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1. Introduction

Let © be a smooth bounded domain in RY. In the study of the nonlinear
equation

—div(je(z,u, Vu)) + js(x,u, Vu) = g(z,u) in Q, (1.1)

an important role is played by the coerciveness feature of j, namely the fact
that there exists a positive constant o > 0 such that

gz, 5,6) > o|¢)? for ae. x € Q and all (s,£) € R x RY. (1.2)

Under condition (1.2) and other suitable assumptions, including the bound-
edness of the map s — j(x,s,£), equation (1.1) has been deeply investigated
in the last twenty years by means of variational methods and tools of non-
smooth critical point theory, essentially via two different approaches (see,
e.g., [3, 11] and the references therein). More recently, it was also covered the
case where the map s — j(z, s, &) is unbounded (see, e.g., [4, 21], again via
different strategies). The situation is by far more delicate under the assump-
tion of degenerate coerciveness, namely for some function o : R — RT with
o(s) = 0as s — oo,

j(xz,5,6) > 0(s)|€]* for a.e. x € Q and all (s,£) € R x RY, (1.3)

) Birkhauser
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To the authors’ knowledge, in this setting, for j of the form
(b(z) + Is])~>I¢ /2,

the first contribution to minimization problems is [9], while for existence of
mountain pass type solutions, we refer the reader to [5], the main point being
the fact that cluster points of arbitrary Palais—Smale sequences are bounded.
See [1] for more general existence statements and [7, 6] for regularity results.

Relying upon a solid background for the treatment of (1.1) in the co-
ercive case, the main goal of this paper is that of building a bridge between
the theory for nondegenerate coerciveness problems and that for problems
with degenerate coerciveness. Roughly speaking, we see a solution to a de-
generate problem as related to a solution of a corresponding nondegener-
ate problem, preserving at the same time the main structural assumptions
typically assumed for these classes of equations. To this aim, we introduce
a suitable class of diffeomorphisms ¢ € C?(R) and consider the functions
FF O xRxRY - Rand ¢ : Q x R — R, defined as

7 (x,5,6) = (@, 0(5), 0" (5)6),  gF(w,5) = g(w,0(5))#'(5)
for a.e. v € Q and all (s,€&) € R xRN, Then, if (1.3) holds, we can find 0% > 0
such that
j*(x,5,€) > oF|¢]?
for a.e. v € Q and all (s,£) € RxRY | thus recovering the nondegenerate coer-
civeness from the original degenerate framework. We write the corresponding
Euler’s equation as

- diV(jg(.%'ﬂ), Vo)) + i (z,v, Vv) = ¢*(z,v) in Q. (1.4)

A first natural issue is the correspondence between the solutions of (1.1)
and the solutions of (1.4) through the diffeomorphism ¢. Roughly speaking,
the natural connection is that u = ¢(v) is a solution of (1.1) when v is
a solution to (1.4), in some sense. On the other hand, in general, p(v) &
HL(Q) although v € HE (). Hence, the notion of solution for functions in the
Sobolev space Hi(£2) cannot remain invariant under the action of ¢, unless
v € L>(Q). In fact, we provide a new definition of generalized solution which
is partly based upon the notion of renormalized solution introduced in [13]
in the study of elliptic equations with general measure data and partly on
the variational formulation adopted in [21]. The new notion turns out to
be invariant under diffeomorphisms (Proposition 2.6) as well as conveniently
related to the machinery developed in [21]. Moreover, we detect two relevant
invariant conditions. The first (Proposition 2.11) is a modification of the
standard (noninvariant) sign condition

js(x,8,£)s >0 for all |s|] > R and some R > 0, (1.5)
namely there exist € € (0,1) and R > 0 such that
(1_E)J§(x757§)§+]S(x757£)820 (16)

for a.e. z € Q and all (5,¢) € R x RY with |s| > R. Condition (1.5) is
well known [3, 4, 5, 11, 21, 8, 24] and plays an important role in the study
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of both existence and summability issues for (1.1). In [17], Frehse provides
a counterexample to the L (£2)-boundedness of the solutions when (1.5) is
dropped. The second one (Proposition 2.15) is the generalized Ambrosetti—
Rabinowitz condition [2]: there exist § > 0, v > 2 and R > 0 such that

Z/j(x,s,f) - (1 +5)J€('Ta 8’5) : f _js(xasaf)s - VG(x’S) —|—g(l‘,8)8 2 0 (17)

for a.e. 7 € Q and all (s,£) € R x RY with |s| > R. Typically, this condition
guarantees that an arbitrary Palais—Smale sequence is bounded [3, 4, 11, 21].
The invariant properties for growth conditions are stated in Propositions 2.3,
2.9 and 2.10. In the situations where

ji(x,5,6)s >0 for all |s| > R* and some R* > 0,

the results of our paper allow to obtain existence and multiplicity of solutions
for problems with degenerate coercivity by a direct application of the results
of [21] (see Theorem 3.1). This is new compared with the results of [5], since
the technique adopted therein does not allow to obtain multiplicity results.
In addition, contrary to [5], under certain assumptions on the nonlinearity g,
the solutions need not be bounded. The further development of the ideas in
this paper is related to strengthening some of the results of [21] in order to
allow the weaker sign condition (1.6) to replace the standard sign condition
(1.5). Then existence and multiplicity theorems for coercive equations with
unbounded coefficients automatically recover existence and multiplicity the-
orems for equations with degenerate coercivity. This will be the subject of a
further investigation.

The plan of the paper is as follows. In Section 2.1 we introduce a new
notion of generalized solution for (1.1) and prove that it is invariant under
the action of ¢. In Section 2.2 we show how ¢ affects some useful growth
conditions. In Section 2.3 we study the invariance of the sign condition (1.6)
and get some related summability results. In Section 2.4 we consider the
invariance of an Ambrosetti-Rabinowitz (AR, in brief) type inequality (1.7).
Finally, in Section 3 we get a new existence results for multiple, possibly
unbounded, generalized solutions of (1.1).

2. Invariant properties

Now let Q be a smooth bounded domain in RY. We consider j : QxRxRY —
R with j(-,s,&) measurable in Q for all s € R and ¢ € RY and j(x,-,-) of
class C! for a.e. z € Q. Moreover, we assume that the map & — j(x, s, &) is
strictly convex and there exist a, v,y : Rt — RT continuous with a(s) > 1
for all s € RT and such that

6 < i ©) < alsDiel 21)

s (@, 5,1 < UsDIEP e, 5,9)] < u(lsDlg] (2.2)

for a.e. z € Q and all (s,£) € R x RY. Actually, the second inequality of
(2.2) can be deduced by the strict convexity of & — j(x,s,£) and the right
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inequality of (2.1). Furthermore, again by the strict convexity of £ — j(x, s, &)
and the left inequality of (2.1) it holds that

jg(ﬂj,s,f) (| |)

see [21, Remarks 4.1 and 4.3]. Without loss of generality, one may assume that
a,v,p: RT — RT appearing in the growth conditions of j, js, je are mono-
tonically increasing. Indeed, we can always replace them by the increasing
functions ag, Yo, tto : R™ — R defined by

€1 (2:3)

ag(r) = sup afls]),
s€[—r,r]

Yo(r) = sup ~(|s]),
s€[—r,r]

po(r) = sup p(]s]).
s€[—r,r]

We also assume that g : 2 x R — R is a Carathéodory function such that

sup |g(-,t)| € L*(Q) for every s € RT, (2.4)
|t]<s

and we set G(z, s) fo (z,t)dt for every s € R.

Definition 2.1. For an odd diffeomorphism ¢ : R — R of class C? such that
»(0) = 0, we consider the following properties:
'(s) > ov/a(le(s)]) for all s € R and some o > 0, (2.5)

/ 1
1
50'(s) -1+ 1L s¢"(s) = —— for some 8 € [0,1). (2.6)

sigloo gp(s) sﬂgloo gp’(s) o 1-3

A simple model satisfying the requirements of Definition 2.1 is the func-
tion

o(s) =s(1+ 32)2“[71‘” forallseR, 0 <3 <1, (2.7)
in the case when a(t) = C(1 + )2 for some C > 0.
Definition 2.2. Consider the functions
JiOXRXxRY 5 R, ¢g:OQxR—>R, G:QxR-R,
and let ¢ € C?(R) be a diffeomorphism according to Definition 2.1. We define
FLOXRXRY SR, FFOXxRS R, GFiOxR—-R

by setting
(@, 5,6) = j(,0(5), ' (5)€)
for a.e. € Q and all (s,£) € R x RY and

#e,s) = gl o) (s),  GHzs) = / g t)dt = Gz, o(s))

for a.e. z € Q and all s € R.
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Now we see that ¢ turns a degenerate problem associated with j into a
nondegenerate one associated with j#, and that j%, ¢ and jg satisfy growths
analogous to those of j, js and je.

Proposition 2.3. Let o € C?(R) be a diffeomorphism which satisfies the prop-
erties of Definition 2.1. Assume that o,~y,pu : RT — RT satisfy the growth
conditions (2.1)~(2.2). Then there exist continuous functions o, ¥ puf: Rt —
R* and o* > 0 such that

ofl¢f* < (@, 5,8) < (Js])IEf,
(2,8, Ol < AFUsDIEP,  Lié(e,5,6) < @i (Is])¢]
for a.e. x € Q and all (s,€) € R x RV,
Proof. In light of (2.1) and of (2.5) of Definition 2.1, for o* = 02, we have

P'()? 2 , N
a(jp(s )|)|5| 72, 9(5), ' (s)€) < al[p(s))) ' (s)7[€]

for a.e. x € Q and all (s,&) € R x RN, Furthermore, by virtue of (2.2), we
have

otlg)? <

GE (2,5, 6)| < (' ()l ()€

for a.e. € Q and all (s,£) € R x RV as well as

(2, ,6)] < [\w"(S)IM(|¢(8)|)s@'(S)+ AN ODIITE
for a.e. € Q and all (s,€&) € R x RY. The assertions follow with of, 7%, uf :
R — RT,
af(s) = al|p(s))) ¢’ (5)%,
7 (s) = 1" ()l ()¢ (5) + (&' (5)) ([ (s)D),
1 (s) = (¢'(5)) e (s)])
for all s € R. Of course, without loss of generality, one can then substitute
af, vt uf with even functions satisfying the same growth controls. O
2.1. Generalized solutions
For any k > 0, consider the truncation T : R — R,
s for |s| <k,
Tk(s) — ) | | —
ksign(s) for |s| > k.

Moreover, as in [21], for a measurable function u : Q — R, let us consider the
space

Ve={veHy(Q)NL® Q) :ue L®{v+#0})}. (2.8)
This functional space was originally introduced by Degiovanni and Zani [16]
for functions u of H}(Q), in which case V,, turns out to be a dense subspace
of Hj(£2). Observe that, in view of conditions (2.2) and (2.4), it follows that

Je(x,u, Vu) - Vo € LYQ),  js(z,u, Vu)v € LY(Q), g(z,u)v € L'(Q)
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for every v € V,, and any measurable u : Q — R with Tj(u) € H}(Q) for
every k > 0. For such functions, according to [13], the meaning of Vu will be
made clear in the proof of Proposition 2.6.

In the spirit of [13], where the notion of renormalized solution is intro-
duced, and [21], where the notion of generalized solution is given, based upon
Vi, we now introduce the following definition.

Definition 2.4. We say that u is a generalized solution to

{— div(je (@, u, Vu)) + js(z,u, Vu) = g(x,u) in Q, (2.9)
u=0 on OS2
if u is a measurable function finite a.e. such that
Ti(u) € HY(Q) for all k> 0, (2.10)
and, furthermore,
e (@, u, Vu) - Vu € L), gs(@,u, Vu)u € LH(Q), (2.11)
and
/ Je(z, u, Vu) - Vw + / Js(z,u, Vu)w = / g(z,w)w for all w € V.
. . . (2.12)

Remark 2.5. We point out that, in [21, Definition 1.1], a different notion of
generalized solution of problem (2.9) is introduced when wu belongs to the
Sobolev space H{(£2). On the other hand, actually, by [21, Theorem 4.8] the
two notions agree, whenever u € Hg(£2). Also, the variational formulation
(2.12) with test functions in V,, is conveniently related to the weak slope [15,
12] of the functional associated with (2.9); see [21, Proposition 4.5] (see also
Proposition 2.13).

In the framework of the previous definition, we provide in the following
a suitable meaning for the gradient of a function w which satisfies (2.10). As
proved in [13], for a measurable function u on , finite a.e., with Tj(u) €
H}(Q) for any k > 0, there exists a unique w : @ — RY, measurable and
such that

VTi(u) = wX{juj<ky a-e. in Q and for all k> 0. (2.13)

Then, the gradient Vu of u is naturally defined by setting Vu = w. Assume
that ¢ : R — R is a diffeomorphism with ¢(0) = 0 and that for a measurable
function v on €, it holds that Ty (v) € Hg(Q) for every k > 0. Then, setting
u = (v), it follows that Tj(u) € H{(2) for every k > 0. In fact, given k > 0,
there exists h > 0 such that Ty (u) = (T o) o Th(v). Since Ty op : R — R is
a globally Lipschitz continuous function which is zero at zero, it follows that
Ty(u) € H}(Q) for all k > 0. Moreover, if Vu and Vv denote the gradients
of u and v, respectively, in the sense pointed out above, we get the following
chain rule:

Vu=¢'(v)Vv a.e.in Q. (2.14)
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In fact, for all k > 0, since Ty (u), Ty (v) € Ha (), from Ty (u) = (Tyop)oTh(v)
we can write

VTi(u) = (T 0 ) (Th(v))VIh(v)
for every k > 0, namely, by (2.13),

Vux{pw) <k} = (Tk 0 @) (Th(v))Voxqu<ny ae. in Q. (2.15)

Let now = € € be an arbitrary point with |v(x)| < h. In turn, by construction,
|p(v(z))| < k, and formula (2.15) directly yields

Vu= (T op) (v)Vv a.e. in {|jv| <h}. (2.16)

Formula (2.14) then follows by taking into account that (Ty o @) (v(z)) =
¢ (v(x)) a.e. in {|v| < h} and by the arbitrariness of h > 0.

The following proposition establishes a link between the generalized
solutions of the problem under the change-of-variable procedure.

Proposition 2.6. Let o € C?(R) be a diffeomorphism which satisfies the prop-
erties of Definition 2.1. Assume that v is a generalized solution to

~ div(E(@, v, Vo) + (.0, Vo) = gh(a,v) in ©, o17)
v=20 on 0N. '
Then u = ¢(v) is a generalized solution to
—div(je(x, u, Vu)) + js(x,u, Vu) = g(z,u) in Q,
' (2.18)
u=0 on 0f).

If in addition v € H} N L>®(), then u € H} N L>®(Q) is a distributional
solution to (2.18).

Proof. Let v be a generalized solution to (2.17), so that Ty (v) € H} () for
all k > 0. As pointed out above, it follows that Ty (u) € H(Q) too, for every
kE > 0 and the chain rule Vu = ¢’(v)Vo holds a.e. in Q. From the definition
of generalized solution we learn that

ji(z,0, V) - Vo e LNQ),  ji(z,v, Vo)v € L1(Q), (2.19)
as well as
/ng(:mqu) -Vw + /ng(m,v,VU)w = /Qgﬁ(x,v)w for all w € V.
(2.20)

Notice that, for any w € V,, the integrands in (2.20) are in L(£2), by Propo-
sition 2.3, the definition of V, and Vv = VTj(v) € L*({w # 0}) for any
k> |[v]|Loe (fwx0y)- In light of (2.14) and (2.19), it follows that

Je(z,u, Vu) - Vu = jg(x,v, Vu) - Vo € LY(Q).

Moreover, a simple computation yields

ve'(v) ) v (V)] . Oy
o) X{v;éo}:| Js(x,u, Vu)u + [ /() :|jg(.1',u, Vu) - Vu.

jg(x, v, Vo)v = [
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Hence, in view of (2.6), it follows that js(z,u, Vu)u € L*(Q), being
e (2, u, Vu) - Vu € L(Q) and  j¥(x,v, Vu)v € L}(Q).

This yields the desired summability conditions. For any w € V,,, consider now
W = ¢ (v)w. We have @ € V,,. In fact, since v € L>({w # 0}), we obtain
w e HE(Q)NL®(Q) and u = ¢(v) € L®({w # 0}) = L>®({w # 0}), since
¢’ is positive by virtue of (2.5). Of course, we have w = ¢’ (T (v))w, for all
k > |[v]| Lo (fw=0})- Hence, recalling (2.13), from

V(@' (Ti(v))w) = we" (T (v)) Voxyjei<ay + ¢ (Te(v))Vw  for any &k > 0,
by choosing k > ||v|| e (fw0}), We conclude that
Vi = we" (v)Vo + ¢’ (v)Vw  a.e. in Q.

Therefore, by easy computations, we get

, S ¢"(w
Je(z,u, Vu) - Vi = jg(z, v, Vo) - Vw + W]g(m,u, Vu)-Vu, (2.21)
1
Js(x, u, Vu)w = jg(x, v, Vo)w — ﬁpl((vv);ujg(x,u, Vu) - Vu, (2.22)

yielding
Je(w,u, Vu) - Vi € LNQ),  js(x,u, Vu) € L*(),

since jg(x,v, Vo) - Vw € LY(Q), j4(z,v, Vo)w € L () and
" (w

= Je(x,u, Vu) - Vu
/. A#m ) SV
§C/ ’jg(x,u,Vu)~Vu|.

Q

" (Ww
z,u, Vu) - Vu
) Je( )

By adding identities (2.21)-(2.22) and recalling the definition of ¢*(x,v), we
get from (2.20)

/ Je(x,u, Vu) - Vb + / Js(z, u, Vu) = / g(z,w)w, w=¢ (v)weV,.
Q Q Q

Given any z € V,,, we have

z z
w = = eV, fork>|v| s .
E{ORNEI) vl ez
In turn,
/ Je(z,u, Vu) - Vz —|—/ Js(z,u, Vu)z = / g(z,u)z for every z € V,,,
Q Q Q

yielding the assertion. Finally, if v is a bounded generalized solution to (2.17),
u € H(Q) is bounded too and it follows that u = ¢(v) is a distributional
solution to (2.18). O
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Remark 2.7. The gradient Vu = w does not agree, in general, with the
one in the sense of distributions, since it could be either u ¢ L () or

w g LL(QRY). If w € L (2,RY), then u € WL (Q) and w agrees with

loc loc

the distributional gradient [13, Remark 2.10].

Under natural regularity assumptions, a generalized solution is, actually,
distributional.

Proposition 2.8. Assume that u is a generalized solution to problem (2.9) and
that, in addition,

jg(l‘,u, Vu) € Llloc(Q;RN)v Js(z,u, Vu) € Llloc(Q)v g(z,u) € Llloc(Q)‘
(2.23)
Then u solves problem (2.9) in the sense of distributions.

Proof. Let H : R — R be a smooth cutoff function such that 0 < H <
H(s) =1 for |s| < 1 and H(s) = 0 for |s|] > 2. Given k > 0 and ¢
C°(9), consider in formula (2.12) the admissible test functions w = wy
H(Top41(u)/k)p € Vi, Whence, for every k > 0, it holds that

I mr

/ng(x,u, Vu) - H(Tog41(u)/E)Ve
—l—/ﬁjg(x,u, V) - H' (Top1(w)/k)1/ kN T 1 (u)p (2.24)

n /Q o, V) H (T () /) op = /Q o, u)H (T (u) /).

Taking into account that je(x,u, Vu) - Vu € LY(Q) and by (2.13), for all
k > 0, we have
e, u, V) - H' (Tor 1 (w) /k)1/kV Topi1 (u) o)
< Clje(w,u, Vu) - Vu| € L'(),

yielding, by the Dominated Convergence Theorem,
tim | e, V) - H (T () B)1/K9 Tarn () = 0.
Q

On account of assumptions (2.23), the assertion follows by letting k¥ — oo in
(2.24), again in light of the Dominated Convergence Theorem. O

2.2. Further growth conditions

The next proposition is useful for the study of the mountain pass geometry
of the functional associated with problem (1.1).

Proposition 2.9. Let o € C%(R) be a diffeomorphism satisfying the properties
of Definition 2.1 and such that
0< 1im 28 o in, (2.25)

s§—+400 sT-8
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and let of : RT — R* be the function introduced in Proposition 2.3. Let
v>21—p), ki € L®(Q) with ki > 0, ky € LY(Q), k3 € L2N/N+2)(Q).
Assume that

im S 0 and G s) > k(@) — ka(x) — ks(@)[sF (2.26)

5—00 |$|V_2

for a.e. x € Q and all s € R. Then there exists v* > 2 such that

#
lim (1) =0 and G*(z,s)> l~c§(9c)|s|”m — ki(x) — K (z)|s]

&+m|ﬂVLQ

Jor a.e. z € Q and all s € R, for some k! € L=(Q), k! >0, k) € LY(Q) and
ke L3 (Q).

Proof. By assumptions (2.25) and (2.6), for vf = 175, we have
# v—2 ./ 2
C B TED) B 0
s——4o0 V"~ §—»00 (p(s)”_z S—00 gvi—2

Finally, if G(z,s) > ki(z)|s|” — ka(z) — k3(z)|s|'~?, condition (2.25) yields
G¥(z,5) 2 k(@) ()| — ka(@) — ks(2)|o(s)|' ™7
> Ki(a)ls|”" — () ~ k()]s

for a.e. x € Q and all s € R, for suitable k? Q= R, j = 1,23, with the
stated summability. (|

Now, we see how the nonlinearity g gets modified under the action of a
diffeomorphism.

Proposition 2.10. Let ¢ € C?(R) be a diffeomorphism which satisfies the
properties of Definition 2.1 with 0 < f < 2/N, N > 3 and such that (2.25)
holds. Let g : Q2 x R — R satisfy

lg(z,5)| < a(z) +b|s|P~  for a.e. x € Q and all s € R, (2.27)

for some a € LA+BaP=17"(Q), g > ]\2,—4]\_’2, b >0 with2 < p <2*(1—p). Then,
we have

lg*(z, 5)| < a*(z) + b|s|pn_1 for a.e. x € Q and all s € R,
for some 2 < p* < 2* and af € LI(R).

Proof. Taking into account (2.25) and (2.6), for a.e. x € Q and all s € R we
have

9% (z, 5)] < a(x)¢'(s) + ble(s) [P~ ¢! (s)

ptB—1

< Ca(x) + C + Ca(z) 7T +C|s|T7 7L,

yielding the assertion with pf = ﬁ and af = Ca+ C + Ca N
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2.3. Sign conditions

The classical sign condition (1.5) is not invariant under diffeomorphism as
Proposition 3.5 shows. The next proposition introduces a different kind of
sign condition that remains invariant under the effect of .

Proposition 2.11. Let ¢ € C?(R) be a diffeomorphism which satisfies the
properties of Definition 2.1. Assume that there exist e € (0,1 — ] and R >0
such that

(176).7.5(1,7875) '§+js($,87§)8 ZO (228)
for a.e. x € Q and all (s,€) € R x RN with |s| > R.
Then there exist £ € (0,1] and R* > 0 such that
(1= e*)jk(x,5,€) €+ ji(z,5,€)s > 0
for a.e. x € Q and all (s,£) € R x RN with |s| > R*.
Proof. Let us write & = go(1 — ) for some gy € (0, 1]. By taking into ac-

count (2.6), there exist 0 < § < g9(1+eo(1 — 3))~* and R* > 0 sufficiently
large such that

() S 1
e CTE

and |p(s)| > R for all s € R with |s| > R*. Then, in turn, we get

Jg(a:7 575) ’ E"'Jg(xv 575)3

- <1 " ¢@(<)>) Je(,0(5), & (5)€) - ¢/ (s)€

>

+ E0 o). 51615 )
> ZU0 (o 0(6). (9 ¢ (0)¢

— 6je(x, 0(5), ¢'()8) - ¢'(5)¢

for a.e. x € Q and all (s,£) € R x RY with |s| > RF. Setting
et =9 —0(1+¢eo(1 —B)) € (0,1],

it follows by assumption that

o5, ©) - €4 .95 = (221025 (o). (96) - (96

2 5ﬁj§(xv 575) : 'g

for a.e. # € Q and all (s,&) € R x RY with |s| > R*. This concludes the
proof. O
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Remark 2.12. In the literature of quasi-linear problems like (1.1) the (say,
positive) sign condition jg(x,s,£)s > 0 is a classical assumption (cf. [3, 11]
and the references therein), helping to achieve both existence and summabil-
ity of the solutions. On the other hand, in [20], when j(z,s,§) = A(z, s)§ - &,
the existence of solutions is obtained either with the opposite sign condition
or even without any sign hypothesis at all. To handle this situation, alterna-
tive conditions as [20, Assumption 1.5] are assumed, which imply (2.28) (at
least for s > R) for suitable €, as it can be easily verified.

Under the generalized sign condition (2.28), we get a summability result
which improves [21, Lemma 4.6]. This also shows that condition (2.11) in
Definition 2.4 is natural. For a function f, the notation |df|(u) stands for the
weak slope of f at u (cf., e.g., [12, 15]).

Proposition 2.13. Assume that (2.2) holds and that there exist € € (0,1) and
R > 0 such that (2.28) holds. Let us set

I(u) z/j(x,u,Vu), u € Hy(Q).
)
Then, for every u € dom(I) with |dI|(u) < 400, we have
[ e V) Vut ou Vo <l @llale. (229)
Q

In particular, there holds
ge(z,u, Vu) - Vu € L(Q), gs(@,u, Vu)u € LH(Q),
and there exists V € H™1(Q) with || V| g-1 < |dI|(u) such that
/ Je(x,u, Vu) - Vw + / Js(z,u, Vu)w = (¥, w)  for all w € V.
Q Q

Proof. Let b € R be such that b > I(u). Notice first that if u is such that
[ e, V) - Tut i u Vau <0,
Q

then the conclusion holds. Otherwise, let o be an arbitrary positive number
such that

/ Je(z,u, Vu) - Vu + js(z, u, Vu)u > oljul|1 2.
Q
Fixed n > 0, we set a~! = |lu||1,2(1 + 7). Let us prove that there exists § > 0

such that, for all v € B(u,0) and for any 7 € L>(Q) with ||7]e < 0, it
follows that

/Q [js(aﬁ,w7 (1 —ar)Vo)v+ je(z,w, (1 — ar)Vo) ~V’U} > ollull1,2, (2.30)

where w = (1 — ar)v. In fact, assume by contradiction that this is not the
case. Then, we find a sequence (v,) C Hg(Q) with |lv, —ull1,2 — 0 asn — oo
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and a sequence (7,) C L>®(Q) with ||7,]|cc — 0 as n — oo such that, denoting
wy, = (1 — ary,)vy, for all n > 1, it holds that

/ G5 wn, (1= 07) o) + e (@, wn, (1= aT,)V0a) - Vo | < o ullz.
Q

(2.31)
Since v, — u in H}(Q) and 7, — 0 in L*°(Q) as n — oo, a.e. in Q, we have
that

Js(@, wp, (1 — at,) Vo, )v, + je(z, wy, (1 — ar,)Vo,) - Vo,
— oz, u, Vu)u + je(x,u, Vu) - Vu.

Moreover, there exists a positive constant C'(R) such that, for every n > 1,

Js(@,wp, (1 — a7,) Vo, v, + je (@, 0y, (1 — a7,)Voy,) - Vo, > —C(R)|Vu, .

(2.32)
In fact, if |w, (x)| > R, from condition (2.28) the left-hand side is nonnegative.
If instead |wy,(z)| < R, we can assume |v,(z)| < 2R, and by (2.2) we get

js(xy Wn,, (1 - O‘Tn)vvn)vn + jf(xa Wn,, (1 - O‘Tn)vvn) - Vo,
< Y(Jwn|)|vnl |an\2 + u(|wn\)|an|2 < (2y(R)R+ M(R))|an|2.

Then, we are allowed to apply Fatou’s lemma, yielding

lim inf [js(x, Wn, (1 — a7) VU )un + je(@, wn, (1 — a7,) Vo) - an]

n—oo Q

> / Js(@,u, Vu)u + je(z,u, Vu) - Vu > oflu
Q

|1,27

which immediately yields a contradiction with (2.31). Hence (2.30) holds, for
some § > 0. Observe that, since j(z,-,-) is of class C! for a.e. x € Q then, for
any ¢ € [0,1] and every v € dom([]), there exists 0 < 7(x,t) < ¢ such that

Jj(z, (1 —at)v, (1 — at)Vv) — j(z,v, Vo)

= —at|js(z, (1 —ar)v, (1 —ar)Vo)v + je(z, (1 — ar)v, (1 —ar) V) - VU:|.
(2.33)
As for inequality (2.32), for some C'(R) > 0, for ¢ small enough it holds that

Js(z, (1 —ar)v, (1 — ar)Vo)v
+ je(z, (1 — ar)v, (1 — at)Vv) - Vo > —C(R)|Vv|*.

Whence, if v € dom(I), by (2.33) it follows that (1 — at)v € dom(I) for all

t € [0,9] and

js(z, (1 —ar)v, (1 — a7)Vo)v + je(z, (1 — at)v, (1 — at)Vv) - Vo € LH(Q).
(2.34)

Up to reducing ¢, we may assume that ¢ < n|jul|1,2. Then, for all v € B(u, ),

we have ||v|l12 < (1 +n)||lulli2 = a~'. Consider the continuous map H :

B(u,8) NI x [0,6] — H () defined as H(v,t) = (1 — at)v, where I’ = {v €

HY(Q) : I(v) < b}. From (2.30) (applied, for each t € [0, 8], with the function
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T(-,t) € L*(€,]0,0]) for which identity (2.33) holds) and identity (2.33), for
every t € [0,0] and v € B(u,§) N I we have
o

- t.
1+1n

[H(v,t) —vl12 <t,  I(H(v, 1)) < I(v)

Then, by means of [15, Proposition 2.5] and exploiting the arbitrariness of
n, we get |dI|(u) > o. In turn, (2.29) follows from the arbitrariness of o.
Concerning the second part of the statement, since |dI|(u) < +o00, from (2.28)
and (2.29),

je(w,u, V) - Vu + js(z,u, Vu)u € L' (Q). (2.35)
In turn, using again (2.28), it follows that j¢(z, u, Vu) - Vu € L1(Q), since

eje(z,u, Vu) - Vu < eu(R)|Vul? + eje(x,u, Vu) - Vux{ju/>ry
< ep(R)|Vul® + |js(z, u, Vu)u + je (2, u, Vu) - Vul.

Then, by exploiting (2.35) again, js(z,u, Vu)u € L*(Q). The final assertion
does not rely upon any sign condition and follows directly from [21, Propo-
sition 4.5]. This concludes the proof. O

In the next result we show that it is possible to enlarge the class of
admissible test functions. In order to do this, suppose we have a function
u € H}(Q) such that

/ Je(z,u, Vu) - Vz + /js(a:, u,Vu)z = (w,z) forall z €V, (2.36)
Q Q

for w € H=(Q). Under suitable assumptions, if (2.28) holds true, we can
use Cu € HE(Q) with ¢ € L*°(Q) as an admissible test functions in (2.36),
generalizing [21, Theorem 4.8].

Proposition 2.14. Assume that (2.2) and (2.28) hold. Let w € H~ (),
and let u € H}(Q) be such that (2.36) is satisfied. Moreover, suppose that
Je(z,u, Vu) - Vu € LY(Q) and that there exist v € H}(Q) and n € L'(Q) such
that

Js(z,u, Vu)v > n and Je(z,u, Vu) - Vo > 1. (2.37)
Then js(x,u, Vu)v € LY(Q), je(z,u, Vu) - Vv € L' () and
/ Je(z,u, Vu) - Vo + / Js(z,u, Vu)v = (w,v). (2.38)
Q Q
In particular, if ¢ € L>®(Q), ¢ > 0, Cu € H}(Q) and je(x,u, Vu) - V(Cu) €
LY(Q), then it follows that js(x,u, Vu)Cu € L' () and

/ Je(z,u, Vu) - V(Cu) + / Js(x,u, Vu)Cu = (w, Cu). (2.39)
Q Q
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Proof. The first part of the statement follows by means of [21, Theorem 4.8].
By assumption (2.28) and since ¢ is nonnegative and bounded, we have

Js(@,u, Vu)Cu = (js (@, u, Vu)ux ju<ry + CJs(@, u, V) ux{ju)>ry
> —Ry(R)|[¢]| oo () [ Vul?
— (1 —¢)(je(x,u,Vu) - Vu € LY(9Q).
The last assertion of the statement then follows from the first one. O

2.4. AR-type conditions

Some AR-type conditions, typically used in order to guarantee the bounded-
ness of Palais—-Smale sequences, remain invariant.

Proposition 2.15. Let ¢ € C?(R) be a diffeomorphism which satisfies the
properties of Definition 2.1. Assume that there exist 6 > 0, v > 2(1 — f8) and
R > 0 such that

I/j(I,S,f) - (]' + 5)]5(1‘,5,§) : 5 - js(:r,s,f)s - VG(:E,S) + g(:ZZ,S)S Z 0

and G(z,s8) > 0 for a.e. x € Q and all (s,€) € R x RN with |s| > R.
Then there exist 61 > 0, vt > 2 and R' > 0 such that

Vi (2, 5,6) — (1+0%)jk(x,5,€) - € — ji(x,5,€)s
— *G¥(x, ) + ¢*(x,8)s > 0
and G*(z,s) > 0 for a.e. x € Q and all (s,€) € R x RN with |s| > R,
Proof. A direct calculation yields

T @5~ JE 5.6 €~ JEw 5,05 = 175 G 9) + 97w )s
= a9 00— (14 2 el 9 (909) - 006
- S ol (9)9(5) — 15 Gl ()
+ S gl p(s)el)
- (;’(()) (6 (500
- (14 ) (o) (06) - (0

for a.e. z € Q and all (s,¢) € RxRY with s # 0. We recall that j(x,7,¢) > 0,
Je(z,7,¢) - ¢ > 0 and that the map s — sp(s) is nonnegative. Therefore, on
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account of condition (2.6), for all » > 0 small enough, there exists R* > 0
large enough such that |¢(s)| > R for all s € R with |s| > R* and

T @50~ 5. €~ 5,05 - ﬁam’ $)+ gH(x,5)s

> LPI(S)S <Vj($; @(5)7 90,(5)5) - 77(1 - ﬂ)j(l‘, 90(5)7 90/(5)5)

—Je(, 0(s),¢'(s)€) - ' ()¢
— (1 = B)je(z, o(s), ¢ (s)€) - ' ()€
— Js(x,0(s), ¢ ()€)p(s) — vG(x, o(s))

—n(l = B)G(x,p(s)) + g(x, 90(8))90(5)>

> ((1=8)"" =m(E —n(l - B))ji(x,s,€) - &

'(s)s ) '(s)s
- gy, s.6) - B2 1 - gy (e )
o(s)
>((1=B)" =)@ =l = B))jE(x,5,8) - & — 2mj*(w,5,) — G (x, 5)
for a.e. z € Qand all (s,¢) € RxRY with |s| > R*. Finally, since by convexity
of j% and j*(z,s,0) = 0 we have jg(ac,s,é“) € > g8z, 5,6), we get

v . . v
m jﬁ(xv S, f) - jg(xa S, g) : g - ]g({E, 8,5)8 - m Gﬂ(x7 8) + gﬁ(xv S)S
> 6% jE(w,5,8) - €+ 25t (w, 5, €) — 29GH(x, 9).
In turn, choosing 7 small enough and setting
F=(1=B)"6—nB+0)+n*1-p8)>0, =v(1-p)""=29>2,
the assertion follows. O

Corollary 2.16. Let o € C%(R) be a diffeomorphism satisfying the properties
of Definition 2.1. Assume that & — j(x,s,£) is homogeneous of degree two
and that there are v > 2 and R > 0 with

Js(z,8,8)s <0, 0 <vG(z,s) < g(z,s)s (2.40)
for a.e. x € Q and all (s,€) € R x RN with |s| > R. Then
Vi (2, 5,6) — (14 0%)jE(x, 5,€) - € = ji(w,5,)s — V' G (x,5) + g (x, 8)s > 0

for a.e. x € Q and all (5,€) € Rx RN with |s| > R¥, for some 6* >0, Rf >0
and v > 2.

Proof. Since £ — j(x,s,£) is 2-homogeneous and v > 2, there exists § > 0
with

I/j(l',s,g) - (1+6)j£($,8,£) 5: (l/72725)j(1'a87£) Z 0
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for a.e. x € Q and all (s,¢) € R x RY. Hence, by assumptions (2.40), we get
I/j(l’, 875) - (1 + 5)j£(’£, 575) : 6 - js<l', 575)5 - I/G(ZC, S) + g(CE, S)S Z 0

for a.e. z € Q and all (s,¢) € R x RN with |s| > R. Proposition 2.15 yields
the assertion. O

3. Multiplicity of solutions

As a by-product of the previous results, we obtain the following existence
result. Compared with the results of [5] here we can get infinitely many
solutions, not necessarily bounded.

Theorem 3.1. Assume that ¢ € C?(R) satisfies the properties of Defini-
tion 2.1, (2.25) and let N > 3. Moreover, let j :  x R x RN — R satisfy
(2.1)+(2.2), &£ — j(x,s,&) be strictly convez, and

j(x,—s — &) = j(x,5,&) for a.e. x € Q and all (s,£) ERxRY,  (3.1)

§¥(x,5,6)s >0 for all |s| > R* and some R* > 0. (3.2)
Let g : Q@ x R = R be continuous, satisfying (2.27) with 2 < p < 2*(1 — ),
g(x,—s) = —g(x,s) fora.e. x€Q and all s € R, (3.3)

G(z,s) > 0 for |s| > R and the joint conditions (1.7) and (2.26), for some
R > 0. Then,

{— div(je(z, u, Vu)) + js(z,u, Vu) = g(z,u) in Q,

3.4
u=20 on 0N (34)

admits a sequence (u,) of generalized solutions in the sense of Definition 2.4.
Furthermore,

2N N Nq(1-p)
_ n L ~N=—=2q¢ (Q) ,
Ny2 535 7€ )

N
4> 5 = un € L= (Q),

in the notations of assumptions (2.27). In particular, if ¢ > N/2, it follows
that up, € HE () N L>®(Q) are solutions in distributional sense.

Proof. Of course, & — j¥(z,s,€) is strictly convex. By assumptions (2.1)-
(2.2), (2.27), (1.7) and (2.26), in light of Propositions 2.3, 2.9, 2.10 and 2.15
and taking into account the sign condition (3.2) for j%, [21, assumptions (1.1)-
(1.4), (1.7), (2.2), (2.4) and the variant (1.7) for j* of conditions (1.9) and
(2.3) joined together which still guarantees the boundedness of Palais—Smale
sequences| are satisfied for j# and g* for some R*. Also, since ¢ is odd, (3.1)
yields

jﬁ(x’ -5 _g) = j(ﬁ, @(—8)7 —(,0/(—8)5) = j(fE, _@(5)7 _<p/(s)§) = ju(‘rv 375)
for a.e. 7 € Q and all (s,£) € R x RY and, analogously, (3.3) yields
(@, —s) = g(w, ¢(=5))¢'(=s) = g(w, —p(5))¢ (s) = —g(x, 5)
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for a.e. z € 2 and all s € R. Then, we are allowed to apply [21, Theorem 2.1]
and obtain a sequence (vy) C Hg () of generalized solutions of (2.17) in the
sense of [21], namely

jg(x7vh7Vvh) -V, € LYQ), 34 (@, vn, Vop)vy, € LYH(),

and
[ o v o+ [ o, Tue= [ eo oralvets,.
Q Q Q

In particular, (v,) is a sequence of H{(2) generalized solutions of problem
(2.17) in the sense of Definition 2.4. The desired existence assertion now
follows from Proposition 2.6 for u, = ¢(v,). Concerning the summability,
if af € L"(Q) and |g*(x,s)| < al(x) + b|s|N+2/(N=2) for ae. z € Q and
all s € R, then, by [21, Theorem 7.1}, a generalized solution v € H{ () of
problem (2.17) belongs to LN/ (N=21)(Q) for any 2N/(N +2) < r < N/2 and
to L>°(Q) for all » > N/2. Since g is subjected to (2.27), by Proposition 2.10,
we also get the final conclusions. O

Remark 3.2. We believe that Theorem 3.1 remains true if (3.2) is substituted
by (1.6).

Remark 3.3. For § = 0, the summability of solutions coincides with the
standard one.

By exploiting a multiplicity result of [18] which merely uses the relaxed
sign condition (2.28) it is possible to provide a fully invariant version of
Theorem 3.1 with respect to the sign condition (2.28), that we state in the
following theorem.

Theorem 3.4. Assume that ¢ € C?*(R) satisfies the properties of Defini-
tion 2.1, (2.25) and let N > 3. Moreover, let j :  x R x RN — R satisfy
(2.1)(2.2), let € — j(x,s,£) be strictly convex satisfying (3.1) and (2.28).
Let g : Q x R — R be continuous, satisfying (2.27) with 2 < p < 2*(1 — ),
and assume that (3.3), (1.7) and (2.26) hold, for some R > 0. Assume in
addition that

tim 90— oo e(es.©) € < 2j(a5.) (3.5)
§—00 S
and that j*(z,s,&) < C|¢]? and ji(z,s,€) < Cl€]* for some C > 0. Then,
(3.4) admits a sequence (uy) of generalized solutions with the same regularity
conclusion of Theorem 3.1.

Proof. 1t is sufficient to follow step by step the argument of the proof of
Theorem 3.1 by using [18, Theorem 1.2] in place of [21, Theorem 2.1], noticing
that the conditions in (3.5) are invariant under the diffeomorphism . O

The next proposition yields a class of j, which is the one studied in [5]
(condition (3.6) below is precisely condition (1.3) in [5]), satisfying the as-
sumptions of Theorem 3.1.



Vol. 11 (2012) Invariant properties for quasi-linear operators 155

Proposition 3.5. Assume that j : Q x R x RN — R is of the form

i(2,5,6) = Sa(z )€l

where a(z,-) € CYR,RT) for a.e. x € Q. Assume furthermore that there
exists R > 0 such that

—2Ba(x,s) < Dga(x, s)(1+ |s|)sign(s) <0 (3.6)

for a.e. x € Q and all s € R with |s| > R. Let o € C*(R) be a diffeomorphism
according to Definition 2.1 which in addition satisfies

" By'(s)? .
§)——————>0 forallseR withs>1. 3.7
)~ S 20 S > (37)

Then there exist v > 2, 6% > 0 and R* > 0 such that

Sjg(x787€) Z 07 Vﬁjﬁ(‘rvs7€) - (1 + (5’1)]2(:6, Sué-) : é- - jg(%&f)s Z 0
for a.e. x € Q, all £ € RY and every s € R with |s| > RF.

Proof. Let R* > 1 be such that |p(s)| > R for all s € R with |s| > RF. Then,
by (3.6), for all s > R* we have ¢(s) > R and

Ji(@,5,6) = | Dsa(z, 0(5))(#'(5))° + 26/ (s)¢" (s)alz, w(S))] €1°/2

_ / s 2
> alo, o) 0) | T2+ (5| P

Recalling that a(z, p(s)) and ¢'(s) are positive and by (3.7), one gets
Gi(x,5,6) 2 0.
Similarly, if s < —Rf, again by (3.6), we have ¢(s) < —R and

/ 2
y ’ By’ (s) " 2
]S$7S,§<a$,§08@8|:+90 S 57
( ) < af ())()1+|¢(3)‘ (s)] I¢]
and so that jf(x, s,£) < 0, again due to (3.7), since being ¢ and ¢” odd and
¢’ even yields
B¢ (s)° :
1!
' (s)+ ————— <0 forall seR with s <—1.
O T
The second inequality in the assertion follows from Corollary 2.16 (applied
with g = 0), since £ — j(z, s, &) is 2-homogeneous and j,(z, s,&)s < 0 for a.e.
r €, al & €RY and any |s| > R. O

Remark 3.6. In the statement of Proposition 3.5, in place of condition (3.6),
one could consider the following slightly more general assumption: there exists
R > 0 such that

—2B]sla(x, s) < Dsa(x, s)(b(z) + %) sign(s) <0 (3.8)

for a.e. z € Q and all s € R with |s| > R, for some measurable function
b: Q — R such that v=1 < b(xz) < v, for some v > 0. This condition
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is satisfied for instance by a(z,s) = (b(z) + s?)~# with b measurable and
bounded between positive constants.

Remark 3.7. When the maps s — j*(z, s, &), ji(x, s,f),jg(x, s,&) are bound-
ed, the variational formulation of (2.17) can be meant in the sense of distri-
butions (see Proposition 2.8). For instance, as it can be easily verified, this
occurs for the a mentioned in Remark 3.6, a(x, s) = (b(x) + s2) 5.
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