have
min u, > min u, (7.16)
7} o0

Otherwise, if there exists a minimum x° of u in (2, then by Lemma 7.2.1, we
have —Au,(z°) < 0. This contradicts with (7.15). Now in (7.16), letting e—0,
we arrive at the desired conclusion (7.7).

This completes the proof of the Theorem.

The Proof of Lemma 7.2.1. By the Divergence Theorem,

Ju
Au(z)dz :/ —dS = r"’l/ —(z° +rw)dS,, (7.17
/B,,.(zo) (=) 0B, (z0) OV gn-1 8r( ) (7.17)

where dS,, is the area element of the n — 1 dimensional unit sphere S"~1 =
{w] |l =1}
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If Au < 0, then by (7.17),
%{/ w(z® + rw)dS,} < 0. (7.18)
Sn—l

Integrating both sides of (7.18) from 0 to r yields

/ u(z® + rw)dS,, — u(xz°)|S" " <0,
Sn—1

where | S| is the area of S"~1. It follows that

1

u(z®) > ——
r= S Jop, (ae)

u(zx)dS.

This verifies (7.11).
To see (7.12), we suppose in contrary that —Awu(z°) > 0. Then by the
continuity of Awu, there exists a § > 0, such that

—Au(z) >0, VYo € Bs(z?).

Consequently, (7.11) holds for any 0 < r < 4. This contradicts with the
assumption that xz° is a minimum of w.
This completes the proof of the Lemma.

From the proof of Theorem 7.2.1, one can see that if we replace —A op-
erator by —A + ¢(x) with ¢(z) > 0, then the conclusion of Theorem 7.2.1 is
still true (with slight modifications). Furthermore, we can replace the Laplace
operator —/A\ with general uniformly elliptic operators. Let

0 02

Di=—-—, Dij= .
83:1» J (93318$J

Define
Za” ) Dij +Zb )D; + (). (7.19)
Here we always assume that a;;(z), bi(x), and ¢(x) are bounded continuous
functions in 2. We say that L is uniformly elliptic if
a;;(x)&&; > 5|€> for any x € £2, any & € R" and for some & > 0.

Theorem 7.2.2 (Weak Mazimum Principle for L with ¢(x) = 0). Let L be
the uniformly elliptic operator defined above. Assume that c(x) = 0.
1) If Lu > 0 in {2, then

min v > min u. (7.20)
e} o0
it) If Lu < 0 in {2, then

maxu < maxu.
N a2
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For ¢(x) > 0, the principle still applies with slight modifications.

Theorem 7.2.3 (Weak Mazimum Principle for L with ¢(x) > 0). Let L be
the uniformly elliptic operator defined above. Assume that ¢(x) > 0. Let

u” (x) = min{u(x),0} and u’(z)=max{u(z),0}.
1) If Lu > 0 in {2, then
m(_;nu > rgin u- .
it) If Lu < 0 in {2, then

max u < max ut.
Q YY)

Interested readers may find its proof in many standard books, say in [Ev],
page 327.

7.3 The Hopf Lemma and Strong Maximum Principles

In the previous section, we prove a weak form of maximum principle. In the
case Lu > 0, it concludes that the minimum of u attains at some point on the
boundary 9f2. However it does not exclude the possibility that the minimum
may also attain at some point in the interior of 2. In this section, we will show
that this can not actually happen, that is, the minimum value of u can only
be achieved on the boundary unless w is constant. This is called the “Strong
Maximum Principle”. We will prove it by using the following

Lemma 7.3.1 (Hopf Lemma). Assume that 2 is an open, bounded, and
connected domain in R"™ with smooth boundary 0f2. Let u be a function in
C?2(2)NC(NQ). Let

L=-— Za” D”+Zb )D; + ()

be uniformly elliptic in 2 with ¢(x) = 0. Assume that
Lu> 0 in 0. (7.21)

Suppose there is a ball B contained in {2 with a point x° € 02 N OB and
suppose
u(z) > u(z®), Vr € B. (7.22)

Then for any outward directional derivative at x°,

Ou(zx®)

5, < 0. (7.23)
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In the case ¢(z) > 0, if we require additionally that w(z°) < 0, then the
same conclusion of the Hopf Lemma holds.

Proof. Without loss of generality, we may assume that B is centered at
the origin with radius r. Define
—ar —alz|?

w(z) =e —e

Consider v(z) = u(x) + ew(x) on the set D = Bz (z°) N B (See Figure 3).

Figure 3

We will choose o and € appropriately so that we can apply the Weak
Maximum Principle to v(z) and arrive at

v(x) > v(x°) Ya € D. (7.24)
We postpone the proof of (7.24) for a moment. Now from (7.24), we have

%w) <0, (7.25)

Noticing that
ow

v
We arrive at the desired inequality

@
ov

(z°) >0

(z%) < 0.

Now to complete the proof of the Lemma, what left to verify is (7.24). We
will carry this out in two steps. First we show that

Lv > 0. (7.26)
Hence we can apply the Weak Maximum Principle to conclude that

minv > min. (7.27)
D oD
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Then we show that the minimum of v on the boundary 9D is actually
attained at x°:
v(x) > v(z°) Yo € OD. (7.28)

Obviously, (7.27) and (7.28) imply (7.24).
To see (7.26), we directly calculate

Lw = eI {do? 37 agj()asr; — 20 Y fas() = biw)ai] = e@)} + cw)e”
> e_alx‘2{4a2 Z a;j(x)zx; — 20 Z[aii(az) —bi(x)z;] — c(x)} (7.29)

i,j=1
By the ellipticity assumption, we have

Z aij(v)ziz; > 6|x* > 5(%)2 >0 in D. (7.30)

ij=1

Hence we can choose « sufficiently large, such that Lw > 0. This, together
with the assumption Lu > 0 implies Lv > 0, and (7.27) follows from the Weak
Maximum Principle.
To verify (7.28), we consider two parts of the boundary D separately.
(i) On 9D N B, since u(z) > u(z®), there exists a ¢, > 0, such that
u(z) > u(x®) + ¢,. Take € small enough such that e|w| < § on 9D N B. Hence

v(z) > u(z?) =v(z°) Yo € 0DNB.

(ii) On 0D N OB, w(z) = 0, and by the assumption u(z) > u(z?), we have
v(x) > v(x°).

This completes the proof of the Lemma.

Now we are ready to prove

Theorem 7.3.1 (Strong Mazimum Principle for L with c(xz) = 0.) Assume
that 2 is an open, bounded, and connected domain in R"™ with smooth bound-
ary 012. Let u be a function in C%(2) N C(£2). Assume that c(z) = 0 in
0.
i) If
Lu(zx) >0, € {2,

then u attains its minimum only on 02 unless u is constant.
i) If
Lu(z) <0, € 2,
then u attains its mazximum only on OS2 unless u is constant.
Proof. We prove part i) here. The proof of part ii) is similar. Let m be

the minimum value of u in 2. Set ¥ = {z € 2 | u(x) = m}. It is relatively
closed in 2. We show that either X' is empty or X = (2.
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We argue by contradiction. Suppose Y is a nonempty proper subset of
2. Then we can find an open ball B C £\ X with a point on its boundary
belonging to X. Actually, we can first find a point p € 2\ X such that
d(p,X) < d(p,012), then increase the radius of a small ball center at p until
it hits X' (before hitting 042). Let x° be the point at 9B N X. Obviously we
have in B
Lu>0 and u(z) > u(z?).

Now we can apply the Hopf Lemma to conclude that the normal outward
derivative

ou

v
On the other hand, z° is an interior minimum of » in {2, and we must have
Du(x°) = 0. This contradicts with (7.31) and hence completes the proof of
the Theorem.

(z?) <0. (7.31)

In the case when c¢(z) > 0, the strong principle still applies with slight
modifications.

Theorem 7.3.2 (Strong Maximum Principle for L with c(xz) > 0.) Assume
that £2 is an open, bounded, and connected domain in R™ with smooth bound-
ary 012. Let u be a function in C%(£2) N C(£2). Assume that c(z) > 0 in
0.
1) If
Lu(x) >0, z€ 1,
then u can not attain its non-positive minimum in the interior of 2 unless u
15 constant.
i) If
Lu(x) <0, x€ £,
then uw can not attain its non-negative maximum in the interior of {2 unless
u s constant.

Remark 7.3.1 In order that the maximum principle to hold, we assume that
the domain 2 be bounded. This is essential, since it guarantees the existence
of mazimum and minimum of w in 2. A simple counter example is when §2
is the half space {x € R™ | x,, > 0}, and u(x,y) = x,. Obviously, Au = 0, but
u does not obey the maximum principle:

maxu < maxu.
9 an
Equally important is the non-negativeness of the coefficient c(x). For exam-
ple, set 2 ={(z,y) e R* | -5 <z <%, -5 <y <73} Thenu=coszcosy
satisfies
—Au—2u=0, in 2
u =0, on 0f2.
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But, obviously, there are some points in {2 at which u < 0.

However, if we impose some sign restriction on w, say u > 0, then both
conditions can be relazed. A simple version of such result will be present in
the next theorem.

Also, as one will see in the next section, c(x) is actually allowed to be
negative, but not ‘too negative’.

Theorem 7.3.3 (Maximum Principle and Hopf Lemma for not necessarily
bounded domain and not necessarily non-negative c(x). )

Let 2 be a domain in R™ with smooth boundary. Assume that u € C%(£2)N
C(£2) and satisfies

—Au+ Y0 bi(z)Diu+ c(z)u >0, u(xz) >0,z € 2 (7.39)
u(z) =0 x € 92 )
with bounded functions b;(x) and c(x). Then
1) if u vanishes at some point in (2, then w =0 in §2; and
it) if u £0 in 2, then on 012, the exterior normal derivative ? < 0.
v

To prove the Theorem, we need the following Lemma concerning eigenval-
ues.

Lemma 7.3.2 Let \; be the first positive eigenvalue of

—A¢ = o(z) z € B1(0)
{¢(m) =0 x € 0B1(0) (7.33)

with the corresponding eigenfunction ¢(x) > 0. Then for any p > 0, the first
positive eigenvalue of the problem on B,(0) is —; More precisely, if we let
p
P(z) = ¢(3), then
A1
—N\p = ?1/)(@ x € B,(0)
Y(x)=0 x € 0B,(0)

(7.34)

The proof is straight forward, and will be left for the readers.
The Proof of Theorem 7.3.3.
i) Suppose that u = 0 at some point in {2, but v £0 on 2. Let

2p ={z € 2| u(zx) >0}

Then by the regularity assumption on u, {2 is an open set with C? boundary.
Obviously,
u(z) =0, Voeofl.

Let x° be a point on 924, but not on 0f2. Then for p > 0 sufficiently small,
one can choose a ball B,,/5(Z) C £2; with 2° as its boundary point. Let v be
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the positive eigenfunction of the eigenvalue problem (7.34) on B,(x°) corre-

A
sponding to the eigenvalue —; Obviously, B,(z°) completely covers B, /5(Z).
p

Let v = % Then from (7.32), it is easy to deduce that

0< —-Av—2vyv- +Zb )D;v + <_jw+zﬂ:Djp+c(x)>v
i=1
Z x)D;v + &(x)v.

Let ¢ be the positive eigenfunction of the eigenvalue problem (7.33) on By,

then
~ M 1D
fe)==5+-» —+
P op ; ¢
This allows us to choose p sufficiently small so that ¢(z) > 0. Now we can
apply Hopf Lemma to conclude that, the outward normal derivative at the
boundary point x° of B, /5(T),

0
oy (@) <0 (7.35)
because )
v(xz) > 0V € B,/3(T) and v(2?) = :Z((i")) —

On the other hand, since z° is also a minimum of v in the interior of (2,
we must have
vo(z?) = 0.
This contradicts with (7.35) and hence proves part i) of the Theorem.

ii) The proof goes almost the same as in part i) except we consider the
point x° on 92 and the ball B,/5(z) is in {2 with 2° € dB,/5(Z). Then for
the outward normal derivative of u, we have

ou, ,. v, , o o v
7, (%) = 5. (@°)9(a°) +v(z®) 57 (2%) = o~

Here we have used a well-known fact that the eigenfunction ¢ on B,(z°) is ra-
dially symmetric about the center z°, and hence 79 (2°) = 0. This completes
the proof of the Theorem.

o (@)P(x?) <0.

7.4 Maximum Principles Based on Comparisons

In the previous section, we show that if (—A+c¢(z))u > 0, then the maximum
principle, i.e. (7.20), applies. There, we required ¢(z) > 0. We can think —A
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as a ‘positive’ operator, and the maximum principle holds for any ‘positive’
operators. For ¢(z) > 0, —A+c¢(x) is also ‘positive’. Do we really need ¢(z) > 0
here? To answer the question, let us consider the Dirichlet eigenvalue problem
of —A\:
—A¢p—Ap(x) =0z €
{d)(x) =0 x € 002 (7.36)

We notice that the eigenfunction ¢ corresponding to the first positive eigen-
value A; is either positive or negative in (2. That is, the solutions of (7.36)
with A = A\; obey Maximum Principle, that is, the maxima or minima of ¢
are attained only on the boundary 9f2. This suggests that, to ensure the Max-
imum Principle, ¢(x) need not be nonnegative, it is allowed to be as negative
as —A1. More precisely, we can establish the following more general maximum
principle based on comparison.

Theorem 7.4.1 Assume that (2 is a bounded domain. Let ¢ be a positive
function on 2 satisfying
—Np+ Mz)p > 0. (7.37)

Assume that u is a solution of

—Au+cx)u>0x e
{u >0 on 012. (7.38)
If
c(x) > ANz), Yo e, (7.39)

then u > 0 in 2.

Proof. We argue by contradiction. Suppose that u(z) < 0 somewhere in

u(z)

2. Let v(z) = o) Then since ¢(x) > 0, we must have v(z) < 0 somewhere
x

in 2. Let 2° € {2 be a minimum of v(z). By a direct calculation, it is easy to

verify that
ve 1 A
—Av =230 — + —(—Au+ —u). 7.40
Vo=t ol el (7.40)
On one hand, since z° is a minimum, we have
—Av(z°) <0 and yv(z?) = 0. (7.41)

While on the other hand, by (7.37), (7.38), and (7.39), and taking into
account that u(z°) < 0, we have, at point z°,

—Au+ %u(wo) > —Au+ Az%)u(z?)

> —Au+ ce(x?)u(z?) > 0.

This is an obvious contradiction with (7.40) and (7.41), and thus completes
the proof of the Theorem.
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Remark 7.4.1 From the proof, one can see that conditions (7.37) and (7.39)
are required only at the points where v attains its minimum, or at points where
u 1S negative.

The Theorem is also valid on an unbounded domains if v is “nonnegative”
at infinity:

Theorem 7.4.2 If {2 is an unbounded domain, besides condition (7.38), we
assume further that
lim inf u(z) > 0. (7.42)
|z|—00

Then v >0 in 2.

Proof. Still consider the same v(x) as in the proof of Theorem 7.4.1. Now
condition (7.42) guarantees that the minima of v(z) do not “leak” away to
infinity. Then the rest of the arguments are exactly the same as in the proof
of Theorem 7.4.1.

For convenience in applications, we provide two typical situations where
there exist such functions ¢ and c(z) satisfying condition (7.37) and (7.39),
so that the Maximum Principle Based on Comparison applies:

i) Narrow regions, and

ii) ¢(z) decays fast enough at oc.

i) Narrow Regions. When
N={x]0<z <1}

is a narrow region with width [ as shown:

We can choose ¢(z) = sin(27<). Then it is easy

-1

to see that —A¢ = (})%¢, where \(z) = =

o 1l 1 can be very negative when [ is sufficiently small.

Corollary 7.4.1 (Narrow Region Principle.) If u satisfies (7.38) with bounded

function c(x). Then when the width | of the region §2 is sufficiently small, c¢(x)
-1

satisfies (7.39), i.e. c(x) > Nx) = VPR Hence we can directly apply Theorem

7.4.1 to conclude that u > 0 in §2, provided liminf|,— o u(x) > 0.

it) Decay at Infinity. In dimension n > 3, one can choose some positive
number ¢ < n — 2, and let ¢(z) = - Then it is easy to verify that

BREE
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n—2-gq

_A¢ZQ(|M2 ¢.

In the case ¢(x) decays fast enough near infinity, we can adapt the proof of
Theorem 7.4.1 to derive

Corollary 7.4.2 (Decay at Infinity ) Assume there exist R > 0, such that

o) > —q(”|_x|22_q>, Viz| > R, (7.43)

Suppose

|z|— o0 ‘(E|q

Let £2 be a region containing in Bf(0) = R™\ Br(0). If u satisfies (7.38) on
2, then
u(z) >0 for all x € £2.

Remark 7.4.2 From Remark 7.4.1, one can see that actually condition
(7.43) is only required at points where u is negative.

Remark 7.4.3 Although Theorem 7.4.1 as well as its Corollaries are stated
in linear forms, they can be easily applied to a nonlinear equation, for example,

—Au— |[ufPlu=0 ze€R" (7.44)

1
Assume that the solution u decays near infinity at the rate of W with
x

s(p—1) > 2. Let c(z) = —|u(z)[P~t. Then for R sufficiently large, and for
the region 2 as stated in Corollary 7.4.2, c(x) satisfies (7.43) in 2. If further
assume that

ulan >0,

then we can derive from Corollary 7.4.2 that u > 0 in the entire region 2.

7.5 A Maximum Principle for Integral Equations

In this section, we introduce a maximum principle for integral equations.
Let £2 be a region in R™, may or may not be bounded. Assume

K(z,y) >0, V(z,y) € 2x 1.

Define the integral operator T by

(Tf)(x) = /Q K(x,y)f(y)dy.
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Let || - || be a norm in a Banach space satisfying
17 < lgll,  whenever 0 < f(z) < g(z) in 2. (7.45)

There are many norms that satisfy (7.45), such as LP(§2) norms, L°°({2) norm,
and C(2) norm.

Theorem 7.5.1 Suppose that

ITgll < 6llg]| with some0 <60 <1 Vg. (7.46)
If
f(@) < (Tf)(), (7.47)
then
f(x) <0 forallxz e £ (7.48)

Proof. Define
2p ={ze 2] f(z) >0},
and
[ (z) = max{0, f(z)}, f~(z) = min{0, f(x)}.

Then it is easy to see that for any = € (2,
0< fH(z) < (Tf)(@) = (Tf) (@) +(Tf)" () < (Tf)" (x) (7.49)

While in the rest of the region 2, we have f*(z) = 0 and (Tf)"(z) > 0 by
the definitions. Therefore, (7.49) holds for any = € (2. Tt follows from (7.49)
that

L= I@hHI <ol
Since € < 1, we must have
I£1 =0,

which implies that f*(z) =0, and hence f(x) < 0. This completes the proof
of the Theorem.

Recall that in Section 5, after introducing the “Mazimum Principle Based
on Comparison” for Partial Differential Equations, we explained how it can
be applied to the situations of “Narrow Regions’ and “Decay at Infinity”.
Parallel to this, we have similar applications for integral equations. Let « be
a number between 0 and n. Define

(Tf)(x) = /Q mc@)ﬂy)dy.

Assume that f satisfies the integral equation

f=Tf 1in 2,
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or more generally, the integral inequality
f<Tf in . (7.50)
Further assume that

1T fllLr2) < Clic@) )l fllze2), (7.51)

for some p, 7 > 1.

If we have some right integrability condition on ¢(y), then we can derived,
from Theorem 7.5.1, a maximum principle that will be applied to “Narrow
Regions” and “Near Infinity”. More precisely, we have

Corollary 7.5.1 Assume that ¢(y) > 0 and c(y) € L™(R™). Let f € LP(R"™)
be a nonnegative function satisfying (7.50) and (7.51). Then there exist posi-
tive numbers R, and €, depending on c(y) only, such that

if 1(2N Bg,(0)) < €y, then fT =0 in 0.

where (D) is the measure of the set D.

Proof. Since ¢(y) € L™ (R™), by Lebesgue integral theory, when the measure
of the intersection of {2 with Bpg_(0) is sufficiently small, we can make the
integral [, |c(y)|"dy as small as we wish, and thus to obtain

Clle)llz-(o) < 1.
Now it follows from Theorem 7.5.1 that

ffx)=0,vre n.
This completes the proof of the Corollary.

Remark 7.5.1 One can see that the condition u(£2 N Br,(0)) < ¢, in the
Corollary is satisfied in the following two situations.

1) Narrow Regions: The width of §2 is very small.

i) Near Infinity: Say, 2 = B$(0), the complement of the ball Br(0), with
sufficiently large R.

As an immediate application of this “Maximum Principle”’, we study an
integral equation in the next section. We will use the method of moving planes
to obtain the radial symmetry and monotonicity of the positive solutions.
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Methods of Moving Planes and of Moving
Spheres

8.1  Outline of the Method of Moving Planes
8.2  Applications of Maximum Principles Based on Comparison

8.2.1 Symmetry of Solutions on a Unit Ball
8.2.2 Symmetry of Solutions of —Au = u? in R™.
8.2.3 Symmetry of Solutions of —Au = e* in R?

8.3 Method of Moving Planes in a Local Way

8.3.1 The Background
8.3.2 The A Priori Estimates

8.4 Method of Moving Spheres

8.4.1 The Background
8.4.2 Necessary Conditions

8.5 Method of Moving Planes in an Integral Form and
Symmetry of Solutions for Integral Equations

The Method of Moving Planes (MMP) was invented by the Soviet math-
ematician Alexanderoff in the early 1950s. Decades later, it was further de-
veloped by Serrin [Se], Gidas, Ni, and Nirenberg [GNN], Caffarelli, Gidas,
and Spruck [CGS], Li [Li], Chen and Li [CL] [CL1], Chang and Yang [CY],
and many others. This method has been applied to free boundary problems,
semi-linear partial differential equations, and other problems. Particularly for
semi-linear partial differential equations, there have seen many significant con-
tributions. We refer to the paper of Frenkel [F] for more descriptions on the
method.

The Method of Moving Planes and its variant—-the Method of Moving
Spheres—have become powerful tools in establishing symmetries and mono-
tonicity for solutions of partial differential equations. They can also be used
to obtain a priori estimates, to derive useful inequalities, and to prove non-
existence of solutions.
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From the previous chapter, we have seen the beauty and power of maxi-
mum principles. The MMP greatly enhances the power of maximum principles.
Roughly speaking, the MMP is a continuous way of repeated applications of
maximum principles. During this process, the maximum principle has been
used infinitely many times; and the advantage is that each time we only need
to use the maximum principle in a very narrow region. From the previous
chapter, one can see that, in such a narrow region, even if the coefficients of
the equation are not ‘good,’ the maximum principle can still be applied. In the
authors’ research practice, we also introduced a form of maximum principle
at infinity to the MMP and therefore simplified many proofs and extended
the results in more natural ways. We recommend the readers study this part
carefully, so that they will be able to apply it to their own research.

It is well-known that by using a Green’s function, one can change a dif-
ferential equation into an integral equation, and under certain conditions,
they are equivalent. To investigate the symmetry and monotonicity of inte-
gral equations, the authors, together with Ou, created an integral form of
MMP. Instead of using local properties (say differentiability) of a differen-
tial equation, they employed the global properties of the solutions of integral
equations.

In this chapter, we will apply the Method of Moving Planes and their
variant—the Method of Moving Spheres— to study semi-linear elliptic equa-
tions and integral equations. We will establish symmetry, monotonicity, a
priori estimates, and non-existence of the solutions. During the process of
Moving Planes, the Maximum Principles introduced in the previous chapter
are applied in innovative ways.

In Section 8.2, we will establish radial symmetry and monotonicity for the
solutions of the following three semi-linear elliptic problems

{ —Au= f(u) z € B1(0)
u=0 on 0B1(0);

—Au:u%(x) r€R" n>3;

and
—Au=e"") g e R

During the moving of planes, the Maximum Principles Base on Comparison
will play a major role. In particular, the Narrow Region Principle and the
Decay at Infinity Principle will be used repeatedly in dealing with the three
examples.

In Section 8.3, we will apply the Method of Moving Planes in a ‘local way’
to obtain a priori estimates on the solutions of the prescribing scalar curvature
equation on a compact Riemannian manifold M

4(n — 1) n+2

—72A0u + Ro(z)u = R(z)u»—2, in M.
n—
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We alow the function R(z) to change signs. In this situation, the traditional
blowing-up analysis fails near the set where R(x) = 0. We will use the Method
of Moving Planes in an innovative way to obtain a priori estimates. Since the
Method of Moving Planes can not be applied to the solution u directly, we
introduce an auxiliary function to circumvent this difficulty.

In Section 8.4, we use the Method of Moving Spheres to prove a non-
existence of solutions for the prescribing Gaussian and scalar curvature equa-
tions

—Au+ 2= R(x)e",
and
n(n —2) n—2 ni2

—Au+ 1 U= (n = 1)R(x)un

on S? and on S™ (n > 3), respectively. We prove that if the function R(z)
is rotationally symmetric and monotone in the region where it is positive,
then both equations admit no solution. This provides a stronger necessary
condition than the well known Kazdan-Warner condition, and it also becomes
a sufficient condition for the existence of solutions in most cases.

In Section 8.5, as an application of the maximum principle for integral
equations introduced in Section 7.5, we study the integral equation in R"

n+ao

u(z) = /R NS

n |z —yPe

for any real number a between 0 and n. It arises as an Euler-Lagrange equation
for a functional in the context of the Hardy-Littlewood-Sobolev inequalities.
Due to the different nature of the integral equation, the traditional Method of
Moving Planes does not work. Hence we exploit its global property and develop
a new idea—the Integral Form of the Method of Moving Planes to obtain the
symmetry and monotonicity of the solutions. The Maximum Principle for
Integral Equations established in Chapter 7 is combined with the estimates
of various integral norms to carry on the moving of planes.

8.1 Outline of the Method of Moving Planes

To outline how the Method of Moving Planes works, we take the Fuclidian
space R"™ for an example. Let u be a positive solution of a certain partial
differential equation. If we want to prove that it is symmetric and monotone
in a given direction, we may assign that direction as x; axis. For any real
number A, let

T)‘:{w:(xl’x%"';xn)eRn|x1:)\}.

This is a plane perpendicular to x;-axis and the plane that we will move with.
Let X'\ denote the region to the left of the plane, i.e.
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ZAZ{IERn|$1<)\}.

Let
= 2\ —z1, o, -+, Ty),

the reflection of the point x = (1, -, z,) about the plane Ty (See Figure 1).

€T e .I')\

\J

Figure 1

We compare the values of the solution u at point z and z*, and we want
to show that v is symmetric about some plane T),. To this end, let

wy(z) = u(z?) — u(x).
In order to show that, there exists some JA,, such that
wy, () =0, Vo e Xy,

we generally go through the following two steps.
Step 1. We first show that for A sufficiently negative, we have

wy(z) >0, Vo € X). (8.1)

Then we are able to start off from this neighborhood of 1 = —o0, and move
the plane T along the z; direction to the right as long as the inequality (8.1)
holds.

Step 2. We continuously move the plane this way up to its limiting position.
More precisely, we define

Ao =sup{\ | wx(z) > 0,Vz € Ty }.

We prove that u is symmetric about the plane T, that is wy,(x) = 0 for all
x € Xy . This is usually carried out by a contradiction argument. We show
that if wy, () # 0, then there would exist A > \,, such that (8.1) holds, and
this contradicts with the definition of \,.

From the above illustration, one can see that the key to the Method of
Moving Planes is to establish inequality (8.1), and for partial differential equa-
tions, maximum principles are powerful tools for this task. While for integral
equations, we use a different idea. We estimate a certain norm of wy on the
set

Yy ={r e Xy |wi(z) <0}
where the inequality (8.1) is violated. We show that this norm must be zero,
and hence X'\ is empty.
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8.2 Applications of the Maximum Principles Based on
Comparisons

In this section, we study some semi-linear elliptic equations. We will apply
the method of moving planes to establish the symmetry of the solutions. The
essence of the method of moving planes is the application of various maximum
principles. In the proof of each theorem, the readers will see vividly how the
Maximum Principles Based on Comparisons are applied to narrow regions and
to solutions with decay at infinity.

8.2.1 Symmetry of Solutions in a Unit Ball

We first begin with an elegant result of Gidas, Ni, and Nirenberg [GNN1]:

Theorem 8.2.1 Assume that f(-) is a Lipschitz continuous function such
that

lf(p) = f(@)| < Colp — g (8.2)
for some constant C,. Then every positive solution u of
—Au = f(u) z € B1(0)
{u =0 on 0B1(0). (8.3)

is radially symmetric and monotone decreasing about the origin.

Proof.

As shown on Figure 4 below, let Ty = {« | 1 = A} be the plane perpen-
dicular to the z; axis. Let X'\ be the part of B;(0) which is on the left of the
plane T). For each 2 € Xy, let 2* be the reflection of the point = about the
plane T, more precisely, 2 = (2\ — 1, T2, -+, Ty,).

o3
5

\J

1N
Figure 4

We compare the values of the solution u on X'\ with those on its reflection.
Let
ur(z) = u(x), and wy(z) = ur(z) —u(z).
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Then it is easy to see that u) satisfies the same equation as v does. Applying
the Mean Value Theorem to f(u), one can verify that w) satisfies

Awy + Cz, Nwyr(x) =0, x € Xy,

where

Ol = L2 = T

and by condition (8.2),
|C(z, )| < Co. (8.4)

Step 1: Start Moving the Plane.

We start from the near left end of the region. Obviously, for A sufficiently
close to —1, Xy is a narrow (in 2 direction) region, and on 90X, wy(z) > 0.
( On Ty, wy(x) = 0; while on the curve part of 9Xy, wy(x) > 0 since u > 0
in B1(0).)

Now we can apply the “Narrow Region Principle” ( Corollary 7.4.1 ) to
conclude that, for A close to —1,

’LU)\(I) >0, Vo € X). (85)

This provides a starting point for us to move the plane T)

Step 2: Mowve the Plane to Its Right Limit.

We now increase the value of A continuously, that is, we move the plane
T) to the right as long as the inequality (8.5) holds. We show that, by moving
this way, the plane will not stop before hitting the origin. More precisely, let

A =sup{\ | wx(z) >0, Vo € £,},

we first claim that -
A>0. (8.6)

Otherwise, we will show that the plane can be further moved to the right
by a small distance, and this would contradicts with the definition of . In
fact, if A < 0, then the image of the curved surface part of dX5 under the
reflection about T lies inside By (0), where u(x) > 0 by assumption. It follows
that, on this part of 0X5, ws(x) > 0. By the Strong Maximum Principle, we
deduce that

wx(z) >0

in the interior of X5.

Let d, be the maximum width of narrow regions that we can apply the
“Narrow Region Principle”. Choose a small positive number §, such that § <
%, —X. We consider the function wy_s(z) on the narrow region (See Figure
5):

_ d,
(25:E;\+5ﬁ{x|x1 >)\75}.
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It satisfies

Aws s+ Clz, A+ 6)ws,5 =0z € 25 (87)
wy,s(x) >0 x € 0825. ’
L—
Q >
°0 1

The equation is obvious. To see the boundary condition, we first notice
that it is satisfied on the two curved parts and one flat part where x; = A+ 6
of the boundary 9f2s due to the definition of wy_ 5. To see that it is also true
on the rest of the boundary where z; = A — %, we use continuity argument.
Notice that on this part, ws is positive and bounded away from 0. More

precisely and more generally, there exists a constant ¢, > 0, such that
wi(z) > ¢o, Vo€ X5 _a,.
2
Since wy is continuous in A, for ¢ sufficiently small, we still have
_ > _ .
wy,s(x) >0, Vo e ZAJ%O

Hence in particular, the boundary condition in (8.7) holds for such small §.
Now we can apply the “Narrow Region Principle” to conclude that

ws,s(x) >0, Vae .

And therefore,
wyys(x) =20, Vo e Xy,
This contradicts with the definition of A and thus establishes (8.6).
(8.6) implies that

w(—z1,2") <wu(ry,z’) Vo, >0, (8.8)
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where 2’ = (23, -, Zy).
We then start from A close to 1 and move the plane T toward the left.
Similarly, we obtain

w(—x1,2") > u(zy,2’) Vo, >0, (8.9)

Combining two opposite inequalities (8.8) and (8.9), we see that u(z) is
symmetric about the plane Tj. Since we can place x; axis in any direction,
we conclude that u(z) must be radially symmetric about the origin. Also the
monotonicity easily follows from the argument. This completes the proof.

8.2.2 Symmetry of Solutions of —Au = uP in R™

In an elegant paper of Gidas, Ni, and Nirenberg [2], an interesting results is
the symmetry of the positive solutions of the semi-linear elliptic equation:

Au+u? =0, z€ R",n>3. (8.10)
They proved
Theorem 8.2.2 For p = "2 qll the positive solutions of (8.10) with rea-

n—2’
sonable behavior at infinity, namely
1
u =0

|x‘n—2

),

are radially symmetric and monotone decreasing about some point, and hence
assume the form
[n(n — 2)A2 "7

u(z) = —— for A > 0 and for some x° € R".
T D)

This uniqueness result, as was pointed out by R. Schoen, is in fact equiv-
alent to the geometric result due to Obata [O]: A Riemannian metric on S™
which is conformal to the standard one and having the same constant scalar
curvature is the pull back of the standard one under a conformal map of
S™ to itself. Recently, Caffarelli, Gidas and Spruck [CGS] removed the de-
cay assumption u = O(|z|>~™) and proved the same result. In the case that
1<p< %7 Gidas and Spruck [GS] showed that the only non-negative solu-
tion of (8.10) is identically zero. Then, in the authors paper [CL1], a simpler
and more elementary proof was given for almost the same result:

Theorem 8.2.3 i) For p = "2 every positive C? solution of (8.10) must

n—2’
be radially symmetric and monotone decreasing about some point, and

hence assumes the form

_9))2 nzz
u(z) = [n(n X] — for some A >0 and z° € R".
(N + |z —2z°?) =
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ii) Forp < Z—i‘%, the only nonnegative solution of (8.10) is identically zero.

The proof of Theorem 8.2.2 is actually included in the more general proof
of the first part of Theorem 8.2.3. However, to better illustrate the idea, we
will first present the proof of Theorem 8.2.2 (mostly in our own idea). And
the readers will see vividly, how the “Decay at Infinity” principle is applied
here.

Proof of Theorem 8.2.2.
Define

ZA:{I:($1,~~‘,In)€Rn|$1<)\}, T\ = 0X)

and let 2* be the reflection point of z about the plane T}, i.e.

2= (2N —x, 20, -+, Tp).
(See the previous Figure 1.)
Let
un(z) = u(xd), and wy(z) = ur(z) — u(z).

The proof consists of three steps. In the first step, we start from the very
left end of our region R™, that is near 7 = —oco. We will show that, for A
sufficiently negative,

wy(z) >0, Vo e Xy, (8.11)

Here, the “Decay at Infinity” is applied.

Then in the second step, we will move our plane T} in the the x; direction
toward the right as long as inequality (8.11) holds. The plane will stop at
some limiting position, say at A = A,. We will show that

wy, (x) =0, Ve e X),.

This implies that the solution u is symmetric and monotone decreasing about
the plane T}, . Since x1-axis can be chosen in any direction, we conclude that
u must be radially symmetric and monotone about some point.

Finally, in the third step, using the uniqueness theory in Ordinary Differ-
ential Equations, we will show that the solutions can only assume the given
form.

Step 1. Prepare to Move the Plane from Near —oo.

To verify (8.11) for A sufficiently negative, we apply the maximum principle
to wx(z). Write 7 = 2£2. By the definition of uy, it is easy to see that, uy
satisfies the same equation as u does. Then by the Mean Value Theorem, it is
easy to verify that

—Awy, = ui(@) — 7 (2) = 7oL (@)wn (). (8.12)

where 1) (x) is some number between uy(z) and u(x). Recalling the “Mazi-
mum Principle Based on Comparison” (Theorem 7.4.1), we see here ¢(z) =
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—7¢7 (). By the “Decay at Infinity” argument (Corollary 7.4.2), it suffice
to check the decay rate of w;_l(aj), and more precisely, only at the points &
where w) is negative (see Remark 7.4.2 ). Apparently at these points,

ux(Z) < u(),
and hence
0 <u(@) < Ya(@) < u(@).

By the decay assumption of the solution

we derive immediately that

@ -0 (@) -0 ().

1
Here the power of — is greater than two, which is what (actually more
Z

than) we desire for. Therefore, we can apply the “Mazimum Principle Based
on Comparison” to conclude that for A sufficiently negative ( |Z| sufficiently
large ), we must have (8.11). This completes the preparation for the moving
of planes.

Step 2. Mowve the Plane to the Limiting Position to Derive Symmetry.
Now we can move the plane T toward right, i.e., increase the value of A,
as long as the inequality (8.11) holds. Define

Ao = sup{\ | wr(x) >0, Vo € X\ }.

Obviously, A\, < 400, due to the asymptotic behavior of u near 1 = +00. We
claim that
w)\o(:r) =0, Vx e 2)\0. (813)

Otherwise, by the “Strong Maximum Principle” on unbounded domains ( see
Theorem 7.3.3 ), we have

wy,(z) > 0 in the interior of Xy . (8.14)

We show that the plane T can still be moved a small distance to the right.
More precisely, there exists a §, > 0 such that, for all 0 < § < §,, we have

w,\0+5(x) >0, Ve Xy 5. (8.15)

This would contradict with the definition of A,, and hence (8.13) must hold.
Recall that in the last section, we use the “Narrow Region Principle ” to
derive (8.15). Unfortunately, it can not be applied in this situation, because



8.2 Applications of the Maximum Principles Based on Comparisons 205

the “narrow region” here is unbounded, and we are not able to guarantee that
wy, is bounded away from 0 on the left boundary of the “narrow region”.
To overcome this difficulty, we introduce a new function

} ~ wy()
=5
where 1
qﬁ(az)*m with 0 <g<n-—2.

Then it is a straight forward calculation to verify that
A 1
— AWy = 27W) - %;b + (—AU})\ + fuu) a (8.16)

We have
Lemma 8.2.1 There exists a R, > 0 ( independent of \), such that if x° is
a minimum point of Wy and wx(z°) < 0, then |x°| < R,.

We postpone the proof of the Lemma for a moment. Now suppose that (8.15) is
violated for any 6 > 0. Then there exists a sequence of numbers {4;} tending
to 0 and for each i, the corresponding negative minimum % of wy, 1s,. By
Lemma 8.2.1, we have

|£'| < Ry, Vi=1,2,---.

Then, there is a subsequence of {z¢} (still denoted by {z‘}) which converges
to some point z° € R™. Consequently,

Vi, (27) = lim iy, 45, (2") =0 (8.17)

and

Dy, (27) = lim @y, 4, (z") <0,

However, we already know w), > 0, therefore, we must have w),(z°) = 0. It
follows that

Vwy, (2°) = or, (2°)6(2%) + @5, (2°) V¢ = 0+ 0 = 0. (8.18)

On the other hand, by (8.14), since wy, (2°) = 0, 2° must be on the
boundary of Xy . Then by the Hopf Lemma (see Theorem 7.3.3), we have,
the outward normal derivative

6w>\o
v

This contradicts with (8.18). Now, to verify (8.15), what left is to prove the
Lemma.

(z°%) < 0.
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Proof of Lemma 8.2.1. Assume that x° is a negative minimum of .
Then
—Awy(z°) <0 and 7wy (z°) = 0. (8.19)

On the other hand, as we argued in Step 1, by the asymptotic behavior of
u at infinity, if |2°] is sufficiently large,

c(x°) = =T (%) > — =
It follows from (8.12) that

¢

This, together with (8.19) contradicts with (8.16), and hence completes the
proof of the Lemma.

(—Aw)\ + AQSUA) (z°) > 0.

Step 3. In the previous two steps, we show that the positive solutions
of (8.10) must be radially symmetric and monotone decreasing about some
point in R™. Since the equation is invariant under translation, without loss of
generality, we may assume that the solutions are symmetric about the origin.
Then they satisfies the following ordinary differential equation

—u(r) — 2=/ (r) = u”

' (0) =0
U(O) _ [7L(n—27)L]j;L’2)/4
AT 2
— 2\
for some A > 0. One can verify that u(r) = W is a solution, and
+r<) 2

by the uniqueness of the ODE problem, this is the only solution. Therefore,
we conclude that every positive solution of (8.10) must assume the form

[n(n — 2)X] "%
(A2 + | — 2o[2) "5

u(x) =

for A > 0 and some z° € R™. This completes the proof of the Theorem.

Proof of Theorem 8.2.3.

i) The general idea in proving this part of the Theorem is almost the
same as that for Theorem 8.2.2. The main difference is that we have no decay
assumption on the solution u at infinity, hence the method of moving planes
can not be applied directly to u. So we first make a Kelvin transform to define

a new function
1 T
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Then obviously, v(x) has the desired decay rate 5 at infinity, but has a

1
|z~
possible singularity at the origin. It is easy to verify that v satisfies the same
equation as u does, except at the origin:

LNv+vT(x)=0 € R*\ {0},n > 3. (8.20)

We will apply the method of moving planes to the function v, and show
that v is radially symmetric and monotone decreasing about some point. If
the center point is the origin, then by the definition of v, w is also symmetric
and monotone decreasing about the origin. If the center point of v is not the
origin, then v has no singularity at the origin, and hence v has the desired
decay at infinity. Then the same argument in the proof of Theorem 8.2.2 would
imply that v is symmetric and monotone decreasing about some point.

Define

oa(z) = (), wi(z) =va(z) —v(x).

Because v(z) may be singular at the origin, correspondingly wy may be sin-
gular at the point z) = (2,0, --,0). Hence instead of on X, we consider w)
on ¥\ = X, \ {zx}. And in our proof, we treat the singular point carefully.
Each time we show that the points of interest are away from the singularities,
so that we can carry on the method of moving planes to the end to show the
existence of a A, such that wy,(z) =0 for = € on and v is strictly increasing
in the x; direction in 2A0~

As in the proof of Theorem 8.2.2, we see that vy satisfies the same equation
as v does, and

—Awy =T} z)wy ().
where 1 () is some number between vy (z) and v(x).

Step 1. We show that, for A sufficiently negative, we have
wy(z) >0, Voe Xy (8.21)

By the asymptotic behavior
1

v(w) ~ W’

we derive immediately that, at a negative minimum point x° of wy,

1

et

T—1 1

Lo (@)~ (W)Pl

1
the power of W is greater than two, and we have the desired decay rate for
x
c(z) == —ngfl(ac), as mentioned in Corollary 7.4.2. Hence we can apply the
“Decay at Infinity’ to wy(x). The difference here is that, wy has a singularity
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at x), hence we need to show that, the minimum of w) is away from x).
Actually, we will show that,

If inf g wy(z) <0, then the infimum is achieved in Xy \ Bi(zy) (8.22)
To see this, we first note that for z € B;(0),

> mi =€ >0
v(x) > arélllal))v(x) €0

due to the fact that v(z) > 0 and Av <0.

Then let A be so negative, that v(z) < ¢g for © € By(xy). This is possible
because v(z) — 0 as |z| — oo.

For such A, obviously wy(z) > 0 on By(zy) \ {zx}. This implies (8.22).
Now similar to the Step 1 in the proof of Theorem 8.2.2, we can deduce that
wy(z) > 0 for A sufficiently negative.

Step 2. Again, define
Ao = sup{\ | wy(z) > 0, Yz € I, }.
We will show that

If \, <0, then wy, (z) =0, Vz e X),.

Define wy = oA the same way as in the proof of Theorem 8.2.2. Suppose

that wy, () ~£0, then by Maximum Principle we have

wy,(r) >0, forxze X,

The rest of the proof is similar to the step 2 in the proof of Theorem 8.2.2

except that now we need to take care of the singularities. Again let A\ \, A,

be a sequence such that @y, (z) < 0 for some = € Xy, . We need to show that

for each k, inf X Wy, (z) can be achieved at some point z* € ¥y, and that
k

the sequence {mk} is bounded away from the singularities zy, of wy,. This
can be seen from the following facts

a) There exists € > 0 and 0 > 0 such that
Wy, (x) > e for z € Bs(z,) \ {za, }-

b) lim)\_»\o inf.’I:EBg((L‘A) u_J)\(x) > infxeBg(on) IT))\D(I) > €.

Fact (a) can be shown by noting that @y, (z) > 0 on X\, and Aw,, <0,
while fact (b) is obvious.

Now through a similar argument as in the proof of Theorem 8.2.2 one can
easily arrive at a contradiction. Therefore w),(z) = 0.
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If A, = 0, then we can carry out the above procedure in the opposite di-
rection, namely, we move the plane in the negative x; direction from positive
infinity toward the origin. If our planes T stop somewhere before the origin,
we derive the symmetry and monotonicity in x; direction by the above ar-
gument. If they stop at the origin again, we also obtain the symmetry and
monotonicity in x; direction by combining the two inequalities obtained in
the two opposite directions. Since the x; direction can be chosen arbitrarily,
we conclude that the solution u must be radially symmetric about some point.

ii) To show the non-existence of solutions in the case p < Z—fg, we notice
that after the Kelvin transform, v satisfies
1
Av + P(z)=0, z € R"\ {0}.

|z[rF2=p(n=2) v

Due to the singularity of the coefficient of v? at the origin, one can easily
see that v can only be symmetric about the origin if it is not identically
zero. Hence v must also be symmetric about the origin. Now given any two
points 2! and 22 in R™, since equation (8.10) is invariant under translations
and rotations, we may assume that the origin is at the mid point of the line
segment z'x2. Then from the above argument, we must have u(z!) = u(z?).
It follows that w is constant. Finally, from the equation (8.10), we conclude
that v = 0. This completes the proof of the Theorem.

8.2.3 Symmetry of Solutions for —Au = e* in R2

When considering prescribing Gaussian curvature on two dimensional com-

pact manifolds, if the sequence of approximate solutions “blows up”, then by

rescaling and taking limit, one would arrive at the following equation in the

entire space R?: ,
{Au—i—expuzo7 r€R (8.23)

Sz expu(z)dz < +oo

The classification of the solutions for this limiting equation would provide es-

sential information on the original problems on manifolds, also it is interesting

in its own right.

It is known that

3272
1+ N2z — 2o]2)2

Paze(z) =1n (
for any A > 0 and any point 2° € R? is a family of explicit solutions.
We will use the method of moving planes to prove:

Theorem 8.2.4 FEvery solution of (8.23) is radially symmetric with respect
to some point in R? and hence assumes the form of ¢ zo(x).

To this end, we first need to obtain some decay rate of the solutions near
infinity.
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Some Global and Asymptotic Behavior of the Solutions

The following Theorem gives the asymptotic behavior of the solutions near
infinity, which is essential to the application of the method of moving planes.

Theorem 8.2.5 If u(z) is a solution of (8.23), then as |z| — +oo,

In|z|

1
— 7%[1?,2 exp u(x)dr < —4

uniformly.
This Theorem is a direct consequence of the following two Lemmas.
Lemma 8.2.2 (W. Ding) If u is a solution of
—Au=e", zec R

and

Sz expu(z)dz < +oo,
then

Sz expu(z)de > 8.

Proof. For —oo <t < 00, let £2; = {z | u(x) > t}, one can obtain

Jo, expu(@)de =~ | Au= / |Vulds
2, 812,

d ds
~gle= |
dt a0, VUl

By the Schwartz inequality and the isoperimetric inequality,
ds
/ / |yu| > 002> > 4| 62|
o0, |Vul Jagq,

d
—(5190) - Jo, exp u(w)dr = 4m| (2|

Hence

and so
d 2 d ¢
%(I-Qt expu(z)dz)® = 2expt - (%|Qt|) . fgt expu(z)dr < —8m|2e’.
Integrating from —oo to oo gives
—(/ expu(z)dr)? < —87r/ exp u(x)dx
R2 R2

which implies [}, exp u(z)dz > 87 as desired.
Lemma 8.2.2 enables us to obtain the asymptotic behavior of the solutions
at infinity.
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Lemma 8.2.3 . If u(x) is a solution of (8.23), then as |z| — +o0,

1
e - —ngz expu(z)dx uniformly.

Proof.

By aresult of Brezis and Merle [BM], we see that the condition [, expu(z)dz <
oo implies that the solution u is bounded from above.
Let

w(w) = o fain o — |~ In(ly] + 1)) expu(y)dy.
Then it is easy to see that
Aw(z) =expu(z), =€ R?
and we will show

1
w(z) _ ngz exp u(z)dx uniformly as |z| — +o0. (8.24)

In |z|
To see this, we need only to verify that

7 ::/ Inje —y| —In(jy|+1) —Injz|
R2

w(¥) dy—0
In |z|

as |x|—oo. Write I = I + Iy + I5, where Iy, I3 and I3 are the integrals on the
three regions

Dy ={y ||z -yl <1},
Dy={y||lr—yl>1 and |yl <K}

and
Ds={y|lz—yl>1 and [y| > K}

respectively. We may assume that |z| > 3.
a) To estimate I;, we simply notice that

L <C e“(y)dy _

In |z — yle"™ dy
ja—yl<1 Inf2] Jip—y1<1

Then by the boundedness of e*®) and fm e“Wdy, we see that I;—0 as
|| —o0.
b) For each fixed K, in region Dy, we have, as |z|—o0,

In|z —yl—In(ly| +1) —Infz|
In |x|

0

hence I5—0.
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¢)To see I3—0, we use the fact that for |z —y| > 1

Infz —y| —In(jy| +1) -

In |x| <c
In |z|

Then let K—oo. This verifies (8.24).
Consider the function v(z) = u(x) + w(z). Then Av =0 and

v(z) < C+ Cyln(|z] + 1)

for some constant C and C7. Therefore v must be a constant. This completes
the proof of our Lemma.
Combining Lemma 8.2.2 and Lemma 8.2.3, we obtain our Theorem 8.2.5.

The Method of Moving Planes and Symmetry

In this subsection, we apply the method of moving planes to establish the
symmetry of the solutions. For a given solution, we move the family of lines
which are orthogonal to a given direction from negative infinity to a critical
position and then show that the solution is symmetric in that direction about
the critical position. We also show that the solution is strictly increasing before
the critical position. Since the direction can be chosen arbitrarily, we conclude
that the solution must be radially symmetric about some point. Finally by
the uniqueness of the solution of the following O.D.E. problem

W' () + L' (r) = f(u)
w(0)=0
u(0) =1

we see that the solutions of (8.23) must assume the form ¢y zo(x).
Assume that u(z) is a solution of (8.23). Without loss of generality, we
show the monotonicity and symmetry of the solution in the x; direction.
For A\ € R, let
Xy = {(.131,%‘2) I T < /\}

and
T)\ = 82)\ = {(xl,xg) | xr1 = )\}
Let
2 = (2\ — 21, 29)

be the reflection point of = (z1,22) about the line Ty. (See the previous
Figure 1.)
Define
wy(z) = u(z?) — u(x).

A straight forward calculation shows

Awy(z) + (exp oy (z))wr(z) =0 (8.25)
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where 1 (z) is some number between u(z) and wuy(z).

Step 1. As in the previous examples, we show that, for A sufficiently neg-
ative, we have
wy(z) >0, Vo e X.

By the “Decay at Infinity’ argument, the key is to check the decay rate of
c(z) := —e¥*(®) at points 2° where wj (z) is negative. At such point

u(z®) < u(z°), and hence ¥y (2°) < u(z°).

By virtue of Theorem 8.2.5, we have

1

Eadh

e @) = O( ) (8.26)

Notice that we are in dimension two, while the key function ¢ = ﬁ given
in Corollary 7.4.2 requires 0 < ¢ < n — 2, hence it does not work here. As a
modification, we choose

¢(z) = In(|z] - 1).
Then it is easy to verify that

Sl = -
o ) Tallel = D el 1)

It follows from this and (8.26) that

ENERVAN
e¥@) %(wo) < 0 for sufficiently large |z°|. (8.27)

This is what we desire for.
Then similar to the argument in Subsection 5.2, we introduce the function

oy w(@)
O =50
It satisfies
Awy + 2V1I})\v7;b + (elbx(I) + ?) wy = 0. (828)

Moreover, by the asymptotic behavior of the solution u near infinity (see
Lemma 8.2.3), we have, for each fixed ),

w@) —u(e)

. 8.29
(e —1) 0 el (8.29)

wx(r) =
Now, if wy(z) < 0 somewhere, then by (8.29), there exists a point z°,

which is a negative minimum of wy(z). At this point, one can easily derive a
contradiction from (8.27) and (8.28). This completes Step 1.
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Step 2 . Define
Ao = sup{A | wx(z) >0, Vo € Xy }.
We show that
If A, <0, then wy, (x) =0, Vo € X,,.

The argument is entirely similar to that in the Step 2 of the proof of
Theorem 8.2.2 except that we use ¢(z) = In(—z1 + 2). This completes the
proof of the Theorem.

8.3 Method of Moving Planes in a Local Way

8.3.1 The Background

Let M be a Riemannian manifold of dimension n > 3 with metric g,. Given
a function R(z) on M, one interesting problem in differential geometry is to
find a metric g that is point-wise conformal to the original metric g, and has
scalar curvature R(x). This is equivalent to finding a positive solution of the
semi-linear elliptic equation

4(n—1) ni2

7ﬁAOU —+ RO(I)U = R(I)U"’Z s, XL € M, (830)

where A, is the Beltrami-Laplace operator of (M, g,) and R,(z) is the scalar
curvature of g,.

In recent years, there have seen a lot of progress in understanding equation
(8.30). When (M, g,) is the standard sphere S™, the equation becomes

-2 —2 n
—Au + n(n4 )u = 4(7;1 — 1)R(Qc)unirg, u>0, x€S™ (8.31)

It is the so-called critical case where the lack of compactness occurs. In this
case, the well-known Kazdan-Warner condition gives rise to many examples of
R in which there is no solution. In the last few years, a tremendous amount of
effort has been put to find the existence of the solutions and many interesting
results have been obtained ( see [Ba] [BC] [Bi] [BE] [CL1] [CL3] [CL4] [CL6]
[CY1] [CY2] [ES] [KW1] [Li2] [Li3] [SZ] [Linl] and the references therein).

One main ingredient in the proof of existence is to obtain a priori estimates
on the solutions. For equation (8.31) on S™, to establish a priori estimates,
a useful technique employed by most authors was a ‘blowing-up’ analysis.
However, it does not work near the points where R(z) = 0. Due to this
limitation, people had to assume that R was positive and bounded away from
0. This technical assumption became somewhat standard and has been used
by many authors for quite a few years. For example, see articles by Bahri
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[Ba], Bahri and Coron [BC], Chang and Yang [CY1], Chang, Gursky, and
Yang [CY?2], Li [Li2] [Li3], and Schoen and Zhang [SZ].

Then for functions with changing signs, are there any a priori estimates?

In [CL6], we answered this question affirmatively. We removed the above
well-known technical assumption and obtained a priori estimates on the solu-
tions of (8.31) for functions R which are allowed to change signs.

The main difficulty encountered by the traditional ‘blowing-up’ analysis
is near the point where R(z) = 0. To overcome this, we used the ‘method of
moving planes’ in a local way to control the growth of the solutions in this
region and obtained an a priori estimate.

In fact, we derived a priori bounds for the solutions of more general equa-
tions

—Au + M
4
for any exponent p between 1+ % and A, where A is an arbitrary positive
number. For a fixed A, the bound is independent of p.

u= R(z)uP, u>0,zes" (8.32)

Proposition 8.3.1 Assume R € C>%(S") and |\7R(x)| > Bo for any x with
|R(x)| < dp. Then there are positive constants € and C depending only on [y,
do, M, and || R||c2.a(sny, such that for any solution u of (8.32), we have u < C
in the region where |R(z)| < e.

In this proposition, we essentially required R(x) to grow linearly near its
zeros, which seems a little restrictive. Recently, in the case p = Z—J_rg, Lin [Lin1]
weaken the condition by assuming only polynomial growth of R near its zeros.
To prove this result, he first established a Liouville type theorem in R™, then
use a blowing up argument.

Later, by introducing a new auxiliary function, we sharpen our method
of moving planes to further weaken the condition and to obtain more general
result:

Theorem 8.3.1 Let M be a locally conformally flat manifold. Let
I'={x € M | R(z) =0}.

Assume that I' € C*% and R € C**(M) satisfying Z—R < 0 where v is the
v

outward normal (pointing to the region where R is negative) of I', and

R(x) . { continuous near I, (8.33)

[VR()] ~0atl,

Let D be any compact subset of M and let p be any number greater than 1.
Then the solutions of the equation

—Au+ Ro(x)u = R(x)uP, in M (8.34)

are uniformly bounded near I' N D.
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One can see that our condition (8.33) is weaker than Lin’s polynomial
growth restriction. To illustrate, one may simply look at functions R(x) which

1
grow like exp{—w}7 where d(x) is the distance from the point x to I
x

Obviously, this kinds of functions satisfy our condition, but are not polynomial
growth.

Moreover our restriction on the exponent is much weaker. Besides being
n+2

-2

, p can be any number greater than 1.

8.3.2 The A Priori Estimates

Now, we estimate the solutions of equation (8.34) and prove Theorem 8.3.1.
Since M is a locally conformally flat manifold, a local flat metric can be
chosen so that equation (8.34) in a compact set D C M can be reduced to

—Au = R(z)uP, p>1, (8.35)

in a compact set K in R™. This is the equation we will consider throughout
the section.

The proof of the Theorem is divided into two parts. We first derive the
bound in the region(s) where R is negatively bounded away from zero. Then
based on this bound, we use the ‘method of moving planes’ to estimate the
solutions in the region(s) surrounding the set I

Part I. In the region(s) where R is negative

In this part, we derive estimates in the region(s) where R is negatively
bounded away from zero. It comes from a standard elliptic estimate for sub-
harmonic functions and an integral bound on the solutions. We prove

Theorem 8.3.2 The solutions of (8.35) are uniformly bounded in the region
{zr € K : R(z) <0 and dist(z,I") > §}. The bound depends only on ¢, the
lower bound of R.

To prove Theorem 8.3.2, we introduce the following lemma of Gilbarg and
Trudinger [GT].

Lemma 8.3.1 (See Theorem 9.20 in [GT]). Let u € W2™(D) and suppose
Au > 0. Then for any ball By, (x) C D and any g > 0, we have

1
sup u < 0(7/ (w)1dV)3, (8.36)
B, (z) 7" J B, ()

where C' = C(n, D, q).

In virtue of this Lemma, to establish an a priori bound of the solutions,
one only need to obtain an integral bound. In fact, we prove
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Lemma 8.3.2 Let B be any ball in K that is bounded away from I', then
there is a constant C such that

/ uPdr < C. (8.37)
B

Proof. Let 2 be an open neighborhood of K such that dist (02, K ) > 1.
Let ¢ be the first eigenfunction of —A in 2, i.e.

{ —ANp =X p(x)z e

p(x)=0 x €002
Let
1 if R(z)>0
sgnR=< 0 if R(z)=0
1 if R(z) < 0.

Let a = 1;%1”. Multiply both sides of equation (8.35) by ¢®|R|*sgnR and
then integrate. Taking into account that o > 2 and ¢ and R are bounded in
(2, through a straight forward calculation, we have

/cpa|R\1+°‘uPdm§C’1/ <p0‘72|R|a72uda:§Cg/ o7 |R|*udz.
7} 7 7

Applying Holder inequality on the right-hand-side, we arrive at

/ ©*|R|*TuPdx < Cs. (8.38)
2

Now (8.37) follows suit. This completes the proof of the Lemma.
The Proof of Theorem 8.3.2. It is a direct consequence of Lemma 8.3.1
and Lemma 8.3.2

Part II. In the region where R is small

In this part, we estimate the solutions in a neighborhood of I', where R is
small.

Let u be a given solution of (8.35), and z¢ € I'. It is sufficient to show that
u is bounded in a neighborhood of zy. The key ingredient is to use the method
of moving planes to show that, near x(, along any direction that is close to
the direction of 7R, the values of the solution u is comparable. This result,
together with the bounded-ness of the integral [u? in a small neighborhood
of xg, leads to an a priori bound of the solutions. Since the method of moving
planes can not be applied directly to u, we construct some auxiliary functions.
The proof consists of the following four steps.

Step 1. Transforming the region

Make a translation, a rotation, or if necessary, a Kelvin transform. Denote
the new system by & = (z1,y) with y = (22, -, 2,). Let 27 axis pointing
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to the right. In the new system, xy becomes the origin, the image of the set
Q2% :={z | R(z) > 0} is contained in the left of the y-plane, and the image of
I' is tangent to the y-plane at origin. The image of I' is also uniformly convex
near the origin.

Let 21 = ¢(y) be the equation of the image of I" near the origin. Let

0D :={x|x1=0¢(y) +e€x1 > —2¢}

The intersection of 9; D and the plane {x € R™ | 1 = —2¢} encloses a part
of the plane, which is denote by doD. Let D by the region enclosed by two
surfaces 01D and 02 D. (See Figure 6.)

A

F\\ y

\ ID

0o D

R(xz) >0 0 R(x) <0

/%
T
Figure 6

The small positive number € is chosen to ensure that

(a) 01D is uniformly convex,
(b) gTR <0in D, and

R(lx)
(c)

VR
Step 2. Introducing an auxiliary function

Let m = maxp, p u. Let @ be a C? extension of u from 0; D to the entire
0D, such that

is continuous in D.

0<a<2m, and|vil <Cm.
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Let w be the harmonic function

Aw=0xeD
w=4u x€0D

Then by the maximum principle and a standard elliptic estimate, we have
0<w(z) <2m and |w|ci(p) < Cim. (8.39)
Introduce a new function
v(z) = u(@) — w(@) + Comle + ¢(y) — 21] +mle + $y) — 1]

which is well defined in D. Here () is a large constant to be determined later.
One can easily verify that v(z) satisfies the following

Av+Y(y) + flz,v) =0z €D
v(xz) =0 x € 01D

where
P(y) = —ComAd(y) — mA[e + (y)]* — 2m,

and
£ (@, ) = 2ma Ad(y) + (@) {v-+u(w) — Comle+ dly) —a1] ~mle+ dly) 2112}
At this step, we show that
v(z) >0 VzxeD.

We consider the following two cases.

Case 1) ¢(y) + § < w1 < @(y) + €. In this region, R(x) is negative and
bounded away from 0. By Theorem 8.3.2 and the standard elliptic estimate,
we have

Ou
—| <0
|8$1 ‘ = 2
for some positive constant Cs. It follows from this and (8.39),

Ov
Dre < (C1 4 Cy — Co)m —2m(e + dp(y) — x1).
1
Noticing that (e + ¢(y) — 21) > 0, one can choose Cy sufficiently large, such

that
ov

— <0
8$1

Then since
viz) =0 Yz e D

we have v(z) > 0.
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Case 2) —2¢ <1 < ¢(y) + §. In this region, again by (8.39), we have

> —2m + C’omg.

v(z) > —w(x) + Com 3

[\l e)

Again, choosing Cy sufficiently large (depending only on €), we arrive at v(z) >
0.

Step 3. Applying the Method of Moving Planes to v in r, direc-
tion

In the previous step, we showed that v(z) > 0 in D and v(z) = 0 on 01 D.
This lies a foundation for the moving of planes. Now we can start from the
rightmost tip of region D, and move the plane perpendicular to z; axis toward
the left. More precisely, let

2A2{$ED|I12)\},

T,\:{xER"\xlzx\}.

Let 2* = (2\ — x1,%) be the reflection point of 2 with respect to the plane
T)\‘ Let
oa(z) = v(z*) and wy(z) = va(z) — v(x).

We are going to show that
wy(z) >0 Vae X, (8.40)

We want to show that the above inequality holds for —e; < A\ < € for some
0 < €1 < e. This choice of ¢; is to guarantee that when the plane T moves to
A = —e1, the reflection of Xy .about the plane T} still lies in region D.

(8.40) is true when X is less but close to €, because X is a narrow region
and f(z,v) is Lipschitz continuous in v (Actually, % = R(z)). For detailed
argument, the readers may see the first example in Section 5.

Now we decrease A, that is, move the plane T toward the left as long as
the inequality (8.40) remains true. We show that the moving of planes can be
carried on provided

f(z,v(x)) < fat v(x)) for z = (x1,y) € D with 1 > A > —¢;.  (8.41)
In fact, it is easy to see that v) satisfies the equation
Avy+ () + fa,00) =0,
and hence w, satisfies
—Dwy = fa*,03) = fat0) + fatv) - fla,v)
A

= R(J:A)(U)\ —v)+ f(z”,v) — f(z,v)
= R(aMwy + f(2*,v) — f(z,v).

If (8.41) holds, then we have
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—Awy — R(zMwy(x) > 0. (8.42)

This enables us to apply the maximum principle to w.
Let
Ao = Inf{\ | wy(z) > 0,Vz € X\ }.

If A, > —e1, then since v(z) > 0in D, by virtue of (8.42) and the maximum
principle, we have

aw%

wy,(x) >0, Ve € Xy, and <0,VeeT,, NX,,.

T

Then, similar to the argument in the examples in Section 5, one can derive a
contradiction.
of(z,v)

It is elementary to see that (8.41) holds if e
1

{r €D |R(z) <0orxs >—2¢}.

< 0 in the set

0
To estimate —f, we use
&vl

af OR ow
—— =2mA P —u+ R(z)p[=— + C 2 - .
S = 2mAG() + v Gk Ria)plg + Com -+ 2m(e +6(y) — o)}

First, we notice that the uniform convexity of the image of I' near the
origin implies

DoY) < —ap < 0. (8.43)

for some constant ag.

We consider the following two possibilities.

a) R(xz) < 0. Choose Cy sufficiently large, so that

ow

—+Com >0
8$1+ omm =

Noticing that g—ﬁ <0 and (e + ¢(y) —x1) > 0in D, we have

9 .
81’1 -
b) R(z) >0, x = (x1,y) with 21 > —2¢;.
In the part where u > 1, we use u to control

(R<x>/§§) PO+ Com + 2m(e + 0(y) — 1)

More precisely, we write

9 OR R\ O
aTi = 2mA¢(y)+u”*18—xl {u + <R(x)/ag;1) p[a%i + Com + 2m(e + ¢(y) — fl)]} :



222 8 Methods of Moving Planes and of Moving Spheres

Choose €; sufficiently small, such that

OR
—| ~ |VR|.
|~ VR
Then by condition (8.33) on R, we can make R(x)/2 ,— arbitrarily small by a
small choice of €1, and therefore arrive at - <0.

In the part where u < 1, in virtue of (8. 43) we can use 2mA¢(y) to control

R [(;9—1 + Com + 2m(e + ¢(y) — x1)].
Here again we use the smallness of R.

So far, our conclusion is: The method of moving planes can be carried on
up to A = —e;. More precisely, for any A between —e; and ¢, the inequality
(8.40) is true.

Step 4. Deriving the a priori bound

Inequality (8.40) implies that, in a small neighborhood of the origin, the
function v(z) is monotone decreasing in x; direction. A similar argument
will show that this remains true if we rotate the zi-axis by a small angle.
Therefore, for any point xg € I, one can find a cone A,, with x as its vertex
and staying to the left of xg, such that

v(x) > v(xg) Ve Ay (8.44)
Noticing that w(z) is bounded in D, (8.44) leads immediately to
w(z) + Cs > u(zg) Vr e Ay, (8.45)

More generally, by a similar argument, one can show that (8.45) is true
for any point zg in a small neighborhood of I'. Furthermore, the intersection
of the cone A,, with the set {z|R(z) > %} has a positive measure and the
lower bound of the measure depends only on &y and the C! norm of R. Now
the a priori bound of the solutions is a consequence of (8.45) and an integral
bound on u, which can be derived from Lemma 8.3.2.

This completes the proof of Theorem 8.3.1.

8.4 Method of Moving Spheres

8.4.1 The Background

Given a function K(x) on the two dimensional standard sphere S?, the well-
known Nirenberg problem is to find conditions on K(z), so that it can be
realized as the Gaussian curvature of some conformally related metric. This
is equivalent to solving the following nonlinear elliptic equation
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—Au+1=K(x)e* (8.46)

on S2. Where A is the Laplacian operator associated to the standard metric.

On the higher dimensional sphere S™, a similar problem was raised by
Kazdan and Warner:

Which functions R(x) can be realized as the scalar curvature of some
conformally related metrics 7

The problem is equivalent to the existence of positive solutions of another
elliptic equation

(n—2) n—2 nt2

n
—Au+ U= =1 R(z)un= (8.47)

For a unifying description, on S?, we let R(x) = 2K (z) be the scalar curvature,
then (8.46) is equivalent to

—Au+ 2= R(x)e". (8.48)

Both equations are so-called ‘critical’ in the sense that lack of compactness
occurs. Besides the obvious necessary condition that R(z) be positive some-
where, there are other well-known obstructions found by Kazdan and Warner
[KW1] and later generalized by Bourguignon and Ezin [BE]. The conditions
are:

X(R)dA; =0 (8.49)
Sn
where dA, is the volume element of the metric e*g, and = go for n = 2 and
for n > 3 respectively. The vector field X in (8.49) is a conformal Killing field
associated to the standard metric g, on S™. In the following, we call these
necessary conditions Kazdan-Warner type conditions.

These conditions give rise to many examples of R(z) for which (8.48) and
(8.47) have no solution. In particular, a monotone rotationally symmetric
function R admits no solution.

Then for which R, can one solve the equations? What are the necessary
and sufficient conditions for the equations to have a solution? These are very
interesting problems in geometry.

In recent years, various sufficient conditions were obtained by many au-
thors (For example, see [BC] [CY1] [CY2] [CY3] [CY4] [CL10] [CD1] [CD2]
[CC] [CS] [ES] [Ha] [Ho] [KW1] [Kw2] [Lil] [Li2] [Mo] and the references
therein.) However, there are still gaps between those sufficient conditions and
the necessary ones. Then one may naturally ask: ¢ Are the necessary condi-
tions of Kazdan-Warner type also sufficient?’ This question has been open for
many years. In [CL3], we gave a negative answer to this question.

To find necessary and sufficient conditions, it is natural to begin with
functions having certain symmetries. A pioneer work in this direction is [Mo]
by Moser. He showed that, for even functions R on S?, the necessary and
sufficient condition for (8.48) to have a solution is R being positive somewhere.
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Note that, in the class of even functions, (1.2) is satisfied automatically. Thus
one can interpret Moser’s result as:

In the class of even functions, the Kazdan-Warner type conditions are the
necessary and sufficient conditions for (8.48) to have a solution.

A simple question was asked by Kazdan [Ka):

What are the necessary and sufficient conditions for rotationally symmetric
functions?

To be more precise, for rotationally symmetric functions R = R() where
0 is the distance from the north pole, the Kazdan-Warner type conditions take
the form:

R > 0 somewhere and R’ changes signs (8.50)

In [XY], Xu and Yang found a family of rotationally symmetric functions
R, satisfying conditions (8.50), for which problem (8.48) has no rotationally
symmetric solution. Even though one didn’t know whether there were any
other non-symmetric solutions for these functions R, this result is still very
interesting, because it suggests that (8.50) may not be the sufficient condition.

In our earlier paper [CL3], we present a class of rotationally symmetric
functions satisfying (8.50) for which problem (8.48) has no solution at all. And
thus, for the first time, pointed out that the Kazdan- Warner type conditions
are not sufficient for (8.48) to have a solution. First, we proved the non-
existence of rotationally symmetric solutions:

Proposition 8.4.1 Let R be rotationally symmetric. If
R is monotone in the region where R >0, and R # C, (8.51)
Then problem (8.48) and (8.47) has no rotationally symmetric solution.

This generalizes Xu and Yang’s result, since their family of functions R,
satisfy (8.51). We also cover the higher dimensional cases.

Although we believed that for all such functions R, there is no solution at
all, we were not able to prove it at that time. However, we could show this
for a family of such functions.

Proposition 8.4.2 There exists a family of functions R satisfying the Kazdan-
Warner type conditions (8.50), for which the problem (8.48) has no solution
at all.

At that time, we were not able to obtain the counter part of this result in
higher dimensions.
In [XY], Xu and Yang also proved:

Proposition 8.4.3 Let R be rotationally symmetric. Assume that
i) R is non-degenerate
i)
R’ changes signs in the region where R > 0 (8.52)
Then problem (8.48) has a solution.
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The above results and many other existence results tend to lead people
to believe that what really counts is whether R’ changes signs in the region
where R > 0. And we conjectured in [CL3] that for rotationally symmetric
R, condition (8.52), instead of (8.50), would be the necessary and sufficient
condition for (8.48) or (8.47) to have a solution.

The main objective of this section is to present the proof on the necessary
part of the conjecture, which appeared in our later paper [CL4]. In [CL3], to
prove Proposition 8.4.2, we used the method of ‘moving planes’ to show that
the solutions of (8.48) are rotationally symmetric. This method only work
for a special family of functions satisfying (8.51). It does not work in higher
dimensions. In [CL4], we introduce a new idea. We call it the method of ‘mov-
ing spheres’. It works in all dimensions, and for all functions satisfying (8.51).
Instead of showing the symmetry of the solutions, we obtain a comparison for-
mula which leads to a direct contradiction. In an earlier work [P] , a similar
method was used by P. Padilla to show the radial symmetry of the solutions
for some nonlinear Dirichlet problems on annuluses.

The following are our main results.

Theorem 8.4.1 Let R be continuous and rotationally symmetric. If
R is monotone in the region where R > 0, and R # C, (8.53)

Then problems (8.48) and (8.47) have no solution at all.
We also generalize this result to a family of non-symmetric functions.

Theorem 8.4.2 Let R be a continuous function. Let B be a geodesic ball
centered at the North Pole x,11 = 1. Assume that

i) R(z) > 0, R is non-decreasing in x,1 direction, forz e B ;

it) R(z) <0, forxz € S™\ B;

Then problems (8.48) and (8.47) have no solution at all.

Combining our Theorem 1 with Xu and Yang’s Proposition 3, one can
obtain a necessary and sufficient condition in the non-degenerate case:

Corollary 8.4.1 Let R be rotationally symmetric and non-degenerate in the
sense that R # 0 whenever R’ = 0. Then the necessary and sufficient condi-
tion for (8.48) to have a solution is

R > 0 somewhere and R’ changes signs in the region where R > 0

8.4.2 Necessary Conditions

In this subsection, we prove Theorem 8.4.1 and Theorem 8.4.2.
For convenience, we make a stereo-graphic projection from S™ to R™. Then
it is equivalent to consider the following equation in Euclidean space R" :
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—Au = R(r)e*, z € R% 8.54
(r)

—Au=R(r)u" u>0, z€R", n>3, (8.55)

with appropriate asymptotic growth of the solutions at infinity

u~ —4In|z| for n=2; wu~ Cl|z[* " forn>3 (8.56)
for some C' > 0. Here A is the Euclidean Laplacian operator, r = |z| and
T = % is the so-called critical Sobolev exponent. The function R(r) is the

projection of the original R in equations (8.48) and (8.47); and this projection
does not change the monotonicity of the function. The function R is also
bounded and continuous, and we assume these throughout the subsection.
For a radial function R satisfying (8.53), there are three possibilities:
i) R is non-positive everywhere,
ii) R # C is nonnegative everywhere and monotone,
iii) R > 0 and non-increasing for r < r,, R < 0 for r > r,; or vice versa.
The first two cases violate the Kazdan-Warner type conditions, hence there
is no solution. Thus, we only need to show that in the remaining case, there
is also no solution. Without loss of generality, we may assume that:

R(r)>0,R'(r) <0 forr <1; R(r) <0 forr>1. (8.57)
The proof of Theorem 8.4.1 is based on the following comparison formulas.

Lemma 8.4.1 Let R be a continuous function satisfying (8.57). Let u be a
solution of (8.54) and (8.56) for n = 2, then

u(Azx) > u(ﬁ

|w‘2)f4ln|z| Vo € Bi(0), 0<A<1 (8.58)

Lemma 8.4.2 Let R be a continuous function satisfying (8.57). Let u be a
solution of (8.55) and (8.56) for n > 2, then

u(\z) > |a:|2"u(;f2) Vo e Bi(0), 0<A<1 (8.59)

We first prove Lemma 8.4.2. A similar idea will work for Lemma 8.4.1.

Proof of Lemma 8.4.2. We use a new idea called the method of
‘moving spheres ’. Let z € B1(0), then Az € B)(0). The reflection point of Az
about the sphere 9B, (0) is ﬁ‘ﬁ—‘@ We compare the values of u at those pairs

of points Az and ‘i—lﬂ In step 1, we start with the unit sphere and show that
(8.59) is true for A = 1. This is done by Kelvin transform and the strong
maximum principle. Then in step 2, we move (shrink) the sphere 9B)(0)
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towards the origin. We show that one can always shrink 0B, (0) a little bit
before reaching the origin. By doing so, we establish the inequality for all
x € B1(0) and A € (0, 1].

Step 1. In this step, we establish the inequality for € B;(0),\ =
1. We show that "

u(z) > |x\2_”u(W) vz € B1(0). (8.60)

Let v(z) = |J;|2_"u(|$%) be the Kelvin transform. Then it is easy to verify

that v satisfies the equation

_Av= R(%)UT (8.61)

and v is regular.
It follows from (8.57) that Au < 0, and Av > 0 in B1(0). Thus —A(u —
v) > 0. Applying the maximum principle, we obtain

u > v in B1(0) (8.62)

which is equivalent to (8.60).

Step 2. In this step, we move the sphere 0B, (0) towards A = 0.
We show that the moving can not be stopped until A reaches the origin. This
is done again by the Kelvin transform and the strong maximum principle.

Let uy(z) = A% ~!u(A\z). Then
—Auy = R(Az)ui(x). (8.63)

Let vy (z) = |x\2_”u,\(ﬁ) be the Kelvin transform of uy. Then it is easy

to verify that

—Avy = R(%)vg(x) (8.64)

Let wy = uy — vx. Then by (8.63) and (8.64),

By + B Yonwn = [RC) — ROW)Ju (8.65)

where 1 is some function with values between Tu;_l and 7'11;_1. Taking into

account of assumption (2.4), we have

R(é)—R()\r) <0 forr <1,A< 1.
T

It follows from (8.65) that
Awy + C)\(l')w)\ <0 (866)

where C(x) is a bounded function if A is bounded away from 0.
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It is easy to see that for any A, strict inequality holds somewhere for (8.66).
Thus applying the strong maximum principle, we know that the inequality
(8.59) is equivalent to

wy > 0. (8.67)

From step 1, we know (8.67) is true for (z,\) € B1(0) x {1}. Now we decrease
A. Suppose (8.67) does not hold for all A € (0, 1] and let A, > 0 be the smallest
number such that the inequality is true for (z,\) € B1(0) x [A,, 1]. We will
derive a contradiction by showing that for A close to and less than A,, the
inequality is still true. In fact, we can apply the strong maximum principle
and then the Hopf lemma to (8.66) for A = A, to get:

aon

or

These combined with the fact that wy = 0 on 0B, imply that (8.67) holds for
A close to and less than A,.
Proof of Lemma 8.4.1. In step 1, we let

wy, > 0in By and < 0 on 0B;. (8.68)

o(x) = u(ﬁ) — 41n|z|.

In step 2, let

ux(z) = u(Ax) +2In A, vy(z) = UA(W%) —41n|z|.
Then arguing as in the proof of Lemma 8.4.2 we derive the conclusion of
Lemma 8.4.1.

Now we are ready to prove Theorem 8.4.1.

Proof of Theorem 8.4.1. Taking A to 0 in (8.58), we get In|z| > 0
for |z] < 1 which is impossible. Letting A—0 in (8.59) and using the fact
that u(0) > 0 we obtain again a contradiction. These complete the proof of
Theorem 8.4.1.

Proof of Theorem 8.4.2. Noting that in the proof of Theorem
8.4.1, we only compare the values of the solutions along the same radial di-
rection, one can easily adapt the argument in the proof of Theorem 8.4.1 to
derive the conclusion of Theorem 8.4.2.

8.5 Method of Moving Planes in Integral Forms and
Symmetry of Solutions for an Integral Equation

Let R™ be the n—dimensional Euclidean space, and let a be a real number
satisfying 0 < a < n. Consider the integral equation

1 o
re |z =yl
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It arises as an Euler-Lagrange equation for a functional under a constraint
in the context of the Hardy-Littlewood-Sobolev inequalities. In [L], Lieb clas-
sified the maximizers of the functional, and thus obtained the best constant
in the H-L-S inequalities. He then posed the classification of all the critical
points of the functional — the solutions of the integral equation (8.69) as an
open problem.

This integral equation is also closely related to the following family of
semi-linear partial differential equations

(*A)Q/ZU = y(nta)/(n=a), (8.70)

In the special case n > 3 and a = 2, it becomes

— Ay = (V2 (n=2), (8.71)

As we mentioned in Section 6, solutions to this equation were studied by
Gidas, Ni, and Nirenberg [GNN]; Caffarelli, Gidas, and Spruck [CGS]; Chen
and Li [CL]; and Li [Li]. Recently, Wei and Xu [WX] generalized this result
to the solutions of (8.70) with a being any even numbers between 0 and n.

Apparently, for other real values of a between 0 and n, equation (8.70) is
also of practical interest and importance. For instance, it arises as the Euler-
Lagrange equation of the functional

n—a

1) = [ N=a) o/ JuEdn

The classification of the solutions would provide the best constant in the
inequality of the critical Sobolev imbedding from H % (R") to Lis (R™):

n—

(/ lu7sde) 5 < C | |(—A) S ulde.
n Rn

As usual, here (—A)*/? is defined by Fourier transform. We can show that
(see [CLO]), all the solutions of partial differential equation (8.70) satisfy our
integral equation (8.69), and vise versa. Therefore, to classify the solutions
of this family of partial differential equations, we only need to work on the
integral equations (8.69).

In order either the Hardy-Littlewood-Sobolev inequality or the above men-
tioned critical Sobolev imbedding to make sense, u must be in L% (R™). Un-
der this assumption, we can show that (see [CLO]) a positive solution u is in
fact bounded, and therefore possesses higher regularity. Furthermore, by using
the method of moving planes, we can show that if a solution is locally L%,
then it is in L7-= (R™). Hence, in the following, we call a solution u regular if
it is locally L+ Tt is interesting to notice that if this condition is violated,
then a solution may not be bounded. A simple example is v = a7z
which is a singular solution. We studied such solutions in [CLO1].

We will use the method of moving planes to prove
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Theorem 8.5.1 Every positive regular solution u(x) of (8.69) is radially
symmetric and decreasing about some point x° and therefore assumes the form

t
v w2 92
e e M (872

with some positive constants ¢ and t.

To better illustrate the idea, we will first prove the Theorem under stronger
assumption that u € L (R™). Then we will show how the idea of this proof
can be extended under weaker condition that u is only locally in L,

For a given real number A, define

E,\:{x:(xl,...,a:nﬂxlg)\},

and let 2* = (2\ — 21, 29, ..., 2,) and uy(z) = u(z?). (Again see the previous
Figure 1.)

Lemma 8.5.1 For any solution u(x) of (1.1), we have

) i) = [ (s~ e ) )y,
(8.73)
It is also true for v(x) = m%u(ﬁ), the Kelvin type transform of u(x),
for any x # 0.
Proof. Since |z — y*| = |2} — y|, we have
u() = /2 A W“(y)%d“ L k WUA@)%@, and

1 nto 1 nto
u(@?) = /2 ) Ry + /E NSNS
A

e NEEr

This implies (8.73). The conclusion for v(z) follows similarly since it satisfies
the same integral equation (8.69) for z # 0.

Proof of the Theorem 8.5.1 (Under Stronger Assumptionu € L5 (R™)).

Let wy(z) = ua(x) — u(z). As in Section 6, we will first show that, for A

sufficiently negative,
wy(x) >0, Vo e Xy. (8.74)

Then we can start moving the plane Ty = 9X\ from near —oo to the right,
as long as inequality (8.74) holds. Let

Ao =sup{A < 0] wyr(x) >0, Ve € Z)}.
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We will show that
Ao < 00, and wy,(x)=0.

Unlike partial differential equations, here we do not have any differential
equations for wy. Instead, we will introduce a new idea — the method of moving
planes in integral forms. We will exploit some global properties of the integral
equations.

Step 1. Start Moving the Plane from near —oo.

Define
YL ={z e Xy | wi(z) <0} (8.75)

We show that for sufficiently negative values of A, X\ must be empty. By
Lemma 8.5.1, it is easy to verify that

( 11 >[u7<y>u;<y>1dy

EE N PO

ul(@) - ux(z) < /2 ;

< /E L ) - )y

oz =yl

. / L T ) uly) — ua(y)]dy
Py

O\
o e =yl

<7 /E ) uly) — ua())dy,

sz =yl

where 5 (z) is valued between uy(z) and u(z) by the Mean Value Theorem,
and since on X, ux(x) < u(x), we have () < u(z).

We first apply the classical Hardy-Littlewood-Sobolev inequality (its equiv-
alent form) to the above to obtain, for any ¢ > —2—:

n—a’

||w/\HLq(2;) < Cllu™ wy

(1

Then use the Holder inequality to the last integral in the above. First choose

Lra/(n+aa) (57)

n+aq
nq

=1\ | s i
™ (@) | 7o fwx ()| 7o da

A—

_ n+agq
T oon
so that
nq
B —
nt o a,
then choose
n + aq

aq
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to ensure
1 1
-+ -=1.
r s

We thus arrive at

falogsy) < O dny
A

wAHLq(z;)

U’AHLq(z;)

< of /2 W (y) dy) &

By condition that u € L™"(R"), we can choose N sufficiently large, such
that for A < —N, we have

c{| u 'y dy}» <
DN

DN | =

Now (8.76) implies that [|wx|[;,(5—) = 0, and therefore X" must be measure
A
zero, and hence empty by the continuity of wy(x). This verifies (8.74) and

hence completes Step 1. The readers can see that here we have actually used
Corollary 7.5.1, with 2 = X, a region near infinity.

Step 2. We now move the plane T\ = {z | 1 = A} to the right as long as
(8.74) holds. Let A, as defined before, then we must have A\, < co. This can
be seen by applying a similar argument as in Step I from A\ near +oo.

Now we show that

w)\o(l’) =0, Vzxe E)\O. (876)

Otherwise, we have wy_(z) > 0, but wy,(z) # 0 on X ; we show that the
plane can be moved further to the right. More precisely, there exists an ¢
depending on n, «, and the solution u(z) itself such that wy(z) > 0 on X for
all Ain [y, Ao + €).

By Lemma 8.5.1, we have in fact wy,(z) > 0 in the interior of X, . Let
Y\ =1{z € ¥, |wy,(z) < 0}. Then obviously, X\ has measure zero, and

limy—y, Xy C X, . From the first inequality of (8.76), we deduce,
ol pos:) < O / W (y) dy) E ] oo (8.77)
=5

Condition u € L™T(R™) ensures that one can choose ¢ sufficiently small,
so that for all A in [y, Ao + €),

c{| wty)dy} <
DN

N |

Now by (8.77), we have HwAHLq(E;) = 0, and therefore X\ must be empty.

Here we have actually applied Corollary 7.5.1 with {2 = X'". For A sufficiently
close to A, {2 is contained in a very narrow region.
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Proof of the Theorem 8.5.1 ( under Weaker Assumption that u is only
locally in L™T1).

Outline. Since we do not assume any integrability condition of w(z) near
infinity, we are not able to carry on the method of moving planes directly on
u(x). To overcome this difficulty, we consider v(x), the Kelvin type transform
of u(z). It is easy to verify that v(x) satisfies the same equation (8.69), but
has a possible singularity at origin, where we need to pay some particular
attention. Since u is locally L™, it is easy to see that v(x) has no singularity
at infinity, i.e. for any domain (2 that is a positive distance away from the
origin,

/QUTH(y) dy < 0. (8.78)

Let A be a real number and let the moving plane be 1 = A. We compare
v(z) and va(x) on Xy \ {0}. The proof consists of three steps. In step 1, we
show that there exists an N > 0 such that for A < —N, we have

v(z) <wy(z), Yo e Xy \ {0} (8.79)

Thus we can start moving the plane continuously from A < —N to the right as
long as (8.79) holds. If the plane stops at x1 = A, for some A\, < 0, then v(x)
must be symmetric and monotone about the plane x1 = \,. This implies that
v(z) has no singularity at the origin and u(z) has no singularity at infinity.
In this case, we can carry on the moving planes on u(z) directly to obtain
the radial symmetry and monotonicity. Otherwise, we can move the plane all
the way to z; = 0, which is shown in step 2. Since the direction of x; can
be chosen arbitrarily, we deduce that v(z) must be radially symmetric and
decreasing about the origin. We will show in step 3 that, in any case, u(z) can
not have a singularity at infinity, and hence both u and v are in L™T(R").

Step 1 and Step 2 are entirely similar to the proof under stronger assump-
tion. What we need to do is to replace u there by v and Xy there by X' \ {0}.
Hence we only show Step 3 here.

Step 3. Finally, we showed that u has the desired asymptotic behavior at
infinity, i.e., it satisfies .

|x‘n—2

u(z) = O( ).

Suppose in the contrary, let ! and x? be any two points in R" and let 2° be
the midpoint of the line segment xlz2. Consider the Kelvin type transform
centered at z°:

1 x — x°

‘l’ _ xo|n—au |.T _ (13‘0‘2

v(z) = ).

Then v(z) has a singularity at 2°. Carry on the arguments as in Steps 1 and 2,
we conclude that v(z) must be radially symmetric about z°, and in particular,
u(z!) = u(x?). Since ! and 2?2 are any two points in R™, u must be constant.
This is impossible. Similarly, The continuity and higher regularity of u follows
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from standard theory on singular integral operators. This completes the proof
of the Theorem.
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Appendices

A.1 Notations

A.1.1 Algebraic and Geometric Notations

A = (aj;) is a an m x n matrix with ij'" entry a;;.

det(a;;) is the determinant of the matrix (a;;).

AT = transpose of the matrix A.

R™ = n-dimensional real Euclidean space with a typical point =z =
(‘Tla T 7xn)~

{2 usually denotes and open set in R" .

(2 is the closure of £2.

0f? is the boundary of f2.

For z = ($17"’7In) and Yy = (yla"'ayn) in Rn,

n n %
x-y:inyi, |x| = (fo) .
i=1 i=1

9. |z — y| is the distance of the two points z and y in R™.
10. B.(z°) = {z € R™ | |z — 2°| < r} is the ball of radius r centered at the
point z¢ in R"™.
11. S™ is the sphere of radius one centered at the origin in R"t!, i.e. the
boundary of the ball of radius one centered at the origin:

o~ N

® N>

B1(0) = {z € R" | |2] < 1}

A.1.2 Notations for Functions and Derivatives
1. For a function v : 2 C R"—R", we write
u(z) =u(xy, -, x,) , x€ L2

We say u is smooth if it is infinitely differentiable.
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2. For two functions u and v, u = v means u is identically equal to v.
3. We set

to define u as equaling v.
4. We usually write u,, for %, the first partial derivative of u with respect
to x;. Similarly

0%u O3u
Uy, = —————— Up.p. - Y -
S Q0xy Y Oy 0x 0y,
5. ()
0'“u(z
D“ =
o) = P e
where a = (aq, -+, a,) is a multi-index of order

lof = a1 +ag + - .
6. For a non-negative integer k,
DFu(z) := {D%(z) | |a| = k}

the set of all partial derivatives of order k.
If kK =1, we regard the elements of Du as being arranged in a vector

Du := (uﬂclv"'7u$n) =Vu,

the gradient vector.
If k = 2, we regard the elements of D?u being arranged in a matrix

Pu 9%
9 amlaml afl’lazn
D*u = . . . ,
9%u L. 9%u
Ox, 011 0Ty, Oy,
the Hessian matrix.
7. The Laplacian
n
Ay = E Uy,
i=1
is the trace of D?u.
8.
1/2
|DFu| = g | D%ul?

la|=k
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A.1.3 Function Spaces

1.

10.

11.
12.

C(2) :={u: N—R" | u is continuous }
C(02) :={u € C(2) | u is uniformly continuous}

lulle(a) = sup [u(z)]
e
C*() := {u: N—R' | u is k-times continuously differentiable }

C*() := {u € C*(22) | D“u is uniformly continuous for all |a| < k}

luller )y == Z [D%ulle(o)
la|<k

Assume (2 is an open subset in R™ and 0 < a < 1. If there exists a
constant C such that
lu(z) —u(y)| < Clz —y[* , Vz,y€ 2,

then we say that u is Hdder continuous in 2.
The ot Héder semi-norm of w is

[U]CUva(Q) = sup {|u(;v)—u(y)|}

Tz#Yy |$ - y|o/

The at* Héder norm is
lullco.a(gy = llulleo) + [ulco.a

The Hoder space C*%(£2) consists of all functions u € C*(£2) for which
the norm

[uller.oy == Z I1D%ul| ooy + Z [DPu]go.a ()
[BI<k |8]=k

is finite.

C°°(£2) is the set of all infinitely differentiable functions

CE(£2) denotes the subset of functions in C*(§2) with compact support in
Q.
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13. LP(£2) is the set of Lebesgue measurable functions v on {2 with

1/p
ullze (o) = (/Q IU(x)pd:c) < 0.

14. L°°(42) is the set of Lebesgue measurable functions u with

[ull Lo () := ess s?zp lu] < 0.

15. LP

1oc(£2) denotes the set of Lebesgue measurable functions u on 2 whose
th

p"" power is locally integrable, i.e. for any compact subset K C {2,
/ |u(z)Pde < oo.
K

16. W*P(£2) denotes the Sobolev space consisting functions u with

1/p
ey = 3 ([ D) <.

0<a|<k

17. H*P(§2) is the completion of C°*°(£2) under the norm lullwe.r(a)-
18. For any open subset {2 C R", any non-negative integer k and any p > 1,
it is shown (See Adams [Ad]) that

HP () = WhP(0).
19. For p = 2, we usually write

H*(2) = H*?().

A.1.4 Notations for Estimates

1. In the process of estimates, we use C' to denote various constants that can
be explicitly computed in terms of known quantities. The value of C' may
change from line to line in a given computation.

2. We write

u=0(v) asaz—z°

provided there exists a constant C' such that
u(z)] < Clo(z)|

for z sufficiently close to x°.
3. We write
u=o(v) asxz—z°,
provided
u(e)|
|v(z)|

as r—x°.




A.1 Notations 239

A.1.5 Notations from Riemannian Geometry

1.

2.
3.
4.

M denotes a differentiable manifold.

T,M is the tangent space of M at point p.

Ty M is the co-tangent space of M at point p.

A Riemannian metric g can be expressed in a matrix

gi1 - Gin
g: . . .
gn1 ** Gnn

where in a local coordinates

gljp - 8331 p7 81}] ) p -

(M, g) denotes an n-dimensional manifold M with Riemannain metric g.
In a local coordinates, the length element

1/2

ds := Z gijdzdx;

ij=1

The volume element

dV =\ /det(gi;)dzy - - - dxyy

K(z) denotes the Gaussian curvature, and R(z) scalar curvature of a
manifold M at point x.
For two differentiable vector fields X and Y on M, the Lie Bracket is

[X,Y]:= XY - VX,

8. D denotes an affine connection on a differentiable manifold M.

10.

11.

A vector field V() along a curve ¢(t) € M is parallel if — = 0.

Given a Riemannian manifold M with metric <, >, there exists a unique
connection D on M that is compatible with the metric <, >, i.e.

< X,Y >, 4= constant ,

for any pair of parallel vector fields X and Y along any smooth curve ¢(t).
In a local coordinates (z1,---,%y), this unique Riemannian connection

can be expressed as
0 0
D = E rk_—.
521‘ (9$j . Y 8$k

where I i’;- is the Christoffel symbols.
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12. We denote
Vi= D o .

Oz

13. The summation convention. We write, for instance,
.0 o,
X'— = X"
81‘1‘ zz: 8331' ’

Fijédxk = Zlﬁdwk,
k

and so on.
14. A smooth function f(z) on M is a (0,0)-tensor. 7 f is a (1,0)-tensor
defined by
of

vf= Vifd:ri = da’.
83@

V2 f is a (2,0)-tensor:

af ., ;

V=V, <8xidx>®dx
*f r Of ; j
<8xi8xj ”89%) v

In the Riemannian context, 72/ is called the Hessian of f and denoted
by Hess(f). Its ij*" component is

f L 0f

0z;0; Y oxy

(VQf)z'j =

15. The trace of the Hessian matrix ((7°f)i;) is defined to be the Laplace-
Beltrami operator A.

B)
ij
l9lg 8:c>

where |g| is the determinant of (g;;).
16. We abbreviate:

/ vuyvdV, ::/ < Yu, Vo > dVy
M M

where

3u ov
= 9" Ox; axj

is the scalar product associated with g for 1-forms.

< VU, v >= g7 uv v
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17. The norm of the k" covariant derivative of u, |/"u/| is defined in a local
coordinates chart by

k 1] iedn [k k
[7Ful? = g™t g I (T )iy i (V1) i
In particular, we have

g g o Ou Ou
1
Vil =|7ul® = g (Twi(vu); = ¢7vaugsu =g g o

18. C;.(M) is the space of C*° functions on M such that
/ [P ulPdV, < 00,¥j=0,1,--- k.
M

19. The Sobolev space H*P(M) is the completion of C¥(M) with respect to

the norm
k _ 1/p
ol =3 ([ 19urav,)
j=0 M

A.2 Inequalities

1 1
Young’s Inequality. Assume 1 < p,q < 0o, —+— = 1. Then for any a,b > 0,
p q
it holds » g
ab< 4= (A1)
p q

Proof. We will use the convexity of the exponential function e*. Let 1 < x4
be any two point in R'. Then since 1 + % =1, %xl + %Ig is a point between
1 and xo. By the convexity of e, we have

1 1
erPItaT < ZeTt 4 Zet (A.2)
p q

Taking 21 = Ina? and 25 = Inb? in (A.2), we arrive at inequality (A.1). O
Cauchy-Schwarz Inequality.
Proof. For any real number A > 0, we have
0<|z+yf=|z|> £ 2z -y + \|y|%
It follows that 1 )
+r-y < —|z|> + S|y|*
vy < orlaP + Sy
The minimum value of the right hand side is attained at A = % At this value
of A\, we arrive at desired inequality. O
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Héder’s Inequality. Let {2 be a domain in R™. Assume that u € LP(£2)

1 1
and v € L1(f2) with 1 <p,q < oo and — + — = 1. Then
p q

[ Jwlds < Jullisoy oleco (A3)
(9]

Proof. Let f = m and g = m Then obviously, Hf”L,J(Q) =1 =

llgllLa(s2)- It follows from the Young’s inequality (A.1),

L 1 1 1
/ |f9|d$§*/ |f|pd$+*/ lgl9ds = =+~ = 1.
2 pPJo q.Jo D q
This implies (A.3). O

Minkowski’s Inequality. Assume 1 < p < oo. Then for any u,v €
Lr(£2),
lu+vllLe(2) < llullpe2) + 10llLe ().

Proof. By the above Hdder inequality, we have

o2, 0 :/ |u+v|pdx§/ -+ 0P~ (Ju] + [v])da
2 2

<(/ |u+v|de>p”l K/Q |upd$);,+ ( |U|pdx>;]

-1
= flu+ U||I£p(g) (HUHLP(Q) + ||UHLP(Q)) .
Then divide both sides by |lu + 'U||’£;(1m. O

Interpolation Inequality for L? Norms. Assume that v € L"(2) N
L5(82) with 1 <7 < s < o0. Then for any r < ¢ < s and 0 < § < 1 such that

1 6 1-96

g A4
t T + s (A-4)
we have u € L!({2), and
lull ey < Mullfr(ayllullp-Co)- (A.5)
Proof. Write
/ |u|*dx :/ lu|® - |u|'~da.
Q 0
Choose p and ¢ so that
1 1
ap=r,(t—a)g=s, and —+ - =1. (A.6)

p q
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Then by Hoder inequality, we have

a/r (t—a)/s
/ lu|tdx < (/ |qu;v> . (/ |usdx>
Q 2 o)

Divide through the powers by ¢, we obtain
lulle < el - flufl g~/

Now let § = a/t, we arrive at desired inequality (A.5). Here the restriction
(A.4) comes from (A.6). O

A.3 Calderon-Zygmund Decomposition

Lemma A.3.1 For f € LY(R"), f >0, fited« > 0,3 E, G such that
(i) R"=EUG, ENG =
(i) f(x) <a, ae. z €E

(i1i) G = |J Qu, {Qx}: disjoint cubes s.t.
k=1

a < @ f(a:)dx < 2o

Proof. Since | g [ (w)dz is finite, for a given a > 0, one can pick a cube Q,
sufficiently large, Such that

/'ﬂmwgaww (A7)
Qo

Divide @, into 2" equal sub-cubes with disjoint interior. Those sub-cubes
Q satisfying

/f@MwSMQ
Q

are similarly sub-divided, and this process is repeated indefinitely. Let Q de-
note the set of sub-cubes ) thus obtained that satisfy

/f@Mx>MQL
Q

For each Q € Q, let Q be its predecessor, i.e., () is one of the 2" sub-cubes of
Q. Then obviously, we have |Q|/|Q| = 2", and consequently,

1 n
o<1 /Qf(x)da:§ ol /Qf(a:)d |Q|a|Q\ —9ha. (AS)
Let
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G=|JQ, andE=Q,\G.

QeQ

Then iii) follows immediately. To see ii), noticing that each point of E lies in
a nested sequence of cubes () with diameters tending to zero and satisfying

/ f(@)dz < alQ],
Q

now by Lebesgue’s Differentiation Theorem, we have
f(x) <a, aein E. (A.9)
This completes the proof of the Lemma. O

Lemma A.3.2 Let T be a linear operator from LP(£2)NL2(2) into itself with
1<p<g<oo. If T isof weak type (p, p) and weak type (q, q), then for any
p <r <gq, T is of strong type (r, r). More precisely, if there exist constants
B, and By, such that, for anyt > 0,

ri(t) < (Bj”) and pirs(t) < (B”tf”) | Vf e Q)N L),

then
ITf|l- < CBEBL || fIl- . Vf € LP(£2)NLYL),

where

and C' depends only on p, q, and r

Proof. For any number s > 0, let

fz) i [f(2)] < s
“@:{o if |f(z)] > s

We split f into the good part g and the bad part b: f(z) = g(x) + b(z). Then
Tf(z)] < [Tg(x)| + |Tb(x)|,

and hence

() = g (1) < ey (5) + pral(2)

() o (32 f s

It follows that
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r T = Ty > r—1
/Q T|7d / p()d(ET) = / £ ()t
<r(2B,)1 tr 1= Q< |de>
[fI<s

+ 7(2B,)? tr 1=r ( |de> dt
| f]>s
= r(2B, ) I, +r(2By)PI,. (A.10)

Let s =t/A for some positive number A to be fixed later. Then

_ AT— > r—1— T
I,—A q/o g1 </f|<s|f( )|qdz> ds
_ A o [T 1-ags)
\f($)| <J(ﬂ s 8) T

Ar-
q_r/ ()| da. (A.11)
Similarly,
- ]
I :A”*”A 1 </f>s|f(x)|pdas> ds=/ﬁ\f(x)|p/0 1P s
Ar-p )
_ r_p/0|f(x)| da. (A.12)
Combining (A.10), (A.11), and (A.12), we derive
[1rr@ras < e [ sl (A13)
2 (9]
where o Ar—a o v
piay - GBS (B,

q-—r r—p
By elementary calculus, one can easily verify that the minimum of F(A) is

A= 23;1/@—1))35/(11—@.

For this value of A, (A.13) becomes

1 1
/Q T f(z)|"dz < r2" ( + > Bg(T—p)/(q—p)Bg(q—r)/(q—p) /Q |f ()| da.

g—r r—p

Letting

1/r
1 6 1-96
S L )
q—1r =P r p q
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we arrive immediately at
61-6
ITfllzr2) < CByBy |l fllLr(a)-

This completes the proof of the Lemma. O

A.4 The Contraction Mapping Principle

Let X be a linear space with norm || - ||, and let 7' be a mapping from X into
itself. If there exists a number 6 < 1, such that

[Tz —Ty|| < 0||z —y|| forall z,y € X,

Then T is called a contraction mapping .

Theorem A.4.1 Let T be a contraction mapping in a Banach space B. Then
it has a unique fized point in B, that is, there is a unique x € B, such that

Tr=x.

Proof. Let x, be any point in the Banach space B. Define
1 =Tz, , and x4 =Tz k=1,2,---.

We show that {z)} is a Cauchy sequence in B. In fact, for any integers n > m,
n—1
o =2l € 3 lass — 2
k=m

n—1
=Y TF2y — Tz,

k=m
n—1
<Y 0|y — x|
k=m
07”
< 1 6||x1 — Z,||—0 as m—oo.

Since a Banach is complete, the sequence {z)} converges to an element x
in B. Taking limit on both side of

Tp1 = Trg,

we arrive at

Tx = z. (A.14)
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To see the uniqueness, assume that y is a solution of (A.14). Then
o — yll = Tz — Tyl < 6}z — yll.
Therefore, we must have

lz =yl =0,
That isx=y. O

A.5 The Arzela-Ascoli Theorem

We say that the sequence of functions {ux(x)} are uniformly equicontinuous
if for each € > 0, there exists § > 0, such that

lug () — ug(y)| < € whenever |x —y| < d
forall z,y €e R" and k =1,2,---.

Theorem A.5.1 (Arzela-Ascoli Compactness Criterion for Uniform Conver-
gence).
Assume that {ui(x)} is a sequence of real-valued functions defined on R™
satisfying
lug(z)| <M k=1,2,---, x € R"

for some positive number M, and {u(z)} are uniformly equicontinuous. Then
there exists a subsequence {uy,(x)} of {ur(x)} and a continuous function u(x),
such that

Uk, —U

uniformly on any compact subset of R™.
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