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Weighted Trudinger-Moser inequalities and
associated Liouville type equations

Marta Calanchi, Eugenio Massa and Bernhard Ruf

Abstract

We discuss some Trudinger-Moser inequalities with weighted Sobolev norms. Suitable
logarithmic weights in these norms allow an improvement in the maximal growth for inte-
grability, when one restricts to radial functions.

The main results concern the application of these inequalities to the existence of solutions
for certain mean-field equations of Liouville-type. Sharp critical thresholds are found such
that for parameters below these thresholds the corresponding functionals are coercive and
hence solutions are obtained as global minima of these functionals. In the critical cases the
functionals are no longer coercive and solutions may not exist.

We also discuss a limiting case, in which the allowed growth is of double exponential
type. Surprisingly, we are able to show that in this case a local minimum persists to exist
for critical and also for slightly supercritical parameters. This allows to obtain the existence
of a second (mountain-pass) solution, for almost all slightly supercritical parameters, using
the Struwe monotonicity trick. This result is in contrast to the non-weighted case, where
positive solutions do not exist (in star-shaped domains) in the critical and supercritical case.

Keywords: Trudinger-Moser inequality, Liouville type equations.
MSC-class: 35J25, 35B33, 46E35

1 Introduction

The well known Trudinger-Moser (TM) inequality provides continuous embeddings into expo-
nential Orlicz spaces in the borderline cases of the standard Sobolev embeddings, when the
embeddings into Lebesgue LP spaces hold for every p < oo but not for p = oo. Let us recall
Moser’s result for the case N = 2:

Theorem A (Moser [Mos71]). Let N = 2; then

/ w2 | <019 if a<dnm, (L.1)
sup e } _
Jo |Vul2dz<1/Q = +00 if a> 4.

A useful variant of the TM inequality is the following logarithmic TM inequality:

Theorem B (Moser [Mos71]). Let  C R? be a bounded domain. Then there exists a constant
C > 0 such that )
log/ e’ dx < / \Vul|? de+C, ue HH Q). (1.2)
QO 167 0

1
The value Tom is optimal (see e.g. [CLMP92]).
T
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2 Weighted Trudinger-Moser inequalities and associated Liouville type equations

1.1 Weighted Trudinger-Moser inequalities

Recent results concern the influence of weights on such type of inequalities. In [CT05], [AS07],
[dFdOdS16], for instance, the authors consider the effect of power weights in the integral term
on the maximal growth. On the other hand in [Call4], [CR15¢|, [CR15a], [CR15b], [CRS17] the
interest is devoted to the impact of weights in the Sobolev norm.

We concentrate our attention on this second type of results. More precisely, let w € L'(£2)
be a non-negative function, and consider the weighted Sobolev space

HY (O, w) = cz{u € 0 (Q) ; /Q Vul?w(z)dr < oo} . (1.3)

It turns out that for weighted Sobolev spaces of the form (1.3) logarithmic weights have a
particular significance. However, as was observed in [CR15a, Proposition 8|, one needs to restrict
the attention to radial functions in order to obtain an actual improvement of the embedding
inequalities. One is therefore lead to consider problems of the following type: let B C R? denote
the unit ball in R?, and consider the weighted Sobolev space of radial functions

Hg = H&md(B,wﬁ) = cl{u € C5raa(B) ; Hu||% = /B |Vul|?wg(z)dz < oo} ,

where

B
wg(x) = (log i) , B>0. (1.4)
The following results were obtained in [CR15a] and will be fundamental in this paper.

Theorem C ([CR15a]). Let 8 € [0,1). Then

~ 2
(a) / el dy < +oo, forall ue Hg <= v <vy3:= ﬂ
B _
and
(b) sup / el dy < 400
u€Hp, |[ulls<1” B
if and only if
1
a<ag:=22n(1-p)]-5 (critical growth). (1.5)

Remark 1.1. This result extends the Trudinger-Moser inequality (1.1); indeed, for § = 0 we
recover the classical TM inequality where 7o = 2 and «ag = 4.

Going to the limiting case 8 = 1 in Theorem C, one sees that the exponent + of u in the
integral can take any value, that is, we are again in a borderline case. But again, the embedding
does not go into L™, in fact, we find a critical growth of double exponential type, as described
in the following

Theorem D ([CR15a]). Let f=1 (ie. wi(z) = log 15 ). Then,

u2 -~
(a) /Bee dr <400 ,VuecH; = H&md(B,wl)

2mu?
(b) sup / e’ dr <400 = a<2.
ueHy, [|uf1 <17 B
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M. Calanchi, E. Massa and B. Ruf 3

Finally, in the case 8 > 1, one has the following result

Theorem E ([CR1b5a]). Let § > 1. Then we have the following embedding:
Hy = Hj y4( B w5) < L(D).

Logarithmic inequalities similar to (1.2) can be obtained also in this setting. We have the
following results, which were partially obtained in a previous paper [CR15c], but we recall the
proofs for completeness in the Appendix.

Proposition 1.2.
a) For B € ]0,1), there ezists a constant C(53) such that

1 2} 1 ~
log (/ el dx) < —|lu 2408 Yu € Hg, 1.6
5 /. gl +C19) 5 (16)
where 5
Nyi=m(1—8)P@2—-pB)> P27 and 0= 5" (1.7)
b) For =1, there exists a constant Cprp such that
1 || 1 2 1 lOgCMB 7
log] (447 el g ) < = 1 (7 4444447) . 1.
og log ] /Be z) < 27T||uH1 + log 3 + Tl Yu € Hy (1.8)

1
~ and o in (1.6) and (1.8), respectively, are optimal.
5 T

The values

Remark 1.3. Notice that in the case f = 0 inequality (1.6) gives the classical logarithmic TM
inequality (1.2), actually, A\j = 87 and 6y = 1.

1 1
Remark 1.4. The optimality of 2y can be found in [CLMP92], while the optimality of —— and

¥ 27

— in (1.6) and (1.8), respectively, is new, and it will be a consequence of Theorem 1.5 in this
s
paper.

1.2 Mean field equations of Liouville type

The logarithmic version of the TM inequality is crucial in the study of mean field equations of
Liouville type (see [Lio53]) of the form
eu
—Au =A—r in QcR?,
Jae (1.9)

u =0 on 0f).

Equation (1.9) was derived by Caglioti, Lions, Marchioro and Pulvirenti in their pioneering
works [CLMP92, CLMP95] from the mean field limit of point vortices of the Euler flow, see
also Chanillo-Kiessling [CK94] and Kiessling [Kie93]. Equation (1.9) occurs also in the study of
multiple condensate solutions for the Chern-Simons-Higgs theory, see Tarantello [Tar96], [Tar04].
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4 Weighted Trudinger-Moser inequalities and associated Liouville type equations

In particular, it has been shown (see also [Li99], [CL10]) that equation (1.9) has a solution
if
A < 8, (1.10)

while a Pohozhaev identity shows that no solution exists for A > 8 in starshaped domains (see
e.g. [CLMP92]). In view of this, we call the case A < 87 subcritical, the case A = 87 critical,
and the case A\ > 87 supercritical.

The existence of a solution in the subcritical case can be proved by using variational methods;
in fact, solutions of (1.9) are critical points of the functional

1
THNQ) SR () = 5l - /\log/ e da. (1.11)
Q

Indeed, for A < 8w, as a consequence of the logarithmic TM inequality, the functional J is
coercive, hence bounded from below, and then admits an absolute minimum. For A = 87 the
functional J is still bounded below, but no longer coercive, and the infimum is not attained.

1.3 Main results

In this article we concentrate our attention on some functionals similar to (1.11) and related
nonlocal equations that generalize (1.9), under the impact of the above mentioned weighted
logarithmic inequalities.

We define the following functionals:

i) for g €10,1), let

_ 1
Jy: Hg — R, Iy(u) = 5||uH§ — Mog <][ e’ dx) : (1.12)
B
where 6 = 63 from Proposition 1.2, and writing u’ := |u[’~'u and f, := ﬁ I5 ;
i) for g =1, let
_ 1 .
I,: H — R, I\(u) :== iHuH% — Aloglog <][ e’ daz) . (1.13)
B

Our purpose in this paper is to study the geometry of these functionals in dependence of the
positive parameter A and, as a consequence, to obtain existence results for some related nonlocal
equations. In particular we will prove the following results.

Theorem 1.5.
i) For 8 €[0,1), the functional Jy is coercive for X € [0,A}) and it is bounded from below if and
only if X < Xy (see expression (1.7)).

ii) For B = 1, the functional Iy is coercive for A € [0,7) and it is bounded from below if and
only if A <.

Both results have a natural application to some weighted mean field equations of Liouville
type. As for equation (1.9) we distinguish the subcritical and critical case.
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M. Calanchi, E. Massa and B. Ruf 5

Theorem 1.6 (Subcritical case).

i) Let B €[0,1), and 6 = 03 = ﬁ Then the equation

mu‘efl e“e

s e’
=0 on 0B,

in B,

—div(wg(z)Vu) = X (1.14)

has a positive weak radial solution, which is a global minimizer for Jy, for every value A € (0, /\};)
i1) The equation

u
ev ec

—div(wi(z) Vu) = )\long e
u = 0 on 0B,

in B, (1.15)

has a positive weak radial solution, which is a global minimizer for Iy, for every A € (0,7).

In contrast to the situation for equation (1.9), and somewhat surprisingly, for problem (1.15)
with the double exponential nonlinearity we can also prove an existence result for the critical
and slightly supercritical case:

Theorem 1.7 (Critical and supercritical case). There exists g > 0 such that equation (1.15)
has a positive weak radial solution, which is a local minimizer for Iy, also for X\ € [m, 7 + &9).
When XA = 7 the minimum is global.

Remark 1.8. The nonlinearities in the problems above are always nonnegative, and so only trivial
or positive solutions may exist. In fact, the trivial solution exists for problem (1.14) if 8 € (0, 1),
while for § = 0 (problem (1.9)) and for 5 =1 (problem (1.15)) w = 0 is not a solution.

We observe that in the supercritical situation, that is for A € (7,7 + &¢), the functional I
has a mountainpass-structure, since we have a local minimum, and directions along which the
functional tends to —oo. A direct application of the Mountain-pass Theorem by Ambrosetti-
Rabinowitz [AR73] seems difficult due to loss of compactness. However, we can apply the
so-called “monotonicity trick” by Struwe [Str88] (see also [ST98, Jea99]) to obtain

Theorem 1.9. Let gy as in Theorem 1.7. Then for a.e. X\ € (w,m + €g) equation (1.15) has a
second positive radial solution which is of mountain-pass type.

2 Proofs

We first prove the result concerning the geometry of the functionals Jy and Iy.

Proof of Theorem 1.5. Coercivity for A < Aj (resp. A < 7) is an immediate consequence of (1.6)
and (1.8), actually (with A > 0)

1 A

B = (5 - 5
B

Miul3 = Ac(8)
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6 Weighted Trudinger-Moser inequalities and associated Liouville type equations

and

1 A 2 1 logCMB 1 A 2 1
> (-2 — Sy MBS (22 - - .
Inw) 2 (5 = 5 )llulf = Aog (8 * JI > (5= 3wl = Aog ( § + 1og Cov

The above estimates also show that the functionals Jy and I are bounded from below when
A< A5 (resp. A < ).

Sharpness is much more delicate. When A\ exceeds those critical values, the functionals are
not bounded from below: we will produce a sequence along which they tend to —oc.

Case 8 € (0,1). We evaluate the functional along a generalized Moser sequence (see [CR15al):

let ug(z) = % with |z| = e™!, where
1+¢)0—1
((1+t3€)1 — for t <k,
_|_ S —
Pr(t) = (2.1)

(1+k)I-P—-1 fort>k.

With this definition one has ||ug||g = 1.

1/(1-8
We set aj, = C/27(1 - j) (\/(1 + k)17 — 1) : ), where C will be fixed later, and eval-

uate the functional (1.12) along the sequence {akuk}: using the new variable ¢ the functional
reads as

N 6“2'% ~ Aog [ /Oo exp ( \/ﬁ )0 _ 2t> dt] .

We estimate

1

/Oocéxp (‘\/% 2t> dt = /0°pr <‘C ( (1+ k)18 — 1) o wk(t)‘eﬁ - 2t>dt

o0 ot 6,
Z/ exp <‘C’< 1—1—]4:)15—1) ‘ —2t>dt
k
1
— 2
1
— 2™

(2-8)/(1-B) 5 2-5)
“C’( +/<:)1—6—1) ‘/( —Qk]
1/(1-8
[02/@ f) [(1 T RSB 1} e Qk] .

Therefore

1

(o) < C? [(1 + k)P — 1} TP a1 —-B)— A [02/@—5) [(1 + k)P — 1} Vs 24.

9 _
We now set €228 =2 1? + 26, for some 6 > 0.
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M. Calanchi, E. Massa and B. Ruf 7

Since (2+6) [(14 k)79 — 1] VAP _ 9k - 0o when k — oo, we estimate, for k large,

1

c¥ =P [(1 o 1} ok > {22:—5 —2+4 5} [(1+ k)18 —1]77

—

B

1

= [ +d][a+ k)P 1]

Then

J(oww) < [(1+R) 7 =1 77 mzi:g} + 25)27%(1 —B) - A[1—25 + 5H L (22)

2
Let A = (1+¢)A; = (1+¢) ([2%}) 7(1 — B8)?/2, for some ¢ > 0. Then (2.2) can be

rewritten as
Ia(onte) < [(1 +E)IA - 1} s (2 ﬂ)wm —8 {1},

where
{...}:{(H‘S(;__;))ZB—(1+e)<1+61_25)}.

Since this term tends to —e as § — 0, the expression in braces is negative for § > 0 small enough,
and then J — —oco along this sequence.

Case = 1. Again we prove that the value A = 7 is sharp by considering a generalized Moser
sequence: let ug(x) = wkfé? with |z| = e™?, where now we use the sequence

log(1+1t)

Tog (L1 1) fort <k,
Yr(t) = o8 (2.3)

log(l+ k) fort>k.

Then |lug||; = 1 and evaluating I along the sequence {ajuy}, with o, = C'v/2mlog(1 + k),

we obtain )

Iy (agug) = % — )\loglogQ/ exp [e(a’“w’“/v 2m) _ 275] dt .
0
We estimate

/ . [e<akwk/m> _ Qt} dt > / . [e(c\/%r log(1-+k)\/log (17 8) /VZR) _ Qt] U
0 k

= / exp [e(Clog(Hk) - Qt] = %exp[(l + k)C — 2/<;] dt,
k

and then
I(agug) < C*rlog(l+ k) — A log ((1+ k)¢ — 2k)] .

For A = m + ¢ we choose C' =1+ 2§(¢) and for k large we can estimate

log((1+k)'*% — 2k) > log((1 + k)'*),

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.



8 Weighted Trudinger-Moser inequalities and associated Liouville type equations

and then
I(aug) < (1+26)*mlog(1+ k) — (7 4+¢)(1 +6)log(1 + k) ;

since for § > 0 small (1 4+ 26)?7 < (7 4 €)(1 4+ J), we have proved that, if A > , there exists a
sequence along which I, — —oo. O

In order to prove Theorem 1.6 we need a compactness result. The following Lemma due to
de Figueiredo-Miyagaki-Ruf (Lemma 2.1 in [dFMR95]) will be needed:

Lemma F ([dFMR95]). Let (u,) be a sequence of functions in L!(2) converging to u in L'(£2).
Assume that F: R — R is measurable, and that F(u,(z)) and F(u(z)) are also L' functions. If

/ }F(un(x)) un(m)‘da: <C
Q

then F(uy,(z)) converges to F(u(x)) in L.
The compactness result is in the following Lemma:

Lemma 2.1. Let 3 €[0,1) and 6 € (0,73) or > 1 and 6 > 0.
Let (uy) be a bounded sequence in Hg. Then there exists u € Hg such that (up to a subsequence)

log][ evndr — log][ e dr  asn — +oo
B B

and, if B =1,
log log][ " dz — log log][ e“"dx as n — +oo.
B B

Proof. Let [[uy||g < C. Then there exists u € H 3, such that (up to a subsequence)
Up — U In f[@, U, —u in LY(B), u, = u ae. , as n— 400.

Observe that the nonlinearity "’ is subcritical with respect to the maximal growth -4 given by
Theorem C, and that there exists a constant C (depending on C, § and () such that

1t1\78
|tet9|§016aﬁ<c> , VteR. (2.4)
From Theorem C and this estimate we have that

6 0 0
elunl , el” e 11 and / |une‘""| ‘daz < (Cy.
B

We now apply Lemma F using F(t) = et’.

For the case 8 > 1 one proceeds in the same way using the inequalities

()’

ite” |, [te’| < Cre*  VteR,

Theorem D or E, and applying Lemma F using F(t) = ¢!’ and F(t) = e

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.
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We are now able to prove our first existence result.

Proof of Theorem 1.6. Since A < A} (resp A < m), the functional J) (resp. I)) is bounded from
below by Theorem 1.5, and one can take a minimizing sequence (uy,), i.e.

lim Jy(u,) =m = inf Jy(u),
i, ) =m = int

which is trivially bounded in H g by coercivity. Therefore there exists u € H 3, such that (up to
a subsequence)

Up — U In ﬁg, Up, —u in LYB), up, = u ae. , as n— 400
By Lemma 2.1 and the weak lower semicontinuity of the norm

m < Jy(u) < Eﬂ{}f Ix(up) =m.

Then u is a global minimizer and therefore a solution of Problem (1.14). The case § = 1 is
analogous.

When 8 =0 or 8 = 1 the solution obtained is positive by Remark 1.8. For 5 € (0, 1) we still
have to show that the obtained solution is not trivial. This is the case since the origin is not a
minimizer. Indeed, let v € ﬁg, v#£0,0<v <1, te(0,1): then ™’ > 1+ (tv)? and

][ e dy > 1+ ][ (tv)da .
B B

Since f5(tv)?dz <1 we can use the estimate log(1+7) > 37 for 7 € (0,1) to conclude

1
log][ ) gy > = ][ (tv)?dz .
B 2 /B

With this we get

Ao

t2 t2
I0) = T ol = Mog f e o< G ol — 510 f

since 0 € (1,2), the above expression is negative for ¢ small and then m < 0 = J,(0).

In the next proof we consider problem (1.15) when A > 7.

Proof of Theorem 1.7. Beyond the threshold A\ = .

The functional I is still bounded from below by Theorem 1.5. We need to prove that minimizing
sequences are still bounded, despite that in this case coercivity does not hold. However, the
particular form of the logarithmic TM inequality will help in this direction.

Let (u,) be a minimizing sequence, that is

Ii(up) = m = inf I(u).
ueHy

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.



10 Weighted Trudinger-Moser inequalities and associated Liouville type equations

We observe first that the infimum cannot be positive, since m < I;(0) = 0. On the other hand,
from inequality (1.8) we have

1 un 1 logC
Ii(up) = ||un||%—7rloglog<][ e’ d:n) > —mlog (7+LA/£B> .
2 B ] lon
[ s

If ||un |1 — oo we would have

0>m= lim I;(u,)>liminf

n—+400 n—-4o00

=+
8 llunl?
e 2w

{—ﬂlog(l M)} =mlog8 > 0,

a contradiction. Then (uy) is bounded and we are done (as in the proof of Theorem 1.6).

Now we prove that a minimum (now only local) exists also for A = m + ¢ > 7, ¢ small. Let
R > 0 be such that

log C 1
R < < for ulh > R, (2.5)
e 2m

then for ||ul[y = R and every € > 0, one has

1 logC

—(m 4 ¢)log <8 + 0g|u1\2/13> > —(m+¢e)logl/4d = (m+¢e)logd > mlog4; (2.6)
1
€ 2w

as a consequence, for |lull; = R and € > 0 small enough,
1 T+ 2
- —— R log 4
<2 or > + 7 log
> —2iR2 +mlog4d > mlog2 > 0.
7r

Lnye(u)

Y

Let then Br = {u € Hy : |jul|; < R}. Since

iri,[ﬂ—_l’_g(u) < I7r+5(0) =0< inf I7r+5(u) s (27)
UEBR uEBBR
we conclude (up to a compactness argument as above) that the infimum is attained at a local
minimum in Bg, which then yields a nontrivial positive solution.
We observe that the limiting value for £y can be estimated in term of Cy;p: in the argu-

ment above (but a finer estimate could be obtained) R > 2mwlog(8log Casp) and then gy <
log 2
2log2(810gCMB) ’
O

In order to prove Theorem 1.9, we will use the following generalization (whose proof is given
in the appendix) of a result by Jeanjean [Jea99] which is based on the so-called monotonicity
trick by Struwe, see [Str88, ST98].

Theorem 2.2. Let X be a Banach space equipped with the norm || - ||, and let u: X — X be a
continuous map. We consider a family (Ix\)xcy (J C RT is an open interval) of C'— functionals
on X of the form

In(u) = A(u) — AB(u), M€ J,
and suppose that

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.



M. Calanchi, E. Massa and B. Ruf 11

i) B(u) >0 for allu € u(X) ;
it) In(u(uw)) < Ix(u), for allu e X and X € J;
i) either A(u) — +o0 or B(u) — +00 as |ju|| = +o0.

Assume that there are two fixed points vy and vi of u such that for the family of maps

I'= {'7 S C([07 1]7X)7 7(0) = vo, ¥(1) = Ul}? (2.8)
it holds
ey = inf max I)(y(t)) > max{I\(v1), Ir(vo)}, forallXe J. (2.9)
€l t€(0,1]

Then for almost every A € J there exists a bounded PS-sequence for Iy at level cy, i.e. there is
{up}n C X with

a) {up}n is bounded,

b) I)\(un> — C),

¢) I (un) — 0 in the dual space X of X.

Remark 2.3. When p is the identity, this is exactly [Jea99, Theorem 1.1].

Proof of Theorem 1.9. We apply Theorem 2.2 to our functional I;4., € € (0,e0), with X = 1::[1,
and n(u) = |u|. In view of (2.7) and Theorem 1.5-74, for all 1 € (0,e9) there exists v; > 0
such that Iy, with ¢ € (e1,¢) satisfies condition (2.9) with vy = 0. Hence, we find for a.e.
e € (e1,€0) a sequence {v,} satisfying a), b) and c¢). Due to the arbitrariness of ¢; this is true
for a.e. € € (0,&9). _

Since {v,} is bounded, we find a subsequence converging weakly and a.e. to v € H;. Then
the proof is easily concluded: by Lemma 2.1 we have fB e dr — JCB e dx > 1, and similarly

one also obtains [ e"e® " pdr — [ e’e” pdz, for all ¢ € Hy. Thus, from

[pevne ™ (v, — v)da
log fp e dx [5 e dx’

0« Iy (vn) (v, —v) = / Vo,V (v, —v)widx — (7 +€)
B

we conclude that f B Vo,V (v, —v)wide — 0. As a consequence v, — v strongly and v is a weak
solution of equation (1.15). It is different from the first solution since Ir4-(v) > 0, and positive
by Remark 1.8.

O

3 Appendix

In this appendix we give, for sake of completeness, the proof of the logarithmic TM inequalities,
that were already proved in [CR15¢]|, and the proof of Theorem 2.2.

Proof of Proposition 1.2 . Let B € (0,1). By Young inequality, if §, §’ are two conjugate expo-
nents, then for every s, t > 0 one has
()% 19

5 +ﬁ7 V> 0. (31)

st <

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.



12 Weighted Trudinger-Moser inequalities and associated Liouville type equations

We need 4,8’ to be conjugate exponents and satisfy

95:’}/5:ﬁ
08 =2.

This implies
_ 2 _2-8 _
0 = 5=5, 5_1—B’ =2-75.

|u]
l[ullg

lull ul \"
ulf < B—i-ag( [ul ) : (3.2)

T2 [l

[%
Then one has, by taking s = ||u||% and t = ( > in (3.1), and selecting 7 so that 790 = %

(see equation (1.5))

where A} is given in (1.7). Let now

C(8) = log< sup ]{9 eaﬁ(ﬂu“‘ﬂ)w da:> ,

u€Hp\{0}

which is finite by Theorem C. Then we conclude

2
llull?

; e [ ()" Jull?
log][ el"dz <log [ e ][e s ) de | < —2 4+ C(B).
& 2N

|ul

Tl and 2 = 7 in

Consider now the case = 1. Taking a = ||ul|, b =

we get

so that

2 2
<][ e d:l:) < ][ exp <e41"”u”%+7r(uu> >dx < ][ exp <e417r“% ew(”“”l) >dx.
B B B

Let

27r( || )2
Cyp = sup ][ exp | 2¢” \luh dx
ueH1\{0} Y B1(0)

(which is finite in virtue of Theorem D).
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2
Now taking a = eﬁ”“”i b= eﬂ(l\u\h) and €2 = 2 in (3.3), one gets

w 1 ol —u 2
log log (][ e’ dx) < loglog][ exp (8e2l7r“§ +2¢° (Hu||1> ) dx
B B

2
27w U
:10g 16217\'“u|%—|—10g][ 626 (HUH1> da
8 B

1
< log <8€217fu% + log CMB)

< 5 lull +log (; + lgf?”)
e or
O
Proof of Theorem 2.2. 1t suffices to show that for every A € J
¢y = inf max I(y(t)) = inf max I)(puo~y(t)) =: ¢f (3.5)

v€T t€[0,1] v€T tel0,1]

Indeed, observe first that given a path « € I'; also the path po~ € I', since p is continuous and
vg, v1 are fixed points of . Hence, ¢}’ > ¢y because every path £ 0+ on the right also appears
on the left. Condition (ii) gives the reversed inequality. This, together with (), implies that
the map A\ — ¢ is non-increasing and then ¢} exists for almost every A € J.

Then the proof can be completed as in [Jea99], Theorem 1.1, proceeding by the following
steps:
1) Given X € J at which ¢} exists and a sequence {\,} C J with A, A, there exist a constant
K = K(X) > 0 and a sequence of paths -, € I" such that

a) tm{g)f] (1 (t) <ex+ (= +2)(A = Ap).
€10,
Moreover, if v, (t) satisfies I (7, (t)) > ex — (A — Ap), then ||, ()| < K.
In the proof of this step, it is important to observe that, in view of (3.5), the paths =, can
be chosen so that they have image in p(X), which allows to use condition (7).
2) Fora>0let Fy ={ue X : ||ul| < K+1and |[Ix(u) —cx| < a}, where K is the constant of
the previous step. Then

inf{||I5(w)|| : uweF,} =0, forevery a>0. (3.6)
Then, choosing o = ¢, — 0, we obtain by 2) a u,, € F;, such that ||I}(u,)| < &5, which

satisfies ||un|| < K 4+ 1 and [I\(upn) — x| < ep -
O
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