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Abstract

We investigate the shape of critical points for a free energy consisting of a nonlocal perimeter
plus a nonlocal repulsive term. In particular, we prove that a volume-constrained critical point
is necessarily a ball if its volume is sufficiently small with respect to its isodiametric ratio, thus
extending a result previously known only for global minimizers.

We also show that, at least in one-dimension, there exist critical points with arbitrarily small
volume and large isodiametric ratio. This example shows that a constraint on the diameter is, in
general, necessary to establish the radial symmetry of the critical points.
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1 Introduction

In recent years the following variational problem has been widely studied:

min P(E // dr dy (1)
|E|=m o 17—yl

where P(F) denotes the perimeter of a set F C IR3. Such problem first appeared in the liquid drop
model of the atomic nuclei proposed by Gamow in 1928 [13] and then developed by other researchers
[3, 9], and it is also relevant in some models of diblock copolymer melts [5, 17].

In[15, 16] (see also [6]) the authors showed that global minimizers of (1) exist if the volume m is small,
and do not exist if the volume is large enough. They also showed that minimizers are necessarily balls
if the volume is small enough. This result has been later extended in [14] to connected critical points
in two-dimensions. However it is still not known if there exist non-spherical critical points of (1) with
arbitrarily small volume.

In this paper we consider the modified energy

dz d
F(E) = / / Y )
ExE |=T yl



with s € (0,1) and « € (0,n), which is a nonlocal extension of the energy in (1), which takes into
account long-range interactions in the attractive term of surface tension type.

// dx dy
ExEc |T — ‘MS

denotes the so-called fractional perimeter of FE, recently introduced by Caffarelli, Roquejoffre and
Savin in [4], where they initiated the analysis of the corresponding Plateau Problem.

Here

The functional (2) has been studied in [11], where the authors showed that volume-constrained mini-
mizers are balls, if the volume is small enough, thus extending the results in [15, 16].

We observe that, for any A > 0, it holds

F(AE) = A" (P( ) Ame // dz by )
Bxp v =yl

Therefore, minimizing £’ under the volume constraint |E] = m is equivalent to minimize the functional

F.(E) = —1—5// _dwdy_
EXE ’33 - y’a

1—-24 5
n n,

under the constraint | E| = 1, with & := m/!
If F is a critical point of F. with boundary of class C?, then

kp(x) +ceVep(z) =N foranyz € OF, (3)

for a suitable A\, € R. Here above, ¢ > 0 is a normalizing constant,

d
):/—ya (4)
ElT—yl

is the potential, and kg is the fractional mean curvature of E, i.e.,

kp(z) = / n xeme(y) = xe(y)

|z — y|"ts

dy, (5)

where the integral is meant in the principal value sense, see e.g. [4, 1, 11] for further details on this
notion of mean curvature.

Notice that, if F is a critical point of £, with boundary of class C?, by elliptic regularity (see [2]) the
boundary of E'is in fact of class C'*°.

The main result of this paper is that critical points of I' are necessarily spherically symmetric, if their
volume is small enough with respect to their isodiametric ratio, which is defined as

1
mn

I(E):= Tam (B

(6)

To state this result precisely, we introduce a scale parameter that links volume and diameter of a set,
given by
n+s—au

B=p(na,s) = @ntstn

(7)

With this notation, we have:



Theorem 1. Letn > 2,s € (0,1) anda € (0,n — 1).

There exists ¢, = c,(n,a,s) > 0 such that, if £, is a bounded, volume-constrained, critical point
of F' with smooth boundary, such that

1B, < e, I(EY), (8)

then E, is a ball.

Equivalently, if EJ is a bounded, volume-constrained, critical point of F. with smooth boundary, such
that )
|E|=1 and diam(F) < ¢, g 2n¥si1, 9)

then E is a ball.

We observe that condition (8) does not violate the isodiametric inequality, since the right hand side is
scale invariant, and so it is not void for small sets. Moreover, we remark that in problems like the ones
considered in this paper, in which an aggregating energy is competing with a repulsive one, universal
bounds on the diameter of the solutions do not hold in general. Indeed, roughly speaking, the repulsive
term of the energy functional may produce critical points with disconnected components which lie “far
away” one from the other and which therefore violate uniform diameter bounds. To give a concrete
example of this phenomenon we provide the following result:

Theorem 2. Letn = 1,s € (0,1) anda € (0, 1).

There exists m = m(a, s) > 0 such that, if m € (0,m), there exists a bounded critical point E, of
F' with volume m, made by two disconnected components, whose diameter satisfies

diam(E,) > C,,

for some C, > 0.

Equivalently, there exists € = &(cv, s) > 0 such that, ife € (0, £), there exists a bounded set E C R
which is a solution of (3), which is made by two disconnected components, whose diameter satisfies

diam(FE) > C, e e,
In particular, the diameter of I/ is not bounded uniformly in ¢.

One of the main tools in the proof of Theorem 1 is a nonlocal version of Alexandrov’s Theorem,
recently proved in [8], which states that regular sets with almost constant fractional mean curvature
are necessarily balls. This result can be applied to solutions to (3), after deriving suitable estimates on
the potential V.

We point out that such quantitative Alexandrov’s Theorem does not hold in the local setting, where it
is known that a set with almost constant mean curvature is close to a family of tangent balls (see [7]),
and this is the main obstruction for extending our result to the case s = 1, that is, to the functional in

(1).

The plan of the paper is the following: in Section 2 we provide some preliminary estimates on the
potential Vz and on its gradient, which will be useful in the proof of Theorem 1; in Section 3 we prove
Theorem 1; finally in Section 4 we prove Theorem 2, giving an explicit example of a one-dimensional
set, composed by two disjoint segments, which is a critical point of (2) and has arbitrarily small volume.



2 Potential estimates

In this section we provide some bounds on the potential 1/ and on its derivatives that will be used in
the proof of the main results.

Lemma 3. Let B be a ball centered at the origin with | B| = | E|. Then, for any x € R",
Ve(r) < Vp(0) <C,

for some C' > 0.

Proof. Let p > 0 be the radius of B. In this way, we have that + B = B,(z). Also, ify € B,(z)\ E,
then |z — y| < p and so

[ w4 B
By@)\E |7 — y[® B,(e\E P P

Similarly, if y € E'\ B,(x), then |z — y| > p and so

ALY 1T
E\B,(z) 1T — Y|* P

|E\Bp(x)| =|E| - |EN Bp(x” = |Bp(x)| - |Bp(x) NE|= |By() \ E.

/ dy / dy
E\B,(2) 1T — Y| h Bya)\E [T — Y|

Therefore, summing the contributions in £ N B,(x) to both sides of this inequality, we obtain that

/ dy </ dy ‘
g lT =yl By (x) [T —Y|*

This and the integrability of the kernel imply the desired result. O

Moreover

Consequently,

Following are additional potential estimates:

Lemma 4. We have that

/ VVg(z) - zdx = _2/ Ve(x) dx (10)
E 2 /e
and / Ve(x)z - v(r)dH" ' (z) = <n - 2) / V() dz. (11)
OF 2/ JE
Moreover,
[VVi(2)] < C, (12)

for any x € R", for a suitable C' > 0.



Proof. We observe that

VVis(r) = —a / E=y)dy (13)

BT —ylot?

(z—y) o
= VvV, x-a:dx:—a// — —dxdy.
& /E 5() pxE |T =yl Y

Since the role played by the variable in the latter integral is symmetric, we can also write

—a// d:cdy
2

ExE |Z‘ - |a+

As a consequence

0 =—« da:dy—a// dmdy
//EXE |z — |a+2 ExE |$ - |a+2
dzr d
LY/
EXE |$ - y|a pxp [T =y

Now we use the Divergence Theorem and (10) to see that
/ Ve(x)z - v(z)dH" (z) = / div (Vg(z) z) da
OFE E
:n/ Ve(x) dx+/ Ve(z) - xde
E E

= <n—%> /EVE(ZE) dz,

SO we can write

This establishes (10).

and so we have proved (11).

Finally, by (13),

V(2 / Ix—yla“’

hence (12) follows as in Lemma 3 (replacing « there with « + 1 € (0, n)). O
With this, we can show that smooth critical points possess a uniform bound on A, in the Euler-
Lagrange equation in (3):

Corollary 5. There exist (', Cy > 0 such that

‘)\5 - Cl PS(E>‘ < 028.

Proof. Given a vector field X € C§°(R™), we denote, for any small ¢ > 0, by @' the flow induced
by X, as defined by the Cauchy problem

0,0 (x) = X(9'(x)),
P(z) = .
Then (up to normalizing constants that we neglect, see e.g. Formula (6.12) in [11]), we have that

9 :
EP s(PY(E))

_ /a rpl@) X(@) - (o) a7 ), (14)

t=0

5



being v the external normal of £.

Now, by taking X (x) := z in the vicinity of £, we have that
'(r) =z +tX(2) + O*) = (1 + t)z + O(t?)
and so |P!(E)| = (1 +t + O(t?)) | E|. Therefore, by scaling, we have that
Py((E)) = (1 +1t+O(t*))" " Py(E)

and thus 9
v t
5 P(24(E)

Comparing this and (14), we obtain

0= (n—s) Ps(E).

P,(E) = /aE kp(r)x - v(z)dH" H(x),

up to multiplicative normalization constants that we neglect.

Also, by the Divergence Theorem,

/ x-v(x)dH"_l(x):/divxdm:n|E|.
o E

Hence, by (3), (15) and Lemma 4, up to multiplicative constants,
ME| = / Mt - v(z) dH™ (x)
OE

- / () @ - v(x) dH" () + 8/ Vi(z)z - v(z) dH" " (z)
OFE

OF

= PS(E)—l—e/ Ve(x) dz.

E

Also, by Lemma 3,
/ Ve(z)dx < C|E.
E

From this, (16) and the volume constraint |E/| = 1, the desired result plainly follows.

Now we control the tangential gradient of V:

(16)

Lemma 6. Letx € OF and Ti(x) be a tangential vector to OF' at x. Assume that E = T'(B), for a

suitable ball B, with | B| = | E| and letT be a diffeomorphism such that
1T = 1d|lc1(m) < 1,
for some p > 0. Then, there exists (g > 0 such that for any 1 € [0, 1]
{VVE(x) . TE(x)} < Cu,

for some C' > 0.



Proof. We define 7 := T~!(z) and

1

m5(Z) == DT (z) 15(z) = (DT(:E))f Te(T).

Notice that 75(Z) is a tangent vector to OB at & € 0B. Also, by rotational symmetry, the function V3
is constant along B, and therefore

VVg(z) - 15(Z) = 0. (18)

Moreover, by (13) and using the substitution 7 := T~ (y),

VVE(CL’)TE(ZE) _ —Oz/ (x—y)TE(x) d

g =yl

_ _a/ (T(x) - T(y)) - (DT (z)75(7))
B T(z) = T(y)|>**

(19)

| det DT'(y)| dy.
Now, by (17),

DI(#)7(x) — 7(@)| < O

det DT(7) — 1‘ <O, 20)

1
and (T(z) —T(y) - (f—z?)( </ |DT(ty + (1 - t)z)| dt |« — y| < Cp|z — 9]
0
for some C > 0, and so
(1-Cp)lz—g| < |T(@) —TH)| <1+ Cp)lz—1l,

which in turn implies that

1 1
T(x) =T+ |z — gl

B 1
- |j _ g|a+2

==y Cp
T(z) = T(G)|+2| ~ |7 - glo+?’




up to renaming C' > 0. Using this and (20) inside (19), we obtain that

1

~|VVi(@) - 7i(@) = V(@) - 75(2)

T

T _g‘a+2

N

|det DT'(y)| dy

|det DT(7)| dg

| det DT(3)| dj

|det DT(7)| dy\

T — g|ot?

[ED D e prlay - [ T o

B T =yl

)~
- | e@- T (DT@)75() | 4 pri)do - [,

y) - 75(2) |detDT(g)|dg—/B($_y) "5(2) | et DT ()| dy ‘

possibly changing C' > 0 from one line to another. From this estimate and (18), the desired result

plainly follows.

3 Proof of Theorem 1

O

By a spatial dilation, we replace F, with a critical point £/ of the functional F_, under the volume

constraint | E/| = 1. To this aim, we define

1—

3R

+

3w

E = m’% E, and e:=m
In particular diam(E) = mw diam(F,) and thus, by (6) and (7), condition (8) becomes
£ (diaum(E))%JrsJrl = <€2n+ls+1 -~ diam(E,)

2n+s+1
n—a+s 1 . 2n+s+1 mﬁ
— (m @n¥s+hin .~ n dlam(E*)> — g Czn+s+1
I(E,)

)2n+s+1

which is supposed to be a small quantity.



Also, the Euler-Lagrange equation in (3) holds true. Therefore we have that

5,(E) = sup el = re(y)l

2,y€DE |z — v
TAY

= sup (22)
©,y€OE |z — y
TF#yY
VD) = Ve)
2,y€0E |z — y
Ay
Thus, by (12),
V -V
ds(E) < ce sup V() 5y < Ce, (23)
i |z =y
Ty
for some C' > 0. Now, letting
ns(E) = (diam(E)) ™" 6,(E), (24)
by Formula (1.4) in [8] we have that
(B) = intd -L=" \ithpc B, Bu(p) C E C Ba(p) b < Cna(E) 25
= —_—, Wi S Ons(&),
P m diam ()’ p » br(p) © £ € Bgr(p n (25)
up to renaming C' > 0. Also, by (23) and (24) we get
ns(E) < C (diau’n(E))QNJFSJrl €. (26)

This and (21) give that n,(E) is small if so is ¢,, hence we are in the position to apply Theorem 1.5 in
[8]. In particular, we obtain that 0F = F'(OB), where B is a ball with volume m, with

[1F" = Id||c20m) < C'ns(E),

up to renaming C' > 0. That is, if we set 7'(z) := |z| (i> we have that £ = T'(B) and

|z
1T = 1df[cr () < Cna(E).

This says that we are in the setting of Lemma 6, with 11 := C'n4(FE). As a consequence, we obtain
that

for some C' > 0. Hence, we insert this into (22) and we find
Is(E) < Cens(E),
up to renaming C' > 0. Accordingly, in view of (24) and (21),

0s(E)
5

3s(E) < Ce (diam(E))*" T 6,(E) < € 2+ §,(E) <

if ¢, is small enough. This implies that §5(F) = 0.

So, by (24), we have that 7,(£) = 0 and then, by (25), also p(E) = 0, which says that F is a ball,
as desired.



4 Proof of Theorem 2

1 1
= - d, d+ —
£ (0.5) ufaars).

for some d > 1/2, that we choose appropriately in order to fulfill (3).

By (5) and (4), forany = € {0, 1/2, d, d + 1/2},

We let

CE(I') = KE($)+C€VE(£L')

_ /0 dy /”2 y /d dy
oo T =yt o |z—y|tts 12 [T —y[trs

d+1/2 dy +o0 dy
B R
/d |z — y[tTs d+1/2 |z —y|t+s

1/2 d d+1/2 d
+ca/ Y a—i—ce/ y o
o |r—uyl d |z —y

By symmetry (i.e. using the substitution 7 := (d + 1/2) — y), we see that

Ce(0) =(g <d+ %) and (g (%) = Cp(d).

Now we prove that we can choose d > 1/2 in such a way that

ce(0) = e 3)

10



To this aim, we compute

s = ¢ () -
B 0 dy 1/2 dy d dy
B /_oo ly — 1/2|1*s _/0 y— 12 /1/2 ly — 1/21Fs
_/d+1/2 dy +/+oo dy
a =120 Jg ly — 120
_/0 d_er/mﬂ_/dﬂ
oo [YIMTE oyl Sy Yt
d+1/2 dy oo dy
+/d [y // [y
1/2 dy d+1/2 dy
e / y— 120 / y— 172
. /1/2ﬁ_c6 /d+1/2ﬁ
oyl ¢yl
e T e e L
o I e T i S e T ey
_/o d_y+/1/2 dy _/d ﬂ+/d+1/2ﬂ_/+w dy
N 7] E o lyltts 1/2 y|+s d |y|t+s d+1/2 MHS
+ce/0 dy +c /d ﬂ—ce/lﬂﬂ—ca/d“ﬁﬂ
12 [yl a-1/2 [y* oyl d [yl

d d+1/2 d d+1/2
d d d d
= —2/ fis“/ —1y+5+05/ —ya—ce/ Fe
d—1/2 Y d Y] d—1/2 Y d Y

= % [2d7° — (d—1/2)"" = (d+ 1/2)~°]

+ [2d' 7 — (d—1/2)"" — (d+1/2)"77].

Now we use that, for any 5 € R and ¢ > 0 small,
2= (1=8) —(1+6)° = =B (8- 1)5*+ 0(5*),

therefore, for large d,

0 -2 (-35) - %)1
1

_ 27 (‘3(1 L) O(d—3)) Led (O‘(l —) . O(d‘3)>

1—« 4d?

- +O(d7>) + O(ed‘S))

11



where

9(d) == — - 5 +O0(d274) + O(ed ™).

Notice that
coE
Also, if .
0 - (1 + s) THs—a |
coE

we have that cae ) \ coe

9(de) = === + O(e"T5=) + O(e""75=7) < - <0

if € is sufficiently small.

From this and (30) we obtain that there exists an appropriate d > d. for which g(d) = 0, and thus,
recalling (29), we obtain that f(d) = 0, which proves (28).

Now, from (27) and (28), we deduce that

Ge(0) = e (4+3) = o (5) = el = A

for some A € R, that is
kp(x) + e Ve(x) = A

forany z € JF, as desired.
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