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Abstract

We prove several classification results for p-Laplacian problems on bounded
and unbounded domains, and deal with qualitative properties of sign-changing
solutions to p-Laplacian equations on RY involving critical nonlinearities. More-
over, on radial domains we characterise the compactness of possibly sign-changing
Palais-Smale sequences.
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1 Introduction
Throughout the paper we use the following notation:
Apu = div(|VuP72Vu), 1<p< oo,
p*:=Np/(N —p), 1<p<N,
DYP(RY) = {u € LP"(RN) : Vu € LP(RV; RM)},
lull = [IVull o @n),
H=RY ={zeRN 2y > 0}.
For a smooth possibly unbounded domain O we denote by Dé’p (O) the closure of

D(O) in DP(RY). When O is bounded we set Dy?(O) = Wy (O).
Let 1 < p < N, Q be a smooth bounded domain of RY and a € LV/?(Q). We define

on Wy (Q)
Vul? p P
ot = [ (b o)™ - M as,

and on DYP(RV)

oot = [ (T,

Recall that

(¢'(u), h) = /Q[|Vu|p_2Vu -Vh + a(z)|ulP"2uh — |ulP" 2w h]d,

(¢l (u), h) = /RNUV“\’J_QW - Vh = [ul”" "Puh]dz.

From [10] a blow-up theory for the Palais-Smale sequences {uy, }n C VVO1 P(Q) for ¢ is
available when {uy,}, is a bounded sequence ‘nearby’ the positive cone of VVO1 P(Q).
We assume here that

d(un) > ¢ ¢ (up) — 0 in W HP(Q)
and

[(un) =l (@) = 0, n — oo

Then, a p-Laplacian generalisation of Struwe’s global compactness result, see e.g.
[9, 16, 21] holds. In fact by [10], passing if necessary to a subsequence, there exists
a possibly nontrivial solution vy € VVO1 P(Q) to

~Aju+ta(z)uP Tt =w? 7 in Q,

>0 in €,



k possibly nontrivial solutions {vy,...,v} € DYP(RV) to

*_ .
—Apu =uP U in RY,

w>0 in RV,

and k sequences {y/}, C Q and {\}},, C Ry, such that

)\iz. dist (y%,, Q) — 00, n — o0,
k . . .
= v =YD P™ N Pui((- = ) /NI =0, n = oo,
i=1

k
lunll? = D oill?,  n— oo,
i=0

k
é(vo) + Z boo (Vi) = c.
i=1

Recent symmetry results of Sciunzi [15] (see also Vétois [20]) together with the
uniqueness of the radial positive solutions to —A,u = uP"~! on RN (see Guedda-
Veron [7]), allow to prove that the limiting profiles {vq,...,ux} are given by the
classical Talenti functions ([17]). Among the various applications of this result, it is
worth mentioning [11], which extends to the case p # 2 the classical result of Coron
[1].

When considering arbitrary sign-changing Palais-Smale sequences the scenario is
much richer. In fact, one may have

AP S i
hnnl)loréf YA dist (y;,, 0Q2) < 00
and as a consequence some of the limiting functions v; may live on a half-space.
Ruling out that this situation may occur would yield a complete generalisation of
Struwe’s result for the p-Laplace operator. More precisely, one may conjecture the
following Liouville-type theorem

Conjecture. Let u € Dé’p(Rf) be a weak solution of the equation

—Apu=[uP" 2 in RY. (1)
Then u = 0.

In [10] it has been shown that this conjecture is true under the additional as-
sumption u > 0. In a more delicate regularity setting, following [4] the proof in [10]
consists in showing that the normal derivative of a nontrivial solution vanishes along
the boundary of Rf . Therefore u extends by zero to a solution on RV contradicting
the strong maximum principle [19, 14]. However, when dealing with the p-Laplacian
operator, a unique continuation principle seems to be a major open question.



1.1 Main results

Among the main results of the present paper we have an a priori quantitative bound
on the number of nodal regions for the solutions to (1). More precisely we have the
following general result for possibly unbounded domains. Hereafter we refer to the
Sobolev constant as defined as

S = S(N,p) := inf { /RN IVulPdz, u € DYP(RY) /RN ulP"dz = 1}, 2)

achieved on functions

1 1 —1
)\—ple;(fl\Jf_—f)pT Nep N

> > , AeRL,zg e R,
Ap—1 4+ ’ . _xo‘pfl

Uxzo = [

see [17] .

Theorem 1.1. Let 1 < p < N, let O be a smooth domain of RN and u € D(l]’p(O)
be a solution to the equation

—Aju = [ulf" 2u in D(0). (3)
Then

i) for every nodal domain w of u it holds that

/ Vup = / P

i) if u € D(l]’p(O) \ {0} then u has at most a finite number of nodal domains.
More precisely let Ny, be the set of nodal domains of u and $/N,, its cardinality,
it holds that

N < SO [ Jup
@
where S(N,p) is the best Sobolev constant defined in (2).

As a consequence of the above theorem we have two propositions in a radially sym-
metric setting, which are of independent interest.
For R, > 0 consider the radial problem

{ ~Apu = plulP" "2y in B(0,R) C RV, 7

u e WyP(B(0, R)).
. . . . . . oIN
For p = 2, 0 is the only solution by the unique continuation principle. When 75 <
p < 2, 0 is the only radial solution, see [10] p. 482. Following a different method,
we can now improve this nonexistence result for all p € (1, N). Set B = B(0, R). We
have the following

Proposition 1.2. Let 1 < p < N, and let u € Wol’p(B) be a possibly sign-changing
radial weak solution to the equation (4). Then u = 0.



Proposition 1.3. Let 1 < p < N and let u € D'?(RN) \ {0} be a possibly sign-
changing radial weak solution to the equation

—Apu=|ul 2u in RV, (5)

Then, necessarily

1 1 p—1
AT NF (Z22) 57 N
Y ’ (6)
Ap—1 4+ ’ . ‘p71

uEUA::j:[

for some A > 0.

In Section 4 we show that the above propositions yield a precise representation of
the Palais-Smale sequences for radial problems, see Proposition 4.1 and Proposition
4.2.

In a nonradial setting we have the following classification results by means of the
Morse index, we recall its definition in Section 5. The assumption p > 2 allows to
have twice differentiability of the associated energy functionals. In the spirit of 2],
the following theorem states that the number of nodal regions of a solution cannot
exceed its own index.

Theorem 1.4. Let O be a smooth domain of RN, 2 < p < N, and let u € Dé’p((’))
be a solution to the equation

~Aju = |ulf"u in D'(O).
Then

where i(u) is the Morse index of u.

As a consequence of the above theorem we have the following classification results
which are suitable when studying solutions with min-max methods, see e. g. [21].
In the spirit of [5] we have the following

Theorem 1.5. Let 2 < p < N.
1) Let u € D(l]’p(RﬂY) be a weak solution to the equation

—Apu = uf ?u in RY. (7)

Then u =0 if and only if i(u) < 1.
2) Let u € DYP(RYN) be a weak solution to

—Apu=[uf"2u in RV, (8)
If i(u) < 1, then either u =0 or for some o € RY and X\ > 0 and up to the sign

AFTN (X5 o

AT 4|77

u= UA,IO = [
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Remark 1. To the best of our knowledge it is not clear whether Talenti’s functions
have index exactly equal to 1.

For bounded domains we have the following

Theorem 1.6. Let2 < p < N, and Q is a smooth bounded domain of R, starshaped
about the origin, namely such that x - v > 0 on 082, where v is the exterior normal
unit vector. Let u € Wol’p(Q) be such that

—Aju=|uf % in D(Q). 9)
If i(u) < 1, then it holds that uw = 0.

Remark 2. In the case p = 2 and N > 3, this result is well-known without any
restriction on the index, as a consequence of the unique continuation principle.

Remark 3. If Q) is an Esteban-Lions type domain (namely a generalisation of Po-
hozaev’s starshaped domains, see [13]), we believe that Theorem 1.6 holds, see [4].

2 The normal derivative vanishes at the boundary

In this section we show that, regardless of their sign, solutions to (1) have vanishing
normal derivative along the boundary. Hereafter we set H = Rf ={zecRY:zy >
0}, and Br = {z € RY : |z| < R}, for some R > 0. Moreover, we denote by n(-)
the exterior unit normal to 0(H N Br) whose N-th component is ny(-). The N-th
partial derivative will be denoted by Jy.

Lemma 2.1. Let 1 <p < N and u € Dé’p(H) be a weak solution to equation (1).
Then Onu = 0 everywhere on OH .

Proof. The case 1 < p < 2 had been obtained in [10] without any positivity assump-
tion, while the case p = 2 is known from [4].

For 2 < p < N we argue as follows. We observe that solutions of (1) are Cﬁ)’g(f_[ )
see e.g. [3, 12, 18].

As in [10] we prove the following local Pohozaev’s identity, in the spirit of a similar
identity proved in [4] in the case p =2

[Vul?
——n

<1—1>/ Onufdo = / [OnulVuP =V - n(o) n(0)]do
P/ JBrnoH HNOBR

Jul?”
+ —ny(o)do.
HNOBR p

The desired conclusion will be then achieved. Indeed, since Vu € LP(H) and u €
LP"(H) the right hand side is bounded by a function M (R) such that for some
sequence Ry, — oo, M(Ry) — 0.

In order to prove (10) we use a regularisation argument, see e.g. [3] and [6]. We point
out that in [6] a Pohozaev identity for the p-Laplacian is available in the context of

(10)



Dirichlet problems on bounded domains.

By antireflection with respect to 0H extend (and still denote by) u to a solution on
the whole RY. Following [p. 833, [3]], we consider u. solution to the boundary value
problem

u *
—div ((6 + |Vu€|2) 2 Vu€> = |ulP""2u in Bap,
Ue = U on JBap;

u. € C%(Bgr) and uniformly bounded for e € (0,1] in C%*(Bg). By the Ascoli-
Arzela theorem for a suitable sequence € — 0%, u. — u and Vu. — Vu uniformly
on Bp.

Consider the vector field

9 p=2
Ve 1= (5—1— |V ) 2 OnusVue.
Since

div v, = Oyu, div <(€+ |Vu| ) 2 Vua> + (€+ |Vue| ) 2 Vu, - VOnu.,

by the divergence theorem we obtain

p—2
/ Onue div <(5 + |Vu€|2)T Vu€> dz
BrNH

—2
= / ve - n(o)do — / (E + ]VuEIQ)pT Vu, - VOyusdx
O(HNBR) BrNH

21p/2
:/ va-n(a)da—/ Mm\/(a)da.
O(HNBR) d(HNBR) p
Moreover
Jul”” Jul?”

/ OnululP” u dx:/ ” nN(J)da:/ —ny(o)do.
HNBRr d(HNBg) P HNOBr P

Equating the above two expressions and passing to the limit, as ¢ — 0T we obtain
(10). This concludes the proof. O

3 General facts about nodal regions and proof of Theo-
rem 1.1

The following approximation result will be used to prove Theorem 1.1 and Theorem
1.4.

Lemma 3.1. Let u € C’loo’cl (RM) N DYP(RY) and let w be a nodal domain of u, and
ul, its restriction to w. Then there exists a sequence {uy}n C COH(w) such that

i) Up — |y, in LP" (w) and everywhere in w,



i) YV, — Vul, in LP(w;RY) and almost everywhere in w.

Proof. We can suppose that u > 0 in w. Let f € C!(R;R) an odd function such that
(o i<,
f(t)_{ t, if |t > 2,

and define for all n € N, f,(t) := 1 f(nt). We also define v := uly, vy, 1= fn(v). It is
standard to see that

v € CONw) N LP" (w)

loc
Vo, € L2 (w; RY) N LP(w; RY)
suppv, C {xr € w | u(x) > 1/n} Cw,
moreover by the dominated convergence theorem and the definition of f, we have
a) v, — ul, in LP" (w) and everywhere in w,

b) Vo, — Vul, in LP(w;RY) and almost everywhere in w.

Let now 6 € C1(Ry), with §(¢) € [0, 1], and such that

0, ift>2
e(t):{ 1, ifo<t<1

and define .
O, (x) := 9(;)

Finally define w,, := 0,,v,,. It is immediate to verify that i) and i) hold. O

We are in the position to prove Theorem 1.1.

Proof of Theorem 1.1. Since u € C'(0), extending u by zero outside O we have that
ue CUHRN) N DL (RY).

loc

Proof of 7). Pick (u,) given by Lemma 3.1 extending by zero outside w. By a standard
density argument for every n € N one can test (3) with w,, namely

/]Vu\p_2VuVun:/]u\p*_2uun.
w w

By Lemma 3.1, as n — oo ©) follows.
Proof of 4i). For p € (1, N) and for all v € D'P(RY) we write Sobolev’s inequality as

s [ )" < [ v (1)

Using Sobolev’s inequality with v = u,, extended by zero outside w we have by 1)

wap = [ vep = sV ([ )" =sovn( [ var)” o)
=], w w




hence

([19ur) ™ = s (13)

w

namely

/ Vup > SV, p) N, (14)

It follows that

[ = [ vur
@ @]

And this concludes the proof. O

3 / Talp > 3 SN, )P = S(N,p) NN,

4 Radial problems and proof of Proposition 1.2 and Propo-
sition 1.3

Proof of Proposition 1.2. Tt is standard to see that u € CY%(B), see [3, 8, 12, 18].
Suppose u #Z 0. By the strong maximum principle and [6], the solution u must
change sign (and so it has a zero in B\ {0}). The nodal regions of u are spherically
symmetric, and the number of those is finite, by Theorem 1.1. Now pick a nodal
region, say A = {z € B : R; < |z| < Ra} with 0 < Ry < Ry < R. We can assume
that u solves

—Apu = plulP" "2y in B(0, R9)
u>0 in A
u=0 on 0A.

By Pohozaev’s identity, Theorem 1.1 of 6], we have Vu = 0 on 0B(0, R2), and this is
in contradiction with Hopf’s boundary point lemma, see e.g. [19], since u is positive
in A. This concludes the proof. O

Proof of Proposition 1.53. By [7] p.160 and the strong maximum principle, it is enough
to prove that u does not change sign. Let us assume that « changes sign. The nodal
regions are spherically symmetric and their number is finite. Therefore, by replacing
u by —u if necessary, there exists R > 0 large enough such that

u=0, ondB(0,R),

u >0, onRY\ B(0,R),

and so, by Proposition 1.2

u=0, on B(0,R),

u>0, onRY\B(0,R).

On the other hand by continuity Vu = 0 on dB(0, R), and this contradicts Hopf’s
boundary point lemma on R \ B(0, R). This concludes the proof.

O



Consider the following assumptions:
(A) Q is the unit ballin RV, 1 <p < N, a € LN/p(Q). Assume also

rad
(B) inf /[\Vu!p+a(a:)]u\p]dx > 0.
ueWy?(Q) JQ
IVullpp=1

Define on Wol’p(Q)

o(u) = /Q <|V5|p + a(:n)M - |u|p*)dx,

D p*

and denote by Wol P (Q) (resp. DXF(RY)) the space of radial functions in Wol’p Q)

rad rad

(resp. DMP(RY)). We also define on 'Dgﬁ(RN)

QNSOO(U) = /]RN <@ — %)dzﬂ.

Proposition 4.1. Under assumptions (A), (B) let {u,}, be a sequence in Wol’rz;d(Q)
such that

Sun) ¢ @(up) >0 in (Wyh ().
Then, passing if necessary to a subsequence, there exists a possibly nontrivial solution

v € WOI”‘” (Q) to

rad
—Ayu+ a(z)|ulP"2u = |ulP "2y,
and k sequences {\}}, C Ry, with X, — 0, n — oo, such that

k
lun, —vo =D ()P~ Puy (/)] = 0,

1=1

k
unll? =Y v,
i=0

k
¢(UO) + Z (Z;oo(vz) =,
=1

where v; is either identically zero, or for some A > 0 and up to the sign, it holds that

1 1 N— p—1 B

_ N

Vi = |: P p ] )
A1 4+ | . |p71

and

- SN/p

¢oo(%) TN
Moreover if a = 0, then all weakly convergent subsequences of {un}yn are weakly
convergent to zero in Wol’r’;d(Q). In particular vog = 0 and hence ¢(vy) = 0.

10



Proof. Let a = 0. Since the weak limit of {uy, },, vo, solves equation (4) with R, u = 1,
then by Proposition 1.2 vg = 0. The rest of the proof follows by Theorem 5.1 in [10]
and Proposition 1.3. In this radial setting QNSoo(vi) can be computed explicitly by [17],
using Proposition 1.3. And this concludes the proof. O

Now define on D'P(RY)

\VNL p P
o= [ (T s a1 - Y

bt = [ (g,

and

We assume

(C) 1<p<N,andac LN?(RVN) is radial such that

inf / [Vul? + a(z)|ulP]dz > 0.
ueD B ®N) JRN
IVullpp=1

Proposition 4.2. Under assumption (C), let {uy,}, be a sequence in Drla’l‘z(RN) such
that
Sun) ~ ¢ ¢(up) =0 in (DR(RY)).

Then, passing if necessary to a subsequence, there exists a possibly nontrivial solution
vy € DVP(RN) to

rad
—Apu+ a(z)|ulP~2u = |ulP” "2u
and k sequences {\}}, C Ry, such that X, — 0 or X\, — oo satisfying

k
ltn — w0 — > (NP~ Py (/A =0, 1 — oo,
=1

k
lunlP = > lloill”, n = oo,
i=0

k
$(v0) + > buolvi) = ¢,
i=1

where for i > 1 v; is either identically zero, or for some A > 0 and up to the sign, it

holds that

AN (X)L e

P
Vi = o o ] )
A1 4 | . |p71
and N/
- SN/p
¢oo('Ui) = N

11



Moreover if a = 0, then either vy is identically zero, or it holds that for some A > 0
and up to the sign

AN (AR

Vo = D D ] ! )
Ap*l + | . |p71
and
- SN/p
P(v0) = Poo(v0) = N

Proof. Tt follows by Theorem 5.4 of [10] and Proposition 1.3. When a = 0, ¢ can be
computed explicitly by [17], using Proposition 1.3. O

5 Finite Morse index solutions

5.1 Bounds on the number of nodal regions and proof of Theorem
1.4

Let O be a domain of RY, and u € VVé’f(O) be such that
~Apu = [uff"?u in D'(O).
For all v € CL(O) define

" (W)v,0] = / VulP=2 V0l + (p — 2)[VulP~4 (Y, Vo)? — (5" — 1)[ul?” ~2[of2.
]RN

We say that u has Morse index i(u), see for instance [2, 5], if i(u) is the maximal
dimension of the subspaces V of C}(O) such that

" (u)[v,v] <0, forall v € V'\ {0}.
Proof of Theorem 1.4. Define on Dé’p(O)

Poo(u) = /o (M - M)da;.

D p*
The linearised functional is

P (u)[v, v] = /O VP2Vl + (p — 2)[VulP = (Vu, Vo) — (" = Dful” ~?|o]*.

Pick the sequence (uy) as given by Lemma 3.1 and with ul, being the restriction of
u to w. Extend by zero outside w u|w and all u,. By Lemma 3.1 we have

O () ety ] — / VulP+(p—2)| VP — ("~ Dul?” = / (p—1)|VulP— (5" 1) [ul?™.
This and Lemma 1.1 yields

S (W)t tn] — (p —p*)/ ufP* < 0.

w

12



This means that for every nodal domain w there exists a direction u,, € cy ’1(w) (and
by density in Cl(w)) such that

oo (1) [t un] <0

and this concludes the proof. O

5.2 Proof of Theorem 1.5

Proof of Theorem 1.5. 1) If uw = 0 then i(u) = 0.

Assume that v # 0 and i(u) < 1. By Theorem 1.4 there is exactly one nodal region,
say A. If A = Ri\_f we have a contradiction by [10]. If A is a proper subset, we can
assume, up to consider —u instead of u, that A = {u > 0}. Since u € C}(RY) by
Lemma 2.1 it follows that Vu = 0 on 0A. Pick now any interior point p € A. There
exists a ball B(p, R) C A centered at p for some radius R > 0 such that B(p, R)
touches internally A at some points. Let p’ be such an intersection point. Since
p’ is a boundary point and satisfies the interior sphere condition, Hopf’s boundary
point lemma implies that Vu(p') # 0, which is a contradiction. This concludes the
proof of part 1).

2) Let now i(u) < 1. By Theorem 1.4 u has at most a nodal domain A. If A is a
proper subset, the preceding proof of part 1) shows that « = 0. Otherwise if A = RV
then the conclusion follows by the recent classification result [15]. And this concludes
the proof of part 2). O

Remark 4. The above proof shows also that u cannot have a nodal domain A sur-
rounded by a region where u is identically zero. Moreover, all nodal domains have
always some boundary points satisfying an interior sphere condition.

We observe that in the case of (7) an alternative way to conclude the proof is by the
strong maximum principle [19].

5.3 Starshaped domains: Proof of Theorem 1.6

Proof of Theorem 1.6 . By a refinement of Moser’s iteration, see e.g. Appendix E
of [12] and [18], u € L*>(Q). By classical regularity results of DiBenedetto [3] and
Liebermann [8], we have that u € C1*(Q2). By Theorem 1.1 of [6] it holds that the
normal derivative u,, = 0 at some point zg € 9. By Theorem 1.4 u has at most one
nodal region. If u were nontrivial, this would be in contrast with Hopf’s boundary
point lemma, see [19]. It follows that u = 0, and this concludes the proof. O

References

[1] J.M. Coron, Topologie et cas limite del injections de Sobolev, C.R. Acad. Sc.
Paris 299 (1984), 209-212.

[2] L. Damascelli, A. Farina, B. Sciunzi, E. Valdinoci, Liouville results for m-
Laplace equations of Lane-Emden-Fowler type, Ann. Inst. H. Poincaré Anal.
Non Linéaire 26 (2009), no. 4, 1099-1119.

13



3]

4]

[5]

[6]

17l

8]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

E. Di Benedetto, C'*% local regularity of weak solutions of degenerate elliptic
equations, Nonlinear Anal., 7(8), 1983, 827-850.

M. Esteban, P.- L. Lions, FEzistence and nonezistence results for semilinear
elliptic problems in unbounded domains, Proc. Roy. Soc. Edinburgh Sect. A, 93
(1982/83), 1-14.

A. Farina, On the classification of solutions of the Lane-Emden equation on
unbounded domains of R™, J. Math. Pures Appl. (9) 87 (2007), no. 5, 537-561.

M. Guedda, L. Veron, Quasilinear elliptic equations involving critical Sobolev
exponents, Nonlinear Anal., 13 (1989), 879-902.

M. Guedda, L. Veron, Local and global properties of solutions of quasi-linear
elliptic equations, J. Differential Equations 76 (1988), 159-189.

G.M. Lieberman, Boundary reqularity for solutions of degenerate elliptic equa-
tions. Nonlinear Anal., 12, 1988, 1203-1219.

J. Mawhin, M. Willem, Origin and evolution of the Palais-Smale condition in
critical point theory, J. Fixed Point Theory Appl., 7 (2010), 2, 265-290.

C. Mercuri, M. Willem, A global compactness result for the p-Laplacian involving
critical nonlinearities, Discrete Contin. Dyn. Syst. A, 28 (2010), 469-493.

C. Mercuri, B. Sciunzi, M. Squassina, On Coron’s problem for the p-Laplacian,

J. Math. Anal. Appl. , 28 (2015), 362-369.

I. Peral, Multiplicity of solutions for the p-Laplacian, Lecture notes for the
Second School of Nonlinear Functional Analysis and Applications to Differential
Equations (1997). International Centre of Theoretical Physics - Trieste (Italy).

S. I. Pohozhaev, On the eigenfunctions for the equations Au+\f(u) = 0, Soviet.
Math. Dokl., 6 (1965), 1408-1411.

P. Pucci, J. Serrin, The maximum principle. Progress in Nonlinear Differential
Equations and their Applications, 73. Birkh&user Verlag, Basel, 2007

B. Sciunzi, Classification of positive D(R™)-solutions to the critical p-Laplace
equation in RY, Adv. Math., 291 (2016), 12-23.

M. Struwe, A global compactness result for elliptic boundary value problems
involving limiting nonlinearities, Math. Z. , 187 (1984), 511-517.

G. Talenti, Best constant in Sobolev inequality, Ann. Mat. Pura Appl. 110
(1976), 353-372.

N.S. Trudinger, Linear elliptic operators with measurable coefficients, Ann.
Scuola Norm. Sup. Pisa 27 (1973), 265-308.

J. L. Vazquez, A strong maximum principle for some quasilinear elliptic equa-
tions, Appl. Math. Optim., 12(1984) pp. 191 — 202.

14



[20] J. Vétois, A priori estimates and application to the symmetry of solutions for
critical p-Laplace equations, J. Differential Equations, 260 pp. 149 — 161.

[21] M. Willem, Minimax Theorems, Birkhduser Boston, MA, 1996.

15



