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Abstract

In this thesis some Lane-Emden problems of different order are studied. Tackling
the issue of existence of a positive solution and regularity of the solutions are of
paramount importance for each instance.

In addition to discussing the general Lane-Emden equation, the cases of having an
advection term to the original problem and investigating some fourth order nonlinear
Dirichlet and Navier problems are of considerable interest.

While the well-studied general equation points out that for p > % and € a
star-shaped domain in R" there would be no non-trivial solution, some advantageous
results regarding the existence of a positive solution and regularity of the solutions on
a general bounded domain in RY are addressed for the equations where an advection

is involved, as well as some nonlinear fourth order problem with given Dirichlet and

Navier boundary conditions.
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Introduction

Partial Differential Equations is one of the most interesting research topics amongst
researchers in mathematical sciences since Leonhard Euler’s momentous contribution
to this subject in eighteenth century, as mentioned in a 1928 paper in [10], and it has
always been of paramount importance with a multitude of applications in diverse
branches of engineering, natural sciences, statistics and economics. This research
field, in fact, could be adopted to model a broad range of phenomena where heat
transfer, diffusion, sound, electrodynamics, electrostatics, quantum mechanics and
gravitation are a number of them. Elliptic PDEs have numerous applications in
many areas of mathematics and physics.

As for one of the very famous elliptic equations we can refer to the Lane-Emden

equation which is a nonlinear Poisson equation as below

—Aw = w? in €,
(1.1)
w = 0 on 0f,

where 1 < p < oo and € is some bounded domain in RY where N > 3.
This equation has a multitude of application in astrophysics as it models a stellar

object as a gaseous ball and determines its gravitational potential, see [12, 7, 15].



This equation, in fact, is advantageous in proposing a model for the gravitational
potential of a Newtonian self-gravitating, spherically symmetric, polytropic fluid, see
[12, 7, 15]. As we take a look into the history of this equation we observe that it has
been first introduced by Jonathan Homer Lane who was an American astrophysicist
in [40] in 1870; and later, by Jacob Robert Emden who was a Swiss astrophysicist
and meteorologist, in [28] in 1907.

There have been many interesting research work conducted on this problem from
different perspectives that we would like to bring up a few of them such as [34, 14,
22, 30,47, 1, 4,24, 7,9, 11].

The current thesis is a survey on Lane-Emden equation and some of its varia-
tions and consists of six chapters. We primarily discussed about nonexistence and
existence of solutions, regularity results and some estimates for different types of
Lane-Emden equations.

In addition to bringing the required essential mathematical background in the
second chapter of our research, we have introduced the general Lane-Emden equation
in chapter three and we have shown the nonexistence of a nontrivial solution for
p > % and () a star-shaped domain. This was first introduced by Pohozaev in a
1965 paper [48] and was shown by Gidas and Spruck in a 1981 paper [35]. Tt is also
mentioned in several papers like a 1993 paper by Passaseo in [47] and is covered in
the textbook [30] by Lawrence C. Evans on 1998, as well.

Moreover, the existence of a positive solution for the general Lane-Emden equa-
tion has been proposed for €2 a bounded domain with smooth boundary and a subset

of RN, and 1 < p < % by Gidas and Spruck in the above-mentioned paper [35]

N+2

in 1981 and some similar work for the critical Sobolev exponent where p = =5

proposed by Brezis and Nirenberg in their paper [8] in 1983. Also, there have been
numerous similar research performed on this equation for some different domains in

RY or slightly different cases with very useful results by many scholars that we can



list some of them as follows, [9, 11, 45].
Also, by examining the appropriate values for p and N for the Lane-Emden equa-

tion we could address a regularity result for this well-studied problem that guarantees

the smoothness of solutions for the right values of p and N, for 1 < p < % , as
well as 1 < p < % We have provided two approaches to prove it. The first

one is a method based on a bootstrapping process and some iterations; besides, the
second way is that we take the nonlinear problem to be a linear problem with some
appropriate change of variable.
Furthermore, a more general version of the Lane-Emden equation could be con-
sidered as below where it would be possible to have negative solutions, as well.
—Aw = |wPlw in Q,
(1.2)
w = 0 on Of).
Along with introducing this problem we could find some similar theorem for this
problem from some 2007 references [21, 31| stating that the solutions of this equation
should be of one sign which means there would not be a sign-changing solution.
Furthermore, in the fourth chapter of our study on Lane-Emden equation we
would like to discuss about the case where an advection term was added to the
original problem (1.1) so that we will have the following equation
—Aw+a(x)-Vw = wP in €,

(1.3)
w = 0 on 0f2.

In the case where a(z) = 0 the problem is reduced to the well-studied Lane-
Emden equation (1.1). For the case where we have a(x) # 0 some possible cases

would be worthwhile to be considered. More specifically, if we have a(z) = Vv(x)

where 7 is a scalar function, the equation above would be considered as the following



variational problem

— Aw+ Vy(z) - Vw = P, (1.4)

and so, we can assign an energy functional to this problem. Several existence and
nonexistence results proposed for the general Lane-Emden equation (1.1) could be
validated for the above problem involving gradient by considering some adjustments
in the offered proofs for the general case; see [16]. We have tried to address the
existence of a positive solution as well as some regularity results for the equation
(1.3).

A multitude of studies with interesting results have been done on this problem
which we can refer to a frequently cited 2012 paper by Dr. Craig Cowan and Dr.
Mostafa Fazly that a much more general case is addressed in [18] where the following
Dirichlet problem

—div(a,Vw) = aguw?®,

is discussed and some useful results are proposed. As remarked in this paper and a
2014 paper by Dr. Craig Cowan, provided we have a; = ay , this problem is reduced
to the case where we will obtain the above-mentioned variational problem for some
scalar function . More details could be found in [16, 18, 26].

Along the same lines, in the fifth chapter of the current thesis we are interested in

studying some clearly important fourth order nonlinear Dirichlet and Navier prob-

lems.
Aw = |wPtw in €,
(Dirichlet problem) w = 0 on 09, (1.5)
ow = 0 on 052,
as well as



Aw = JwPlw in €,
(Navier problem) w = 0 on 0%, (1.6)

Aw = 0 on 051,

where ) is a bounded domain in RY and N > 3.

For N = 2 the problem would be defined for a two dimensional domain which rep-
resents a plate. In this case, the nonlinear Dirichlet problem (1.5) is called clamped
plate equation and the Navier problem (1.6) is named buckled plate equation and
some identities and results are proposed for these cases with various boundary con-
ditions or in [33]; however, we will take some fourth order problems for N > 3 into
consideration in this research.

First, we begin our discussion with more general cases where we have the following

linear fourth order problems

Aw = f(x) in
w = 0 on 052, (1.7)
dw = 0 on 0,

and

Aw = f(x) in Q,
w = 0 on 012, (1.8)
Aw = 0 on 0.

As we concentrate on our study on the nonlinear problems (1.6) and (1.5), we
observe that Enzo Mitidieri in a 1990 paper [44] and Robert Van Der Vorst in his
paper [53] in 1991, have addressed the nonexistence of a positive solution where €
is a star-shaped domain for the nonlinear biharmonic Navier problem (1.6) and they

have proposed similar advantageous results for higher order nonlinear polyharmonic



problems, as well.

Furthermore, we propose some estimates for w € W*P(Q) as the unique solution
of the linear problem (1.7) and w € HZ(), the unique solution of (1.8), taking
advantage of some higher order LP regularity theory precisely studied by Gazzola,
Grunau and Sweers in the reference book [33] for higher order polyharmonic problems
and it was initially introduced by Agmon, Douglis and Nirenberg in their 1959 paper
[2] and 1964 paper [3].

Moreover, Boggio in 1905 presented a weak maximum principle for the equation
(1.8) in a unit ball in his book [6]; however, it has not proven yet whether or not
a maximum principle holds for this equation in general domains. Furthermore, a
maximum principle holds for the linear biharmonic Navier problem (1.7) which has
been demonstrated in chapter five of this thesis. More details on this problem and
similar higher order polyharmonic problems could be found in [33].

Having discussed about the above-mentioned linear fourth order problems, we
would like to investigate the nonlinear equations (1.5) and (1.6) which we offer an
advantageous theorem for existence of a positive minimal solution for each problem.
These problems, in fact, are a special case of some higher order polyharmonic semi-
linear problems of subcritical growth that are discussed in a multitude number of
papers. For instance, we can refer to the a 1978 paper by von Wahl in [55], a 1985
paper by Oswald [46], Dalmasso’s 1990 paper in French [20], the paper published in
1992 by Clement, de Figueiredo and Mitidieri [13], as well as Soranzo’s 1994 paper
[50].

Last but not least, the sixth chapter of the current thesis is dedicated to draw a
brief conclusion on our research about various types of Lane-Emden equations. Also,
we have recommended some opportunities for further studies on similar noteworthy
topics.

In order to facilitate the readers’ experience through reading and following the



current thesis and finding the appropriate information in a timely manner, we have
represented a table of norms including different spaces with their corresponding norm

as an Appendix.



Mathematical Background

In order that we might be able to conduct research on analysis of partial differential
equations, and more specifically on elliptic nonlinear problems such as Lane-Emden
type equations, we will require a multitude of fundamental concepts, mathemat-
ical tools, function spaces, and useful theorems which are generally derived from

functional analysis.

2.1 Some useful function spaces

In this section we introduce the essential function spaces of this study. Consider
Q0 C RY be the open and connected set, denote a bounded domain in RY with

smooth boundary.

2.1.1 Continuous functions.

We let C'(2) denote the set of continuous functions on (.



2.1.2 Uniformly continuous functions.

Let C'(Q) stand for the set of uniformly continuous functions on €. It can be shown

that (C(Q), ]| - ||) is a Banach space where

[ul| := sup [u(z)| = max [u(z)].
€ €N

For more information see [52].

2.1.3 The space of locally integrable functions

The space of locally integrable functions on €2 is shown by Lj..(2), which includes
all measurable function u such that [y |u| is finite for every compact subset X of ;

see [41].

2.2 Hilbert Spaces

We have derived this section from [30]. Consider H is a real linear space:
Definition 1. A mapping (,) : H x H — R is called an inner product if:
1. (u,v) = (v,u) for allu,v € H,
2. the mapping u — (u,v) is linear for each v € H,
3. (u,u) >0 for allu € H,
4. (u,u) =0 if and only if u= 0.

If (,) is an inner product, the associated norm is for any u € H

1
[l = (u,w)?,



and from the Cauchy — Schwarz inequality for any u,v € H we have:

|(u, 0)| < ]| {Jo]

Definition 2. [30] A Hilbert space H is a Banach space equipped with an inner

product generating the mentioned norm.

2.2.1 Dual Space

For a normed vector space X, its dual space, which is denoted by X', is the space

of bounded linear functionals on X. The norm on X’ is determined by:

|f(2)]

e

,_ Lpe—
£ = 1l = s

for f € X', see [41].

2.2.2 Some important theorems

Theorem 1. (Riesz Representation Theorem) [41]
Let H be a Hilbert space and f be a bounded linear functional on H'. Then there
exists a unique u € H such that f(v) = (v,u) for allv € H and ||u|| = ||f||', where

|.II'" denotes the norm on H'.

Theorem 2. (Laz-Milgram Theorem) [41, 30] Let H be a Hilbert space and B :
H x H — R be a bilinear form which there are constants c1,co > 0 such that for

every u,v € H, both conditions below are satisfied:

e B is bounded

|B(u,v)| < e [Jull [Jo]]

10



e B is coercive

|B(u,u)| = ea [|ul]”

Let f € H'. Then there is a unique uw € H such that B(u,v) = f(v) for allv € H

and ||ul| < c||f||" where ||.||" denotes the norm on H'.

Furthermore, it is noticeable to mention that Lax-Milgram theorem reduces to
Riesz Representation theorem when the bilinear form B is symmetric. It means
B(v,w) = B(w,v) for all v,w € H. This is because of the fact that a symmetric

coercive bilinear form is an inner product, see [41].

2.2.3 L? Spaces

For 1 < p < oo, the space LP({2) is the Banach space of measurable functions f on

2 such that their L” norm is finite , see [52]. as below:

11e = ([ 1#@pde)” < oo

For p = oo we have the L>(£2) space which is a Banach space and is the spaces
of bounded functions defined on {2 whose essential sup is finite.
It is remarkable to note that the dual space of LP(Q2) is L9(2) where % + % =1,

and 2 is a bounded domain in RY for 1 < p, ¢ < oo, see [41].

2.2.4 Smooth compactly supported functions.

We let C'2°(2) denote the set of infinitely differentiable functions ¢, where ¢ : Q — R

and is compactly supported in €, see [30].

11



2.2.5 Convergence in C°(Q)

We say that ¢, — ¢ in C°(Q2) provided: ¢,,,¢ € C°(2) and there is some fixed
compact set K C Q such that for all m we have supp(¢,,), supp(¢) C K and ¢, — ¢
in C*(K) for all k = 0,1,2,.... Note the above notion of convergence is extremely

strong.

2.2.6 Distributions

Let T : C°(Q2) — R denote a linear function (ie. T'(au + bv) = aT'(u) + bT'(v) for
all a,b € R and u,v € C°(Q2)). We say T € D'(Q2), read T is a distribution on €,

provided T is continuous with respect the above notion of convergence, ie.

¢m = ¢ In CZ(Q) = T(¢m) = T(9)-

Such function ¢ € C°(2) that ¢ : 2 — R is called a test function; see [30].

2.2.7 Sobolev Spaces

This section is mainly derived from references [30, 41]. For fixed 1 < p < oo and a
positive integer k, we need to consider some specific function spaces that functions

have weak derivatives of different orders which belong to several LP spaces.

Definition 3. The Sobolev space W*P(Q) is defined as below

WHP(Q) := {u € Lie(Q), D*u € LP(Q),|a| <k}, (2.1)

and consists of all locally integrable functions u : @ — R which D*u exists in the

weak sense and lies in LP(QY) for any multi-index |o| < k.

12



The appropriate norm for Sobolev spaces is the following for 1 < p < oo

lellwirey = | X [ 1Dl dz) . (2.2
ol <k 7¢

and when p = co the norm is defined by:

HUHW’faOO(Q) = Z [ D%ul|, -

lal<k

It deserves to be noticed that for p = 2 we can write
H*(Q) = WH2(9Q),

where H*(Q) is a Hilbert space. Additionally, for & = 0 we would have H°(Q) =
12(Q).
Definition 4. [30]

The closure of C°(Q) in WHP(Q) is shown by

WP (Q).

Therefore, u € WiP(Q) if and only if there exist functions u, € C(Q) such
that u,, — u in W*P(Q), see [30].

In other words, Wg? () consists of the functions u € W#?(Q) such that for all
la] <k —1 on on 092 we have:

D% = 0.

Furthermore, we can write

HEQ) = WE(Q). (2.3)

13



For example, as indicated in the book [30], it is worthwhile to mention that the

space L?(Q) is a Hilbert space with

(u,v) :/Qfgdx.

Moreover, the Sobolev space H'() is a Hilbert space with:

(f.9) = /Q(fg + Df - Dg)dz.

2.2.8 The space H!

We have taken this part of our research from the book [30]. We try to represent the

dual space of H} as is outlined in the following definitions.

Definition 5. We denote by H'(Q) as the dual space to H} ().

In other words, f € H™*(Q) provided f is a bounded linear functional on H}(Q).

Definition 6. If f € H '(Q) we define the following norm

||f||H*1(Q) = SUP{<fa ) | u € Hy(Q), ||U||H3(Q) < 1}7

where (,) stands for the pairing between H!(Q) and H}(Q).
In addition, we would like to suggest the following theorem for characterization

of H1(Q).

Theorem 3. (Characterization of H1(2))[30]
Assume f € H™Y(Q). Then, there exist functions f°, f1, ..., f~ in L*(Q) such
that for all v € H}(S)
Uooh = [P0+ 3 Py

14



Moreover,

fi

. N 2 1 0 N
Iy = { [ 2|7 ao)? o) = [[(100+ 3 o ia.

Additionally, in a more general version, the dual space of H[(2) is shown by

H~"(€2) where

for some positive integer m, see [41].

2.2.9 Holder Spaces

We have taken this part of our research from the book [30]. We will require a very
useful space, called Holder spaces.

Assume Q C R” is open and 0 < v < 1. Recall that for the class of Lipschitz
continuous functions for some function f : {2 — R we had the following estimate for

any z,y € {2 and some constant C' :

[f(z) = fly)] < Cle—yl,

Now this implies that f is continuous. Having mentioned this idea, we can
consider functions u : 2 — R satisfying an alternative of the above estimate as

below:

u(z) —u(y)| < Cle—y[",
for some constant C'. Such function is said to be Hélder continuous with exponent
.
Definition 7. [30]

15



1. Ifu:Q — R is bounded and continuous, we write
[ull @y = sup [u(@)].
z€eQ

2. The ~"-Hilder semi-norm of u : Q — R is

ju(z) — u(y)| }

Ul Ao~y c= SUP
[ ]C () { \x—y\“’

z,yeN
zF#y

3. The mentioned function’s ¥"-Hélder norm is:
HU”cOw(ﬁ) = HUHC@) + Mcm(ﬁ)-

Definition 8. The Hélder space C*7(Q) consists of all functions u € C*(Q) for

which the following norm is finite:

||U||ckw(§) = Z ||DOCU||C(§)WL Z [Dau]cm@)-

|a|<k |a|=k

Consequently, the space C*7(Q) consists of those functions u that are k-times
continuously differentiable and whose k*"-partial derivatives are Hélder continuous
with exponent . Such functions are well-behaved and the space C*7(Q), also,
possesses a decent mathematical structure. As could be stated in the following

theorem:

Theorem 4. (Hélder spaces as function spaces) The space of functions C*7(Q) is

a Banach space.

16



2.2.10 Weak Derivatives

In this section we begin with weakening the idea of partial derivatives and we will dig
into the definition of Sobolev spaces in another section. We have taken the majority
of content in this section from [30].

Consider the function w continuously differentiable over the region 2 (which
means u € C'(Q)) and the test function ¢ € C*(Q2). By integration by parts

formula we would have:

/Qu@idx = —/quiqbdx. (2.4)

Because of the fact that ¢ has compact support in 2 and so vanishes close to the
boundary 0f2, there would be no boundary terms in (2.4).In addition,we will have

the following for a multi-index « :

/QuDo‘ngdx = (—1)'“'/9D°‘ugbdx,

Definition 9. [30] For u,v € L}, (), v is the a'"-weak derivative of u if

/QuDo‘qbdx: (—1)'0“/Qv¢dx,

holds for all test functions ¢ € C(2) and we will consider D*u = v. So v is the

a'"-weak partial derivative of u.

2.2.11 Weighted L? Spaces

In this section of our research we would like to represent the "weighted LP spaces'
which would be an advantageous tool in analysis of certain cases of Partial Differential
Equations. The following definition could be found in the reference book [37] as it

has covered a wide variety of the applications of such spaces.

17



Definition 10. For1 < p < oo and w be a real valued and positive almost everywhere
Junction, w : R — [0,00) ,the w-weighted Lebesque space LP(Q2,w(x)) is defined as

the set of measurable functions f on Q) such that the following norm is finite:

1 sy = (P wi@)da)? < oc. (25)

It might be trivial to check but should be considered that by taking the weight
function w = 1 the above weighted L” spaces become equivalent to LP spaces that

we introduced earlier and they share many similarities.

2.3 Sobolev embedding theorem

Theorem 5. (Sobolev embedding theorem) [41] Let Q0 be a bounded domain in RY
with a Lipschitz boundary. Also, consider 0 < m < I an integer and 1 < p,q < 0.

Then

1If 2 <L BEmoghen Whe(Q) — W™P(Q). The embedding is compact if:

SRl

1
q
l

< o+

S
Q=

2. If% < B2 then W'P(Q) — C™(Q) and the embedding is compact.

2.4 Green’s identities

We would like to start off by introducing Green’s identities which are very useful
through our work. We have derived the majority of content in this section from the

references [41, 30].

Theorem 6. (Green’s Identities)[]1]

/uziv = —/ UV, —|—/ uvv’, (2.6)
0 Q )

18



where u,v € CY(Q) and v = (v, 12, ..., vN) is the outward pointing normal on OS).

The equation (2.6) is called Green’s first identity.

/QVU -V = /Q(—Au)v + - vo,u, (2.7)

where d,u = Vu-v. Here u € C*(Q) and v € C1(Q).

The equation (2.7) is called Green’s second identity.

A solution that fits in an elliptic partial differential equation but does not nec-
essarily need to be differentiable for all points in the given domain is called a "weak
solution".In fact, it satisfies the PDE in a weak sense.

We shall use integration by parts in our effort to find the weak form for a given

PDE. Therefore, we will need to use Green’s first and second identities many times.

2.5 Existence and Regularity theory for the linear
Dirichlet problem

We would like to focus on the linear Dirichlet problem that are very useful within
our study. More details on this could be found in references [30, 41]. Consider the

following Dirichlet problem in its most general form:

—Au = x in €,
f(z) (2.8)
u = 0 on 0f),

where f € H~! and Q is a smooth bounded domain in R".

2.5.1 Motivation for an H} solution

Suppose u € C*(€2) be a smooth solution of (2.8) and multiplying this equation

by some smooth test function ¢ € C°(2) and ¢ = 0 on 02, as well as considering

19



Green’s second identity described in (2.7) we would get

| fo=[ vu-vo— | o@u) = [ Vu-ve,

because of the fact that ¢ = 0 on 0f).

The same identity holds when the smooth test function ¢ is substituted by any
test function ¢ € H}(Q), and so, the followed identity would be valid provided only
u € H}(Q). In fact, the space H} () is chosen to include the boundary condition

u = 0 on 0N from the original equation (2.8), see [30].

Definition 11. [30, 41] The bilinear form associated with the equation (2.8) is
B(u,v) ::/ Vu - Vo,
Q

for u,v € Hy(Q).

Definition 12. /30, /1] We say u € H}(Q) is a "weak solution” of the Dirichlet

problem (2.8) provided

B(u,v) ::/QVU-Vv:/QfU,

for allv € Hj ().

Theorem 7. (Ezistence of weak solutions)[30] For f € H™! there exists a unique

solution u € H}. which satisfies the PDE in (2.8).

Proof. Because of f € H~! and Riesz representation theorem there exists a unique

u € H} such that

(u, ) = (f,9),

20



for all ¢ € H} where (u, ¢) is the following inner product on H;

(wo)= [ Vu-Vo= [ fo=(f.0).

Hence, we see that we obtained the definition of a weak solution.

]

Furthermore, we will require the following regularity results for the linear Dirich-
let problem which are significantly important within our discussion about different

cases of such equations.

2.5.2 Regularity theory

We would like to introduce an essential part of our research where its significance
is shown in answering the smoothness of weak solution for a PDE. In fact, for the
Dirichlet problem presented in (2.8) where € is a smooth bounded domain in RY
and f € H~'. Then, we know that there exists a unique solution v € H} () and the

following regularity results hold. More details could be found in [30, 33].
Theorem 8. [30, 33] (Regularity theory)

1. (L? regularity theory)

For some integer k > 0, provided f € H*(Q) we will have u € H*2(Q). In
the special case we have H := L?. Therefore, if f € L? then u € H? and we

will have the following estimate:

[ll grse < CEXR) [l e -

2. (L? regularity theory)
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For 1 < p < oo provided f € LP(Q) then u € W*P(Q). Furthermore, there will

be some constant C' = C(p,2) such that
[ullwen < Clo Q[ F] o -

3. Holder space regularity; Schauder theory

If f € C%*(Q) where 0 < a < 1, then u € C*%(Q). Also, there will be some
C(a, Q) such that

[ull e < Cla, Q) 1 Fllona -

4. Higher order Schauder theory

If f € C*(Q), then u € C*2(Q).

Furthermore, for the linear Dirichlet problem (2.8) we have the following higher

order LP regularity result, as well.

Theorem 9. (see page 45 [33]) Assume for 1 < p < co and Q) € C* the equation
(2.8) holds. Then, for all f € W*P(Q) the equation (2.8) has a strong solution

v e WH(Q) N W, P(Q); furthermore, there is a constant C' = C(Q2) > 0 such that

[ullwar < C| fllwzo.

It is important to be considered that the above-mentioned L regularity result is

still valid when L? is not a subset of H~!, which means p is too close to 1.

Definition 13. (Very weak solutions approach)
Set X = {gb € C®(Q) : ¢log = 0}. u € LY(Q) is called a "very weak" solution of
(2.8) if for all $ € X we have:

[(~a0u= [ fo.
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It is significant to point out that the suggested definition of a very weak solution
is similar to the distributional definition, except for the test functions that are not
compactly supported. In fact, the given definition effectively conveys u = 0 on 0.

By way of illustration, assume u € C?(£2) and meets the above-mentioned criteria
of a very weak solution while there is no assumption about the value of u on the 0.
Hence, we would have u = 0 on 0f2.

Along the same line, we provide the following theorem to demonstrate the exis-

tence and regularity of the very weak solutions.
Theorem 10. (Duality proofs; f € L*(Q) , §f € L'(Q))

1. For f € LY(Q) there exists a "very weak" solution of (2.8) and u € LP(Q) for

allp < 5, and w € WP for all p < 5.

2. For §f € L'(Q) where §(x) = dist(x, ) there exists a "very weak" solution of

(2.8) and u € LP for all p < .

2.6 Fredholm Alternative

In order to be able to analyze the required regularity results for some given PDE we
will need to consider Fredholm alternative for elliptic partial differential equations
which is introduced as the following theorem with the appropriate definition for
compact operators. We have taken this part of our research from the reference

books [30, 49].

Definition 14. [30] For A and B real Banach spaces, a bounded linear operator
K:A—B

is called "compact” if for each bounded sequence {uy},-, C A, the sequence { Kuy},,

is precompact in B which means there exists a subsequence {ukj }oo . such that {Kukj}

o]
J= J=
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converges in B.

Theorem 11. [30] (Fredholm alternative) Let H denote a real Hilbert space and

K : H— H be a compact linear operator. Then
1. N(I — K) is finite dimensional,
2. R(I — K) is closed,
3. R(I - K)= N - K*)*,

4. N(I = K)=0if and only if R(I — K) = H,

and

5. dim(N(I — K)) = dim(N(I — K*)).

2.7 Weak sequential convergence

Weak sequential convergence is a very useful notion that we will exploit in our
research and it could be presented for sequences in Banach spaces L? spaces as well

as Hilbert spaces. We have taken this part from the references [29, 30, 52].

2.7.1 Weak sequential convergence in Banach spaces

Definition 15. (Weak convergence for Banach spaces)[30] Let X denote a Banach

space. We say a sequence {uy} -, C X converges weakly to u € X and shown as
U — U,

provided

(U™, ug) — (u*, u)

for each bounded linear functional u* € X'.
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Theorem 12. (Weak compactness) [30] Let X be a reflexive Banach space and
suppose the sequence {uy},., C X is bounded. Then there exists a subsequence

{uk].}:il C {ur}re, and u € X such that
Uk, — U.

Now that we have defined weak convergence and weak compactness for Banach
spaces, we would like to extend our definition to Hilbert spaces. In fact, a bounded

sequence in a Hilbert space contains a weakly convergent subsequence, see [30].

Definition 16. /29, 52/ Let Q be a bounded domain in RN and LP(Q) and L9(2) be
dual spaces for some 1 < p,q < oo which means we have % + % = 1. A sequence of

functions u,, converges weakly in LP(S)) to a function u provided

/umv—>/uv,
Q Q

for allv € LY(N2).

Moreover, if the sequence is bounded and we have the weak convergence, there

would be a convergent subsequence available as stated in the following theorem.

Theorem 13. (Weak sequential compactness in LP spaces)[29, 52] Assume Q be a

bounded domain in RN, Let 1 < p < oo and u,, be a sequence of functions such that
[mll,, < C,

for some C. Then, there exists some function u € LP(§) such that
lull, < C,

and a subsequence u,, which is weakly convergent to w in LP(S).
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However, we should point out that for the case p = 1 the above-mentioned weak
convergence fails in L*(2). The following example would make it clear that there is

no f in L' and subsequence f,, such that f,, converges weakly to f in L*(Q).

Example 1. For p = 1 assume the weak convergence holds and so from Definition
16 we will have a sequence of functions {f,,} C {f.} that is weakly convergent to a

function f in L'(Y) such that

/ankg—>/gfg,

for all functions g € L>®(Q).
As an example of this case, let Q :=[0,1] and n € N be a positive integer. Define

the sequence {f,} as below
fut= X2

where xjo 1) is the characteristic function on [0, %] Then, {fn} is bounded since

| fally =1 for alln € N. Assume the subsequence {f,,} converges weakly in L'(Q)
to f € LY(Q). For each interval [a,b] C [0,1] integrating x[ap is a bounded linear

functional on L'(Q) since xjq5 € L>(Q). Therefore,

/abf:_/Ole[a,b];

and by weak convergence we have

1 1
/0 fX[a,b} - ]}LHC}O/O fnkX[a,b]y

and so
. 1 . b
i [ foxian = Jim [

Now, as fn, = ngXjo 1y, for k sufficiently large and a > 0 we have ff fn, = 0.
7nk
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Therefore, for all 0 < a < b <1 we get

b ) b
/afzklggo/a fo, =0,

and so, f = 0 almost everywhere in ). Thus, by weak convergence and g = 1 €

L>(2) we have
1 1
02/0 fzklggo/o fr, =1,

which is a contradiction. So, there is no subsequence { f,, } that is weakly convergent

in L'(Q).

2.7.2 Weak sequential convergence in Hilbert spaces

Along the same line, we can consider the approach of weak sequential convergence

for Hilbert spaces in terms of the following definition.

Definition 17. Consider u,, be a sequence in a Hilbert space H. We say wu,, is
weakly convergent to u if

(umav) _> (u7 U)?
foranyv e H.

Also, we will have a similar weak sequential compactness result for Hilbert spaces

as the following theorem.

Theorem 14. There exists a weakly convergent subsequence for a bounded sequence

U, 1 some Hilbert space H.

As we introduce the weak sequential convergence, it would be required to take
a look at compact operators within our research work. It should be noted that

every compact operator is continuous. Conversely, not we can not conclude that all
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continuous operators would be compact. In fact, we know that continuous operators
map convergent sequences convergent sequences but compact operators map weakly
convergent sequences to convergent sequences. The following theorem provides us
the information that we would need further in our proof of regularity for the Lane-

Emden PDE containing some advection term.

Theorem 15. [52] A continuous linear operator on a Hilbert space maps weakly

convergent sequences to weakly convergent sequences.

2.8 Existence of minimizers

The majority of content of this section of our work is extracted from the reference
books [29, 30, 19].
In order to make sure that the functional I[.] has a minimizer at least in a suitable
Sobolev space, we would like to determine some conditions on some Lagrangian L.
Along the same line, we discuss the coercivity condition on the functional I[.] and
its lower semi-continuity, as well as convexity for the Lagrangian L. The functional

I[w] should have a minimizer and is defined by
Iw] == / L(Dw(z),w(x),z)dz,
Q
where w : 2 — R and w = g on the 0f).

2.8.1 Weak lower semi-continuity

First, let us define the class of admissible functions w as the following set
A= {w e WH(Q) : w|aq = g}

Also, we will need the following definition for a weakly lower continuous function.
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Definition 18. /29, 30, 19] We say that a function 1|.] is (sequentially) weakly lower

semi-continuous on W14(Q), provided
Iu] < liminf Iuy],
k—o0

whenever

U — U,
weakly in W1(Q).

We think of a function f : RY — R is said to be convex provided

fltz+ (1 —t)y) <tf(z) + (1 —1)f(y),

for every x,y € RN and t € |0, 1], see the reference book [19].

Theorem 16. (Weak lower semi-continuity)[/30] Assume that L is bounded below,
and the mapping

p— L(p,z,x),

is convex, for z € R and © € Q. Then, I[.] is weakly lower semi-continuous on

Wha(Q).

Theorem 17. (Ezistence of minimizers)[29, 30, 19] Suppose that L satisfies the
the coercivity condition below which says there exist constants oy and oy and fized
1 < g < oo such that

L(p,Z,.T) 2 a1|p|q — Qo,

forallp e RN, 2z € R and x € Q. Also, L is convex in the variable p and assume
that the admissible set A is nonempty. Then, there exists at least one function u € A
that solves

I[u] = min I'[w].

weA
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2.9 A useful inequality and a norm

Here we discuss an advantageous theorem called Poincare-Friedrichs inequality
that gives us an estimate and enables us to define a very useful norm, as well. We

have taken the content of this section from the reference book [41].

Theorem 18. (Poincare-Friedrichs inequality)[41] Let Q be a bounded domain with
Lipschitz boundary. Then, for every uw € HJ*(2) and m > 1, there exists a constant

¢ such that for all w € H*(QY),

lullzgpe < ¢ D2 11D (2.9)

la|=m

Furthermore, from the above-mentioned inequality we would like to define the

corresponding norm on H{*(2) as

lullz, = (Y D)z, (2.10)

|a|=m

where m > 1 and u € HJ*(Q), see [41].

We should remark that the norm defined in (2.10) is actually a semi-norm and is
not a norm on H™(£2). The reason for emphasizing the difference of it with a norm
is that we might have u = 1, however, we get ||ul|;, = 0, for more details see the

following [41].

2.10 Fredholm Operators

Within our analysis of regularity for different Lane-Emden problems we will need to

introduce Fredholm operators and some of their useful properties.

Definition 19. [36, 39] Let X and Y be Banach spaces and the operator T : X —'Y

be a bounded linear operator is called a Fredholm operator if the following hold:
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1. ker(T) is finite dimensional.
2. ran(T) is closed.

3. coker(T) is finite dimensional.

Moreover, the index of the Fredholm operator T is denoted by ind(T) and is defined

as the following integer:

ind(T) := dim(ker(T)) — dim(coker(T)).

Definition 20. [43] A bounded operator T is of finite rank if its range has finite

dimension and that dimension is called the rank of T'.

Theorem 19. [43] Every finite rank operator on a Banach space is a compact op-

erator.

Theorem 20. [39] If T is a Fredholm operator and K is a compact operator, then

T + K is a Fredholm operator and

ind(T) = ind(T + K).

Theorem 21. [25, 39](Atkinson’s Theorem) If H is a Hilbert space, then a Hilbert
space operator T in H is a Fredholm operator if and only if the range of T is closed

and dim(ker(T')) and dim(coker(T)) are finite.

Theorem 22. LetT : X — Y be a bounded linear operator on and X,Y be Banach
spaces. Then, T' is one to one and has closed range if and only if there exists a C' > 0
such that for all v € X

[l < [T
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Solutions of the Lane-Emden

Equation

In this chapter we would like to begin with introducing the celebrated Lane-Emden
equation on some general domain in RY and we are interested in discussing about
non-existence, existence and regularity of solutions for this problem as well as propos-
ing some ground state solution. A paramount number of research works have been
conducted on this problem in the last four decades that we can refer to a few of them

such as [1, 4, 24, 47, 7, 5, 26].

3.1 Derrick-Pohozaev Identity

The majority of the content of this part of our research could be found in the text
book [30]. We are interested in exploring the solutions for a nonlinear elliptic PDE,
general Lane-Emden equation, which is described as the following boundary value
problem:

—Au = uP in €2,

(3.1)
u = 0 on 0f).

32



We would like to show that the only nonnegative solution of (3.1), on some

particular type of domains, should be © = 0. By this, we will show that p > % in
(3.1) implies w = 0. It was first addressed by Pohozaev [48] and a plethora of details
could be found in the following references [30, 47, 1, 4, 24, 22].

For the first step, let us define a star-shaped domain in terms of the following

definition.

Definition 21. [30] An open domain Q) is called "star-shaped" with respect to 0 if

the line segment below lies inside Q for all x € Q
{‘v’xGQ:/\xEQ,OS/\gl}.

In the general case, {2 does not necessarily need to be a convex domain. However,

if Q2 is convex and 0 € €2, then (Q is a star-shaped domain with respect to 0.

Lemma 1. (Normals to a star-shaped region) [30] Assume 9Q € C' and Q is a

star-shaped domain with respect to 0. Then:
x-v(z) >0,

Vo € 01,

where v stands for the unit outward normal.

Proof. As 00 € C' if x € 9Q then for each ¢ > 0 there exists § > 0 such that

ly — 2| < 0 and y € Q imply

-2
V(@) y—o =°

In particular,

limsup v(z) - ly = 2)
y—z ly —
yEQR

<0.
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For 0 < A < 1let y = Az. Then y € Q because € is star-shaped. Therefore we will

have

, (\x — )
RN | i)
|| ALI{I_V(.CL‘) Az — x|

v(x)

> 0.

]

In order to show that there is no nontrivial solution to the problem (3.1) in
the case where () is a star-shaped domain we would like to consider the following

important theorem.

Theorem 23. (Non-ezistence of the non-trivial solution)[30, 48, 35, 47] Suppose

u € C*(Q) be a smooth solution of the PDE in (3.1) and the ezponent p > {12.

Moreover, assume Q) be a star-shaped domain with respect to 0 , and 0Q) € C*.

Then:

inside ) .

Proof. For a chosen point x we multiply the PDE by x.Vu and integrate over €2 so

we will have:

/Q(—Au)(:c -Vu)dr = /Qup(x - Vu)dz (3.2)

We can write the equation (3.2) as below:
A=DB

On the left hand side of we have:

N
A=:— Z /quixixjuxjdx

3,j=1
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And by integeration by parts we will get:

N N
A= Z /Qu%(m]ux])xldx_ Z /C‘)Q ’Linl/i]}j’LijdS

i,j=1 i,j=1

Let:

A = A1 +A2

Then, from (3.3) we will have:

N
A = Z /Q(uxi(sijuxj +uwixju$j$i)dx,

1,j=1

where 6;; denotes the Kronecker delta as below

1 ifi=j,
6ij — j
0 ifi#j.
Then,
N 2
Vu
A, :/Q(|vu\2+2(| 2' o, ;) d.
j=1

Also, by expanding the sigma and integration by parts we obtain:

_ 2 N 2 |VU|2
_/Qyw v - 5 /Q|W| +/m (v 2)ds

B N 9 |Vu\2
—(1- 2)/vauy daH—/aQ (- 2)dS.

Now we try to get an expression for A,.

As we mentioned:
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N
Ay = — Z /m Uz, ViT Uy dS.

i,j=1

We, also, know that u = 0 on 02 which implies Vu be parallel to the normal

v(x) for all z € 9. So we would have:

Vu =+ |Vu|v(z).

Now since u = 0 on 9f2, Vu points in the direction of —v(x) at each point z € 99

and so we have

Vu = —|Vu|v(z),

and so for Ay, we obtain:
Ay = —/ IVl (v - 2)dS.
o9

Now by combining (3.4) and (3.5) together we would obtain:

1

2N ,
Azi/ _
5 Q|Vu| dx 5

On the other hand, we have:

N

B = Z/ uPx iU, dx
j=17%

up-i-l
id
1/Q <p+ 1>xxj o
J

N
j=

which we will obtain:
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Now by putting the equations (3.6) and (3.7) into (3.2) we will have:

N -2 2 1 2 _ N pt
; /Q\vu\ dx+2/aQ\Vu| (v a:)dS—p_i_l/Qu dz. (3.8)

It is noticeable to mention that the above equality is called Derrick - Pohozaev
Identity. Furthermore, according to the Lemma 1 we have z.v(x) > 0 . Thus, we
would obtain:

N -2 N

As we multiply the equation (3.1) by u and use integration by parts we also get:

/|Vu|2dx:/up+1dx.
Q Q

Plugging this in (3.9) would result as below:

N —2 N
2 p+1

PHde <0,
( ) [ urtde <

Therefore if u # 0, we would have:

(N—Q_ N
2 p+1

) <0,

which implies:
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3.2 Existence of a positive solution

In this part of our study we would like to discuss about the existence of a positive
solution to Lane-Emden equation stated in (3.1) and we have found the following
theorem that was proposed by Gidas and Spruck. More details could be found in
the following [35, 23, 51, 33, 4, §|.

Theorem 24. [35] Suppose N > 3 and Q a bounded domain with smooth boundary

in RY. Then for1 <p < % there exists a positive u € HJ () solution of (3.1).

Proof. We try to take advantage of an analogous proof provided in [8] and adjusting
it for our problem. For more details you can see [51, 4, 33, 38, 24]. So, we begin
with minimizing some energy functional associated with the aforementioned partial

differential equation (3.1) in order to demonstrate that it has a positive solution as

below,
2
BE(u) = ||w§””, (3.10)
[ullosa
where
u€ X := Hy\ {0},
and:
E(u) = min E(v). (3.11)

veX

It is significant to indicate that such positive minimizer is, also, a positive solution
of the PDE in (3.1). [51, 4, 33, 24, 17|

First, it should be noted that for v € X and all t # 0 we have :

E(tu) = E(u).

Therefore, in order to minimize E over X it would be sufficient minimizing it

38



over some X, where we define:
So, let the sequence {u,,} € X, such that:

E(uy,) — inf E(v), (3.12)

veEXo

where we get:

E(um) = HvumHiQ'

More specifically, as u,, is bounded in H} (), hence, by passing to a sub-sequence
we can assume there is some u € Hj such that u,, — w.
Because of the fact that H} is compactly embedded in LPT1(Q) we have u,, — u

in LPT! where would obtain:

[ull g = 1.

On the other hand, since norms are weakly lower semi-continuous we would

conclude that:

||Vu||i2 < lim inf ||Vum||ig ,

that we, accordingly, would have:
E(u) < liminf ||V, ||3, .

Hence, u minimizes E over Xj.

The other point to mention is that:
E(|ul) = E(u).
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Since the both LP*! norm and the gradient norm did not change, we can assume u > 0
almost everywhere in (2. Furthermore, the Sobolev embedding theorem demonstrates
that E is bounded away from zero and so E(u) > 0.

Last but not least, let for a fixed ¢ where ¢ € C2°(2) and define:

9(t) == E(u+19),

for |¢| small.
We need to illustrate that provided E(u) is a minimizer of energy, g will have a

minimum at ¢t = 0 and if g is differentiable, then we would have ¢’(0) = 0 where:

Vu + tVel|;
g(t) — || 5 ||L2.
[+ | o4
We can rewrite g(t) as below:
f(t
o0 = 2 3.13

or equivalently

! _L p%—l / f(())
F10) = Sogh OO

and by substituting t = 0 we can see that:
h(0) = llull ppsr =1,

£0) = IVull7. = E(u).
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It should be taken into account that we considered f(t) = ||Vu + tV¢||3. that

gives us the following formulation:
£(t) = / (Vu + tV¢)2dx
£(t) = / (Vu)?da + 12 / (V)2da + 2t / Vu - Vedz.
and some simple calculation for the derivative of f(¢) shows that
F1(t) = 2t / (Vo) 2da + 2 / Vu - Vodr

where

£1(0) =2 / Vu - Véds.

So, we will have:

E(u)
/Vu Vode = ZEH(0) (3.14)

Also, we can calculate the differentiation below and set t = 0:

d _
Sl 1) o= (p+ 1) Ul w6 = (p+ 1),

Therefore, we will have:

W)= (p+1) [ Jul? odo.

Hence, by substituting the resulting term for A’(0) into (3.14) it appears that:

/Vu Vodr = E(u)/ﬂ|u|p .

Because of the fact that £(u) is a positive number we can consider the following
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form for the integral above:

/VumeﬁiéEWHw%Mx

Consequently, using an integration by parts formula and considering the fact that

u = 0 on the boundary 02 the following could be presented:
/—Augbdx = /QE(U) |ul? gpdzx.
Thus, we will obtain this equation inside €2:
—Au = E(u) |ul’

It should be pointed out that we had u > 0 as well as E(u) > 0 where we can

establish the following equation:
—Au = P

inside Q where A := E(u) and A > 0.

Now set v := tu for ¢ > 0. Then inside 2 we have:
—Av = t(—Au) = thu? = t'""P P

pick t such that

Py =1

so in €2, we would obtain:

—Av =P

and on the boundary 0f2 it is gained v = 0.
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Therefore, we have shown that a multiple of u solves the PDE in (3.1).

3.3 Regularity result for Lane-Emden equation

In this section of our research we would like to provide a proof for the regularity
results for the given partial differential equation in (3.1) which our main goal is to
determine for what p and N we will obtain a positive solution. Along the same
line, we present the following theorem where the provided proof is based on a "boot-
strapping method" and considering some iterations and an additional proof is, also,
suggested based on a different approach that we consider the non-linear PDE in (3.1)
to be viewed as a linear PDE. More details on similar works and results could be

found in the following [35, 42, 47].
Theorem 25. [35, /2]

1. Let 0 < u € Hy denote a weak solution of (3.1) and assume that 1 < p < 2.

Then u € C*=().

2. Let uw > 0 denote a very weak solution of (3.1) and assume 1 < p < % Then

u € C>®(Q).

Proof. In order to prove the theorem we would like to consider two steps where the
first step consists of showing that u is bounded and the second step consists of show-

ing that u is smooth.

Step 1. From Sobolev embedding, as u € H} we get u € L?" where 2* = 225, Also,
since u € L? we can use Holder to see that u? € L for some T. Therefore, we will
get:

—Au=uP e L’

43



We, accordingly, consider the original PDE in (3.1) and use the L? regularity theory
to see that u € W27, Then, since u € W21 we are able to use the Sobolev embedding

again. Now, two possible cases could be considered:
1. W2T c L* and so we have finished step 1.

2. W2T is not in L™ where we use the Sobolev embedding to see that W2T ¢ LT

for some T

In fact, T > 2* and hence we obtained a useful part of it. So we will iterate this
process and advance at each step.
Along the same line, we start off by the first step showing that u is bounded.

Assume u € LT+ where T}, > 2%, for k > 1 some integer. Then, we get:
uf € L%

and so, by elliptic regularity theory, we obtain:
u € WQ’%

If 2 > Jz\f—: then u € L*> and we are done with step 1. So, assume 2 < %’ Then, by

Sobolev embedding we have:

NT,

3 _ Nl
ue W= C LNr2T}

So we have proven the following result:
NTy,

If w e LT then u € L™ or u € LNr—2Tk ,

Now define:
NT,
Thy1 = ———
k+1 Np — 2T,
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So we have proven that: If w € L™+ then w € L™ or u € LT+,
Also, recall that v € L?" and so we take T} := 2*.

Considering the above iterative formula we can see where the iterates Tj go. Also,

N+2
N-2

is what we need for Tj41 > % in a finite

the condition on p that we had p < 5

number of steps. In this way, after a limited number of iterations we will have:

Trt1

N
~Au=uPcL7» CL2%

for some € > 0 small.
Also, another application of LP regularity theory shows that u € W23+ but

Sobolev embedding shows this in L. Also, in some Holder space like v € C%7.

Step 2. In this step we try to show that u is smooth. In fact, we have —Au = u?
and u € C% for some v > 0.

As u is in the previously mentioned Holder space, we will obtain u? € C%“ for
some a > 0 since the composition of a function which is in Holder space is in Holder
space, as well. Afterwards, by applying Schauder regularity theory it should be
witnessed that u € C%%. Now since u € C** we would be able to see that u? € C1*
and so we have —Au = u?P € C1~,

By applying Schauder regularity theory once again we will observe that u € C3.
following this procedure we will obtain u € C* for all k£ > 1 and so, u is smooth.

]

Furthermore, we can offer the following alternate proof for Theorem 25 where we

approach the nonlinear problem in (3.1) as a linear equation.

Proof. Consider —Au = uP and write it as —Au = ¢(z)u where ¢(x) := u?~!. Then,

we try to prove the following linear regularity result:
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If u € H} is a weak solution of —Au = ¢(z)u in Q where ¢ € L2 for some £ > 0
then u € L.

Having this linear result means we should have:

/C(x)g+s _ / uPDE+) g
Q Q

provided we have:

N 2N

(=15 +9) < 5

(3.15)

Since we know that u € L2 = L¥-2. But the inequality (3.15) holds after we

recall that p < % Now, we would have u € L* and we will continue as above. In

fact, we need an iteration argument to prove the linear result.

3.4 Ground state solutions

So far through this chapter we were investigating the problem stated in (3.1) where
we had —Awu = u? and the solutions for this equation are well defined only for v > 0
for certain values of p that we have discussed earlier. Now we try to generalize the
equation (3.1) to the following problem [31, 32]

—Au = |ulftu in €,

(3.16)
u = 0 on 0f),

which it turns out that there is a possibility of having negative solutions as well.
Accordingly, a good question could be whether the sign of solutions of the equation
(3.16) could change or not and we try to provide an answer for it. However, a positive

solution of (3.16) would be a positive solution of (3.1) too. For more details you can

see the following [21, 31, 32].
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Definition 22. [24, 32, 30] A ground state solution for the generalized PDE in

(3.16) is one which is a minimizer of the energy functional below

2
B ||VU||L2

— S
HUHLerl

E(u) (3.17)

This energy is analogous to (3.10) but here the difference is that we have no
restriction on the sign of w in the ground state problem (3.16). As we follow the
provided proof of existence for (3.1), we have proven that there exists a positive
ground state solution for that equation. The next theorem that we have brought from
a similar case in [31] shows that all ground state solutions for the above-mentioned

generalized equation should be of one sign.
Theorem 26. [21, 31] A ground state solution of the problem (3.16) is of one sign.

Proof. Suppose u is a sign changing solution for the PDE (3.16).Therefore, we can
write u as below

U=1Up — U

where

Uy, U € H01(9>

and both are nonzero.

Therefore, for the energy functional we would obtain

2 2 2
SN |2 7\ R\
lalzos (lufzth )7
Ip+1
and equivalently,
2 2
By — sl + IV

.
(e [ots + |75 ) 7

We can put some labels on each term in E(u) for ease of calculations and we would
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have

E(u) = LBQ?
(C+ D)t

where all A, B,C, D > 0. From this we get
A+ B =E(u)(C + D)7,

Also, since 0 < —2- < 1, we have
’ p+1

_2

2 Ll p+1
(C+ D)1 <C" + D™

Therefore, we get
2 2

A+B< Ew)(C"™ +D") (3.18)

Moreover, because of the fact that F(u) is an energy minimizer for the equation

(3.16), then for the energy functional of u, and u_ we should have

2 2
by < 190l Vw4
= e Pl o
e (Jugl[ppr) T O
and similarly,
2 2
B(u) < Vu_l, _ Vu_lll. B

T lulien (luo|Bil)FE DEe

From these we would have the following inequalities
Eu)Cri < A

and
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where by combining the above inequalities together we would obtain

E)(C™ +D" )< A+B (3.19)

Now considering the both inequalities (3.18) and (3.19) together at the same time

and would give us to the following

2 _2_

A+B < Eu)(C"™" +D"") < A+ B,

which is a contradiction.
Thus, it concludes that a solution for the ground state problem (3.16) should be
of one sign and it points out that both u, and u_ minimize the energy and so they

are the desired solutions.
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An advection in the PDE

In this part of our research, we are interested in evaluating the positive classical
solutions of a Lane-Emden type equation where there is an advection term in the
equation (3.1) so that it would form as below:

—Au+a(z)-Vu = uP in €,
(4.1)

u = 0 on 052,

where 1 < p < % and a is a smooth vector field. We try to investigate the positive
solutions of this equation. Some of similar well-studied cases could be found in the
following [16, 18, 4, 26].

In the situation where a = 0 we would have the same celebrated Lane-Emden
equation mentioned in (3.1), where in the previous chapter the existence of positive
solutions was analyzed and the regularity of solutions were discussed, as well; see
[16, 18, 26].

In the case that a # 0 the given PDE in (4.1) could not be classified as a
variational equation and it would not be possible for us to find the critical points of

the corresponding energy associated with (4.1) so that we would be able to identify

its positive solutions, see [16, 18, 4, 26].
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Along the same line, we would like to consider a certain circumstance where
a(x) = V~y(z) and v is a scalar function. Now, we would have a variational equation
in (4.1) and for the critical points of the energy related to this equation we would

like to present the following minimizer

Jo e |Vul’ dz

E = 5
" e o)

Furthermore, it would be shown that the above-mentioned energy is a positive

solution to the PDE in (4.1), for more details see the following [16, 4, 26].

4.1 Existence of a positive solution

In order to analyze the existence of a positive solution for the equation (4.1) we
would like to present the following theorem. In fact, we have taken advantage of
a very useful and well-known approach for this case within our proof of existence
namely as weighted LP spaces, along with their corresponding norm introduced in
the equation (2.5) as well as the appropriate weight function for the above-mentioned

equation. For more information on some similar problems you can see the following

[16, 18, 26].

Theorem 27. Assume N >3 and1 < p < % and ) to be a bounded domain with
smooth boundary in RY. Let a(x) be a smooth bounded function where a(z) = V~y(z)

and e~ be the weight function defined on Q. Then, there exists some positive solution

u € HY(Q,e™) for the PDE described in (4.1).

Proof. Straight forward from the previously mentioned in Definition 10 we can con-

sider the weighted L” norm for the gradient of u to be defined as below
_ 2 5 \1
IVl rgery = (€7 [Vl do)t,
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where €77 is the weight function.
Consequently, the aforementioned energy functional would be viewed as the fol-

lowing form

IVl 00
Ew(u) = (@)

= > ,
[l [ o4 (Q,e=7)

Now, consider the weighted Hilbert spaces and define X such that:
u€ X = Hy(,e )\ {0},
and since E.(u) is a minimizer of energy over the space X we can re-write

E.,(u) = min E, (v).
veX

Also, for any v € X and all ¢ # 0 it is important to notice that we have:
E, (tu) = E,(u).

Hence, for minimizing £, over X it is just required to minimize it over the space
of functions that their weighted LP*! norm is equal to 1 that could be represented

below as X;:

Xy = {ue X full s =1}

Now consider the sequence {u,,} € X; so that we have:

E. (uy) — inf E(v), (4.3)

veEX]

which would give us

E(un) = |Vt |72 -
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As the sequence {u,,} is bounded in H}(€,e™7), by passing to a sub-sequence
there exists some u € Hj that u,, — u.
Since we have the compact embedding of H}(€,e™) in LPT(Q,e™7) we obtain

Uy — win LPT(Q, e77) that we get:

||u||LP+1(Q,e—’Y) =1

Because of the fact that norms are weakly lower semi-continuous we may consider

the following for the weighted-L? norm on Vu where:

2 o 2
||VU||L2(Q7e*v) < liminf ||Vum||L2(Q,e*W) :

Or equivalently,

B, (u) < liminf [ V|22,

and so, u minimizes F, over Xj.

It should be noted that we can assume u > 0 almost everywhere in 2 and we
have E,(u) > 0 because of Sobolev embedding theorem for weighted LP*! spaces
that £, is bounded away from zero which is the similar case to the proof of existence
that we demonstrated in the previous chapter with a = 0.

Along the same line, for a fixed ¢ where ¢ € C°(2) consider:

g(t) = E,(u+19)

for |t| small.
Furthermore, in order to show that £, (u) is an energy minimizer we should have
¢'(0) = 0 provided g is differentiable and has a minimum at ¢t = 0.

That being said, ¢(t) could be displayed in the following form in (4.2):
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Ve V][00
[+ t¢”ip+1(9767v)

g(t)

Considering the appropriate f(¢) and h(t) we would be able to represent g(t) as
below which is remarkably in the similar form of (3.13) but with different functions

for f(t) and h(t) :

g(t) = ; (4.4)

or equivalently:

! _ i p%fl / f(())
f()—p+1M® fumhwﬁi (4.5)

Also, for f(0) and h(0) we would have:

h(0) = HUHLPH(Q,e—v) =1,
f(0) = ||VUHi2(Q,ew) = E,(u).

Since we decided f(t) to be the following norm
f@t) = IVu + thSHiQ(Q,e*W)
which is equal to the integral below

f@%:AkTNVu+tV@%M
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and could be written in terms of the sum of following integrals:
£(t) = /Q e~ (V) da + 2 /Q e~V (V)2dz + 2t /Q eV - Vdz.
So, for the derivative of f(t) we would get:
F(t) = 2t /Q e~ (V)2da + 2 /Q eV - Vod
and by setting ¢ = 0 we see that the first term equals to zero and we get
£1(0) = /Q eV - Véds.

Now, from (4.5) and the appropriate values for f(0) and h(0) as well as the above

equation we can confirm that:

-y _ E’Y(u) !
/Q ¢V Vodr = - (0) (4.6)

Moreover, we would require the following differentiation at some point further in

our calculations for the case when ¢ = 0:
d IS _ 1 -
&UU +tof" e [imo=e T (p+ 1) [u" ugp = e (p + )P
Also, for h'(0) we could have the following equation to put in (4.6)
R0) = (p+1) /Q e [ul? ¢da.

Therefore, by plugging the right hand side of the above equality for A'(0) in the

equation (4.6) we can conclude that:
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E
/Q eIV - Vda — pjﬁ“l) (p+1) /Q e [uff ¢d

which is equivalent to
/Qe_VVu -Vodr = E,(u) /Q e 7 |ul? pdx. (4.7)

Furthermore, it is significant to mention that from the original PDE in (4.1) and

the substitution of a(z) = Vy(x) we know that

—Au+ Vy(z) - Vu =uP.

We, accordingly, just need to show that

/Q eV - Vodr = E. (u) /Q e (—Au + V(z) - Vu)ddz.

Thus, considering an integration by parts for the left hand side of the above

equation the following would be attained:

/Q eIV - Vodr = /6 Vg - adl - /Q e v 6.

and since the term on the boundary is equal to zero, as ¢ = 0 on the boundary, we

would have

/ e "Vu-Vodr = —/ (—e7 'V - Vu+ e 7Au)o.
Q Q
Therefore, considering the equation (4.7) we would obtain

/Q(e_VVV -Vu—e TAu)p = E (u) /Q e |ul” gpdz.

So, it is equivalent to
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/Qe_”’(Au + Vv -Vu)p =E,(u) /Q e 7 |ul? gpdx.

Thus, the following equation could be obtained for inside {2:
—Au+ Vy(z) - Vu = E (u) [u|.

We should note that we knew v > 0 and E,(u) > 0 where the following equation
could be confirmed:

—Au+a-Vu= P

in Q that X := E,(u) and A > 0.

Now set w := tu for t > 0. Then inside 2 we have:
—Aw+a-Vw =t(—Au+a - Vu) = tAu? = t' Prw?

By choosing the appropriate ¢ such that the coefficient of w? becomes equal to

one we can see that

P =1

and for inside 2 we would obtain:
—Aw +a-Vw=uwP

where on the boundary 0€) we have w = 0.

Therefore, it is proven that a multiple of u solves the PDE in (4.1).
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4.2 Regularity result for the PDE containing ad-
vection

In this part of our research we would like to discuss about the regularity of the
solutions of the PDE containing some advection term in (4.1). We first begin with
a linear case of this equation where we have a(x) = V~(x) and f € LP(2) and the

following equation holds

—Au+Vvy-Vu = x in Q,
v f(z) (48)
u = 0 on Of).

Theorem 28. Let X, be defined as below
X, = {u c W2P(Q) : u |go= 0},
Also, consider the operators T and K be the following
T(u) :=—Au

T: X, — LP(Q),

and

K =V~ - Vu,
K :X,— LP(Q).

Then, the operator T + K : X, — LP(2) is a Fredholm operator with the same
index of T and for all f € LP(QY) and there exists a unique solution of the linear

equation (4.8) and we will have the estimate below that states there exists some
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C > 0 such that

[ullwze < C[f]ze- (4.9)

Proof. Straight forward from Definition 19, T" is a Fredholm operator of index zero.
Also, let
K =V~ - Vu,

K:X,— LP(Q)

where 7 is a scalar function defined earlier and v € W?2?().

We claim that K is a compact operator and this is proven by considering Defini-
tion 20 and Theorem 19.

Now that we have a Fredholm operator T" and a compact operator K we take
advantage of Theorem 20 which implies the operator T' 4+ K is also a Fredholm

operator with the same index of T'. In other words,

ind(T 4+ K) =ind(T) = 0.

For showing 7'+ K is onto, meaning Im(T 4+ K) = LP(2), we know that the

kernel is trivial and the index for T 4 K is zero. So we have

ker(T + K) = {0},

which means

dim(ker(T + K)) = 0;

and from the index being zero we know

dim(ker(T + K)) = dim(coker(T + K)).
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So,
dim(coker(T + K)) = 0.

The cokernel is the quotient space LP(Q2)/Im(T + K) and we have shown that its
dimension is zero and since 7'+ K is a Fredholm operator it has closed range which

we would have

LP(Q) = Im(T + K),

and so, T'+ K is onto and so we can apply the bounded inverse theorem to claim
that it has a bounded inverse.
In order to prove the desired estimate let us give a proof by contradiction. Assume

the inequality is false; so, there exists some sequence u,, € X, and f,, € LP(2) such

that
and
[wmllw2e > m|| fonll e, (4.10)
and normalize
Uy, U, -
T ) 4 K .
([t [l 2.p lumllwes ™ |lwm||wzr
which we define
fm r
T = fm,
[t w2p
and
~ Um
Upp = —— .
[t w2r
Therefore, we get
T (i) + K (i) = fon, (4.11)

and

[@mlw=r = 1,
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and from (4.10) we will get

1

foallze < —.
m

Now as m — 0o we get fr, — 0 in L?(Q) and from (4.11) we would have
T(Uy,) =0 — K(Uy,),

As K is compact, it has a convergent subsequence in LP(£2) and so by passing to a

subsequence T'(4,,) converges in LP(Q)); that is, 4, has a convergent subsequence in
W2P(Q) as

Uy, — 1,
and ||@|lw2» = 1. Therefore,

T(a) + K () = 0,

which is a contradiction since we know that T+ K has trivial kernel.

Now we will go back to the nonlinear problem which we had

—Au+Vy-Vu = u? in €2,
u = 0 on Of).

It should be noted that the regularity of the solutions could be available through re-
calling the advection free case in the previous chapter that we will bring the following

theorem.

Theorem 29. For u € Hy(Q), which is a weak solution of the equation (4.1), and

1 <p< £, Then, we have u € C*(Q).

Proof. We would need to recall the bootstrapping proof provided for the previous

case where there is no advection.

61



First we should note that v € H} implies u € L*" from Sobolev embedding and

2N

2% = 2 and so we can use Holder to see that u? € L! for some ¢ which means

N-2

/ uPt < o0,
Q
and so pt = 2* or
2*
t="=
p
So,
uf e L%

where we should note that %* > 1.

Moreover we have

— Au=uP — Vvy-Vu,

where Vu € L3(Q) and w? € L.
Therefore, we obtain

Au c Lmin{ %,2} ’

that we would like to set

and so,

Au e LE.

(4.12)

Then, we use the LP regularity theory to see that u € W2t, Now, we will see that

Vu € W and we should note that from Sobolev embedding Whi c Lt and w? € L.

Therefore, from the right hand side of the equation (4.12) we will get

Au € Lmin{f,t} 7
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that we set the exponent to be

and similar to the base step, we will obtain u € Wi,

Following this iterative bootstrapping process and using LP regularity theory we
will get u € W2t and p < % is the condition we need to conclude that ]3—% <ty
which, in fact, gives % < ty.

Therefore, we will get v € L*° from Sobolev embedding, and is similar to the

case we studied in the previous chapter.
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A fourth order Lane-Emden

equation

In this part of our research we are interested in examining the following nonlinear

problems given by

Ay = JulPlu in Q,
(Dirichlet problem) u = 0 on 09, (5.1)
du = 0 on 0,
and
A%y = |ulP~lu in
(Navier problem) u = 0 on 052, (5.2)
Au = 0 on Of).

In order that we might be able to argue about these PDEs, we would like to
introduce some similar linear problems and some useful function spaces. There have
been a number of research works done on these fourth order equations that we can

attract the readers attention to see the following for more details [33, 27]
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5.1 Some linear problems and the required func-
tion spaces

We consider the following linear problems given by

Ay = f(x) in Q,
u = 0 on 0L, (5.3)
du = 0 on 0f),

and

Ay = f(x) in
u = 0 on 0€), (5.4)
Au = 0 on 0,

where we assume (2 is a bounded domain with smooth boundary in RY, see [33, 53].
It deserves attention that the equation A?u = f is widely known as the biharmonic
equation. Also, the linear equation in (5.3) is called clamped plate equation and
(5.4) is known as hinged plate equation in two dimensional cases in R? for more

details see the following [33].

5.1.1 Linear fourth order Navier problem

We begin with Navier linear problem stated in (5.4) and we are interested in in-
vestigating the existence and regularity results for this equation and we have the

following theorem.

Theorem 30. (Navier) [33] Let1 < p < oo and f € LP(S2). Then there is some C, >

0 and some unique u € W*P(Q) which solves (5.4). Moreover, one has ||ul|yar <

Collfll -
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Proof. Because of the fact that

Ay = —A(—Au)

we can consider the following change of variable

—Au=v

where v € W2P(Q).
Therefore, we can decompose the PDE in (5.4) and treat it as a system so that
we obtain the following equations
—Au = w in €,

(5.5)
v = 0 on 0f).

and

—Av = f(x) in €,
v = 0 on 0f).
For more details see the following [33, 38, 54].

Hence, we have reduced the problem to some second order linear problem with
Dirichlet boundary condition and there are some well-studied existence results that
we have discussed earlier in Theorem 7 and the corresponding regularity results. In
fact, we are applying the second order theory twice to give a proof for this theorem.

Therefore, the existence of a unique v € W2P(Q) for the PDE (5.6) is obtained.

For the regularity of the solutions for this equation we have

[o]lw2r < Chl[f] o (5.7)
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for some C; > 0.

Similarly, in the other linear Dirichlet problem stated in (5.5) we can consider
the function v € W2?(Q) as a new f for the PDE and so the existence of a unique
u € W*(Q) would be guaranteed. Also, for this equation we will need the some
higher order estimate for the LP regularity result related to the first order Dirichlet
problem.

Therefore, for the problem (5.5), by recalling Theorem 9, we will obtain
[ullwer < Coflvllwzr, (5.8)

for some Cy > 0.

Thus, combining inequalities (5.7) and (5.8) we would have the following
[ullwar < Collollwar < CoCrl| |-
Hence, by interchanging C1Cs > 0 with C, > 0 we would obtain

[ullwar < Cpll fllz-

5.1.2 Linear fourth order Dirichlet problem

Theorem 31. (Dirichlet)[33] Let f € H (). Then there is some C > 0 and some

unique u € HZ(QY) which solves (5.3) and we have |lul3 < C||f]|—2-

Proof. We may recall Lax-Milgram theorem stated in Theorem 2 and consider the

following bilinear form on HZ(Q) for the equation (5.3)

B(u,v) :/QAuAv, (5.9)
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where we would show later that the bilinear form B in (5.9) is bounded and coercive
and we will be able to apply Lax-Milgram theorem to obtain the desired regularity
result.

For the first step, by applying Green’s identities we can see that the weak form

for the equation (5.3) would be
B(u,v) = (f,v), (5.10)

for all u,v € HZ(Q) and f € H%(Q).
Also, as we are working on HZ(€2) we would like to bring the appropriate norm

for this space. Recall for m > 1 we had
* le% l
all e = Hlually, = (32 1D%ul|*)2.
|a|=m

In order to show that the weak form B is bounded it would be sufficient to check
the following

|B(u, v)| < allullmzllvllm,
for u,v € H(Q) and o > 0.

Recalling Riesz representation theorem expressed in Theorem 1 we will have

B(u,v) = <fa U) = (u,v),

where (,) denotes the inner product on HZ(€2). So we need to check if the following
holds

|B(u, v)| = [(u, 0)| < alullmz[[v]lmz,

which is directly obtained from Cauchy-Schwarz inequality when considering a = 1.

Therefore, B is bounded.
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In order to show that B is coercive we should check the following
| B(u, )| = Bllullmz,

for u € H3(Q) and 8 > 0.

It should be noted that
Blu,u) = [ (&w)* = || AulE.

Plus, from Poincare-Friedrichs inequality stated in Theorem 18
lullt < e [ 1Au? = clduls,

for some ¢ > 0.

Therefore, by setting 3 = % > (0 we have
Bllullfe < Aullf: = B(u,u),

which implies B is coercive.
Consequently, directly from Lax-Milgram theorem we can conclude that there

will be a unique solution v € HZ(Q) for the PDE (5.3) and we have

[ull; < C|[f]]-=.

5.1.3 Energy minimizer for the both equations

In this section we are interested in finding the associated energy for the above-

mentioned equations. A detailed work for a polyharmonic boundary value problem
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with different boundary conditions has been discussed in the reference book [33] and
the authors have pointed out that the associated energy for the PDEs (5.4) and (5.3)

would be as below

E(u) = /Q(;(Auf — fu)da. (5.11)

Also, some more details could be found in the following [27, 33]

As mentioned in the same reference, for the hinged plate equation (i.e. the
equation with Navier boundary condition) we should minimize this energy on HZ(£2);
however, we should try minimizing it over H2N H}(2) for the clamped plate equation
which we refer to the equation with Dirichlet boundary condition. [33] In fact, we
would like to take advantage of the energy functional (5.13) in showing the existence
of a solution for the nonlinear equations stated in (5.1) and (5.2), so we will continue

our discussion in the next few sections.

5.1.4 Maximum principle results for the linear problems

Here we would like to begin with the linear Navier problem (5.4) and try to inspect
whether f(z) > 0 leads to have u > 0 or not. Very similar approaches for related
PDEs could be found in references [33, 14].

We begin with the following definition for a weak solution for the equation (5.4).

Definition 23. [35] For f € H () we say u is a weak solution of (5.4) for
u € H*N H(Q) and

/AuAv:/fvdx,
Q Q

for allv e H*N H(Q).

Also, we continue by defining the following energy functional for the equation

(5.4) over the space H* N Hy ()

I(u) = ;/Q|Au|2—/ﬂfudx, (5.12)

70



for all u € H* N Hy ().

Theorem 32. (Mazimum principle for linear fourth order Navier problem) [33]
For N > 2 let Q be a bounded domain in RN with 0 € C%. If f > 0 then u > 0.

Proof. Recall we can seperate the linear fourth order Navier problem into two second
order Dirichlet problems and so we would have the equations (5.5) and (5.6) at the

same time. So for the equation (5.6) we have

—Av = f(x) in €,
v = 0 on 0f).

where by weak maximum principle f > 0 implies that

min v = min v,
vEQ vEIN

and so v > 0.

Now consider the equation (5.5) as below

—Au = v in €,
u = 0 on 09,

and apply weak maximum principle for the second order Dirichlet problem once
again to see that v > 0 implies © > 0 and we are done.

O

On the other hand, it is very significant to mention that for €2 a bounded do-
main in RY it has not yet proven whether or not the Dirichlet problem (5.3) could
necessarily satisfy some maximum principle (in other words, a positivity) where for
some f(x) > 0 we get u > 0. In fact, the case for general domains could be still

an open problem, see the following for more details [33, 14]. However, there have
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been a multitude of research on different types of certain domains showing the linear
Dirichlet problem (5.3) could hold some positivity feature in those domains. For
instance we can refer to [6] where a weak maximum principle on the unit ball is

achieved by Boggio in 1905.

5.2 The nonlinear equations

Now that we have brought adequate essential information about the more general
linear cases, we would like to discuss about some similar nonlinear equations with
Navier boundary condition as well as Dirichlet boundary conditions which are intro-
duced in (5.2) and (5.1), respectively. It should be noted that in order to talk about
the both problems we should take advantage of Sobolev embedding theorem stated

in Theorem 5.

5.2.1 Existence of a solution for the Dirichlet problem

Here we are interested in finding the existence result for the nonlinear Dirichlet

problem (5.1) and so we can consider the following theorem.

Theorem 33. (/33] pages 237-238 ) Assume € be a smooth bounded domain in

RY and 1 < p < %. Then, the Dirichlet problem (5.1) has a nontrivial solution

u € HZ(Q).

Proof. [33, 38] In order to show the existence for the PDE (5.1) we minimize the

following energy functional

E(u) == /Q (Au)2dz = || Aul2, (5.13)
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over H2(Q) for all u € X such that
Xo = {u € HA(Q) : / ufrtide = 1).
Q

So it would be sufficient to minimize E(u) over X,. Then, consider the sequence
{um} € Xy such that
E(uy,) — inf E(v),

veXp

and so we obtain

E(tm) = || Aup|[7:

Also, a very similar problem was proven in page 238 [33] that since the functional F
is coercive, any minimizing sequence in Xy like {u,,} is bounded in HZ(£2). So we

would be able to pick a weakly convergent subsequence in X, such that

for some 4 € HZ(Q).

Also, as u,, is bounded in HZ(f2), hence, by passing to a subsequence we can
assume there is some @ € HZ(2) such that u,, — u.

Therefore, from Sobolev embedding theorem, Theorem 5, HZ({2) is compactly
embedded in LPT(Q) and HZ(Q) is compactly embedded in L?(Q2). Therefore, we
have u,, — @ in LP™'. Now from this and because of lower semi-continuity of E
we can conclude that 4 € X, is a minimizer for £ in X, and let us label this as

E(u) = K. By substituting the following in the equation (5.1)
_1
u=UuK?rT1,
we have obtained a solution for this problem.
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5.2.2 Existence of a solution for the Navier equation

Now consider the nonlinear Navier problem stated in (5.2) and we try to prove the

existence of some solution for this problem as the following theorem.

Theorem 34. (/33] pages 237-238 ) Assume Q be a smooth bounded domain in
RY and 1 < p < %. Then, the Navier problem (5.2) has a nontrivial solution

ue H*N HLNQ).

Proof. [33, 38] Similar to the provided proof in the previous existence theorem for
the Dirichlet problem, Theorem 33, we minimise exactly the same energy functional
(5.13),

Bu) = [ (Aude = | dul,

over the space H*N H} () which is the suitable space for this problem for all u € X;

where

X, ={ue€ H*NH}(Q) : /Q lulPttdz = 1}.

Now we just need to minimize E(u) over X;. Assuming a sequence {u,,} € X; such
that

E(up) — inf E(v),

veX]

where

E(tm) = || Aum||7:

And so, similar to Theorem 33, any minimizing sequence in {u,,} C X is bounded
in H? N H}(2). We can take a subsequence in X; which is weakly convergent to

some @ in € H?> N H}(Q) such that



Therefore, from Sobolev embedding theorem, Theorem 5, H* N HJ(f2) is com-
pactly embedded in LP*1(Q) and H? N Hy(2) is compactly embedded in L?(Q).
Thus, we have u,, — @ in LP*1. Now from lower semi-continuity of £ and the above-
mentioned proof, we can conclude that 4@ € X; is a minimizer for £ in X; and set

E(u) = M. By plugging the following in the equation (5.2)
_1
u = uMpr-T,

we have a solution for this problem.
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Conclusion

In this thesis, we studied the celebrated Lane-Emden equation and some of its re-
markable variations in a bounded domain in RY. More specifically, we are interested
in answering the question whether the given problem of Lane-Emden type admits
the existence of a positive solution or not; moreover, we would like to examine if
the solutions are satisfying certain regularity conditions under the appropriate con-
straints.

Firstly, we have shown that there would be no solution for the general Lane-

N+2

Emden equation if 2 is star-shaped and p > 375. Also, we have shown that for

l<p< % there would be a positive solution for this problem in general domains;
also, some regularity results are obtained for 1 < p < % and 1 <p< % through
a bootstrapping iterative proof and we noticed that we can look in a different way so
that we may be able to provide another proof for this issue. We note that for a more
general case we can admit existence of a negative solution, but not a sign changing
solution.

Moreover, in the case of having an advection term in the original equations we

discussed the problem where a = V+ for some scalar function v(x) and we proposed

the existence result using the notion of weighted LP spaces. The regularity result
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for this problem is attained through Fredholm alternative and we have provided two
proofs for this problem while they seem to share many similarities.

Furthermore, for studying fourth order nonlinear Navier and Dirichlet problems
we begin with linear versions of each equation and propose some regularity results for
each case. In addition, we have proceeded to the nonlinear problems and investigate
the existence of a solutions which, in fact, is a minimizer of energy like above-
mentioned second order problems. It should be remarked that we have offered a
proof of a maximum principle for the fourth order linear problem, in spite of the fact
that a maximum principle for the linear Dirichlet case does not necessarily hold in
general bounded domains in R and could be an open problem.

We would like to suggest a number of possible interesting directions for further

research on this topic listed as below.

1. Having different assumptions on a(z) # 0 for the equation containing advec-

tion; like letting it to be a divergence free vector field.

2. Considering more generalized higher order problems with multiple boundary

conditions and eigenvalues.

3. Various conditions could be imposed on the geometry of the domain which

many different results might be obtained.

4. Attempting to find some maximum principle for the fourth order Dirichlet

problem on either bounded or unbounded domains.
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Appendix A

Table of norms

Within our research we remark that this would be particularly useful to illustrate

the following table including the norms defined for different spaces with their corre-

sponding notation along with a brief definition.

H Space Norm notation Definition Conditions H
Banach space X Il x SUPgeq |u(2)| = max, g [u(z)|
Dualspace /1 = I/l1x sup, ;0127
L3(Q) e (Jo |/ (@) Pde)* < o0
L7(Q) £z (Jo | (x)lPdr)7 < o 1<p<oo
whe(Q) - (Siotes Jo |D*uP dz)? 1<p<oo
Whe(Q) [ Yk [D%ul| o p=00
H(Q) Il sup {(F u) |ue HHQ), [ull gy < 1}
C*1(Q) ||U||ckw(§) 2 lal<k |’Dau|’c(§) + 2 jal=k [Dau]co,v(ﬁ)
LP(Q, w(x)) 111 2o () (o | fIP w(w)da)? < oo 1<p<oo
Hg'($2) lullz, (Cjaj=m [1Dull*)2 m>1

78

Table A.1: Table of norms for various spaces



Bibliography

1]

AGHAJANI, A., AND COWAN, C. Some elliptic problems involving the gradient

on general bounded and exterior domains.

AGMON, S., DoucuLis, A., AND NIRENBERG, L. Estimates near the boundary

for solutions of elliptic partial differential equations satisfying general boundary

conditions. I. Commun. Pure Appl. Math. 12 (1959), 623-727.

AGMON, S., DoucLis, A., AND NIRENBERG, L. Estimates near the boundary
for solutions of elliptic partial differential equations satisfying general boundary
conditions ii. Communications on Pure and Applied Mathematics 17, 1 (1964),
35-92.

A1, S., AND CowAN, C. Perturbations of lane-emden and hamilton—jacobi
equations ii: Exterior domains. Journal of Differential Equations 260, 11 (2016),
8025-8050.

A1, S., AND CowAaN, C. Perturbations of lane-emden and hamilton—jacobi

equations: The full space case. Nonlinear Analysis 151 (2017), 227-251.

Bocaro, T. Sulle funzioni di Green d’ordine m: memorie. Tip. Matematica,

1905.

Bozukov, Y. The group classification of lane-emden systems. Journal of

Mathematical Analysis and Applications 426, 1 (2015), 89-104.

79



8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

BrEzis, H., AND NIRENBERG, L. Positive solutions of nonlinear elliptic equa-

tions involving critical sobolev exponents.

CAFFARELLI, L. A., GIDAS, B., AND SPRUCK, J. Asymptotic symmetry and

local behavior of semilinear elliptic equations with critical sobolev growth.

CAJORI, F. The early history of partial differential equations and of partial dif-
ferentiation and integration. The American Mathematical Monthly 35,9 (1928),

459-467.

CHEN, W., AND L1, C. Classification of solutions of some nonlinear elliptic

equations. Duke Mathematical Journal 63, 3 (1991), 615-622.

CHuNG, W.-J., AND NELSON, L. Bose-einstein condensate & degenerate fermi

cored dark matter halos. Journal of Cosmology and Astroparticle Physics 2018,
06 (Jun 2018), 010-010.

CLEMENT, P., DE FIGUEIREDO, D. G., AND MITIDIERI, E. Positive splutions

of semilinear elliptic systems. Communications in Partial Differential Equations

17, 5-6 (1992), 923-940.

CowaN, C. Uniqueness of solutions for elliptic systems and fourth order equa-

tions involving a parameter.

CowAN, C. Liouville theorems for stable lane—emden systems and biharmonic

problems. Nonlinearity 26, 8 (2013), 2357-2371.

CowaN, C. Stability of entire solutions to supercritical elliptic problems in-

volving advection. Nonlinear Analysis 104 (2014), 1-11.

CowaN, C. A short remark regarding pohozaev-type results on general domains
assuming finite morse index. Proceedings of the Royal Society of Edinburgh:

Section A Mathematics 147, 2 (2017), 293-297.

80



[18]

[19]

[20]

[21]

23]

[25]

CowaN, C., AND FazLy, M. On stable entire solutions of semi-linear elliptic

equations with weights. Proceedings of the American Mathematical Society 140,
6 (2012), 2003-2012.

DAcCOROGNA, B. Direct Methods in the Calculus of Variations, 2nd ed. ed.

Applied Mathematical Sciences, 78. Springer New York, New York, NY, 2008.

DALMASsO, R. Probleme de dirichlet homogene pour une équation bihar-
monique semi- linéaire dans une boule. (homogeneous dirichlet problem for a
semilinear biharmonic equation in a ball). Bulletin des Sciences Mathématiques.

Deuzieme Série 114 (01 1990).

DANCER, E. N., AND WEIL, J. Sign-changing solutions for supercritical elliptic
problems in domains with small holes. manuscripta mathematica 123, 4 (2007),

493-511.

DEL PINO, M., DOLBEAULT, J., AND MUSsO, M. A phase plane analysis
of the “multi-bubbling” phenomenon in some slightly supercritical equations.

Monatshefte fiir Mathematik 142, 1 (2004), 57-79.

DEL PINO, M., FELMER, P., AND Musso, M. Multi-peak solutions for super-

critical elliptic problems in domains with small holes. Journal of Differential

Equations 182, 2 (2002), 511-540.

DEL PINO, M., AND WEI, J. Supercritical elliptic problems in domains with

small holes. Annales de I’Institut Henri Poincare / Analyse non lineaire 24, 4

(2007), 507-520.

Doucras, R. G. Banach Algebra Techniques in Operator Theory, second edi-

tion. ed., vol. 179 of Graduate Texts in Mathematics. Springer New York, New
York, NY, 1998.

81



[26]

[27]

28]

[29]

[32]

[33]

[34]

Duong, A. T. A liouville type theorem for non-linear elliptic systems involving
advection terms. Complex Variables and Elliptic Equations 63, 12 (2018), 1704—

1720.

DAvILA, J., DUPAIGNE, L., WANG, K., AND WEI, J. A monotonicity formula
and a liouville-type theorem for a fourth order supercritical problem. Advances

in Mathematics 258 (Jun 2014), 240-285.

EMDEN, R. J. Gaskugeln: Anwendungen der Mechanischen Warmetheorie auf

Kosmologische und Meteorologische Probleme. Teubner, Berlin, Germany.

EvaNs, L., AND OF THE MATHEMATICAL SCIENCES, C. B. Weak Conver-
gence Methods for Nonlinear Partial Differential Equations. CBMS Regional

Conference Series. Conference Board of the Mathematical Sciences, 1990.

Evans, L. C. Partial differential equations. Graduate studies in mathematics

v. 19. American Mathematical Society, Providence, R.I, 1998.

FARINA, A. On the classification of solutions of the lane-emden equation on
unbounded domains of rn. Journal des Mathematiques Pures et Appliquees 87,

5 (2007), 537-561.

GARCIA-HUIDOBRO, M., MANASEVICH, R., MITIDIERI, E., AND YARUR,
C. S. Existence and nonexistence of positive singular solutions for a class of

semilinear elliptic systems. Archive for Rational Mechanics and Analysis 140, 3

(1997), 253-284.

GAzzora, F., GrRuNAau, H.-C., AND SWEERS, G. Polyharmonic Boundary

Value Problems. Springer Berlin Heidelberg, Berlin/Heidelberg, 2010.

GIpAs, B., MING N1, W., AND NIRENBERG, L. Symmetry and related prop-

erties via the maximum principle, 1979.

82



[35]

[39]

[40]

[41]

GIDAS, B., AND SPRUCK, J. Global and local behavior of positive solutions of

nonlinear elliptic equations. Communications on Pure and Applied Mathematics

34, 4 (1981), 525-598.

GOHBERG, I., GOLDBERG, S., AND KAASHOEK, M. A. Classes of Linear

Operators Vol. I. Birkhauser Basel, 1990.

GRAFAKOS, L. Modern Fourier Analysis, 3rd ed. 2014 ed., vol. 250 of Graduate

Texts in Mathematics. Springer, New York, NY, 2014.

GUERRA, I. A. Asymptotic behaviour of a semilinear elliptic system with a
large exponent. Journal of Dynamics and Differential Equations 19, 1 (2007),
243-263.

Higson, N., AND ROE, J. Analytic K-Homology. Oxford Mathematical Mono-
graphs. OUP Oxford, 2000.

LANE, J. H. Art. ix.—on the theoretical temperature of the sun; under the
hypothesis of a gaseous mass maintaining its volume by its internal heat, and

depending on the laws of gases as known to terrestrial experiment. American

Journal of Science and Arts (1820-1879) 50, 148 (1870), 57-74.

Lui, S. H. S. H. Numerical analysis of partial differential equations. Pure
and applied mathematics, a Wiley-Interscience series of texts, monographs, and

tracts. Wiley, Hoboken, N.J.

MazzeO, R., AND PACARD, F. A construction of singular solutions for a

semilinear elliptic equation using asymptotic analysis.

MELROSE, R. Introduction to functional analysis, Spring 2009. Massachusetts
Institute of Technology: MIT OpenCourseWare, https://ocw.mit.edu. License:
Creative Commons BY-NC-SA.

83



[44]

[45]

[46]

[47]

[52]

[53]

[54]

MiTIDIERI, E. A rellich type identity and applications. Communications in

Partial Differential Equations 18 (01 1993), 125-151.

MiTiDIERI, E. Nonexistence of positive solutions of semilinear elliptic systems

in R". Differential Integral Equations 9, 3 (1996), 465-479.

OswALD, P. On a priori estimates for positive solutions of a semilinear bihar-
monic equation in a ball. Commentationes Mathematicae Universitatis Caroli-

nae 026, 3 (1985), 565-577.

PAssAseo, D. Nonexistence results for elliptic problems with supercritical
nonlinearity in nontrivial domains. Journal of Functional Analysis 114, 1 (1993),

97-105.

PokHOzHAEV, S. I. Eigenfunctions of the equation Au + Af(u) = 0. Sov.

Math., Dokl. 6 (1965), 1408-1411.

SALSA, S. Partial Differential Equations in Action From Modelling to Theory.

Universitext. Springer Milan, Milan, 2008.

SORANZO, R. A priori estimates and existence of positive solutions of a super-

linear polyharmonic equation. Dynamic Systems and Applications 8 (01 1994).

STRUWE, M. Variational Methods. Springer Berlin Heidelberg,
Berlin/Heidelberg, 1990.

THoMmsoN, B. S. Elementary real analysis, 2nd edition. ed.

Www.classicalrealanalysis.com, S.1, 2008.

VAN DER VORST, R. Variational identities and applications to differential

systems. Archive for Rational Mechanics and Analysis 116, 4 (1992), 375-398.

VAN DER VORST, R. C. A. M. Best constant for the embedding of the
space h* N hi(w) into l%(u}). Differ. Integral Equ. Appl. 6 (1993), 259-276.

84



[55] VON WAHL, W., AND McLEOD, J. Semilinear elliptic and parabolic equations
of arbitrary order. Proceedings of the Royal Society of Edinburgh Section A:
Mathematics 78, 3-4 (1978), 193-207.

85



	Introduction
	Mathematical Background
	Some useful function spaces
	Continuous functions.
	Uniformly continuous functions.
	The space of locally integrable functions

	Hilbert Spaces
	Dual Space
	Some important theorems
	 Lp Spaces
	Smooth compactly supported functions.
	Convergence in  Cc()
	Distributions
	Sobolev Spaces
	The space H-1
	Hölder Spaces
	Weak Derivatives
	Weighted Lp Spaces

	Sobolev embedding theorem
	Green's identities
	Existence and Regularity theory for the linear Dirichlet problem
	Motivation for an H01 solution
	Regularity theory

	Fredholm Alternative
	Weak sequential convergence
	Weak sequential convergence in Banach spaces
	Weak sequential convergence in Hilbert spaces

	Existence of minimizers
	Weak lower semi-continuity

	A useful inequality and a norm
	Fredholm Operators

	Solutions of the Lane-Emden Equation
	Derrick-Pohozaev Identity
	Existence of a positive solution
	Regularity result for Lane-Emden equation
	Ground state solutions

	An advection in the PDE
	Existence of a positive solution
	Regularity result for the PDE containing advection

	A fourth order Lane-Emden equation
	Some linear problems and the required function spaces
	Linear fourth order Navier problem
	Linear fourth order Dirichlet problem
	Energy minimizer for the both equations
	Maximum principle results for the linear problems

	The nonlinear equations
	Existence of a solution for the Dirichlet problem
	 Existence of a solution for the Navier equation 


	Conclusion
	Table of norms
	Bibliography

