Rend. Lincei Mat. Appl. 34 (2023), 265-293
DOI 10.4171/RLM/1006
©2023 Accademia Nazionale dei Lincei

Published by EMS Press
This work licensed under a CC BY 4.0 license

Calculus of variations. — A note on some non-local variational problems, by DAVIDE
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ABSTRACT. — We study two non-local variational problems that are characterized by the presence
of a Riesz-like repulsive term that competes with an attractive term. The first functional is defined
on the subsets of the Euclidean space and has the fractional perimeter as an attractive term. The
second functional instead is defined on non-negative integrable and uniformly bounded densities
and contains an attractive term of positive-power type. For both of the functionals, we prove
that balls are the unique minimizers in the appropriate volume constraint range, generalizing the
results already present in the literature for more specific energies.

Keyworps. — Minimality of balls, Riesz-like energy, competition between attractive and
repulsive functionals.
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1. INTRODUCTION

In this note, we deal with two constrained minimization problems, each of them written
as sum of an attractive term and a repulsive term. The functionals that we want to
minimize are ¥, : B(RY) — [0, +oo] and § : K — [0, +-oc], and are defined as

FoB) = PE)+y [ [ sr—yyavdy VE € @R
g(h) = /RN /RN (|x —y|* + g(x — y))h(x)h(y)dxdy Vh e K,

where X = LY(R";[0, 1]) and B(R") is the Borel o-algebra on R¥. In those
definitions, s (E) denotes the fractional s-perimeter for some fixed s € (0, 1), @ > 0
is a constant, y > 0 is the coupling parameter between the attractive and the repulsive
terms, and g : RV \ {0} — [0, 4+00) is an interaction kernel whose properties will be
specified later.

Of course, the minimization of those functionals is trivial if we do not put any
constraint, so we rewrite the minimization problems, respectively, as

(F) min {F,(E): E € BRY), |E| = oy},
(G) min{§(h) : h € X, |h|y =m},
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where y > 0 and m > 0 are two parameters. Our final aim is to study the behavior of the
minimizers of those problems when y < 1 and m >> 1. One notices that, even though
the parameters m and y play a similar role in those problems, they are technically
different if g is non-homogeneous (that is the case we are interested in). In the first
problem, we vary the coupling parameter, and not the total mass, because our arguments
do not apply well to this second case. This is a technical issue, and probably it can be
solved imposing some mild growth condition on g. Of course, these two approaches
are completely equivalent if g is homogeneous, since the volume constraint can be
fixed to be wy up to rescaling the sets.

The general aim of this note is to prove some results similar to those already present
in the literature for more specific functionals. What connects these two problems is a
common technique: the competing terms enjoy some quantitative stability inequalities,
and we combine them to obtain the rigidity results for the minimizers in some parameters
ranges.

The first section introduces the notation and some preliminary results that ease
some computations. We gather here those quantities that play a significant role in both
of the problems (with minor differences), while the more specific ones are presented in
the successive sections.

In the second section, we focus on the “perimeter problem”, that is already studied
in [3,9, 13, 14] with the standard perimeter in place of $s and a negative power as
function g. The problem with the fractional perimeter was studied in [8], where the
negative power varies in the largest possible range. We make use of many tools developed
in this last article to handle the term involving . The two more recent papers [4, 18]
instead treat the problem (/') without assuming g to be homogeneous. In this paper, we
apply some results contained in [4], combined with a strong version of the quantitative
isoperimetric inequality present in [8], to prove the following theorem.

THeOREM A. Lets€(0,1) and let g : RN \ {0} — [0, +00) be a function satisfying (H).
There exists yo(s, g) > 0 such that, if y < yo, then any minimizer E, of ¥, with volume
wn coincides with a ball of radius 1.

We point out that other generalizations are being studied, and they concern both
of the terms of ¥,,. For example, in [1] the authors establish some existence and
regularity result for the minimizers of a functional containing a weighted perimeter
(but a repulsive term of negative-power type). Moreover, if the weight is a monomial
function, they also recover that the balls are the unique minimizers in the reasonable
volume regime (i.e., where the attractive term should heuristically be stronger than
the repulsive one). Another example is Pegon’s article [19], where the author treats
the problem with the standard perimeter and a radial and globally integrable repulsive
kernel. The global integrability assumption allows Pegon to rewrite the minimization
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problem as the difference between the perimeter and a generalized non-local perimeter.
A similar problem is considered also in [17], where it is proved the minimality of the
ball assuming some additional hypotheses on the kernel when the mass constraint is
large enough.

The third section is devoted to the problem (G ), where we show how the proofs
present in [10] can be modified to work with a quite generic function g. Here we need to
impose an additional assumption on g, which is very close to the setting in which Frank
and Lieb assert that their theorems could be generalized. Indeed, they also include a
non-homogeneous attractive term in their generalization, but we preferred to deal only
with the other one because it is more similar to the problem (F'). In the end, we are able
to prove the following theorem, that is analogous to Theorem A, where we show that
the attractive term completely overwhelms the repulsive one if the volume constraint is
big enough.

THEOREM B. Let oo > 0 and let g : RN \ {0} — [0, +00) be a function satisfying (1).
There exists a threshold mo = mo(a, g, N) > 0 such that the only minimizers for §
with “volume” constraint m > my are the characteristic function of balls.

We point out that this kind of problems can be posed also in the measure setting
(instead of L'(R™; [0, 1])) and one can impose a generic mass constraint (i.e., not
necessarily large), and in this more general situation many different phenomena can
appear. They are studied for example in [2, 5], where even local minimizers are con-
sidered (with respect to a certain Wasserstein distance). Many numerical experiments
have been performed, which give an idea of the complex situation that arises from
this relatively simple functional. We also highlight that in [5] the restrictions on the
interaction kernel allow the authors to answer some regularity questions by means of
the obstacle problem theory, while we work essentially by hands, and this permits us
to consider a quite generic function g.

2. NOTATION AND PRELIMINARY RESULTS

We will denote, respectively, by B, B(x,r), and B[m] C R the unitary ball centered in
the origin, the ball of radius r centered in x, and the ball centered in O with | B[m]| = m.
Also, if I > 0 and x € R?, we denote the d-dimensional cube centered in x with sides
of length 2/ as

Qa(x,1):={yeR?:|x; —y;| <IVi=1,...d)}.

Given any function f : RY — R and a parameter ¢ > 0, we define the dilated function

FIt1(x) == f(x/t),sothat [ f[t](x)dx =tV [ f(x)dx.
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Hypotheses on g

Here we gather the hypotheses that our setting requires. The first one contains the most
general assumptions, which will be almost always supposed to hold, while the second
one will be used only in Section 4. We suppose to have

g: ]RN\{O} — [0, +00)

such that
(H) g € LL (RM), g(tx) < g(x) for every t > 1 and for every x # 0, and moreover

loc
there exists Ry > 0 such that g(x) is bounded in {|x| > Rg},
(I) the function g satisfies the condition (H) and moreover it is radial and the function
x > |x|g(x) is of class LL_(R¥).

It is not hard to see that the local integrability is necessary in order to ensure that ¥,
(respectively, §) is finite on B(x, r) for every r > 0 (respectively, on the characteristic
function of B(x, r)). Therefore, the hypotheses in (H) are very mild, while those defined
in (I) are there primarily have some good regularity property for the potential that is
defined in (1).

Since we will frequently integrate g onto sets, we define the repulsive potential
generated by a generic set E C R and its own repulsive energy, respectively, by

) vE (X) :=/Eg(x—y)dy, R(E) 2=/E/Eg(x—y)dxdy-

If instead we consider a function # € L' N L, we denote by vy and R (h), respectively,
the potential generated by / and its own interaction energy, and they are defined with
formulas analogous to (1). When we consider the problem (G ), we also denote the
attractive part of §(h) by Z4(h), where o > 0 is a fixed parameter. Sometimes we will
also compute the interaction between different sets or functions, which we denote by

ﬁ(El,Ez)=/E /E g(x — y)dxdy,
R(hy, hy) = // g(x — Y () ha(y)dxdy,

Ta(hn, ) = f[ I — y[%h1 () ha(y)dxdy.,

where E1, E; C R¥ are sets with finite volume and /1, h, € L' N L are functions
with bounded support (but we do not suppose that they are non-negative). Similarly,
5 (hy, hy) denotes the full interaction energy between /1 and h,. Moreover, it will
be useful to express in a compact way the repulsive potential of a ball computed at a
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certain distance from the origin (in the case of g radial). To this end, we define the
function

2 V(R,7) = / g(rer — y)dy.
B(0,R)

For the second problem, it is also useful to give a name to the functions representing
the attractive potential of a unitary ball and the full potential that is produced by a ball
of volume m. Namely, given m > 0, we define the functions

mﬂxiﬂvﬁ—yww,
3)
QAH:=A[“Vﬁ—yW+gUﬁ—¢»®

for all r > 0.
In isoperimetric problems, it is very important to deal with the asymmetry of a set
E that we denote by A(E) and that is defined as

AE) = inp [EAL T Bl

xeRN m

where m = |E|.
One can easily see that the inf is attained using a compactness argument. There exists

also an analogous quantity defined for functions 4 € X:

inf {[lh — et apmtllor : x € RY)
m

A(h) =

where m = ||h]|1,

and again the inf is attained. Of course, this quantity makes sense also for 7 € L', but
it is significant only for / positive and bounded.

Many times during our computations we will not track down the precise constants
appearing, and we will often denote with the same letter or expression a constant that
changes from a line to the other. This is done in order to keep the formulas shorter, and
it is also justified by the fact that many of those constants are probably not sharp, as it
is also pointed out in [10, Remark 1.2].

Lemma 2.1. Let g : RN \ {0} — [0, +00) be a function satisfying (H). If hy, h, € K
are two functions with max{||hy |1, [|h2]1} < m < +o0, then

|R(h1) — R(h2)| < C(g.m)|hy — hally.
Moreover, if ||h||1 = wn, then vy, < C(g)||h]||1 everywhere.

Proor. It is very easy to see that the function x — [ g(x — y)h(y)dy is bounded,
and more precisely there exists a constant C1(g, ||]|1) < 400 that controls its L*°
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norm:

@ ) = [ g(x — »h()dy

- / g(x — »h(y)dy + / g(x — y)h(y)dy
B(X,Rg) ]RN\B(x,Rg)

< / g(x —y)dy + / g(x —y)h(y)dy
B(xng) ]RN\B(x,Rg)

< / g)dy + ]l sup {g () : x| > Re} = Ci (g. [])1).
B(0,Rg)

where we used that g is locally integrable and it is bounded outside B(0, R, ). Notice
also that Cy (g, m) is increasing as a function of m.

Then the statement follows immediately from the “linearity” of R (h1, i,) in both
of the arguments, separating the contributions of (k1 — i) vV 0, (hy — h1) Vv 0, and
h 1 N h 2.

() |=‘R(h1) - R(h2)| = }f(R((hl —hy) v 0) 4+ 2R((h1 — h2) vV 0,y A hy)
+ R(hy A hz) — R((h2 — hy) v 0)
—2R((ha — h1) v 0.y Aho) — R(hy A )|
< |R((h1 — h2) v 0) + 2R((hy — h2) V 0, hy A hy)|
+ [R((ha = h1) v 0) + 2R ((h2 — h1) v 0, hy A ha)|.

We bound only the first term in the last expression, since the second one is analogous:

R((l’ll —hy) Vv 0) + 2:‘7?((}11 —hy)VvO0,h A hz)
- // g = (1) = ha() v 0) (1 (x) — ha(x)) v 0)dydx
12 // (e = (110 = ha2()) v 0) (hy (7) A ha(7))dydx

< /311;,] () ((71(x) = ha(x)) v 0)dx
< 3Ci(g.m)|hy = ha|1.

With this we proved the first bound, and now we easily obtain the second one dividing
the integral as we did in (4) and using the local integrability of g:

op(x) = / g(x — y)h(y)dy

- / ¢(r — Mh(y)dy + / g(x — »h(y)dy
B(x,Rg) RN\B(x,Rg)
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< / gO)dy + Ay sup {g() : x| > Rg)
B(0,Rg)

< (ol

+ [l sup{g(x) : |x] > Rg} = C(g)Il1. u

REMARK 2.2. One can specialize the previous statement to 1, = x g, Withm = ||hq 1
to obtain on the right-hand side the asymmetry (since the left-hand side is translation
invariant).

3. FRACTIONAL PERIMETER AS AN ATTRACTIVE TERM

We firstly recall the definitions of fractional perimeter and fractional Sobolev norm,
together with some other important classes of sets that we will make use of. Successively,
we present the results that we are going to use and that have been already developed
in [4, 8].

DeriniTiON 3.1. The fractional perimeter of order s € (0, 1) is denoted by &5 and is

defined as :
P(E) = ———dxd
)= [ [ et

for every measurable set E C RY (of course, it could possibly be +00).

DEeriniTION 3.2. Given an open set Q2 C RY and u : Q — R, its fractional Sobolev
seminorm of order s (and exponent 2) is defined as

u(x) —u(y) /2
els = (/Q Q||x— |N+2J a d) '

Thus, we can also define the fractional Sobolev norm as [[u||7,,, , := [lu ||i2(9) + [u]?

:

Moreover, we will use an analogous definition if M™ C R is a compact m-
submanifold embedded in R¥: given a function u : M — R, we define its fractional
Sobolev seminorm as

_ 1/2
ful, = ( [ |”|‘ffi |”,;(ij| d%m(x)d%m@)) ,

where |x — y| is the Euclidean distance between x and y measured in RY . As before,

2 . 2 2 . . . .
we define [[u]y, ., = [u ||L2(M;J€m) + [u]%. In order to simplify the notation, we will
often omit the set where we compute the various norms/seminorms when it coincides
with the domain of the function u.

ReMARKk 3.3. From the definitions, it is clear that 255 (E) = [)(E]?/Z with @ = RV
in Definition 3.2.
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The next definition appears in [6, 11], and it is important in our study since we will
use an inequality that is closely related to the so-called Fuglede inequality for nearly
spherical sets. The W 1:* bound in our definition is different from the one present in
the aforementioned papers because Theorem 3.6 already contains the suitable bound
for the Sobolev norm.

DeriNITION 3.4. Anopen set E C RY is nearly spherical if | E| = wy, its barycenter
is 0, and there exists a Lipschitz function # : dB — (—1, 1) such that

IE = {(1 + u(x))x : x € 0B},

with |[u]leo + || Vt]|oo < 1.

The following are two different versions of the quantitative isoperimetric inequality
for the fractional perimeter that have been developed in [8] (respectively, labeled as
Theorem 1.1 and Theorem 2.1 in that paper) and we report them here for convenience.
The first is the fractional counterpart of the general isoperimetric inequality, and it is
remarkable that the asymmetry appears at the power 2 just like in the standard one (see
[12, Theorem 1.1]), while the analog of Theorem 3.6 for the standard perimeter can be
found in [6, Theorem 4.1].

THEOREM 3.5. Let N > 2 and s € (0, 1). There exists a constant C(N, s) > 0 such
that, for every E C RN with finite measure, it holds that

Py(E) > P5(B[m]) + C(N,s)mWN =N A(E)?,
where m = |E|.

THEOREM 3.6. There exists §o < 1/2 and Cy > 0O that depend only on N with the
following property: if E C RY is a nearly spherical set with lullw1.00amy < do, then

Ps(E) — P5(B) > CO([u]%% + s?s(B)||u||§2(aB)) Vs € (0,1).

Finally, we rewrite here for convenience the statement of [8, Lemma 4.5], which is
useful to cut a set with a good control on the fractional perimeter of the new set.

LemmMa 3.7. Let N > 2ands € (0,1). Givena set E C RN suchthat |[E\ B| <n < 1,
there exists a radius 1 < r(E) < 1 4+ C(N,s)n"/N such that

|E\ B(0,r(E))|

P(E N B(0,r(E))) < Py(E) — C(N,s) L

RemARKk 3.8. We observe that this minimization problem is monotone with respect
to the mass constraint: given E C RY with mass m + h, we can always cut it with a
hyperplane in such a way that the new set G satisfies |G| = m.Butthen ¥, (G) < ¥, (E)
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since the repulsive term is clearly reduced (the interaction kernel is non-negative) and
also the fractional perimeter is decreased thanks to [8, Lemma B.1].

We state now the basic existence theorem, that uses Theorem 3.5 and Lemma 3.7
to deal with the perimeter term and combines them with Lemma 2.1 which provides
a good control on the repulsive term. Our proof of Theorem 3.9 takes some ideas
from the proof of [8, Lemma 5.1], but it is simpler since we do not track precisely the
dependence of the various constants that appear.

THEOREM 3.9. Given s € (0, 1) and a function g : RN \ {0} — [0, +00) satisfying
(H), there exists yo(N, s, g) > 0 such that, if y < yo, then ¥,, admits a minimizer with
volume constraint wy .

Proor. We will prove that, if y is small enough, then we find some candidates for
the problem (F) that are bounded sets. Then we will apply a compactness result to
conclude via the standard method of calculus of variations.

We prove the boundedness of some candidates for (F'), and to this aim we can
suppose that the asymmetry of a given candidate is non-zero (otherwise this step is not
necessary) and it can be taken as small as we want. In fact, let £ be a competitor for
the minimization problem with volume wpy and parameter y, then we can suppose that
Fy(E) < #,(B), and thus using Theorem 3.5 and Remark 2.2 we have that

(6) C(N,s)A(E)* < P5(E) — Ps(B) < y(R(B) — R(E)) < yC(g, N)A(E).

Hence we can take 2wy y9 < C(N,s)/C(g, N) so that every set E chosen as before
satisfies | E \ B| < 1/2, and thanks to the translation invariance of the problem we can
suppose that the optimal ball for the asymmetry is centered in the origin.

Now we can use Lemma 3.7 and see that there exists a radius r(E), that satisfies
1 <r(E) <14 C(N,s)|E \ B|'/VN, with the following property:

|E\ B(0.r(E))|

Ps(E N B(0,7(E))) < Ps(E) = C(N,s) STV

withn = |E \ B|.

For the next computations, we define the set E/ = E N B(0, r(E)) and the parameter
A = (|E|/|E'|)"/N . Using the rescaling inequalities for the fractional perimeter and
the repulsive term (see [18]), we arrive to

(7 F,AE) < AN P(E) + yAP N R(E)) < A2V F,(E)).

We now define p = |E \ E’|/|E|,so A = 1/(1 — p)"/¥ and, reducing y, if necessary,
we can suppose that p < 1/2. Thus, using that the function p — (1 — p)~2 is Lipschitz
in [0, 1/2], we obtain the estimate A2V < 1 + Cp for a universal constant C > 0. Hence
we can plug it into (7) and use the monotonicity of R (E) with respect to the inclusion
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(see Remark 3.8) to obtain

FyAE) = (1 +Cp)Fy (E') = Fy(F) = C(N.9). ”+C F(E)

7, (E) + p(cmw) ~C(N.s) S/N)

We can suppose yp < 1, so that %), (E) < #,(B) < #1(B) = C(s, g), and we can
rewrite the previous inequality as

C(N,
Fy(AE') < 5 (E) + p(C(S’g) - ;;A//NS))'

Exploiting again (6) we see that, if y, is small enough, then 75/ < C(N, s)/C(s, g).
With this choice of yo we see that ¥, (AE’) < #,,(E) since we supposed that A(E) > 0.
The new set AE’ is contained in B(0, r(E)) and r(E) < 2 4+ 2C(N, s) thanks to the
bound on r(E) provided by Lemma 3.7. This argument guarantees that, without loss
of generality, we can consider only competitors that are contained in a fixed ball.
Now we get the existence result. Let £ be a minimizing sequence for 5, with
constrained mass wy such that E; C B(0,2 + 2C(N, s)). Then we can use the compact
embedding theorem for fractional Sobolev spaces (we refer to [7, Theorem 7.1]) to
apply the standard method of calculus of variations: the compact embedding theorem

provides a subsequence (not relabeled) that converges in L} = topology, then both &

loc

and R are lower semicontinuous with respect to the L} = convergence thanks to Fatou’s

loc
lemma, and finally the mass constraint is preserved by that convergence since the sets

E} are uniformly bounded. u

DeriNITION 3.10. Given C > 0, we say that a Borel set E C RY is a C-minimizer of
the s-perimeter if for every bounded set F C R it holds that

P(E) < P4(F) + C|EAF)|.

We prove that minimizers of ¥; are C-minimizers of the s-perimeter for some
C > 0, and this will be useful because of the good regularity properties held by those
sets. We refer to [16, Chapter 21] and [20] for the standard perimeter case, where the
classical regularity theory is also developed. Here we write the result that we will use,
which is a particular version of [8, Corollary 3.6].

TaeorREM 3.11. If N >2,C > 0,5 € (0,1), and E; C RY is a C-minimizer of the
s-perimeter for every k € N and Ex — B in L', then there exists o € (0,1) and a
sequence uy € C“*(dB) such that

(1) for k large enough 0E; = {(1 + ur(x))x : x € 0B},

(2) limg—oo|lugllcre = 0.
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Provposition 3.12. Let E C RY be a minimizer of ¥, with measure wy. Then E is a
C -minimizer of the s-perimeter for some constant C = C(y, g,s) > 0.

ProoF. Suppose by contradiction that there exists a sequence of sets Fy C RN with
Ps(Fr) < Ps(E), |EAFk| ?é 0, and
Ps(E) — Ps(Fi)

Cp = .
k EAR

Using the isoperimetric inequality for the fractional perimeter and that P (Fi) < Ps(E),
we have that | F | is bounded by a constant that depends on N, g, and s. Now we can
estimate 5, (Fy) as

(8) Fy(Fy) = P5(E) — Ck|[EAFi | + y R(Fy)
= Ps(E) — Cx|[EAFi| + y(R(Fx) — R(E) + R(E))
Fy(E) — Ck|[EAFi| + yC(g)| EAFk|,

IA

where we used Remark 2.2 in the last inequality. Since C; — 400, we notice that
(8) implies that |EAFy| — 0. Now let us take k so large that C; > yC(g). Then
| Fx| < | E|: the assumption on Cy guarantees that ¥, (Fy) < #,,(E), and if | Fx| > | E|,
then we can cut F with a hyperplane to obtain a new set F; with |F/| = |E|. Then
Fy(F)) < F,(Fi) < F,(E), but this is not possible since £ is a minimizer of F,.
Now that we are sure to have | Fx| < | E|, we can rescale the sets Fj in order to have
the right measure. Notice that | Fi| = |E| + |Fx \ E| — | E \ Fg|, hence we can define

|E[\"Y |E| N |[EAF Y
| Fe| |E|+|Fi \ E|—|E\ Fy| |E|

and we have already noticed in the proof of Theorem 3.9 that ¥, (A Fx) < )&IZCN Fy (Fy).
If we combine this estimate with (8), we can take k large enough to have that Cy >
2yC(g) and Taylor expand the rightmost formula in (9) with |EA Fy| < 1 to get

EAF,
Fy (i Fie) < (1 _ | IEIk|

|EAF |\ 2 Cy
(1_ = ) (fy(E)_7|EAFk|)

- Ck .
< F(E)— 7|EAFk| + C(N)|EAF|F,(E).

-2
) (79 (E) — Cx| EAFg| + yC(g)| EAFy|)

IA

And from this last inequality, we arrive to a contradiction since Cy, is going to +oc0 as
k — o0, 50 ,(Ag F) < ¥, (E). In the end, notice that the threshold for Cy depends
only on y, g, and s. ]
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RemARrk 3.13. Looking at the proof, it is immediate to notice that if we consider a
minimizer E’ for ¥, with |E’| = wy and y’ <y, then E’ is a C-minimizer of the
s-perimeter with a constant C = C(y, g, 5).

Here we prove a simple growth property in 0 held by the function g.

LemMma 3.14. If g : RN \ {0} — [0, +00) is a radial function satisfying (H), then
there exists a constant C(g) > 0 such that
C(g)

g(x) < W Vx € B\ {0}.

More precisely, we must have that limsup,,_, g(x)|x|¥ = 0.

Proor. We argue by contradiction. Suppose that there exists a sequence rx — 07 such
that lim sup, g(rk.el)r,iV = limg g(rkel)r,iV > (. Without loss of generality, we can
assume that ry < 1 and rg4q < ri/2 for all k € N. And then the monotonicity of g
implies that

+o0
/Bg(x)dx > WN Zg(”kel)(”liv - rliv+1)
k=1

+o0 1
> oy Y glrenry (1 - 2—N)

k=1

+o00
=Cn Zg(rkel)"]iv~
k=1

Since g € L!(B), we have that the last series converges, so its terms have to be
infinitesimal, but this is not compatible with the fact that limy g(rkel)r,iV > 0.

We proved only the second part of the statement, but the first part can be proved
reasoning in an analogous way. Indeed, it is sufficient to take two sequences r; € (0, 1)
and Cy — 400 with g(rkel)r,?’ > Ci. Then notice that r; must converge to 0
(otherwise we would reach immediately a contradiction with the integrability of g), so
that the previous argument works again. ]

ProposITION 3.15. Let E C RN be a nearly spherical set, with E parametrized by
u : 0B — (—1,1) according to Definition 3.4. If |[u||oo < 1/4 and g : RN \ {0} —
[0, +00) is a radial function satisfying (H), then

(10) R(B) — R(E) < C(©)ull}yrapg Vrell/2.1).
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Proor. This result can be proved following the procedure exploited in the proof of
[4, Theorem A]. There, the inequality (10) is proved with the standard W 2 norm in
place of the fractional one, but following that proof one notices that the L2 norm of
Vu pops up only because of the following inequality:

/BB /aB gx = y)u(x) — u(y)|2dxdy < C(g)”u”%VLZ(BB)'

If we are able to write another inequality with the fractional Sobolev norm, then we
can follow exactly the proof of [4, Theorem A]. In fact, we can do that: thanks to
Lemma 3.14, for any r¢ € [0, 1) we have that

_ e Pded < [u() = u)®
/aB[aBg(" W) —u(y)| dxdy_C(g)f3 faB ) =y

lx —y|¥

< 2’°C(g)/a /33 ‘M(X);|Z;(fr)o‘ dxdy

< 2C()[u]31ry -
2

where clearly the fractional Sobolev seminorm is relative to the hypersurface 9B C RV .
This is the desired inequality since we can take r = (1 + rg)/2. [

REmARK 3.16. Notice that the above inequality is stronger than the one used in [4]
because of [7, Proposition 2.2], that can be applied thanks to the compactness of dB.

Proor or THEOREM A. We will determine later the value of yy < 1, but for now let us
suppose to have fixed it. For any y < yo, let E), C R¥ be a minimizer of F, with mass
wy and barycenter in 0. From Proposition 3.12, we know that they are C-minimizers
of the s-perimeter for some C = C(wy, g,5) > 0. We can apply Theorem 3.5 and
Remark 2.2 to see that

C(N,$)A(E))* = Ps(Ey) — P5(B) < y(R(B) — R(Ey)) < yC(g)A(Ey).

From this inequality, we deduce that A(E,) — Oas y — 0, orequivalently that £, — B
in L.

Now we can apply Theorem 3.11 to see that, for y small enough, the sets E,
are nearly spherical (see Definition 3.4), with dE, parametrized by u,. Moreover,
the family of functions {uy },e(o.1) is bounded in C1*(3B) for some & € (0, 1) and
luylict@r) — O

Up to reducing again Yo, we can suppose that the hypotheses of Theorem 3.6 are
fulfilled for £, with y < yy, and thus the following chain of inequalities holds:

CO([u ]1+s + SJS(B)”“y”Lz(ag)) Ps(Ey) — Ps(B) < J/(ﬁ(B) - ﬁ(Ey))
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Now we can take o so small that |[uy ||o < 1/4 and continue that chain of inequalities
applying Proposition 3.15 with r = (1 4 5)/2:

CN. )bty P + uy 3) < v -2C(@) 1yl + ey 13).

If y < C(N,s)/(2C(g)), we have that the above inequality holds if and only if u,, = 0,
that is equivalent to have £, = B. Hence it is sufficient to choose yo small enough in
order to make all the previous arguments work to conclude the proof. ]

ReMARK 3.17. One notices that Theorem 3.11 holds for sequences of sets, while in our
proof we have a family of sets indexed by a continuous parameter. This is not an issue:
if the final result was not true, then we could find a sequence y; — 0 and a sequence of
sets E € argmin ,, with Ex # B, but then we could follow the proof of Theorem A
for this sequence of sets and obtain a contradiction.

4. ATTRACTIVE TERM OF POSITIVE-POWER TYPE

This section can be considered as a short appendix to Frank and Lieb’s article [10],
where we explain how to modify the arguments present in their paper that are more
affected by the choice of a generic function g instead of a negative power. This also
shows some common features between the problems (F') and (G):

+ within some suitable constraint ranges, one sees that the minimizers are exactly balls,
and this happens because the attractive term is much stronger than the repulsive
one;

+ the functional has a good structure that permits to combine a stability inequality for
the attractive term with one for the repulsive term in an effective way, providing the
expected result.

Frank and Lieb work with a functional defined on X = L'(R”";[0, 1]), and we keep
this setting because the existence of minimizers is quite easy in that class of objects,
while it is not clear if we try to minimize § in the class of sets. In fact, Frank and Lieb
conjecture that in some cases (that are excluded by the hypotheses) the minimizers
cannot be characteristic functions, as they claim in [10, Remark 1.2]. Frank and Lieb
study the problem (G) when & > 0 and g(x) = |x|™ for 0 < A < N — I, and they
prove that the minimizers are balls if the constraint is big enough. One could expect a
similar behavior because, if we take h[f] instead of /& for some factor r > 0, then we

12N+a

see that the attractive and the repulsive terms scale, respectively, by a factor and

12N =2 and the only minimizers of the attractive term are balls as a consequence of the

Riesz inequality (see [15, Theorem 3.7]). As anticipated, our generalization concerns
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the repulsive part of §, where we replace the negative power with a function
g 1 R¥\ {0} — [0. +00)

that satisfies (I). Notice that the additional integrability condition expressed in (I)

guarantees that g € LllOC

lower dimensional integrability property because many times we will use Fubini and

(RN=1) since g is assumed to be radial. In fact, we will use this

we will need to estimate an integral made on (N — 1)-dimensional slices. In the end,
we are able to use their proofs with minor changes also for this case, as they asserted
that it could be done. It is worth to point out that our estimates are necessarily less
precise since we ignore the exact behavior of g (being in fact unknown). Nonetheless,
they highlight only the necessary features that the model requires in order to retrieve
some important features.

As itis pointed out in [10], the key issue is that a regularity theory for the minimizers
of § is not yet developed, differently from the functional ¥, that enjoys some good
property inherited by the C-minimizers of the s-perimeter. Hence the main effort
is concentrated in proving that the (translated and rescaled) minimizers converge in
Hausdorff distance to a ball when m — oo. Once we have this result, we can proceed
with our program of using the stability results for the attractive term and the repulsive one
(respectively, Theorem 4.1 and Proposition 4.8) that allow us to prove that minimizers
are exactly balls if m is big enough.

The following inequality for the attractive term plays the role of the quantitative
isoperimetric inequality (see [10, Theorem 2.3]).

THEOREM 4.1. Let > 0 be fixed. There exists a constant C = C(N,«) > 0 such that
for every function h € K with |h|1 = m we have that

Io(h) > Io(B[m]) + Cm?> /N A(h)?.

REMARK 4.2. As a consequence, we have that, if my — +o00 and &; minimizes § with
constrained volume my, then A(h) — 0. In fact, it is sufficient to apply a simplified
version of Lemma 2.1 to iy = h and hy = g, With m = ||h]|;. In this case, we
define ht = h(l — XB[m]) and h™ = xp[m)(1 — h), so that & A xB[m] = hxB[m], and
we can rewrite the first line in (5) as
(11) R(h) — R(B[m])

= R(hxBpm) + ROT) + 2Ry gpmy, 1) — R(hxBm))

—R(h™) = 2R(hxBm)- h™)

= 2R(xBpm)- h ") = 2R(UBIm) hT) + R(WT) + R(WT) = 2R, h™).
We notice that AT — h™ = h — yppm], and we can rewrite the last three terms as
R(h*T,ht —h™) + R(h~,h~ — h). Therefore, if m; > wy and if we translate Ay



D. CARAZZATO 280
in order to have that B[my] is the optimal ball in the definition of A(/y), then
|R(hi) — R(B[mi])| < / (ZUB[mk](x)‘{‘vh: () vng (0) [l (%)= x Bpmg1 () |dx

< [ Comp| i (x) = X Bmy(@0)|dx < Cm2 A(hy).

where we used the second part of Lemma 2.1 to pass from the first line to the second.
Then it is easy to conclude using the minimality of & for §.

It is useful to have a good diameter bound for the support of any minimizer of
§ with fixed mass, that is contained in the following lemma (that is our version of
[10, Lemma 3.7]). To abbreviate the notation, we will always call it diameter of h in
place of “diameter of the support of /.

LemMa 4.3, Leta > 0 be fixed and let g : RN \ {0} — [0, +00) be a function satisfying
(H). There exists a constant C = C(«, g, N) > 0 such that, for any minimizer h € KX
of § with constrained volume |h|y = m > wy, we have that

(12) diamh < Cm"/V.

Proor. We proceed by contradiction. Let us suppose that there exists a sequence of
functions i € K such that d;, = diam h; > k||hk||}/N and /; minimizes § with
volume constraint my = ||hy||1 > wx. For each k, we rotate the function %y in order
to have that d; = diam(sr (supp hy)), where 7 : RY — R is the orthogonal projection
on the first axis. We further translate it in order to have

/ hi(x)dx = my /2.
{{x,e1)<0}

If necessary, we substitute /1; with the function h r defined as
ﬁk((xl,x’)) = hi((—x1,x")) forall (x1,x") € R x RN,
in order to have
sup {(x,el) tx € supphk} > di /2.

Thus, we can choose a point ;. € (0, dy /2) such that 0 < f{x1>tk} hi(z)dz < my/5.
Then we cut the functions with the hyperplane {{(x, e;) = fx} and compare them
with the original ones: if ux = hy x(x, <¢13> Mk = f{x1>tk} hi(x)dx, and A = (1 —
ne/me) YV then

G(he) < 9 (ulri]) = To(urlhe]) + R(uelAe]) < A2V To (uie) + AZY R(ug)

m
< NP Lo i) = 2N w23 R ().
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Rearranging that inequality, we obtain the following relation:

2
mknkt,‘: - mkt,‘;‘n_k

N N
V4 = D) Ll + OFY = DRy = 23V H=0Ek = SHE K

Using that ng /my < 1/5 we can apply the (local) Lipschitz property of the factors in
the left-hand side to arrive to the following inequality, where we already simplified the
positive factor ny /my:

mtg < C(N, @) Io(hi) + C(N)R(hy).

We assumed by contradiction that dj > km,lc/ N, so using the previous inequality with

3t > km,lc/ N and comparing the energy of /i with §(B[my]), we obtain
(13) kem2teN < C(N, @) (hy) < C(N,a)g(B[my)).
We can apply Lemma 2.1 since my > wpy and see that
§(Blmy]) = Io(Blmg]) + R(B[my]) < (diam (B[mg]))*mi + C(g)m3.
We can plug this inequality into (13) and obtain that
k"‘m,zc’L“/N < C(a, g, N)mi+a/N,

that cannot hold if k is large enough. Therefore, we arrived to a contradiction, and then
the thesis holds with a constant C = C(«, g, N) > 0. ]

REmARKk 4.4. Notice that the previous proof provides an explicit upper bound for
the diameter that could be expressed in terms of the other constants appearing in the
various inequalities.

REMARK 4.5. With the previous computations we can see that, even if we do not have
a priori a minimizer, we know that the only possible candidates have the diameter
bound resulting from the lemma. In fact, the only energy comparison that we made
was g (h) < §(B[m]). Thus, it is sufficient to consider a candidate / with that energy
inequality and cut it with the proper hyperplanes to find a better competitor that
satisfies (12).

THEOREM 4.6. Let m > 0 and a > 0 be assigned and let g : RN \ {0} — [0, +00) be
a function satisfying (H). Then there exists a minimizer h € K of § with constrained
volume ||h|1 = m.

Proor. Let us take a minimizing sequence hy € K for § with ||hx|; = m. Thanks
to Remark 4.5, we can suppose without loss of generality that supp iz € B(0, R)
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with R > 0 being a constant depending on m, N, g, and «. Since |hi| < 1, then up to
subsequences /iy 2 hin L* for some h € L. Moreover, also Hy (x, y) = hy (x)hi(y)
weakly-* converge to H(x, y) = h(x)h(y) since we can approximate strongly in L'
any test function ¢ € L' (RY x R¥) with functions of the form Yoics PLi(xX)d2i ()
with J finite. This is sufficient to conclude using a standard lower semicontinuity
argument because the map (x, y) — |x — y|* + g(x — y) is of class LIIOC(RN x RY)

and supp Hy C B(0, R) x B(0, R). Notice that the boundedness of the supports also
guarantees that the L' constraint is satisfied by /. |

ReMARK 4.7. One can notice that Remark 4.2, Lemma 4.3, and Theorem 4.6 hold
without the stronger integrability condition stated in (I). This ensures that, even if
g(x) = |x|7* with N — 1 < A < N, we still have that the minimizers exist, they have
bounded diameter, and they converge in L! to a ball as the volume constraint goes
to 4-o0. Clearly, with this method we cannot expect to find a minimizer which is the
characteristic function of a set.

The next proposition is the analog of [10, Proposition 2.5]. Our result is weaker,
nevertheless it is sufficient to make the successive arguments work. Notice that our
proof is different and more robust since it uses much fewer properties of the repulsive
kernel. This result is in the same spirit of Proposition 3.15 since in both cases we
compare the energy of a competitor that is close to a ball in a suitable sense with the
energy of the ball itself.

ProposITION 4.8. Let g : RN \ {0} — [0, +00) be a function satisfying (I). There
exists C(g, N) > 0 such that, for every 6 € [0, 1/3] and for every function h € K with
lhlly =m=wn and  xa-6)Bm =h = X(1+6)B[mI;

we have that R(h) > R(B[m]) — C(g, N)m?62.

Proor. We denote by R the radius of B[m] (notice that R > 1 since m > wy) and we
rewrite the quantity R(h) — R(B[m]) as in (11). This is useful because 4 and xp[m]
are very close, and this produces many cancelations. For the sake of brevity, we denote
by ut and pu~, respectively, the measures u+ := h* £V and u= := h= £V, where h*
and A~ are the functions appearing in (11). Then using the function i defined in (2),
we have that

R(h) — R(B[m])
22/ w(R,le)du+(x)—2/ ¥ (R, |x])du™(x) = RO + 1)
RN RN

= 2/(W(R, |x[) = (R, R))du* —2/(W(R, |x[) =¥ (R, R))du™ — R(h* +h7),



A NOTE ON SOME NON-LOCAL VARIATIONAL PROBLEMS 283

where we used that (A" (x)dx = [ A~ (x)dx. We concentrate ourselves on the last term:
if A= B(0,(1 +6)R)\ B0, (1—06)R), then R(h™ + h~) < R(A) = [, va(x)dx.
By symmetry, we can estimate v4 (x) only for points of the form x = se; € A. Moreover,
we clearly have that v4(x) = vg\0(x) + vang(x), where O = QO n(x,1/2). We can
easily bound the volume of A using that 6 € [0, 1/3]:

(14) |A] = |B(0.(1 + 6)R)| — |B(0,(1—6)R)|

=on((1+ 0" —(1-0)N)RYN < CyORY,

and then we have that vq\ o (x) < g(1/2)Cn6ORY . Moreover, it is immediate to see
that, if we denote any point x € RY by x = (x;,x’) € R x R¥~1, then the bound on
0 implies that

HU(ANQN{x' =)}) <CyOR Vy eRNL

Hence, defining d = Cx6R to be the right-hand side of the previous inequality, we
can use the monotonicity of g to see that

dj/2

vang(x) = / glx —y)dy < / / g((s,y"))dsdy’
ANQ On-1(0,1/2)

—d/2

<d / ¢((0.y))dy' < C(g. N)OR.
OnN-1(0,1/2)

where we used that g € L} (RV~1) in the last inequality. Combining it with (14) and
using that R > 1, we have that R(h+ + h™) < R(A4) < C(g, N)6>R?".
With very similar computations, taking translations of balls instead of dilations,

one can see that
[ (R.[x]) = ¥(R. B)| < C(g. N)OR(1 + RV™!)  V¥x € 4,

where one needs to use the (N — 1)-dimensional version of the L.°° bound present in
Lemma 2.1. This bound holds because, as we observed at the beginning of this section,
ge Ll (RN forevery E' € R¥N™1 x {0} with #¥~1(E’) > wy_1, we have that

(1s) [ gd a1 < cioae e,

Putting together the inequalities for all of the terms, using that R > 1, and exploiting
again (14) together with the fact that (supp 2+ U supp h~) C A, we arrive to the
conclusion

R(h) — R(B[m]) = —C(g, N)O?R*N = —C(g, N)0*m?>. "
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The following is a simple technical lemma concerning the function ®,,, defined
in (3).

LemMa 4.9. Leta > 0 be fixed and let g : RN \ {0} — [0, +00) be a function satisfying
(I). There exist two constants mg = mo(a, g, N) > 0and C = C(a, g, N) > 0 such
that for every m > mg we have that

(16) ®,,(r) < ®,(R) ifr <R and ®,(r)> ®,,(R) ifr > R,
17 | @ (r) — @m(R)| = CRY T " min {|r — R|,R} Vr >0,

where R is the radius of B[m].

Prookr. First of all, we change variable in the definition of ®,,:

o
O (r) = RN+“/ ‘Lel —x| dx + RN/ g(re; — Rx)dx.
B|R B

Now we take mo > wp (thus R > 1) and we see that the following inequalities hold
true:

(18) Dy (1) — Pm(R)
= RV™®(p(r/R) — (1))

+ RN /B [g(R(%el — x)) — g(R(el — x))]dx
= RY*%(p(r/R) — (1)) = C(g)RY

and in the same way
Om(R) = @ (r) = RYF(p(1) — @(r/R)) = C()RY.

Moreover, using the change of variables x = fe; — y, it is easy to see that

d0 =a [ (= tedler -3y —a [ (vl
B tej—B
and therefore using the symmetry of B, we have that ¢ is of class C!, with strictly
positive derivative at each point ¢ > 0. We will denote by C(«) > 0 a constant such
that ¢’(¢) > C(«) for all ¢ € [1/3,4/3]. From the previous observations, it follows
immediately that both (16) and (17) are valid for |[r — R| > R/3 if we take mg big
enough to have that

C(g) < 3 R minfp(4/3) — o(1). o(1) — p(1/3)}.
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E + 0Rey

Ficure 1. The highlighted region corresponds to the set £, while O is the origin of the coordinates
used in (19).

Now we concentrate ourselves on the case |[r — R| < R/3. We treat more carefully the
repulsive terms in (18) that coincide with

19) D ::/ g(x)dx—/ g(x)dx.
rei—B[m] Re|—B[m]

Let us define & = (r — R)/R, E = Rey — B[m] and let [ = span{e;}. Looking at
Figure 1 to better understand the situation, it is immediate to see that

H'((EA(BRer + E)) N (x +1)) <2|8|R Vx e RV,

Hence we use that g € L1 (RV~1) to get

loc

1
1= @N = Dav-al6lR [ glsens™ 2ds + glen)] EAGRe + E)
1

< C(g.N)|0|(R + RY),

where we used twice the cylindrical coordinates around the e; axis. Hence we obtain
both (16) and (17) if we plug this inequality for | D| into the first line of (18) and use
that ¢’(t) > C(a) > Ofor ¢ € [1/3,4/3]. [

The key estimate, where the integrability property required in (I) is fully used, is
contained in the following lemma (which is labeled as Lemma 15 in Frank and Lieb’s
article). With this lemma, we gain control on vj, out of a geometric constraint on the
support of .

LemMma 4.10. Let g : RN \ {0} — [0, 4+00) be a function satisfying (I). There exists a
positive constant C(g, N) such that, for any R > 1, any 0 € [0, 1], and any function
h € K that satisfies supph C B(0, (1 + 68)R) \ B(0, (1 — 6)R), we have that

(20) loalloo = sup / ¢(x — Y)h()dy < C(g. N)ORV.

xeRN



D. CARAZZATO 286

REmARK 4.11. Our proof goes on quite like that of Frank and Lieb’s lemma, but we
provide a very rough estimate, where & does not appear explicitly in the right-hand
side. Besides, this inequality might seem very bad; notice that if we take

h = xB(@,(1+6)R) — XB(0,(1-6)R)

then we see that the bound must be linear in 8 for 6 — 0: the left-hand side of (20) is
larger than | g(y)h(y)dy, that is larger than Cy g((1 + 6)R)ORN for some dimen-
sional constant Cy > 0.

Proor. We define the annulus 4 := B(0, (1 + 8)R) \ B(0, (1 — #)R), and since
|A] = ox RN ((1 + 0)Y — (1 — 9)N), we notice that there exists a constant Cy > 0
such that C 151 |A] < 6RN < Cy|A|. Without loss of generality, we can suppose that
|A| < ey for every fixed ey < wy: if the other case holds, then we denote by ry the
radius of B[ey] and we get

sup / ¢(r — h(ndy < /B g0

xeRN
:/ g(y)dy+/ g(y)dy
Blsn] Bl AI\B[sn]

= C(g) +glrnen)|A|

C
- %w + g(rnen)lAl

< (@ + g(rNe1>)|A|,

EN

that is the desired result since |A| < CyORY . The value of & will be fixed later, but
it is important to keep in mind that | 4| can be taken arbitrarily small. Thus, we need to
prove (20) exploiting the particular shape of A. In the end, it is sufficient to estimate
the following quantity:

S ‘:/ / g((y' 0))dy'dr,
[-R/2,R/2]N—1 J[-CN6R,Cy6R]

where C > 0 is a geometric constant. In fact, by compactness there exist a constant
Ky > 0and a family {q,...,qk, } of (N — 1)-dimensional cubes embedded in R
such that

the center c; of g; belongs to dB(0, R) for all j,
their sides have length R/2,
forevery 1 < j < Ky, we have that ¢g; N Int(B(0, R)) = ¥,
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i

- aB(0, R)

FiGure 2. The image on the left represents the map 7; with the red arrows, the cube g; that is
the horizontal segment, and one part of the boundary of the annulus A. In the figure on the right,
the cube ¢ is represented by the red vertical segment, while the points x1, x2, x3, x4 denote
the corners (since the figure is in 2D) of the outer part of what we call “curved slab”.

« ifDj={tci+y:t>—-1,y €g;} and an- is the orthogonal projection onto
span{c; }*, then we define the map r; : D; — R¥ as

=l

mwi(x) = an'(x —cj) +¢j \/1 e ,

so that U]K:Nl mj(g;) = 0B(0, R); namely they “cover” dB(0, R). Notice that the
map ; is just pushing the points of D; onto dB(0, R) as shown in the left picture
in Figure 2.

Then, thanks to the positivity of g, we can replace the “curved slabs” A N D; with
some flat slabs F; (the smallest N-dimensional rectangle containing A N D; with
sides parallel or orthogonal to g;):

Kn
e [e-hoiy =y [D s = ROy
j=1 J
Ky
< g(x —y)dy

= KN/ / g((',n)dy'de,
[-R/2,R/2]N—1 J[-CnOR,CnOR]

where we used the monotonicity of g to pass from the second to the third line. We also
highlight that F; has thickness smaller than Cy 6R for some constant Cy (see Figure 2,
on the right). In fact, if # < 1/10, this is clearly true, and we know that § < Cy|A|/RY .
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Since R > 1 and |A| < e, we can choose gy so that & < 1/10. Then from (21) it is
clear that we need only to control the quantity S defined before. Since g is radial and
radially decreasing, we have that

S 5/ [ g((v',0))dy’dr
[-R/2,R/2]N—1 J[-CnOR,CnOR]

= 2CN9R/ g(('.0))dy".
[-R/2,R/2]N !

1
loc

Moreover, since g € L1 (RV~1)and R > 1, we can apply again the strong L° bound

(15) to conclude that
S <CnOR-C'RN"!' = C"6RV,
where of course the constant C” depends only on g and the space dimension N. m

We report for convenience the statement of [10, Lemma 3.5] that permits to modify
a function in order to make it closer to the characteristic function of a ball.

Lemma 4.12. Let h € K be a function with ||h||; = m and let 8 € [0, 1]. Then there
exists ' € K with the following properties:

(22) 1A'l = Ikl
(23) X(1—=6)Blm] < < x(1+6)BIm]-
(24) W (x) < h(x) forx & Blm], h'(x)>h(x) forx € B[m],

(25) /|h/_XB[m]|dx E/|h—)(3[m]|dx,

(26) /|h —I|dx < 2/E |h — h'|dx
where E = (1 —60)B[m] U (RV \ (1 + 0) B[m]).

The following proposition contains the most delicate estimates, and it provides a
bound on the Hausdorff distance between supp |4 — x B[] and dB[m] depending only
on ||h — xB[mll1 and on m. This kind of bound is clearly something special, that holds
for minimizers but not for a generic function /4. The proof that we are going to write is
a simple adaptation of the one present in [ 10], where we make some minor changes due
to our different estimates. We also point out that Frank and Lieb’s proof relies on the
fact that R(f) > O forany f € L' N L° with bounded support and [* fdx = 0. This
is true if g(x) = |x|™ for A € (0, N), but not in general. We do not use this property,
and thus we are able to prove the theorem in wider generality.
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PrOPOSITION 4.13. Let a > 0 be fixed and let g : RN \ {0} — [0, +00) be a function
satisfying (1). There exist two constants Co = Co(t, g, N) > 0andmo = mo(a, g, N) >
0 such that, for every minimizer h € KX of § with constrained “mass” |\h||y = m > my,
we have that

X(1—CoA(h)Blm] = I = X(1+CoA(h)B[m]-

Proor. The strategy is to build a sequence of competitors out of a given minimizer
and estimate precisely the difference in energy between them and the minimizer.

We will determine later the value of the constants Cy and m, for now let us fix a
minimizer hg with || hg|l1 = m > my (that is also the first element of the sequence) and
let us properly translate it in order to have that the optimal asymmetry ball is centered
in 0. The following elements of the sequence are defined applying Lemma 4.12: if
hy has already been built, then /4 is produced applying that lemma to & = Ay and
6 = 2. Now we can study the energy difference between two consecutive functions
in the sequence, where the idea is to isolate the terms involving A1 — hj and to make
appear the asymmetry of sy and g, 1 in order to use the previous inequalities:

G (hie41) — 5 (hi)
=G (hg+1 — s hg1) + G (hie, hier) + G (Mg — hie, hie) — G (g, hie)
=Y (hg+1 — hie, he+1 — xBim) + § (hgv1 — hie, hie — xBm))
+ 28 (hi41 — hi, XBm))-

We treat the last term exploiting the comparison estimate of Lemma 4.9 and the
properties (22), (24), and (26). Let us take m bigger than the mass constant in that
lemma, then, denoting by R the radius of B[m], we obtain that

G (hi1 — D, xBm))
- / (st — h) Bdx = / (et — i) (@ — By (R))dx

== [ this = il = O (Rax

IA

—/ st — il | — O (R)|dx
{llx|-R|=2—k R}
< —C(a, g N)RN T 27 | gy — hie.

Now we concentrate ourselves on the first term of the sum (and the second can be
treated using analogous inequalities). In order to write more concise formulas, it is
convenient to define the quantity

ag = 2"RN||hg — xppmli Yk €N,
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that up to a multiplicative constant is an approximation of the average of |hx — x B[m]
on the annulus of thickness 27¥. We separately estimate the attractive and repulsive
terms: for the attractive one we can use the diameter bound shown in Lemma 4.3 (that
we can apply if mo > wpy) and the condition (25) to see that
To(hks1 = hi,hie1 — XBm))
< C(a. g N)R*|hiesr — hielly - 2% " RN ape 4
< Clo g N)RN 2 ag || hieqer — b1

Of course, the attractive part of the second term can be treated in the same way since
we directly obtain that

To(hsr — hi, b — xBim) < Cle, g, N)RYN 22 % ap || gyt — he 1.

For the repulsive term, we make use of the property (23) that implies that we can
apply Lemma 4.10 to the function & = |hx41 — xB[m)| With 6 = 2% (we instead use
6 = 27k+1 for the term including g — x B[m])- In fact, we arrive to

R(hks1 — hie, g1 — XBm))
< i =l s0p [ 6= 9lhei10) = 2|0
< C(g. N2 RN || hpey1 — hcs.
Then we can combine the previous inequalities to obtain
Q7 Glhir1) — (i) < —RVF 2|y — g |1(C — Clag — C"R™®),

where C, C’, and C” are positive constants that depend only on «, g, and N. Clearly,
we can take mg large enough so that R™% < C/(4C"), but thanks to Remark 4.2 we
can also take m¢ big enough in order to make ag < C/(4C’). Now we are left with two
possibilities: either there exists ko > 0, such that ag, > C/(4C’), or ap < C/(4C’)
for every k € N. If the first eventuality occurs, then we can take the smallest ko such
that ag, > C/(4C’), and thanks to (27) we see that

ko—1
28)  G(hey) =G (ho) = ) G(hxs1) — F(hi)
k=0
ko—1
< =RV Y " 27K |lhgry = hell (€ = Clag = C"R™®)
k=0

<0.
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Since hg is a minimizer of § with constrained volume m, and ||/ |1 = m for every
k € N, then we necessarily have that § () — §(ho) > 0, which is compatible with
the previous conditions only if 4; = hg for every k < k¢. Therefore, using the property
(23), we have that

X(1—2=k0+1)B[m] = ho = A (142 0+ 1) Bm]

and so we need only to estimate 270 in order to prove the result. In this case, we have
that ag, > C/(4C’), therefore using (25) we arrive to

/ /

_ _ 4C _ C WN
27ko < ?R N hiy — xBpmyll < c RN ho — xBmlli <

A(ho)

that is the desired result.

If instead a; < C/(4C") for every k € N, then we apply (28) to a generic index
ko € N. If hg4q # hy for some k < ko, then the last inequality is strict, but this
is impossible since /¢ minimizes §. Therefore, hy = ho for every k € N, and by
construction

X(1—2—k+1)B[m] = hk = X(1+2—k+1)B[m] Vk € N.

As a consequence g = x p[m], that clearly satisfies the inequality in the statement. In
the end, we can choose m( big enough in order to make the previous arguments work
and the constant in the statement is Co = 8C’'wy /C. ]

Proor or THEOREM B. We take m to be the maximum mass threshold appearing in
Lemma 4.3, Proposition 4.8, Lemma 4.9, and Proposition 4.13. Given m > mg, we
take any minimizer & of § with ||i||; = m and optimal asymmetry ball centered in the
origin. Using Theorem 4.1, we obtain that

CmP eIV A)? < Tu(h) = L (BIm]) < R(BIm]) ~ R(h)

for some constant C = C(N, g, «). Thanks to Remark 4.2, we can take m big enough
in order to have A(h) as small as we want. Then combining Proposition 4.13 and
Proposition 4.8 (that we can apply because of the small asymmetry), we have that
R(B[m]) — R(h) < C'm?*A(h)?, and therefore we have that Cm®/N A(h)?> < C' A(h)?.
Enlarging m, if necessary, we see that the last inequality can hold only if A(%) = 0,
that is precisely the thesis. ]
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