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Abstract

We develop a method to prove that some critical levels for functionals invariant by
symmetry obtained by minimax methods without any symmetry constraint are attained
by symmetric critical points. It is used to investigate the symmetry properties of solutions
of elliptic partial differential equations with Dirichlet or Neumann boundary conditions. It
is also an alternative to concentration-compactness for some symmetric elliptic problems.

1 Introduction

We are concerned by symmetry properties of symmetric elliptic partial differential equations.
Our model problem is

{_Au:f@mu)inﬁ, (1.1)

u =0 on 0f2,

where 2 is a ball and u is a real-valued function. When the function f is decreasing in ||
and wu is a positive solution continuous up to the boundary, then Gidas, Ni and Nirenberg’s
celebrated result [6,7] says that u is radial and % < 0.

Solutions of (1.1) can be obtained as critical points of the Euler-Lagrange functional ¢
defined on the Sobolev space H}({2) by

U2
otw = [ 25 pjal wyas,

where F(r,t) = fg f(r,s)ds. In particular one can inquire about the properties of the mini-
mizers of ¢. The Schwarz symmetrization maps a nonnegative function u € H&(Q) to a more
symmetric one u*. It can be shown that if % < 0, then ¢(u*) < @(u). This proves that
if there is a minimizer, then there is a symmetric minimizer. If ¢ is Gateaux-differentiable,
then the minimizer is a critical point. Similarly, using the spherical cap symmetrization, one
can ensure that without any sign restriction on w or on g—{, the minimum of ¢ is attained by
a function which depends only on the radius and of one angular variable [11].

Continuous symmetrization — a homotopy linking a function to its symmetrization —
was used by Brock in order to prove that if % < 0, then any nonnegative critical point is
locally symmetric, i.e. its domain is the union of annuli on which it is radial and of a set on
which Vu = 0 almost everywhere [3].

In this paper we consider critical points obtained by minimax principles. We modify a gen-

eral minimax principle of Willem in order to obtain Palais-Smale sequences whose elements are



more and more symmetric. This can be applied to prove that some critical levels are achieved
by symmetric functions. It also provides an alternative to concentration-compactness.

The paper is organized as follows. Section 2 is devoted to the definition and properties of
symmetrizations and polarizations. We briefly recall the classical properties needed for our
purpose. In particular, the Schwarz symmetrization and the spherical cap symmetrization
can be both approximated by polarizations. We prove that polarizations are continuous in
Sobolev spaces. The essential properties are summarized in an axiomatic framework (section
2.4) for the Schwarz symmetrization and the spherical cap symmetrization. Under these
assumptions, a homotopy linking a polarization of a function with its symmetrization is
constructed. These axioms are easily verified for many variants, e.g. problems in Sobolev-
Orlicz spaces and in weighted spaces, and approximation of the Schwarz symmetrization by
Steiner symmetrizations.

Section 3 is devoted to our symmetric minimax principle (Theorem 3.5) in the abstract
framework of section 2.4. The proof is based on a minimax principle of Willem [15]. The idea
of the proof is to replace a path by its symmetrization. The main difficulty is the fact that
symmetrizations are not continuous in Sobolev spaces; it is overcome by the approximation
of the symmetrization by polarizations.

Finally, section 4 gives examples of applications to semi-linear elliptic partial differential
equations. We prove the symmetry of critical points at some critical levels obtained by the
mountain pass Theorem of Ambrosetti and Rabinowitz and by Rabinowitz’s linking Theorem.
We also show how the symmetric minimax principle provides an alternative to concentration-
compactness methods in symmetric settings.

All the results in this paper hold for partial symmetrizations ((N, k)—Steiner symmetriza-
tion or k—spherical cap symmetrizations). For the sake of clarity, the exposition is made for
the Schwarz and (N — 1)-spherical cap symmetrization, but this restriction can always be
removed with no modification in the arguments. Similarly, the results of section 4.1 concern-
ing the spherical cap symmetrization remain valid without any modification for the Neumann
boundary conditions.

2 Symmetrization and polarization

2.1 Schwarz symmetrization

For f: A— R =RU{-00,+0c} and ¢ € R, let {u > c} = {x € A|u(z) > c}. The set of
infinitely differentiable (resp. continuous) functions whose support is compact in Q C R is
denoted D(Q2) (resp. K()).

Definition 2.1. The Schwarz symmetrization of a set A C RY is the unique open ball
centered at the origin A* such that LV (A*) = LN (A), where £V denotes the N-dimensional
outer Lebesgue measure. If LV(A) = 0, then A* = ¢ while A* = RV if £V (A) = cc.

Definition 2.2. The Schwarz symmetrization of a measurable nonnegative function u : 2 —
R is the unique function u* : Q* — R such that for all ¢ € R,

{u* >c}={u>c}".

Remark 2.3. The function u* is also characterized by u*(y) = sup{c € R|y € {u > c}*}.



Definition 2.4. A measurable function u vanishes at the infinity if for alle > 0, LY ({|u| > €}) <
0.

Definition 2.5. A function is admissible for the Schwarz symmetrization if it is nonnegative
and it vanishes at the infinity.

Proposition 2.6. If u : Q@ — R is admissible, then u* is admissible and for any Borel
measurable function f:RY — RT such that f(0) =0,

fw (@) de = | f(u(z))d.
RN RN
In particular, if w € LP(Q) is nonnegative, then u* € LP(Q¥*) and ||ull, = [|u*||,.

Remark 2.7. The Steiner symmetrization is an analogue of the Schwarz symmetrization that
symmetrizes functions only with respect to certain variables. The (k, N)-Steiner symmetriza-
tion of a set A € R is the unique set A* such that for all 2" € RN=F {2/ € R¥|(2/,2") €
A*} = {2’ € R¥|(2/,2") € A}*. (The * on the right-hand side denotes the Schwarz sym-
metrization in R* of Definition 2.1.) It is extended to functions as in Definition 2.2; Propo-
sition 2.6 still holds. Steiner-symmetrized functions have cylindrical symmetry: they can be
written as u*(z',2”) = v(|]2’|, 2”") where v(-,2") is a decreasing function for each z” € RN=*,

2.2 Spherical cap symmetrization

The spherical cap symmetrization is defined following Sarvas [9] (see also [11,13,14]).

Definition 2.8. Let P € 9B(0,1) NRY. The spherical cap symmetrization of the set A with
respect to P is the unique set A* such that A* N {0} = AN {0} and, for any r > 0,

A*NOB(0,r) = By(rP,p) NOB(0,r) for some p >0,
HNHA* N OB(0,r)) = HN 1 (AN aB(0,r)),

where HN 1 is the outer Hausdorff (N — 1)-dimensional measure and B, (rP, p) denotes the
geodesic ball on the sphere dB(0,r) of center rP and radius p. (By definition, By(rP,0) = ¢.)

Definition 2.9. The spherical cap symmetrization of a function u : @ — R is the unique
function uv* : Q* — R such that, for all ¢ € R,

{v*>ct={u>c}" .

The result of a spherical cap symmetrization is a function that depends on two variables:
u*(z) = v(|z|, P - ), where v(r,-) is a nondecreasing function for any r > 0.

Definition 2.10. A set Q C RY is invariant with respect to * if Q* = Q. It is totally
invariant if Q* = Q and (RV \ Q)* = (RV \ Q).

Definition 2.11. A function u : Q — R is admissible for the spherical cap symmetrization if
it is measurable and either (2 is totally invariant or w is nonnegative.

As for the Schwarz symmetrization, we have



Proposition 2.12. Ifu : Q — R is admissible, then u* is measurable and for any Borel
measurable function f: RT x R — RT

[ el w@ydo = [ flal.ute) e

In particular, if u € LP(QY), then u* € LP(Q2*).

Remark 2.13. The equivalent of Steiner symmetrization for the spherical cap symmetrization
is the k-spherical cap symmetrization with respect to P € R¥*1. The process is the same as
in Remark 2.7 and yields symmetrized functions of the form u*(2/,2") = v(|2'|, P - 2/, 2").

2.3 Polarizations

Definition 2.14. A set H C RY is a polarizer if it is a closed affine half-space of RV, i.e. H
is the set of all points verifying a - < b for some a € RF b € R, laly, = 1.

Notation 2.15. For any € R and any polarizer H C , xy denotes the reflection of x
with respect to 0H. With the notation of Definition 2.14, xg = = — 2(a - © — b)a.

Definition 2.16. The polarization of a function v : RV — R by the polarizer H is the
function u : Q — R, with

Ml (z) = {max {u(z),u(xgy)} ifx e H,
min {u(z),u(xy)} ifz ¢ H.

Definition 2.17 (Extended polarizers). The set of polarizers is compactified by the ad-
dition of two polarizers at the infinity, defined by uf+>~ = u, and uf->~ = —u_, such that
H, — H, if b, — o0 and H,, — H_, if b, — —o0 in the representation of Definition 2.14.
The compactified set of polarizers is denoted H and is homeomorphic to S™.

Definition 2.18. If H € H, and Q C RY, the polarization of u : @ — R with respect to H
is defined as uf! = @!?|q, where 4 is the extension of u to RY by 0 outside of €.

Proposition 2.19. Let H € H. Suppose Q@ = QF C RN, w,v: Q — R are measurable and
nonnegative. B B
If g : Q x R — R is a Borel measurable function such that g(xg,s) = g(z,s) for each

(z,8) € Q xR, then
/g(:(:,uH) dx = / g(x,u)dx.
Q Q

IfG: QxR xR — RT is a Borel measurable function such that G(xg,s,t) = G(z, s,t)
for each (x,5,t) € QxR and for any x € Q, a < b and ¢ < d, G(z,a,¢) + G(x,b,d) >
G(z,a,d) + G(z,b,c), then

/G(x,uH,vH)dacE/G(:U,u,v)d:v.
Q Q

In particular, |[ufl — v ||, < [ju —v]|,.
If u € WyP(Q), then u € WyP(Q) and |[Vu' ||, = | Vull,.
If moreover, (RN \ Q) = RN\ Q, the results remain valid without any sign restriction on

u and v and if u € WHP(Q), then ufl € WHP(Q) and |[|[Vull|, = ||[Vull,.



For any symmetrization * defined above, the subset of admissible functions in a function
space Y is denoted Y, and there is a set H, C H of polarizers such that for any admissible
function v : Q — R,

u=u" << VHeH,u=u".

If % is the (N, k)-Steiner symmetrization,
H*:{HGH\ {O}XRN’kCHorH:Hﬂo}.
If * is the k-spherical cap symmetrization,
M. = {H € H|R* x {0} x RV %1 ¢ H and {0} x RN 51 ¢ aH}.

Because polarizations are contractions in LP(RY), for any H € H, and u € LP(RY),
[uff —u*||, < [Ju—u*||p. In fact they can approximate symmetrizations: in [13], it was shown:

Theorem 2.20. For any symmetrization *, there exists a sequence of polarizers (Hp)m>1 C
H. such that, for any 1 < p < oo, Q C RY invariant with respect to x and u € LL(Q), the
Sequence Uy, = uHrHm converges to u* :

i [l — [, = 0.

Theorem 2.20 was proved for a fixed function by Brock and Solynin for the Steiner sym-
metrizations [4] and by Smets and Willem for the spherical cap symmetrization [11].
Lemma 2.21. If1 < p < oo, the map

bh:Hx LP(RY) = LP(RY) : (H,u) — uf?
is continuous at (u, H) if and only if (u, H) € H(LP(RY)), where
HX)={(u,H) e X xH|u>0ifH=Hix andu <0 if H=H_}.
Proof. 1f (u, H) and (v, L) are in H(LP(RY)), then
e N e P el '
The first term is bounded by ||u—v||, because polarizations are nonexpansive. For the second

term, since polarizations are nonexpansive we can suppose without loss of generality that v

is a compactly supported continuous function. In the latter case v# — v’ uniformly on RV

if (v, L) € H(K(RY)) and thus in LP(RY). O

Proposition 2.22. If x is a symmetrization, € is open and invariant with respect to , then
the map b is continuous from LE(Q2) x H to LE(R).

Proof. This is a direct consequence of Lemma 2.21 and of Theorem 2.20. O
The continuity in Sobolev spaces relies on the next standard lemma.

Lemma 2.23. Let 1 < p < 00, (un)nen and u be in WIP(Q) and |-| be a strictly convexr norm
in RN. Then u, — u in WHP(Q) if and only if up, — u in LP(Q) and |[|Vun||l, — [|Vulll,-



Proof. This is a consequence of the strict convexity of the norm |||-|||,. O

Proposition 2.24. If x is a symmetrization, ) is open and is invariant with respect to * and
1 < p < oo, the map b is continuous from WOI_Z;(Q) x Hy to Wol’p(Q).

Moreover, if Q is totally invariant with respect to * and * is a spherical cap symmetrization,
the map b is continuous from Wol’p(Q) X Hy to Wol’p(Q) and from WHP(Q) x H, to WHP(Q).

Proof. This is a consequence of Lemma, 2.23, together with Proposition 2.22 and the fact that
IV a |, = [1Vulllp. H

2.4 Abstract symmetrizations and polarizations

Assumption 2.25. Let X, V be Banach spaces, *x : S ¢ X — V : v — u*, H, be a
path-connected topological space and b : S x Hy — S : (u, H) — uf’. Assume

(i) X is continuously embedded in V,

(iii) for each u € S and H € H,, v = u* = v* and v = o,

)
(ii) the mapping b is continuous,

)
(iv) there is a sequence (H,,)m>1 C H. such that for each u € S, uft-Hm — y* in V as
m — 00,

(v) for each u,v € S and H € H,, |[ufl — v ||y < |lu—v]|y.

Ezample 2.26 (Schwarz symmetrization for nonnegative functions). Let Q = B(0,1) C RV,
X = Wol’p(Q), V = (LP N LP")(Q)), with p* = Np/(N — p), S be the set of nonnegative
functions of W(} P(Q), * denote the Schwarz symmetrization and H, be defined as above.
Assumption 2.25 is satisfied by Proposition 2.19, Theorem 2.20 and Proposition 2.24.

Ezample 2.27 (Schwarz symmetrization). Let Q = B(0,1) C RN, X = Wol’p(Q), V= (LPN
LP)(Q)), with p* = Np/(N —p), S = WyP(Q), u* = |u|* where x denotes the Schwarz
symmetrization and H, is defined as above for the Schwarz symmetrization, but h(u, H) =
|u\H . Assumption 2.25 is satisfied by Proposition 2.19, Theorem 2.20 and Proposition 2.24.

Ezample 2.28 (Spherical cap symmetrization with Dirichlet boundary condition). Let Q C RN
be a ball or an annulus, X = Wol’p(Q)7 V = (LP N LP")(Q)), with p* = Np/(N — p), * denote
the spherical cap symmetrization and H, be defined as above. Assumption 2.25 is satisfied
by Proposition 2.19, Theorem 2.20 and Proposition 2.24.

Ezample 2.29 (Spherical cap symmetrization with Neumann boundary condition). Let 2 C RN
be a ball or an annulus, X = WP(Q), V = (LP N LP")(Q)), with p* = Np/(N — p), * denote
the spherical cap symmetrization and H, be defined as above. Assumption 2.25 is satisfied
by Proposition 2.19, Theorem 2.20 and Proposition 2.24.

Ezample 2.30 (Schwarz symmetrization approzimated by Steiner symmetrization). Let Q =
B(0,1) C RN, X = WyP(Q), V = (L? N LP")(Q)), with p* = Np/(N — p), S be the set of
nonnegative function of WO1 P(Q), * denote the Schwarz symmetrization, H, denote the set of

hyperplanes passing through the origin and v be the Steiner symmetrization with respect
to H. Assumption 2.25 is satisfied (see [5] and [13]).

Proposition 2.31. Under Assumption 2.25, for any u,v € S, ||u* — v*||y < [Ju —v||y.



Proof. By Assumption 2.25, for any m > 1,

||u* . U*HV < ||u* _ ’LLHl"'HmHV + ||UH1"'Hm o le...HmHV + ||1}H1"'Hm o ,U*HV

< Jlu* = a4l = offy + [Jofm — oy,
The conclusion comes from the property (iv) as m — oc. O

Proposition 2.32. Under Assumption 2.25, for any Ho € H,, there exists a continuous
mapping (u,t) € S x RT +— ul such that limy_o ut = u* in V. Furthermore, for each t > 0,
there exists Hy € My such that ut = wToH " HiulHe yhere |t] denotes the largest integer less
or equal to t.

Proof. Let H; be a such that t — H; is continuous in H,. For t € [n — 1,n], n € N, let

ut = uHO"'Hn—lHt'

This map is well-defined since u” = yoHn-1Hn — o Ho-Hn1HnHn

ueV

It is clear that for any

Juf —uly < ul —u*|y -0 ast — .
The continuity of (u,t) + u' in X comes from the continuity of (u, H) — u® and of ¢
H. 0

3 Symmetry and variational principles

Symmetrization allows to restrict the search of a minimizer to the subset of symmetric func-
tions. Similarly we show here that on certain critical levels, there is a critical point which is
symmetric. Let us first recall a general minimax principle.

Theorem 3.1 (Willem [15]). Let X be a Banach space. Let My be a closed subspace of the
metric space M and T'g C C(My, X). Define

I'={yeCM, X)|v[m € To}-
If p € CY(X,R) satisfies

oo > ¢ = inf sup p(y(t)) > a = sup sup ¢(vo(t))
yel’ teM Yyo€Tl'o teMp

then for every € €]0, (¢ —a)/2[, § > 0 and v € T' such that
supp oy K c+e,
M

there exists u € X such that

a) ¢ —2e < p(u) < c+ 2,

b) dist(u,v(M)) < 20,

c) ll¢' (W)l < 8e/d.



Remark 3.2. A slight modification of the proof gives the better estimate
dist(u, y(M) N @~ (e — 2e, ¢ + 2¢]) < 20.

Theorem 3.1 yields a Palais-Smale sequence (uy,)n>1 such that ¢'(u,) — 0 and ¢(u,) — c.
This is an important step in order to prove that c is a critical value of ¢. This is the case
if ¢ satisfies the (PS). condition: any sequence (u,) such that ¢'(u,) — 0 and ¢(u,) — ¢
contains a subsequence that converges strongly.

It should be possible to have more information on the symmetry of u under Assumption
2.25 provided ¢(u*) < ¢(u). A naive idea consists in replacing the path « by is its sym-
metrization v* : ¢ € M +— ~(t)*. Then u given by Theorem 3.1 would be near of the set
v*(M). Unfortunately, when N > 1, X = WP(R") and # is the Schwarz symmetrization, *
is not continuous on X [1] so that the symmetrized path v* could be discontinuous.

This idea works if the symmetrization is approximated uniformly by continuous trans-
formations. The convergence of the approximation scheme of the symmetrization * by po-
larizations of Theorem 2.32 is not uniform; it becomes uniform by an appropriate change of
variable.

Proposition 3.3. Suppose M is a metric space, My and M7 are disjoint closed sets of M
and v € C(M,X). Suppose that X, V, x and H. satisfy Assumption 2.25, Hy € H. and
~v(M) C S. For any € > 0, there exists ¥ € C(M, X) such that

5(t) = () Hie) Ho YVt € M, with @ >0 and H; € H, for 7 >0, (3.1)
3(t) = (1) Vit € Mo, (3.2)
17(#) = @)y < e vt € M;.

Proof. For any t € My, let ¢; be such that B(t,d;) N My = ¢ and such that for all s € B(¢,d;),
ll7(s) =~ (®)|lv < e/3 (this is possible because 7 is continuous and X is continuously embedded
in V). For every t € M, there exists 6; such that ||v(t)? — v(t)*|lv < &/3 for 8 > 6;, with
the notation of Proposition 2.32. The collection O = {M \ My} U {B(t,6t)};cy,, forms an
open covering of the metric space M. There exists thus a partition of the unity (p;)ico
subordinate to this covering [10, Theorems (T2, XXII, 5; 1) and (T2, XXII, 5; 5)]. Let
O(t) = > senr, Ps(t)0s. The function © is continuous. Let y(t) = ()W, If t € My, then
O(t) = 0 and F(t) = y(t)"o. If t € My, there exists s € M such that ps(t) > 0 and 0, < O(t);
hence by Proposition 2.31

17(#) = (@) llv < [17() = 3&)llv + [7(s) = v(s) v + [Iv(s)" = @) "[lv
<)Y = ()" [lv +2llv(s) =1 @)llv <&

since t € B(s,ds) implies ||v(s) — y(t)||v < &/3. O

Corollary 3.4 (Uniform approximation of symmetrization). For any ¢ > 0, there
exists a continuous mapping T : S — S such that |Tu — u*||y < e for each u € S.

Proof. Apply Proposition 3.3 with My = ¢, M = M; = S and v(u) = u. Let Tu =F(u). O

We can now state and prove a symmetric variational principle.



Theorem 3.5 (Symmetric variational principle). Suppose X, V, * and H. satisfy As-
sumption 2.25. Let My be a closed subspace of the metric space M and T'y C C(My, X).
Define

I'= {’y € C(M,XH’Y‘MO S Po}.

If o € C1(X,R) satisfies

oo > ¢ = inf sup (y(t)) > a= sup sup p(yo(t))
YEl te Yo€Tl'o teEMp

and if for any H € H, and u € S, o(ufl) < p(u), then for every e €]0, (c —a)/2[, § > 0 and
v € I' such that

(i) supps poy < cHe,
(ii) ~(M) C 8,
(i4i) there evists Hy € My such that |y, € T,
there exists uw € X such that
a) ¢ —2e < p(u) < c+ 2,
b) ||lu—u*||vy <2(2K + 1)6,
¢) ¢ (Wllx < 82/3,
where K is the norm of the injection of X into V.

Proof. Without loss of generality, we can assume that ¢ — 2 > a. Let My = (¢ o) (e —
2e,c+ €]). This set is clearly closed. Proposition 3.3, yields a path ¥ € C(M, X) such that
(3.1) holds with § in place of e. Theorem 3.1 with 4 in place of v gives u such that

a) c—2e < p(u) < c+ 2,
b) dist(u,7(M1)) < dist(u, (M) N o~ ([c — 2¢, ¢ + 2¢])) < 26,

c) [l (u)|| < 8e/d.

Since the symmetrization * is a contraction in V' by Proposition 2.31,
le =iy < inf (v =5@)llv + 15 = v@7llv + v(@)" —vllv) < 2@K +1)s. O

Informally Theorem 3.5 says that when a functional does not increase by any polarization
and if the minimax construction is invariant by one polarization (existence of Hy that preserves
I'p), then there exists an almost symmetric Palais-Smale sequence.

It is not equivalent for a functional to decrease by symmetrization and to decrease by po-
larizations. In fact, many symmetrization inequalities can be proved by polarization inequal-
ities [4]; but some inequalities, e.g. the Riesz-Sobolev inequality, hold for the symmetrization,
but they do not hold for polarizations [12].

The condition 7|AH4% € I'g on the paths may seem weak, since it does not require invariance
by symmetrization. In applications, finding such a polarizer can be impossible because of the
highly noninjective character of the polarization. This imposes some kind of minimality to
the energy levels on which it is possible to ensure the existence of symmetric critical points.



4 Applications

4.1 Symmetric critical points
We first investigate the symmetry properties of solutions of the semilinear elliptic problem

{—Au +a(x)u = f(x,u) in

4.1
u=20 on 0, (1)

where  is a ball or an annulus and f(z,u) = f(|z|,u) and a(z) = a(|z|) are continuous.
Those are critical points of the functional

2 2
) :/ [Vl + alz” F(z,u)dz,
0 2 2

defined on H{(Q), where F(z,t) fo z,s)dsift >0 and F(x,t) =0if ¢t <O0.

Here we assume

(a1) a € LN2(Q)if N >3, a € L9(Q) for ¢ > 1if N=2and a € L}(Q) if N = 1.

Under assumption (ap), the operator u — —Au + a(z)u has a nondecreasing sequence of
eigenvalues A7 < Ay < ... < A; < ..., repeated according to their multiplicity and with
associated orthonormal eigenfunctions (e;);>1 in L*(Q) [15].

We also assume

(fi) feC(2xR) and for some 1 <p < 2*=2N/(N —2) and C > 0,

[f(z,u)] < O+ |ufP™h),
(f2) there exists & > 2 and R > 0 such that

lu| > R=0< aF(r,u) <uf(z,u),
f3) |f(x,u)| = o(|u]), |u| — 0, uniformly on €.

Under assumption (f1), the functional ¢ is of class C1(H}(2),R). Under assumptions
(f1) and (f2), the functional ¢ satisfies the Palais-Smale condition: Any sequence (uy)pen C
H}(2) such that d = sup,, p(u,) < oo and ¢'(u,) — 0 contains a convergent subsequence [15].

Consider the class

I = {y € C([0,1], Hj(2) | 7(0) = 0 and p(y(1)) < 0},

and let

c=inf sup ¢(vy
il e (v(£))-

By the mountain pass Theorem, there is a critical point such that ¢(u) = ¢ [15]. Under
symmetry assumptions, we obtain slightly more symmetry.

Theorem 4.1. Under assumptions (a1) and (fi23), if A1 > 0, Q is a ball, a(z) < a(y) and
—f(x,—s) = f(x,s) = f(y,s) for z,y € Q with |z|, < |y|l, and s € R, then there exists a
nonnegative critical point u invariant by Schwarz symmetrization such that p(u) = c.

10



Proof. For each n > 1, let v € I' be such that

max ¢(y(t)) <c+1/n.
te(0,1]

Since @(u) < p(u), we can assume (t) > 0 for each t € [0, 1]. Theorem 3.5 with § = 1/n'/?
and € = 1/n yields u, € H}(Q) such that |o(u,) — c| < 2/n, H‘Pl(“n)HHO—l(Q) < 8/n'/? and
un — upllr2@) < 2(2K + 1)/n'/2, where % denotes the Schwarz symmetrization. Since ¢

satisfies the Palais-Smale condition, up to a subsequence, u, — u in H}(Q), with ¢(u) = ¢,
¢ (u) =0 and u = u*. O

Remark 4.2. The method of proof is robust with respect to changes in the minimax principle.
If I' was defined as
I'={y € C([0,1][7(0) = 0 and (1) = e} ,

where e € H}(2) is a fixed nonnegative function and p(e) < 0, then the conclusions of
Theorem 4.1 would remain valid.

If a and f are slightly more regular, the moving plane method proves that any nonnegative
critical point is invariant by Schwarz symmetrization. Theorem 4.1 sheds some light on the
limit case where a and f are merely continuous functions.

If Q is not a ball, a and f are not both monotone, or f(x,-) is not even anymore, then
the moving plane method fails, but there is still some symmetry in the solutions.

Theorem 4.3. Under assumptions (a1) and (fi123), if \1 > 0, Q is a ball or an annulus,
a(z) = aly) and f(z,s) = f(y,s) if x,y € Q with |z|, = |y|, and s € R, then there exists a
nonnegative critical point u invariant by spherical cap symmetrization such that p(u) = c.

Proof. The proof is similar to the proof of Theorem 4.1. O

Remark 4.4. The method of proof is robust with respect to changes in the minimax principle.
Assume e € H}() is a fixed function, p(e) < 0 and that there exists a polarizer Hy with
0 € 0Hy and uf = u. If T is defined as

I = {y € C([0,1]|7(0) = 0 and 4(1) = e}

then the conclusions of Theorem 4.3 remain valid.

Theorem 4.3 generalizes the symmetry result of Smets and Willem for homogeneous prob-
lems [11].

If A1 <0, it is not possible anymore to obtain solutions by the mountain pass Theorem.
Let k be such that A\ < 0 < Ag41. Solutions of (4.1) can be obtained by Rabinowitz’s linking
Theorem.

Theorem 4.5 (Rabinowitz). Let X =Y @& Z be a Banach space with dimY < oco. Let
p>1r>0 andlet z € Z be such that ||z|| = r. Define

M={u=y+Az|[lu]| <p, A2 0,y €Y},
My={u=y+Xz|lyeY,|u|| =p and A\ =0 or ||u]| < p and A =0},
N={ue Z||ul =r}.
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b_]I]f(Q — maxo
N > ¢ ]\?J()

If ¢ satisfies the (PS). condition with

¢ = inf max ¢(3(u) (12)
~yel ue
I'={yeCM X)|vlm =1d}, (4.3)

then ¢ is a critical value of .

It is a particular case of the general minimax Theorem 3.1 [15]. In order to find solutions
of (4.1) assume

(fa) >\ku2i < F(z,u) for u € R.

Let
Y = span(ey,ea,...,ex),
Z:{uEX|VU6Y,/QUU:O}a
Z = €k+1-

For some 0 < r < p, ¢ defined by (4.2) is a critical value under assumptions (a;) and

(f1234) [15].

Theorem 4.6. Under assumptions (a1) and (f1234), suppose that Q is a ball or an annulus,
a is Holder-continuous and that a(x) = a(y) and f(xz,s) = f(y,s), for each x,y € Q with
lz|y = |yl and s € R. If eq,... ey are radial functions, then there exists a nonnegative
critical point u invariant by spherical cap symmetrization u such that p(u) = c.

Proof. For each n > 1, let v € I' be such that

< .
maxp(y(t)) < c+1/n

Since ey, ..., e are radial and since by Lemma 4.7 ey 1 is invariant with respect to a spherical
cap symmetrization, there exists Hy such that for any u € (Y 4+ RTepy 1), u’® = u. Hence
if 79 € Tg, then ™ € Ty. Theorem 3.5 with § = 1/n'/2 and & = 1/n yields u,, € H}(Q)
such that |p(u,) — | < 2/n, ||<p’(un)||H61(Q) < 8/n'/? and |lu, — un |20y < K/n'/2, where
* denotes a spherical cap symmetrization. Since ¢ satisfies the Palais-Smale condition, up to
a subsequence u,, — u in H}(Q), with p(u) = ¢, ¢'(u) =0 and u = u*. O

Lemma 4.7. If a is Holder-continuous and radial, and e; is radial for each 1 < i < k, there
exists P € SN™1 such that ey is invariant under the spherical cap symmetrization with
respect to P.

Proof. The proof is a slight variation on a proof of Bartsch, Weth and Willem [2]. Recall that
ex+1 minimizes

R(u) = /QVu|2 + a(x)

12



on the set
V= {UEH&(Q)’HUHLZ(Q) =1 and /uei:Ofor lgigk}.
Q

Any minimizer v of R on V satisfies the equation
—Au+ a(x)u = A\p1u, (4.4)

with R(u) = Agy1. Since a is Holder continuous, by standard regularity estimates, u is twice
differentiable and is continuous up to the boundary.

Let H be a polarizer such that 0 € dH. One checks that ekHJrl € V since the eigenfunctions
e; are radial for 1 < i < k and that R(ef! ;) = R(eg+1). Therefore ef!,, is a minimizer of
R on V, and it satisfies the equation (4.4). The function e4q and e, | are thus both twice
continuously differentiable and continuous up to the boundary. For z € H N Q, |epy1(x) —
exr1(zr) = 2ep1 — (epy1(x) + exr1(zy)). Therefore |epy1 — exr1™| € C?(H N Q)N
Co(H N ). Since exy1(-z) also solves (4.4),

— Alepi1 (@) — epr1(@m)| + (am (@) — Aey1)+lew1 (@) — enyr(zn)|
= (a(r) = A1) —lert1(2) — epqr(zm)| > 0.

By the strong maximum principle either |u — ug| = 0 on £, or |u — ug| > 0 on the interior
of HN Q.
Now take zg in the interior of {2 such that

ext1(20) = max{u(z) [z € Q, || = |zo]} -

For any polarizer such that xq is in the interior of H and 0 € 0H, by the preceding reasoning,
H

u' = u. Hence u is invariant by spherical cap symmetrization with respect to P = zo/|zg|. O

It is not possible to go further in the analysis of symmetry breaking. In fact, if Q is a
ball and e; is not radial for some 1 < 7 < k but is spherical cap symmetric, then Theorem 3.5
is not applicable anymore since e; and all its rotations can not be invariant under the same
spherical cap symmetrization. This obstruction remains even when the (N — 1)-spherical
cap symmetrization is replaced by any k—spherical cap symmetrization. This is not surpris-
ing when compared with the situation of spherical harmonics: the first eigenfunction of the
Laplace-Beltrami operator on the sphere is the constant function. Then the eigenfunctions
associated to the second eigenvalue are restrictions of linear functions, and depend on only
one variable. For the third eigenvalue, the eigenfunctions are restrictions of harmonic poly-
nomials of degree two: among these some depend up to rotation on only one variable (the
zonal harmonics), but some others depend on all the variables (since spherical harmonics of
degree n are restrictions of homogeneous harmonic polynomials of degree n, this follows from
Proposition 4.8). This explains why it is not possible to prove any symmetry properties of
eigenfunctions of —A + a(x) for eigenvalues above the first nonradial eigenfunction. This
suggests that when e;, for some 1 < ¢ < k is not radial, a critical point of a nonlinear problem
could be noninvariant with respect to any nontrivial rotation group.

Proposition 4.8. There exists a homogeneous harmonic polynomial h of degree two such that
the group G of linear isometries T of RN that satisfy hoT = h is generated by the reflections
with respect to N orthogonal hyperplanes. In particular, G is finite.
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Proof. In general if a function f € C'(RY) is invariant with respect to a linear isometry T if
and only if for any z € RN, Vf = T*V f(Tx), where T* denotes the adjoint of T. If h is a
second order harmonic polynomial, it can be written as h(z) = x - Az, where A : RY — RY
is linear and selfadjoint. The polynomial h is invariant with respect to 1" if and only if for
each x € RN, 24z = 2T*ATx, i.e. TA = AT. Choose A with eigenvalues of multiplicity one
and vanishing trace. Since A and T commute, the eigenvectors of A must be eigenvectors of

T. Since T is an isometry, Tv = v or Tv = —v for each eigenvector v of A. Therefore if h is
invariant with respect to T, then T is in the group generated by reflections with respect to
hyperplanes orthogonal to the eigenvectors of A. O

The method of this section is also adapted to Neumann boundary conditions. If the
functional ¢ is defined on the set H(Q2) in place of H}(f2), then the critical points of ¢ are
weak solutions of

—Au+a(@)u = f(z,u) inQ,
ou/on =0 on 0f).

We are in the setting of Example 2.29; Theorems 4.3 and 4.6 remain valid for the new
functional .

4.2 Noncompact problems
Consider the following semilinear partial differential equation:

—Au+V(z)u= f(z,u)  inRN,
u = 0,

where f € C(RY x RT). Solutions are critical points of

1
w:Hl(RN)—JR:UH/ ]Vu\Q—i—V(ac)\u]de—/ F(z,u)dz,
2 Jrn R

N
where F(z,t) = fot f(z,s)ds if t >0 and F(x,t) =0if t <0.
Such problems were treated by Rabinowitz [8] without symmetry assumptions. When the
problem is invariant by rotations, solutions may be found in the space of radial functions by

Palais’s symmetric criticality principle [15]. But then global minimizing properties are lost.
In our approach, we consider the minimax principle for the unrestricted functional

— inf t
c ;grtren[%s@(v( ),

where ' = {y € C([0,1], H}(R")) | ¥(0) = 0 and ¢(7(1)) < 0}. Therefrom, we construct an
almost symmetric Palais-Smale sequence. This proves that ¢ is a symmetric critical level, i.e.
there exists a symmetric « € H'(RY) such that ¢'(u) = 0 and ¢(u) = c. This provides an
alternative in some cases to concentration-compactness.

Our assumptions are:

(f1) There exist C >0, 2 < p < 2* = 2N/(N — 2), such that for all s € RT and x € R

fl@,s) < C(Is| + IslP™)
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(f2) there exists € RY and s > 0 such that F(z,s) > 0,
(f3) there exists a > 2 such that for each z € RY and s € R™,

aF(z,s) < sf(z,s),

(f1) for z,y € RN if |z| < |y| then for all s € RT, f(x,s) > f(y,s),
(f5) f(z,s) =o(|s|), as |s| — 0, uniformly in z € RV,
(V1) there exists m, M € R such that for any x € RN, 0 <m < V(z) < M,
(Vo) for z,y € RN if |z| < |y| then V(x) < V(y).

Remark 4.9. The condition V(z) < M can be dropped provided that the functional ¢ is
defined on the subset of functions u of Hj () such that [, V(z)u? dz < oco.

Theorem 4.10. Under the preceding assumptions, c is a critical value and there is a radial
symmetric decreasing critical point u such that o(u) = c.

Lemma 4.11. Under assumptions (fi2345) and (Vig), there exists a sequence (up)n>1 C
HY(RN) such that

p(un) —
o (un) — strongly in H~1(RY),
-0 in (L2 N L*)(Q),

*
Up — Uy, —

where x denotes the Schwarz symmetrization.

Proof. Note first the set T' = {v € C([0,1], H'(R")) | v(0) = 0 and ¢(v(1)) < 0} is not empty.
From assumptions (f2) and (f3), there exists K1 and an open set U C R” such that for z € U
and s € RT,
F(x,s) = Ki(]s|* = 1),
Let u € D4 (U) be nonzero. For any 7 > 0
2

o(Tu) < % /N |Vaul? + V(2)u? de — 70K ||ul|® + K1 LN (suppu).
R

Since v > p, there exists 7 > 0 such that ¢(7u) < 0. Let y(t) = ut/7. It is clear that v € T".
By assumptions (f4) and (f5), there is C’ > 0 such that |f(z,s)| < m|s|/2 + C'|s[P7L.
That implies

)Hu\li,l lullZ _ oz
2 2 p

o(u) = min(1,m

p
U u
> (min(1,m) —m/2) | HHI — C”H HHl

Therefore, there exists p > 0 such that p(u) > 0if ||ul| 1 < p and @(u) = p > 0if ||ul| g1 = p.
Hence if v € T, [[7(1)[|z1 > p and so maxyepo,1) ¢ (v(t)) = p > 0. This shows that ¢ > a in
Theorem 3.5. For any polarizer, by Proposition 2.19, ¢(uff) = ¢(u). Let Hp be any fixed
polarizer. Then v(0)° = 0 = ~(0) and ¢(v(1)H°) < ¢(v(1)). The conclusions follow from
the symmetric minimax principle (Theorem 3.5). O
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Proof of Theorem 4.10. Let (u,) be the sequence given by Lemma 4.11. For sufficiently large
n, we have

1 1 1
Lt e Tunlln g > () = 2 (6 Gan)sin) > (5= 5 ) BualBinemys
since a > 2, the sequence (u,) is bounded in H'(RY).
The sequence () is also bounded in H(R¥) by the Polya-Szegd inequality (see e.g. [4])
and by Strauss’ Theorem [15], (u}) is compact in LP(RY). Finally, since |lu, — u}|, — 0,
the sequence (u,) is also compact in LP(RY). We can thus suppose that u, — u weakly in

HY(RY) and strongly in LP(RY).
Finally, we need to prove that

[ ) = @) — ) e =0

RN

as n — 0o0. By (f4) and (f5), for any € > 0, there is ¢ such that
|f(z,8)| < els| + cels["~

Then

lim sup
n—oo

[ () = fa)wn — 0)da
RN
-1 .
< el ey + 260l ey i sup i — e
n—oo
and our claim is proved since u is in H'(R") and converges in LP(R™). Since the sequence

(uy,) is Palais-Smale, by standard arguments, u,, — u in H'(RY) and thus u is a critical point
of ¢ and p(u) = ¢. Furthermore u* = . O
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