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Critical points of non-regular integral functionals
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Abstract. We prove the existence of a bounded positive critical point for
a class of functionals such as

1) =5 [ la@)+ bl Vol = [ o

for Q a bounded open set in RY, N > 2, v4+2 < p < 2N/(N —2), v > 0,
v # 1 and a(z), b(x) measurable function satisfying 0 < a < a(z) < 8,
0 < b(z) < 8 almost everywhere in Q.

1. Introduction

The existence of critical points for integral functionals defined on the Sobolev space
Wy () by

I(v) Z/Qj($,U,DU), v E Wol’T(Q),

is widely studied. Unfortunately, the differentiability of I can fail even for very
simple examples of functionals defined through smooth functions J (z, s, £), so that
the Ambrosetti-Rabinowitz theorem cannot be employed. In this paper, we carry
on the study of critical points for multiple integrals of the calculus of variations by
studying the functional I: Wy ?(Q) = R U {400} defined by

1

(11) 10) = 5 [ lala) + b@)ol Vol =~ [ ol

where € is a bounded open set in RN, N > 2, v and p are positive numbers such
that

4
1.2 —2< ——
(1.2) 0<y<p-2<5—,
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and a and b are measurable functions satisfying the following condition:
(1.3) O<a<alz)<p, 0<bx)<p.

The interest in the study of this class of functionals has increased in the last
decades also due to the relation with the so called “modified Schrodinger equa-
tions”. This kind of models arises in different physical phenomena (see [14], [15]
and the references therein). Many papers deal with functionals having

(1.4) a(z)=b(x)=1 and vy=2.

The first existence results in the whole RY appeared in [23], [18], where constrained
minimization arguments are used in the case v = 2. Then, taking advantage
of (1.4), many authors tackled the problem via suitable changes of variable in
order to recover a semi-linear equation to deal with. This kind of strategy has
been frequently used in the whole R (see [1], [11], [19], [20] and the references
therein). Studying the problem on bounded domains leads to the following quasi-
linear variational problem:

—div(A(x,u)Vu) + %GSA(:E,UHVUF = |[ulP~%u  in Q,
u=20 on 0,

(1.5)

with A(z, s) given by
(1.6) Az, s) = a(x) + b(x)|s|".

Every solution of equation (1.5) can formally be seen as a critical point of the
associated action functional I given by (1.1). Unfortunately, I is not well defined
in the whole W,"*(€) and it is not of class C, as (I’(u),v) can be computed only
for v € W 2(2) N L>°(Q) and not for all u € W ().

In the 90’s, two different approaches have been introduced to handle general
functionals which are not differentiable. An abstract, general theory of critical
point for lower semi-continuous functionals has been developed by Marco Degio-
vanni et al. in [10] and [12]; a version of the Ambrosetti-Rabinowitz theorem
(see [2]) for non-differentiable functionals is proved, with a different approach,
in [3]. By means of these abstract results it is possible to study the existence of
critical points for non-differentiable functionals, and this has been done in the case
in which the coefficient in the principal part is uniformly bounded with respect
to s in [3], [10], [21], [24]. The case of unbounded coefficients a(x, s) which are
differentiable with respect to s (which includes our situation when v > 1) has been
considered (either exploiting [3] or [12]) in [4], [6], [9], [22] for p < 2N/(N — 2).
On the other hand, when b(z) = 1, it is possible to allow the exponent p to over-
come the usual critical Sobolev exponent 2N/(N — 2). Indeed, the new critical
exponent depends on v and for a(x,s) = 1+ |s|? it is given by (v + 2)N/(N — 2).
This effect has been seen in RY in all the above quoted papers when (1.4) holds,
and in bounded domains in [5] (see also [17]) for more general coefficients a(z, s)
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uniformly bounded from below by g + fo|s|” for ag, Bp € RT. Here we consider
a coefficient a(z, s) given by (1.6), so that it depends on the spatial variable and
it is not possible to make a change of variable. Moreover, the coefficient b(x) is
only supposed to be greater or equal than zero, so that we cannot expect the expo-
nent p to overcome the Sobolev critical exponent. That is the reason why we have
assumed the bound from above on p in (1.2). Our existence result in the model
case is stated as follows.

Theorem 1.1. Assume (1.2), (1.3). Then there exists a function u € Wy*(2) N
L>(Q), u > 0 in Q, such that b(x)u?"1|Vu|? € L1(Q) and u satisfies

/Q [a(z) + b(x)u”] VuVo + %/Qb(x)u771|Vu|2v — /Qupflv =0,

Jor every v e Wy () N L>®(Q).

Since we will look for positive critical points of I we will prove Theorem 1.1 for
the functional .J: Wy *(€) — R U {400} given by

1 1

= [ a(z,v VUQ——/v+p, if J(v) < +o0,
(1.7) J(v) = 2/9 (0}l p Q( ) ®)

+00 otherwise.

We will handle the case v > 1 in the Appendix, where we give a new proof
of the existence result. Analogously to [6], [9], our argument relies strongly on
the knowledge of the boundedness of a weak limit of a “Palais—Smale” sequence,
before knowing that it is actually a critical point of J.

Our main interest will however, be to face the case v € (0,1). In this range
of exponents, the situation is completely different since that principal part is still
unbounded from above when “u is large”, while the derivative is unbounded from
above when “u is small”. Indeed, in this case we have, at least formally,

X u 2
o) = [ o) + o)) 19uve s 3 [ HOEE, - ] s,

so that it is not enough to differentiate along direction v € Wy'2(2) N L>(Q),
nor to know that w € L*°(Q), but it is crucial to show that wu is strictly positive.
This strong irregularity of J forces us to proceed, as done in [4] for v > 1, by
approximating .J with functionals with a C* coefficient a(z,s) in the principal
part. We will be able to study the approximating functionals by using the existence
result obtained for v > 1, and then we will pass to the limit.

2. Small exponents: v < 1

In this section we will prove our main result, that is Theorem 1.1 when v € (0,1).

In order to stress this difference with the case v > 1, we will denote v as 6.
In this context, the definition of a critical point of the functional J defined in (1.7)
is clarified in the following definition.
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Definition 2.1. A function u is a critical point of J if u € Wy*(Q2) N L>®(),
u>01in Q, b(z)|Vul>/u'~? € L}(Q) and u satisfies

(2.1) /Q [a(z) + b(x)u’] VuVe + g/g b(x) |uv1—1f|0<p = /Qup_lgp,

for every ¢ € Wy 2 (Q) N L®(Q).

Then proving Theorem 1.1 is equivalent to show the existence of a critical point
of J under the following condition on 6:

2.2 1 2 .
(2.2) 0e(0,1), 6+ <P< x5

Let us be more precise about the ranges of exponents we will deal with.
Remark 2.2. In hypothesis (2.2) it is implicitly assumed that

2N 4
-2 = 60<

<N N_2’

this condition is always satisfied when N < 6, because 6§ < 1. While for N > 6, our
existence result does not hold for every 6 € (0, 1) but only for § € (0,4/(N — 2)).

When p € (2,60+2) the situation is more delicate even if b(z) = 1, as illustrated
in Theorem 4.2 in [5] (see also [17]).

As already explained, we will proceed by approximating our functional J by
a sequence of C! functionals to which it is possible to apply the result of the
Appendix. Namely, for every 6 > 0, let us define the functional Js: WO1 2(Q) —
R U {400} by

1 1 .
Js(v) = §/§2aa(w,v)|VU|2 — Z_)/Q(Wr) if Js(v) < 400,

+00 otherwise,

(2.3)

where the function ag(z,s) : Q x R — RT is defined by

50
1—0)0+st) o)

(2.4) as(z,s) = a(z) + b(x) {(5 +sT)0 +

The function a;s(z, ) is measurable with respect to z € Q and C'* with respect to s
and its partial derivative is given by

fst

(2.5) Osas(x,5) = blw) 5=

Taking into account hypotheses (1.3) and (2.2), one observes that as(z, s) satisfies
hypotheses (A.2) and (A.3) with 5(s) given by

0
1-9)

(26)  Bls)i=BE(s), with &(s) = L+ (5+57)" + o
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Concerning the derivative of as(z, s) with respect to s, condition (A.4) is satisfied
with 7(s) given by

(2.7) n(s) =B 0(5)"2st.

Moreover, notice that for every s € R the assumptions (1.3), and (2.2) imply that
as(x, s) satisfies condition (A.5). Indeed, for for s < 0, (A.5) is a direct consequence
of (2.5) as

(2.8) (p —2)as(z, s) — Dsas(x,5)s = (p — 2)as(x,s) > (p — 2);
on the other hand, for s > 0, (2.2) and (1.3) imply
(p - 2)a5(x, 8) - asaé(xv S)S

z(p_z)our%{(p—z){ (6+9)+

Finally, hypothesis (A.6) is also satisfied.

%(54‘8) } —982} > (p—2)a.

Remark 2.3. One may think that the natural approximating functional should
have the coefficient
as(z,s) = a(z) + b(z) (6 + s7)7.

But in this case as(z, s) would not satisfy hypothesis (A.6).

2.1. Proof of Theorem 1.1

In order to prove Theorem 1.1, it is possible to use the existence results in [6], [9],
and [22], or Theorem A.3, obtaining the existence of a positive, bounded, critical
point us of Js. Namely, us satisfies

(2.9) us € W2 () N L¥(Q), us > 0, Js(us) = cs > 0,
(2.10) / as(z, us)VusVo —|—/ Dsas(x,us)|Vus|?v = / uf;_lv,
Q Q Q

for every v € Wy? () N L>®(€).

In the next proposition we derive uniform bounds on ¢5 and on the norm of us
in Wol’Q(Q) with respect to § . Before starting the proof of Theorem 1.1, let us
observe that, in the whole paper, we will denote the norm of Wol’Q(Q) with || - |,
while the norm in the Lebesgue space LP(2) will be denoted with || - ||,. Moreover,
for every measurable set A, we will denote with |A| the Lebesgue measure of A.

Proposition 2.4. There exist three positive constant 01 < oo and L, such that
(2.11) 0 <oy <c5<og,

(2.12) Jusll < L.

Proof. Hypothesis (1.3) and definition (2.4) imply that J5(v) > 2|v||? — %H’UHZ,

so that, from Sobolev embedding theorem one deduces that, for every v with norm
||| = R, it results
« )1/ (p—2)

L B
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Then the left-hand side inequality in (2.11) is satisfied for o1 = aR?/4. In order to
prove the right-hand side inequality we note that (A.8) implies that ¢s is smaller
than the maximum of Js(¢ ¢, ) for ¢ € [0, T]. Then, hypothesis (2.6) yields

2

t _
cs < Js(ty;) < % [p5§6(|| @1lloc) || 01 |7 — 26772 <P1||5]

so that

cs < op i=maxg(t), with g(t) := t2 [B&(l erlloo) 011 = 772 on 7] -

To show (2.12), we compute pJs(us) — (J5(us), us) and use (2.8), (2.9) and (2.10)
to obtain

2pcs = / [(p — 2)as(z, us) — Osas(x,us)us) |[Vus|* > (p — 2)al|us|?.
Q

Then (2.11) gives the conclusion. O

The next proposition is the key result in the compactness argument. It has
also been employed in [6],[9] in the case of unbounded, regular coefficients, and
in the Appendix we will give a self-contained prove in that context (see the proof
of (A.15)).

Every us is a bounded function; now we prove that the sequence {us} is
bounded in L*>°(€2). In doing this, we will often use the functions Ty, Gj : R — R
defined, for every k > 0, as
(2.13) Ti(s) = max(—k, min(k,s)), Gg(s) =s— Tk(s).

Proposition 2.5. There exists a positive constant M such that
(2.14) Juglloo < M.

Proof. Condition (1.2) allows us to choose a positive number A such that

N +2 N—Z}

Taking Gi(us) as test function in (2.10) and using Sobolev inequality, yields

L12/2*
as[/ Grlus)® | < Hualléo/ us NG (ug).
Q Q
Applying Holder’s inequality on the right-hand side with exponents

2* N
—— 2, (1-% A)
p—1—2X 2%

(2.15) maX{O,p—

one obtains

L12/2"
as[/ Gk(ua)ﬂ < usl2, lus
Q

where Ay = {z € Q : us(x) > k}.

. Sy
P 1[/ Gk(“&)Q} | Ay N/2
Q
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From (2.12) and using the Holder inequality one deduces that

L11/27 . .
(2.16) /Gk(u(;) < [/ Gr(us)? } |Ak|171/2 < By |Ak|17(p7)\)/2 +1/2+1/N
Q Q

where

(2.17) Bs = Cp |Jus||3,-

It is easy to see that the function

(215) ) = 1Gelus)ly = [ Galu)

satisfies y'(k) = —|Ag|. Here we follow [16] and we write inequality (2.16) as
(2.19) y < Bs(=y)', pu=— (p;*A) - % + %

From (2.15) we get that p— A < (N+2)/(N—2),sothat p > 0and 1/(pu+1) € (0,1).
Integrating for ¢ € [0, k] we get
1 u u
k< CBE [y(0)F —y(k) 5]

and, taking into account (2.18) and (2.12) one obtains
1 SEa 1
C1 BT [/ Gr(us)] ™" < —k+ BIT Cy,
Q

When we choose k = ks = Bé/“HC'L, we obtain y(ks) = 0, that is equivalent to
say that
0<us <ks= Bé/wrl Cr.

Passing to the supremum and using (2.17) yield
(2.20) 0 < Jfusllos < flus| 2D Cr.

Finally, (2.15) implies that A < p + 1, because, from (2.19) it follows that this is
equivalent to

2N N -2 N -2
2.21 A — 1=2—-(p—1)——
(221) SNt2 PNy P-U5
which is exactly assumed in (2.15). Then (2.20) yields (2.14). O

Propositions 2.4 and 2.5 imply that there exists a function w in Wol’Q(Q) N
L>(Q), u > 0, such that, up to a subsequence,
(2.22) us — u weakly in W, %(9),
(2.23) us — u strongly in L?(€2) for ¢ € [1,00) and almost everywhere.
Because of the presence of a singular term in the derivative of J, we need to know

that w > 0 in € in order to show that u is a critical point of J. This will be proved
in the next proposition, the proof of which relies on an argument similar to [7].
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Proposition 2.6. The weak limit u is positive in Q.

Proof. Let us define the real function Hs : [0, +00) — [0, 4+00) by

(2.24) Hs(t) :/O st,

and consider v = e ()¢ with ¢ € Wol’Q(Q) N L>(£), ¢ > 0, and b chosen as
b = 03/2a. Notice that Proposition 2.5 yields

. bM
Vol = [e50) [—bH (us) Vusd + V] | < Vel + 55516 ]loo| Vus],
so that v € W2 (Q)NL>(2) and we can take it as test function in (2.10), obtaining
/aa(fU,%)V%V(be_bH‘*("‘”
Q
1
(2.25) :/uzg_le*bH‘“““)(b +/|Vu(5|2e*bH‘5(““)¢ bag(x,u(;)H(';(u(;)—§3sa5(m,u(;) .
Q Q

Since Hj(us) > 0, from (1.3), (2.5) and (2.24), it follows

1 0
bas(z,us)Hs(us) — Easa(;(x,ug) > abHj(us) — 5 +55;)2_9
_ _05_
(2.26) = T [ozb 2/3} —0,

where the last equality follows from the choice of b. Using this information in (2.25)
one gets

(2.27) /%(x’ué)vuév(ﬁe—bm(uw Z/u;g*lefbH(s(u(s)QS.
Q Q

Condition (2.4) and (2.23) imply that as(x,us) converges to a(z) + b(x)u’ al-
most everywhere in ). Moreover, taking into account Proposition 2.5 and that
us > 0, one can apply Lebesgue dominated convergence theorem to get that
as(z,us) Ve PH5(us) converges strongly to [a(z) + b(z)u’] Ve PHo(w) in L2(1),
where Hy(t) is defined in (2.24) choosing § = 0. Then, taking limit in (2.27) we
obtain
(2.28) / [a(z) + b(x) u®]e P Ho ™) vy Ve > / uP~ e bHo(w) g
Q Q
Define .
w:= P(u), where P(s):/ e PH®) gt
0

so that w € HE(Q) is a super-solution of the linear problem

(2.20) {;iivowmw = g(x) 2 ;zé

with
B(z) = a(x) + b(x) (u(@))?, g(x) = (u(x))P e PHolul),
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Condition (1.3), Proposition 2.5 and the positiveness of v imply that
a < B(z) <AL+ M), 0< g(x) € L=(Q).

Therefore, the strong maximum principle for linear operators with bounded coef-
ficients (see [13]) implies that, either w > 0 in © or w = 0. Assume, by contradic-
tion, that w = 0. Then, as P is a strictly increasing function, it follows that v =0
and (2.23) becomes

(2.30) us — 0 strongly in L%(€2) for ¢ € [1,00) and a.e..

Let us take v = us as test function in (2.10) and use (2.5) and the positivity of us

to obtain . ) )
Js(us) + —/(u(;)p = —/ as(x, us)|Vus|* < —/ uf.
P Jo 2 Jo 2 Jg

Taking into account (2.30), we deduce that Js(us) — 0 which contradicts (2.11).
Then, w > 0 and, as the map s — P(s) is strictly increasing, u > 0 in Q. O

Remark 2.7. Notice that, since w > 0, the strong maximum principle for lin-
ear operators with bounded coefficients also states that, for every compact set
K C Q, there exists myg > 0 such that w(z) > mg > 0 onK; and then u(z) >
P~ l(mg) >0on K.

As a consequence of the previous results we have obtained that u belongs to
W 2(Q) N L>®(Q) and it is positive in Q. It is left to show that it satisfies all the
requirements in Definition 2.1.

Lemma 2.8. The sequence Vus(x) converges almost everywhere to Vu(z).

Proof. First of all, we show that the following estimate holds:

0 b(x) us 2 / —1 —1
2.31 0< - ———— |[Vus|” < ug)?P7 < MPTHQ).
(231) <5 [ ot Vsl < [ (usy < i

Indeed, following [7], let . > 0 and choose v = T} (us)/h in (2.10). Using (1.3)
and (2.13), we obtain, dropping a positive term,

l/asczzs(m,u(;)|Vu(;|2M§/u§71.
2 Jo h Q

Letting h tend to zero and exploiting (2.5), (2.13), and (2.23) yield (2.31). Now, us
is a distributional solution of the equation

00
(1-0)(6 4+ us)'=?
where f5 = uf;*l converges strongly in W—1#' (©), and (2.31) says that g5 =
b(x) us(d + us)? 1 Vus|? is a sequence bounded in L*(Q2). Condition (1.3), and
Proposition 2.5 yield

_div([a(m) +b(x)(6 + ug)? + }Vu(;) = f5+ 95,

50 05°
(1—0)(0 + up) 1—o)

then, we can apply Theorem 2.1 in [8] to achieve the conclusion. O

a(x) + b(@)(8 + us)’ + — < B1+ (5 + M) +
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Proposition 2.9. The weak limit u is a critical point of J.

Proof. Applying Fatou’s lemma in (2.31), it follows

0 b(x _
(2.32) E/ME_QW < MP7LQ|,

as requested in Definition 2.1. Now, let us take v € W, *(Q) N L>®(Q), with v > 0
as test function in (2.10), and obtain

1
—/6Sa5(m,u5)|Vu(;|2v:—/a(x,u(s)Vu(;Vv—i—/ug_lv.
2 Ja Q Q

Note that the sequence in the integral in the left-hand side is positive and, thanks
to (2.23) and Lemma 2.8, it converges almost everywhere; in addition, in view
of (2.2), (2.6), (2.22) and (2.14), both the integral terms in the right-hand side
converge. As a consequence, applying Fatou’s lemma, it results

(2.33) /Q la(z) + b(:c)ue] VuVuv + g/Q 252 |Vu|?v < /Qup_lv,

for every v € Wol’Q(Q) NL>(0), v >0.
In order to prove the reverse inequality in (2.33), let us consider the function
v = e PHs(s) bHo(w) ¢ \where Hs is defined in (2.24), b = 8/2a and ¢ > 0,
¢ € C°(Q). Proposition 2.5 yields the existence of a constant Cps such that
o [Vul®

2 2 2 2 72 2 us 2
Vo] < Oy {|V¢| +b%¢ et [|[150° [ Vus| {W} }

Thanks to Proposition 2.6 and to Remark 2.7, we have that u > Cg > 0 in the
support of ¢, so that v € Wol’Q(Q) N L>(Q), and it can be chosen as test function
in (2.10). It results

(2.34) b/ as(z, us) Vs Vue Hs(ws) bHo(w) o b ()
Q
+/ as(x,us) Vs Ve s (s) gbHol(u)
Q
1
:/ |Vus|? e bHs(ws) bHo(w) g1p o5 (2, us) HY (us) — Easa(;(:c,u(;)}
Q

+/ ugqe—bHa(ua)ebHo(u) é.
Q

Inequality (2.26) and Lemma 2.8 imply that we can use Fatou’s lemma to pass
to the limit in the right-hand side, while the left-hand side converges thanks to
conditions (2.22), (2.23) and to Proposition 2.5. It follows

/Q [a(x) + b(x) u? ] Vu [bVu pHY(u) + V]

(2.35) > [ 90 o] o) + baha oty - G55 + [ o
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Proposition 2.5 and (2.32) imply that the function
1
[a(x) + b(m)ue] |Vu|2H6(u) = [a(x) + b(x)ue] |VU|2F

belongs to LY(€). Thus we can simplify (2.35) to obtain

ul?
/Q [a(z) + b(x)u’ ] VuVe + g/ﬁ b(x) |uv17|0 ¢ > /Qup’l .

From this and from (2.33) we get that the equality

(2.36) /Q[a(x)jub() “IVuve + - / IVUI2¢ / P14

holds for every ¢ € C(Q), with ¢ > 0. Then, we can obtain that (2.36) holds
for every ¢ € W0 (Q) N L>(Q) with ¢ > 0 by density. Finally, for every ¢ €
W 2(Q) N L>®(Q), writing ¢ = ¢ — ¢~ and using (2.36) with ¢ = ' and with
¢ = @, one obtains that wu satisfies all the requirements in Definition 2.1, i.e., u
is a critical point of J O

Remark 2.10. Notice that, as a byproduct of the previous results, we obtain the
strong convergence in W, %(Q) of us to u.

Proof of Theorem 1.1 for v < 1. When v < 1 we apply Theorem A.3 to the func-
tional Js obtaining us satisfying 82 ) and (2.10). Propositions 2.4, 2.5 and 2.6
imply that there exists u € Wy 2(Q) N L>®(Q), u > 0 in Q, such that (2.22)
and (2.23) hold. Finally, from Proposition 2.9 it follows that u is a critical point
in terms of the Definition 2.1.

The case v = 1 can be handled with the same argument, by using the approx-
imating functionals

I5(0) = 5 [ fala) +ba)/TF @R Vol =~ [ @,

Indeed, all the hypotheses of Theorem A.3 are satisfied choosing

860 = B1+ VET L, () = 5¥67172

Propositions 2.4, 2.5 and Lemma 2.8 follow in the same way as before and Proposi-
tions 2.6 and 2.9 can be proved by means of the function Ks(t): [0, +00) — [0, +00)
defined as Ks(t) :== v + t2. O

A. Appendix

In this section we will handle the case in which a(x, s) is a C! function with respect
to s, not supposed to be uniformly bounded for every s € R.

Functionals with this kind of coefficients has been studied in [4], [5], [6], [9], [22],
by means of different techniques, here we will report for the reader’s convenience
an alternative, new, proof. In doing this we will be able to underline the analogies
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and differences with the case of singular coefficients. As done in the introduction,
let us consider the functional .J: W,"*(€2) — RU{+00} defined in (1.7). In order to
prove Theorem 1.1, with v > 1, it would be enough to consider a(z, s) defined by

(A1) alz,s) = a() + b(a)(s*)?

so that Osa(xz,s) = 0 for every s < 0, and it is clear that a positive critical
point of J will be a positive critical point of I. However, in this section, we will
consider more general coefficients, in order to obtain a critical point us of the
approximating functional Js. Since we look for positive solutions, we consider the
coefficient a(x,s) defined only for s > 0, i.e., a: 2 x RT — R such that it is
measurable with respect to x € , and continuously derivable with respect to s,
and satisfying the following conditions for almost every = in €2 and for every s in
R*, for 8,7, € C°(R*) monotone increasing, and o, § € R:

0<a<a(z,s) <p(s),

(A.2)

(A.3) Sgrfooﬁ(s)—sp72<0, 2<p<N_2,
(A.4) as(x,8)s >0, |0sa(z,s)| < n(s),

(A 5) (p—2)a(ac,s) —as(:c,s)s >0 > 0,
(A.6)

lim,_,o+ Osa(x, s) = 0.
We define, for s < 0,
(A7) a(z,s) = a(x,0) = a.(r,s) =0, Vs<O0.

Remark A.1. Notice that our model case, namely, the function defined in (A.1),
satisfies all the above assumptions when (1.3) holds and the following condition is
satisfied

e (1, , 2<p<
7€ (L+o0), YH+2<p<H—g

which implies N < 6. In order to treat the case N > 6, one should allow p to
overcome the critical Sobolev exponent. This case for our functional I is still open.

Conditions (A.2), (A.4) imply that J is derivable along directions v € I/Vol’2 Q)N
L*°(Q), so that a natural definition of a critical point is the following.

Definition A.2. A function u is a critical point of .J if u € Wy'?(Q) N L™ () and
it satisfies

1
/a(m,u)VquO-i-—/as($>U)|VU|2@:/(“+)p71%
Q 2 Jo Q

for all ¢ € W, 2(Q) N L=(Q).

Theorem A.3. Under the assumptions (A.2), (A.3), (A.4), (A.5), there exists a
positive, bounded, critical point of J.
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Proof. Assumption (A.2) implies that J(v) > $|v* — %Hv”ﬁ, so that there exist
p, R € RY such J(v) > p > 0, for every v with ||v|| = R > 0. Moreover, denoting
by 1 the first eigenfunction of the Laplace operator with homogeneous Dirichlet

boundary conditions in €, and using assumption (A.3), we can find 7" > 0 such
that || T ¢1]|ec > 2R. and J(T ¢1) < 0. Then, having defined

(A.8) ¢ = inf max J(v(t)),

3

where I' = {y € C°([0,1],Y) : 7(0) = 0,v(1) = T ¢1}, it results
(A.9) c>p.

Therefore, all the geometrical assumptions of Theorem 2.1 in [3] are satisfied.
Moreover, setting X = Wy*() and Y = W, *(Q) N L>(Q), endowed with the
norm || - |y = || - [[+]| - ||eo, conditions (A.2) and (A.4) imply that for every u, v € Y
there exists the directional derivative (J'(u),v); moreover for every fixed u € Y
(J'(u),v) is linear and continuous for v € Y, and for every fixed v € Y the
map u — {J'(u),v) is continuous for every u € Y. This regularity properties of
the functional J are sufficient to apply Theorem 2.1 in [3]. Then (see also the
beginning of the proof of Theorem 3.3 in [3]) we obtain the existence of sequences
w, € Wg2(Q) N L>®(Q) and M, € R satisfying

(A.10) Up € Wolﬂ(Q) NL>(Q), |unlloo <2Mp, Mp > T || ¢1|oos
(A.11) J(un) — ¢,
and

(" (un), 0)] < en vl Lo @)/ Mn + V]2

(A.12) .
Voe Wy (Q)NL>®Q), {e.} R :e,—0.

From now on we will show that u,, converges weakly to a positive critical point
of J. We will do this in several steps.

STEP 1. In this step we show that the sequence {u,} is bounded in W, ().
In order to do this, it is enough to write J(u,) — %(J’(un),un> and use (A.12),
(A.10), (A.11) and (A.5), to get the existence of a positive constant L such that

(A.13) lun|| < L.
Notice that (A.13) also implies that

1
(A.14) /a(x,un)|Vun|2+§/3Sa(x,un)un|Vun|2 < ulZ+en@+ 1) < Q.
Q Q

As a consequence of (A.13), we get that there exist a function u € W, *(2) and
a subsequence of {u,}, still denoted by {u,}, such that u,, converges to u weakly
in Wy?(Q), strongly in L9(2) for every ¢ € [1,2N/(N—2)) and almost everywhere.
Now, even if we do not know that u solves an equation, we shall prove that the
function w is bounded.
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STEP 2. In this step we will denote with C' possibly different positive constants
and with €/, possibly different positive sequences converging to zero as n tends to
infinity. We will prove that there exists a positive constant M = M (L, p, Q, a, N)
such that

(A.15) lulloe < M.

Indeed, taking v = Gj(uy,) as test function in (A.12), and using (2.13) and (A.4)
we deduce that

(A.16) c/ VG (i) < 20 + [/ |
Q AZ‘

where A} :={z € Q : |u,| > k}. Definition (2.13) and Holder’s inequality yield

A AR

n A
SR
<c{[[ watwP]"" g},
A

n
k

p/2" X
|7t

G un) 2 + K247

n
k

So that

]t
Ap

Using this inequality in (A.16) one deduces the following inequality:

«1p/2" nil— * * i 2% nil_ *
Z] AR < ClIVGK I + kAR A

/Q VGh(un)2 <€), +C [/A VG P]” 1A oy,
Using the fact that 2 < p, we get |
LGt <o [ 196uw)P]" [ 19w P lap e
e oA, k
From (A.13) it follows
(A0 [ VG < O [ (VG| [AR 7 4 e+ Ol

Moreover, thanks to (A.13) and using the Sobolev embedding, we deduce that
there exists Cr, > 0 such that

et < ()l ()
implying that there exists ky € R such that

(A.18) C|AP|*=P/% <1/2, Yk > ko uniformly with respect to n.
Using this information in (A.17), we obtain that

/Q VG (un)|? < el + CkPIAY|  for every k > ko.
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Let K = {k > ko : |{u = k}| = 0} and observe that letting n tend to infinity,
for every k € K, |A}| converges to |Ax| with Ay = {|u| > k}. Hence, since the
norm is weakly lower semicontinuous, it results

(A.19) / |VGr(u)]? < CkP|Ag|, VEkeK, k> k.
Q

Since u € L2°(Q), it holds |Ax| < Cr/k?; so that kP~2 < Cp|Ax|?7P/2" and (A.19)
becomes, thanks to the Sobolev inequality,

1/2" .
[ [16P ] <cnjaiss
Q
and Holder’s inequality yields
/ |G(u)] < Ck|Ap| 2~ 22 +! = C k| Ay | T2 2%),
Q

As done in (2.18) we consider y(k) the L'(2) norm of G (u) and we observe that
y(k) satisfies

1 P
< Ch(-y)', v=3(1-2).
y< Ck(=y)™, v 5 >
Notice that (1.2) implies that v > 0. Integrating, we obtain

v

1+u]

kv < Cly(0)™ — y(k)

b

that is v e
kT < Ol - ClGhw)I .

Taking into account (A.13), it results
IGk()lIlf™ < CL — k™57

Choosing k, such that kz/(Hu) = C1, we obtain that the norm of Gy, (u) in L'(£2)
is zero. Thus the above inequality says that (A.15) is satisfied with M = k..

STEP 3. Taking v = —u,, as test function in (A.12), using (A.7) and (A.13)
immediately gives that a(z,u,)|Vu, |? converges strongly to zero in L'(Q2). Then
(A.2) implies that the sequence {u; } converges strongly to zero in Wy *(Q), so
that

(A.20) u> 0.

STEP 4. Now we prove that the sequence Vu,, converges to Vu almost every-
where in .

First of all, notice that thanks to (A.2), (A.10) and (2.13) we can argue as in
Lemma 2.8 to obtain

(A21) / 0sa(e, w,)| [Vun|? < Al
Q
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Note that, in order to obtain the almost everywhere convergence of Vu,,, we cannot
apply Theorem 2.1 in [8] as u, does not satisfy an equation; however, we can
prove it directly by fixing h € (0, |u||s) and using v = T (u, —u) as test function
n (A.12). Since u, strongly converges to w in LP(), and thanks to (A.13), one
deduces that there exists a positive constant Cy such that

1
(A.22)/a(x,un)VunVTh(un—u)—l—E/Osa(m,un)|Vun|2Th(un—u)Swn—i—Clen,
Q Q

with w,, — 0 as n — +oo. Taking into account (2.13) and (A.21), one observes
that

1 A
5/ Dsa(,Un ) |V un|? Th(upn —u) < 5 h.
From this, (A.2) and (A.22), it results
A
/ |VTh |2 / a(x,un)VuVTh(un—u)-i— Eh+wn+01 En,
Q

which implies, in view of (A.13), and using the Holder inequality,

IV =l = [ 9Tt~ )]+ [ 9t — )|
Q {h<|un—ul}

1/2
< [/QwTh(un—u)ﬂ 192 + Cp |{h < [un — ul}[""*

1/2|Q|1/?

A
< [/ a(x, un)VuVTh(uy — u) + Eh + wy, + C’lsn}
O (6]

+Cp {h < |un — ul}]*?.

Taking into account that u,, weakly converges to u in I/VO1 ’Z(Q), the limit as n tends
to plus infinity gives

Q12
limsup/|V | | [

n—-+o0o

)"

By passing to the limit as h — 0 one gets that Vu,, converges to Vu strongly in
L'(Q), so that, up to a subsequence, it converges almost everywhere.

STEP 5. Now we prove that u is a critical point of J. Let us consider the
functions H: R+ R and F' € C*°(R), with |F'(t)| < 2, defined by
t
ds fort >0, 1 for |t <1,
hm) om0 Rrezo o {o S
0 for t <0, or [t > 2,

where 7 is given in assumption (A.4). We take ¢ € W, () N L>®(), ¢ > 0 and
define the function

(A.24) v =gebHun)e bH(“)F(”;—"), b= —, k>M,
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with M introduced in (A.15). Then, thanks to (A.13), (A.23) and A.15, one
deduces that v € Wy 2(Q) N L®(), so that it can be chosen as test function
in (A.12) to obtain

/a(x,un)VuanSe*bH(“")ebH(“)F<u—n>
Q k
+/ a(z, un)Vu, Vu [gzﬁ e*bH(“")ebH(“)F(u—">bH’(u)}
Q k
> —%/Qa(x,un)|Vun|2e*bH(“")ebH(“)F’(%)
—|—/ |V, |?¢ e_bH(“”)ebH(“)F(u—"> [bH'(un)a(m,un) — lasa(ac,un)
Q k 2
+ / (u:)p_l(ﬁe_bH(u"‘)ebH(u)F(u—n) _ C€n.
Q k
Note that (A.14), (A.7) and (A.13) imply
L[t ()| <con
Moreover, the definition of the function H and (A.24) imply that
1
bH' (up)a(z, u,) — Easa/(-f’un) > 0.

Taking the limit in the left-hand side, the inferior limit on the right, and applying
Fatou’s lemma (using Step 4), one gets

/ o, ) VuVé + / o, ) V2 [6bH ()]

Q Q

(A2) = -COLQ)+ [k [ [VulPo[b (walz,u) - 0.a(z,u)].
where we have taken into account that F (u/k) =1 as k > M. Since u € L*™(9),

it follows that a(x,u)|Vul?H'(u) € L'(2), so that we can cancel the equal terms
in the left and right sides to obtain that

1 1
/a(x,u)VUVd)—i— —/ dsa(z,u)|Vul?¢ > —C(M,Q)~ —|—/ uP~1g.
) 2 Ja k- Ja
Taking the limit for £k — +o00, we get

l 2 p—1
(A.26) /Qa(m,u)VuV¢+2/{)33a(m,u)|VU| ¢2/Qu o.

The proof of the reverse inequality is simpler. Indeed, take

Un

vzd)F(k), e WHQ)NL®Q), ¢ >0, k> M,
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with F defined in (A.23) and use (A.12) to get
1 9 U, Up,
— — )< - —
5 /Qasa(x,un)|Vun| (i)F( A ) < /gla(:c,un)VunVQSF( k)

~ 1 [ ot mlvuE (22)o
v ey tor(fe) + ce.

The sequence in the integral in the left-hand side is positive, while, in view
of (A.14), there exists a positive constant C¢ such that

1 [ o u)lvun PP (52 )o] < S2.

Moreover, using Step 4, we can apply Fatou’s lemma, obtaining
1 2 Co -1
= [ Osa(z,u)|Vul*¢ < — | a(z,u)VuVo+ —+ [ uP7 ¢.
2 Ja Q k Q

Letting & — 400 one obtains (J'(u), ¢) < 0. This and (A.26) imply that
(A.27) (J'(w),6) =0, V¢ €Wy*(Q)NL=(9), 6> 0.

Since any w € VVO1 2 () N L>(9) can be decomposed in its positive and negative
part, both positive functions, we have shown that w is a critical point of .J.

STEP 6. Finally, we can show that J(u) = ¢. Choosing v = u,, in (A.12) and
using (A.4) and (A.2), we can apply the results proved in Steps 4 and 5 to obtain

/a(x,u)|Vu|2+/c'?sa(:c,u)|Vu|2u
Q Q

< lim inf {/ a(m,un)|Vun|2+/ 3sa(I,un)|VUn|2Un}
Q Q

n——+00

= lim (uf )P = / uP :/ a(z,u)|Vul? —|—/ dsa(z,uw)|Vul? u.
n=+oc Jo Q Q Q
Then, the positivity of the sequences a(z,u,)|Vun|?, dsa(x, u,)u,|Vu,|? imply
that a(z, u,)|Vu,|? converges to a(x,u)|Vul?, strongly in L'(Q), so that (A.11)
and (A.9) imply
O<p<c= lim J(u,)=J(u)

n—-+o0o

yielding that w is not trivial. O

Remark A.4. As a byproduct of Step 6, and using (A.2) we obtain that wu,
converges to u strongly in VVO1 2(Q) Moreover, notice that the convergence of
J(uy) to J(u) cannot be seen as a trivial consequence of the strong convergence
of u,, to u (as in the semi-linear case), as a(z,t) is not supposed to be uniformly
bounded by a positive constant.
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Remark A.5. Notice that, differently from Section 2, here we cannot show that
all the sequence wu,, satisfies a uniform L*°(€) bound, but we can obtain this
information on the weak limit u. This is a consequence of the fact that us are
critical points, while w,, only satisfies (A.12).
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