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1 Introduction

In this article we survey some recent results on superlinear elliptic equations and
systems. A particular focus will be the borderline situations of so-called critical
growth. In the existence theorems, we will use mostly variational methods,
that is we look for critical points of functionals associated to the equations
and systems. In dealing with variational problems, the choice of the function
spaces in which the functionals are defined is of essential importance. There
are two competing factors which determine this choice: on the one hand, the
space should be ”sufficiently small” so that the functional under consideration
has the desired regularity; and on the other hand, the space should "not be too
small” since otherwise the required compactness properties may get lost.

When working with scalar equations one is used that the above smallness
and largeness requirements usually lead to a unique choice of (Sobolev) space,
in which the problem is well-posed and hence solvable. Indeed, the borderline
situation (critical growth) may be defined as the limiting situation in which
this space setup works. We will discuss the various phenomena connected with
critical growth.

We then treat recent results on systems of superlinear equations. We will see
that for the functionals associated to systems there is more freedom in the choice
of the space; in fact, one may choose among a whole continuum of products of
Sobolev spaces. Each choice yields different maximal growths for the respective
nonlinearities, but again we find that for a fixed pair of such critical growth
nonlinearities there exists a unique choice of a product Sobolev space. Together
the pairs of critical growth nonlinearities form the so-called ”critical hyperbola”.

We will then concentrate on some limiting cases of elliptic systems. Contrary
to the situation in scalar equations and in (non limiting case) systems, we will
find a wide range of (Sobolev) spaces available in which the corresponding
functionals may be defined, and the question of the ”right” functional setup
becomes quite delicate. Indeed, we will see that in some limiting cases the
various possible choices of Sobolev spaces yield, for the same functional, different
mazximal growths. We will then see that the more refined Sobolev-Lorentz spaces
provide an ”optimal” functional setup.

Much space will be devoted to the less widely known situation in dimension
N = 2, where critical growth is of exponential type, given by the so-called
Trudinger-Moser inequality. Working with systems in dimension N = 2, we
will see that also here the Sobolev-Lorentz spaces yield the suitable functional
setup in which the analogue of the critical hyperbola (involving nonlinearities
of different exponential growths) can be found.
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2 Elliptic equations

2.1 Some history

For studying the model elliptic equation

{ —Au = f(u) in Q

u =0 on 0f2 , (2.1)

where €2 C R” is an bounded open domain and f : R — R is a continuous
function, one may try to use the well-known Dirichlet principle which consists
in minimizing an associated functional over a suitable set of functions; then,
the corresponding critical points correspond by the Fuler-Lagrange principle to
(weak) solutions of problem (2.1). The functional associated to equation (2.1)

takes the form
/|Vu| dm—/ F(u)dz

where F(t fo s)dx is the primitive of f(t).
If we for 1nstance assume that

[f($) <M, VseR,

and hence
|F(s)| <c+Mls|,VseR,

1
u) > —/ |Vu|2dx—M/|u|dx
2 Jo 0

1
> —/ |Vul*dz — M|Q|1/2(/ u|dx)/?
2 Jo Q

/ IVl > d / uf?
Q Q

we find that (u) is bounded from below, and hence is makes sense to look for
the global minimum of this functional. It is clear that there exist functionals
which are bounded below but which do not attain their minimum: consider e.g.
Jj:R —= R : j(s) = e clearly, infscg j(s) = 0, and any minimizing sequence
(s,) satisfies s,, — —o0. The above functional I(u) seems better behaved since
we see easily that any minimizing sequence (u,) C H}(Q) is in fact bounded:
Setting m = inf,cp1(q) [ (un), we have

we can estimate

By the Poincaré inequality

1
m+ 1> I(u,) > 5/ |V, [2dx — M|Q\1/2d(/ |V, |*dz)'/?
Q Q
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and hence 1o
oz ([ 1vufar) " = ful
Q

In finite dimensions this would lead immediately to a convergent subsequence
and to the conclusion that the minimum is attained. However, in the infinite
dimensional space H; () the situation is more delicate. Indeed, in Dirichlet’s
time, and also much later, this questions was not rigorously posed, and it was
often tacitly assumed that the minima for functionals of the form I(u) are
attained, without questioning by what kind of function. It took the famous
Weierstrass example, namely

J(u) :/0 2 |Pdr , w:[0,1] = R, u(0) =0,u(l) =1

to change things. Minimizing J(u) for instance over the (natural) class E =
{u e C'Y([0,1],R) ; u(0) = 0,u(1) = 1}, one sees easily that inf J(u) = 0, but
that 0 cannot be attained by a C'-function. This threw the field of Calculus of
Variations (and in fact all of Analysis) into a crisis; but the crisis was overcome
by the efforts of Weierstrass himself, by Arzela, Fréchet, Hilbert, Lebesgues and
others, leading to the foundation of modern analysis.

2.2 My space or yours?

In today’s words, the upshot from this crisis regarding the Dirichlet principle is
precisely the question over what class (or space) of functions the minimization
should be taken. Indeed, there is a large variety of spaces available, the spaces
of continuous and differentiable functions, the more refined Holder spaces, the
more general Lebesgues and Sobolev spaces, and (as we will see later on)
generalizations of these, the Orlicz spaces and Lorentz spaces. So the actual
choice of the space to work in seems somewhat arbitrary - and only restricted
by the expectation that the "outcome” should be (essentially) the same, and
not really depend on the choice of the space. This apparent ambiguity in the
choice of the space may be hard to understand for people working in other fields
- it has even been said that: ”if the space matters, then it doesn’t matter ...”
There are two competing requirements which intervene in the choice of the
space: the functional must be continuous and differentiable, and the functional
must possess a suitable compactness; for the first requirement, the space should
be "small”, i.e. the topology must be sufficiently fine. Indeed, if we take the
”small” space of differentiable C'-functions, then the functional of the form

I(u) = %/Q|Vu|2dx—/QF(u)dx

is certainly defined and continuous in u; however, due to the incompleteness

1/2
of this space with respect to the Dirichlet-norm ||u|| = (fQ|Vu|2dx> :
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compactness fails to hold, and it is in general impossible to prove directly that
inferd(u) is attained. On the other hand, for the compactness requirement,
the space should be sufficiently ”large”, i.e. the coarser the topology the better.

Indeed, by Sobolev’s work we know that a "good” space to work with is
the Sobolev space H} (), i.e. the space of functions whose (weak) derivative
belongs to the space L*(€2). By the very definition of this space, the Dirichlet
integral is well-defined and continuous on this space; in fact, it is the largest
space on which this is the case. Now, we need to check that also the second
part of the functional I(u), i.e. [, F(u)dx, is well-defined on Hj(£2). To obtain
this, one needs to impose a growth condition on f(s), namely

f(s)] Sctels|i2, seR
This implies that F(s) = [ f(t)dt satisfies the restriction

. 2N
F(s)] < ? R,2:=——,N>3.
P SctelsP, seR, 2= 20 N>
And then, by the famous Sobolev embedding theorem HE(Q) C L2 (Q2), one
concludes that indeed the second term of the functional I(u) is well-defined on
Hg(£2), and that the functional is continuous and differentiable.

2.3 Compactness

Let us now return to the question raised above, namely whether it is true that
"bounded minimizing sequences contain a convergent subsequence”. In the
context of more general critical points, this is known today as the Palais-Smale
property, and goes back to a famous work [39] of these two authors where they
study a generalized Morse theory.

Indeed, if we impose the stronger growth condition (so-called subcritical
growth):
N +2
N-2"
then we have by Rellich’s theorem a compact embedding HJ(Q2 C LPT(Q),
and consequently the Palais-Smale property is often (that is, under suitable
"technical” conditions) satisfied.

On the other hand, if we consider the model problem! with ”critical growth”

|f(s)] < e+ eols|P, forsomel<p<

~Au = uv: , in
(2.2)
u(0) =0, on 02

then interesting phenomena appear: first of all, by the famous Pohozaev identity
[40], one proves that equation (2.2) has no nontrivial solution if Q2 is starshaped.
Thus, one might argue that the problem is completely solved:

to simplify notation, we will write throughout the text: sP := |s[P~1s
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- the (in some sense natural) choice of the space H}(f2) yields compactness
and hence solvability for subcritical growth (defined precisely by this
choice of the space);

- on the other hand, the Palais-Smale property fails and solvability is lost
at the limiting ”critical growth”.

But due to the continued interest in equations of form (2.2), mainly because of
their importance in geometry, the studies continued, and many surprising and
fascinating phenomena were discovered.

2.4 Critical growth

In this section we discuss some of the main phenomena of critical growth:

Loss of compactness:

The ”loss of compactness” derives from the non compactness of the limiting
case of the Sobolev embedding

. 2N
Hi(Q)cCcL*(Q),2"=——, N>3.
0( ) - ( ) ) N —92 ) =
To see that this embedding is not compact, it suffices to find a bounded sequence
(u,) C HY(Q) which does not admit a convergent subsequence in L?" (). Such
a sequence can be easily constructed: Choose a ball of radius a such that
B, (zo) C Q. Clearly we may assume that xo = 0. Let

1 1 Lo, <

N2 N W 3T a
Un(2) = up(|2]) = up(r) = ¢ 7= 7

n¥—dn ,0§r§%

where d,, = —w———, and u,(x) = 0 for x € Q\ B,(0).

n-2 glN—2

1/2
A direct calculation shows that the Dirichlet norm |ju| = < Jo ]Vude)
is bounded: indeed

N —2)2 [@ cla
/ |V, |*dx = wN_l%/ r2 2N e N1y = On(1 — ) )< Cy,
Q ne" 1/n
where wy_; denotes the surface area of the unit sphere in RV.
Furthermore, we observe that pointwise wu,(r) — 0, for all 0 < r < a, as
n — oco. But (u,) cannot have a subsequence which converges to 0 in L* (£2),

since

N-2

1/n 2N2
/ |un|? dx > le/ (n= — dn) YN ldr >0, >0,VneN. (23)
Q 0
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From the simple sequence above, we may make another very important
observation. Looking at the ”principal term” of u,,, namely,
1 1 N-2 1

we observe that
- N-2 _
Un(r) =n"2 ay(nr),

and from the simple calculations above we see that [, |Viy|*dz as well as
Jo, |t |* dz remain invariant under this ”group action”. This is in fact true
in general, i.e. in the limiting Sobolev embedding we have a

Group invariance:

For uw € Hj(Q), define the continuous group action or "rescaling”
ux(z) := AT u(Az) ;

this is defined for all A > 0 if @ = RY, and for 0 < X < 1 if Q is starshaped
(w.r.t. the origin). One then shows by direct calculation that

/|Vu>\|2dq::c, /|u,\
0 0

It is in fact the appearance of this invariance under rescaling which is the deeper
reason for the loss of compactness.

Pdr=d,VA>0,

Non-existence of solutions in bounded starshaped domains:

With the loss of compactness, one loses the main instrument to prove existence
of a solution to equation (2.2). And in fact, one may show that if €2 is a bounded
starshaped domain, then indeed there does not exist a (non trivial) solution.

This is due to the famous Pohozaev identity, see [40]. This identity is
obtained from the equation (2.2) by multiplication by z - Vu and integration,
and it says that if u € C%(Q) N CY(Q) is a solution of (2.2), then the following
relation holds:

N -2 N
—/ |Vu|2dx——/ |u
2 Q 2% Jq

where v is the exterior normal to J€2. On the other hand, multiplying (2.2) by

u and integration yields
/ |Vul*dz = / lu|? dx .
Q Q

From these two identities follows that

/ }&,U‘Qx-z/dazo ,
o0

Q*dx—i—l/ ‘8,,u|2x-i/d0:(),
2 Jao
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Since € is starshaped, we have x - v > 0, for all z € 0f), and hence d,u = 0 on
0f). But this implies that © = 0 by the principle of unique continuation.

The situation changes if we consider the problem on the whole of RY. In
the case with critical growth we have:

Existence of explicit solutions on R": instantons

The explicit solutions of the equation

“Au=ui?, in RV
(2.4)
u(0) =0, for |x|—0
are N2
_ Az
ur(z) = (N(N — 2))*7 - A>0. (2.5)

2+ Jof?) "5
They were found independently by G. Talenti [48] and Th. Aubin [7]. Note
that (2.5) represent a family of solutions, parametrized by A > 0. This reflects
again the group (or scaling) invariance of the equation. In addition, there is
also (an obvious) invariance of the equation by translation. One knows that, up
to the rescaling and translations, the above solutions are the only solutions of
equation (2.4). The solutions are characterized by
Jan [Vul?dz

Sy (RN = inf 2.6
v(RT) ueHltngN)\{O} (fRN |ul?"dx)?/? (2.6)

This expression characterizes the best Sobolev embedding constant for the
embedding H'(RY) c L*(RY), and thus this constant is attained by the
function (2.5), and it can be explitely calculated. On the other hand, by
the Pohozaev identity we infer that the best Sobolev embedding constant
Sn(€2) cannot be attained if €2 is starshaped: otherwise, we would obtain a
nontrivial solution to equation (2.4) which is impossible. In fact, by the unique
continuation property, one shows that this constant is never attained if Q # R¥.
We have alrady seen that there is a loss of compactness for the embedding
H}(Q) € L* (Q), for bounded domains © C R", by giving an explicit bounded
sequence in HZ(€Q) which does not have a convergent subsequence in L ().
Using the instantons (2.5), is is easy to obtain a minimizing sequence for

Jo [VulPdz

Sn(Q) =
(&) weHY\(0) (Jq [ul|?dz)2/%

First note that evidently
SN<Q) Z SN(Rn) = SN s

since every function in H}(2) may be extended by 0 to an H'-function on R".
On the other hand, taking

ur(w) = n(x) ur(z) , (2.7)
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where n € C5°(12) is a cut-off function, i.e. 7 =1 on a neighborhood B,(0) C €.
One then estimates that for A — 0"

[ 1vads = [ 19w+ o0 2) = 8324 00N
Q Q

(2.8)
/ i [2 do = / a2 dz + OO) = SY/2 1 0(AN)
0 0
and thus
Vi, |2d SN/?
s(e) < oIV Sy o002 sy 4 02
e \3F SN/
(fQ |ual? dx) N
From this we conclude that for any domain Q C R¥
Sn(2) = Sy, (2.9)

and that (u,) is a minimizing sequence for Sy in Hg(€2) which is non-compact
in L% (Q).

As already mentioned, the above stated results on the equations with
subcritical and critical growth seem to imply that we have a complete result:
that is

- compactness and existence of nontrivial solutions in the subcritical case in
bounded domains

- loss of compactness due to the appearance of a group invariance, and loss
of solutions (in starshaped domains) in the critical case.

Indeed, as pointed out by H. Brezis, this seemingly complete result blocked
further research for many years - until H. Brezis and L. Nirenberg published
their groundbreaking result, see [10]:

The Brezis-Nirenberg result:

As mentioned above, the equation with ”pure critical growth” (2.2) has no non-
trivial solution if €2 is bounded and starshaped. From the variational point
of view, this is due to the lack of compactness, caused by the concentration
phenomenon. The crucial observation by H. Brezis and L. Nirenberg is that
this concentration is the only way in which compactness can be lost. And if
compactness is lost due to concentration, then this happens at precise energy
levels (the energy of the concentrating instantons). Brezis and Nirenberg
consider in [10] an equation with critical growth and with a lower order
perturbation, and then search for solutions by minimizing a suitable constrained
energy functional. They then calculate the lowest "level of non-compactness”,
i.e. the limit value of the functional along the concentrating instantons. Finally,
they show that the actual minimum value of the functional is below this ”value
of non-compacntess”, and conclude that hence the minimum is attained.
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More precisely, they consider, for 0 < A < A, the equation

—Au = )\u+u%g, x €
u = 0 x € 0N (2.10)

u > 0 on (),

and look for solutions by considering the minimzation problem
Jo (IVu* = Mul?)dz

2/2 -
Q*dx>

m = ilnf
{ueHy (2)\{0}
’ (fQ |u

The only non-compactness level for this minimization is again the level Sy,
since along the concentrating instantons [, [uy|* — 0, for A — 0. We now show
that m < Sy. For this we do a more precise estimate: indeed, one can estimate
explicitely that (for N > 5):

/ [uy|*dz > cA?, forsome ¢>0, and A >0 small .
0

Thus we get, using the sequence (,) and the estimates (2.8)
m< Sy +OMN"?) —cA2< Sy, (N >5),

for A > 0 sufficiently small. Thus we have confirmed that the infimum m lies
below the non-compactness level Sy, and hence it is attained! (Similar estimates
hold for N = 4, and with some restricitons for N = 3).

This result is by now classical, and has had an enormous influence on the
research of the last 25 years.

3 The case of dimension N =2

The case of dimension N = 2 is special, since the corresponding Sobolev space
Hi (), © C R? is a borderline case for Sobolev embeddings: one has

Wy (Q) C LP(Q) , forall p>1,

but
Wy (Q) € L=(9) ;

indeed, the function loglog(x)) belongs to W'?(B;(0)), but not to L>(£).

So, one is lead to ask if there is another kind of maximal growth in this
situation. And indeed, this is the result of Pohozaev [41] and Trudinger [49],
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and which is now called the Trudinger inequality : it says that if Q C R? is a
bounded domain, then

weWR(Q) — / Py < c. (3.1)
Q

We can express this fact alternatively in terms of an embedding. For this we
need to introduce the notion of Orlicz space which generalize the LP-spaces. Let
o(t) = e —1. This is a so-called N-function (see section 5 below, where Orlicz
spaces will be discussed in more detail). Let Ky = {u : @ — R, [, ¢(u) <
+00}. The Orlicz space L, is the linear vector space generated by K. For
more details we refer to section 5. The result of Pohozaev and Trudinger now
says that one has a continuous embedding

Hy(Q C Ly,(), for Q CR* bounded
and
Hy () C Ly(Q) compact, for any ¢ << ¢, (3.2)

where 1 << ¢ means that 1) increases essentially more slowly than ¢, see
section B.

Inequality (3.1) was improved and made precise by J. Moser [38] who proved

that:

2 < 3 <

sup /eau dz { s C, lf o _47'(' (33)
[Vl 2<1JQ =400, if a>4n

One can now ask if the ”critical growth” (3.1) produces similar phenomena
for equation (2.1) as the case N > 3; indeed, one has many similarities, but also
remarkable differences.

Loss of compactness: Similarly as in the case N > 3, we can give an explicit
sequence (u,) which is bounded in H}(f2), and such that (u,) has no convergent
subsequence in L. For simplicity, assume that 2 = B;(0), the unit ball. Let

(logn)'/? if 0<]z|<+
1
wn - —F logL
VIT | i < el <
(logn)

One checks easily that [, |Vw,|?*dz = 1, and hence w, — w. Furthermore,

one checks that [ Bl(ew% — 1)dz — 7. On the other hand, we have pointwise
wy(x) — 0, for any x # 0, and hence w = 0. From this one concludes that there
cannot exist a subsequence with ||w,, —w||., — 0.

Group invariance: A fundamental difference to the case N > 3 is that no
analogue of the group invariance in N > 3 is known for the case N = 2.
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Connected with this, also no identity of Pohozaev type is known for dimension
N = 2, which could be important for obtaining non-existence results.

Before discussing further the issue of existence and non-existence, let us give
a more precise notion of critical growth: We say that f € C(R) has subcritical
growth if f(t) << e — 1 (see (3.2) and section 5), i.e. if

lim 1)

2
[t|—oo et

=0, forevery a>0, (3.4)
and f(t) has critical growth if there exists oy > 0 such that

lim /) =0 ifa>ay , and lim )

2 2
[t|—o0 et |[t|—o0 eat

=400 f0<a<ay. (3.5)

We first consider

3.1 Subcritical growth

Concerning subcritical growth, one has the following existence result for
equation (2.1):

Theorem 3.1 (see [3], [17])
Assume that f € C(R) satisfies

(H1) there exist constants to > 0 and M > 0 such that
0< F(t) = f{ f(s)ds < MIFO) L V1t > t

(H2) 0< F(t)<sf(t)t, Vt eR\ {0}

Then equation (2.1), with Q C R?* a bounded domain, has a nontrivial solution.
Moreover, if f(t) is an odd function in t, then equation (2.1) has infinitely many
solutions.

Proof. The proof follows (by now) standard lines: the assumptions guarantee
that the functional has a mountain pass structure around the origin, cf. [5, 43].
The subcritical growth yields compactness, cf. (3.2), and hence the critical level
is attained. ]

3.2 Critical growth

We consider now equation (2.1) with critical growth in the sense specified in
(3.5) above. For the case N = 2 the situation is more complicated than for
dimensions N > 3, and the known results are less complete. The difficulties
start already with the fact that there is no natural "model problem” for the
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critical case. Thus, let us write the ”critical” equation (with ag = 47, see (3.5))
in the form

—Au = h(u) '™ = trttlosh(w) 0 -y =0 990

where h € C'(R) is subcritical, i.e. satisfying condition (3.4). Thus, log h(u) is a
"lower order perturbation” of the principal growth term 47 u?, and in analogy
to the Brezis-Nirenberg case we can ask for conditions on h(t) such that we have
again the situation of non-existence or existence of solutions.

Related to the study of this question is the behavior of the supremum in
(3.3). Indeed, it came as a surprise when L. Carleson - A. Chang [12] proved
in 1986 that the supremum in (3.3) is attained on the unit ball in R?. In fact,
consider for comparison the following maximization problem, for N > 3

sup / lu|* dz = M . (3.6)
0

Vull 2 <1

This problem corresponds to the minimzation problem (2.6), and by (2.9) it is

clear that )

e
SN~
Furthermore, by the remarks made following (2.6), the supremum in (3.6) is
never attained if Q # RV,
Thus, the result of Carleson and Chang (for Q@ = B;(0)) is in striking contrast

to the case N > 3. We remark that the result of Carleson and Chang was
extended to arbitrary domains in R? by M. Flucher [24]).

M=

Carleson and Chang prove their result by the following steps: Let {u,} be a
maximizing sequence.

- by radial symmetrization, one see that {u,} may be assumed radial, and
thus characterized by an ODE (the radial equation)

- if the supremum is not attained, then the maximizing sequence is a
"normalized concentrating sequence”, i.e. it tends weakly to 0 and
concentrates in the origin

- determine an explicit upper bound for any such normalized concentrating
sequence (u,) € H}(Bj), namely

/ e < (14 e)m
B1(0)

- provide an explicit normalized function w € H}(B;) with

/ e s (14 e)r
B1
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Clearly, (1 + e)m takes the role of the (highest) non-compactness level,
analogous to the situation in R > 3 described above, and since the supremum
lies above this non-compactness level, it is attained.

In a recent paper by De Figueiredo, do O and the author [18] the following
explicit normalized concentrating and mazimizing sequence for (1 + e)m was
constructed:

For n € N set 8, = 2% and A, = & + O(4) ; then define

) { (1=ba /2 1og‘%| , 1<z <1 )
Yn\|T|) = .
(n(l—én))l/Q log Aii:ﬁz\ + (n(1=6))2, 0<|z[ <1/n

The constants A, are chosen such that [ B |Vu,|*dz = 1. This sequence allows
to give a new proof of the last step in the argument of Carleson-Chang (and
also a generalization of their result): one shows that this sequence approaches
the value (1 + e)m from above, i.e.

/ eidr > (1+e)r , for n large .
B1

This is in complete analogy to the case of Brezis-Nirenberg, whereby the
sequence (3.7) takes the role of the sequence uy, see (2.7).

Problem: In view of this and the above remarks, it is of interest to consider

sup / h(u)e*™ = S
Q

u€Hg (), [|ull=1

and give optimal (= sharp) conditions on the subcritical function h(t) such that
the supremum S is attained, respectively not attained.

3.3 Critical growth: existence

For the corresponding equation

(3.8)
u = 0, on0f)

{ —Au = h(u) e | in Q
some progress has been made recently concerning the determination of an
optimal subcritical function h(t). We remark that concerning non-existence
results, a fundamental difference to the case N > 3 is that (up to now) no
suitable identity of Pohozaev type is known for the case N = 2.

In [17] the following theorem was proved by de Figueiredo, Miyagaki and
the author (see also Adimurthi [2]):
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Theorem 3.2 Assume that h € C(R) and let f(s) = h(s)e*™ . Assume that
H1) f(0) =0
H2) there exist constants so > 0 and M > 0 such that

o<F@=AUMWSMWﬂ,sz%

H3) 0< F(s) <3f(s)s,VseR\{0}
Furthermore, let d denote the inner radius of 2, i.e.

d = radius of the largest ball C )
Then equation (3.8) has a nontrivial solution provided that

H4) limyg| oo h(s)s = B > 57

The proof of this theorem follows closely the scheme by Brezis-Nirenberg
mentioned above, that is

- determine (explicitly) the level of non compactness

- use an explicit concentrating sequence and the hypothesis on h(t) to show
that the min-max level is below this non-compactness level

- thus, compactness is recovered and the existence of a solution follows

The concentrating sequence used in the proof of this theorem is the so-called
Moser sequence given by

IN
[E

1 (log:l)1/2 1Og|?1‘ % < |z|
Wy, = ——
vam ( (logn)'/? 0 <] <

We remark that this sequence is not an optimal concentrating sequence; in fact,
one easily calculates that

3=

We remark that the condition H4) in Theorem 3.2 may be slightly improved to

1

emd?

8>

by using the optimal maximizing sequence (3.7) mentioned above instead of the
Moser sequence.
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3.4 Ciritical growth: non-existence

Concerning non-existence, only a partial result is known; in the following
theorem, the non-existence of a positive radial solution on 2 = B;(0) is proved
under conditions comparable to those of Theorem 3.2.

Theorem 3.3 (de Figueiredo-Ruf [21])
Let Q = By(0). Suppose that h € C*(R), and that there exist constants ry > 0
and o > 0 such that for some constants K > 0, ¢ > 0:

1. hir)y=% " forr>nr
2. 0< h(r) <cKr't® | for0<r <.

Then there exists a constant Ky > 0 such that for K < K, the equation

(3.9)

—Au = h(w)e™ | in By(0) C R?
u = 0, on 0B1(0)

has no non-trivial radial solution.

We remark that by Gidas-Ni-Nirenberg [25] any positive solution of equation
(3.9) is radial, and hence Theorem 3.3 says that equation (3.9) has no positive
solution.

Comparing Theorems 3.2 and 3.3 one notes that Theorem 3.3 assures (under
some ”technical” conditions) the existence of a positive solution for 2 = B;(0)
provided that asymptotically

1

B .
h(s) ~ = th —
(s) S Wi ﬁ>2ﬂ,

while Theorem 3.3 gives non-existence for

h(s) = g for s large, and 3 > 0 sufficiently small.

The proof of Theorem 3.3 uses techniques of the theory of ordinary
differential equations, in particular the shooting method. More precisely,
considering only the radial solutions on = B;(0), one can reduce equation
(3.9) to the radial equation

u,«r—l—lur—i—hue““Z:O in (0,1
b, + hw 0.1 510
uw'(0)=wu(l)=0
Using the transformation ¢ = —2log ¢ and setting y(t) = u(r) we obtain
—y" = h(y)e*™* ~t | for t > 2log?2
y"' = h(y) g (3.11)
y(2log2) =0, y'(+00) =0
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That is, we have transformed equation (3.10), which has a singularity in 0, to
equation (3.11) on (2log 2, +00), thus transporting the singularity in 0 to +occ.
The shooting method consists now in considering solutions y(t) of (3.11) with
y'(+00) = 7, i.e. one shoots horizonally from infinity and tries to land at the
point 2log 2. The estimates to achieve this are delicate and lengthy, and are a
refinement of the work of Atkinson-Peletier [6].

We summarize: if we assume that the asymptotic condition in the existence
theorem 3.2 is optimal (at least on the unit ball By), then the major open
problem may be stated as follows:

Find a good model equation (i.e. properties of h(u)) under which one may prove:
existence of a non-trivial solution for lim_, h(t)t > i, and non-existence of
a solution for lim,_..c h(t)t < L.

As already mentioned, what seems to be missing is a kind of Pohozaev
identity to obtain a sharp non-existence result.

4 Elliptic systems, N > 3

4.1 Strongly indefinite functionals

In this section we begin the discussion of elliptic systems of the following simple
form

—Au = g(v)

: N
“Av = f(u) in QCRY, N>3 (4.1)
u=0v=>0 on 0f2

where f,g: R — R are continuous and superlinear functions, i.e.

s 9(s)

+oo , =% — 400, as [s] —
s s

These systems are of so-called Hamiltonian form; indeed, we can define the
Hamiltonian H(u,v) = F(u)+G(v), where F and G are the primitives of f and
g respectively. Then we get the system: —Au = H,(u,v) and —Av = H,(u,v).

As in the scalar case, our first interest is to find the mazimal or ”critical”
growth for the nonlinearities f and g.

We can employ the same procedure as for the scalar equation: Write down
a functional for the system (such that critical points yield weak solutions), and
then find the appropriate function space on which the functional is well defined.
The functional we choose is the following:

I(u,v)—/QVqudx—/QF(u)dx—/QG(v)dx (4.2)
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As a first attempt, we may define the functional on the space
E = Hj(Q) x Hy(Q)

by estimating
\/VWvdl’l < |Vull2[IVollze = llull g llv]
Q

In order to have the functional well defined and continuous, we then obtain
as in the scalar case the following growth conditions for the primitives F(s) =

Jg g(t)dt and G(s) = [ g(t)dt:

F(S) §C1+d1‘8 z s G(S) §62+d2|8|2*

Suppose now that (u,v) € E is a critical point of I(u,v); then we have

/QVQOV@ﬁL/SZVﬂVzﬁ:/Qf(ﬂ)go—i—/ﬂg(f))l/z, V(p,) € E.

Choosing in particular the directions (¢, 0) and (0,1)), we obtain that (u,v) is
a weak solution of system (4.1).

Note that the functional I(u,v) has a more complicated structure than the
functionals considered up to now: the quadratic term fQ VuVudz is strongly
indefinite near the origin; indeed, it is positively resp. negatively definite on
infinite dimensional subspaces of E. In recent years much research has been
devoted to the study of such situations, we refer to [35], [33] and [8]. We
will describe below, in a more general situation, a detailed approach for such
problems.

4.2 The critical hyperbola

We have seen above that the ”natural choice” of space E = H}(Q) x Hj(Q)
leads to the known Sobolev growth restriction for both nonlinaerities F'(s) and
G(s).

However, by a different choice of the space F, this result can be considerably
generalized. In independent works by Hulshof - van der Vorst [28] and de
Figueiredo - Felmer [15] it was shown that one may have different maximal
growths for F' and G; more precisely, the condition for the two nonlinearities is
given by

F(s) <cy+di|s|Ptt ) G(s) < ey + dos|T

with p+ 1 and ¢ + 1 satisfying the condition

+ 1
p+1 qg+1 N
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This is the so-called critical hyperbola. We will show in the next sections in
some detail how the critical hyperbola arises. Indeed, we will see that it can
be obtained in two quite different ways, first in a Hilbert space setting, working
with fractional Sobolev spaces H®, and then in a Banach space setting, working
with W1—spaces.

It is interesting that this critical hyperbola has many of the features of the
critical exponents, namely there is

e compactness below the critical hyperbola, i.e. for nonlinearities with
exponential growths p and ¢ with

1 n 1 -1 2
p+1 qg+1 N’
and in consequence, existence of solutions for such equations; see
subsection 5.4 below.

e loss of compactness and concentration phenomena for systems with critical
growth, i.e. when the exponents lie on the critical hyperbola, see
subsection 8.2

e non-existence of solutions for the pure power case and on starshaped
domains, due to a Pohozaev (or Rellich) type inequality; see subsection
8.1

e existence of instantons; however, in contrast to the scalar equation, these
are not explicitly known, but it is possible to derive their asymptotic
behavior, see subsection 8.3

e group invariance

4.3 The H*-approach

In this section we will use fractional Sobolev spaces H® on which the functional

I(u,v) will be defined.

4.3.1 Fractional Sobolev spaces and the functional setting

To describe the idea of de Figueiredo - Felmer [15] and Hulshoff - van der Vorst
[28], we begin by defining fractional Sobolev spaces.

Consider the Laplacian as the operator
—A:H*(Q)N Hy(Q) C L*(Q) — L*(Q)

and {e;}°, a corresponding system of orthogonal and L2-normalized
eigenfunctions, with eigenvalues {\;}. Then, writing

(0]
u= E ane, , Wwith an:/uendx,
Q

n=1
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we set -
B ={uecL’(Q) : Y Mla|* < oo}
n=1
and .
Au = Z Nape, , Vu € D(A%) = E° .
n=1

The spaces E* are fractional Sobolev spaces with the inner product
(u,v)s = / A*uA’vdx ,
Q

see Lions-Magenes [37].

In the next Lemma we collect a few properties of the operators A® and the
spaces E°.

Lemma 4.1 Let s >0 andt > 0.
1) z € E° iff A*2 € L?, and ||2|
2) Let z € E*' = E? = H?; then ATz = AsAlz = A'A%2.

Es — ||ASZ||L2

Proof. 1) follows immediately from the definitions.

2) we have
Astt, — Z Oéi)\gs+t)/2ei _ Z ai)\:/2)\1;/2€i — A° Z 041')\5/261' — ASAt
ieN ieN ieN
[ ]
With these definitions, we now define the functional
I:EsxFE'—=R,
(4.3)

I(u,v) = /Q AuAty — /Q (F(u) + G(v))dx

with s and ¢ such that s+t = 2; loosely speaking, this means that we distribute
the two derivatives given in the first term of the functional I differently on the
variables u and v.

The first term of I(u, v) is well defined on the space E® x E* by the estimate

Es UHEt

‘/AsuAtv da:) < || A%u|z2 || A% 12 = ||l
Q

By the Sobolev embedding theorem we have continuous embeddings

11
B IMiQ), if —— >
p+1— 2

N )
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. . 1 s . .
and these embeddings are compact if Iﬁ > 5 — 7, and similarly for the
embedding
Bt c L Q) if ——>1_ 5
’ g+1 -2 N~

Summing the two conditions above we now obtain the growth restrictions

1 1 2
_+_21_8—|—t:1__’
p+1 qg+1 N N

i.e. we have found the critical hypberbola.
Of course, it is crucial to recuperate from critical points (u,v) of this

functional (weak) solutions of system (4.1). We state this in the following

Proposition 4.2 Suppose that (u,v) € E* x E' is a critical point of the
functional I, i.e. uw and v are weak solutions of the system

AA%N¢21&%,V¢€ES

(4.4)
/A%/}Atv:/f(u)dz , VY eE.
Q Q

v 1
Then v € WZ%(Q) N VVO1 " (Q) and u € W(Q) N W, 4Q),Y ¢ > 1, and
hence u and v are “strong” solutions of (4.4), i.e.

/ (—Au)p = / g)6 .V 6 € CF(Q)
“ “ (4.5)

[ =a0w= [ . vveczo.

From this proposition follows by standard bootstrap arguments that u and v
are classical solutions of (4.1) if f and € are smooth.

For the proof of the proposition, see de Figueiredo - Felmer [15].

4.3.2 Compactness and existence of solutions for systems with
subcritical growth

Subcritical growth is given for nonlinearities whose growth restrictions satisfy

1 1 1
—_—t—>1- = 4.6
p+1 q+1 N (4.6)
Remark 4.3 To simplify the exposition, we state the theorems and give the
proof for the so-called "model problem”, i.e. system (4.1) with polynomial-type
nonlinearities, i.e. f(u) =u? and g(v) = v?. For the more general versions, the
reader is referred to the literature.
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Thus, we consider the system

—Au =1

. N
CAw — o in QCcRY, N>3 (4.7)
u=v=0_0 on 0f)

We then have

Theorem 4.4 For subcritical growth, i.e. if p+ 1 and g+ 1 satisfy (4.6),
system (4.7) has a nontrivial solution.

Proof. We have defined the functional
I : E5(Q) x E'(2) = R

1 1
](“7U):/ASUAtvdx——/ | e — /|U|q+1dx
Q p+1Jq g+1 Jq

An inherent difficulty to systems of type (4.1) is that the associated
functional is strongly indefinite, in the sense that near the origin it is positive
resp. negative definite on infinite dimensional subspaces. This precludes a
direct application of the (by now classical) ”linking theorems” of Critical Point
Theory. In recent years, several approaches have been devised to overcome this
problem:

- approximation by finite dimensional problems

- introduction of a new (weak-strong) topology: W. Kryszewski and A.

Szulkin [33], Th. Bartsch and Y. Ding [§]
- infinite linking with compactness: S. Li- M. Willem [35]

We will use the last method to prove the above theorem. In later chapters, we
will also show an application of the first method.

In [35], S. Li and M. Willem prove the following theorem:
Theorem 4.5 Let ® : E — R be a strongly indefinite C'-functional satisfying

A1) ® has a local linking at the origin, i.e. for some r > 0:

B(2) >0 forze BV ||z[|lg<r , ®() <0, forzeE , |z|lg<r.

A2) ® maps bounded sets into bounded sets.

A8) Let E} be any n-dimensional subspace of ET; then ¢(z) — —oo as
|2]| = 00, z € Ef ® E~.

A4) @ satisfies the Palais-Smale condition (PS) (Li-Willem [35] require
a weaker 7(PS*)-condition”, however, in our case the classical (PS)
condition will be satisfied).
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Then ® has a nontrivial critical point.

We now verify that our functional I(u,v) satisfies the assumptions of this
theorem. We assume, without restricting generality, that

1<qg<p, and hence s >1t;

Also, we may assume that e.g. the embedding E' C L9*! is compact.

First, it is clear, with the choices of s and t made above, that I(u,v) is a
C'-functional on E* x E'.

A1) Following de Figueiredo-Felmer [15] we can define the spaces
E* ={(y,A""y) |y € E°} CE°xE', E- ={(y,—A*""y) |y € E°} C E°xE",

which give a natural splitting E* @ E~ = E. It is easy to see that I(u,v) has
a local linking with respect to E* and E~ at the origin.

A2) Let B C E° x E' be a bounded set, i.e. |ul]|lgs < ¢, [[v]|g < ¢, for all
(u,v) € B. Then, by the embeddings E* C L™ and E* C L4t

1 1
T < |4l + / ¢ / o]+
qg+1 Jg

+ c||v||qul C

< ul

pel[vll e + cllullg:

A3) Let 2z, = 2 + 2;, € E = E} @ E~ denote a sequence with |zx|| — co. By
the above, z; may be written as

2 = (up, A Tug) + (v, —A°"vy) , with w, € B2, v, € B,

where E? denotes an n—dimensional subspace of E*. Thus, the functional I(zy)
takes the form

I(Zk) :/AsukAtAs_tuk—/ASU AtAS_t Vi
Q

1
[k [
- Adu 2—/ASU 2——/u + v p+1——/ A5y, — v atl
/Q| k| Q| k| o Q|k k)| | Q} (up — v)|

Note that [|z|] — 00 <= [|A%uk|* + [ |Atvg|* = |Jugl|%e + [Jvk]/F: — o0.
Now, if
1) ||uk||gs < ¢, then ||vg||ps — o0, and then J(zx) — —o0

gs — 00, then we estimate (¢, ¢1, ¢2 and d are positive constants)

p+1
[t oart 2 e [ uruR) -
Q

> clHuk+kap+1 —c> CQH’LLk—f—UquJrl C

2) [lux|
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and, by Poincaré’s inequality, since s >t
/ A (g — o) [T > |4 (e — ) [ 12— ¢ > coflup —wil|T3T €
Q

and hence we obtain the estimate

I(z) < lwellBe — ¢ (Jun + vl 957 + lue — o921 + d

Since ¢(t) = 177 is convex, we have (d(t) + ¢(s)) > ¢(2(s +¢)), and hence

1

1
I(z) —||Uk| % — C—(||Uk — ol 2 + [lug + villz2) T + d

M

M

_”ukHES - c—!lukH"“ +d

Since on E? the norms ||ug||gs and ||ug||z2 are equivalent, we conclude that also

in this case J(z) — —o0.

A4) Let {z,} C E denote a (PS)-sequence, i.e. such that

[1(zn)| = ¢, and [(I'(z), )| < €nllnllz , Vo€ E, and e, —0  (4.8)
We first show:
Lemma 4.6 The (PS)-sequence {z,} is bounded in E.

Proof. By (4.8) we have for z, = (un,v,) € £

I(up, vy,) = A® nAtn_ np+1 / nq—H 4.9
() = [ Awdlv, = — [t = — [ e @)

I'(un, va) (6, 9) = /Q Atu, AN + /Q Alv, A% — /Q )

(4.10)
- [0 = al@vls
Q
Choosing (¢, ¥) = (un,v,) € E* X E' we get by (4.10)
2 [ Atuatn, = [u = [ o = e ualle + o) (@10
Q Q

and subtracting this from 2 I(u,,v,) we obtain

2 2
— / [P (1= —2) / 0,7 < Ot e (lunl
Q Q

p+1 g+1

e+ [[on]lpr) (4.12)

and thus
/ unlP* < C + en(|[unllgs + [[vn]| 2¢) (4.13)
Q
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/Q [0, |7 < O+ en(|tnllzs + |vnllzt) (4.14)

Next, note that A*~'u, € FE'; indeed, u, € E° implies that A'(A% tu,) =
Asu, € L? < Ay, € E'.

Thus, choosing (¢,v) = (0, A**u,) € E* x E' in (4.10) we get
/ | Au,|? = /Uqu_tun + €nl| A Uy || e
and hence by Holder
L A A s el N Ee R T

Noting that

A

5 = el Aun 2 = cluall
we obtain, using (4.14)

B < [C+ enlllunllpe + loall )] @ - ]|y

[en] o

and thus
[unllzs < C + enll|unllgs + [[valle) (4.15)

Similarly as above we note that A" v, € E* and thus, choosing (¢,1) =
(A"%v,,0) € E* x E' in (4.10) we obtain as above

[onllze < €+ enlllvnll 2 + [un]

Bs) (4.16)
Joining (4.15) and (4.16) we finally get
[tnll s + [lvalle < C 4 2€n([lunllps + [[vn]| )

Thus, [|u]

gs + ||vn|| & is bounded. [

With this it is now possible to complete the proof of the (PS)-condition:

Since ||u,||gs is bounded, we find a weakly convergent subsequence u,, — u in
E*. Since the mappings A° : E* — L? and A7t : L? — E' are continuous
isomorphisms, we get A*(u, —u) — 0 in L? and A**(u, —u) — 0 in E".
Furthermore, since E* C L' compactly, we conclude that A*~*(u, —u) — 0
strongly in L4t!,

Similarly, we find a subsequence of {v,} which is weakly convergent in E*
+1
and such that v is strongly convergent in L

Choosing (¢, 1) = (0, A**(u,, —u) € E* x E* in (4.10) we thus conclude

/ Au, A% (uy, — u) = / v A (uy — u) + €, || A% (U — )| (4.17)
Q 0
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By the above considerations, the righthand-side converges to 0, and thus

/|Asun|2—>/|Asu|2
Q Q

Thus, u,, — u strongly in E£°.

To obtain the strong convergence of {v,} in E*, one proceeds similarly: as
above, one finds a subsequence {v,} converging weakly in E* to v, and then
A%y, — A5y weakly in F* and hence also in LP*!, while by the above

u, — u strongly in E* and hence in LP*!' and then u? — u? in L » . Choosing

n (4.8) (6,1) = (A=*(vy — v),0), we get
/ Al(v, —v)Alv, = / |, [P A5 (0 — ) (|| A (v —0)|]) (4.18)
Q Q
and thus one concludes again that
/ |Aty, |2 — / | Aty ?
Q Q
and hence also v,, — v strongly in E.

Thus, the conditions of Theorem 4.5 are satisfied; hence, we find a (positive)
critical point (u,v) for the functional I, which yields a weak solution to system
(4.7). [

4.4 The W' approach

In this section we use that, alternatively, the functional I(u,v) can be defined
on a product of Whe spaces.
4.4.1 The functional framework

We define the functional I(u,v) on a product space of Sobolev spaces. The term
fQ VuVvdzr can be defined on the product space

1 1
W (Q) x WP (Q), with — + 5= 1,
Q@
by using the Holder inequality
| uvuds| < [9ulin Vol =l loly
Thus, to have the terms F(s) = —5[s|"*" and G(s) = —7s|*"! in I(u,v) well
defined, we need to impose, using the Sobolev embedding theorem:
« BN
1<a"— 1<p'=———
prisag— N » 4TI =55y
From this we o obtain the condition
1 1 N—-—a N-p 2
+ > + =1-—=.
p+1 qg+1 alN ON N

Thus, we have found again the critical hyperbola.
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5 Generalization to Orlicz spaces

The W1« approach has the advantage that it can be generalized to more general
settings by using Orlicz spaces. These spaces were already mentioned in section
4 when we discussed the Trudinger inequality. We discuss now some details
about Orlicz spaces.

5.1 Orlicz spaces

We recall here some basic facts about Orlicz spaces, for more details see for
instance [1, 32, 44, 26].

Definition 5.1 A continuous function M : R — [0, +00) is called a N-function,
if it is convez, even, M(t) = 0 if and only if t = 0, and

M)/t =0 ast— 0 and M(t)/t — +00 ast — +oo.

Definition 5.2 Let A and B be N—functions. We say that

1) A dominates B (near infinity) if, for some positive constant k,

B(x) < A(kx) for x> x9, and write B < A

2) A and B are equivalent if A dominates B and B dominates A; then we write
A~ B.

3) B increases essentially more slowly than A if

B
t{r&%zO, forall k>0 ;

in this case we write B << A.

Associated to the N-function M we introduce the following class of functions.

Definition 5.3 [Orlicz class| The Orlicz class is the set of functions defined by
Ky (Q) :={u:Q — R:u measurable cmd/ M(u(z)) dr < oo}.
Q

Orlicz classes are convex sets, but in general not linear spaces. One then
defines

Definition 5.4 [Orlicz space] The vector space Ly(2) generated by Ky () is
called Orlicz space.

Proposition 5.1 The Orlicz class Ky (2) is a vector space, and hence equal
to Ly(2) if and only if M satisfies the following Ay-condition:



Superlinear elliptic Systems 29

Definition 5.5 (As-condition) There exist numbers k > 1 and ty > 0 such
that
M(2t) < EM(t) , for t >t

Furthermore, we define
Definition 5.6 [V,-condition] There exist numbers h > 1 and t; > 0 such that

1
M(t) < o M(ht) , for t >t

We call a function satisfying the Ao— and the Vy—condition A—regular.

We remark that the Orlicz class depends only on the asymptotic growth of
the function M; therefore, also the As-condition and the Vs-condition need to
be satisfied only near infinity.

We define the following norm on L (2):

Definition 5.7 [Luxemburg norm]

[l

=i : — ) <
lulla = inf{ A > 0 /QM<)\)_1}

Proposition 5.2 (Ly, || - [[(a)) s a Banach space.

Definition 5.8 [Conjugate function| Let

M (z) = sup{zy — M(y)}

y>0

M is called the conjugate function of M.

It is clear that M = M , and M and M satisfy the Young inequality:
st < M(t)+M(s) Vs, teR,

with equality when s = M'(t) or ¢t = M'(s).
Proposition 5.3 In the spaces Ly and Ly; the Holder inequality holds:

| / ulw)o(@)dz] < 2 Jullnllol g,
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Hence, for every u € L;; we can define a continuous linear functional
lzv:= [,uvdr and Iz € (Lp)*. Then we can define

lillg == lall = sup jgfuz»v<x>dx

lvll(ary<1

Definition 5.9 ||a||;; is called the Orlicz norm on the space Lg;, and
analogously one defines the Orlicz norm ||ul|ar on Lyy.

Thus, we have two different norms on Lj;, the Luxemburg (or gauge) norm
| - ||y and the Orlicz norm || - ||ar; they are equivalent, and satisfy

lullary < llullar < 2ffullar.- (5.1)

In order to be precise about which norm is considered in the spaces, we are
going to use from now on the following notations:

(Las, 1 - lar) o= Lo and (Lo, || - llany) := Lany,

and similarly for M.

It follows from the definition of Orlicz norm that

Proposition 5.4 If u € Ly and w € Ly;, then one has the following Holder
mequality

| [wiide] < ulal @] gy (5.2

Proposition 5.5 (see J.P. Gossez [26], Rao-Ren [44], p. 111)

I

Ly is reflexive if and only if M and M satisfy the Aq- condition, and then

(L(M))* = L]TI and (L(J\N/I))* = LM

Proposition 5.6 (see Rao-Ren [44], Thm 2, p. 297).
If ® is A-regular, then there exists a ®1 ~ ® such that Ly = Lg, as sets,
and their Luzemburg norms (respectively Orlicz norms) are equivalent, with the
following additional structure:

a) Ly and Lg, are isomorphic, and both are reflexive spaces

b) Lo, is uniformly convex and uniformly smooth
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Next, we define the Orlicz-Sobolev spaces: Let A be a N-function. Then set

Definition:
WL, = {u :Q—R; max /A(|Do‘u|) < —1—00}

lajef0,1} Jo

with Luxemburg norm

[ullwiz, = max {|D%u]|(a) : o] € {0,1}}

On the space WolL( 4), 1.e. the space of functions in W'L4 which vanish on the
boundary, an equivalent Luxemburg norm is given by

) Vu
||u||17(A) = ||Vu||(A) = 1nf{/\ >0 : /Q (’ ) ’) < 1}

The equivalence of these two norms is a consequence of the Poincaré inequality,
n
lullany < €Y IDsullarys Yu € Wy L (),

(see [26]). In analogy with the above definition of the Orlicz norm in Ly, we
can define an Orlicz norm in W L4y by

||lul[1,4 := sup /Vqu dx wEWO iy ol <1}

The space W L4y endowed with this new norm is denoted by Wy L 4.

Definition 5.10 [Sobolev conjugate| (see Adams [1], p. 248)

Suppose that floo ;41111%) dt = +o00. Then the Sobolev conjugate function ®(t) is
gien by

(1) = /Ot A" s (5.3)

71+1/n

Proposition 5.7 Let Q2 be bounded, and satisfying the cone property. Then the
embedding

WL4(Q) — Lg()

is continuous, and compact into Lg(Q2) where G is any N-function increasing

essentially more slowly than ®, i.e. lim; %((Izg =0, for all k > 0.
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Example 5.1 One easily checks that for ®(s) = s the above formula (5.3)
yields A(s) = ¢s®, with « satisfying + = zﬁ + +; indeed, ®7'(¢) = M/,
and hence

ATl iCD_l(t) _ Ltp%—l

t”% dt T optl
ie.
AN ) = Ayt
It follows that p + 1 = A‘;‘—iva, and thus we we recover the classical Sobolev

embedding theorem Wh*(Q) < LPT1(Q).

Next, we make the following

Definition 5.11 Let g € C'(R) be a N-function, and G its primitive. Then we
say that G is 6 - regular, if there exists a constant 0 > 1 such that
s g(s)

Slirgo Gs) =6q . (5.4)

Let F(t) = G7(t), and f(t) = F'(t). Then the above condition is equivalent to

tfit) 1
tg?om_% (5.5)

Indeed, we have G(s) =t < F(t) = s, and f(t) = L[G7(t)] = - L.

9(s)
We have
Proposition 5.8 (see Rao-Ren [44], p. 26) If G is 6 - reqular, then G is A -
reqular, i.e. G € Ay N'Vy .

5.2 Orlicz space criticality

In the last section we have seen that Orlicz spaces are a generalization of LP—
spaces (which correspond to the N-functions |s|?) to more general N—functions.
It is natural to look for an analogue of the critical hyperbola for N—functions.

Definition: [critical Orlicz pair] Let ® and ¥ be A-reqular N-functions. Then
(®,¥) are a critical Orlicz pair if there exist A-reqular and conjugate N -
functions A and A such that Le and Ly are the smallest Orlicz spaces with

W'Ls— Ls , W'L;j— Ly.

We have the following;:
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Theorem 5.9 Let Q C RY be a bounded, smooth domain. Let ® € C' be a
given N-function, and set p(t) = ®'(t). Assume that
. p(s) s N
1 =0p > ——. 5.6
S B(s) TT N2 (56)
Then there ezists an associated N-function ¥ such that (®,V) form a critical
Orlicz pair. Furthermore, the limit

. s Y(s)
1 =0
S w(s) Y
exists, and
1 1 2
—t+—=1-—. 5.7
b0 Oy N (5.7)

Consider the following

Example 5.2 In Example 5.1 we saw that to ®(s) = sP™! corresponds the
inverse Sobolev conjugate A(s) = ¢s®, with

1 1 1

b=
p+1 N «

The conjugate function Ato Ais given by g(s) = ¢s”, with é + % = 1, which

in turn has as Sobolev conjugate ¥(s) = s?*1 with

1 +1_1
¢g+1 N 3
Adding the two equations yields
1 1 2
p+1 q+1 N (58)

This is the critical hyperbola, see de Figueiredo-Felmer [15] and Hulshoff-
VanderVorst [28]. Thus, (|s[P™! |s|?"!) are a critical Orlicz pair, and so the
above theorem contains the critical hyperbola as a special case. We remark
that the proof given here is also new in the polynomial case; in [15] and [2§]
fractional Sobolev spaces H® were used in order to conserve the Hilbert space
structure.

We now give some examples of critical Orlicz pairs:
Example 5.3 Let
D(s) ~ [s|"* (log |s)*  and  W(s) ~ s (log |s])F

with o > 0 and p, q € (1,400) satisfying (5.8). Then ® and V satisfy (5.6),
with 0 = p+ 1 and Oy = q + 1, respectively, and (D, V) form a critical Orlicz-
pair; for the proof, see [20)].

Remark 5.12 The restriction 0 > N/(N —2) in Theorme 5.9 is necessary in
order to obtain a V which is O-regular, in the sense of Definition 5.11. Also

in the polynomial case such a restriction, which here is p+1 > N/(N — 2), is
necessary in order to obtain q > 1.
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5.3 Ciritical Orlicz-pairs: proof of Theorem 5.9

1) Hypothesis (5.6) expresses the fact that the function ® is #-regular with
0o > N/(N —2). Let A be the inverse Sobolev conjugate of ®, see Definition

5.10. Note that WL, is the largest Orlicz-Sobolev space that embeds into L.
Claim 1: A is 0 - regular, with 6,4 = ]\vaf;; > 1.

Indeed, let F(s) = ®7'(s) and B(t) = A7*(¢). Then F(s) = [ % dt, and
hence

Then we have by (5.5)

Then, by I’'Hopital’s rule

B -1/N b -1/N _ 1 —+-1 B 1
llm —<8) 5 = hm (S) 5 B](\;)S N (S) = hm b<8)8 — —.
5—00 F(S) §—00 31+1/N 85—00 B(S) N

We conclude that

1 I b(s)s 1
Op s—oo B(s) N
and thus
SUCTNE S
s—oo B(s) s N
This implies that A is 6 - regular, with 0, = gfgq) > 1.

2) Next, let A be the conjugate function of A, given by definition 5.8. Ais a
N-function, and A-regular, see Rao-Ren [44], Cor. 4, p. 26.

In the following, suppose that s = A’(t) (iff ¢ = A’(s)); note that ¢t — oo iff
s — 00. Then

L = lim ACt) = lim —A(t) = lim st=Als) Als)

04 t—00 tA/(t) t—oco t S §—00 st 500 g AI(S) - HA'

Thus, Ais 0 - regular, with 637 > 1.
We can now define the corresponding Orlicz-Sobolev space WL ;.

3) Next, use definition 5.10 again to define the function ¥; by Adams-Fournier
[1], p. 248, ¥ is an N-function.

NO;
N=6;"
This follows similarly as in claim 1, reversing the direction in the arguments.

Claim 2: VU is 6 - regular, with 0y =
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Finally, Ly is the smallest Orlicz space into which WL ; imbeds continuously.

Thus, we have shown that (®, V) is a critical Orlicz pair.

Finally, we have

1 1 N—-04 N-—-0; 1 1 1 1 2
— + — = + A - - =1
Os Oy NO 4y NA 04 N Qg N N

5.4 Orlicz space subcritical: an existence theorem

We have the following existence theorem for nonlinearities which have subcritical
growth with respect to a given critical Orlicz pair (®, V).

Theorem 5.13 Suppose that (P, W) is a critical Orlicz-pair. Suppose that
f and g are continuous functions, and let F' and G denote their primitives.
Assume that

(H1) there exists 6 > 2 and ty > 0 such that for all t > t,

0<OF@t)<tf(t) and 0<OG(t) <tg(t) .

(H2) F and G are uniformly superquadratic near zero, i.e. there exist numbers
o>2 andc>1 such that

F(st) <ecs?F(t), G(st) <c¢s’G(t) , Vt>0, Vsel0,1]

(H3) F and G have an essentially lower growth than ® and U, respectively (see
Definition 5.2).
(H4) F and G satisfy

. B _G(t)
1218m—0p<oo and £%W—09<oo.

Then system (4.1) has a nontrivial solution.

Example 5.4 Let (O, V) denote the critical Orlicz pair given in Example 5.5.
Suppose that F(s) ~ sP™1(logs)? and G(s) ~ s (logs)™7, for s positive and
g+1

large with § < o and v > T Then F' and G have essentially slower growth

than ® and U, respectively.

Proof. (outline; for more details, see [20])
We now define the functional

I(u,i)—/QVuVi)de—/QF(u)dx—/QG(’ﬁ)dx
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on the space
I:WoLa(Q) x WyLiz(Q) =R (5.9)

Here v € WolL( A)(Q) is an independent variable; we write ¥ to emphasize that
v belongs to the space Wy L 5)(6).

We recall that the functional (5.9) is strongly indefinite, being positive
definite, resp. negative definite (near the origin) on an infinite dimensional
subspace. We now make this more precise, by showing that there is the geometry
of (local) infinite dimensional linking. For this, we introduce the

Tilde map: for u € W} L4(€2) consider

S, ::sup{/QVu(x)Vﬁ?(x)dx . @€ WiLgy, 1@,z = ||u||17A}. (5.10)

Then we have

Lemma 5.14 There exists a unique u € WOIL(A) such that

il z = lellia and S, = / Vu(@) Vi) do = ullyualll,

Furthermore, @ depends continuously (but nonlinearly) on w.

We now define two submanifolds of £ := Wy La(2) x Wy Lz
EY ={(u,@) : u€WiLs} and E~ = {(u,—u) : u€ WiLyu}

We note that E* and E~ are nonlinear submanifolds of E when regarded with
respect to the standard vector space structure of F, but they are linear with
respect to the following notion of

Tilde sum: given (u,v), (y,2) € E, set
(w,2) T (4,2) == (u+y,0+2) .
One proves easily that with this notion one has
E=Et"®E .
One then proves the following local linking structure:

Lemma 5.15
1) There exist py, o9 > 0 such that I(z) > o0, for all z € 0B,, N E™.

2) There exist positive constants Ry, Ry such that I(z) <0 for all z € 0Q),

where Q = {r(e,é&1) + w : we E7,||w|| < Ry and 0 <r < Ry} (e; denotes
the first eigenfunction of the Laplacian, with ||(e1,€1)| = 1).
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We emphasize that this linking is only formal, since it involves two infinite
dimensional manifolds. We now proceed by a finite dimensional approximation;
this will lead to an actual linking structure. The proof is then completed by a
limiting argument.

Define
Ef:={(2,2); z€ E,} and E, :={(2,-2); 2 € E,},
where F, is the space spanned by the first n eigenfunctions of the Laplacian.

We now restrict the functional I to E} @ E. = E, x E,, and consider the
set

Qn={wtr(e,e);wecE |w|<R,0<r<R}CE & E, .
Furthermore, we define the family of maps
H,={heC(QnEE;):h(z)=2 on 8Q,} .
One shows, using the topological degree on oriented manifolds, that

Lemma 5.16 The sets Q,, and 0B, N EY link, i.e.
H(Qu) N (9B, NEX) £0, YV heH, .

Finally, we set
, = inf I(h .

Using the linking property and Lemma 5.15 one obtains that the values ¢,
satisfy ¢, € [00,cR?], V n € N. Furthermore, by the ” Linking Theorem” of P.H.
Rabinowitz [43] one obtains a PS-sequence (u,, v,) € EF @ E, i.e. satisfying
I(Upy Om) — €y as m — 00, and I’ (U, U [(E, M)]] < € ||(€,7)]|, With €, — 0
as m — oo.

One now shows

Lemma 5.10 Let (up, V) be a PS-sequence. Then the sequence (U, Um) 1S
bounded in E, i.e. there exists a constant C such that ||u,,| < C and ||v,]] < C,
for all m € N.

The proof of this Lemma uses standard methods, which are however rendered
complicated by the fact that LP estimates must be replaced by more delicate
estimates in Orlicz spaces.

With this, one now obtains that ¢, is a critical level of I]g+z -, for each
n € N, with a corresponding sequence of critical points z, € E; & E, with
|zn|| < ¢, where ¢ does not depend on n.
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To complete the proof, we take the limit n — oo: by the uniform bounds on
¢, and on the finite dimensional critical points z,, it is easy to conclude that
Zn = (Un, Up) = 2 = (u,0) in E = WyLsxWyLj, and that z is a weak solution
of system (4.1).

It remains to show that z = (u,?) is nontrivial; assume by contradiction
that v = 0, then by the equations (4.1) also ¥ = 0. Note that we can
find a suitable A-regular N-function F; with F; << ® and the properties
F(z) < Fi(z), f(z) < fi(x),V x € RY. Thus, by the compact embedding
WeLa — L, we get

ltn|l () = 0, ie. inf{A >0; /Fl(u_;) <1} =\, —0
Q

Since, for A, < 1 holds 5= [, Fi(un) < [, Fi(52) < 1, we conclude that

/QF(un) g/ﬂFl(un) <A 0.

Since Fy is A-regular, we have z fi(x) < ¢Fy(z), for some ¢ > 1, and hence

0< /Qf(un)un < /Qfl(un)un < c/QFl(un)dx — 0. (5.11)

It is easily seen that this implies that also fQ Vu,Vu,dr — 0, and thus also
I(upn,v,) — 0. But this contradicts that I(u,,v,) > o9 > 0, for all n € N.

This concludes the proof of Theorem 5.13. [ ]

In Theorem 5.13 we have obtained solutions for system (4.1) in the case of
Orlicz-subcriticality; in particular, for the polynomial "model” system

—Ay =1

. N >
A — P in QCRY, N>3 (5.12)
u=v=20 on 0f

this means that we have existence of solutions if the pair of nonlinearities
(|s[P*t1,|s|7™!) are Orlicz subcritical which, as we have seen, is in this case
equivalent to say that the pair (p, ¢q) is below the critical hyperbola, i.e.
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Figure 1: The critical hyperbola, N = 3

6 A system with no growth restriction in one
nonlinearity

We now turn our attention to some other aspects of the critical hyperbola. Note
that the asymptotes of the critical hyperbola are given by

(%,s), and (8,%) , sER.

We show next that if one of the nonlinearities in system (4.1), , say f(s), has
a polynomial growth restriction with exponent lying to the left of the asymptote
(%, s) of the hyperbola, then no growth restriction on the other nonlinearity
is needed. More precisely, restricting attention to the following model situation:

—Au = g(v)
—Av =uP in 2 CRY, : (6.1)
u=v=0 on 0f)
we have the following theorem, cf. [22]:
Theorem 6.1 Suppose that
0<p, if N=2
{ 0<p<y>. if N>3

and assume that g € C(R), with G(s) = [] g(t)dt its primitive. Then the
functional

I(u,v)—/Vqudx—L/ |u]p+1d$—/G(v)dx
0 p+1Jg 0
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is well-defined and of class C' on the space

2N
N —2s

E=FE(Q) x E'Q), with s satisfying p+1=

Proof. We proceed as in subsection 4.3 and define the equivalent functional

(ct. (4.3))

1
I(u,v :/ASuAtv——/ up+1dx—/Gvd:1:.
wo = [ [t [ ao)

The first term of the functional is naturally defined on the space E, and the
second term is well-defined, continuous and differentiable, by the continuous
embeddidng E* C LP*!, for p+ 1 = 2.

Next, note that

N N N N
t=2-8s=2——4+—->2— —+4+N-2=—
s 2 Tt 3 " 2

where we used the assumption p + 1 < % Thus, we have the continuous

embedding, cf. [1]
ENQ) C C%3(Q) |

and hence we have for v € E' that v is continuous, and hence also G(v), and
then [, G(v)dx is well-defined, continuous and differentiable. [

Next, we give an existence theorem for system (6.1). Since in this survey
we concentrate on superlinear problems, i.e. with p > 1, we obtain from
2 < p+1< % the restriction N < 3. For corresponding results on
”superlinear-sublinear” systems, we refer to [22]. Concerning system (6.1), with

N = 2,3, we have the following existence theorem

Theorem 6.2 Suppose that

{O<p, if N=2

0<p< >, if N>3

and assume that g € C(R), with G(s) = [ g(t)dt its primitive, and that there
exist constants 0 > 2 and sq > 0 such that

0G(s) < g(s)s, YV |s| > s .

Finally, for s near 0 we assume g(s) = o(s)

Then system (6.1) has a nontrivial (strong) solution (u,v).

Proof. The proof follows closely the proof of Theorem 4.4, and we omit it. For
details, we refer to [22]. [
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7 A borderline case

In this section we will consider the borderline case where one of the nonlinearities

has a growth corresponding to the asymptote (25, s) of the critical hyperbola
(5.8): we assume that
N
F(s) ~[s|v=,
and consider the system
—Au = g(v)
' N
—Av =y~ in ICRT, (7.1)
u=v=0 on 0f)

We will see that then the nonlinearity g(s) is governed by a limiting Sobolev
space embedding, i.e. we find a maximal growth defined by a Trudinger-type
embedding. However, there is a surprise!

We may again apply the H*-approach or the W% approach; and we will
also consider a "mixed approach”, defining the functional on W*®-spaces, i.e.
the space of functions whose fractional derivative of order s lies in L*. We
have seen that the H*-approach and the W1 approach give the same critical
hyperbola, and we will show that this is also the case for the ”"mixed approach”.
Thus, all these approaches seem equivalent. We will however show the surprising
result that for the borderline case F'(s) ~ |s|%, these methods yield different
mazximal growth conditions for the nonlinearity G(s). We will then use Lorentz
spaces to obtain a truly maximal growth for G(s).

7.1 The W*%“-approach

This is a "mixed” approach between the H® and the W' approach. The space
W consists of the functions whose fractional derivative of order s lie in L%;
a precise definition may be given by interpolation, see Adams-Fournier [1]. For
these spaces, the usual Sobolev embedding theorems hold, see [1]; in particular,
we have

alN
N —sa

Wy c LP* ) with p+1= (7.2)

We define the functional I(u,v) on the space
1
W Q) x WEH(Q) | with s+t=2, —+—=1
a

As in section 4.3.1 we consider the functional

1 1
I(u,v)—/ASuAtv——/\u]pﬂ——/\v\q*l
0 p+1Jg q+1Jg



42 Ruf

The first term of the functional, [, A*uA'vdz, is well defined on W5 x WP
by estimating

1 1
| [ Avuatvds] < udwoo [olhwes . with s+6=2 and 44 =1,
Q a B
From the embeddings (7.2) we then get the following maximal growth conditions
for F(u) = phlul*! and G(e) = 7h[ofo":
aN ON
l=—— 1=
P Nosa’ 9T N —sp
with the conditions:
1 1 N—-—sao N-tf 1 1 s+t 2
p+1 qg+1 alN BN a (B N N

that is, we have found again the critical hyperbola!

7.1.1 Different results using the H*-method and the W*“-method

We now consider the border line case mentioned above: we assume that one of
the nonlinearities has an exponent on the asymptote of the critical hyperbola,
ie.
_ N
Plu) = =1 Jupt = 222 [y

We will see that the maximal growth for the other nonlinearity, g(v), is given by
a Trudinger-type inequality, i.e. it is of exponential growth. We will consider
both, the H*-approach and the W% approach, and surprisingly, we will get
different maximal growths !

As seen in section 4.4, the corresponding functional

I(u,v):/QVqu—¥/Q|u|NJZ2 —/G(U)

can be defined on the space

1 1
WO () x W (), with 4+ o =1. (7.3)

The requirement
Whe(Q) C L¥2(Q)

yields the condition
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By (7.3) this gives 8 = N, i.e. we are in the limiting Sobolev case W1#(Q2) =
WHN(Q). We look now for the largest possible growth ¢(s) such that [, ¢(u)dz
is finite. Indeed, by Trudinger [49] and Pohozaev [41] we have

WEN(Q) C Ly(Q)

where Ly is the Orlicz space with the corresponding N-function

N
P(s) =ell" T —1.
Thus, with the Wh*method we obtain as ”critical growth” for the primitive
G(s):
N
G(s) ~ell™ (7.4)

i.e. we have the maximal growths

F(s) = [s]P* = [s|72 , G(s) ~ el

We now use the fractional Sobolev space approach: we work directly with
the mixed approach, , i.e. the W*“method. Given s € (0,2), the optimal
fractional Sobolev space W for having a continuous embedding W;* C L~
is given by the condition:

N alN
N-_2 P 1= N — sa
which implies
B N
“TNC (2—3s)’
and hence by é + % = 1 we get for [ the condition:
N N
p= 2—s t

N
The space Wi (Q) = Wg’ *(Q) is again a limiting Sobolev case, and by R.S.
Strichartz [46] we have the optimal embedding

N
t, 4

W (€2) = Wy'* () C Ly($2)
with
e
p(ry=e""" 1, 0<t<2.
Thus, the maximal growths by the W**-method are

N
F(s)=|s|¥=2, and G(s)~ I o<t <2,
i.e. we have found a variable ”critical growth” which depends on the choice of
the value of ¢!

We emphasize once more that we have found for system (7.1), by using the
same functional I(u,v), in changing function space settings, different maximal
growths for the nonlinearity G(s). This is of course somewhat disturbing!
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7.2 Lorentz spaces

We now change from Sobolev space settings to Lorentz spaces.

We recall the definition of a Lorentz space: For ¢ : {2 — R a measurable
function, we denote by

po(t) ={z €Q : d(z) >t} ,t>0
its distribution function. The decreasing rearrangement ¢*(s) of ¢ is defined by
¢"(s) =sup{t >0; py(t) >s}, 0<s<|Q.
The Lorentz space L(p, q) is defined as follows:

¢ € L(p,q),l <p<oo,1<g<oo,

() d 1/q
folha = ([ o) < o

Lorentz spaces have the following main properties (see Adams-Fournier [1]):

if

1. Lip,p)=LF, 1 <p<+0
2. The following inclusions hold for 1 < ¢ <p <r < oco:

L" C L(p,1) C L(p,q) C L(p,p) = L” C L(p,r) C L*

3. Holder inequality:

p q
d < ’ oot h S r_ 1
|/Qf9 x| < |[fllpq l9llyrq . where p p—1" q q—1

Furthermore, the following embedding theorems hold:

Theorem A: Suppose that 1 < p < N, and that Vu € L(p,q); then
u € L(p*, q), where p* = NN—_’; and 1 < g < .

Note that this Theorem improves slightly Sobolev’s embedding theorem, which
gives u € LP" = L(p*,p*), which is a larger space than L(p*,p).

For the next theorem, see H. Brezis [9]:

Theorem B: Suppose that v € WP, with p < %; then u € L(p*,p) with
1 _1_J

p* p N

The following theorem deals with the limiting Sobolev case, and is a
generalization of Trudinger’s result (see H. Brezis and S. Wainger [11], H. Brezis
[9]). It is of particular importance for our considerations:
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Theorem C: Assume Vu € L(N,q) for some 1 < q < co. Then el ¢ L.

This generahzes the Trudinger embeddmg, which gives for Vu € L(N, N) that

elul™ e € L', i.e. the maximal growth e/" 1; we point out that in the Brezis-
Wainger embeddlng the maximal growth depends only on the second Lorentz
exponent ¢, but not on V.

We make the following

Definition Let Q C RY be a bounded domain. Assume that 1 < p < o0,
1 <q < o0, and set

Wy L(p,q)(Q) = cl{u € C5°(Q) : [Vulpg < 0o}
On W3 L(p, q) we have the following norm
[ulliipg = [ Vullpq
with which W3 L(p, q) becomes a reflevive Banach space.

One now has the following sharpening of Theorem C, in analogy to Moser’s
sharpening of the Trudinger inequality.

Theorem D: There exists ag = ag(N,p, ) > 0 such that

q
T
sup /ealuq < 400, for a<aq
IVull(n,gy=1 /9

7.3 Lorentz spaces and the asymptotic borderline case

We consider again the functional

I(u, v) :/Qvuvvdx—/ga(v)—¥/ﬂ|uy%dx. (7.5)

We want to consider the term fQ VuVudzx on a product of Lorentz spaces, i.e.
we want to estimate

| / VuVodz| < [Vulopa I Vollsor ) -

where we determine p,q and p’,¢" such that the last term in I(u,v) is well-
defined, i.e.

we Lv(Q) = L(, 25)(Q).

N-27 N-2

Thus, g = N 5, and by Theorem A we obtain the following condition for p
N ., Np
N2 P TN
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and hence

Thus, we have to impose
Vu € L(%, %) )

Next, we calculate

p’——p =N and ¢ = —— =

Cp—1 q—1
and hence we get the condition

Vv e L(p,q)=L(N,Y) .

N
By Theorem C above we now find for Vv € L(N, ) that e™* € L(Q).

Thus we have

Theorem 7.1 The functional

I(U,U):/QVqudx—/QG(U)_¥/Q|U|NN2dx

1s well defined on the space

Wo L35, 72)(Q) x Wo L(N, 5)(9)

2

and the maximal growth for G(s) is given by

G(s) ~ 2 (7.6)

We remark that the growth (7.6) is considerably larger than the growth

N
G(s) ~ €I"" found by the H*-method in (7.4), and it corresponds to the
limiting case t — 2 in the W*®-method (which however cannot be reached in
that framework).

7.4 Subcritical with respect to the asymptotic borderline
case: existence of solution

In this section we prove the existence of solutions for systems (7.1) in the
"subcritical case”. Again, since we are interested in the superlinear case, we
restrict to dimension N = 3, that is, we consider the system

—Au = g(v)

CAw— 2 in QCR?,

(7.7)
u=v=20 on 0f)
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As mentioned, the corresponding functional is

I(u,v) :/QVuVU—/Q%\uF’—fQ G(v) (7.8)

on the space
E = WOIL(%,B) x Wy L(3, %)
and we assume that g(s) has a subcritical growth, i.e. an essentially lower

growth than eI, More precisely, we assume that

thSs)g:o,va>o. (7.9)

s—+o00 ¥

Furthermore, we make the following assumptions on ¢ (our aim is to give
simple assumptions, at the expense of greater generality):

Al) g is a continuous function, with g(s) = o(s) near the origin

A2) There exist constants v > 2 and sy > 0 such that

0<vG(s)<sg(s), V]s|>0.

A3) There exist constants s; > 0 and M > 0 such that
0<G(s) < Mg(s) forall [s|]>s.

Example

G(s) =ell” —1 —|s|?, with 0 < 3 < 3.

Theorem 7.1 | see [45]. Under assumptions A1) — A3) and (7.9), system
(7.1) has a nontrivial positive (weak) solution (u,v) € E.

Proof. The proof follows ideas from section 5.3. We remark that the proof is
similar to one in section 9.2 below, and therefore we limit here to give an outline
of the main idea.

First, note that the functional I given in (7.8) is strongly indefinite. In order
to overcome this difficulty, we introduce, as in section 5.4, a suitable "tilde map”:

a) The tilde map
Consider the bilinear map [;, VuVudz on the space Wi L(3,3) x Wy L(3, 2). For
u € WyL(2,3) denote with w € W L(3,2) the unique element such that

sup /Vqudx:/VuVﬂdx: Vulls 5| V|5 s
{ueng(:s,g);||w||3%:||vu\|%73} Q Q 2 2

and hence
/ VuVudr = HVUH% 3= HVﬂHg 3 (7.10)
Q 27 2
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The existence and uniqueness of @ follows from the reflexivity and convexity of
W3L(2,3), see [20].

We can thus define the "tilde-map”: W{L(3,3) — W3L(3,3) , u — a,
which is continuous and positively homogeneous
On the product space E = Wi L(2,3) x W (3, 3) we now define two continuous

submanifolds
EY ={(u,u) : we WyL(%),3} , E~={(u,—u) : ue WJL(%,3)}

As remarked in [20], the nonlinear manifolds E* and E~ have a linear structure
with respect to the following notion of tilde-sum:

(0, 0) F (4,2) == (u+y,v+2),
and one has

E=E*® E, withnom [lw[|f = |[(u.0)|5 = [Vull3 s + [VOIl5,

b) Linking structure

Next, one verifies that the functional I has a "linking structure” in the origin.
This is proved similarly as in the corresponding proof in subsection 9.2 below,
and we thus omit it here. For details, we refer to [45].

c) Palais-Smale sequences are bounded
Let (un,v,) € E be a Palais-Smale sequence for the anctional I, i.e. such Ehat
with [1(un, v,)| < d, and [I'(un, 0)[(¢, V)] | < €all(0,V)||E, €0 — 0, V(9,¢) €
E. Then ||(un,vn)||r < c.

Again, the proof is similar to subsection 9.2 below.

d) Finite-dimensional approximation
Since the functional [ is strongly indefinite on the space E (i.e. positive
and negative definite on infinite dimensional manifolds), the standard linking
theorems cannot be applied. We therefore proceed by finite dimensional
approximations (Galerkin procedure):

Denote by (e;);en an orthonormal set of eigenfunctions corresponding to the
eigenvalues ();),7 € N, of the Laplacian, with Dirichlet boundary conditions.
Set

E;,r :Span{<€i7gi) | P = 17”‘7”} ’ Er? = Span{(eia_gi) | L= 17"'7n}

and

E.=E, & E;
Exploiting the local linking structure given in b), it is now standard to
conclude that for each n € N the functional I, := I|g, has a critical point

Zn = (Up,v,) € B, at level ¢,, with

[(Zn):CnE [0'0,0'1] R 0'7;0,2':1,2, (711)
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and I'(z,)[(¢,0)] = 0, for all (¢, 7)) € E,. Hence we have

/ Vunvw / Up )Y

/anng /u 10}
e) Limit n — oco:

It remains to pass to the limit n — oo. By ¢) we have that ||(u,,v,)||r < ¢,
and hence (u,,v,) = (u,v) in E. Furthermore, we may assume that

Y (¢,1) € B, (7.12)

U, — v in LY, forall a>1; (7.13)
indeed, by the properties 1) and 2) of Lorentz spaces, see subsection 7.2, we

have the following continuous embeddings

(3—=6)N (3—96)

WEL(3,%) C WEL(3 — 6,3 —4) = Wy bt = L% for 650,

and hence we have compact embedding into L%, for all 1 < a < —(3_55)3

Proceeding as in subsection 9.2 below, one concludes that by taking the limit

n — 00
[ wuvi= [ s
/qus /u¢

i.e. (u,v) € E is a (weak) solution of (7.14).

V (¢,0) € UE, = E, (7.14)

Finally, we prove that (u,v) € F is nontrivial. If we assume to the contrary
that uw = 0, then by (7.14) also v = 0. Since ¢ is subcritical, we obtain by (7.9)
that for all 6 > 0

lg()| < s’ VieR

Now we choose 1) = 0, in the first equation of (7.14), and estimate by Hélder

| / 9(@)0n | < s’
Q

where we have used that ||V'17n|]37% < ¢, and hence by Theorem C above, for
[ > 1 sufficiently small:
He‘ﬁ"‘sHLB = / Il <
Q

Since by (7.13) ||Un||» — 0, and hence by (7.15) [, g(0,)0,| — 0, we conclude
by the first equation in (7.12), by multiplication by v,, and inegration, that

/ Vu, Vi, = / 9@, — 0. (7.16)
Q Q

|28 [l e < ds[Unl 2o (7.15)
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This in turn implies, by choosing ¢ = u,, in the second equation in (7.12), that
also [, |un|* — 0, and by assumption A2) follows that also [, G(?,) — 0. This
implies finally that I(u,, 0,) = [, Vua V0, — [, (3ual* + G(v,)) — 0; but this
contradicts (7.11), and thus (u,v) # (0,0).

This completes the proof.

8 Critical phenomena for the system

As pointed out for the scalar equation, critical growth is connected with several
interesting phenomena. We now discuss these properties for the system

— Ay = pit!
, in Q
—Avy =yt (8.1)
u=v=0 , on 0

8.1 Critical growth: non-existence of (positive) solutions

First we present a result of E. Mitidieri [34] (see also van der Vorst [50]) which
gives non-existence of positive solutions for system (4.1) if the nonlinearities
have critical growth.

Theorem 8.1 Let Q C RY be a starshaped domain. Assume that

CRIN S (8.2)
il qri - TN '

Then system (8.1) has no positive solution.

Proof. The proof relies on a Pohozaev type identity which is a modification of
an identity by Pucci-Serrin [42].

Lemma 8.2 (see collorally 2.1 and (2.5) in [34])
Let (u,v) (with u,v € C*(Q)) be a solution of system (8.1). Then

/Q (Au(z, Vv) + Av(z, Vu))dx
ou v

_ /a (G (V) 5 (V) = (Ve V) ) ds (8.3)

+(V—2) / (Vu, Vo)da
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Applying this identity to system (8.1) we obtain

1 1
N/ (—|u|p+1 + —|v|q+1) da

Ou Ov
—(N-2) [ (Vu, ¥ guoy
( )/Q( u, Vo)dx + o, O an(:lc,n)ds

(8.4)

On the other hand, multiplying the first equation of (8.1) by v and the second
by u and integrating, we obtain, for any a € (0, 1)

/ VuVu = a/ lv|9* e + (1 — a)/ lu|P*da (8.5)
Q Q Q
Now choose
N
a =
(N=2)(p+1)
and hence by (8.2)
1 > N
—a
= N =2+ 1)

which yields

1 1
(N—Q)/(Vu, Vv)d:cZN/ (_‘u|p+1+ ]v|q“> I
¢ o \p+1 q+1

Hence, by (8.4), we get

ou Ov
> -
0= a0 On On (z,n)ds

Since v and v are positive solutions, we have by the maximum principle that

ou ov
%<0 and %<0 on 0f),

and since (x,n) > 0 by the assumption that € is starshaped, we obtain a
contradiction. ]

8.2 Ciritical growth: non-compactness and concentration

We discuss further ”phenomena of critical growth” for the model system (8.1).
We first remark that by ”solving” the first equation for v (assuming that v > 0)
we get v = (—Au)/9, and then we obtain by the second equation

—A((=Au)Y9) =P | in Q
(8.6)
u=Au=0, on 0f

which is equivalent to system (8.1).
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The variational formulation for equation (8.6) leads to the minimization
problem

inf / |Au|%dx (8.7)
Q

UESp 41
where

Spir = {u € W2 (Q) |u=Au=0 on 99, |[ullps =1}

The Sobolev embedding theorem gives in this case

g+1
9,4t1 p+1 TN
w Q(Q)CL (Q), for p+1§m
q
which is equivalent to
1 1 2
p+1 q¢g+17 N

i.e. the critical hyperbolal!
We note that by Theorem 8.1 the infimum in (8.7) cannot be attained in
starshaped domains, since otherwise there would exist a solution to system (8.1).
To understand the concentration behavior of minimizing sequences, it is
important to study the situation in RY, as described in the case of the Laplacian
in section 2.4. One has the following result by P.L. Lions [36], which is proved
by the methods of concentration-compactness:

Theorem 8.3 Let

m = inf{/ |Au|%1dx ’ u € DZT,/ lulPtt =1 } , (8.8)
RN RN

where D> s the completion of CP(RN) in the norm ||A - ||ga. Then
q

1
every minimizing sequence (u,) of (8.8) is relatively compact in D> up to
translation and dilation, i.e. there exist (y,) € RY, (0,) € (0,00) such that the
Nnew Mminimizing Sequence

Uy = OJN/(pH) Un (- — Yn/On)

+1
15 relatively compact in D> In particular, there exists a minimum of (8.8).

8.3 Ciritical growth: instantons

The fact that the infimum m in (8.8) is attained, and that there is a dilation
invariance, says that we have again a family of instantons, given by the
minimizers of (8.8). However, in contrast to the case of the Laplacian described
in section 2.4, these instantons are not explicitly known. In [28] Hulshof and van
der Vorst show that the minimizer (ground state) of (8.8) is (up to translation
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dilation) unique; furthermore, they show that the ground state is positive,
radially symmetric and decreasing in r. Thus, all ground states of (8.8) are

given by
__N T — X9
U’E,IEQ =€ rtl ,

€

where v is the unique "normalized” ground state with «(0) = 1. Furthermore,
Hulshof and van der Vorst derive the precise asymptotic behavior of the
normalized ground state.

8.4 Brezis-Nirenberg type results for systems

In subsection 2.4 we have discussed the famous result of Brezis-Nirenberg [10], in
which it is shown that the existence of solutions for elliptic equation with critical
growth terms can be recovered by adding a suitable lower order perturbation.
In the proof it is crucial to have the explicit form of the instantons in order to
prove by explicit estimates that due to the perturbation the non-compactness
level of the functional is avoided.

Hulshof, Mitidieri and van der Vorst [30] consider the corresponding problem
for the following perturbed critical system

—Au = pv + vt
, in €
—Av = \u + uPt? , (8.9)

u=v=0 , on 0N

with

= + L. 1 2 (8.10)

p+1 qg+1 N '

They give (rather complicated) conditions on g and A such that system (8.9)
has nontrivial solutions. The proof is based on the dual variational method,
cf. Ekeland-Temam [13]. To show that the non compactness levels of the
corresponding functional are avoided, they use the asymptotic behavior of the
normalized ground state mentioned above.

9 Systems in two dimensions

We have seen in section 3 that critical growth for the scalar equation in
dimension N = 2 is governed by the Trudinger embedding and is of exponential
type. For systems in two dimensions, one would like to obtain in analogy to the
critical hyperbola in N > 3 a ”critical curve” describing the maximal growth for
the combined nonlinearities. This can be obtained using again Lorentz spaces.
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9.1 Exponential Critical hyperbola

In this section we assume that Q C R? is a bounded domain, and consider again
the system
—Au = gv), in Q

(52) —Av = f(u), in Q
u=0 and v=0, on 0N
For the scalar equation —Au = f(u) in Q, u = 0 on 01, critical growth is given

by the Trudinger-Moser inequlity, i.e. F'(u) ~ el“*. For the system, we look for
an analogue of the critical hyperbola for N > 3. By considering the functional

J(u,v):/QVqudx—/QF(u)da:—/QG(v)dx

on the space Hj x H} one sees (as in the scalar case) that the nonlinearities
G(v) ~ el and F(u) ~ e/’ lie on this ”critical curve”. We assume now that
F(t) and G(t) have "exponential polynomial growth”, i.e.

F(t) ~ el and G(t) ~ e | for some 1 <p, g < +o0.

We look for a relation between p and ¢ such that the pair (F, G) becomes critical.
We prove:

Theorem 9.1 Let Q C R? be a bounded domain. Then we have an ”exponential
critical curve” given by

s s)) = (eb*l” elsl wi 1 1:
(F(s),G(s)) = (e, e") , thp+q 1.

Remark 9.2 One might try, as in the case N > 3, to work with spaces like
Whe s WY with 1 + % =1 and e.q. 0 < a < 2. However, note that then

Wt (Q) c L(Q) , with r = NO‘N :

—

and furthermore, since 3 = %5 > 2, we get
Wy (Q) € L=(9)
1.e. we find a mazimal growth of polynomaial type for F,

N

|[F(s)| < [s]¥==

and no growth restriction on the nonlinearity G(s). So, this choice of spaces
brings us for any (o, B) # (2,2) immediately outside the range of exponential
nonlinearities.

Thus, to treat the problem, we need to work with spaces which lie "very
close” to the space W12, that is, we look for an “interpolation space” which lies
between W2 and W0 | for every § > 0. We have introduced such a class of
spaces in subsection 7.2, namely the Lorentz spaces.
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Proof. We consider the functional

J(u,v) = /Q VuVodr — /Q F(u) — /Q G(v) (9.1)

We want to consider the term fQ VuVuvdz on a product of Lorentz spaces, i.e.
we want to estimate, using the Holder inequality on Lorentz spaces:

1
\/Vqud:d < |IVullzegllVulleg » =+ 7 1.
Q

=

By Theorem C, section 7.2, we have that

/
—1

weW'L(2,q) = T e L', and ve W'L(2,¢) = " e L',

Thus the maximal growth allowed for F(s) = [ f(t)dt and G(s) = [, g(t)dt is
given by

F(u) ~ e p=q = —— and G(v) ~ el
q J—

9.2 Existence for the subcritical problem in dimension
N =2

In this section we show that for subcritical growth with respect to the exponential
critical hyperbola defined in Theorem 9.1 we have compactness, and hence
existence of solutions. We make the following assumptions on f and g (our
aim is to give simple assumptions, at the expense of greater generality):

Al) f and g are continuous functions, with f(s) = o(s) and g(s) = o(s) near
the origin

A2) There exist constants p > 2, v > 2 and sy > 0 such that
0<uF(s)<sf(s), and 0 <vG(s) <sg(s), V|s|>0.
A3) There exist constants s; > 0 and M > 0 such that
0<G(s) < Mg(s) forall |s| > s
0< F(s) <M f(s) forall |s|> s,

We remark that assumption A3) implies that f and g have at least exponential
growth.

A4) f has at most critical growth, i.e. there exist constants ai,as and d such
that
f(s) < ay + ages”
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AbB) g is subcritical, i.e. for all 6 > 0 holds:

li g<$|>q:O, q:L

|s]—o0 edls

Example:

F(s)=el —1— s, G(s) =l =1 -]’ , with 1<B8<q.

We consider the space E = W3 L(2,q) x WiL(2,p).

Theorem 9.3 Under assumptions A1) — A5), system (S2) has a nontrivial
positive (weak) solution (u,v) € E.

Proof. The proof follows the lines of subsection 5.4 (see also [19] and [20]).
We note that the functional J given in (9.1) is strongly indefinite in the
origin, being positive and negative definite on infinite dimensional subspaces. If
working on a Hilbert space H, one can find suitable subspaces H* @ H- = H
such that [|y+ is positive definite and J|y- is negative definite near the origin.
Since we are working on the Banach space E, the subspaces H, H~ have to
be replaced by infinite dimensional manifolds. As in (5.10) we define

a) The tilde map
Consider the bilinear map [, VuVudz on the space WiL(2,q) x WyL(2,p),
q

where p = -

For u € W} L(2, q) denote with u € W} L(2,p) the unique element such that

sup /Vqud:E = / VuViudzr = ||Vul2,4]| V|2,
0 0

{veWy L(2p): [Vvll2 p=[IVull2,4}

and hence
/VuVﬁd:v = ||Vu||gq = ||Vﬂ||§7p (9.2)
Q

The existence and uniqueness of u follows from the reflexivity and convexity of
WY L(2,q), see [20].

We can thus define the ”tilde-map”: W L(2,q) — WyL(2,p) , u+ u. This
map is clearly continuous; it is nonlinear, but positively homogeneous: pu = pu,
for all p > 0.

On the product space E = W{L(2,q) x W}(2,p) we can now define two
continuous submanifolds

Et ={(u,u) : weWiL(12,q)}, E ={(u,—u) : u€WiL(2,q)}

As remarked in Lemma 5.14, the nonlinear manifolds E* and E~ have a linear
structure with respect to the following notion of tilde-sum:

(u,7) F (4,2) == (u+y,v+2),
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and one has

E=E"& B, withnom [Jwlf = [|(u, )|} = [[Vulls, + [V,

b) Linking structure
Next, we verify that the functional J(u, v) has a linking structure in (0, 0):

i) Using A1) and A4) one estimates, for given € > 0
F(s) < es” + c|s]Pe™" | G(s) < es” + [ s]’e™" |

Claim 1: There exist p > 0 and o > 0 such that J(u,u) > o for ||(u,0)||g =p ;
indeed, using (7.10) and

1 ulpy 1/2
> SIVulg, e [l =l (| )2+
Q Q
1, ~ N alay 1/2
+ IV, — [ [k = clal} ([ ey
Q Q

Now, we use that by Theorem D, subsection 7.2

lulls < ds|[Vaullay , and / P < e [Vullay < 60
Q

l@lls < dallVaillay , and / < o |V, < 0,
Q

With these estimates the claim follows easily.

Next, fix e; € Wy L(2,q) and e; € WS L(2,p) with ||Vei|a, = [[Verll2p = 1,
and let

Q={r(er,&1) tw; weE , |w|g< Ry, 0<r <R}

Claim 2: There exist Ry, R > 0 such that J(z) < 0, V z € 0Q, where 0Q
denotes the boundary of @ in R(ey,e1) + E~.

i) for (u,v) € 0Q N E~ we have (u,v) = (u, —u) and hence
J(u, =) = —/ VuVi — /F(u) — /G(—ﬂ) < —||Vull3, <0
0

i) Let (u,0) = r(en, &)+ (w,—w) = (res +w,re/1\—/w) € 0Q, with
H(wv_@)”E:R(%OSTSRI
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First set B; = 1. Then

—_——

J(u,v) < g V(re; + w)V(re; — w)

/ V(w —re)V(iw — 7’61 / V(2re)V(w — 7’61)
Q

[V (w = ren)|3, + 2/ Vrella |V (w = 7€),
< = [IVwl3, = [IVrell3 g + 2 VwllzgIVreillag + 2 Vrella (IVwllzg + [ Vreill2,)
< —IVwl3, +4r[Vwlz, +r* <0,

IN

for 2||Vwl3, = Vw3, + V@3, = |[(w, —0)||3 = }_%3 sufficiently large.

Note that thi_s estimate now holds for all p > 1, with 0 < r < p and
[(w, —w)||% = p Ro.

iii) Let z = p(ey,e1) + p(w, —w) € 0Q, with ||(w, —w)||z < Ry. Then by A2),
for 6 = min{y, v} > 2

J(u,0) = /Q V(per + pw)V(per — pw) — /Q Flper + pw) + G(per — pw)
< PV (er + w)|agV(er — w)]lag — ¢ / per + pwl® + ¢ — ¢ / per — pwl® + ¢
Q Q

AIVerla + 190lag? o { [[len+ul’+ [ G0} + 20
Q Q
It follows that B
J(u,v) < p*(14 Ro)? — ¢p’6o +2¢1 <0 (9.3)
for p > R, sufficiently large, where

(50: inf {/\61+w|+/|61 w|}>0
(w,—w)||[g<Ro

indeed, if 6y = 0 we would find a sequence w, with ||(w,, —w,)| < R° and
Jo, ler+wn|® + le1 — w,|? — 0. By the compact embeddings W'L(2,¢) C L and
WIL(2,p) C LY we get strongly convergent subsequences e, + w,, — e; +w = 0
and el/:ﬂn — el/:JUJ =0,1ie w=e and w = —ey: contradiction.

Finally, defining Ry = R1 Ry, the claim holds.

c) Palais-Smale sequences are bounded
Let (un,v,) € E with |J(u,,v,)| < d, and

|7 (i, T)[(6,0)] | < enll ()l s €0 =0, ¥ (6,0) € E (9.4)

Then || (tn, 2n)|le < c
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Indeed, choosing (¢, ¥) = (uy,, v,) = 2, in (9.4) we get, using A2)

+5n“(umf6N)”E

2 2 — -
g2d+—/f(un)un+—/g(vn)vn+5n||(un,vn)||E
HJa Q

v

from which we get

/f(un)un < e+ enl(tn, ) |2 /g(gn)gn < e+ enl/(tn, ) ||lE (9.5)
Q Q

and then also

/Q Fluy) < c, /Q G@) <ec. (9.6)

Next, taking (¢, 7)) = (v,,0) and (¢,7) = (0, %,) in (9.4) we have

IVenly < [ Fanbon+ eullen,0)ls (9.7
and
AP AT CEATS 9.
v ~ U,
Setting V,, = ———— and U, = ———— we obtain
Va2, |V, ||2,p
Vonllay < / Fun)Va + 20 and [|[Vii||ay < / GO T+ 2. (99)
0 0
We now use the following inequality: for any o > 1 (and setting o/ = -%5)
holds:
(e — 1)+ s(log™s)/*,  forallt>0 and s > o2
st < / ., (9.10)
(e — 1)+ Z‘;,lsa , forallt >0 and 0< s <el&)"
Proof

For fixed s > 0, consider sup,so{st — (¢! — 1)}, and let ¢, denote the (unique)
point where the supremum is attained; then s = at®~tefs.

i) t, > (i)ﬁ then s = at® 'e’f > ¢ and hence (logs)a > t,, and then

sup{st — (e!" — 1)} = st, — (e'* — 1) < st, < s(logs)/®

t>0
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i) 0 < ts < (é)ﬁ and s > e(@" : then st, < s(é)ﬁ < s(log* s)=, by the
assumption on s.
iii) 0 < ¢, < (i)ﬁ and s < (@) : in fact, the second inequality in II) holds

always, since by 1) st < t* + "‘a—;,lsal < (e —1)+ C;;,lsa/, for all s, > 0.

We apply the above inequality to the estimates in (9.9).

Applying inequality (9.10) with o = p and t = |V,,(x)], s = |f(un(x))]|, to the
first estimate in (9.9):

IVenllas < [ FCuVate,
elVl” — u,)| [log™t | £ (un)[]/?
< [ =1+ [ 1) og” £l + 2,

< c+/ f(up)upn + e,
Q

< c+en+en|(tn, Un)l| e

Applying inequality (9.10) with a = ¢ and ¢ = |U,|, s = |g(v,)], to the second
estimate in (9.9), and using A5) and (9.5) yields

\W%Mpééﬂﬁﬁwmn

U o) Nog™ (T )1V + ¢
?@ D+Amumw|mM}+n 0.11)

Q
< ¢+ nl|(tn, V)| E + €0

Joining the two inequalities yields the boundedness of ||(uy,v,)||£-

d) Finite-dimensional approximation

Note that the functional J is strongly indefinite on the space E (i.e. positive
and negative definite on infinite dimensional manifolds), and hence the standard
linking theorems cannot be applied. We therefore consider an approximate
problem on finite-dimensional spaces (Galerkin approximation):

Denote by (e;);en an orthonormal set of eigenfunctions corresponding to the
eigenvalues ()\;),7 € N, of (—A, Hj()), and set

Er—l_ = Span{(eiva) | P = 17 s ,TL}
E; = Span{(ei7 _gz> | 1= 17 s an}
E,=E; & E;
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Set now @, = Q N E,, @ as in b) above, and define the family of mappings
D= {7 € C(Qu By & [(er,@)]) | 1(z) == on 8Q.)

and set

T, o)

It is now quite standard (see [43], [20]) to conclude that:

Proposition 9.4 For each n € N the functional J,, = J|g, has a critical point
Zn = (U, 0y) € E, at level ¢, with

J(zn) = ¢ € [0, Ry] (9.12)

and

T (z)l(6,9)] =0, for all (¢,9) € B, , (9.13)

/Q Vi,V = /Q 95D

| v~ [ e
e) Limit n — oo:

By d) we find a sequence (un,v,) € E, with

and hence

V (6,0) € B, (9.14)

J(tn,0y) — ¢ € [0, Ry] and J) (u,,0,) =0, in E,,

and by ¢) we have ||(u,,v,)||r < ¢ . Then (u,,v,) = (u,v) in E. Furthermore,
we may assume that

Up — v in L%, forall a>1; (9.15)

Indeed, we have for any 6 > 0

WOlL(ZQ) C W01L<2 — 572 _ 5) _ Wol,Qf(S - L% ,
and hence a compact embedding into L%, for all 1 < a < M

Using (9.5), (9.6) and assumption A3) one concludes now as in [17], Lemma

2.1, that
/Q Fun) — / f) / 9(5) - / 9(9)

Thus, in (9.14) we can take the limit n — oo to obtain

/VUVQ/J /
/VUV¢ /f

V (¢,0) € UE, = E. (9.16)
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Hence (u,v) € E is a (weak) solution of (9.16).

Finally, we prove that (u,v) € FE is nontrivial. Assume by contradiction
that v = 0, which implies that also v = 0. Since g is subcritical, we obtain by
A5), for all 6 >0

lgt)] < cse’™  VieR.

Now we choose 1; = U, in the first equation of (9.16), and estimate by Holder

\/g(%)%l < cs)| e o l[Tnll e < dslTallze | (9.17)
Q

where we have used that ||V©,]|2,p < ¢, and hence by Theorem D, subsection
7.2 above, for 3 > 1 sufficiently small:

1517y = / (Bl <
Q

Since [|Un||re — 0 by (9.15), we conclude that [ ¢(v,)v, — 0 by (9.17), and
hence by the first equation in (9.14) that

/ Vu,Vv, — 0. (9.18)
0

This in turn implies, by choosing ¢ = u, in the second equation in (9.14), that
also [, f(un)u, — 0. By assumption A2) we now conclude that

/Q Flu,) — 0, and /Q Glu,) — 0 . (9.19)

Finally, by (9.18) and (9.19) we now obtain that J(u,,v,) = [, Vu, VU, —
Jo F(un) + G(v,) — 0; but this contradicts (9.12), and thus (u,v) # (0,0).

This completes the proof. ]

9.3 Critical systems in dimension N = 2

For the "critical” system (S2) not much is known. Indeed, we can state the
following

Open problems

- loss of compactness and concentration phenomena for systems with critical
growth, i.e. when the exponents lie on the ”exponential critical hyperbola”

- non-existence of (radial, positive?) solutions for certain model equations
with critical growth

- existence of instantons, or optimal concentrating sequences
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- group invariance and Pohozaev type identities

Concerning existence results for systems in N = 2 with critical growth, only the
following result is known, see [19].

Let d denote the inner radius of the set €2, that is d is equal to the radius of
the largest open ball contained in ). Recall that we say that a function h has
critical growth at 4oc0 if there exists 7y > 0, such that

h(t h(t
lim ():O,V'y>’yo, and lim ®)

t——+o00 e’Yt2 t— 400 e'yt2

=400, Vv < ; (9.20)
in this case we say that ~q is the critical exponent of h.

Theorem 9.5 Assume that f and g satisfy assumptions A1) - A3) in subsection
9.2, and that f and g have critical growth with critical exponents g, resp. By.
Furthermore suppose that

(A4) lim LAY 1 and lim Lot) 1

> > .
t—too eoot? d?+/ B t—too ebot? d?+\/ By

Then system (S2) possesses a nontrivial weak solution (u,v) € E.

Proof. The proof is a combination of the proof of Theorem 3.2 for the scalar
equation and the proof of Theorem 9.3 for the subcritical system. We refer the
interested reader to [19]. [

Note that this theorem gives an existence result for two dimensional systems
in which both nonlinearities have the same critical growth. This corresponds to
the case lying on the diagonal of the exponential critical hyperbola. Existence
of solutions for critical cases which are not on the diagonal remains an open
problem.
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