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SYMMETRY IN REARRANGEMENT OPTIMIZATION
PROBLEMS

BEHROUZ EMAMIZADEH, JYOTSHANA V. PRAJAPAT

ABSTRACT. This article concerns two rearrangement optimization problems.
The first problem is motivated by a physical experiment in which an elastic
membrane is sought, built out of several materials, fixed at the boundary,
such that its frequency is minimal. We capture some features of the optimal
solutions, and prove a symmetry property. The second optimization prob-
lem is motivated by the physical situation in which an ideal fluid flows over
a seamount, and this causes vortex formation above the seamount. In this
problem we address existence and symmetry.

1. INTRODUCTION

In this article, we consider two rearrangement optimization problems which are
physically relevant. A rearrangement optimization problem is referred to an opti-
mization problem where the admissible set is a rearrangement class, see section 2 for
precise definition. In both problems our focus will be on (radial) symmetry. More
precisely, we will show that when the physical domain is a ball then the optimal
solutions will be radial as well.

The first problem is concerned with the following non-linear eigenvalue problem:

—Apu+ V(2)|uP~2u = Ag(2)|ulP"?u, in Q
u=0 on 0f.

Here V and g are given functions, and A is an eigenvalue. There are some technical
conditions on V' and g, but we prefer to delay stating them until section 3. However,
we mention that in case p =2 and g =1, is the steady state case of an elastic
membrane, fixed around the boundary, made out of various materials (this justifies
placing V in the differential equation). The constant A denotes the frequency of
the membrane. There are infinitely many eigenvalues, but we are only interested in
the first one, often referred to as the principal eigenvalue, and denote it by A(g, V)
to emphasize its dependance on g and V. The following variational formulation for
A(g, V) is well known:

Mg, V) =inf { -/Q(|Vu|p + V(2)|ulP)dz : u € WyP(Q), /Qg(:r)\u|pdx =1}. (1.2)

(1.1)
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Given go and Vj, we are interested in the following rearrangement optimization

problem
g, V), (1.3)

where R(go) and R(Vp) are rearrangement classes generated by g and Vp, respec-
tively. This problem has already been considered in [7], where amongst other results
the authors show is solvable, see also [8, [@9]. However, here we focus on some
features of optimal solutions, and prove a symmetry result.

The second problem considered in this paper is motivated by fluids flowing over
seamounts. More precisely, it is well accepted that a two dimensional ideal fluid
flowing over a seamount (e.g. hills located at the bottom of an ocean) gives rise to
vortex formation located above seamounts, see [11]. Existence of such flows turns
out to be equivalent to existence of maximizers for certain functionals, representing
some kind of energy, which can be formulated in terms of vorticity function and
the height function. Mathematically, here is the problem we are interested in: Let
us denote by uy € VVO1 2(9) the unique solution of the Poisson differential equation

—Au=f inQ
u=0 on oN.

inf
gER(go), VER(WVo)

Consider the energy functional:

1
J(f,h) = f/ fufdx—i—/ huy dz.
2 Ja Q
We are interested in the following rearrangement optimization problem:

sup J(f, h). (1.4)
fER(fQ), hER(ho)

Here f represents the vorticity function and A the hight function (seamount). De-
tails related to (|1.4) are given in section 4, where we discuss existence of optimal
solutions for nd address the question of symmetry. The reader can refer to
[5, [6] for other examples of rearrangement optimization problems.

2. PRELIMINARIES

In this section we review rearrangement theory with an eye on the optimization
problems and . So we only mention results that are going to assist us
with the two optimization problems in question. The reader can refer to [T} 2] for an
extensive account of rearrangement theory. Henceforth, we assume €2 is a smooth
bounded domain in R¥, unless stated otherwise.

Definition. Two functions f : (X, %1, 1) — R, g: (Y, 39, u2) — R are said to be
rearrangements of each other if:

m{z € X : f(x) > a}) = mofe € Y i g(2) > a}), VaeR.

In case ; stands for the Lebesgue measure in RV, we replace it with |-|. When f and
g are rearrangements of each other we write f ~ g. For a fixed fo : (X, %, ) — R,
the class of rearrangements generated by fo, denoted R(fy), is defined as follows:

R(fo)={f:f~ fo}.
In case Q is a ball in RY, say centered at the origin, and f : Q — R is a Lebesgue
measurable function then f* : Q@ — R and f, : © — R denote the Schwarz de-
creasing and increasing rearrangements of f. That is, f* ~ f, f, ~ f, and f* is
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a radial function which is decreasing as a function of r := ||z||, whereas f, is a
radial function which is increasing as a function of r. We will use two well known
rearrangement inequalities.

Lemma 2.1 ([I0]). Suppose Q is a ball in RN. Then

/f*g*dxﬁ/fgdmé/f*g*dx, (2.1)
Q Q Q
where f and g are non-negative functions.

Lemma 2.2 ([]). Suppose Q is a ball in RN . For 0 < u e WyP(Q), u* € Wy (Q),
and
/ |[Vul? de > / |[Vu*|P de. (2.2)
Q Q

If the equality holds in (2.2)), and the set {x € Q : Vu(r) =0, 0 < u(z) < M},
M = esssupg u(z), has zero measure, then u = u*.

The next two results are fundamental tools in studying rearrangement optimiza-
tion problems, see [T} 2].
Lemma 2.3. Let 1 < p < oo, and q = p%. Let fo € LP(Q2) be a non-trivial

i
function and g € LY(Q). Then there exist f and f in R(fo) such that

/fgdx</fgdx</fgdx (2.3)

Lemma 2.4. Let 1 < p < o0, and let ¥ : LP(2) — R be strictly convez, and weakly
sequentmlly continuous. Then ¥ attains a mazimum relative to R(fo) Moreover,
sz is a mazimizer of ¥, and g € B\Il(f) the subdifferential of U at f, then

f=a9), (2.4)
almost everywhere in 2, where ¢ is an increasing function unknown a priori.
We close this section with the following definition.

Definition. Given a measurable function f : ) — R, the distribution function of
f is defined by:

prla) =z e Q: f(x) = o]
The function f2 : [0,|Q|] — R defined by
78(s) = inf{a: jup(a) < 5}
is called the decreasing rearrangement of f. On the other hand, fa : [0,|Q|] — R,
the increasing rearrangement of f, is defined as follows:

fals) = F2(1Q] - s).
3. STUDY OF PROBLEM

This section is devoted to problem (1.3). We begin by introducing the function
space:
A
Cp(A+ llgllo) ™

where A is a positive constant, and C,, is the constant in the Poincare inequality:

S=1{(g,V) € LE(Q) x LE(Q) 1 g(x) 2 A >0, [Vl]|oo <

/Q|u\17 dx < C'p/Q |VulP dz, ue W, P(Q).
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Next, we fix (go, Vo) € S, and let R(gop) and R(Vp) to denote the rearrangement
classes generated by go and V), respectively. Note that from the definition of
rearrangements, it readily follows that R(go) x R(Vo) C S.

The question of existence of (optimal) solutions of has already been ad-
dressed in [7), [8, [©]; where amongst other results the following result is proved.

Lemma 3.1. (a) Problem (L.3) is solvable; that is, there exists (§,V) € R(go) X
R(Wo) such that

Mg, V) = inf Mg, V).
4, V) serto ™ v (9,V)

(b) If (§,V) is an optimal solution of (L.3), then
g=0o(1), ae inQ, (3.1)
V =4(d), ae inQ, (3.2)

where ¢ and Y are increasing and decreasing functions unknown a priori. Here
stands for the unique eigenfunction corresponding to X\(§,V).

Let us point out some consequences of (3.1) and (3.2) before addressing the
question of symmetry.

Lemma 3.2. Suppose (g, V) is an optimal solution of (L.3)). Then

(a) The function i attains its smallest values on the support of V = {x € Q :
V > 0}. In fact, for somet >0,

{teQ:V>0={zecQ:a<t}. (3.3)

(b) In case Q is simply connected, the support of V is a connected tubular
domain around 0S2.

(¢) The functions ¢ and ¢ in and can be formulated as follows:
¢=09%(na), ¥ =ga(na).
Proof. (a) From (3.2), we obtain
{xeQ:V>0}=V"10,00) =4 (p~1(0,0)).

Since v is decreasing, ¢~1(0, o) must be an interval of the form (—o0,t) or (—oo0, ],
for some ¢t € R. Clearly the assertion is proved once we show that the set E := {z €
Q) : & = t} has zero measure, since it is obvious that ¢ can not be a non-positive
constant. Let us assume the contrary and derive a contradiction. Specializing the
differential equation to the set E, we get:

Vz)aP™ = X(§,V)g(z)a™t, in E.

Since @ is positive in €, in turn, we get V() = Aj(z), where we have replaced
A(g, V) by A, for simplicity. We show that this last equation can not hold. To see
this observe that:

A= /(|Vﬁ|ﬁ+f/(x)ap)dx z/ \ValP da. (3.4)
Q Q
On the other hand, since @ is a normalized function, we have

1— / 4 dz < ||gol)oor / @ dx < Cylgolloc. / Val dr,
Q Q Q
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hence
1
[ValP de > ————. (3.5)
/Q Cyllgollo

Thus, from (3.4) and (3.5]), we infer

“ 1

A>—

Chllgolloo

This, in turn, implies Aj — V > 0, thanks to the facts that § > A, and ||V||e <

A . )
[eREERFIIE This completes the proof of part (a).

(b) Since 4@ = 0 on 99Q, and 4 € C(Q), it follows from part (a) that {z € Q :
V() > 0} contains a tubular domain around 9. To show that {z € Q: V(z) > 0}
is connected, it suffices to show that the boundary of every component of the
support of V must intersect Q. To derive a contradiction, we assume the contrary.
Let us assume E is a component of the support of V such that 9F N 99 is empty.
From part (a), we observe that OF C {z € 2 : & = t}, for some positive t. We
set w(z) == a(x) —t, so —Apw = —Ayi = (\g — V)aP~ > 0, in E. In addition,
w(z) = 0, for v € JE. Therefore, by the strong maximum principle, we derive
w(zx) > 0, in E. Hence, & > ¢ in E, which is a contradiction to the assertion in part
(a).

(c) We only show ¢ = §°(g), since ¥ = ga(ua) is proved similarly. As in the
proof of part (a), one can show that the graph of @ has no flat sections; that is, sets
of the form {x € Q : 4 = 3} have zero measure. Thus, 42 is strictly decreasing;
hence, the inverse of 42 exists and coincides with jiz. On the other hand, from
B1), we infer §& = ¢(@)™. But, ¢(a)> = $(a), since ¢(a@) ~ (a®). Thus, we
have g8 = ¢(a), hence §° (s1a) = 6(i o pg) = . 0

Now we state the main result of this section.

Theorem 3.3. Suppose 2 is a ball centered at the origin. Suppose that (§,V) is
an optimal solution of (1.3). Then

g=g0", V=)« (3.6)
modulo sets of measure zero.

Proof. Again we write A in place of A(g,V). Recall Jo g dz = 1, hence 1 <
Jo 0 (@) dx =t 5. Let v =~v~YPa*, so [, §*vP dz = 1. We also have

X:/ |va|de+/f/(x)apdx
Q Q

z/ |va*|f’dx+/f/(x)apdx
Q Q

z/ |V12*|pdx+/17*(x)(a*)”dx
Q Q
:7(/ |Vv|pdx+/‘7*vpdx)

Q Q

2/ |Vv\pdx—|—/f/*vpdx
Q Q
A

> \g", Vi) >

(3.7)
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where in the first inequality we have used Lemma [2.2] and in the second one we
have used Lemma Therefore all inequalities in (3.7) are in fact equalities. In

particular, we infer
/ |Vi|P dx :/ |Va*|P dz,
Q Q

/Vﬁpdx:/V*(ﬁ*)pdx,
Q Q
/Qﬁpdx:/g*( )P d.
Q Q

To complete the proof, by [2, Lemma 2.9 and Lemma 2.4 (ii)], it suffices to show
that @ = 4*. From [, |Val? dz = [, [Va*[? dz, in conjunction with Lemma we
need to show the set Q@ = {zr €  : Vi =0, 0 < 4(z) < M} has zero measure.
We will achieve this by showing that in fact @ is empty. To this end, fix z¢ € €,
such that 0 < 4(xg) < M. Next we consider the set N := {z € Q : 4(z) >
@(xo)}. Since N is a translation of {z € Q : 4*(x) > 0(xo)}, see [d], N is a ball.
Moreover, because of continuity of @, zg € ON. Now let w(z) := a(x) — @(xo),
hence —A,w(z) = —Aya(z) > 0, in N, thanks to the fact that (§,V) € S. Also,
ON C {x € Q: 4(z) = 4(xg)}. So by the strong maximum principle we see that
w > 0, in the interior of N. Since w(xy) = 0, we can apply the Hopf boundary
point lemma to conclude that 8” “(z0) < 0, where v stands for the outward unit
normal to ON at . This, in turn7 implies that %(mo) < 0, hence Vi(xg) # 0. So
Q@ is empty, as desired. O

4. PROBLEM (|1.4))

In this section we study problem , where we address both questions of
existence and symmetry. Henceforth we assume 1 < p < oo, and p > N +2, where
N > 2 is the space dimension. We fix two non-negative functions fy and hg in
LP(Q2), and as before let R(fp) and R(hg) denote rearrangement classes generated
by fo and hg, respectively. The energy functional J : LP(Q) x LP(Q2) — R is defined

by:
/ fufdx—i—/ huy dz.
Note that J is finite. Indeed, for f,g € LP(§2

[J(f, h)] < *Ilfllpllufllq + [[Pllpllusllg,

where ¢ is the conjugate of p; that is, ¢ = . An application of the embedding

W2 () — LI(Q), since p > 1mphe5

N+27
[J(f,h)] < §C||f\|§ + CllAllp N fllp, (4.1)

where C' is a positive constant, thus J is finite. Note that from (4.1]), we readily
infer that J is bounded on R(fo) x R(ho). Now we prove problem (|1.4]) is solvable.

Theorem 4.1. Problem (1.4) is solvable; that is, there exists (f,h) € R(fo)xR(ho)
such that o
J(f,h) = sup J(f,h)=:1. (4.2)
fER(fo), h€R(ho)
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Proof. Let (fn,hn) € R(fo) x R(ho) be a maximizing sequence. Since | f,|l, =
| foll, and ||nllp = ||hollp, we infer existence of f € R(fo) and h € R(hg) such that

fTL - f7 hn - iL7
where “—” stands for weak convergence in L?(Q). Hence we obtain I = J(f,h),

since J is weakly sequentially continuous in LP(2) x LP(Q2). This, in particular,
implies that J(f,h) > J(f,h), for every h € R(hg). Thus,

1 . . .
g/ﬂfufdx—i-/ﬂhufdxZ/qufdx—l—/ghufdx, Vh € R(ho).

So, Jq ﬁuf dx > [ hugdz, for every h € R(ho). That is to say, h maximizes the
linear functional I(h) := [, hu #dz, relative to h € R(ho). Hence an application
of Lemma implies existence of h € R(hg) such that ((h) > I(h), relative to
h € R(ho). By continuity of I : LP(2) — R, we obtain I(h) > I(h), for every
h € R(hy), the weak closure of R(ho) in L?(€2). In particular, we deduce I(h) > I(h),

hence we must have I(k) = I(h). Whence

PUIA 1 ~ ~ ~ _
J(f,h):§/qufdw+/9hufdac=/qufdx—i—/ﬂhufdx.
Next, we introduce ® : LP(Q)) — R by

It is easy to check that @ is strictly convex, weakly sequentially continuous in
L?(Q2). Hence, by Lemma ® has a maximizer, say f, relative to R(fp). By

weak continuity of ® we deduce ®(f) > ®(f). Thus,
IR =00 2 0(f) = 5 [ fupde+ [ Fugde = 1(7.5) = IGFR).

Therefore, J(f,h) = I. Hence (f,h) € R(fy) x R(ho) is an optimal solution of the
problem (|1.4)), as desired. O

Corollary 4.2. Let (f,h) be an optimal solution of (L.4), and assume |{z €:
folx) > 0} < |2|. Then 0{x € Q: f(x) > 0}, boundary of the support of f, does
not intersect 0.

Proof. Since (f,h) is a solution of , we deduce, in particular, that J(f,h) >
J(f,h), for every f € R(fo). That is, f maximizes J(f,h) relative to f € R(fo).
The functional J(-,h) is strictly convex, and weakly sequentially continuous in
LP(Q). For fixed g € LP(Q2), and ¢ > 0, it is straightforward to obtain

_ _ _ _ 1 _
J(f+tg7h):J(f,h)—l—t/ﬂfugdx—i—§t2/ﬂgugdx+t/ﬂhugdx

:J(f,ﬁ)—i—t/

- = 1
(f + h)ug dx + 5152 / gug da.
Q Q

This, in turn, implies, 9;.J(f, ), the subdifferential of J at f, for fixed &, can be
identified with uF,3; note that this is a consequence of the following symmetry:

/(?-i—ﬁ)ugdx:/gu?Jrﬁdw.
) Q
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Now we can apply Lemma to deduce that f = ¢(ug,5), almost everywhere in
Q, for some increasing function ¢. Hence, the largest values of Ug,y, are obtained

on {z € Q: f(x) > 0}. On the other hand, we know that uF,7 vanishes on 0Q,
hence d{z € Q: f(z) > 0} must avoid 95, as desired. O

We need the following lemma before stating our symmetry result.

Lemma 4.3. Let Q be a ball centered at the origin, and f € LP(Q)). Suppose
u(0) = uyp=(0). Then up(x) = up(z) in Q.

Proof. Let us denote the distribution function of u¢ by wu(t); that is,

p(t) =Nz e Q:up(z) >t}, 0<t<M:=supuy.
Q

It is well known that the function

1

£(t) = WJQV/N

(ol @putey 22 [ ) ds,

0

where Cy is the measure of the the N-dimensional unit ball, satisfies £(¢) > 1 and

w} ()
jﬁ £(t) dt = uyp- (), (4.3)

see [12]. We claim £(t) = 1. To prove the claim we assume the contrary and derive
a contradiction. To this end, we assume £(¢f) > 1 on a set of positive measure.
Then, from (4.3)), we obtain

u}(0)
uMm=A £(t) dt > u(0).

This is a contradiction to our hypothesis that u«(0) = u}(0). Thus we must have
&(t) = 1. This, in conjunction with (4.3)), implies

uf*(x):/o £(t)dt:/0 dt:u}(x).

This completes the proof of the lemma. (|

Our symmetry result is the following, compare with [3].

Theorem 4.4. Let Q be a ball centered at the origin. Let (f,h) be an optimal
solution of (1.4). Then

f=f5, h=h (4.4)

In particular, we deduce that (1.4) has a unique solution, (fF,hy).
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Proof. From [12], we know u} < us-. Hence, we have

J(f,h)z/qufdx—i—/Qhufdx

< [ rrujdes [ husds
Q Q

ffu *da:—l—/hu dx
Q ! Q d (4.5)

f*uf* da:—l—/ h*u}

/fuf*d:r—l—/huf*dx

= J(f*,h*) < J(f, h)

where in the first and third inequalities we have used Lemma whereas the last
inequality follows from the optimality of (f, k). Hence, all inequalities in (4.5) are
in fact equalities. This, in turn, implies

/Qf*u}dx:/ﬂf*uf* dx, (4.6)

/h*u}dm:/h*uf*. (4.7)
Q Q

From ([A.6), we derive [, f*(us+ — u})dr = 0. So, we must have us-(2) = u}(2),
for every z in the support of f*, thanks to the fact that u} < uy.. Hence, in
particular, us«(0) = u}(O) Now we can apply Lemma to deduce u} = ug-,
in Q. Note that from , we get [ furdr = [, f*u};dv. This coupled with
wp = ugpe yield [, fupdr = [ f*up-dr. This clearly implies [, [Vus|* dz =
Jo IVug-?dz = [, |Vu32|2 dz. Similarly to the proof of Theorem one can show
that the set {x € Q: Vuy(z) =0, 0 < uy(x) < M} is empty, hence its measure is
zero. Therefore by Lemma we infer uy = u}. Whence, uf = ug-, which implies
that f = f* = fi. Along the same lines as above one can show that (b) implies
h = h* = h{, as desired. (]
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