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APPROXIMATION OF SYMMETRIZATIONS
AND SYMMETRY OF CRITICAL POINTS

JEAN VAN SCHAFTINGEN

ABSTRACT. We give a sufficient condition in order that a sequence of cap or
Steiner symmetrizations or of polarizations approximates some fixed cap or
Steiner symmetrization. This condition is used to obtain the almost sure
convergence for random sequences of symmetrization taken in an appro-
priate set. The results are applicable to the symmetrization of sets. An
application is given to the study of the symmetry of critical points obtained
by minimax methods based on the Krasnosel’skii genus.

1. Introduction

A symmetrization by rearrangement transforms a set or a function into
a more symmetric one, while some quantities remain under control. For exam-
ple, for each u € Wol’p(B(O,R)) with 1 < p < oo and u > 0, one can construct
a radial and radially decreasing function «* such that for every Borel-measurable
function f:R — RT,

/ fw*)de = / f(u)dx.
B(0,R) B(0,R)

In particular, u* € LP(B(0, R)) and ||u*||, = ||u||,- While the map u — «* is non-

p ) ) P P P

linear, it is still non-expansive in L?(B(0, R)). Furthermore, u* € W, (B(0, R))
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and one has the Pdlya—Szeg6 inequality:

/ |[Vu*|P de < / |VulP de.
B(0,R) B(0,R)

Other useful inequalities, such as the Riesz—Sobolev rearrangement inequality
hold. For symmetrization inequalities, we refer to [12], [16]. Symmetrizations
were defined for sets in the nineteenth century by Steiner and Schwarz. Sym-
metrizations of functions go back to Hardy, Littlewood and Pélya [11] and to
Pélya and Szegd [19].

Applications of symmetrization by rearrangement are multiple. Symmetriza-
tions were used by Talenti and Aubin to compute the optimal constants for the
Sobolev inequality [2], [27]. They can be used to obtain estimates on the first
eigenvalue of the Laplacian with Dirichlet boundary conditions (Faber-Krahn
inequality [19], [28], [33]). By symmetrization techniques, it is also possible
to prove that solutions of problems in the calculus of variations are symmetric
functions [23]. In some cases they provide also an alternative to concentration-
compactness [8].

Since symmetrizations and symmetrization inequalities are useful, it would
be nice to have general, simple and elegant methods to construct symmetrizations
and prove the associated inequalities. The main difficulty is that symmetrizations
are nonlinear and nonlocal transformations. One way to manage these problems
is the level-sets method. The functional for which an inequality is needed is
decomposed in integrals on level sets. For example, if u: Q — RT is nonnegative
and measurable and f € C1(R*,RT), one has

/ f(u)de = / LY ({z € Q: f(x) <t})f(t)dt.
Q R+

This can be thought as localizing the functional with respect to the u variable. As
long as the functionals in consideration do not involve gradients or convolution
products, the inequalities are proved trivially. — For example, the proof of the
Hardy-Littlewood inequality becomes very elegant [10], [33] — when it is not
the case any more, the set inequalities become nontrivial geometric inequalities.
For example, the Pélya—Szegs6 inequality follows from the classical isoperimetric
inequality [18], and the Riesz—Sobolev rearrangement inequality is a consequence
of the same inequality for characteristic functions of sets [16]. In those cases the
level set method does not essentially simplify the proof. The method of level-sets
is used extensively by Mossino [18].

Another method to study symmetrization is to approximate a symmetriza-
tion by a sequence of simpler symmetrizations — which are more localized than
more elaborated symmetrizations. This goes back to the original definition of
the Steiner symmetrization as a tool to prove the classical isoperimetric theorem.
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Later, inequalities for capacitors were proved by approximation of Steiner and
cap symmetrizations by lower-order Steiner and cap symmetrizations [21]; the
Riesz—Sobolev inequality was proved by approximation of a Steiner symmetriza-
tion by lower-order Steiner symmetrizations [5]. Recently, a still simpler trans-
formation, the polarization, was used to approximate many symmetrizations in
order to obtain simple proofs of the isoperimetric inequality, the Poélya—Szegé
inequality and a weak form of the Riesz—Sobolev rearrangement inequality [3],
[6], 23], [31].

In a recent work [30], we used approximation of symmetrization in order
to investigate the symmetry properties of critical points obtained by minimax
methods. The key point was the use of polarizations to obtain a continuous
approximation of a Steiner or cap symmetrization which is not continuous in
general in Sobolev spaces [1].

In this paper, we investigate further the approximation of symmetrizations
by simpler symmetrizations. We study which sequences of symmetrizations ap-
proximate a given symmetrization, and we give a simple sufficient condition.
Since almost every sequence of symmetrizations in a well-chosen set satisfies this
condition, we solve by the way a conjecture of Mani-Levitska concerning random
sequences of Steiner symmetrizations [17]. This sufficient condition allows us
to obtain some information about the symmetry of critical points of symmetric
functionals obtained by minimax methods using the Krasnosel’skii genus.

The paper begins by reviewing in Section 2 the main facts about symmetriza-
tions used in the sequel. We define in Section 2.1 the Steiner symmetrization
with respect to an affine subspace and cap symmetrizations with respect to a
closed affine half subspace. The set of affine subspaces and closed affine half
subspaces is denoted by S, and the symmetrization of v with respect to S € S is
denoted by u°. The simplest cap symmetrizations are the polarizations; they are
symmetrizations with respect to H € H, where H is the set of closed affine half-
spaces. Many of their properties are easy to prove (Section 2.2). We introduce
a partial order <, such that S < T if the symmetrization with respect to T can
be used to approximate the symmetrization with respect to S (Definition 2.19
and Proposition 2.20). For S € S, the set of T' € S (resp. € H) such that S < T
is denoted by Sg (resp. Hg). With these notations, we restate in a common
framework all the approximation results of [31]:

THEOREM 2.28. Let S € S and T C Sg. If for every H € Hg, there exists
T € T such that T < H, then there exists a sequence (T},)n>1 C T such that if
Q C RY is open, u € K(Q) and (u, S) is admissible, then

||’LLT1"'T” o uSHOO = 0.
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The condition “(u,S) is admissible” simply means that the symmetriza-
tion u® is defined. In order to state a sufficient condition for a sequence of
symmetrizations to approximate a symmetrization, we define a metric d on S for
which the mapping (u, S) — u® is continuous (Definition 2.35, Proposition 2.38
and Corollary 2.39).

With all the machinery of Section 2, we can state and prove the main result
of Section 3,

THEOREM 3.2. Let S €S, 7T C Sg and (Ty)n>1 C Ss be such that

(a) for every H € Hg, there exists T € T such that T < H,
(b) for each m > 1 and Si,...,Sm € T, there exists k > 0 such that for
every 1 <i <m, d(S;, Tp+i) < 9.

Then for each open set Q C RN and u € K(Q) such that (u, S) is admissible,

|uTrTr — 45| — 0, asn — oo.

The proof relies on the fact that for every m > 1 and 6 > 0, the m first terms
of the sequence of Theorem 2.28 are contained up to an error § in the sequence
(T)nz1-

Given 7, it is easy to construct sequences satisfying the hypotheses of The-
orem 3.2 In fact, if the approximating symmetrizations are symmetrization with
respect to random variables that are distributed throughout the whole of 7, then
the convergence occurs almost surely (Theorem 3.4).

All the preceding results can be extended to the approximation of the sym-
metrization of compact sets in Hausdorff distance dy (Proposition 3.10). For
example, if A(RY) denotes the set of compact sets of RY, one has:

THEOREM 3.13. Let S € S with 0S = (0 and let (E,X, P) be a probability
space. Let £ > dim S and

TE={T €8s:0T =0 and dimT = (}.

If (T)n>1 are independent random variables with values in ’TSE whose distribution
functions are invariant under isometries that preserve S, then
P({ceB:vK € ARY), lim dy(KTE-T) K5) =0}) = 1.
n—oo

Finally, in Section 4, Theorem 3.2 is applied to the proof of symmetry prop-
erties of critical points obtained by minimax methods using the Krasnosel’skii
genus. If A is a symmetric (i.e. A = —A) set in a Banach space V, its Kras-
nosel’skil genus y(A) is the least integer k such that there is an odd mapping in
C(A, S*¥~1). The properties of y are developed in Section 4.1.
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For o M CV — R, let

Be= inf  supp(u).
ACM
A is closed ueA
v(A)=¢

Theorem 3.2 allows us to construct, given a set of small Krasnosel’skii genus,
a set of more symmetric functions that has not a smaller Krasnosel’skii genus
(Propositions 4.7).

The main result is that when the functional ¢ satisfies some symmetry as-
sumptions, then there are symmetric critical points on the levels 3, for small ¢:

THEOREM 4.8. Let Q = Q'xQ" C RY be open, with Q' C R* invariant under
O(k). Let M c WP (Q)\ {0} be a complete symmetric C1L-manifold. Suppose
© € CY(M) is an even functional that satisfies the Palais—Smale condition, and
is bounded from below on M. Also suppose that if H € H, {0} x RN=F c 9H
and u € M, then ufl € M and p(uf') < p(u). If € < k, then there is a critical
point u € M and x € S*=1 such that p(u) = B¢ and u¥ = u.

Here S, denotes the cap symmetrization with respect to Rz x RN~k We
end with simple applications of this result. The method applies to Dirichlet and
Neumann problems (Theorems 4.9 and 4.10).

2. Symmetrizations

2.1. Definitions. In the following, H"* denotes the k-dimensional outer
Hausdorff measure, while for z € RY and 0 < r < o0, B(z,7) = {y € RV :
|z —y| < r}. The extended set of real numbers is denoted by R = RU {—o00, 0o}.
The set of compactly supported continuous functions on the open set 2 is de-
noted by () and the modulus of continuity of a function u € K(€) is the
function w,:RT — R* defined by

wy(0) = sup{Ju(z) —u(y)| : z,y € Q and |z — y| < J§}.

We define the Steiner and spherical cap symmetrizations according to Sar-
vas [21]. In contrast with Sarvas, our definition does not make difference between
compact and open sets, but is valid for any set, possibly non-measurable. This
ensures a good pointwise definition of the symmetrization of measurable sets and
functions.

DEFINITION 2.1 (Steiner symmetrization). Let S be a k-dimensional affine
subspace of RV, 0 < k < N — 1. The symmetrization of a set A C RN with
respect to S is the unique set A° such that for any x € S, if L is the (N — k)-
dimensional hyperplane orthogonal to S that contains =z,

ASNL=B(z,r)NL,
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where 0 < r < oo is defined by HN ~*(B(z,7) N L) = HN*(AN L).

REMARK 2.2. The symmetrization with respect to a 0-dimensional plane
is called point symmetrization or Schwarz symmetrization. (Some authors call
Schwarz symmetrization a symmetrization with respect to a 1-dimensional plane
and Steiner symmetrization a symmetrization with respect to a (N — 1)-dimen-
sional plane [16].)

DEFINITION 2.3 (Cap symmetrization). Let S be a k-dimensional closed
affine half subspace of RV, 1 < k < N and let 85 be the boundary of S inside
the affine plane generated by S. The symmetrization of a set A € RY with
respect to S is the unique set A° such that A5 N dS = AN 9S and for each
x € 08, if L is the (N — k + 1)-dimensional hyperplane orthogonal to 95 that
contains = and y is the unique point of the intersection dB(x, ) N S, then for
every o > 0

ASNOB(x,0)N L= B(y,r)NdB(z,0)NL,
where r > 0 is defined by

HN"*(B(y,r)N0B(z,0) N L) = HN*(ANOB(z,0) N L).

REMARK 2.4. The symmetrization with respect to a one dimensional closed
affine subspace is also called foliated Schwarz symmetrization [23].

DEFINITION 2.5. The set of all the k-dimensional affine subspaces of RY for
0 <k < N —1, and of all the k-dimensional closed affine half subspaces of R
for 1 <k < N is denoted by S.

Symmetrizations have the following basic properties:

PROPOSITION 2.6. Let A, BCRY and S € S. If AC B, then AS C BS.

(a) If A is measurable, then AS is measurable and LN (A%) = LN (A).
(b) If A is open, then AS is open.

We need some condition to ensure that the symmetrization of a function is

meaningful.

DEFINITION 2.7. Let Q@ C RY, w:Q — R and S € S. The pair (u,S) is
admissible if Q° = Q, and, for every ¢ > 0,

LYz e Q: |u(z)] > c}) < 0

and either u > 0, or 9S # () and (RY \ Q)% = RN\ Q.
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DEFINITION 2.8. Let Q@ C RN, w:Q — R and S € S. Suppose that (u,S) is
admissible. The symmetrization of u with respect to S is the unique function u*°

such that, for each ¢ € R,
{reQ:u’@x)>c} ={recQ:ulx)>c}°

S

REMARK 2.9. The function ©° can be defined as

u’(z) =sup{c e R:z € {y € Q:u(y) > c}°}.

The definitions with open balls of symmetrization of sets are of crucial impor-
tance in order to obtain the existence of u® satisfying Definition 2.8 (see [29]).

The symmetrization of a function does not essentially depend on the domain:

PROPOSITION 2.10. Let u: Q) — R, w:RY — R be defined by t|lo = u and
ulgvyg = 0 and S € S. If (u,S) is admissible, then (u,S) is admissible and

ﬂS‘Q = uS.

The symmetrization of functions in LP is a non-expansive nonlinear mapping
that preserves the norm:

PROPOSITION 2.11 (LP properties of symmetrizations). Let 1 < p < oo,
Q C RY be measurable and u,v € LP(Q). If (u,S) and (v,S) are admissible,
then uS,vS € LX(Q), Sl = [ullp, [0 = vl and 45 — o5, < Ju— o]l

PROOF. See e.g. [10] and [32]. O

REMARK 2.12. If u € WP(Q) then v¥ € W1P(Q) and ||[Vud||, < [|[Vulp,
but if S = 0, the mapping u — u° is continuous in WP(Q) if and only if
dim S = N — 1 (see [9], [1], [7]). If S # 0, u — u® is continuous if dim § = N
(see [30] and Corollary 2.40 below). If dim .S < N — 1, then a reasoning in the
spirit of Lemma 2.33 and the results of Almgren and Lieb [1] shows that u +— u®
is not continuous. The case dim S = N — 1 remains open, but it is likely that the

method of Burchard would show that the cap symmetrization is then continuous.
We introduce the complementary of a affine half subspace.

DEFINITION 2.13. Let u € S and S € § with S # 0. The complementary
of S is the reflexion of S with respect to 95. It is denoted by S*.

As a straightforward consequence of the definitions, one has

PROPOSITION 2.14. Let S € S and w:Q — R. If (u,S) and (—u,S*) are
admissible, then

2.2. Polarizations. We recall briefly some facts about the simplest sym-
metrizations, the polarizations.
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DEFINITION 2.15. The symmetrization with respect to H € S is a polariza-
tion if OH is a hyperplane, or, equivalently, dim H = N. The reflexion of 2 € R
with respect to 0H is denoted by xp. The set of H € § such that dim H = N
is denoted by H.

PROPOSITION 2.16. Let H € H, @ € RY and w:Q — R. If (u,H) is
admissible, then

uf (2) = { max(u(z),uw(xy)) ifr e H,

min(u(z),u(zy)) ifz ¢ H.

REMARK 2.17. The characterization of Proposition 2.16 is the classical def-
inition of the polarization of a function (see [6]).

PROPOSITION 2.18. Let H € H, Q C RN be open and u: Q) — R be measur-
able. If (u, H) is admissible, f: Q) x R — R* is a Borel measurable function, and
for every t € R and x € Q such that vy € Q, f(xm,t) = f(x,t), then

/Qf(x,uH(m))d:L':/Qf(ar,u(x))dx.

Furthermore, if 1 < p < oo, u € WyP(Q) (resp. (—u, H) is admissible and
u e WhP(Q)) then uf € WyP(Q) (resp. ufl € WP(Q)) and

/ |Vull|P do =/ |VulP de.
Q Q

If u € K(Q), then u € K(Q) and for any § > 0, w,u (8) < wy(6).
PROOF. See [6] and [30]. O

2.3. Approximating symmetrization. In order to study the approxi-
mations of a symmetrization by other symmetrizations we introduce a partial
order < on the symmetrizations such that S < T if the symmetrization with
respect to T' can be used to approximate the symmetrization with respect to S.

DEFINITION 2.19. Let S, T € §S. We write S < T if S C T and 95 C 9OT.
For S € S, let

SS:{TGS:S<T} and HS:{HGHZS<H}.

This definition is justified by the next proposition.

PROPOSITION 2.20. Let S, T € S and suppose S < T. If A is Borel measur-
able, then AST = ATS = AS. If Q c RN and u:Q — R are Borel measurable,
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and (u,S) is admissible, then (u,T), (u”,S) and (u®,T) are admissible and

WST — 4TS — oS,

PROOF. The definitions yields AT® = AST = AS for any Borel measurable
set A € RN. The conclusion follows from the definitions of the admissibility and
of the symmetrization of a function. O

REMARK 2.21. By Proposition 2.11, if S < T, then
T S s
[u” =y < [lu—u]ly,
i.e. T does not increase the distance between u and u® and T can be used to
approximate S.

REMARK 2.22. If A is merely measurable, its intersection with some affine
subspace could be H*-non-measurable, resulting in A7 D A% = AST. However,
one can still conclude that A5 € AT and that LV (AT9\ A%) = 0.

Many properties of the symmetrizations can be deduced from the next
THEOREM 2.23. Let S € S. There exists a sequence (Hy)n>1 C Hs such
that if @ C RY is open, u € K(Q) and (u, S) is admissible, then

Hqu...HT,, _ US”oo = 0.

PROOF. See [31]. O

REMARK 2.24. Weaker forms of Theorem 2.23, where the sequence could
depend on the function to symmetrize were proved by Brock and Solynin [6] and
by Smets and Willem [23].

COROLLARY 2.25. Let S € S and u € K(R). If (u,S) is admissible, then
u® € K(Q) and for any 6 > 0,

Wys (0) < wy(0).

PRrROOF. This follows from Proposition 2.18 and Theorem 2.23. O

Among the consequences, there is the compactness of the set of functions
obtained by symmetrizations compatible with a given symmetrization:

PROPOSITION 2.26. Let S € S, Q C RN and u € K(Q). If (u,S) is admis-
stble, then
U= {uTl"'T” :n>1,T, €8s for each 1 <i<n}
is totally bounded in L ().

PRrROOF. By Proposition 2.11, if v € U, then |[v||ec = [Ju|lcc- Since w is
compactly supported, there exists z € 9S (z € S if u > 0) and r > 0 such that
suppu C B(z,r). Since S < T, B(x,r)T = B(z,r)°T = B(x,r)° = B(x,r).
By Proposition 2.6, for each v € U, one has suppv C B(x,r). Finally, by
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Corollary 2.25, for every v € U, we have v € K(Q2) and w,(0) < wy (). The
conclusion comes from the Ascoli-Arzela Theorem. O

REMARK 2.27. In fact, U is totally bounded in LP (RY) for every 1 < p < oc.
Proposition 2.26 is one of the ingredients of

THEOREM 2.28. Let S € § and T C Sg. If for every H € Hg, there exists
T € T such that T < H, then there exists a sequence (T},)n>1 C T such that if
Q C RY is open, u € K(Q) and (u, S) is admissible, then

||uT1~--Tn _ USHoo = 0.

PROOF. See [31]. O

REMARK 2.29. For every 1 < p < oo, the convergence happens for any
u € LP(Q) such that (u,.S) is admissible.

2.4. The metric structure of S. In order to construct other sequences of
symmetrizations approximating a symmetrization by some kind of perturbation,
we give a metric structure to the set S. Since the definition of the metric on &
relies on isometries of R, we briefly investigate the relationship between sym-
metrizations and isometries. We call i: RY — R an isometry provided that for
every z,y € RV, one has |i(z) —i(y)| = |z — y|-

PROPOSITION 2.30. Let i:RY — RN be an isometry and S € S. If A C RV,
then i(AS) = i(A)'S) . If (u,i(S)) is admissible, then (uoi,S) is admissible, and

u'®) 04 = (uoi)d.

PROOF. Since the definitions of the symmetrizations are invariant by isom-
etry, this is straightforward. 0

REMARK 2.31. The isometries is the largest class of transformations of RV
for which Proposition 2.30 holds for every S € S.

We need also some information about elements of S which are identical in a
ball.

PROPOSITION 2.32. There exist constants K1 > 1 and Ko > 0 that depend
only on the dimension of the space N such that the following holds: Let r > 0,
R>Kyr, S, TeS,ze8, andu e Ky (Q). If (u,S) and (u,T) are admissible,
suppu C B(z,r) and B(x,R)NS = B(z,R)NT, then

||uS — uTHoo < wy(K2r?/R).

PRrOOF. This follows from the next Lemma applied to u|g(,,,) and from
Proposition 2.10, since v° and u” are the extensions by 0 outside of B(z,r) of

(U|B(w,r))s and (u|B($aT))T' =
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LEMMA 2.33. There exist constants K1 > 1 and Ko > 0 that depend only on
the dimension of the space N such that the following holds: Letr > 0, R > Kyr,
S, Te€S,andx e S. If Bla,y R)NS = B(x, R) NT then there exists an injective
map g: B(0,r) — RY such that for each x € B(z,r), |g(x) — z| < Kar?/R.
Furthermore, for any A C B(x,r), g(A%) = g(A)T and if @ C B(z,r), u:Q — R
and (u,T) is admissible, then (uo g,S) is admissible and u” o g = (uo g)°.

REMARK 2.34. This was proved by Sarvas when dimS = N — 1 (see [21]).

Proor. If S N B(z, R) = 0T N B(z, R) # () the proposition is trivial. The
result is also trivial when dim S = dim 7 = N. Assume thus 9SNB(z, R) = TN
B(z,R) = 0 and dim S < N. For any y, let Cs,, denote the circle that contains y,
whose center is in 05 and that is contained in an affine (two-dimensional) plane
perpendicular to 0S. If 0S5 = (), define Cg, to be the straight line perpendicular
to S that contains y. Define Cp, analogously.

The mapping ¢ is the unique mapping such that if y € SN B(z,r), g(Cgy N
B(z,7)) C Cry, and if A C Cs, N B(x,r) is Borel measurable, then HN=%(4) =
HN=*(g(A)), where k is the dimension of S and of T. A direct computation
shows that for sufficiently large K7 and K», the map g has the required proper-
ties. g

Now we define a distance on S.

DEFINITION 2.35. Let S,T € S and

g(S,T)zinf{ln(l—i— supw—}— sup ! >:

sery L+]z] Lcig)ar 1+ |zl

i:RY - RY is an isometry}.

The distance between S and T is d(S,T) = o(S,T) + o(T, S).
PROPOSITION 2.36. The pair (S,d) is a separable metric space.

REMARK 2.37. The metric space (S,d) is not complete, but it is locally

compact.

The symmetrization is continuous with respect to this distance. More pre-

cisely,
PROPOSITION 2.38. Let Q C RN be open. The mapping

{(u,S) € (K, || [|loo) X (S,d) : (u,S) is admissible}
= (K, | lloo) = (u, 8) =~ w®

18 continuous.



72 J. VAN SCHAFTINGEN

PRrROOF. Let (u,S) € (K(Q), |- |lso) X (S,d) be admissible, and let € > 0. By
Proposition 2.10, we can assume 2 = RV,

First suppose u > 0. Let (u,S) € K4+(RY) x S be admissible. Let K;
and Ky be given by Proposition 2.32. Fix x € S and r > ¢K; /K> such that
suppu € B(x,r). There exists § > 0, depending only on ¢, x and r, such
that if 7 € S and d(S,7) < 6, then there is an isometry :RY — RY with
ly —i(y)| < e for each y € B(x,r) and i(T) N B(x, Kor?/e) = SN B(x, Kar?/e).
By Proposition 2.32, since Kyr?/e > K7, |[u® — u")|| s < wy(€). Moreover,
(T) T

since by Proposition 2.30, u'T) 0§ = (uo4)T,

”ui(T) - UT”oo _ Hui(T) oi—uT 0i|oo = ||(uoi)T —JT 04|00

<lwod)” —ulloo + u" —u” 0ills.

Since by Proposition 2.11 the symmetrization is non-expansive in L (RM),

I(wo i) — Tl < luoi—ullo < wule).

By Corollary 2.25, the modulus of continuity does not increase by symmetriza-
tion:

lu” = u" 0l < wrule) < wule).
For any (v,T) € Ky (RY) x S, if d(T,S) < § and ||u — v||s < ¢, then, by the
non-expansiveness of the symmetrizations,

e = v loo < flu® = uTloo + flu® = 07| < wu(e) +e.

Since € > 0 is arbitrary, our claim is proved.

If u # 0, then by definition of admissibility, 95 # 0. Let € 8S and choose
r > 0 such that suppu C B(z,r). By definition of d, there is § > 0 such that if
d(S,T) < 4, there exists an isometry : RY — RY such that |y —i(y)| < e for
y € B(z,r) and i(T) N B(z,r) = SN B(xz,r). Since x € 85, S and T are closed
affine half subspaces, and ¢ is an isometry, ¢(T') = S. By Proposition 2.30,

Moi—uoillw = [(uoi)" —u" 0o

[0 = u" oo = [Ju
The end of the proof is similar to the case when u > 0. O

COROLLARY 2.39. Let Q C RN be open and 1 < p < co. The mapping

{(u,8) € (LP(Q), ] - |Ip) x (S,d) : (u,S) ts admissible}
= (L), [ - Ip): (u, 8) = u®

is continuous. This remains true if p = oo, provided LP(Q) is replaced by Cy(£2).

As in [30], we can obtain the
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COROLLARY 2.40. Let Q C RY be open and 1 < p < co. The mapping

{(u, H) € WHP(Q) x (H,d) : (u, H) and (—u, H) are admissible}
— WEP(Q): (u, H) — u?

s continuous.

PrOOF. This is a consequence of Proposition 2.18, of Corollary 2.39 and of
the uniform convexity of the norm ||Vull,. O

3. Constructing approximating sequences

3.1. A sufficient condition. Since the result of a symmetrization is stable
under small perturbations on the symmetrization (Proposition 2.38), we can
prove that some perturbations of an approximating sequence are approximating
sequences.

PROPOSITION 3.1. Let S € S, (Sp)n>1 C Ss and (T,)n>1 C Ss. If for each
open set @ C RY and u € K(Q) such that (u,S) is admissible,

w5 —u|| =0, asn— oo,
and if for every § > 0 and m > 1, there exists k > 0 such that for each 1 < i < m,
d(S;, Tyi) <6,
then for each open set Q C RN and u € K(Q) such that (u, S) is admissible,

uTtTn —uS|| =0, asn— occ.

PROOF. Let u € K(2) and £ > 0. Since by Proposition 2.26 the sequence

T:...T,

(u ")p>1 is totally bounded in L*>°(€2) and since by hypothesis

T:..TpS1...8 S

U m -y, asm — oo,

there exists m > 1 such that for every n > 0,

||UT1-~~Tnsl-~~Sm _ USHOO S E.

By the continuity of symmetrization (see Proposition 2.38) and the fact that
(uTl“'T")nzl is totally bounded, there exists § > 0 such that for each 1 < i < m,
for each n > 0 and for each T € Sg, if d(S;,T) < d, then

T TSt T ToT | < e,
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By hypothesis, there is k > 0 such that for each 1 <i < m, d(S;, Tk+i) < 6. We
can then use the non-expansiveness of symmetrizations (Proposition 2.11) and
the preceding estimates to obtain, for every £ > m + k,

S — T < [ — e T o

m
< ”uS _ uTl.A.TkSLA.Sm”OO + Z ||uT1...Tk+i,1Si...Sm _ uTl--ATkJriSiJrlemH

i=1

m
< ”us — T TkS1...Sm -+ Z ||uT1~~~Tk+i—1S7L — T Th
=1

< 2e. O

THEOREM 3.2. Let S € S, T C Sg and (Ty,)n>1 C Sg be such that

(a) for every H € Hg, there exists T € T such that T < H,
(b) for each m > 1 and Sy,...,S, € T, there exists k > 0 such that for
every 1 <i <m, d(S;, Tg4s) < 0.

Then for each open set Q C RN and u € K(Q) such that (u, S) is admissible,

|uTr T — 45| — 0, asn — oo.

REMARK 3.3. Since (S, d) is separable, (7,d) is also separable so that given
a countable dense set of 7 it is possible to construct explicitly a sequence (T}, )n>1
satisfying the hypotheses of Theorem 3.2.

PrOOF. This follows from Theorem 2.28 and Proposition 3.1. 0

3.2. Random sequences of symmetrizations. As a first application of
Theorem 3.2, we prove that symmetrizations can be approximated by random
sequences of symmetrizations.

Recall that if (E, 3, P) is a probability space, (M,d) is a metric space and
X:FE — M is measurable, then X is called a random variable. The sequence
(Xn)n>1 is a sequence of independent random variables if for any n > 1 and for
any open sets Uy, ..., U, C M,

P{ee E: (Xi(e),...,Xn(e) €Uy x---xUp})

n

=[[P{ec E: Xi(e) e U;}).

i=1
(See e.g. Stromberg [24]).

THEOREM 3.4. Let S € §, T C Ss, (E,X,P) be probability space and
T.:E — T, n > 1, be independent random variables. If for every H € Hg,
there exists T € T such that T < H and if for each T € T and § > 0,

lim P({ee€ E:d(Ty(e),T) <0d}) >0,

n—oo
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then

P({e € E : for all open sets Q@ C RY,
for all u € K(Q) such that (u,S) is admissible,
fiy [T — ) = 0}) = 1,

Proor. This follows from Theorem 3.2 and from the next lemma, since

(7,d) is a separable metric spaces by Proposition 2.36. g

LEMMA 3.5. Let (E, %, P) be a probability space, (M, d) be a separable metric
space and X,: E — M, n > 1, be independent random variables. If for each
€M and § >0,

lim P({e € E:d(X,(e),z) <d}) >0,

then
P{ee E:Ym>1, Vr>1, Vai,...,2ym € M,
k>0, VI <i<m, dXppile),z;) <1/r}) =1
PrROOF. Since M is separable, there exists a countable dense subset D C M.
Since D is dense,
P{lee E:Ym>1, Vr>1, Va1,...,2,m € M,
k>0, V1 <i<m, d(Xgyi(e),x;) <1/r})
=P{e€ E:Ym>1, Vr > 1, Vai,...,2ym € D,
Ik >0, V1 <i<m, d(Xpri(e),x;) <1/r})
=1-P({e€cE:Im>1, Ir>1, Jz1,...,2,m € D,
Yk >0, 31 <i<m, d(Xgyi(e),z;) > 1/r}).
Since D is countable,
P{e€eE:Im>1, Ir>1, 3x1,...,2n € D,
Vk >0, 31 <i<m, d(Xgyi(e),z;) >1/r})
< Z Z P{ece E:Vk >0, 31 <i<m, d(Xpti(e),x;) > 1/r}).
T§11 T1yees@n €D
Let now m, r and x1, ...,z € D be fixed. Since the random variables (X,,)n>1
are independent,
P{e€ E:Vk >0, 31 <i<m, d(Xpqi(e),x;) >1/r})
<PH{ec E:¥>0, 31 <i<m, d(Xem+ile),z;) > 1/r})

= HP({e e E:31<i<m, dXpm+ile),z;) > 1/r}).
>0
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Since by hypothesis

Zm P{ee€ E:31 <i<m,d(Xemyile),z;) > 1/r})

=1- /liim HP({e € E:d(Xemtile),z;) <1/r})
<1- H;Lm P({e € E: d(Xpmyile),z;) < 1/r})

<1- ﬁ lim P({e € E:d(X,(e),x;) <1/r}) <1,

i=1 "
the conclusion follows. g
3.3. Approximation of the symmetrization of sets.

PROPOSITION 3.6. Let u,v € C(Q), S €S, ¢ > 0. If (u,S) and (v,S) are
admissible and
{reQ:u(r) >ct={ze:v(x) >c}
then
{reQ:u’x)>c}={recQ:v5x)>c}.
DEFINITION 3.7. Let K C RY be compact and S. The compact symmetriza-
tion of K with respect to S is the set

{z:u(z) > 1}
for any function u € K(RY), such that v < 1 and u(x) = 1 if and only if z € K.

This definition is equivalent to the classical definitions of symmetrization of
compact sets (see [19] and [6]). By an abuse of notation, throughout this section,
if K is compact, then K denotes the compact symmetrization of K. We recall
some basic facts about the Hausdorff distance (see [14], [15]).

DEFINITION 3.8. Let K7, K5 C RY be compact sets. The Hausdorff distance
between K; and K, is

dy (K1, Ko) =inf{r >0: K1 C K>+ B(0,r) and Ky C K; + B(0,r)}.

The set of compact subsets of RY is denoted by &(RY). The metric space
(R(RY),dy) is complete. One has

PROPOSITION 3.9. Let 2 C &RYN). The following are equivalent:

(a) A is totally bounded,
(b) Ugea K is bounded,
(c) 2 is bounded.
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We are now in measure to prove how approximation of symmetrizations of
functions yields approximations of the symmetrizations of sets.

PROPOSITION 3.10. Let S € S, (Tn)n>1 C Ss, u € K4 (RY) such that
llulloo =1 and K = {x € RN :u(z) = 1}. If [ul T — 4| — 0 as n — oo,
then

dg (K71 K%)= 0, asn— oo.

REMARK 3.11. By Tietze’s extension theorem, for every K € &(RY), there
exists u € K1 (RY) such that ||ul|ooc = 1 and K = {z € RV : u(x) = 1}.

PROOF. Since u is compactly supported, there exists x € S and r > 0 such
that suppu C B(z,r). Hence K7+T» c suppu’* T c B(z,r). By Proposi-
tion 3.9 the sequence (K71Tn), 5 is conditionally compact in (R(RY),dy).

Let K be an accumulation point of the sequence (K71+Tn), 51, let (Kyp)m>1
be a subsequence of (K Tl'“Tn)nZl converging to K and let (Um)m>1 denote the
corresponding subsequence of (u?1T7), - ;. We are going to show that K =KS5.

Let o > 0. Since by Corollary 2.25, u € K(RY), there exists ¢ > 0 such
that if u¥(z) > 1 — ¢, there is y € K with |z — y| < . Since u,, — u° in
L>=(RN), for sufficiently large m, ||u,, — u®|| < e. By definition of K,,, one has
K,, C K°+ B(0, p). Since this is valid for any ¢ > 0, we conclude that K C K5,

For every z € S\ 09, let C, denote the (N — k)-dimensional sphere that has
its center on 0S5, is contained in an affine plane orthogonal to 05 and contains
the point z. (If S = 0, then C, is the (N — k)-dimensional plane orthogonal
to S that contains the point z.) If KN C, = 0, then KN C, =0 C KnC,.
If KNC, # 0, then Kn C, # 0, the set K5 N C, is a closed geodesic ball
(possibly degenerate to a point), and, since the N — k-dimensional Hausdorff
measure restricted to C, is a Radon measure, it is upper semicontinuous with
respect to the Hausdorff distance (see [4])

HNR(KNC,) > Tim WV, N Co) = HYTHE N Co) = HYTHES N C).
Since K N C, € K5 N C,, one concludes that K N Cy, = K5 N C,.

Since K,, 108 = KNdS = K°NAS, one has K°NIS C KN oS. In view
of RN =9SU UzeS\é)S C,, one has K = KS. This proves that the set K is the
unique accumulation point of the sequence (KT1-Tn), . O

REMARK 3.12. The proof of Proposition 3.10 is a simplification of a proof
of Brock and Solynin [6] who did not use the compactness of the sequence
(KTi-Tn), 51 in R(RY). In particular, the proof of the inclusion K c K5 is
directly inspired by their proof.

As an easy consequence of Theorem 3.4 and Proposition 3.10, we have



78 J. VAN SCHAFTINGEN

THEOREM 3.13. Let S € S with 0S = 0 and let (E,%, P) be a probability
space. Let £ > dim S and

TE={T€8s:9T =0 and dimT = (}.

If (T,))n>1 are independent random variables with values in T& whose distribution
functions are invariant under isometries that preserve S, then

P({e € E:VK € &RY), lim dg(KT©-Ta() K5) = 0}) =

n—oo

This solves a conjecture of Mani-Levitska. He proved Theorem 3.13 under
the additional assumptions that K should be convex, S = {0} and £ = N — 1
(see [17]).

One can obtain similar theorems for the approximation by polarizations or
spherical cap symmetrizations.

4. Symmetry of critical points

This section is devoted to the proof of a symmetry result concerning critical
points obtained by a minimax theorem of Struwe based on the Krasnosel’skil
genus (see [26]). First we recall the definition and basic properties of the Kras-
nosel’skil genus (Section 4.1). Then we symmetrize approximately sets of small
Krasnosel’skil genus (Section 4.2) before going on to a minimax theorem with
symmetry information and an application (Section 4.3).

4.1. Krasnosel’skil genus. Let V' be a Banach space. Define
A={ACV:Aisclosed A =—A}.
DEFINITION 4.1. For A€ A, A# 0, let
v(A) = inf{m : there exists h € C(A, S™ ') such that h(—u) = h(u)},
with v(A) = oo if the set on the right-hand side is empty and () = 0.
The genus has the following properties

PROPOSITION 4.2 (Krasnosel’skil, [13]). Let A, A1, A2 € A, and let h €
C(V,V) be an odd map. Then the following hold:
(a) v(A) >0, v(A) =0 if and only if A =10,
(b) if A1 C A2, then y(A1) < v(A2),
() 7(A1UAz) < y(A1) +7(A2),
(d)
)

d) 7(A) < ~v(h(4)),
(e) if A e A is compact and 0 & A, then v(A) < oo and there is a neigh-
borhood N of A such that N € A and v(A) = v(N).
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It will be only possible to symmetrize sets with a small Krasnosel’skii genus.
In the following proposition it is shown that any set contains a subset of lower
Krasnoselskii genus that contains some prescribed points.

LEMMA 4.3. If A€ A and if Y C A is finite, there exists A’ € A such that
YCA CAand~(A)=~(A) - 1.

PROOF. Let k = «v(A). By definition of y(A), there exists an odd mapping
h € C(A,S*1). Take m € S*=1\ h(Y) and let = max,ey |m - h(y)|. Since
m & h(Y), one has n < 1. Define

A'={z e A:|\m-h(z)| <n}.

Since h is odd and continuous, A’ € A. For x € A’, let o(z) = h(z)— (m-h(x))m
and ﬁ(m) =o(x)/|o(z)|. Tt is clear that T is odd and continuous on A’ and that
h(A") C S*=2. Hence, y(A4") < v(A) — 1.

Let I = v(A’). By definition of v(A’), there exists an even mapping h' €
C(A’,S'=1Y). For z € A, let

(0,m- h(z)) ifog A

Then h: A — R+ is continuous and odd on A. The function h = h/[h|: A — S
is also continuous and odd. Hence v(A) < v(A’) + 1. O

4.2. Almost-symmetrization of sets. Throughout this section we assume
that Q = Q' x Q”, where ' C R” is invariant under the action of the group
of isometries O(k). To every any = € S¥~1, we associate the closed affine half
subspace S; = Rz x RV~ and a closed affine halfspace

((2) = {y e RN -y > 0.

PROPOSITION 4.4. The map (:S*¥~' — {H € H : {0} x RN=* C 0H} is
a homeomorphism. For every x, y € S*~1, ((x) € Hs, if and only if x -y > 0.

LEMMA 4.5. There exists 7 € C(W1P(Q) x SF=1 x RY; WLP(Q)) such that
(a) for every u € WYP(Q), &(u, x,t) — uS= in LP(Q) as t — oo, uniformly
inxe Sk,
(b) for every (x,t) € S*=1 x RY, there exists Hy, .. . Hiyj41 € Hs, such
that, for each u € W1P(Q),

o(u,x,t) = v Higsn
(c) for every (u,x,t) € WIP(Q) x S¥~1 x R,

o(—u,—x,t) = —o(u, z,t).
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ProOF. Let R = {R € SO(k) : forallz € R, x- R(z) > 0}. With the
operator norm, R is a separable metric space. Consider a sequence (Ry)n>1 C R
such that for every § > 0, m > 1 and Q1,...,Q, € R, there exists k > 0 such
that for each 1 < i < m,

Qi — Ryl < 0.
This construction is possible because R is separable. Since R is path-connected it

is possible to extend the definition of R, for t € Rt so that t — R; is continuous.
For (u,z,t) € WHP(Q) x S¥~1 x R* let
F(u,z,t) = uSBL(@)) C(Ry (2))C (R (2))
The map @ is continuous by construction of R;, by Proposition 4.4 and by
Corollary 2.40.
Fix x € S¥71. Let 6§ >0, m > 1 and y1,...,ym € S* ! such that 2 -y; > 0
for each 1 < ¢ < m. For every 1 < i < m, there exists @J; € R such that

Qi(z) = y;. By construction of the sequence (Ry,),>1 there is £ > 0 such that
for every 1 <i < m,

yi — Riti ()] < [|Qi — Ryl < 0.

Since ¢ is continuous and ((R,(x)) € Ss,, Theorem 3.2 is applicable and for
every (u,z) € WLP(Q) x S*, we obtain

|7 (u, 2,n) — u¥|, — 0, asn — oc.
Since ||&(u,z,n) — uS=|, is decreasing with respect to n (see Remark 2.11),

|5 (u, 2, n) — u¥||, is continuous with respect to x (Corollary 2.39) and S*~1 is
compact, by Dini’s Lemma (see [25]), for every u € W1P(Q), we obtain

|7 (u, z,n) — u* lp =0, asn — oo, uniformly in z € Sh=1,
Finally by Proposition 2.11, we conclude
[ (u, . 8) — u ||, < |7 (u, @, [t]) — u[l, —0,

as t — oo, uniformly in x € S#~1.
The last conclusion is a consequence of Proposition 2.14. O

LEMMA 4.6. For every e > 0, there exists 5 € C(W1P(Q) x Sk=1;, WP (Q))
such that, for every (u,x) € WhP(Q) x Sk—1,

(@) [F(u, ) —u| <e,

(b) there exists m > 1 and Hy,...,H,, € Hg, such that

o(u,x) = yHvHm

(¢) o(—u,—x) = —0(u, ).



APPROXIMATION OF SYMMETRIZATIONS 81

PROOF. By the previous lemma, for any u € WHP(Q), there exists t,, > 0
such that for every ¢t > t, and z € S*~1,

|5 (u, t, ) — ud| < e/3.

The space W1P(Q) with the norm of LP(Q) is a metric space. It is thus paracom-
pact and there is a locally finite partition of the unity (9, ),ew1.» subordinate to
the covering {B(u,e/3)}uew1r(q) (see [22]). For every u € WP(Q), let

O(u) = 5 Z (00(u) + 0v(—u))to.
VEWLP(Q)
It is clear that @ is continuous and even. For (u,x) € WP(Q2) x S¥, let
o(u,z) =7a(u,z,0(u)).

For every u € W1P(Q), there exists v € WP such that ¢, < 6(u) and
either |lv —ul|, <e/3, or ||[v — (—uw)|l, <e/3. If |lv — (—u)||, < &/3, then using
successively Propositions 2.14, 2.11 and the properties of v, we obtain

16 (u, @) = w |l =[5 (u, 2, 6(w)) = u ||, = [[7(—u, —2,6(u)) — (~u)>=]|,
<lfo(—u, —2,0(u)) =7 (v, —2,0(u))ll,
+ 7o, —2, 0(w)) = v [, + [07 = (w) %), <.
Similarly ||5(u,x) — u%||, < & whenever ||v — ul|, < &/3.
The other conclusions follow easily from the properties of . d
PROPOSITION 4.7. Let A C WYP(Q). If there exists an odd mapping h €

C(A, S*=1), then for every e > 0, there exists 0 € C(A,WP(Q)) such that, for
every u € A,

(@) flo(u) —ure ] <e,

(b) there exists m > 1 and Hy,...,H,, € Hg, such that

O'(U) _ qu‘..H,,,L7

(c) o(-u) = —o(u).
ProOOF. For every u € A, let o(u) = o(u,h(u)), where 7 is given by the
previous lemma. The properties of o follow from the properties of ¢ and h. O

4.3. Minimax theorem with symmetry information. If ¢ is an even
functional of class C'! on a closed symmetric C'-submanifold M of the Banach
space V. For any ¢ < (M),

Fo={AcA:AC M, v(A) > (}.
Consider the values

— inf .
Be Anf sup o(u)
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If the functional ¢ satisfies the Palais—Smale condition at the level 8, and
1 <l <H(M) =sup{y(K) : K C M is compact and symmetric}
then there is a critical point v € M such that ¢(u) = B¢ (see [26]).

THEOREM 4.8. Let Q = Q' x Q" C RY be open, with Q' C R* invariant
under O(k). Let ¢ < k. Let M C W1P(Q)\ {0} be a complete symmetric C1:1-
manifold. Suppose o € C*(M) is an even functional that satisfies the Palais—
Smale condition at the level By, and is bounded from below on M. Also suppose
that if H € H, {0} x RN~k C OH and u € M, then ufl € M and p(u'?) < (u).
If £ < k, then there is a critical point u € M and x € S¥=1 such that (u) =
and u¥* = u.

PROOF. The theorem is proved by Struwe without the conclusion u*

=
(see [26]). By a close inspection of his proof, for each sequence (A4,),>1 of F¢
such that sup,c ¢(u) — B¢, up to a subsequence of the sequence (A, )n>1,
there exists a sequence (up)p>1 in M such that u, € Ay, u, — T, ©(u,) — G
and @ is a critical point.

By Proposition 4.3, we can find a sequence (4,),>1 C Fy such that v(4,) = ¢
and sup, ¢4, @(u) — B¢. Since ¢ decreases by polarization, by Proposition 4.7,
we can take A = o(Ay,) with e = 1/n, so that for each u € A}, there exists
z, € S¥71 such that ||u — uSen||, < 1/n. Since SUP,ea; P(U) < Supyeq, ©(u)
and v(A}) > v(A,), there exists a sequence (uy)n>1 such that un € AL, up, — u,
o(un) — B¢ and u is a critical point of ¢. Moreover, for each n there exists x,
such that||u, — u%n ||, < 1/n. Up to a subsequence, z,, — x € S¥~1, so that
Ju = w1, = . 0

For an application, let f € C( x R) such that

(fy) there is C > 0 and 1 < p < (N + 2)/(N — 2) such that for every
(z,5) € AXR, flz,5) < C(1+s]"),
(f2) for every (z,t) € Q x R, f(z,s)s <0,
(f3) for every (x,t) € QA x R, f(z,—s) = —f(z, s).
Let F(z,s) = [ f(z,0)do.

First consider the functional

©: W?(Q) — R, uH%/F(x,u)dx
Q

restricted to the set M = {u € Wy 3(Q) : | Vul2 + A|ul3 = 1}. Let Ao denote
the first eigenvalue of —A with Dirichlet boundary conditions.

THEOREM 4.9. Let Q be as before. For 0 < £ < k and A > —Xo(R2), the
functional ¢ has a critical point uy such that p(ug) = B¢ and ug is invariant by
the symmetrization with respect to S,, for some x € S*~1.
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PROOF. Since A > —X(€), M is a C! manifold in W,**(€2). The functional
 is even, satisfies the Palais—Smale condition at any level ¢ # 0 and is bounded
from below (see Rabinowitz [20]). Since by (f3), ¢(u) < 0 for w # 0, then 5, < 0.
Furthermore, if u € M, then v € W;*(Q2) and luf]lLr) = lullLr@) = 1.
Therefore, the conclusion follows from Theorem 4.8. 0

Since u°

» = q for some z € S5, the function v depends on N — k + 2,
variables: u(y,z) = u(|y|,z -y, z). In particular, when k = N, Q is a ball or an
annulus, u depends on two variables. (Similar results were proved by Smets and
Willem in [23].)

Similarly we can consider the functional associated to a Neumann problem
e:Wh2(Q) =R, uw—s / F(z,u)dx
Q

restricted to the set M = {u € WH2(Q) : || Vul|3 + Aul|3 = 1}.

THEOREM 4.10. Let Q be as before. For 0 < { <k and \ > 0, the functional
@ has a critical point uy € M such that ¢(ug) = Be and uy is invariant by the
symmetrization with respect to Sy, for x € S~ 1.

The restriction ¢ < k of Theorems 4.9 and 4.10 seems natural when one
considers the particular case f(z,s) = —s. If Q is a sufficiently thin annulus,
then the critical points associated to Sy 41 are of the form u(|z|)H (z/|z|), where
u is a fixed function and H is a spherical harmonic of order two. Among the
spherical harmonics, there are the zonal harmonics, which are invariant under
O(N — 1), but there is also the function H(z) = SN "iz? — N(N — 1)2% /2.
The latter has a discrete symmetry group. Since some of the critical points
associated to On41 are nonsymmetric in the linear case, it is quite possible that
for some nonlinear problems the critical points at the level Sy 11 are not invariant
under any N — 1-dimensional spherical cap symmetrization. The same kind of
heuristic arguments can be developed for fr4+1 when k < N. (The analysis of
the symmetry of critical points obtained by the linking theorem lead to similar
considerations, see [30].)
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