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The Mountain Pass Theorem and Applications

Julian Bayerl

Introduction

The Mountain Pass Theorem (MPT) by Ambrosetti and Rabinowitz (1973) is a celebrated result in
nonlinear analysis with many applications in particular to partial differential equations. In the first
section we develop some concepts of the calculus of variations and prove the MPT via the Deformation
Lemmoa. In the second section we are concerned with a first application of the MPT to prove the existence
of a solution of the semilinear problem

{—Au(x) = f(z,u) inQ,

u=20 on ulaq,

on a bounded domain 2 C R", with Theorem 2 being our main result. In the following section we
investigate nonlinear elliptic PDEs involving the p-Laplacian Apu =V (|Vu|p*2Vu), where |Vu[P~2 =

2 2\ 55
{(86::1) +...+(8‘9T“n> } . The PDEs are of the form

—div(a(2)|VulP~2Vu) 4+ b(z)|[ulP?u = f(z,u), z € Q,
and ) an unbounded domain. In the beginning of section three we assume
flzyu)=g(@z)u®, p—1<a<p*—landl <p<n,

and prove existence using the MPT and C® regularity of the solutions (Theorem 3). We continue by
showing that o = p* — 1 is a “critical exponent” by giving a proof of nonexistence if a = p* — 1. In the
last part of section three we study the limit case n = p (spatial dimension equals the exponent of the
Sobolev space W1P(Q)). In this case the “critical exponent” is determined by the Trudinger inequality
(and its generalizations). We prove C'!:9- regularity for the subcritical case (Theorem 3.5), i.e. for

o S

uU—00 e‘u|“

=0 for some 0 < p < Ll’ uniformly on R™
n —

and show that a weak solution exists if f(z,u) is allowed to grow as em1/*! (the critical case) (Theorem
3.9). In the Appendix we give a short account of important properties of Sobolev spaces, especially the
Sobolev embedding Theorem and the Rellich-Kondrachov Theorem.

1 Deformation Lemma and Mountain Pass Theorem

In the original proof of the Mountain Pass theorem, Ambrosetti and Rabinowitz used the Deformation
Lemma. We choose a similar method, but instead of proving the Deformation Lemma directly we will
give a quantitative version from which it follows. First we need some definitions. Throughout the next
two sections we will take X to be a Banach space with norm || - ||. Unless stated otherwise we will mean
convergence in the norm of X when taking about convergence of functionals on X.

Definition 1.1 (Frechét differentiability).
LetY be a Banach space and uw € U C X with U open. I : X =Y is said to be Frechét differentiable
at , if a linear operator A € L(X,Y) exists such that

Iu+ o] = Iu] = Au = o(][9]]).

A is called Frechét derivative of I at u and is denoted by I'[u]. Suppose I is Frechét differentiable in
U, then we call I' : U — L(X,Y) the Frechét derivative of I in U and say that I is a C*-functional iff



I' is continuous.
In the rest of the text we will mean Frechét differentiability when we talk about the differentiability of
a functional.

Definition 1.2 (Palais-Smale condition).

Let I : X — R be a C'- functional. We say that I satisfies the Palais-Smale condition (PS), if any
sequence {up} in X such that {I[u,]} is bounded and {I'[u,]} — 0, has a convergent subsequence. A
sequence with {I[uy,]} bounded and {I'[u,]} — 0 is called Palais-Smale sequence .

We also make use of the following weaker form introduced in [9]:

Definition 1.3 (local Palais-Smale condition).

A C- functional I : X — R satisfies the local Palais-Smale condition (PS). at the point ¢ € R if
any sequence {u,} in X with {I[u,]} — ¢ and {I'[u,]} — 0, has a convergent subsequence.

This means that the set of critical points of I at level ¢ is compact. If I satisfies (PS) then it does satisfy
(PS). for all ¢ € R (which lie in the closure of the image of I), but the converse does not hold.

Some examples:

e The function f: R — R f(z) = 2? satisfies the (PS) condition. In fact if X is a finite-dimensional
Banach space I € C'(X,R) and |I| : X — R is coercive (i.e. tends to +oo if ||z|/x tends to +oo,
then I satisfies (PS) (see Prop. 2.1 in [16]).

e For X =R, I[u] = sinu, satisfies (PS). for all ¢ in R\{—1,1}. At 1 (resp. -1) the (PS). condition
fails, since one can construct a sequence {z;} of certain increasing odd integer multiplies of 7 such
that I[z;] =1 (vesp. -1) Vi, then I’[x;] = cosz; = 0 for all i, contradicting (PS), since x; does not
have a convergent subsequence.

e The functional

_ @ plut (@)

i = [ |[vutp - = O

“Au=vP 4+ tinQ, wu>0inQ, u=00ondQ,

for the problem

Q C R™ a smooth domain, u € W&’Q(Q) andn >4, p= %, 0 < q<p, pu>0, satisfies (PS). for
all ¢ < %/27 where T is the Sobolev embedding constant of the injection of W,'*(2) into LP(£2)

(see [8]).

We will need the following concept introduced by Palais ([30]). In the following K will denote the set of
critical points of a functional I, i.e. K :={t € X | I'[t] = 0}.

Definition 1.4 (pseudo-gradient vector field).

Let I € CY(X,R). We callv € X a pseudo-gradient vector of I at u € X\K if v satisfies:

@) vl < 20 [ulll

(i) N'Tulll® < (I'[ul,v),

where (-,-) denotes the duality pairing. If F : X\K — X is locally Lipschitz continuous and F(x) is a
pseudo-gradient vector for all x € X\K, then F is called a pseudo-gradient vector field of I.

Note that any convex combination of pseudo-gradient vectors (resp. fields) is again a pseudo-gradient
vector (field). We follow Rabinowitz [31], Lemma A.2 and show that there is always such a v € X as
long as I is C*.

Definition 1.5 (paracompactness).
A topological space is called paracompact if every open cover has a locally finite refinement.
By the Theorem of Stone (see [32] for a proof) metric spaces are paracompact.

Lemma 1.6. If I is a C'- functional, there exists a pseudo-gradient vector field on the set of reqular
points (i.e. uw € X with I'[u] #0) of I.



Proof. Let us denote the set of regular values of I in X by X, ie. X = X\K. Then for every
u € X there is a y € X with ||y|| =1 and

(Il ) > 217l

Thus v := 2||I'[u]||y is a pseudo-gradient vector of I at u, since
. 3 ! !
@ SICTdlllyl < 2| Il and
. 3
@) Il < (1 31,

Since I’ is continuous, there is an open neighbourhood V,, of u, such that v is a pseudo-gradient vector for
every w € V,,. Clearly {V,, | u € X } is an open cover of X, and since X as a metric space is paracompact,
we can take a locally finite refinement of this cover, {Qk} say. We set py(u) := dist(u, X\Qx), then py
is Lipschitz continuous and pi(u) = 0 if u ¢ Q. Deﬁne

 pr(u)
Orlw) = Sy

Every @y, lies in some V,,, which we denote by V,,, for all k, then v, = %||]"[uk]||y;C is a pseudo-gradient

vector of I in Q. Set
u) = Z Vg P (u)
k

therefore, since 0 < By (u) <1 and 3, Bi(u) = 1 for all u € X, B(u) is a convex combination of pseudo-
gradient vectors. Since B is also locally Lipschitz continuous it is a pseudo-gradient vector field of I.

We give the following variant of the Deformation Lemma as stated by Willem [37]. Set I, := {u €
X | Iu) < a}.

Theorem 1.7 (Quantitative version of the Deformation Lemma). Let U C X,§ > 0 and
Us .= {u € X | dist(u,U) < &}. Suppose I : X — R is a C*-functional and there exists ¢ € R, such that
for some e >0 and u € I71([c — 2¢,c + 2¢]) N Uas

= <l (1)

Then there is a continuos deformation n € C([0,1] x X, X) with

.
=
3

( (0,u) =u Yu € X,

(i) nlt,u)=u Yu ¢ I71([c — 2¢,c+ 2¢]) N Uss, Yt €]0,1],
(”Z) 77(1 cte N U) C Ic eN Uéa

( (t

iw) n(t,-) is a homeomorphism V¢ € [0,1].

Proof. The proof follows [16]. Since I is a Cl—fungtional there is a pseudo-gradient vector field on
X and by assumption (1) I=!([e—2¢, c+2¢])NUzs C X. Define the locally Lipschitz continuous funciton
V:X =R,

Viw) = 1 on I *[c—2e,c+ 2¢])NUs,
10 on X\I—'([c — 2¢, ¢+ 2¢]) N Uss.

Then W: X — X

_ V() S
W) = 4~ oeor 0w (le—2e,¢42¢]) 1 Uas,
0 on X\I~1([c — 2¢,c+ 2¢]) N Uss,

too is locally Lipschitz and bounded, thus the boundary value problem

4= w(p),
{f(O) u

w



has a unique solution f(-,u) for every u € X defined on the maximal interval (¢~ (u),t"(u)). We show
that ¢*(u) = +o00. Suppose, by contradiction, t(u) < +oco. Let t, be a sequence with t,, — ¢t (u) and
tn, < tT(u). Integrating the ODE leads to

Hf(tn-‘rlvu) - f(tmu)” < |tn+1 - tn|a

since ||[W(u)|| < 1 on X. Thus f(t,,u) is a Cauchy sequence and hence converges to some @ € X.
Taking @ as new initial data in the ODE, the solution is a continuation of f(¢,u) to values t > t*(u)
contradicting the maximality. ¢~ (u) = —oo is proved in the same way. Let f(-,u) be a solution on [0, ool,
and define n: [0,1] x X — X

n(t,u) = f(0t,u).

From the definition of W it is clear that (i) and (ii) hold true for n. We show that (iii) is satisfied: For
t>0

1) —uf = | / W (f(s,)) ds] < / W (f(s,w)] ds <1,

and therefore f(¢t,U) C Us for all t € [0, d].

I @l =L W), [t w) = (L f (W) W) w) <0,

from the definition of f and (1). Thus for v € I.1. NU, and if I[f(¢,u)] < ¢ — ¢ for some t € [0, 4], it
follows that f(d,u) C I._. N Us. If such a “t” does not exist we have

c—e <I[f(t,u)] <I[f(0,u)] =Ilu] <c+e,

and so f(t,u) € I7 (e —2e,c+2e])NUs Vt € [0,6]. Using (1) we get

é 0
1G] = Tl + [ Gl ds = Tul+ [ @) W s.0) ds

o [ s W) \ )
~ 1+ | <I 5wl v(f(s,u>>||>d <ete= [ e ¢

1[0 4
§c+5**/ ||I/[f(57u)}\|d5§c+sf—€:cfs,
2 o 2
and thus f(0,u) C I._. N Us.

We obtain the “standard” Deformation Lemma as a corollary:

Corollary 1.8 (Deformation Lemma). Letc € R and I : X — R be a C-functional satisfying (PS)..
If ¢ is a regular value of I then, for a given ¢’ > 0 and some € € (0,&’), there is n € C(]0,1] x X, X)
such that:

©) 7(0,u) =u Vu € X,

(i)  ntu)=u  Yug I Yc—é,c+e)), Vte[0,1],
(”Z) 77(17 cte N U) - Ic €9

( (t

w)  n(t,-) is a homeomorphism Yt € [0, 1].

Proof. There are £,0 > 0 such that we have ||[I[u]|| > 0 for u € I7'([c — &,¢ + £]), because other-
wise one would have a sequence {u,} with ¢ — 1 < Ifu,] < c+ 2 and ||I'[u,]|| < £, thus ¢ would be a
critical value of I. So by Theorem 1.7 with U = X, &’ small enough and, § = %‘E we get the result.

The great strength of the quantitative version of the Deformation Lemma, lies in the fact that we
do not assume the “a priori” compactness of the (PS). condition. This allows us to apply the MPT
to functionals which do not satisfy the (PS) or (PS). condition. We thus get a sequence {u,} with
{Iun])} = c and {I'[u,]} — 0 of which we prove afterwards that it converges to a nontrivial solution.
Similarly Ekeland’s Variational Principle can be used instead of the Deformation Lemma to obtain this
kind of machinery.



We are now able to prove the Mountain Pass theorem.

Theorem 1.9 (The Mountain Pass Theorem). Let X be a Banach space, I : X — R a C*-
functional satisfying the Palais-Smale condition and I[0] = 0. Suppose

(A) 3 p,a>0such that I|pp, > a,
(B) 3dee X\B, with I[e] <0,

where B, denotes the ball of radius p around 0.
Then I has a critical value ¢ > « and c is characterized by

c=inf max [Iful,
Y€ ue~([0,1])

where
I'={y e C([0,1], X) [ v(0) = 0,7(1) = e}.

Proof. ¢ < oo, and for v € T' 4([0,1]) N 9B, # 0. Therefore

max I[u] > inf I[v] > a,

uex([0,1)) vedB,

and thus ¢ > a. Suppose that c is a regular value of I. Then, by Corollary 1.8, for ¢/ = « there is
e € (0,¢’) and a deformation n with n(1, I.1.) C I.—.. By the definition of ¢, we can choose a v € T such
that

max Ifu] <c+e.
u€v([0,1])

h(t) = n(1,7v(t)) is in C([0,1], X) and h(0) = 0 since v(0) =0, I[0] =0 < a < ¢ —¢’ and (i) of Corollary
1.8, h(1) = e follows similarly. So h € T" and thus

max _I[u] > ¢,
hex([0,1))

which contradicts h([0,1]) C I.—_..
Note that we could have used the weaker (PS). condition instead of (PS), with ¢ being the ¢ in the proof.

Remark. The name of the theorem comes from the intuitive interpretation in two dimensions. Imagine
a valley around I[0] = 0 surrounded by a mountain range. v with I[v] < 0 is another valley outside the
mountain range. To travel from 0 to v we must pass over the mountains and the theorem gives us the
mountain pass with the smallest elevation.

2 A Semilinear Problem

We will now apply the Mountain Pass theorem to

u=20 on u|sq,

Equations like this occur frequently in physics. For example standing waves of the nonlinear Schrédinger
equation are described in such a way. These are solutions ®(x,t) = e*“*u(z) of

0D
io = Vo +g(|2])®,

and therefore u satisfies
Au+ g(|u)u + au = 0.

Let 2 C R™ be a bounded domain with smooth boundary. We will assume the following properties to



hold:
(i) f € C(Q x R,R) and for all x there are constants c1, ca > 0, such that for all ¢

2
|f(z,t)| < crt]? + cq, 1§p<7n2711fn23, and 1 <p<ooifn=2,
n—

(ii) For F(z,u) := [} f(x,t)dt there is a # > p with
BF(x,t) < tf(x,t)
for all (x,t) € 2 x R, and
(iii) For all z €
flz,t) =o(]t]) as t — 0.

Dirichlet’s principle tells us that a weak solution u € I/VO1 2(Q) can be obtained as the minimizer of the
functional

Iu] = %/Q|Vu|2dx —/QF(x,u)dx =: I1[u] — Ix[u].

1
We are going to use the norm |[uf := ([, [Vu[*dz)? on W} 2(Q), which by the Poincaré inequality is
equivalent to the usual norm. We prove:

Theorem 2. If (i),(ii),(iii) hold, then (2) has a nontrivial weak solution.

The following technical lemma, depicts a basic property of the more general concept of Nemytskii (su-
perposition) operators (see [11]).
Lemma 2.1 Q CR" a bounded domain, suppose the following properties hold for the function g:

(i) B
g € C(2 xR R),

(ii’) For some constants ¢}, ch >0, r,s > 1

z
s
)

lg(x, t)] < ¢} + ot

then u(x) — g(x,u(x)) is in C(L"(Q2), L*(N)).

Proof. For u € L"(Q)

/Q 9 u(@))* de < / (&, + lu()

.
s

) de < d / (1+ u(a)|")de,

and so g : L"(2) — L*(Q2). To prove the continuity we can assume v = 0 and g(z,0) = 0 since g is
continuous at u if and only if f(z,#(z)) = g(x, ¢(x) + u(z)) — g(z,u(x)) is continuous at ¢ = 0. From
(”); there is a ¢’ for any given &’ such that |t| < ¢’ implies |g(z,t)| < €’. Suppose again u € L"(Q2) and
ull ) < 8, with & free for now, define Q; := {z € Q| |u(z)| < 7} then

/ 9z, u(@)|* dr < £ u(9),
Q1

where p(€2) denotes the (Lebesgue) measure of Q. Choose ¢’ in such a way that £*u(Q2) < (%)S The
same argument as above for Q\Q; gives us

ﬁ 9z, u(@)* do < (uE@\) +67).
a\Qy

Since

5 > / ()" > A" p(@\),

o\



we have u(Q\Q) < (%) , and therefore

/ ﬂwwmfdxséy<r+i>.
o\ v

Choose ¢ small enough to get 56" (1 + %) < (%)s and the proof is complete.
Lemma 2.2 [[-] is weakly continuous.

Proof. Let (u;) — u in Wy'?(Q) , then (u;) is bounded in W'2(Q) and since p + 1 < -2 by the
Rellich-Kondrachov theorem, (u;) — u in LPT1().

\Tus] — Iful| < /Q (2, w) — Fla,u)| da,

with the Mean Value theorem and assumption (i) we get

[[us] = ITu]| < /Q (cr|ui[? + e2) (u; — u)da < (/Q(Uz - U)Nlda:) i (/Q(cﬂui” + @)Tdm) s ,
and thus I[u;] — I[ul.

2n

Remark. In the proof of the lemma we used the inequality p +1 < -=%5. This does only make

sense for n > 2, but since the compact embedding W?(Q) < L9(Q2) holds true for n = 1,2 and all
q € [p,00) the argument extends to this cases. We make it a convention to ignore the cases n < 2 when
stating an inequality like the above.

Lemma 2.3 [[] is in C1(Q x R, R).

Proof. The Proof follows Rabinowitz [31], Proposition B.10. Clearly I;[u] = %|u|* is continuously
(Frechét) differentiable with I7[u](¢) = [, Vu - Vodz. We have to show that for every € > 0 there is a

6 > 0 such that
\/F@c,uw)/F<x,u>/f<x,u>¢|<s¢||
Q Q Q

for all ¢ € Wy?(Q) with ||¢| < 8. Define
U ={z eQlfu(x)] =7}, L={reQll¢()] = s}, Q:={zec]ul)] <, |¢(z) <~}

Use the Mean Value theorem and assumption (i) to get

/ F(z,u+ ) — Flz,u)| dz < / (e1 + ex((u(@)] + [B())P) |6()] da
(951

1951

n+2
2n

1
01, 20y )+ esl@)F (Il o) + 1015010 ) 191

< c1p(€h) 223 ()

LAtz (Q,)’
n— 1
where "2—;2 + p%l + % = 1 and we used the Holder inequality. Then, via the Sobolev inequality, we have

1
s

/ﬂ [F(2,u+ ) = F(a,u)| do < eallo ((020)5 + p(0)* (Jull” +116]7)) -

Using the same argument as above:

[ 1wl do < callgl] (@) 5 + u(20)* ulP).
2

Since p(§21) 20 ,u(Ql)% — 0 as 7 — oo we can choose v sufficiently large, such that for ||¢]] < 1,

co (1) 5 + (@) (JullP +1)) < .



In a very similar way:

+1

/Q (@t ) = Pl ) — f,0)o] de < ( /Q et ea(u@)] + o)) dx) 6l

1

<3 (T+ [lull” + [lo]|?) </Q ()P <¢(;U)|) n—z PT dx)

+1— 2n

<cg (L4 [[ul® +ll¢l17) & H¢|| G

Thus, by choosing § small enough

p+1-—2n

'n.72
ca (24 [|ull”) & ||¢|| <

w\m

Finally note that, since F' € C1(2 x R, R) given any £1,7; there is a x; = #1(e1,71) such that

[F(z,u+ @) — F(z,u) — f(z,u)p| < e1]d],

with € Q, |u| <71, |¢| < k1. By setting y1 = v and k1 < k we get
[ 1P+ )= Pl = @06l do < xllélr oo a0
3

where, as usual 1 —|— 1 = 1 and x(q,) the characteristic function of {23. Now choose &; such that
e1llx sl 2’ @ < and by putting together the estimates over 1, Q9, Qg the differentiability follows.

Let (u;) — u in WOI’Q(Q), then

/ Fl@,uilz)) — F(o,u(@)d(z) do

1 Tus] = I'u]lly-12 () = sup
ol

< ONf(z,uix) = flz,u(@)]] pn

L 7P (Q)

From assumption (i) we know that

(@ u(x))] < erlul)] ¥

the result follows from Lemma 2.1.

+CQ,

and by taking s = p“

We use the following lemma in the verification of the Palais-Smale condition.
Lemma 2.4 I} : Wy?(Q) = W~12(Q) is compact.

Proof. Let {u;} be a bounded sequence in W,*(2). We get the compact embedding Wy*(€) — L9(Q)
for all ¢ € [1, n2f2], from the Rellich-Kondrachov theorem (see Appendix). Thus {u;} has a Cauchy
subsequence, {u;;} say, in L(£2). Note that

i) — Plualé] = \ [ i) = fova) o]

therefore it follows from the assumptions on f that I'[u;;] is Cauchy in W12 (Q).

Proof (of Theorem 2). We prove first that the Palais-Smale condition holds for I[]. Suppose
{u;} € Wy(Q) with I'[u;] = 0 as i — oo and [I[u]| < C. Then

1, 1 11 ) 1,
€2 Mul 2 Fluilygony ~ 5 [ famude > (5= 5 ) Nullyoqo + 57 o,



and thus {u;} is bounded. Since WO1 2(Q) is reflexive there exists a weakly convergent subsequence
(see for example [39]). I'[u] = Ij[u] + I5[u] with I linear, invertible and I} compact, it follows
{(w;) + I, ' I4Ju;]} — 0 as i — oco. {u;} is bounded and since I}[] is compact (Lemma 2.4), {I} ™" I}[u;]}
is relatively compact, i.e. has a convergent subsequence, then {u;} too has a convergent subsequence.

Now to prove the remaining conditions of the MPT: (A) from (i) we know that for every € > 0 there is
a 0 > 0 with

t 2
P ol < SO
2
for a.e. z € Q and all t € Bs(0). On the other hand (i) and (ii) imply
[F(z, )] < CJtf”
for all t € R™\B;s(0). Thus
elt]?

P, )] < S5+ Clep

for every t € R™ and a.e. = € (.

’AF@@M

Now use the Sobolev inequality to get

‘LF@MW

Then, for ||’LL||W01,2(Q) small enough,

< E/ |u|2dx—|—C'/ |ulPdx.
2 Ja Q

€2 p
S §||u||W01v2(Q) + CHUHWOL?(Q)

1
I[u] = §||UHWOL"’(Q) - C€||u||W01,2(Q),

é < f(m,t)

7 < P by condition

and therefore I[u] > ¢ > 0 for some c. To prove that (B) holds, note that we have
(ii), integrating from sp to s, with so < s, gives

F(z,s) > F(x,s0)s"”s0".
Thus )
t
Tut] < —/ \Vu|2da?—CtB/ uPdz,
2 Jo Q

therefore I[tu] — —oo as t — oo. The Mountain Pass theorem now tells us that (1) has a nontrivial
weak solution.

Some remarks on the case n = 2 and critical growth:
For n = 2 we assumed that the nonlinearity has at most arbitrary polynomial growth. We can weaken
this assumption. In the case n = p the Rellich-Kondrachov theorem gives us, for 2 C R", the embedding

WhP(Q) c LYQ) Vq € [p, +00).

This fails for ¢ = +o00. To see this one has only to consider the following example given by Bernhard
Ruf, u(z) = log(1 — log(|z|)) in Q@ = B1(0). u is in W12(£) since

2 2

/WQd—Q/ldl(ll )61—2/11"1
A U x—ﬁordrog ogr r_ﬂorl—logrr

1

1 1
= 27r/ ————dr < o0,

o (1—logr)?r
but clearly log(1 — log(|z])) ¢ L™ ().
An equivalent way of stating the Sobolev embedding is

sup / |lulPde < 400 for 1 <p < 2%,
u€W2(Q), llully1.2(q)<1/Q



and the supremum is infinite for p > 2*.
We state our question using this new notion: what is the maximal growth of f(u) : R — R4 such that

sup flu) de < 400 ?
wEWg (), llull 1.2 g, <179

The answer is given by the Trudinger-Moser inequality ([26], [36]): For a bounded domain @ C R"

sup / (eo‘lu‘m — 1) dx < +o0,
<1/@

wEWG™ (), lull 1.2,

forala<a,=n (wn,l)ﬁ, where w,,_1 denotes the surface area of the n-sphere and the supremum
can be attained. For a > a, the supremum is infinite.
Thus f(u) can actually behave like e*™1*I"| when |u| — oo (see also [25]).

3 A nonlinear p-Laplacian problem

Partial Differential Equations involving the p-Laplacian operator are of importance in fluid-mechanics
especially non-Newtonian fluid flows ([3]) and fluid flows through porous media ([2]. The operator
appears also in equations describing singular solutions to the Einstein-Yang-Mills equations ([5]). We
will consider the elliptic problem

{—dz’v(a(m)|Vu|p_2Vu) + () |ulP~2u = g(z)ue, -

r€QCR", ulyg =0, limgeu=0,p-1<a<p —1

with 1 < p < n and € an exterior domain (i.e. the interior of the complement of a bounded domain with
C'9 boundary. p* = % denotes the Sobolev critical exponent.

Various studies about problems similar to this one have appeared. We mention [12],[40],[18],[20] and
[6]. All of this works focus on unbounded domains. This fact poses a problem mostly because we lose

the compact Sobolev embedding.

For the coefficients a and b we will assume 0 < ag < a(z) € LN C(2) and 0 < by < b(z) € L®NC(Q).
We take E to be the completion of C§° under the norm [ul| := ([, a(z)Vul" + b(x)|u|pdx)%. Set
flz,u) = g(z)u®, we then assume:

(i) f € C(QxR,R),

(ii) 0 < g(z) (not identically equal to zero), g(x) € L> N LF°(Q) with po := — e,

(iii) there is a 8 > p such that for F(z,u) := [ f(z,t)dx, BF(x,u) < uf(z,u) for (z,u) € Q x RT.
Our main Result will be: -
Theorem 3. Under the assumptions (i), (i), (iii) (3) has a positive decaying solution u € C*°(QNB,(0))
for every r >0, and § € (0,1).

The energy functional of (3) is
1
] = L fulp - / Pla,u)dz = L[u] — Lo[u).
p Q
. We want to apply the MPT to obtain a weak solution as critical point of I[u], i.e. as u € E with
Ial@) = [ (a()[VuP > TuT) + ba)|ul >us ~ f(z, u)odz =0
Q

for all ¢ € F. Thus we start by proving the assumptions of the MPT. The biggest difficulty of handling
the unbounded domain, is the loss of compact Sobolev embedding. In the next proofs we will often treat
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the cases ), = {z € Q| |z| < k € N} and Q\Qy, separately. The work over € will be similar to that
already done in section 2. In the proof of the following lemma we make use of [31], Prop. B.10; [40],
Lemma 1; and [38], Thm. 2.10.

Lemma 3.1 L[] is weakly continuous and continuously differentiable on E with Ij[u](¢) = [¢, f(z, u)pdx
forvo € E.

Proof. Assume u; — u weakly in E. Note that

umm—MWS/

Q |F(2,u;) — F(z,u)] +/ g(lwi |t + [u] ).
k

O\

Since p% + o‘ptl =1, we can use the Holder inequality to yield

BN atl atl
Po p* p*
lofu) - Baful < | W@wﬂ—F@wN+</ gm> (/ |wp> +</ wp>
Q O\ O\ O\

By applying the Sobolev inequality we have

[T [ui) = Ia[ul] < /Q |F (i) = Fz, )] + Cllgl o @ { sl + ul**}
k

Because {u;} is bounded in E, {u; |o,} is bounded in WP(§y,) for all k. The Rellich-Kondrachov
theorem gives us the compact embedding W1P(Qy) — LI(Q) for 1 < ¢ < p* and thus there is a
converging subsequence {u;;} — u in LY(Qy). Because of F(z,t) < Zgg()[t|*™" from the Vitali
convergence theorem follows [, F(z,u;;) — [q, F(v,u) for all k. Since [;,(xa\q,9)" — 0 as k — oo
we have Iy[u;] — I2[u] for sufficiently large k.

To prove the differentiability we have to show: for any fixed € > 0 there is a § > 0 such that

‘/QF(x,u-Hﬁ)—/QF(x,u)—/Qf(x,u)d,’<€¢||

for all ¢ € E with ||¢|| < 6. Using the Mean-Value-Theorem we get

g Fomr = [ wla= [ smae|< [ ot +ionios i)

gc/‘ o{lul®1] + 6|71},
O\

since (Jul + [¢))* < 2*(Ju|® + |¢|%) (from (Jz| + |y))* < |z]|* + |y|* for 0 < a < 1 and the convexity of
|- |* for 1 < ). We use the Holder inequality

1 o 1 afl
so(/ fﬁ (/ mf> (/ wf> +</ w“)
A\ Q\ Q% Q\Q% N\

and then (by the Sobolev inequality)

< Cligllro@ a0 {llull* + [[6l1*} |-
Since [, (xa\0,9)"° — 0 as k — oo we have
(03 « €
Cligllzeo e {llull® + 21} ol < Sl#ll

for sufficiently large k.
To prove the differentiability over 2, we define the following three subsets of §2j:

Oy = {z e U | u(@)]| =7}, Qo i={z e W [|9(2)] = k}, Qpg = {z € Qe [ u(z)] <7, [d(2)] < K}

11



Then
\/ Plauto)- [ Pl - ﬂmwﬂsc/ g {[ul[g] + |61}
Qiq Qpq (97 (97

SQA;{MﬂM+M”?,

similar as above. We get

Cr [ {1l el + 1617} < Collul ey 01+ 10171
k1

*
ap

by applying the Holder and Sobolev inequality (note that a(p*)’ = 1 < p*) .

)

xy/ (")
[l " < g2 g x| (o
/le Lott(Qpy) 1ALk L(Wﬂy) (1)

again by the Holder inequality. Since
00 >/ |ul? 2/ V=2 P (1)
Qg Qpq

, we have u(Qy1) — 0 as v — oo, which implies

[l 7 ey @,y =0

as v — o0. One can use the same argument for |¢|**! instead of |u|*|¢| and then choose v sufficiently
large, such that

[ reuro- [ Pea- [ swae] < Sl

For Qpq:
F(z,u+¢) — F(z,u) — f(z,u)¢ dz

SCA;{Mﬂm+WF”}M

’ Qo

< C{llullForr (o) + 1T+ (0p ) HIAl Lot (0y,)-

Note that
D1l Lot (210)

=0
181100, =0 [0l () ’

since, for every 0, 0 < 6 < 1,

a+1 p* *_— o
[ (o) e [ () (M) (1),
Qo ellngLp* (Q2) N Qo H(bHLP*(QM) R 0 ’

and thus, by choosing [|¢|| -+ (q,,) small enough,

*

a—+1 p
/ __lol dxg/ ) <
s \ OOl Le* () s \ NPl L= ()

191l Lot1(uy) < CrO1lDllyar (o)

Therefore we have

and can choose 6; small enough to yield

[ rearo- [ P [ e < ol
ka ka Qk2

Since F(z,u) € C*(Q x R) there is a k; for any given ~;,e; > 0, such that

[F(z,u+¢) = F(z,u) — f(z,u)p| < ei]d],

12



for all z € Q if |u| < and |¢| < k1. Taking v; = v and k; < k and integrating gives:

‘/ka Fz,u+¢) = F(z,u) — f(z,u)¢ dx

gq/ 6] dz < 1€ @],
Qk3

choosing €1 such that ¢;C = g, finally gives us our desired result

\AF@a+@—AF@@—Aﬂmwﬂ<ew
for all ¢ € E with ||¢]| < 4.

To see that I5[u] : E — E* is continuous apply the same procedure as above to

|amw—amwg/

Qp

o) = Faallol+ [ gyl +ul} o (4)
Q\ Q%

for all ¢ € E.

Lemma 3.2 IL[-] is a compact map.

Proof. Let {u;} be a bounded sequence in E. The compact embedding W1P(Qy) < L9(y) for
1 < ¢ < p* implies that there is a Cauchy subsequence {u;;} in L9(Q). Plugging u;;,u;; into (4)
it follows, in a similar way as above, that I}[u;;] is Cauchy.

In the following Lemma we will use a variant of Moser’s iteration technique to prove the boundedness
of the weak solutions. The idea behind this is to obtain an inequality like

lull Lo ) < CllullLs ),
for all 8 € [1,00], u € LP(R2), ¢ € (1,00), and some constant C' > 0; which we then can iterate: Setting
8 = p we obtain
ullor o) < llullr @),
for some dp > p. In the second step we take 8 = dp, etc.. This process yields
Hu||Lp5k(Q) < C/||u||LP(Q)7

for some new constant C’, and letting k — oo we showed the boundedness of u

ullLe @) < C"[JullLr@)-

Lemma 3.3 If u € E is a critical point of I, then u € LI(2) for all p < ¢ < oo , and limy oo u = 0.

Proof. We adapt [18], Thm. 1.2 and [40], Lemma 2. To prove the L*°- boundedness of u we choose a
Moser-iterative approach. We can assume u > 0 since the same argument works for «™ = max {u(z), 0}
and v~ = min{—u(x),0}. Set ur(z) := min{u(x),L} for L € R,L > 0 , then (u)® € E for all
teR,1> 1.

I'ug)((ur)) = /Q(a(x)WUL\p_QVULV(UL)i) + b(@)|ur P ?ur (ug) do = ; flzug)(ug)'de =0

Since g(z)u® < || gl Lo (0)|u|* we obtain

i/(“L)iJWuL\pdx < |g||L°C(Q)/(u)a+idx'
“ Q

llall Lo (o)
Now use the identity (ur,)" ! |Vur|P = (2—=)P|V(ur) = [P followed by the Sobolev inequality to give

i+p—1

(/Q(uL)H)> < C/Q(u)O‘H.
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Seti=ig=1+pu, p=p*—a—1, q = "(i(j:“i_}:l) and by letting L — oo we get u € L% (). Consider

i9, go as our starting point of an iteration procedure. For the second step set i1 = 1+ p + "5 u and
q1 = n4p=1) and thus u € L (). Continuing this process for iy, = 1+ pu+ sp+ ...+ (=25) u, ¢j =

n—p n—2 n—2
n(lififgl) this gives us u € L(Q) for ;= < g < oo from which u € L9(Q) p < g < oo follows by the
interpolation inequality . To get the L°° estimate of u, set i = kp 4+ 1 and as above

kp+1 / %
——— [ |V(ug)*V|Pa </ atkp L gy
i+ 1)p Q\ (ur)™ VP < Qg(x)(U) x

By applying the Sobolev inequality we have

kp+1 (k+1)p " / +kp+1
—_— d < aTrp .
s (L7 a)” < [ gariia

Now fix a ¢ > p* and set
Prqp
alg—p*)+q+(p-1)p*
Then % > 1 and t < p*. In the integral write u®+ P! ag y@+t1=P+(F+Dr and use the Holder inequality,
since

t:

—+———+> =1

1 a+1l—p P _
Po q 3

We get

ot titin = [ gloputiratrirds < ( / (g(x))podx> " ( / qux> ( / u<k+1>tdx> '

As we have already shown u € L1(Q) for our fixed q, therefore it exists a constant Cy independent of L
and k such that

a+l—p

* o k+ 1)P 5
(k+1)p <o (EHDP (1)t
(/Q(UL) dx) <C Fp 1 (/u dx)

(k + 1)1
(kp + 1)7770

This is equivalent to

1
urllLrnes (@) < CrPEFD [ull Lot (-

Choose k = k1 = 7* — 1 to get

1

1 (k1R

[urll Lo tner (@) < CrPFFD %HUHLP*(Qy
(kip 4+ 1)»®FD

Use Fatou’s Lemma and the fact that limy,_, o ur(x) = u(z) to yield

1

ki 4 )T

el i g < Comrm —FLFDET )
(klp + 1)p(k1+1>

n

Now choose k,, = (pT) — 1 for our iteration process. Then

(ko + 10T

el k1 () < Cy 7m0 2 T2
(k?np + 1)p<kn+1>

Hu”L(kn—lp*)(Q)

for all n € N. It follows

n n . T
ul] et s130% (02) < Cy 7 Zim H M ull Lo -
o i1 (kip 4 1)7®+D

Since )

(k+1) e -
(kp+1)7 ’
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for all £ > 0, and

1
k+1 e
lim L)l =1,
k=oo ((kp+1)»
there is a constant Cy > 0 independent of n € N with

1w 1 noo_ 1
lall it gy < CoP == AT G VAT | e -

i i
1 _ (1t 1 _( [x t o [t
Note that T = (p*> D T T ( p*> and 77 <y/pr < 1, therefore

1wl k9 () < Csllull Lo= (@)

for all n € N and some constant C3 > 0 independent of n. Letting n tend to infinity we get w € L>(1Q).
Thus we have proved the first part of the theorem. The second part follows by Theorem 1 of Serrin’s
[33], which gives us

1wl Lo (B, (2)) < Callull Lo (B, (2))

for Ba(xz) C Q, with C4 independent of x and Cy = Cy(n,p) from which implies the decay of u.

Proof (of Theorem 3). First we will show that the assumptions for the Mountain Pass theorem
are met. For (A):

1 1 1
10> 1 [ Va4 bl = =5 [ ool 2 5 [ aol9up +bofu -
P Ja a+1l /g D Ja

1
= —lul” = Clluf**
p

since g(z) € LP°(Q2). Therefore, and since av+ 1 > p, for |lul| small enough, ||u|| = p say, there isa ¢ > 0
with Iu] > ¢ for all ||u|| = p.

Now to show (B):

a+1

t
I3 < f/ a0l Vul? + bolul? da — ¢ Clul]*H,
P Ja

thus I[t%u] — —00 as t — +00.
Finally for the Palais-Smale condition: Suppose {u;} C E with {I[w;]} < C and {I'[u;]} — 0 in
E*. Then ) )
Iu;) > */ a(z)|Vu; [P + b(z)|u; [Pdx — f/ [z, u)ude
pJa B Ja

- (; - ;) /Qa(x)|Vui|p+b(a:)|ui|pdx+ % (/Q a(2)| VP + (@) wilPd —/Qf(a:,ui)uidm>

= (5 5) Isl? + 3w,

thus {u;} is bounded. Since I3 is compact, there is a subsequence of {u;}, {u;;} say, such that {I5[u;;]}
is a Cauchy sequence in E*. To prove that {u;;} is Cauchy in E we will need the following inequality,
which can be found in [19] or [23] .

oy < LU 2T W) 0 —y) itp2,
- 5 2-p .
(JoP~22 — [yP~2y - (z — 1)) * (2 + [yI7) " if1<p<2

for x,y € R™.

/Qa(x) (\Vuij |p_2Vuij — |Vuil|p_2Vu”) “(Vui; — Vuy) 4 b(x) (|uij|p_2uij — |uil|p_2uil) (uij —ug)da
< |I/[uij](uij - uil)| + |Il[uil](uil - uij)| + ‘ /Q(f(-rauij) - f($7uiz))(uij — uy;)dx
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< C (1wl + 1 Twalll e + 1 Taluig) — Lluallle-)

with C' = C(n,p). Thus {u;;} is Cauchy in E , the Palais-Smale condition holds. The conditions for
the Mountain Pass theorem are met, therefore we get the existence of a nontrivial weak solution. From
Lemma 3.3, we know u decays, and setting ¢ = u~ in I'[u](¢) one sees u > 0 in Q. Using the strong or
weak Harnack inequality from [35], it follows that u is positive. Since the structural assumptions for the
regularity results [22], (or [34]) hold, we get u € C*°(Q N Bg(0)), YR > 0.

On the importance of the critical exponent: In what follows we briefly discuss the necessity
of the critical exponent condition, i.e. p—1 < a < p* — 1.

Assuming o < p— 1 instead we can establish nonnegativity, regularity and decay of the, at this point hy-
pothetical, solution in the same way as above. To prove existence we use a local minimization argument
(note that since I]-] is weakly continuous the minimum is attained): Since

1 @
UMZEMW—CMH“,

I is bounded below and thus has a critical point u with I[u] = inf{I[v] | v € E}. It remains to show that
u is nontrivial, but since

ta+1

— g _ a+1
11t6] = ol / 9|8 dz < 0,

a+1

for ¢ > 0 small and some ¢ € C§°, this is clear.

We show that the restriction o < p* — 1 can not simply be removed. The proof of Theorem 3 works in
the same way when we consider the problem over R™ instead of €2, the only change being the regularity
result we use (u € C1°(B,(0)), ¥r > 0) which can be found in [34]. Consider the special case

—div(|VulP~2Vu) + bolulPu = |u|*?u,

with @ = p*. This equation has no solution. We use the following Pohozaev type identity (see [41]):

/ |Vu|pda;:/ \u|p*dx—bo7p/ |uPdz.
R‘IL R’!L R?L

If u is a solution then by definition

/|Vu|pdx:/ |u
Rn n

Putting this two identities together one sees that u must be the trivial solution. If however a subcritical

perturbation of |ulP u, i.e. f(z,u) continuous with lim, ‘J;(lf,fﬁ = 0, is added to the right side of

Pl — bo/ |u|Pdz.

aboves equation a nontrivial solution exists ([42]).

The limit case n = p : In analogy to the semilinear problem above the Trudinger inequality becomes
of crucial importance when n = p. Consider the problem

{dw(wn?w) + b(z)|u|"2u = f(z,u), © € R, )

lim| 3|00 u = 0.

Let the space E be the completion of C§°(R™) under the norm [ju|™ = [;. [Vu|"+b(z)|u|"dz. We define

the functional I : £ — R )

Iu] = E||u|| - /n F(x,u)dz.

The fact that I[-] is well defined (i.e. that F(z,u) € L'(R™)) will become true when we impose our
assumptions on the problem. We say f(x,u) has subcritical growth if

=0 for some 0 < u < Ll’ uniformly on R™.
n —

If this condition is satisfied proving the existence of a weak solution is not that different than for p < n
(see for example [15]). We give a regularity result for the subcritical case and the existence of weak
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solutions for the critical case. For both proofs the following lemma will be the main ingredient:

Lemma 3.4. Ifn >2,0<vy < 25, a>0 (ify = 25, also assume o < n(wn_l)ﬁ), then

n—1’
/ exp (a|u]”) — @, o (a, u) dz < o0,
Rn

for all w € WH™(R™), ,
n=2

ok
D, _o(a,u) == Z ﬁ|u|7k.
k=0
If[[Vullpr ey < K, [Jullpe@ny < M, with K, M < oo, then there is a constant C(K, M, n, o, ) depending
on K, M,n,a,~ alone, such that

/ exp (alul?) = ®p_o(a,u) de < C(K, M,n,a,).

The Lemma is motivated by generalizations of the Trudinger inequality ([21]), and similar results can be
found in [29],[13],[14]. The proof uses the important technique of Schwarz symmetrization, which was
already used by Trudinger in the proof of the orginal inequality.

Proof. We first state some properties of the Schwarz symmetrization. For nonnegative u € L™(R™)
there is a unique radial function u* € L™(R™),

A{z[u'(z) = ¢}) = A({z | u(z) = c}),

for all ¢ > 0, u* decreasing in |z|, and 3R, such that {z | u*(z) > ¢} = Bg,(0). If u € W, " (R") then
u* € Wy ™ (R™) and also IVu*||pn@ny < [[Vul|pn@ny. For every f:[0,00) — [0,00), with f(0) = 0 we
have

[t @) de= [ fua) de.

1
and o < n(w,—1)»1 and further assume u > 0.

We can concentrate on the critical case, i.e. v =
From what is stated above one sees that

/ exp (a\u|ﬁ) — P, o(a,u) de = / exp (a|u*|%) — P, _o(a,u") dx

n

n
n—1

< / exp (a\u*|#) dx +/ exp (a|u*|ﬁ) — @, oo, u™) dx.
lz|<r

x| =7

Like in [29] we use the following inequalities for a,b > 0
(a+b)7T < a1 + b7 T +C{n} av b,
some positive constant C depending on n, and
alb? < ea+ dfﬁ,

for % + 1 =1 and all ¢ > 0. By using this and the fact that u* — u*(rzo) € WH"(B,.(0)), where g is a
fixed vector of unit length, we obtain

|uw*| 7T < (1+¢)(u*(x) — u*(rag)) ™1 + (C’{n}ﬁsﬁ + 1) w*(rag) 1,
and thus
/ exp (a|u*|ﬁ) dx
|z|<r

< exp ((C{n) e 1) (ran) ) [ exp a1+ €)' () = ()] 7)o

|z|<r

1

Letting (1 4 ¢)a < n(wyp—1)™-1, then by the Trudinger inequality

n
Wn—1

*| 72 ‘ ! T *(rag) 72T
/x|<r exp (afu ) dz < C'{n} ——— exp ((C{n} eT=n + 1) u*(rzo) ) .
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We use a generalization to Sobolev spaces of Strauss’ Radial Lemma, due to Lions ([24]):

ju” (z)] < {n}lu”

Since || Vu*||pn@n) < [[Vu| pn@ny and [[u*|| pn@ny = [|ul| n @y (see e.g. [17], § 6.3) we get

/ exp (afu”*
|z|<r

< C’{n}wn;ﬁ exp ((C{n} TeTw 4 1) |zor| ™ IC”/{n}Hu(Tﬁo)Hgn R2 ||VU(T$0)Ln(Rn)> .

n— 1

L gyl V0" HL"(IR") a.e..

%1) dx

Finally, using the assumptions on ||Vu| pngny and [[ul|pngn) , this yields

2 1
n n—1T" M(n%) Kn—1
/ exp (afu*|7=T) dx < A{n,a}w L exp e ,
lz|<r n r

for A{n,e} some constant.
To handle the integral over |x| > r note that

/ exp (afu*
|| >r

%1) - &, _o(a,u™) dx

n—1

a n a” * 2 - ak sk =—2—
= |u*| dz+— |u*|»=T dx + Z - |u*|*»=T dux,
(7’L - 1) |z|>r |z|>r k=n+1 k! |z|>r
(6)

and since for all k >n +1

1 e 1 Wn—1
— dr = wp_1 dr = ,
/|:1:>r ‘x|k r th—n-1 rh=n

we can use the Radial Lemma again, to yield

ok ok k(527)" fobats
[0 % k% e M n—1 K n—1
Z ﬁ ~/|z>'r |u | e = Wt Z ﬁ < Tk_n > '

k=n+1 k=n+1

From n”—_zl > n and the embedding W1 (R") — L*(R") for all s € [n,+00), the result follows.

Theorem 3.5 ([13]). If u € WL™(R") is a weak solution to (5), and f(z,u) € C(R™ x R,R),
b(z) € C(R™,R) with b(xz) >b >0 and

R

50 [tn—1

=0 wuniformly in R™,

then u € L>®(R™) and there is ¢ > n and Ry, > 0, C' > 0 such that for all R > R,

lullzoe (21> r) < CllullLa(z|zr/2) < o0

Note that from Theorem 3.5 follows, by Tolksdorf’s regularity result mentioned above that lim|,| o u =0

and u € C’llo’f(]R") for some 0 < 5 < 1.
Proof. By the assumptions on f(z,u) we have

o] <o+ s 3 M
)
I=lp

for all (z,u) € R™ x R. Let u be a weak solution, then set once more u™ = max {u(z),0} and uy(z) =
min {u(x), M} for M € R, M > 0. Choose n € C*°(R™), such that for R,r with 0 < r < %,

{1 e > R,
=0 if || > R—,
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and also |Vn| < % ,0<n<1. Use u"‘u;\r;(i*l) € WHn(R™) for i > 1 as a test function and then since
u is a weak solution

/ \Vu+|"ux4n(i71)dx—|— n(i — 1)/

<C Z I / +“Hn*luﬂl(i_l)quda:.

=1,

|Vu‘]\"4|”u;[n(i71)dar+ b/ u+"u;\rdn(i71)dx

Setting W = u*u&n(i_l) this implies

/ IVW|" do < Ci" Z/ utr W d,
R? =1, /R

and by the Holder inequality with

MJF& H+E—1f0ranssuchthat,u+£< “o we get

o0
n - +(pte)l “ n
/n VW] da < Ci §:</nu dx) 17, et g

1=y

Therefore Lemma 3.4 yields

n(Rrey < ) n(p+e .
VW ooy < G s,

Now we use Nirenberg’s inequality (see appendix)

1970l agany < IVl oyl 5 oy

withj =0, m=1, p= ”(‘;Jrs, r =n and some 0 < a < 1 to get the iteration inequality

q n < n €
[WllLa@mny < ||WHL%(R”),

q> M and the L bound |[u™| e~ < oo, respectively ||u™|| L~ < oo, follows by Moser iteration.

ot +"(Z 1)

For all 5 > 0 we have, by plugging in n"u as a test function,

/ |Vut|™n"u +T” 2 da:—|—n(z—1)/ |Vu"A;I|"uLn(i_1)n”d:c+ b/ u+"u-’1\;1n(i_1)17"dx
n Rn

+ n/ |Vu+|"71|V77|17"71u+ux/1n(i_1)d9: < f(z, u+)u+ux/1n(i_1)77”d:r.
R™ R”
Using Lemma 3.4 again gives

o S G S0 e Gl

Choosing § small enough we get

/ V™| n"u +7” D dx—|—n(z—1)/ \VuM|" n(=Dgr 4 ¢ u+”u$fn(i_l)da¢
R"'L n R’”

< [ e b

(R™)
C > 0 a constant, and using Young’s inequality on the first term of the right hand side yields
"/ |Vt "l Y da + bt T e
R~ L= = (R")
<w [ VP dos € |9ttt do ok € gt
Rn n L = (R™)

where C’, C" > 0 are constants which may depend on x > 0 and x is arbitrary. From the last two
inequalities one gets

/ |Vu+|”77"u;\_/["(i_1) dx +n(i—1) /

<c’"{ [ 9t o ot e } (7)
R L= =" (R")

|Vu"1\'/1|"ux4n(i_l)n”dx+ C’/ u+"ux["(i_1)n”dx

n
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by taking k to be sufficiently small. Writing out V (nu*u}\}ifl) explicitly and using (7) we have

/ 9 (et ) 7 e o e
n L (Rm)

<o { [ varer iy Y de i s b ®)

Finally we use the properties of the bump function to give

(27 (R* — (R — )" )
(8)<Cz( (R = ( )))numﬁ O s

- rr = (je|>R—r)’
Now one can use Nirenberg’s inequality again and get, for @ <s
+(i—1 +(i—1 +(2—1
ot ™ ey < € (|v () lmgeny + It ())

n(pte)
L £

- rn (lz|>R—r)’

2" (R" — (R—r)")\ /" i
Taking the limit M — oo

[ onRn 1/ni
bt e € €0 (Z5)

T?’l

(lz|>R—7)’

and setting a := it=a™ and rp, = W% yields

se
n(p+e)’

m n(m+ )

i [ PTG

Cll/am 1/o

Jut] La™s(|z]|>Rerma1) =

from which the Theorem follows.

We now come to the critical case. Because of the lack of compactness we can not show the (PS)-condition
for I[]. To compensate for this, we instead prove that a sequence u; € W1 (R") with I[u;] — ¢ and
I'u;] — 0 as i — oo, obtained from the MPT, does converge to a nontrivial solution. This approach,
introduced by Willem ([37]), can be considered “a posteriori” compared to the “a priori” compactness
condition employed before, and is of great importance in modern applications of the MPT. We demon-
strate this technique following [29].

We impose the following assumptions on problem (5):

(a) f e CR" xR,R) and for ¢y, co, @ > 0 constants

(@, w)] < erful"" + e Z

i=n—1

(b) For some 5 > n and Yu > 0,
BE(z,u) < uf(z,u),

(¢) For constants Cq, Cy > 0, Yu > (1,

0 < F(z,u) < Cof(x,u),

(d)

lim wf(z,u)exp (— a|u|ﬁ) >(C5 >0,

U—r—+00
uniformly on all compact sets of R™,
(e) b(x) € C(R™,R), b(z) > b >0, and b is coercive, i.e. b(x) — oo for |z| — oo,
(f)
< Ai(n) = inf ﬁ, uniformly in R™.

E>u#0 ||U||Ln(Rn)
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We actually do not have to assume that b(z) € L, if we instead let E be the subspace of W1 defined
by

E= {u € Wi (R") | /IR b(@)|ul" dz < oo} .

To make up for the lack of compactness we prove the following Lemma, which gives us an upper bound
on the Mountain Pass level c:

Lemma 3.6. If assumptions (a) - (e) are satisfied there is a v > 0 such that

n—2
max{I [t (x,7)] |t > 0} < %,

where My (z,r) denotes the Moser sequence introduced in [206]

n—1 r
(ogh) ™ if |l < 1,
1 log( %+ .
Mor) = g7 EUE)ipg <ol <,
" o if || >,

R My (x,r
and My (1) = ey

Proof. Note that 9 (z,r) € WH™(R™) and

/ [V (z,7)|" doe = 1.
RTL

Also .

povey ogn r

Mi(w,7) = —romy +a, Vel < 1.

w
n—1
where aj > 0 is a bounded sequence. Suppose that
n—2
max{ I[N, (x,r)] | t > 0} > % vk

—1

where we fixed the r such that —2- < C5. We prove that this leads to a contradiction. The fact that

an—1lpn

Iftu] = —o0 as t — 00, Vu > 0 with compact support and u # 0,
is shown exactly as we did above. Then, for given k, we can take t; > 0 so that

Ity (z,7)] = max{I [t (z,7)] | t > 0}, 9)
nn—2wn_1

an—1 ’

T[txT0 (2, 7)) = % _ / F (2, 60 (2, 7)) d >
Rﬂ.

n—1
by our assumption and thus ¢} > *—=3=1

Tan-1 -

From (9) we get
Z:/ f(%tkf)iﬁk(%?“)) M (2, ) da,
by taking the derivative #‘lk. (d) gives

uf(z,u) > (C3 — §) exp (a\u|ﬁ) ,

for fixed 6 > 0, 3C5 > 0, V|u| > Cs, and V|z| < r. Integrating this inequality and using the “cut-off”
property of the Moser sequence yields

— n_ C3— 0)wp_1r"™ ot/ ("D log k n/(n—
ty > (03—5)/ _exp (|t (2, r)|7T) do = % exp (’“wnl) + atk/( Yay |
|x‘§F Wn_l
(10)
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Dividing both sides by 7 and taking the limit ¥ — oo one sees that the sequence ¢, must be bounded.
We rewrite (10) as

Ca—3§ . n t”/(n—l) ) (ne
tEZWeXp<<ak 1 nlogk—l—atk/( Yaw |,

1/(n—1)
AT,
. nn—lwn_l
and since ¢t} > —T
n—1
n n—1
tr — as k — oo
k n—1 1) 9

follows.
Define the sets
Q= {2 € B,(0) | Cs < t&My(x,7)}, Tk :=Br(0)\Qs.

By repeating the steps leading up to (10) and adding integrals over the above sets, we get the improved
lower bound

= (Ca-0) [

exp (a|tkﬁk(x,r)|ﬁ) dx +/ My (x,7) f (x,tkﬁk(x,r)) dx
Qe

Iy

(@ 6)/ _, P (@l r)|75) do = (Cy =) / exp (alty D (z,r)|77) da
z|<r Iy

+/ My (2, 7) f (2, M (2, 7)) da.
Tk

Because of M (x,r) — 0, as k — oo on B,.(0), the set of points z € B,.(0) with t,9M(z,r) > Cs gets

arbitrarily “thin”. Therefore the last two terms converge to (C3 — 5)% and 0 respectively, and using
n—1 R
tp > == again as well as the properties of 9y (x,r) we get

1
1 Wp_1r" exp(nw,” "1 a
%1) dx 2/ exp <nw7’[i|9ﬁk(m,r) nl) de = =1 p(nwizy k).
lz|<% n

/ exp (a|tkﬁk (z,7)
|z

<%

\
Finally we have

EET "
/ exp <nw;’:i |9 (2, r)n—l> dx = r"w,_1,
Ll|z|<r

n—

as k — oo by computing the integral using a change of variable (see [29] for details). Putting this together
in the limit yields

n"Lw, _ Wp—17" _ Wp_1r"

klln;o ty = T;ll > (Cy — ) 2= kli_{rgoexp (aknwi/_(f 1)) —(C5 — ) = 4 (C5 — 6) wn 11"
Thus )

n" "t wp—_1

Tj > (Cs — 0) wp—17",
which in turn implies

nn—l
i = s

a contradiction.
Lemma 3.7 (Compact Embedding). If b(z) satisfies (e), then E — L1(R™), Yq € [n,00) is compact.

Proof. The proof is a generalization of Costa [10]. Assume u; — 0 in E, we show uj, — 0 in LZ(R"), for
Vg € [n,00). Let ||u|| < C, for a positive constant C. Since b is coercive we can choose, for a given £ > 0,
a R > 0, such that b(z) > % for all |z| > R. Restricting ux to Br(0), we have ux — 0 in W1Hm(Bg(0)).
Then the compact embedding W1 (Bg(0)) < L?(Bg(0)) for all g € [n,c0) implies

/ |t |9de < =, for some my € N, Vm > my.
Br(0)

Do ™
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2 1 1
2 e g [ e < 7 <1,
€ Jrr\Ba(0) O Jem\Br(0) e

and therefore HuquLq(R,,L) <e.

Remark. This is the only time we will use that b is coercive. Assumption (e) can be exchanged

for various other ones, for example, a(x) postive, continuous and (a(z))~! € Lﬁ(R"), see [4], or a(x)
radially symmetric ([24), Thm. II.1.) .

We show that the remaining assumption (A) of the MPT holds true:
Lemma 3.8. If assumptions (a) -(f) hold, then I[-] satisfies, for some constants ¢, p > 0,

Ilop, > ¢ > 0.

Proof. We can choose §,¢ in such a way that (f) implies

(A1(n) —e) [ul”

F < -t
F(a,w) < P =T
for all |u] < 4. By (a) we also have
> ’Yi _ni_
|F(z,u)] < Clulqi:;1 PR

for |u| > 4, and ¢ > n and some constants C = C(4, q),v > 0. Putting this estimates together yields

(A1(n) — &) [ul” — 7 i
|F(w,u)] < ==+ Clul* > Splul ™

i=n—1
We use
[t >2 Tl do < O, ful,

R iz v
for |Ju|| < K. This can be shown in a similar way as Lemma 3.4 using symmetrization . Thus

1 (Au(n) — &) [[ul[Ln gn

Tu) 2 Zllel™ = 2B~ ey ull,

for |lu|] < K . We see, using the continuous embedding F < L™, and A\ (n) = inf gsy,20 Hull\‘zﬂzm

> b, that we can choose p, ||u]| = p, small enough, such that I{u] > ¢ > 0, for some (.
Now that we have verified the Mountain Pass geometry we can prove:

Theorem 3.9. If the conditions (a) - (f) are satisfied, problem (5) has a weak nontrivial solution.

Proof. The MPT ensures the existence of a sequence {uy} C F with I'[ug] — 0 and I[ug] — ¢ for
k — oo, ¢ > 0. We prove that this sequence converges to a weak nontrivial solution. By construction

‘/ |Vuk|"*2VukV¢+b(m)|uk|"*2uk¢dx—/ f(z,u)¢dx
n Rﬂ,

<el¢l, (11)

for V¢ € E and € > 0. By (b) we get

(2-1) ol = [ 8FGu) = flovyueds < € + el

~ -
with C a positive constant. Thus {uy} is bounded in E, and also

flz,up)ug de < C, / F(x,ug) de < C.
Rn n
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From the compact embedding, given by Lemma 3.7 we know that
up = uwinF;  up — win LY(R"), Vq € [n,00);  ug(z) = u(x) a.e. in R™;

by passing down to a subsequence (since E is reflexive). Using this, one can show that
n

f(z,up) — f(x,u) in L'(Br(0)); and |Vug|" " 2Vug — |Vu|" " ?Vu in (L"/(”_l)(BR(O))> ;

for all R > 0. The proof of the latter is quite lengthy, involving the theory of distributions . We omit
this step and instead refer to [28] or [14]. Taking the limit in (11), we see that wuj converges to a weak
solution u. It is left to show, u is nontrivial. Assume u = 0, then F(x,u;) — 0 in L'(Br(0)) for all
R > 0, by the generalized Lebesgue Dominated Convergence Theorem (see for example Coroll. 4.14. in

[17]). Since
= ’Yi _ni_
/ |F(2, ug)| dz < C/’ > ol = da,
R R™ -1

for some positive constants C, v, by (a), plugging in the symmetrization of u as in the proof of Lemma
3.4 and using the Radial Lemma once more, one sees that F(z,u;) — 0 in L}(R").

1
f/ [Vug|™ + b(z)|ug|™ dx—/ F(z,ug)dx — casn — o0,
n Jrn n

and the two last terms converge to zero in the limit, thus

1
7/ [Vug|™ de — c.

n

From the upper bound on the Mountain Pass Level given by Lemma 3.6, we get

n—1
Wn—1

n
[IVuglfngny < nec+46 < + 9,

anfl

for some d > 0. By repeating the argument of Lemma 3.4, we get

o0 ai X
LY Sirasc
n ,i:n_l 7/.

C" a positive constant, Vk. Bounding

J (@, up)uy de,
Rn

from above by (a), and using Holder’s inequality, we see that

lim |f(z, ug)|? de =0,

k—o0 Rn

for ¢ > 1 close enough to 1. Then, since

/ [Vug|™ + b(z)|ug|™ de — / f(z,up)ug de — 0, as k — oo,
R™ R™

/ |Vug|™ de — 0,
RTI,

a contradiction. u is nontrivial.

Remark on the necesssity of the assumptions (a) - (f). It is curious that one can show the
same result assuming only (a) and b(z) € C(R™,R), by < b(z) < by, by using Ekeland’s variational
principle instead of the MPT, see [14].

Open problem. In contrast to the analog semilinear case, to this point there seems to be no work

on nonexistence of higher regularity solutions or regularity results for problem (5), when n < p < co and
the growth of the nonlinearity is critical or supercritical.

24



4 Appendix: Sobolev Spaces

We state some basic definitions and theorems from the theory of Sobolev spaces. We will not prove any
of the following results, but instead refer to specific literature.

Definition A.1 (weak derivative).
Q C R™ an open set. Foru € L}, (R") and o a multi-index,

Veo(x)u(z)de = (—1) / Vo (z)u(z)dx Vo e C°,

Q Q

if vo € L}, .(R™) emists, it is the weak derivative V*u of u and it is unique.

Definition A.2 (Sobolev space).
The Sobolev spaces W™P(Q) are defined as

W™ (Q) = {u € LP(Q) | Vou € LP(Q), Y0 < |a| < m}.

The spaces W™P(Q) are equipped with the norm

S L S 1/

0<|al<m

e By WP () we denote the closure of C2°(2) in W™P(Q). (Also, C°(Q) is dense in WP (Q) for
1 <p< oo if Qis bounded with Lipschitz boundary);

e WLP(Q) is a Banach space for 1 < p < oo, reflexive for 1 < p < oo and separable for 1 < p < oc;

o W™2(Q) = H™(Q) are Hilbert spaces, with (u, v) gm(Q) = Y g<|a|<m (VU V) 2(q) the scalar
product.

Theorem A.2 (weak product rule).
Let u,v € WHP(Q) N L>®(Q) with 1 < p < oo, then uv € WHP(Q) N L>(Q) and

V(uv) = v (Vu) + u (Vv).

Theorem A.3 (Sobolev’s embedding theorem).
For1 <p < oo, then

1 1 1
WhP(R™) C LP*(R"), — =-——, ifp<n;
px p n
WhP(R™) € LYR™), Vg€ [p,0), ifp=mn;
WHP(R™) C L=(R™), ifp > m;

and all these injections are continuous. The statement is still true, if we exchange R™ with a bounded,
open set  C R™, having a Lipschitz boundary.

Actually this theorem is not only due to Sobolev, but rather a collection of results by Sobolev, Nirenberg,
Gagliardo and Morrey.

Theorem A.4 (Rellich-Kondrachov). If Q C R" is bounded, with C'-boundary, then the following
injections are compact

1 1 1
Wl’p(Q) - Lq(Q)v VQ € [17p*)a = T T T, lfp < n;
p* p n
WhP(Q) C LI(Q), Vg€ [p,0), ifp=n;
whr(Q) c C(Q), ifp>n.
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Theorem A.5 (Nirenberg’s inequality).
Let u € LP(R™), and V™u € L"(R™), then for C a constant depending only on n,a,p,r,m,j

V9l Laany < CIV™ull gyl

1 ] 1 1
=‘7+a(—m)+(1—a),
q n r n p

< a <1, and the following exceptional cases:

for

and all o with %

e Ifj=0,rm <n, p=o0, then we have to assume additionally that u tends to zero at infinity or
that w € LP, for some finite p > 0.

o If1<r<oo, andm—j— = anonnegative integer, than the theorem holds only for o < 1.

+ Note that Niren 9 50 Lequality implies the Sobolev embedding: Set o = 1, then Theorem A.5
states as
”uHLP*(R") <— C” y uHLP(R”)?

which is frequently referred to as Gagliardo-Nirenberg-Sobolev inequality.

This definitions and properties can be found in many textbooks, see for example [1] or [7].
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