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Symmetry in variational principles and applications

Marco Squassina

ABSTRACT

We formulate symmetric versions of classical variational principles. Within the framework of
nonsmooth critical point theory, we detect Palais—Smale sequences with additional second-order
and symmetry information. We discuss applications to partial differential equations, fixed point
theory and geometric analysis.

1. Introduction

One of the most powerful contributions of the last decades in calculus of variations and
nonlinear analysis is surely given by Ekeland’s variational principle for lower semi-continuous
functionals on complete metric spaces [15, 16], arisen in the context of convex analysis. We refer
to [1, 4, 16, 19, 21] where a multitude of applications in different fields of analysis is carefully
discussed. In a recent note [27], Squassina has proved a version of the principle in Banach spaces
that provides almost symmetric almost critical points, provided that the functional satisfies
a rather mild symmetry condition. Roughly speaking, if (X, || - ||) is a Banach space that is
continuously embedded into a space (V, || - ||v/) with suitable properties and f : X — R U {+o0}
is a lower semi-continuous bounded-below functional that does not increase by polarization,
then, for all € > 0, there is u. € X with

lue —ully <&, flue) <inff+e® f() = flue) —ell€ —uc| V€€ X,

where the symmetrization * is defined in an abstract framework, which reduces to the classical
notions in concrete functional spaces, such as in LP(£2) and in WO1 P(Q) spaces, Q being either a
ball in R or the whole RV . Possessing almost symmetric points is very useful in applications
not only to find symmetric cluster points, but also to facilitate the strong convergence of the
sequence (u) via suitable compact embeddings enjoyed by spaces X, of symmetric functions
of X (see [22, 28, 31]). The aim of the present manuscript is to give a rather complete range
of abstract results and in this direction to furnish also applications to calculus of variations,
fixed point theory and geometry of Banach spaces.

The plan of the paper is as follows. In Section 2, we state symmetric versions of Ekeland
[15], Borwein—Preiss [3] and Deville-Godefroy—Zizler [13] principles, free or constrained, as
well as versions for the Ekeland’s principle with weights, in the spirit of Zhong’s result [32]
(see Theorems 2.5, 2.7, 2.8, 2.11-2.13, 2.18 and 2.20). Furthermore, in the framework of
the nonsmooth critical point theory developed in [12], we detect suitable Palais—Smale (PS)
sequences (up) with respect to the notion of weak slope whose elements uj, become more
and more symmetric, u, ~ u;, as h gets large, and satisfy a second-order information, in
terms of a quantity w — @, (w), introduced in [2], that plays the role of the quadratic form
w i f"(up)(w)? for functions of class C? (see Theorem 2.28 as well as Corollary 2.30). As
pointed out by Lions [23], this additional second-order information can be very important
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to prove the strong convergence of (uj) C X, in some physically meaningful situations. It
would be interesting to obtain results in the same spirit for mountain pass values in place of
minimum values, as developed, by Fang and Ghoussoub [18] without symmetry information. In
Section 2.5, a discussion upon the relationships between symmetry, coercivity and PS sequences
is developed while in Section 2.7 an application of the symmetric Ekeland principles to get
minimax-type results is outlined. In Section 3, we discuss some possible applications and
implications of the abstract machinery formulated in Section 2. First, we find almost symmetric
solutions, up to a perturbation, for two classes of nonlinear elliptic partial differential equations
(PDEs) associated with suitable energy functionals (see Theorems 3.2 and 3.4). Next, we get
a symmetric version of the Caristi [6] fixed point theorem and of a theorem due to Clarke
[8] (see Theorems 3.5 and 3.8) and we obtain some applications in the geometry of Banach
spaces, such as symmetric versions of Dane$ Drop [10] and Flower Petal theorems [26] (see
Theorems 3.11 and 3.13).

2. Symmetric variational principles

Let X, V and W be three real Banach spaces with X CV C W and let S C X.

2.1. Abstract framework

Following [30], consider the following definition.

DEFINITION 2.1.  We consider two maps * : S — V, u — u*, the symmetrization map, and
h:SxH,— S, (u,H) — u'?, the polarization map, H, being a path-connected topological
space. We assume that the following hold:

(i) X is continuously embedded in V; V' is continuously embedded in W

(ii) A is a continuous mapping;

(iii) for each u € S and H € H, it holds (u*)# = (u#)* = u* and v = uH;
(iv) there exists (H,,) C H, such that, for u € S, uf+H= converges to u* in V;
(v) for every u,v € S and H € H, it holds ||ufl —vH ||y, < [ju —v]y.

Moreover, the mappings h: S X H, — S and % : S — V can be extended to h: X x H, — S
and *: X — V by setting uf := (O(u))¥ for every u € X and H € H, and u* := (O(u))*
for every u € X, respectively, where © : (X, -|v) — (S,|| - |[v) is a Lipschitz function, of
Lipschitz constant Cg > 0, such that ©|s = Id|s.

The previous properties, in particular (iv) and (v), and the definition of © easily yield
Vu,v € X, VH € Hy : |Juff — v ||y < Collu —vlly, |u* —v*|v < Collu—v|y. (2.1)

For the sake of completeness, we now recall some concrete notions.

2.1.1. Concrete polarization. A subset H of RY is called a polarizer if it is a closed affine
half-space of RY, namely the set of points « that satisfy a - 2 < 8 for some o € RY and 8 € R
with |a| = 1. Given z in R and a polarizer H, the reflection of x with respect to the boundary
of H is denoted by xg. The polarization of a function u : RY — R by a polarizer H is the
function u’ : RN — R* defined by

() = {max{u(x),u(xg)}, ifzeH,

min{u(z),u(zg)}, ifoxcRV\ H. (22)
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The polarization CH C RN of a set C C RY is defined as the unique set which satisfies yon =
(xc)*, where x denotes the characteristic function. The polarization uf of a positive function
u defined on C' C R is the restriction to C¥ of the polarization of the extension @ : RY — R¥
of u by zero outside C. The polarization of a function that may change sign is defined by
ufl .= |u|H for any given polarizer H.

2.1.2. Concrete symmetrization. The Schwarz symmetrization of C' C RY is the unique
open ball centred at the origin C* such that LY (C*) = LN (C) (LY being the Lebesgue measure
on RY). If the measure of C is zero, then set C* = (). If the measure of C is not finite,
then put C* = RY. A measurable function u is admissible for the Schwarz symmetrization
if w>0 and, for all £ >0, the measure of {u > ¢} is finite. The Schwarz symmetrization
of an admissible u : C — R7T is the unique u* : C* — RT such that, for all £ € R, it holds
{u* >t} = {u > t}*. Considering the extension @ :RY — R* of u by zero outside C, it is
(@)*[ga\c+ = 0 and u* = (@)*|c-. Let Hy, = {H € H: 0 € H} and let Q be a ball in RV or the
whole space RY. Then u = u* if and only if u = u for every H € H.,. Set either X = Wol’p(Q),
S =WiP(Q,RT),V = LP 0 LP"(Q) with h(u) := v and *(u) := u* or X = § = W P(Q),V =
LP 0 LP" () with h(u) := |u| and *(u) := |u|*. In the first case ©(u) := |u| defines a function
from (X, | - |lv) to (S, || - |lv), Lipschitz of constant C'e = 1, allowing to extend the definition of
h,+ on X = W, P(Q) by h(u) := h(0(u)) and *(u) := *(O(u)). In both cases properties (i)-(v)
in Definition 2.1 are satisfied [30].

We now recall [30, Corollary 3.1] a useful result on the approximation of symmetrizations.
The subset S of X in Definition 2.1 is considered as a metric space with the metric d induced
by || - || on X. We assume that conditions (i)—(v) of Definition 2.1 are satisfied.

PRrOPOSITION 2.2.  For all p > 0 there exists a continuous mapping T, : S — S such that
T,u is built via iterated polarizations and | T,u — u*||y < p for allu € S.

REMARK 2.3. If S is the set involved in Definition 2.1, then assume that
S'CS, h(S'xH,)CS, =*S)CV.

Then (S, X, V, h, *) satisfies conditions (i)—(v) of Definition 2.1 and Proposition 2.2 holds for
S’ in place of S. If u € X, then one still defines u!? := (©(u))* and u* := (O(u))* for allu € X.
Note that ©(u) = u for all w € S, since S” C S and O|g = Id|s.

2.2. Classical principles

In the following, we recall a particular form, suitable for our purposes, of Borwein—Preiss’s
smooth variational principle [3] for reflexive Banach spaces endowed with a Kadec renorm
(cf. [3, Theorems 2.6 and 5.2, and Formula 5.4]). We say that X is endowed with a Kadec
renorm || - ||, if the weak and norm topologies agree on the unit sphere of X. Such a norm
indeed exists if X is reflexive [14].

THEOREM 2.4 (Borwein—Preiss’s principle). Assume that X is a reflexive Banach space,
endowed with any Kadec norm || - ||. Let f : X — R U {+o0} be a proper bounded-below lower
semi-continuous functional. Let w € X, p >0, 0 > 0 and p > 1 be such that

f(u) <inf f + op”.
Then there exist v € X and n € X such that

(a) [lv—ul <p;
(b) [l —ull < p;
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(c) f(v) <inf f+op”;
(d) f(w) = f(v) +o(lv=nl = [lw=mn|?) for all w € X.

The following is a symmetric version of Borwein—Preiss’s smooth variational principle.

THEOREM 2.5 (Symmetric Borwein—Preiss’s principle). Assume that X is a reflexive

Banach space, endowed with any Kadec norm ||-||. Let f: X — RU{+4o0c} be a proper
bounded-below lower semi-continuous functional such that
fw?)y < f(u), forallue S and H € H,. (2.3)

Letue S, p>0,0>0andp>1 be such that
f(u) <inf f + op”. (2.4)

Then there exist v € X and n € X such that

(@) [lo=v*llv < (K(Co + 1)+ 1)p;

(b) [lv —ull <p+Tpu—ull;
(©) lIn—ull < p+ITpu —ul|;

)

)

( ()<1nff+o'pp
(e) f(w) = f(v)+o(lv—nlP—llw—n|P) for allw € X.

Here K > 0 denotes the continuity constant for the injection X — V.

Proof. Letue S, p>0,0>0and p>1 be such that f(u) <inf f+op?. fT,: S — S
is the mapping of Proposition 2.2, then we set @ := T,u € S. Then, by construction, we have
|l —u*||[v < p and, in light of (2.3) and the property that @ is built from u through iterated
polarizations, we obtain f(@) < inf f 4+ opP. By Theorem 2.4 there exist elements v € X and
n € X with ||n — @l < p, such that f(v) <inf f + opP, v — 4| < p and

fw) = fv) +o(lv—nl]” = flw—=n]"), foralweX.

Hence, (d) and (e) hold true. Taking into account, the second inequality in (2.1), if K >0
denotes the continuity constant of the injection X — V| then we obtain

Jo = v*llv < K (Co + Dllo = all + 1 — u* v < (K(Co +1) + 1)p, (2.5)
where we used the fact that «* = @* in light of (iii) of the abstract framework and, again, by
the way @ is built from w. Then (a) holds true. Also (b) follows from

o —ull < flv—all + (|t — ul] < p+[Tpu —ull. (2.6)
Finally, (c) holds by virtue of ||n —u|| < ||n —a| + || — u|| < p+ | Tou — ul|. O

REMARK 2.6. If u€ S in (2.4) is such that uf =u for all H € H, (which is the case,
for instance, if v* =wu and % denotes the usual Schwarz symmetrization in the space of
nonnegative vanishing measurable real functions), then by construction T,u = u for every
p > 0 and conclusions (b)—(c) of Theorem 2.5 improve to

lo—ull <p and | —ul <p. (2.7)

Hence, starting with a minimization sequence made of symmetric functions yields a new
minimization sequence satisfying (a)—(e) and full smallness controls (b)—(c) of Theorem 2.5. In
many concrete cases (although there are some exceptions, as pointed out in [30]), if a functional
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does not increase under polarization, namely, condition (2.3) holds, then it is also nonincreasing
under symmetrization, namely

fw*) < f(u), foralluels.

In these cases, starting from an arbitrary minimization sequence (uy,) C S, first one can consider
the new symmetric minimization sequence (u}) C S, which already admits a behaviour nicer
than that of (uy), and then apply the variational principle to it, finding a further minimization
sequence (v;,) C X with even nicer additional properties.

In the abstract framework of Definition 2.1, using Ekeland’s principle in complete metric
spaces, we can derive the following result.

THEOREM 2.7 (Symmetric Ekeland’s principle, I). Let S C X be as in Definition 2.1 and
let S" be a closed subset of S satisfying the properties stated in Remark 2.3. Assume that
f:S" = RU{+oc} is a proper and lower semi-continuous functional bounded from below
such that (2.3) holds (on S"). Then, for all p > 0 and o > 0, there exists v € S” such that

(a) [lv—v*llv < (2K + 1)p;
(b) f(w) = f(v) —o||lw—v]| for all w € S".

In addition, one can assume that f(v) < f(u) and ||v —u| < p+ ||Tpu — u||, where u € S’ is
some element that satisfies f(u) < inf f + op.

Proof. As S’ is a closed subset of the Banach space X, (S’,d) is a complete metric space,
where d(u,v) = ||u — v||. Given p > 0 and o > 0, let u € S" with f(u) <inf f +0op. If T, : S’ —
S’ is the map of Proposition 2.2 (cf. Remark 2.3), let @ = T,u € S’. Then ||& — u*|y < p and,
taking into account (2.3), f(a) < inf f + op. By applying Ekeland’s variational principle on the
complete metric space S’ (see [15, Theorem 1.1]), we find v € S’ such that f(v) < f(@) < f(u),
[lv—al| < pand f(w) = f(v) — o||lw —v]||, for every w € S’. As in inequality (2.5), it readily
follows that |jv — v*||v < 2K|jv — @l + ||a — v*|lyv < (2K 4+ 1)p. Finally, |jv —u|| < |lv —a| +
IT,u —ull < p+||T,u— ul|, concluding the proof. O

Note that, in Banach spaces, essentially conclusion (b) of Theorem 2.7 can be recovered by
(e) of Theorem 2.5 with p = 1, since ||[v — || — [|w — 7| = —|jw — v|| for all w € X.
On Banach spaces, we can state the following theorem.

THEOREM 2.8 (Symmetric Ekeland’s principle, II).  Assume that X is a Banach space and
that f : X — RU {400} is a proper and lower semi-continuous functional bounded from below
such that (2.3) holds. Moreover, assume that, for all u € dom(f), there exists £ € S such that
f(&) < f(u). Then, for every p > 0 and o > 0, there exists v € X with

(a) [lv—v*llv < (K(Co+1)+1)p;
(b) f(w) = f(v) —o||lw—v]| for all w € X.

In addition, one can assume that f(v) < f(u) and [[v—u| < p+ || Tpu — u|, where uw € S is
some element that satisfies f(u) < inf f + op.

Proof. Let u € dom(f) with f(u) < inf f + op. Then let £ € S with f(§) <inf f + op. At
this stage one can proceed as in the proof of Theorem 2.7, with Ekeland’s principle now applied
to f defined on the whole X, yielding a v € X with the desired properties. |
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Now let f, fr : X — RU {400} be lower semi-continuous functionals such that
for any u € dom(f) NS, there is (up) C S with up, — w and fj,(up) — f(u) (2.8)

and
lim inf (iﬁf fh) > inf f. (2.9)

As pointed out in [9], in some sense, this means that the function f is the uniform I-limit of
the sequence (f3). In the framework of Definition 2.1, we introduce the following definition.

DEFINITION 2.9. We set X3, := {u € S: ul =u, for all H € H..}.

REMARK 2.10. In the framework of Definition 2.1, the space (X3.,,| - ||) is complete, as it
is closed in X. Conversely, assume only that the conclusion of the symmetric Ekeland principle
holds true for the subclass of lower semi-continuous functionals f: (X, | - |lv) — RU {+oc0}
bounded from below and which are not increasing under polarization of elements u € S. Then
(X2, |l - |lv) is complete if uf is contractive with respect to || - ||y.. In fact, let (uy) be a
Cauchy sequence in (X7, - ||v). Defining f: X — R by f(u) := lim; ||u; — ul|y, then f is
continuous and f(up) — 0 as h — oo, yielding inf f = 0. Observe also that, by contractivity,

F() =t Juy — = i o~y <l g — uly = £,
for all H € H, and uw € S and, for all u € X,
£(©() = T ll; — O v =l [0(;) — O}y < lm fu; —ully = (u).
Given ¢ € (0,1), there is v € X with f(v) < &2, |lv —v*||y < e and f(w) = f(v) —e|lw — v|v,

for all we X. By choosing w =wu; and letting j — oo, it holds f(v) <ef(v), namely,
[lup, — v||y — 0 as h — oco. Moreover, v = v*, by the arbitrariness of €. Hence, v € H..

Under the above conditions (2.8)—(2.9), we have a symmetric version of an Ekeland-type
principle proposed by Corvellec [9, Proposition 1].

THEOREM 2.11 (Symmetric Ekeland’s principle, III).  Assume that X is a Banach space and
that f, fn : X — RU {400} are proper lower semi-continuous functionals with f, f, bounded
from below satisfying conditions (2.8)—(2.9). Moreover, assume that

fu(u™) < fu(u) forallue S, HeH, and h € N. (2.10)
Let Y be a nonempty subset of S, p > 0 and ¢ > 0 such that
1§ff < 151(ff—|— op.
Then, for every hg > 1, there exist h > hg, m > 1, (up) C S and (v,) C X such that

(@) [lon = villv < (K(Co +1)+1)p;
(b) [fa(vn) —infx f| < op;
(c) d(vn,Y) <p+ [ Tim-1)p/mun — unl;
(d) falw) = fr(vn) — oflw — v for all w € X.
In particular, if f, = f for all h € N and Y C Xy, , then there exists v € X such that

(a) [lv —v*llv < (K(Co +1)+1)p;
(b) |f(v) —infx f| < op;
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(©) d(v,Y) < p
(d) f(w) = f(v) —ol||lw—v]| for allw € X.

Proof. Given hg > 1, p> 0 and o > 0, taking into account (2.8)—(2.9), arguing as in the
proof of Corvellec [9, Proposition 1], one finds v € Y Ndom(f), m > 1, 6 € (0,0), ¢ € (6,0)
with ma/(m — 1) < o and f(u) < inf f + 6p, and points u, € S N dom(fy,) such that

fun—ull < p/m.inf g > in £~ T ) < g+ T2
and, in turn,
fh(uh) < i%f fn+aop. (2.11)

By means of (2.10) condition (2.3) is satisfied for the functionals fj,. Therefore, in light of
Theorem 2.8 (applied to f3, starting from the point up: see (2.11)), with o replaced by
ma/(m — 1) and p replaced by (m — 1)p/m, respectively, there exist v, € X such that

Fulon) < fulwm),llon —villy < (K(Co+1) + )™ Ly < (K(Co +1) + 1),
fo(w) = fr(vn) — mri 1

Also, it holds | fy(vy) — inf f| < op, since

ollw—wvnll = fulvn) —ollw — vy, for all w e X.

(6 —0)p (G—0)p
2 2

Moreover, noting that [[vy, — un|| < (m —1)p/m + | T(m—1)p/mun — unll, it holds

igl{ff —op < igl(ff - < falop) < frlup) < flu) + < inf f + op.

d(vp,Y) < |lon = ul| < lJvn — unll + lun — ull < p+ | Tm-1)p/mun — unl|-

The last conclusion of the statement can be easily obtained by taking into account that T,u = u
forall p>0and u €Y C Xy, . Ul

Based upon the strong Ekeland’s principle stated by Georgiev [20], which exhibits some
additional stability features, we formulate the following symmetric version.

THEOREM 2.12 (Symmetric Ekeland’s principle, IV). Assume that X is a Banach space
and that f: X — RU {400} is a proper and lower semi-continuous functional bounded from
below such that (2.3) holds. Then, for every py,ps >0, o > 0 and u € S, such that

f(u) <inf f+opy,
there exists a point v € X such that

(a) [[o—v*lly < (K(Co+1) +1)(p1 + pa);
(b) f(w) = f(v) —o||lw—wv]| for all w € X;
(¢c) for every sequence (up) C X it follows

liin(f(uh) +olup =) = flv) = li}gnuh = .

Proof. Given py,p2 > 0and o > 0, let u € S be such that f(u) <inf f+o0p;. IfT,: S — S
is the map of Proposition 2.2, let @ =T, ;,,u € S. Then ||a —u*|y < p1 + p2 and, taking
into account (2.3), f(u) < inf f + op;. By Georgiev [20, Theorem 1.6] there exists v € X such
that (b) and (c) hold and ||v — @|| < p1 + p2. Then |jv — v*|ly < (K(Co + 1) + 1)(p1 + p2), by
arguing as in the previous proofs. |
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In some situations, a version of Ekeland’s variational principle, sometimes called altered
principle, has been found very useful [26]. Here follows a symmetric version of it. A similar
statement holds with S in place of X, when S is closed.

THEOREM 2.13 (Symmetric Ekeland’s principle, V). Assume that X is a Banach space
and that f : X — RU {400} is a proper and lower semi-continuous bounded-below functional
such that (2.3) holds. Then, for every u € S, p > 0 and o > 0, there exists an element v € X
such that

(a) f(w) > f(v) —o|lw—wv]|| for all w € X \ {v};
(b) f(v) < f(u) —ollv—T,ull.
If in addition u € Xy, , then (b) strengthens to f(v) < f(u) — oljv — ul|.

Proof. Given ue€ S, p>0 and ¢ > 0, consider T,u € S. By applying [26, Theorem A,
p. 814] to Tpu and taking into account that f(T,u) < f(u) by (2.3), we get an element v € X
satisfying properties (a) and (b). O

REMARK 2.14. Let u € S be such that f(u) <inf f + po, for some p,o > 0. Then, in
addition to the conclusions of Theorem 2.13, it follows |v —v*||y < p, as in the previous
statements. In fact, in light of (b) of Theorem 2.13, we have

fw) = f(0) _ flu)—inff _

o —Tyull <

< X P

o
which in turn allows us to get the desired conclusion, taking into account that || T,u — u*||y < p.
Also one has ||[v —u|| < p+||Ty)u —u|. In other words, Theorem 2.13 is stronger than the
previous statements owing to the fact that it holds for any point u € S. On the other hand,
the price to be paid is that the location of v with respect to u is no longer available and it is
recovered, provided that f(u) < inf f + po.

Let X' denote the topological dual space of X. We need to recall from [13] the following
definition.

DEFINITION 2.15. Let X be a Banach space, 3 be a family of bounded subsets of X which
constitutes a bornology, f : X — R U {400} be a functional and u € dom(f). We say that f is
B-differentiable at u with §-derivative ¢ = f'(u) € X' if

L) — )~ o, tu)
t—0 t

=0

uniformly for w inside the elements of 3. We denote by 73 the topology on X’ of uniform
convergence on the elements of (.

When £ is the class of all bounded subsets of X, then the §-differentiability coincides with
Fréchet differentiability and 75 coincides with the norm topology on X’. When § is the class
of all singletons of X, the (-differentiability coincides with Gateaux differentiability and 75 is
the weak™ topology on X'.
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We consider the Banach space (Xg, || - ||3) defined as follows:

Xg:={9: X — R: gis bounded, Lipschitzian and §-differentiable on X},
I9llg = llglloc + 9" lsc,  llglloc = sup [g(u)], [lg'llc = sup [lg’(u)[l.
ueX ueX

DEFINITION 2.16. We say that b € Xz is a bump function if supt(b) # 0 is bounded.

Next, we recall a localized version of Deville-Godefroy—Zizler’s variational principle (see [13,
Corollary I1.4 and Remark IL5]).

THEOREM 2.17 (Deville-Godefroy—Zizler’s principle). Assume that X is a Banach space
that admits a bump function in Xg and let f : X — RU {400} be a proper and lower semi-
continuous functional bounded from below. Then there exists a positive number A such
that, for all € € (0,1), and u € X with f(u) <inf f + Ae?, there exist g € X3 and v € X
such that

(a) [lv—ul <e
(b) llgllee <€ and [|g']|oc <&

(¢) f(w)+g(w) = f(v)+g(v) for allw € X.

Next, we state a symmetric version of Deville-Godefroy—Zizler’s variational principle.

THEOREM 2.18 (Symmetric Deville-Godefroy—Zizler’s principle). Assume that X is a
Banach space that admits a bump function in Xg and let f: X — RU{+oco} be a proper
and lower semi-continuous functional bounded from below satisfying (2.3). Then there exists a
positive number A such that, for all ¢ € (0,1), and u € S with f(u) < inf f + Ae?, there exist
g € Xg and v € X such that

(a) [lv—v*flv < (K(Co + 1)+ 1)e;

(b) [lv —ull < &+ [|Tew = uf;

(©) llglloe < € and [|¢'l|oc <&

(d) f(w)+g(w) = f(v) +g(v) for allw € X.

Proof. By Theorem 2.17 there exists a positive number A with the stated properties. Let
u € S and € € (0,1) such that f(u) <inf f + A2 If T. : S — S is as in Proposition 2.2, then
we set @ := T.u € S. By construction we have || — u*||y < e and f(@) < inf f + Ae?. Hence,
by the just stated principle, there are g € X3, with ||g||c <&, and ||¢'||cc <€ and v € X
such that ||v — ] < e and f(w) + g(w) = f(v) + g(v) for every w € X. Furthermore, we have
[lv—v*|lv < (K(Co + 1)+ 1)e with the usual argument, as well as |v—ul < ||lv—a| +
|t —u|| < e+ || Tew — ul|. This concludes the proof. O

2.3. Statements with weights

In this section, we derive a symmetric version of Ekeland’s variational principle with weights
(see also [17, 29, 32]), based upon the following result due to Zhong (take zop =y in [32,
Theorem 1.1]). The result is often used to prove that a lower semi-continuous bounded-below
functional that satisfies a suitable weighted PS condition needs to be coercive.
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THEOREM 2.19 (Zhong’s principle). Let X be a complete metric space and consider a
nondecreasing and continuous function h : [0, +00) — [0, +00) such that

+oo 1
J ——ds = +o0.
o L4 h(s)

Assume that f: X — RU {400} is a proper lower semi-continuous functional bounded from
below. Let uw € X, p > 0 and o > 0 such that

flu) < iriff +op.
Then there exists v € X such that

(a) f(v) < f(u);

(b) d(v,u) <r(p);

(c) (w) f(v) —o(d(w,v))/(1 + h(d(v,u))) for all w € X,
(

where 7(p) Is a positive number that satisfies

r(p) 1
= _ds>p.
L 1+ h(s) 77

WV

As a consequence, in the framework of Definition 2.1, we obtain the following theorem.

THEOREM 2.20 (Symmetric Zhong’s principle). Let X be a Banach space and consider a
nondecreasing continuous function h : [0, +00) — [0, +00) such that

J+oo 1 p N
— as = 0.
o L4+ h(s)

Assume that, for pg > 0 sufficiently small, there exists a function r : [0, pg) — [0, 00) with

r(p) 1
—— ds>p, i = 0. 2.12
L T he) ® 27 pgg+7“(p) (212)

Let f : X — R U {400} be a proper lower semi-continuous functional bounded from below such
that condition (2.3) holds. Let uw € S, p > 0 and ¢ > 0 be such that

flu) < i%ff + op. (2.13)
Then there exists v € X such that

(@) [lv—v*llv < (K(Co+1)+ 1)r(p);

(b) f(v) < f(w);

(©) llo—ull < r(p) + [ Tr(pyu — ulf;

(d) f(w) = f(v) = o(llw—=2o[)/(1 + h(lv = Trull)) for every w € X.

Proof. Let ue€ S, p>0 and o >0 with f(u) <inf f + op. Let also r(p) be a positive
number that satisfies conditions (2.12). Then, if T,(,) : S — S is the map of Proposition 2.2,
let @ := T,,)u € S. Then [|@ —u*|y <r(p) and, taking into account (2.3), we can conclude
f(@) <inf f 4+ op. By applying Theorem 2.19 to this element @, we find an element v € X such

that [lv —a <r(p), f(v) < f(@) < f(u) and

[w — ]
flw) = f(v) — 0’1 + h(||v— T'r(p)uH)

for every w € X.

Also, we have
lo = ull < [lo = all + [ Tr(p) = ull < r(p) + I Trp) — ull-
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We conclude with [|[v —v*||y < K(Co + 1)|lv — 4|l + || — v*||v < (K(Co + 1)+ 1)r(p). O

REMARK 2.21. In the case h = 0, one finds precisely the symmetric version of the classical
Ekeland’s variational principle (note that one can take r(p) = p). In the Cerami case h(s) = s
(see [7]), one can take r(p) = e — 1 and the conclusion of Theorem 2.20 reads as follows: for
every u € S that satisfies (2.13), with p > 0 and o > 0, there exists v € X such that

(a) flv—v*|lv < (K(Ce +1)+1)(e” —1);

(b) f(v) < f(u);

(©) llv —ul <e” =1+ |Ter—ru —ul];

(d) fw) = f(v) = o(llw=v[))/(1 +[Jv = Ter1ul]) for all w € X.

Furthermore, if u € X4, and p = o > 0, then there exists v € X such that

(a) [lv —v*llv < (K(Co +1) +1)(e = 1);

(b) f(v) < f(u);
(©) [lv—ul < e’ =1
(d) f(w) = f(v) = p(lw = o[)/(T+ [[o = u) for all w € X.

Next, we highlight some by-products of the previous principles in the context of nonsmooth
critical point theory. We recall the definition of weak slope [12]. The symbol B(u,d) stands for
the open ball in X with centre v and radius ¢, and epi(f) = {(u,\) € X x R: f(u) < A}

DEFINITION 2.22. For every u € X with f(u) € R, we denote by |df|(u) the supremum of
the values of ¢ in [0, 00) such that there exist § > 0 and a continuous map

H: B((u, f(u)),0) Nepi(f) x [0,0] — X,
satisfying, for all (¢, 1) € B((u, f(u)),d) Nepi(f) and ¢ € [0, 4],

IH((E p),t) =&l <ty FOR(E, ), 1) < f(E) —ot.
The extended real number |df|(u) is called the weak slope of f at w.

REMARK 2.23. If f is of class C*, then |df|(u) = ||df (u)]|; see [12, Corollary 2.12]. If u € X,
with f(u) < 400, the strong slope of f at u (see [11]) is the extended real |V f|(u),

i £ 1)
V) = 4 T )

0 if u is a local minimum for f.

if u is not a local minimum for f;

It easily follows from the definition that |df|(u) < |V f|(u).
We can now state the following corollary.

COROLLARY 2.24. Let X be a Banach space and h : [0, +00) — [0, +00) be a nondecreasing
and continuous function such that
+oo
1
J ————ds = +00.

o L4+ h(s)
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Assume that, for pg > 0 sufficiently small, there exists a function r : [0, pg) — [0, 00) with
(p) 1
———ds>=p, lim r(p)=0.
L a2 Jimre)

Let f: X — RU {400} be a proper lower semi-continuous functional bounded from below such
that (2.3) holds. Then, for every p > 0 and u, € S with

Flup) < inf f + o2,
there exists v, € X such that

(@) v, —vpllv < (K(Ce + 1) +1)r(p);
(b) (14 A([lv, = Tr(pyupl))|df[(v,) < p for all w € X.

In particular, for every minimizing sequence (u;) C S for f, there exists a minimizing sequence
(vj) € X and (p;) C RT with p; — 0 such that

lim [lvo; —vjflv =0, lim (1 + A(|lv; — Ty, uy()))|df|(vy) = 0.
j—o0 j—o0

Moreover, for every symmetric minimizing sequence (u;) C Xy, for f, there exists a minimizing
sequence (v;) C X such that

Jim flo; = o5l =0, lim (14 Ao, — s )ldf](0;) = 0.

Proof. Taking into account Remark 2.23, it is an easy consequence of Theorem 2.20. |

2.4. Statements with constraints

A symmetric version of Ekeland’s principle with constraints, in the spirit of Ekeland [15,
Theorem 3.1], can also be formulated. Assume that Gj: X =R with 1 <j<m are ct
functions, let 1 < p < m and consider the set

¢={ueX: Gj(u)y=0 for1<j<p and G(u) >0 forp+1<j<m}.

For all v in ¢, we denote by .#(u) the index set of saturated constraints (cf. [15]), namely,
j € F(u) if and only if G;(u) = 0. We consider the following assumptions:

f X — R is Fréchet differentiable, —oo < i%ff < 4005 (2.14)
for all u € € there exists £ € € NS such that f(&) < f(u); (2.15)
for all u € € the elements {dG;(u)} c.#(u) are linearly independent inX'; (2.16)

. H
{Vuecfﬁ& VH e H.: u €%, (2.17)

Vue e NS, VHEeH.: f(u)< flu).

Then, for every € > 0, there exists u. € ¢ such that

m
flue) <inf f+ e, ue —ulllv < Ce, ||df(ue) = > NdGj(ue)||  <e,
Jj=1 X/
for some \; € R, 1 < j < m, such that \; > 0 for p+1§j<mand Aj =0 if Gj(u.) #0.
The assertion follows by applying Theorem 2.8 to the functional f: X — R U {+o0},

2oy Jfu) forue®,
f(u)._{+oo forue X\ €,
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finding almost symmetric point u. € € such that f(u.) < inf f|¢ + &2 and
YVwe€: flw) = flu) —e|lw—ucl,

and then arguing exactly as in the proof of Ekeland [15, Theorem 3.1], namely using [15
Lemmas 3.2 and 3.3], in view of assumptions (2.14)—(2.16). The assumptions of Theorem 2.8 are
fulfilled since f is lower semi-continuous, bounded from below (f being bounded from below on
%) and, in light of (2.17), it satisfies f(u?) < f(u) for every u € S and H € H,. Also, by virtue
of (2.15), for all u € dom(f) there exists & € S such that f(¢) < f(u). In the case of a single
constraint, namely m = 1, then assumption (2.16) reads: G(u) = 0 implies dG(u) # 0. On the
concrete side, (2.17) is satisﬁed in various situations, meaningful in the calculus of variations,
such as G : WHP(RY) — R, IRN (Ju|) = 1 for suitable H € C'(R) and functionals
f:WLP(RY) - RU {400} dlscussed in Section 3.1.1.

2.5. Symmetry, coercivity and PS conditions

A sequence (up) C X is said to be a PS sequence for f € C1(X) if (f(up)) is bounded and
ldf (up)||x» — 0, as h — oo. Also we say that f satisfies the PS condition, if each PS sequence
admits a converging subsequence. If f is bounded from below and satisfies the PS condition,
then it is coercive [5, 9], meaning that

liminf f(u) = +oo.

flull—+o0
Actually, an even more general property holds and it is sufficient to assume that the PSB
condition holds, namely, each (up) C X with (f(uy,)) bounded and ||df (up,)||x — 0 is bounded
(see [9, Corollary 1], for details). As pointed out in [24, Section 10], a typical argument to
prove the above conclusion is based upon a clever application of Ekeland’s principle, after
observing that a violation of the coercivity yields £ € R, ¢ > inf f and a sequence (up) C X
such that f(up) < €+ 7y, and |Jug|| = h, where (y5) C RT is a given sequence with v, — 0 as
h — oo. Note that £+, —inf f > 0 for all h € N. Let o5, > 0 with o, — 0 as h — oo and
pn = ({4, —inf f)/op > 0 be such that p, < h/2, yielding

f(up) <inf f +oppp, heN.

Under reasonable assumptions, we can also have (uy) C S. At this stage, if (2.3) holds,

f(TPhuh) < f(uh) < lnff + Onph, ||Tph,uh - U‘ZHV < Ph-

Then Ekeland’s principle yields (vy) C X with f(vn) < f(un) < L4 v, ||df (vn)||x: < o and
llon — T unll < pn, implying ||v, — v} |lv < Cpp. Note that, assuming ||uf || = ||ul| for allu € S
and H € M., which is reasonable for applications to PDEs, there holds |lvy| = || T,, un|l — pn =
llunll — pr = h/2, yielding |jvp|| — oo, as h — oo. In particular, it follows that f(vy,) — ¢, since
= liminf f(u) <liminf f(vy) < limsup f(vy) < Um0 4 vp,) = L.
llul—+o0 h h h

Since o5, — 0, (vy) in an unbounded PS sequence, contradicting the PSB condition. To
guarantee that, in addition, ||y, — v}|[v — 0, one would need that p;, — 0. On the other hand,
PhsOhyYn — 0, by oppn =€+ v, —inf f, yields £ = inf f, which is not the case in general. In
conclusion, this argument does not seem to allow obtaining a true unbounded almost symmetric
PS sequence, which would of course considerably improve the statement on coercivity, replacing
PSB with some symmetric version of it involving PS sequences (up) with [|up — uj ||y — 0. If
f is bounded from below, (2.3) holds and it satisfies the symmetric PSB condition, then

liminf f(u) > igl(ff.

llul| =400
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It is sufficient to argue by contradiction and let ¢ =inf f in the previous proof, allowing
Phs0h,yn — 0. The relationships between the symmetry of the functional, its coercivity and
PS conditions of some kind would deserve further attention.

2.6. Symmetric quasi-convex PS sequences

To the author’s knowledge, the next notion was first introduced by Bartsch and Degiovanni [2].

DEFINITION 2.25. Let X be a Banach space, f: X — R be a lower semi-continuous
functional and u € X. We define the functional @, : X — R by setting

Qu(w) := h?:syp fz+1t0) + f(; —t() — 2f(z)7
t—0

for every w € X.

In the framework of Definition 2.1, we also introduce the following definition.

DEFINITION 2.26. Let X be a Banach space and f: X — R be a lower semi-continuous
functional. We say that (up) C X is a symmetric quasi-convex PS sequence at level ¢ € R
((SQPS). -sequence, in short) if

hlim flup) = ¢, hlim |df|(ur) = 0,
and, in addition,
lim |lup —up|ly =0, liminf@,, (w) >0, Ywe X. (2.18)
h—oo h—o0

We say that f satisfies the symmetric quasi-convex PS condition at level ¢, (SQPS)., in short,
if every (SQPS).-sequence that admits a subsequence strongly converging in W, up to a
subsequence, converges strongly in X.

Compared to a standard PS sequence, two additional items of information are involved on
(up), a quasi-symmetry and a quasi-convexity condition.

REMARK 2.27. As pointed out in [18, 23], the fact that a PS sequence (uj) C X for a
functional f : X — R of class C? satisfies the additional second-order condition

lim inf (f" (up)w,w) >0, for all w € X,

h—o0
can sometimes be crucial for the proof of the strong convergence of (uy,) itself to some limit
point u € X. Furthermore, the additional symmetry condition [jup — u}|yv — 0, as h — oo,
usually provides compactifying effects (see, for example, [30, Section 4.2]). Based upon these
considerations, it is quite clear that, in some sense, the (SQPS).-condition is much weaker
than the standard PS condition. Of course, Q,(w) = (f”(u)w,w) when f is of class C* and

replacing (f”(u)w,w) with @, (w) appears to be a natural extension when the function is not
C? smooth.
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Now let X be a Hilbert space and consider the following assumptions:

f(u) < f(u) for all w € S and H € H,; (2.19)

for all X there exists £ € S such that f(§) < f(u); (2.20)

if (u;,) C X is bounded, then (&,) C S is bounded; (2.21)

uf || < |Ju|l for all u € S and H € H,; (2.22)

f admits a bounded minimizing sequence. ( )

Note that assumptions (2.20)—(2.22) are satisfied in many typical concrete situations, like
when X is a Sobolev space VVOl’p(Q), Q2 is a ball or R, S is the cone of its positive functions
and the functional satisfies f(|u|) < f(u) for all w € X. Assumption (2.23) is mild but not
automatically satisfied of course; for instance, all the minimizing sequences for the exponential

function on R are unbounded.
We can now state the following theorem.

THEOREM 2.28. Assume that f: X — R is a lower semi-continuous functional bounded
from below such that conditions (2.19)—~(2.23) hold. Then f admits an (SQPS)int f-sequence.

Proof. In the course of the proof, C' will denote a generic constant that might change
from line to line. By means of assumption (2.23), we can find a bounded minimizing sequence
(up) C X for f, namely, there exists a sequence (g4,) C R*, with £, — 0 as h — oo, such that
llup|| < C and f(up) < inf f+ &3 for all h € N. In light of assumptions (2.20)—(2.21), there
exists a sequence (£,) C S such that [|&,|| < C and f(&,) < inf f + 5, for all h € N. Taking
into account that any norm |- | on X is a Kadec norm and that assumption (2.19) holds,
by Theorem 2.5 (symmetric Borwein—Preiss’s principle) with p = 2, o), = pj, = &5, we find two
sequences (vy) C X and (1) C X such that [jv, — vi|ly < Cep, f(vy) < inf f+ &} as well as

lon = &nll < en+ITe,&n = &nlls  lnmn — &nll < en +ITe, &n = &all, (2.24)
Fw) > Fon) +enllon —ml? = [w—ml?), forallweX.  (225)

Fixed any ¢ € X and ¢ € R, substituting w := vy, + t¢ and w := v, — {¢ into (2.25) yields

Fon +1¢) = f(on) +enlllva = mll* = llvw — m +£C[%),
flon =) = f(vn) + en(llon — mnll* = llon — mn — tC|I%).

Whence, taking into account the parallelogram law, it holds
flop +1C) + flup — ) — 2f(vn) = —2ent?|[¢]|?, for all ¢ € X and t € R. (2.26)

In turn, for every w € X, it holds

Qu (1) = tinsup LEH )+ 112 =0 = 2/(2)

zZ—vp t2
(—w
t—0

> limsup fon +1¢) + flon —t¢) — 2f (vn)

(—w t2
t—0

> _25h||wH2a

which yields the desired property on @,,. Note also that, from (2.25), for every h and w # vy,

Flon) = fw) _ _w=ml? = o = m]?
o= ol =l

< en(llw = mall + llvn — nnll)-
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By repeatedly applying (2.22), we get | T, &n]l < ||€n]]. Whence, recalling (2.24), it follows that

|df |(vr) < |V f|(vr) = limsup flon) = flw)

w—o,|[w = ol

< 2enl|vn — &nll + 22160 — n ||
< 46h(6h + ||T5hfh — «th) < 46% + SEhHEhH < Cey,.

< 2en|vn — |

This concludes the proof. ]
In the framework of Definition 2.1, we also introduce the following definition.

DEFINITION 2.29. We set X, :={u € S:u* =u} and we say that X is symmetrically
embedded into W if ||u*| < |lu|| for all uw € X and the injection i : X, — W is compact.

As a consequence of Theorem 2.28, we have the following corollary.

COROLLARY 2.30. Let X be symmetrically embedded in W and f: X — R be a lower
semi-continuous functional bounded from below such that (2.19)—(2.23) hold. Then f admits
an (SQPS)int f-sequence converging weakly in X and strongly in W. If in addition (SQPS)ins ¢
holds, there exists a point z € S such that f(z) =inf f, |df|(2) =0, z = z* and Q, > 0.

Proof. Let C denote a generic constant that might change from line to line. By
Theorem 2.28, f admits an (SQP.S)ins r-sequence (vj,) C X. By construction (v;) is bounded
in X. In fact, with the notation in the proof of Theorem 2.28, there exist a vanishing sequence
(en) C RT and a bounded sequence (&) C S, yielding

vrll < [lvn = Enll + [16nll < en + | Te, En — &nll + €]l < en + 3I€nl < C-

Hence, there exist v € X and a subsequence of (v,) that we shall still indicate by (vp),
such that (vj,) weakly converges to v in X. Since X is symmetrically embedded into W,
we have that [|vj]| < |lvp]| < C and also, up to a further subsequence, (vp) converges in
W to some 0 € W. Of course, it is v =10. If f satisfies (SQPS)ins s, then there exists a
further subsequence, that we still denote by (vp), which converges to some z in X. By
lower semi-continuity, f(z)=inf f. Since |df|(vy) — 0 and f(vp) — inf f = f(2), by means
of Degiovanni and Marzocchi [12, Proposition 2.6], it follows that |df|(z) < liminf}, |df|(vy) =
0. Since ||vp, —v}|lv — 0, letting h — oo into ||z — 2*||v < ||z — vpllv + ||vn — V) ||v + [Jv); —
2*|lv < K(Co + 1)|lvp, — z|| + ||vn — vji||v yields z = z* € S, as desired. Since f(z) = inf f and,
by definition, f(z +t() > f(z) and f(z —t¢) > f(z) for all t € R and ¢ € X, we infer that, for
allw e X,

0.(w) > limsup LE T T/ —10) ~2f(2)

C—w t
t—0

= 0.

This concludes the proof of the corollary. |

These results look particularly useful for applications to PDEs defined on a ball Q or on R,
choosing X = Wy P(Q), X =S or § =W, P(Q,RY), V=LPNLY(Q) and W = LI(Q) DV
with p < ¢ < p*. These functional spaces are compatible with Definition 2.29.
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2.7. Symmetric inf sup principles

The symmetric version of Ekeland’s variational principle allows us to obtain a symmetric
minimax type result for C! smooth functionals. We refer to Theorem 5.1 in the book [19]
by de Figueiredo for a standard statement of the minimax principle, without symmetry,
proved through the classical Ekeland’s principle. In fact, let (S, X,V,h, ) be according to
Definition 2.1. Recall also inequalities (2.1). We assume that ©: (X, -]) — (S,]-]]) is
continuous and also consider the polarization and symmetrization maps as defined over the
whole X by setting u = (O(u))" and u* = (©(u))*, respectively. Let ¢ € S with v =) for
all H € H, and introduce the spaces

X:=C(0,1,X), Mg = sw [y®l, V:=C(0,1,V) Iyl := suwp [v®lv,
tef0.1] €0,

S:={y€C([0,1],X): 7(0) =0, ~(1) =¢}.
Define *: S — V, v —~* and h: S x H, — S, (v, H) — v by setting
hiy, H)(t) ==y, ~*(t) :=~{t)", Vyel, VHeH, Viel01].
Note that, since X and V' are Banach spaces, X and V are Banach spaces, ScXc V, S
is a closed subset of X and X is continuously embedded into V. Furthermore, for all y € S
it holds 7* € V and " € S since v* € C([0,1], V), 4" € C([0,1], X) and v7(0) = ~(0)" =0,
H(1) = M = 1. With the above definitions, the string (S, X,V h, ) satisfies the axiomatic
properties of Definition 2.1. Let us prove that h is a continuous mapping. Given (v;, H;) in
S x H, such that (v;, H;) converges to (7o, Hp) as j — oo, we have a sequence (¢;) C [ 1]
converging to a to € [0, 1] as j — oo, such that
17" = 8 N < ()™ = 30 (t) 11 + 110 (t:) ™ = 70(t0) 1l + [[70(t;) e = v0(to) |
< Collvj =0l x + 1o(t) ™ = 70(te) ™| + Collro(t;) — Y0 (to)ll,
yielding the desired conclusion since 7; — v in X as j— oo, (70(tj), Hj) converges to
(70 (o), Hp) and the mapping h : S x H, — S is continuous. Analogously, given v € S, there
exists a sequence (t,,) C [0, 1] converging to to € [0, 1] such that
=7 g < My (n) Tt — (o) Tt |y 4 [y (ko) T2 — (ko) |l
+ v (tm)* = A(to)* [lv < [lv(to) T — (ko) |lv
+2Ce |1y (tm) —v(to)llv,

implying the desired convergence. Also, taken any v,n € S and H € H,, it holds

[

YT ="y = sup v —n®)" v < Ce sup [Iy(t) —n(t)lv < Colly —nlly-
te[0,1] t€[0,1]

Of course, (vH)* = (v*) =~* and v7H =+ follow immediately from the corresponding
property (iii) of Definition 2.1. Now, given a C! smooth functional f : X — R satisfying

f®) < f(u), forallue X and H € H.,, (2.27)
1225&8"%“ Y(t)) > max{f(0), f(1))}, (2.28)

consider the minimax value

¢ = inf max f(v(t)),
~es§ tel0,1]

and the functional f : S — R, bounded from below in view of (2.28), defined by

f(y) = max f(y(t)), forallyeSs.
te[0,1]
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Note that f is continuous. In fact, let ¥ € § and € > 0. There exists § > 0 such that |f(z) —
f(y)] < e for all y € 5([0,1]) and all z € X such that ||z —y|| < . Hence, for all v € S with

v =7llx <9,

F() = F&) = f(y(r) = max f(5() < |f(v(r)) = fFH (D),

te[0,1]

7 € [0,1] being the point where the maximum of ¢+ f(y(¢)) is achieved. Then, since
lv(7) =30 < |lv = All¢ <6, it follows that |f(v) — f(¥)| < &, proving the continuity of f,
after reverting the role of v and 4. Moreover, due to (2.27), it follows

fy") = max f(y(H)1) < max f((1)) = f(v), forallyes.

Then, by applying Theorem 2.7 (with S’ = S and o =p=¢c>0) in place of the standard
Ekeland’s principle, for every € > 0 there exists 7. € S such that

e =2l <& e<f(re) <ete, fO)=Ffe) —ely—ellg, VreS.

Once these inequalities are reached, by arguing exactly as in [19, Proof of Theorem 5.1,
pp. 37-39], for every € > 0 there exists a point u. € X which, by construction, is of the form
e = v (t:) for some t. € [0, 1], such that

ldf (ue)l| <&, e < flue) Scte.
Furthermore, it follows that ||u. — u}||y < €, since
lue —uZllv = [1e(te) = 1e(te) llv < llve =2y <e.

Similar results were obtained in [30] without using Ekeland’s variational principle.

This kind of achievement is very useful in the study of elliptic equations, especially those
set on the entire space RY where the addition of almost symmetry information yields a
compactifying effect, through compact embeddings of spaces of symmetric functions Xgym
of X into X.

3. Some applications
In this section, we highlight possible applications of the abstract symmetric versions of the
variational principles in the framework of PDEs, fixed point theory and geometric properties
of Banach spaces.
3.1. Calculus of variations

In this section, we consider two applications of the symmetric principles to PDEs.

3.1.1. A quasi-linear example. Let = B be the unit ball in RY (N > 1), 1 < p < oo and
define the functional f : Wol’p(ﬂ) — RU{+o0} by setting

Flu) = L £(u,|Du]), (3.1)
where £ is an integrand of class C! and, for (s,£) € R x RV,

L(s,[¢]) = 0. (3.2)

Assume that u belongs to dom(f) whenever u € W"*(€2) N L>(£2). The functions £, and Le
are the derivatives of £ with respect to the variables s and £. We assume that there exist
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a, 3,7 € C(R) and real numbers a,b € R such that the following conditions hold:

[£(s, [ED] < allsDIEf + blE|” + a, (3.3)
|Ls(s, [€D] < BUDIEP,  |Le(s, 1EDT < A(IsDIEP + bl +a, (3.4)

for every (s,&) € R x RY. We write the growth assumptions in such a fashion, since in the
particular case with 3 = v = 0, conditions (3.2)—(3.4) reduce to [15, Assumptions (4.12)—(4.14)]
as stated by Ekeland. Now, since, in the general case where (3 and v are unbounded, £ (u, | Du|)
and L¢(u,|Dul) are not in LL _(B) for a given function u € Wy (), the Euler Lagrange
equation associated with f cannot be given, at least a priori, a distributional sense. To overcome
this situation, in [25], for every u € VVO1 P(Q) the following vector space, dense in VVO1 P(Q),
was used:

Vu={veWyP(Q)NL®Q): ue L®{zeQ: v(z)#0}} (3.5)

The following proposition can be obtained arguing as in [25, Proposition 4.5] and provides a
link between the weak slope and directional derivatives of f along a direction v € V.

PROPOSITION 3.1. Under assumptions (3.2)—(3.4), for every u € dom(f), we have

df|(u) > sup Uﬂﬁg(u, |Dul) - Dv + JQ/:S(U, |Du|)v} .

veEV,,
lvlli,p<1

As a consequence of Proposition 3.1 and Theorem 2.8, we have the following theorem.

THEOREM 3.2. Assume that conditions (3.2)—(3.4) hold and L(—s,|{]) < L(s, [¢]) for all
5 < 0. Then, for any & > 0, there exist u. € W,"*() and w. € W~ (Q) such that

(we,v) = J Le(ue, |Ducl) - Dv+ | Lg(ue, |Du|)v Vv eV, (3.6)
Q Q

as well as

HwE”W*LP'(Q) <e and |luc — UZHLP(Q)HLP* Q) <Eé&

Proof. The functional f in formula (3.1) is proper, bounded from below and lower semi-
continuous by means of condition (3.2) and Fatou’s lemma. Moreover, the assumptions
of Theorem 2.8 are satisfied with X = WP(Q), S =WyP(Q,RT), V = LP(Q)N L (Q),
¢ = |u| and where uff,u* for uw € S and u* = |u|* for u € X denote the polarization and
symmetrization, respectively (see Sections 2.1.1-2.1.2). Assumption (2.3) holds with equal
sign by the radial structure of the integrand, as it can be verified by direct computation.
The assertion follows by Theorem 2.8 (recall also Remark 2.23), Proposition 3.1 and the
Hahn-Banach theorem, taking into account the density of V,,_ in I/VO1 P(Q). |

In many cases, one recovers the fact that the solution u. of equation (3.6) is actually meant
in the sense of distributions, by suitably enlarging the class of admissible test functions;
see, for example, [25, Theorem 4.10 and Lemma 4.6]. Theorem 3.2 could be seen as a
nonsmooth symmetric version of Ekeland [15, Proposition 4.3(a)]. In fact, under the above
assumptions our functional is merely lower semi-continuous, while the functional of Ekeland
[15, Proposition 4.3(a)] is of class C!. Furthermore, the symmetry featured in Theorem 3.2
can be obtained via Theorem 2.8 due to the structure L(s, |¢]) yielding (2.3), in place of the
more general form L(z,s,&), admissible in [15]. Theorem 3.2 is new even in the particular
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case 3 = = 0. We stress that a constrained version of Theorem 3.2 could also be provided,
yielding a nonsmooth symmetric counterpart of Ekeland [15, Proposition 4.3(b)].

REMARK 3.3. It should be highlighted that the strength of Theorem 3.2 is related to
the fact that we are not assuming that & +— j(z,s,£) is convex. Should one additionally
consider this assumption, it is then often the case that functionals satisfying (2.3), fulfil in
turn the corresponding symmetrization inequality f(u*) < f(u). In such a case, starting from
a minimizing sequence (up), one has that (uj) is a minimizing sequence too and it is then
easy to find a further almost symmetric minimizing sequence (vy). Without the convexity of
& j(x,s,€), to the author’s knowledge, no symmetrization inequality is available and thus
Theorem 3.2 has a rather significant impact on PDEs and problems of Calculus of Variations
which are set on a symmetric domain.

3.1.2. A semi-linear example. Let us now briefly discuss another example where the
second-order condition related to w +— Q. (w) is also involved, namely, the inferior limit in
formula (2.18), in a C*, but not C2, framework. In [2], Bartsch and Degiovanni showed that,
in some concrete cases of interest in the theory of PDEs, although it is often not possible to
compute the values of @, (w), it is possible to compute a greater quantity. For instance, if f is
of class C, then (see [2, Remark 4.4]), for every w € X,

Qu(w) < limsup L EHTOC— FIzH+V0)C
u = (7-,192)::73070) T —19 )

(—w

the right-hand side being easier to estimate, in some cases [2, Propositions 4.5]. For instance,
now let Q = B be the unit ball in R?, the three-dimensional case being considered just for
simplicity. Let also g : R — R be a continuous function and assume that there exist a1,as € R,
b€ R and 2 < p < 6 such that, for all s,t € R, it holds

l9(s)] < a1 +blsP~" and  g(—s) = —g(s)
(9(s) = g()(s — 1) = —(az +blsP~2 + bJt|P~2)(s — t)°.

Then, for all s € R, define a measurable function D g by setting

D, g(s) ;= liminf gls+t) —gls+7)
(t,7)—(0,0) t— 1
t,7€Q

Let G(s) = [, g(t)dt and consider the C" functional f : Hj () — R defined by

fw =5 | 1D - | cw.

In light of Bartsch and Degiovanni [2, Proposition 6.1], it holds
Qu(w) < J | Dw)|? —J D g(u)w? < 400, Vu,w € HJ(Q). (3.7)
Q Q

Therefore, combining Theorem 2.28 with the above setting yields the following theorem.

THEOREM 3.4. Assume that f is bounded from below and admits a bounded minimizing
sequence. Then f has a minimizing sequence (uy) C H(Q2) and a sequence (¢y,) C H=(Q)
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such that
lim Jun = upll2@@)nr2 @) =0,
LZ DupDyp = Jﬂg(w)so + (Yn, ), Vo € Hi(Q), lim [[¢n] -1 = 0,

limhinf U |Dw|2 —J Dsg(uh)wQ] >0, Ywe Hé(Q)
Q Q

Proof. Based upon the above remarks, the assertion follows by Theorem 2.28 by choosing
X = H}(Q), S = HYQ,RT), V=L*Q)NL> (Q), since f(u?) = f(u) for all u € S and H €
H.., as well as f(|u]) = f(u) for all w € X and ||uH||Hé(Q) = |lull g (q) for allu € S and H € H..

O
3.2. Fixed points

The following is a symmetric version of the so-called Caristi Fixed Point Theorem [6], which
was also proved by Ekeland via his principle in [16].

THEOREM 3.5 (Symmetric Caristi Fixed Point Theorem). Let X be a Banach space and
F : X — X be a map such that

|1F(u) —u|| < f(u) — f(F(u)), foralue X,

where f: X — R is a lower semi-continuous function, bounded from below, satisfying (2.3)
and such that, for all uw € X, there exists £ € S with f(£) < f(u). Then, for all ¢ € (0,1), there
exists a fixed point & € X of F such that ||{. — & ||v < e.

Proof. By virtue of Theorem 2.8 with ¢ = p=¢ > 0, for every € € (0,1), there exists an
element & € X such that ||{. — &y < ¢, and

fw) = f(&) —ellw—¢&| for all w e X.
In particular, choosing w = F(£.) and using the assumption, we get

||F(€6) - 55” < f(gs) - f(F(ga)) < EHF(ge) - EEH?
which yields F(&.) = &, concluding the proof. O

Let Q be either a ball in RY or the whole RY and take 1 < p < oo.

COROLLARY 3.6. Let F : Wy "P(2) — Wy (Q) be a map such that
1P () —ullip < fu) = F(F(), for all u e WEP(Q),
where f : VVO1 P(Q) — R is a lower semi-continuous function bounded from below such that
f(u) < fu) forallu e WyP(Q), f(ufl) < f(u) forallu € WyP(Q,R").
Then, for all ¢ € (0,1), there is a fixed point &, € W) *(Q) of F with ||¢. — Nl prare @) <é-

Proof. Theorem 3.5 is applied with X = W, ?(Q), S = W, P(Q,R*) and V = LP N LP" (Q).
As pointed out on Section 2.1, if u# is the polarization of positive functions on RY and * is
the Schwarz symmetrization, the framework of Definition 2.1 is satisfied. |
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Let Q be either a ball in RY or the whole RY and take 1 < p < oo.

COROLLARY 3.7. Let F: LP(Q) — LP(§2) be a map such that
IF(w) = ully < f(u) — F(F(w), for all u € LP(Q),
where f: LP(Q) — R is a lower semi-continuous function bounded from below such that
f(u)) < f(u) forallu € LP(Q), f(u?) < f(u) forallu e LP(Q,RY).
Then, for all € € (0,1), there is a fixed point & € LP(2) of F with ||{. — |1y (o) < €.

Proof. Theorem 3.5 is applied with X =V = LP(Q) and S = LP(Q,R"). O

We conclude the section with a symmetric version of a fixed point theorem due to Clarke [8]
and also proved by Ekeland via his principle [16].

THEOREM 3.8. Let (X,| -||lv) be a Banach space, and F : (X,| -|lv) — (X,||-||v) be
continuous, and assume that there exists 0 < o < 1 such that

Vue X 3te (0,1]: ||FEFw) + (1 —tu) — Fw)|yv < ot| F(u) — ully. (3.8)

Assume that F(S) C S, F(ufl) = F(u)" for all H € H, and u € S, and that, for every u € X,
there exists £ € S such that || — F(&)||v < |lu— F(u)||v. Then, for any € € (0,1 — o), there
exists a fixed point & € X for F such that || — &y < e.

Proof. It is sufficient to argue essentially as in the proof of Ekeland [16, Theorem 3] on
the function f : X — R defined by f(u) := |Ju — F(u )||V observing that, by assumption and by
(v) of Definition 2.1, it holds f(uf) = ||uff — F(u®)|y = ||uff — F( )H||V < luw—Fu)||v =
f(u) for all H € H, and u € S. Moreover, for all u € X there is £ € S such that f(&) < f(u).
Applying Theorem 2.8 in place of Ekeland’s principle, the assertion follows. |

Let Q be either a ball in RY or the whole RY and take 1 < p < oo.

COROLLARY 3.9. Let F : LP(Q2) — LP(Q) be a map such that (3.8) holds, F(u) > 0 for all
u € LP(Q,RT), F(u?) = F(u)? for all H € H, and u € LP(Q,R"), and that F(|u|) = |F(u)]
for all w € LP(Q). Then, for every € € (0,1 — o), there is a fixed point & € LP(Q)) for F such
that |[§c — &X[|Lr ) <e.

Proof. Apply Theorem 3.8 with the choice X =V = LP(Q), S = L?(,R"). Note that,
for all we X, it holds |lul — F(juDllzo(ey = el — [F(@)lloc@) < It — Flu)lzoqay, in the
notation of the proof of Theorem 3.8. ]

3.3. Drops and flower petals

As a by-product of the symmetric variational principle, Theorem 2.7, we obtain symmetric
versions of the Danes Drop Theorem [10] and of the Flower Petal Theorem [26]. In the
particular case where h and * are the identity maps and S = X =V, the statements reduce to
the classical formulation. Possible applications of the statements to some meaningful concrete
situations have not yet been investigated.
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DEFINITION 3.10. Let X be a Banach space, B C X be convex and x € X’. We say that

Drop(z, B) := U x4ty —x),
yeB, t€[0,1]

is the drop associated with z and B. If zg, 21 € X and ¢ > 0, then we say that
Petale (z,21) == {y € X : elly — zo| + [ly — a1]| < [lzo — 1]}

is the petal associated with € and xg, 21 € X.

Note that, for all € € (0,1) and zg, 27 € X, it always holds
Bi(1—¢)/(14¢))|zo—=: || (T1) C Petal. (20, z1),
Drop(zo, B((1—&)/(14¢))zo—z1 | (1)) C Petal. (w0, 21),

so that each petal contains a suitable ball as well as a drop of a suitable ball.
Here is a symmetric version of the so-called Drop Theorem due to Dane§ [10].

THEOREM 3.11 (Symmetric Drop Theorem). Let (X, | -|v) be a Banach space, B,C be
nonempty closed subsets of S, with B C Xy, convex, and d(B,C) > 0. Moreover, let z € C
such that S’ := Drop(z, B) N C' is closed and h(S") C S’, «(S") C V. Then, for all £ > 0 small,
there exists . € Drop(x, B) N C such that

Drop(&.,B)NC ={&} and ||& — &y <e.

Proof. By Remark 2.3, (S, X, V, h, x) satisfies (i)—(v) of Definition 2.1 and Proposition 2.2.
Moreover, S’ is closed. Define a continuous function f : S’ — RT by setting

= inf |ju — for all S’
flu) = inf Jlu— (v, forallue
Observe that, since B C Xy, for all uw € S” and any H € H., we have
Hy _ H _ H _  H|| < s _ _
F(ut) = it [~ Clly = inf lu = ™y < ot lu— Cllv = f(u),

in light of (v) of Definition 2.1. Now let £9 > 0 be fixed sufficiently small that ¢ diam(B) <
(1 —£0)d(B,C). In turn, for every ¢ € (0, 0], by applying Theorem 2.7 with p = 0 = ¢, we find
an element & € S such that ||§. — &||v < e and

inf - > inf — - - v S . 3.9
ot llw —Clly > inf [l&e = Cllv —ellw —&llv,  vw e S\{E} (3.9)
To prove the assertion, we argue by contradiction, assuming that

Drop(&.., B) N (Drop(x, B) N C) # {€.}.

Then we find 7 € [0,1], 7 # 1, and n € B such that & = (1 —7)n+ 7& € 5"\ {&-}. In turn,
from formula (3.9) evaluated at @, and since B is convex, we infer

inf [|&. — C|lv < 7 inf [|& — 1—7) inf ||y - 1=y — &y,
b g = cllv <7 b fl&e = Cllv + (1 =) il i = Cllv + 2 = )lln = &llv
namely (recall that 0 < 7 < 1) for every ¢ € B it holds

Bt lIge = Cllv <elln = &ellv < e diam(B) +]|¢ — & |lv-

Therefore, taking the infimum over ¢ € B, and since € € (0, gg], we conclude that

(1 —e9)d(B,C) < (1—¢) Clg}fg l€. — C|lv < ediam(B) < gp diam(B) < (1 — gg)d(B, C),
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which is a contradiction. Hence, Drop(&., B) N (Drop(z, B) N C) = {£.}. By the inclusion
Drop(&., B) C Drop(z, B) we get Drop(é., B) N C = {{.}, concluding the proof. |

Now let Q be either the unit ball in RY or RY and 1 < p < co. We denote by LE(£2,R*)
the set of radially symmetric elements of LP(Q,RT), that is, u* = u, (* being the Schwarz
symmetrization) being equivalent to ul = u for any H € H,.

COROLLARY 3.12 (Symmetric Drop Theorem in LP-spaces). Let C' be a nonempty closed
subset of (LP(Q,R™), || - || »(q)) and B be a unit ball in L2(Q,R") with d(B,C) > 0. Let u € C
be such that

Vv € Drop(u, B)NC, VH € H,: v" € Drop(u, B) N C.
Then, for all € > 0 small, there exists {. € Drop(u, B) N C such that

Drop(§., B)NC ={&} and |[|§ — g:”LP(Q) <e.

Proof. By assumption, S’ is compatible with Definition 2.1. Apply Theorem 3.11 with
X =V=LPQ), S=LP(Q,R"), S"=Drop(u, B)yNC. Since B C LP(Q,R"), u* = u for all
u € B and thus uf = u for all H € H,. Hence, B is a convex subset of X, . |

Next, we state a symmetric version of the Petal Flower Theorem obtained by Penot [26].

THEOREM 3.13 (Symmetric Petal Flower Theorem). Let (X, || - ||v) be a Banach space and
S’ = C be a closed subset of S such that

YweC, VHeM,.: v eC.
Assume that x € C, y € S\ C with 2! =z and y" =y for any H € H, and
|z —yllv <d(y,C) +e* for some e > 0. (3.10)
Then there exists a point {. € Petal.(x,y) N C such that
Petal. (&.,y) NC ={&} and ||& —&|v <e.

Proof. By Remark 2.3, (S, X, V, h, x) satisfies (i)—(v) of Definition 2.1 and Proposition 2.2.
Moreover, S’ is closed. Define the continuous map f : S’ — R by setting f(u) := |lu — y|v
for all u € S’. Since y =y for any H € H,, we have

Fhy = —yllv = | —y7 v <|lu—vyllv = f(u), forue S and H € H,.

Then, by Theorem 2.13 and Remark 2.14, with the choice p = o = ¢, since (3.10) rephrases as
f(z) <infg f + €2, there exists &, € C such that || — &y <&,

elw—=E&llv +llw=yllv > & —yllv, Ywe C\{},

and e[|& — Texllv + ||& — yllv < ||z — yl|v. As Tex = x, this means & € Petal.(z,y) N C and
w ¢ Petal (&, y) for all w € C'\ {£.}, that is, Petal. (., y) N C = {&:}. O

Now let Q be either the unit ball in RV or the whole RV and take 1 < p < oc.

COROLLARY 3.14 (Symmetric Petal Flower Theorem in LP-spaces). Let C' be a closed
subset of (LP(Q,RT), || - ||1r(0)), u € C, v e LP(Q,RT)\ C with u” = and v" =v for any
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H € H., |lu—v|le) < d(v,C) + € for some e > 0. Assume in addition that

YoeC, VHeH,: v eC.

Then there exists {. € Petal.(u,v) N C with Petal.({.,v) N C = {£.} and |[& — & Lr(a) < &

Proof. Apply Theorem 3.13, with the choice X =V = LP(Q) and S = LP(Q,R™T). O
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