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Abstract

We consider the volume-constrained minimization of the sum of the
perimeter and the Riesz potential. We add an external potential of the
form |#|? that provides the existence of a minimizer for any volume con-
straint, and we study the geometry of large volume minimizers. Then we
provide a numerical method to address this variational problem.

1 Introduction
Gamow’s liquid drop model for the atomic nucleus consists in:

inf  P(E) + Va(E). (1.1)

ECR™,|E|=m
where

e P(E) is the perimeter of E,
dzd
L Va(E) = fExE W7

e n € N* (the dimension of the ambient space), m > 0 (called the mass)
and « € (0,n) are constants.

More precisely, the physical case corresponds to n = 3 and o = 2. As shown
in [5], this model is also related to diblock copolymers. Problem has
been studied as an interesting extension of the classical isoperimetric problem.
Indeed, two terms are competing: the perimeter tends to round things up (and
is minimized by balls), whereas the non-local V,, term, which can be viewed as
an electrostatic energy if n = 3 and @ = 2, tends to spread the mass (and is
maximized by balls). It was shown in [6] that if the mass m is small enough,
then the problem admits a unique minimizer (up to translation), namely
the ball of volume m (see also [9], [I2] and [3] for partial results). On the other
hand, for o € (0,2), it was shown in [I2] that for m large enough there is no



minimizer of problem ([1.1]). This result was simultaneously proved in [I1] in the
physical case. See also [7] for a short proof with a quantitative bound.

To restore the existence of a minimizer for large masses, we add the energy
associated to the potential A \;1:|B to our functional, as we expect it to counter
the spreading effect of the V, term. Thus we are interested in the following
modification of the original problem :

inf . E):= P(E N E E , 1.2
scalloin o0 AE) = PE £ Vo(E) +Upa(B), (12

where
L] uﬁ;A = fEA IQZ‘lB d$,
e A > 0 is constant.

See also [1] and [2] (which appeared independently and simultaneously with
this work), where the authors use a different and interesting confining potential.

As easily proved in section [2] we indeed have the existence of a minimizer
in for any mass m. In section [3| we extend some known results about
minimality of small balls, and the domain (of masses m) of local minimality of
balls. We don’t give complete proofs, but recall briefly the techniques used in
[6] to get these results.

In section 4 we study large volume minimizers (i.e. when m is large) of
(1.2) when « < 5. More precisely we prove the following theorems:

Theorem 1.1. Given a € (0,n), 8 > 0 and A > 0, assume o < (. Let
(Bm)m>0 be a family of minimizers in (1.2)), such that |E,,| = m, and let E},

1
be the rescaling of En, of the same mass as the unit ball B (ie Ef, = <%) "En).

Then the boundaries of the sets (E},) Hausdor(f-converge to the boundary of B
as m — +00.

From proposition [3.3] we know that if 3 < 1 then large volume minimizers
are not exactly balls, but if we assume in addition that o > 1, then we have:

Theorem 1.2. Given o € (1,n), 8 > 0 and A > 0, assume a < 3. There
exists a mass my = my(n,a, B,A) > 0 such that for any m > my the ball of
volume m centered at 0 is the unique minimizer (1.2).

In section we present a numerical method for problem . We also apply
this method to the original problem . Indeed, the theoretical knowledge we
have so far on problem raises to natural questions. Is it always the case
(i.e. for any value of a € (0,n)) that there is no minimizer for m big enough?
Is there a set of parameters n, & and m, such that there exists a minimizer that
is different from a ball? Our numerical results indicate that in dimension 2, the
answers are positive and negative respectively.



2 Existence of a minimizer in (1.2))

In this section, we prove the following easy proposition:

Proposition 2.1. As long as A > 0, problem (1.2) admits a minimizer for any
mass m > 0.

Notation. We denote by B the unit ball of R™, and by B[m] the ball of volume
m centered at 0.

Proof. Let (Fj) be a minimizing sequence for the variational problem ((1.2). By
replacing Ej with the ball B[m] if necessary, we can assume

EapA(Er) < Eqpa(Blm]), forallkeNN. (2.1)

Set g(z) = Alz|”. As g(z) | ‘H ~+00, we can take a sequence of positive radius
x| —+oo

(Ry)ren and a sequence of positive constants (A4;);en such that A; jjo +o0 and

for all x ¢ Bg;, g(x) > A;. For any j € N, the sequence (Ey N Bg,)ken is a
sequence of uniformly bounded borel sets, with uniformly bounded perimeters.
Indeed, the inequalities P(Ey N Bg,) < P(Ey), P < £4,5,4 and together
give P(Ek N BR,-) < 5a,5,A(B[m]) for all k.

Therefore we can extract a L'-converging subsequence of (Ej N B R, )keN-
Doing that for all j € N and using a diagonal argument, we get a subsequence
of (Ex)ren that converges locally in L' to a borel set E C R™. Using the lower
semi-continuity of the perimeter and Fatou’s lemma in V,(Ey) and Ug 4(Ey),
we get that

Ea,ﬂ,A(E) § hknigo}f 604,B,A(Ek)- (22)

Now we show that |E| = m. By Fatou’s lemma, from |E;| = m, we get
|E| < m. Also, for any j € N, from the inequalities Us A (Ex \ Br,;) < Up a(Ey),
Upa < Eqp,a and (2.1) we get

UQ’A(Ek \ BR].) < 504757,4(3[7%]). (2.3)
But
U AP\ Br) = [ 9N 4|\ B | (2.4)

Thus (2.3) and (2.4) together give

B B | = B0 B | > — 22400

Aj

Taking the limit k¥ — oo, then j — co, we obtain

Ea,8.4B[m]
J

Thus |E| = m. With (2.2), it means that F is a minimizer of the variational

problem (|1.2)). O

’EOBR].IZm— then |E| > m.

)



Remark 2.2. It is clear from the proof that proposition [2.1]is true if we replace
the potential A |a:|6 by any L; . non-negative function g such that g(x) — +o0.
—+o0

loc
||

3 Extension of some known results

In this section we recall two known results about the variational problem ,
and extend it to , recalling only the techniques used in [6]. The first result
state that if the mass m is small enough, then problem admits a unique
(up to translation) minimizer, namely the ball of volume m. The same holds
for problem (|1.2)):

Proposition 3.1. Given o € (0,n), 8 > 0, A > 0, there exists a constant
mo(n,a, B, A) > 0 such that for any m € (0,mg), problem (L.2)) admits the ball
of volume m centered at 0 as its unique minimizer.

It is a direct consequence of the same theorem for problem (see [6]
theorem 1.3]), as balls centered at 0 are also volume-constrained minimizers of
Us,a. This last fact is a consequence of Riesz inequality regarding symmetric
decreasing rearrangements (see [10] for rearrangement inequalities). Note that
proposition is true if we replace the potential A |x|’6 with a symmetric non-
decreasing function g.

The second result deals with local minimality of balls.

Terminology 3.2. We say that £ C R™ is a L'-local minimizer in if there
exists € > 0 such that for any set F' C R™ such that |F| = |E| and |[EAF| < €,
a,p,A(E) < Eap.a(F).

In the case of problem (L.1)), we know from [6] theorem 1.5] that there exists
a m, > 0 such that if m < m.,, then B[m] is a L!-local minimizer in , and
if m > m, then B[m] is not a L'-local minimizer in . As stated in the next
theorem, the addition of the Ug 4 term may modify this situation, but we can
still apply the techniques used in [6] to get a similar result.

Proposition 3.3. Given o € (0,n), 8 >0 and A > 0,

(i) if a > B, then there exists a mass my(n,a, 5, A) > 0 such that if m < m.,
then Blm] is a L'-local minimizer in ([1.2), and if m > m. then B[m] is
not a L'-local minimizer in (1.2)),

(i1) if @ = B, then either the same holds, or (if « > 1 and A is small enough)
B[m] is a L*-local minimizer in (L.2)) for any m > 0,

(iii) if @« < B and B > 1, then there exists a mass m(n,a, B, A) > 0 such that
if m > m, then B[m] is a L'-local minimizer in (1.2)),

(v) if a« < B and B < 1, then there exists a mass my(n,a, 3, A) > 0 such that
if m > m, then B[m] is not a L'-local minimizer in (1.2),

(v) if « < B and B = 1, then the conclusion of either or holds
(depending on the value of A).



Remark 3.4. The conclusions in points and are less precise than
in points [(1)| and

Ideas of the proof. The method used in [6] still applies to our functional £, 5. 4 =
P+V,+Ug 4. Given m > 0, let us procede to a rescaling of the functional and
set

1/n
m
' (|B|> and  Eapay =P+ Vo + 91U 4,

so that for any set E of volume m, the set E* = %E has volume |B| and

SQ,B,A(E) = ’Ynilga,ﬁ,A,fy(E*)-

Thus we are reduced to finding the v > 0 such that the unit ball B is a local
minimizer of £, g 4.~

Following [6], section 6] we can compute the second variation of £, 5.4 4 at
B. The terms P and V, are treated in [6] and the term U 4 adds no further
difficulty. We find that given any smooth compactly supported vector field X,
such that the volume of B is preserved under the flow (®;¥);~¢ of X, we have:

a _ o A
525(115’&7(3)[)(] - Z()‘k_/\l) (1 _W1+au + 1+57ﬁ

ap(X-vp)?,
& A — N Y )\k_)q) k( B)

where

2

0%Ea.p.44(B)X] = §z[€a,8.44 (27 (B))]i=0:

vp is the unit outer normal vector to 9B,

a (X -vp) are the coefficient of the function X -vp : 9B — R with respect
to an othonormal basis of spherical harmonics,

Ax = k(n+k—2) is the k-th eigen value of the laplacian on the sphere 0B,

py is the k-th eigen value of the operator R, defined by

Reou(z) =2 /6 Md?—l”’l(y), Vu € C*(0B).

n—ao
B |z —yl
From there we deduce that, defining

a _ o A
Se=fy>0:1- el Tl s AP g0y (3
A — M e — A1

if v ¢ S, then there exists a vector field X such that
|¢;§X(B)| =|B| and &up.a~(¢5(B)) < Eapa~(B) fortsmall enough.

Thus B is not a L'-local minimizer of &, 5.4~ if 7 & S..



Now let us set

(03 (o7
S, ={y>0:1—t+elk — +71+ﬁi > 0,Vk > 2}. (3.2)
Ak — A1 Ak — A1
We assume v € 5* and explain how to show that B is a L!'-local minimizer
of £4,3,4,4- First, we note that it is true in a certain class of nearly spherical
sets. More precisely, let E be a nearly spherical set associated to a C'' function
u: 0B — R:

E:={s(1+u(z))z, x€9IB, 0<s<1}
Assume that |E| = |B| and [, |x|ﬁ72 zdz = 0. Then using some explicit
computations and taylor expansions, we can show that there exist some con-

stants €(n,a,3,A4,7) > 0 and C(n,a,,A,7) > 0 such that if ||ullcisp) <
6(”7 a7 ﬁ? A7 ’y)? then

Ea,p,a4(E) = Eapan(B) = Cn, o, B,A,7) (||U||2L2(83) + ||V(U)||2L2(33)) :
(3.3)
Next we argue by contradiction and assume that we have a sequence of borel
sets (Ey) such that for any k, |Ex| = |B|, €a8,4~(Ek) < Ea,p,4,~(Blm]) and
|ExAB| k:; 0. We consider a set F}, solution of the penalized problem:

inf{ga’B,A,Y(E) + M|EAE|,E C R"},

with M > 0 to be taken large enough. The role of the set Fj; is to be "close to
E.", and to be a A-minimizer in the sense that

P(F,) < P(E)+ A|EAFy|, for any borel set E.

Thus we show that Fj is a A-minmizer for some A uniform in k, and that
|F,AB| k—> 0, which implies by classical regularity theory that Fj, is an almost
—00

spherical set. Up to translating and rescaling Fj we can apply inequality (3.3)).
Only simple manipulations are left to get a contradiction.
At this stage we have two sets S, and S, defined by (3.1) and (3.2]), such that

1/n ~ 1/n
if (I%) € S then B[m] is a L'-local minimizer in (1.2)), and if (I%) ¢ S,
then B[m] is not a L'-local minimizer in (1.2)). We are left to study the variations

of the functions

a_ ,« Aﬁ
i ] — 1+a Mg — M1 148 L k>2
7 LA Vs v A v WS
to get the conclusions of the theorem. This is done in appendix [A] O

4 Large volume minimizers for a < (8
4.1 Hausdorff convergence of large volume minimizers for
a<p

Here we prove theorem[L1] i.e. that large volume minimizers of (I.2) are almost
balls if « < . Note that if 8 < 1, we know that large volume minimizers are



not exactly balls. Indeed, in virtue of proposition balls are not even local
minimizers in this case.

The idea behind the proof is that if a < (3, then for a borel set £ C R™
of volume m > 0 with m large, the predominant term in €, g 4(E) is U a(E).
This can be seen by rescaling:

Eapa(E)=7""1 (P(E) + 4V (B*) + 9" Us a(B)), (4.1)

1
where we have set v := (%) " and E* := %E As the unique volume con-

strained minimizer of Us 4 is the ball B[m], this implies that if E is a minimizer
of £,.5,4 at mass m for m large, Us 4(E) must be close to U 4(B[m]). This in
turn will imply that E is close to B[m]. Note that according to the rescaling

(4.1)), proving theorem is equivalent to proving that if (E),>¢ is a family
of borel sets such that |E,| = |B|, and each set E, is a volume-constrained
minimizer of the functional

Eapay =P+ v Vo + 41U 4, (4.2)

then the boundaries of the sets (E,) Hausdorff-converge to the boundary of
the unit ball B as v — +o0o. First we will show the following convergence in
measure:

Lemma 4.1. We have
|ELAB| — 0.
y—00

We will need the following stability lemma for the potential energy Ug 4.

Lemma 4.2. For any borel set E C R™ of volume |B|, we have

Ap
8P(B)

Up,a(E) —Up a(B) = |EABJ?.

Proof. Let E C R™ be a borel set of volume |B|. Define r; > 0 and 7 > 0 to
be such that [{z e R":r; <|z| <1} = {fz e R": 1 < |z| <ry}| = |E\ B| =

1 1
|B\ E|. Explicitely, r; = (1 - n%) " and ry = (1 + n‘g(\lgl) ". We then

have

Us a(E) — Us a(B) = A\x|de—/ Azl da
E\B B\E

2/ A|:v|ﬂdx—/ Alz|® dz
{zeR™: 1<|z|<r2} {zeR™: r1 <|z|<1}



(for # — |z|” is symmetric non-decreasing),

T2 1
= AP(B) </ rPrrldr — / Tﬁrnldr>
1 1

_ AP(B) (T;wﬁ _1_ (1 _ ,],.;lJrﬁ))

n+f
_AP(B) B\ B|\ "
BEE: ((””P(B)) !

_ ( (s wg@))) | @3

Now, setting A := % and f(r) := ((1 +r)t =1 (1 —(1- r)’\>), we have

/) =AM =1 (A +r* 24+ (1 -r)*"2) = X(A=1). As f/(0) = f(0) =0,

we get f(r) > A\ — 1)%, which yields the result with (4.3)). O
Lemma [£.1] is then easily deduced from lemma [£.2]:

Proof of lemma[{.1, We have

YU A(E,) < Eapaq(Ey)
< &a,p,4(B)
= P(B) + 4"V (B) + 7' "PUg a(B),

Us,a(Ey) —Us a(B) < 71%5 (P(B) ++"**Va(B)).

This implies U a(E~) —Up a(B) — 0, which concludes the proof thanks to

y—>0o0

Lemma [£.2] O
We are now in position to prove theorem

Proof of theorem[I.1l Step one. We show that given R > 1, for v large enough
we have F, C Bpg.
Given R > 1, set F = p(E,N Bg), with x> 0 such that |F| = |B|, ie
1

1
_ [EA | L 1 " _ |Ey\Br|
W= (‘EwﬂBR‘ = |1=3 ) , where u = BT We have

Eap,an(F) = p" " P(Ey N Br) + p" 4 "V, (E, N Bg)
+ u" B BYs A(E., N Bg)
< W€, p,4,4(By 0 B). (4.4)

Take n > 0 to be chosen later, and then ¢ > 0 such that for all v € [0,¢),

n+B

()

<1+ (# + 77) v. According to Lemma if v has been taken



large enough, we can assume that u < ¢, and so u”*ﬁ <1+ # +n ) u. Then

using P(E,NBR) < P(E,), Vo(E, N Bg) < V. (E,) and Us 4(E.) —Us 4(E,N
BR) Z A|.E.y \BR|R*3, we find

_|_
5a7ﬁ,A7'y(F) < (1 + <ﬁ + 77) ) 8a,ﬂ,A,'y(E'y N BR)

n+pf
< 5Q,B’AW(EW) _,yl-i-BA|E,y \ BR| R? + ( - —|—77) Uy B,A ’7(E )
+
= Ea,p,4(Ey) + <<n i >€aﬁ,An(Ev) —'*PARP |B> u

< Eapan(Ey) + ((n i ﬂ > Eap.an(B) =y TPAR? IBI) u
(4.5)

But as 7 — oo,
Eapan(B) =7 U, A( ) +o(y'*7)

ALF8 1+8
A5 P(B) +0(y™)

1B A B| + o(y'9).
+ﬁ|| o(y" )

So with (4.5)),

n
Eapao(F) < EapanBr) + (7PAIBI U+ o= B) 4 o149) )

Recall that R > 1, so that if  has been taken small enough, we get that for
large enough, £ 8,4,+(F) < Ea.5,4,~(E,), with equality if and only if u=0, i.e.
E,y C Bp.

Step two. We show that given ¢ > 0, for v large enough we have B1_; C E,.
This is done by taking some mass of E, outside a certain ball Br and putting
it in £, N B, for a well chosen r. In the proof we use lemma @ below to show
that the perimeter decreases under such a transformation for a well chosen

€ (1 —6,1). On the other hand, the increase of V, is compensated by the
decrease of Us 4 if v has been taken large enough.

Let us set F' = B\ E, and ¢ = §/2. From lemma [4.1] we know that that if
has been taken large enough we have |F| < |B| (% ) Thus we can apply lemma
[4.4 below with ro =1 —¢, to get ar € (1 — 8,1 — €) such that

P(F,B,) >H" Y (FnoB,). (4.6)

As |E,| = |B|, we have |E, \ B| = |B\ E,| > |B, \ E,|, so there exists R > 1
such that |E, \ Bg| = |B; \ E,|. Now let us set

E! = (E,NBg)UB,,



and compare &, g a~(E,) and €, 5 a(E,). Using classical formulae for the
perimeter of the union or the intersection of a set with a ball (see [8, remark
2.14]), we have

P(E.) =H""'(E,N0Bg) + P(E,,B," N Br) + H" ' (ES N 0B,),
P(E,) = P(E,, B%) + P(E,, B, N Bg) + P(E,, B,),
so that
P(E.) — P(E,) =H"""(E,N8Bg) — P(E,, Bf)
+H"N(ESNOB,) — P(E,B,). (4.7)

From the classical inequality P(E, N Bg) < P(E,), we get that H"~'(E, N
0BRr) < P(E,, Bg), so (4.7) gives

P(E.) - P(Ey) <H" Y (ESN8B,) — P(E,,B,).
But
H'NESNOB,) =H" N(ESNBNIB,) =H""'((B\ E,)N0B,),

and
P(EWFT) = P(E%E) = P(Ef/ n BvE) = P(B\E77E),
So, recalling that F' = B\ E,, we obtain
P(E.) — P(E,) <H" Y (FNOB,) — P(F,B,)
<H"Y(FNoB,)— P(F,B,),

so by the choice of r,
P(E]) < P(E,). (4.8)

Now we estimate the variation of V,. Let us define the non-local potential:

o dx
P%(z) = /E P

With this notation, we have

V(B ~vulBy) = [ o [ g,

— a a a e}

’
Y Y ¥ il

[ e[ e[ e[ e
EN\E, 7 JE\E, 7 JE\E, E\E

<4 sup [@F]w |E,\ B
|F|=|B|

10



So using the simple lemma
Va(E) = Va(By) < C(n, ) |, \ Bil. (49)

As for Ug, 4, we have

uﬂ,A(E;)—ug,A(Ev)z/ A|x|ﬂdx—/ Azl da
BT\E’Y E’Y\BR

< / ArPdx — / ARPdx
B \E, E,\Bgr

< / A(l —e)Pdx — / Adz
B, \E, BE,\Bg

= A((1-¢"|B.\ Ey| - |E, \ Bgl)
—A((1-9f —1)|E,\B.

This last estimate with (4.8)) and (4.9) gives

gaﬁAry(E'/y) —&apan(Ey) < (,y1+ac(n’a) + ’YlJrﬁA ((1 - G)B - 1)) |Ey\ Brl.

As [, is a minimizer, we have £ 5,4+ (E)) —Ea,,4~(E5) > 0, so for @ < 3 and

~ large enough (depending only of n, «, 8, A, §), this last inequality implies
|B,\ E,| =0, ie B,CE,.

This concludes Step two.
The theorem is just Step one and Step two together. O

Remark 4.3. With this proof, we see that the result of theorem is also valid
for any a € (0,n) and 8 > 0 if, instead of letting the mass m go to o0, we let
1

the quantity Ay?~% go to +oo (with v = (I%I) H).

Lemma 4.4. Given F' C R™ a set of finite perimeter, ro > 0, and € > 0, assume
that
€ n
FI<1BI(5) - (4.10)

Then there exists r € (rg — €,79) such that,
P(F,B,) > H"Y(FNaB,). (4.11)
Proof. We argue by contradiction and assume that holds, and
Vr € (ro —€,70), P(F,B,) < H" Y(FNdB,).
Adding H"~1(F N dB,) to both sides, this is equivalent to

P(FNB,) <2H" Y (FNOB,).

11



Using the isoperimetric inequality we get

(|FmBT|

nT_l n—1
5] > P(B) < 2H" Y(F N 9B,). (4.12)

Now set for r > 0, f(r) = |[F N B,|. We can assume f(r) #£ 0 for all r € (rg —
€,7p) otherwise the lemma is trivially true. We have for almost all r € (0, 00),

f'(r)=H"HFnoB,).
Thus (4.12)) gives for almost all r € (rq — €, 1),

1

P(B)  |B*

n—1 " 2
2n|B| ™

Integrating on the interval (rg — €, 79), we get

1
n

1 1 _€|B
Fro)t = flro - 9F > P2
S0
e|B w
n >
f(’f'o) 9
which contradicts (4.10)). O

4.2 Large volume minimizers = balls for a < § and g > 1

Here we prove theorem i.e. that if we assume in addition that o > 1, then
large volume minimizers are exactly balls. We conjecture that the theorem is
also true when « € (0,1], as long as § > 1. For 8 < 1, it cannot be true as
we know from proposition that for m large the ball B[m] is not even a local
minimizer. Note that in dimension 1, using theorem [1.1] one can perform some
computations to show that the theorem is indeed true under the more general
assumption S > max(1, a).
The proof relies heavily on the following simple lemma:

Lemma 4.5. If a > 1, then there exists a constant C(n,a) > 0 such that for
any set E C R™ of volume |E| = |B|, we have
o o dx
|2Ellc1rny < C(n,a), where P(z) = [ ———F.
E |z —yl
This lemma is not true as soon as a < 1, where we just get a-Holder continuity
instead of Lipschitz continuity. We refer to [3] for a proof.

Proof of theorem[I.3 Rescaling the functional as usual, we need to show that
if E C R™ is such that |E| = |B|, and E is a volume-constrained minimizer of

12



Eap,Ay (see (4.2)), then E=B. Let us show that for v > 0 large enough, we
have

YHVL(B) + 4" PUs 4(E) > v TVo(B) + v PUs 4 (B). (4.13)

The theorem will then result from the isoperimetric inequality: P(E) > P(B)
if £ # B. We divide the proof of into two steps. In step one we compare
FE to the subgraph of a function over the sphere, by concentrating the mass of
FE on each half line through the origin. In step two, we show that holds
for subgraphs of sufficiently small functions over the sphere.
Step one. For any x € B, define u(z) € R by the equation

14u(x)
/ r”fldrz/ Lypepr™ tdr. (4.14)
0 R,

Then set
E,={t(1+u(z)), t € [01), z € OB}. (4.15)

We have

1+uz
| B, |—/ / r"tdrdH" ! (2) (4.16)
OB

= / / Tpepr™ tdrdH™ (2) (4.17)
OB JR;
= |E], (4.18)

thus E, satisfies the volume constraint. Now we estimate the variation of Ug 4.
From theorem we know that, taking -y large enough, we can assume B, C E.
Thus we have

Us a(Ey) —Up a(E) = / A|x|5d:z:f/ Alz|’ da
E\B%

L,

Arfr =t (z)
u(@)

/ meEArﬁr"_ldH"_l(x)

2

Arﬂr"_ldr—/ ArPrn=tdr | dH" 1 (2),
(% u(w)) Eq

(4.19)

where we have set 1
EI::{Tzi:m:GE}.

Here we need a simple lemma from optimal transportation on the real line.

13



Lemma 4.6. Given a measurable set S C (1/2,00) such that [¢r" 'dr < oo,

let u > 0 be such that
/ P ldr = / P Ldr.
S (%,u)

Then there exists a measurable map T : (1/2,u) — (1/2,00) such that
e = T# (L 20" dr),

i.e. for any non-negative measurable function f,

r)r" e = r))rt .
[ st /(lm)f(T( )rid

What is more we have
Vre (1/2,u), T(r) > r.

The existence of the map T is a consequence of the existence of an optimal
transport map for non-atomic probability measures on the real line. For each
x € 0B, we apply this lemma to S = E,, to get a corresponding map T,. Then

(4.19) becomes

Up,a(Ey) —Up a(E) = /63 (/( o (Ar? — AT, (r)?) r"ldr> A" ().

(4.20)
Now let us compute the variation of the Riesz energy V, in a similar fashion :

vaE) - Va(B) = [ o3, - [ g

u

— [ apv [ op- [ag - [
B, E E E

u

:/ (D% + %) — /(@a +02)

/(93/1/2u(3:)) (I)a +¢E>(rm)
%, + Y (T (r)z)] r" tdrdH™ Hz).  (4.21)

To estimate (4.20)) and , we use the two following inequalities:

v$€8B,VSZ7’>%, rf— s <—C(B)|r— s,

(@5, + P5)(rz) — (D, + ) (sz) < C(n, @) |r — 5|,
where the second inequality comes from lemma With these and (4.20) and
[21), we get

('YlJrava (Eu) + 'YlJrBuﬁ,A(Eu)) - (71+ava(E) + 71+BMB,A(E))

< / / (Y C(n,a) — Y AC(B)) [ — To(r)| "~ Ldrd ™ (z).
OB J(1/2,u(z

14



From this inequality we get that if v is large enough (depending only on n, «,
B, A), then

YTVUEY) + Y PUs A(Ey) < ATV (B) + 4 PUs A(E). (4.22)
Step two. We show that there exists € = e(n,a, 8, A) > 0, such that for any ~
large enough, if ||u| =By < €, then

YTV (B) + Y PUs A(B) < AV (By) + 4 PUs A(E). (4.23)

Remark that by theorem the condition ||ul|z~sp) < € is satisfied if v has
been taken large enough. The inequality (4.23)) will result from this computa-
tional lemma, whose proof is postponed :

Lemma 4.7. Given a measurable function u : 0B — R with |lu||p~@p) < 1,
set fort >0
E;:={s(1+tu(x))z, x € 0B, s€[0,1)}.

Assume that |Ey| = |B|. Then for t small enough, depending only on the di-
mension n, we have

t2
Us,a(Ex) = Us.a(B) + ABS [ullfeom) — Cn B fulRaomys  (4.24)
and
t2 2 2
Va(B) 2 Va(B) = 5 (e = aln+ @) |ul}s0m)
—Co)* (e + Va(B)lluleop ), (425)
where )
e = [ MO g e )
2 aBxaB |T — Y|

Indeed for @ > 1, we have

ul2 2(|u()|” + [uly)])
ufize < /C’)BXOB |z —y[" "

2
:4/8 |'LL((E)| adanl(x)danfl(y)

BxoB |z —y|"”
-/ ([ m) ju(a) 2 4 2
= C(n,a) /QB lu(z)]? dH" " (z)

= C(naa)HUHQH(aB)v

so that (4.25) gives

" (@)am = (y)

t2
Va(Er) 2 Va(B) = 5 C(n, ) |[ullf2(0m) = C(n, )t ull T2 om).

15



This implies that for ¢ small enough, depending only on n and «, we have
Va(Bi) 2 Va(B) — £C(n, a)|[ul3 (05

Likewise, we get from (4.24) that for ¢ small enough, depending only on n,
and A, we have

Us, A(Er) > U a(B) + 2C(n, B, A)llul 720 p)-
These last two inequalities imply that there exists e = e(n, o, 3, A) > 0, such
that if [Jul| LBy < €, then
Y HVa(B) + 7 PUs a(B) <4 Vo (By) + 7 Us, a(Eu)
+ (v Cm, 00 8, AlulEom) =7 C 00 8, Al o) ) -

which in turn implies (4.23)) for + large enough.

The estimate (4.13) is now a consequence of (4.22)) and (4.23]). The theorem
results from (4.13) and the isoperimetric inequality. O

Proof of lemma[{.7. The proof of is given in [6 equation (5.20)], under
the hypothesis |lullc1(9p) < 1 instead of [[ul|z~@p) < 1. However it is clear
from the proof that it holds also for ||ul[z~@sp) < 1 only. (The reason why it
was stated with the stronger hypothesis |[ul/c1(9p) < 1 is because it is needed
to get the corresponding estimate for the perimeter.)

Let us prove . Using spherical coordinates, we can compute

1+tu(x)
Up a(Ey) :/ / A\rx|5 " drdH" 1 (2)
OB JO

1
_ / / A(L+ tu()) o551 a1 ()
oB JO

n+p
= / A&d’}{”_l.
B n+

Setting h(t) := [y5(1 + tu)" PdH""!, we then have Us A(Ey) — Up a(B) =
ﬁ(h(t) — h(0)). Let us proceed to a Taylor expansion of h. We have

2 3
(L+tw)"™ 7 > 14 (n+ B)tu+ (n+ ) (n+ 5 — 1) (m;) - C(n,p) “Z,) ,
So

! n—1 (tw)? 01 3 3 1n—1

n_’_ﬁ(h(t)fh(O))Z/aBtudH +(n+ﬂ—1)[)BTdH — C(n, )t /aBUdH

e (tu)®
2 /83 tudH" "+ (n+ 8- 1) /aB dnt - C(n,(ﬁ)t3)||u||2L2(aB).
4.26
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Now we use the volume constraint |E;| = |B| to estimate [tu. The volume
constraint can be expressed as

/(1+tu)”dw*1:/ LdH" 1,
OB OB

and so

/ tudH" = / (tu 1 (14 tu)™ — 1)) dH" !
dB dB n

- ké % (Z) /8 B(tu)de”_l

n—1
- 2

(tu)?dH" " = C(n)t[ul L2 o (4.27)
OB

This with (4.26]) gives (4.24)). O

5 Numerical minimization

In this section we present our method and results for the numerical minimization
of the variational problem , the constant A > 0 being potentially 0. In
particular we apply this method with A = 0 to give a numerical answer to the
two questions raised at the end of the introduction.

5.1 Method of the numerical minimization

We present a series of three modifications of the variational problem ((1.2]) to
arrive at a finite dimensional variational problem that can be easily numerically
solved. All steps are justified by a I'-convergence and compactness result. We
refer to [4] for definition and properties of I'-convergence.

Step one is standard when dealing with the perimeter. We use the classical
Modica-Mortola theorem to relax the functional on sets, i.e. charateristic func-
tions, into a functional on functions taking values in [0, 1]. This allows us to use
the vector space structure of functions and, after disctretization (step three),
usual optimization tools for functionals on R<.

Step two is the key step for dealing with the non-local term V,. We replace
the ambient space R™ with a large square with periodic boundary conditions,
whose size is a new relaxation parameter. Then we can approximate the non-
local term V, by a simple expression in Fourier variable.

In step three, we discretize the problem by considering only trigonometric
functions with frequencies lower than some integer IV, and by computing the
integral terms with riemann sums.

Terminology 5.1. We say that a family of functionals (F¢)eso defined on a
metric space X enjoys property (C) (for compactness) if for any family (uc)eso
of elements of X such that (F.(uc))eso is bounded, there is a subsequence of
(te)e>o that converges in X.
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If a family of functionals (F¢).~¢ enjoys property (C) and I'-converges to a limit
functional F when € goes to 0, then we know that for € small enough, minimizers
of F, are close to minimizers of F. Let us now describe and justify each step
precisely.

Step one. We use the classical Modica-Mortola theorem to replace this prob-
lem on subsets of R™, i.e. functions taking only values 0 or 1, with a problem
on functions taking any value between 0 and 1. More precisely, given a (large)
smooth open bounded set 2 and a (small) € > 0, we define the set X, and the
functionals F, : X — R and F: X — R by

X :={ue LY(,[0,1]): /u:m},

€ fon IVl + L [0, W(u) + Valu) + A [, u(z) |z da
ifuc H' R",

Py = ST G.1)
otherwise,

P({u=1}) + Va(u) + A [o, u(z) |z|” dz
if v only takes Values 0 and 1

Fu) = ’ 5.2
w=q"" 62)
otherwise,
where we have used the natural notation Vo (u) = [, pn l“(x ‘“n Ldzdy, and W

is the following double well potential on [0,1]: W(z) = 2(1 —z). Then from the
Modica-Mortola theorem and the fact that the two last terms of the functionals
Fe and F are continuous on X, we have

Fe LO> F, and (F¢) enjoys property (C).
e—

Note that considering functions on a bounded open set 2 is not restrictive
provided that € is large enough, as minimizers of are necessarily bounded.

Step two. We wish to reduce the domain to a (large) square with periodic
boundary conditions, i.e. a torus. Indeed, the non-local repulsive term has a
simple expression in Fourier variable :

C(n, )
Valu) = G [ el ae (53)
(2m)"
with 4 the Fourier transform of u and C(n,a) := %, and I' the usual
gamma function. This can be seen by noting that V,(u) = [uZ,(u) with Z,(u)

the Riesz potential of u, and using the Fourier expressmn of the Rlesz potential
(see [I3] Part V]). Thus we will approximate V, (u) by

Vo1 (1) := % Z

kezn\{0}

2k |
1 lerr(u)?, (5.4)
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where ¢ r(u) = f[—T/Q:T/Q]" u(m)eiziTkm dz is the k-th Fourier coefficient of
u on [=T/2;T/2|", for some (large) T' > 0. More precisely, let us define the
functional F.r: X — R by

e [IVul> + L [W(u) + Var(u) + A [ u(z)|z|’ de
if ue HY(R"),

Fer(u) =
=4
otherwise.
Then we have
Fer TL()) Fe, and (Fer)r>o enjoys property (C). (5.5)
N

We omit the proof of ([5.5)), as it presents no major difficulty. It relies mostly on
convergence of Riemann sums. However, we emphasize the following remark:

Remark 5.2. For property (C) to be valid, it is necessary to assume that all
functions are supported in a given bounded set  (see section for further
comments).

Step three. As the final step, we discretize the variational problem. Let us
first extend F 7 to the functions u € H'([-T/2;T/2]") that are not supported
in Q by setting F.r(u) = +oo in this case. For N € 2N large, instead of
considering the whole space H'([—T/2;T/2]"), we only consider the space

Ey={ue VeCt(e%k'aj)ke{ngrl,u.,%}” :
N

) N. .., .
vj€{75+1775} ,u(]T/N)G[O,l],

u(jJT/N)=0 if jT/N ¢Q, and /u =m}. (5.6)
For u € FEy, we set

Wy (u) = (T/N)" > W(u(jT/N)),
jeE{—N/2+1,...,N/2}n

and

Us,an(u) = A(T/N)" > u(jT/N))|5T/N|”.
je{—N/2+1,....N/2}"

Then we define the functional 7, 7 n : HY([-T/2;T/2]") — R by

ef \Vu|2 + %WN(U) +Var(u) +Us an
if we EN,
“+o0

otherwise.

fe,T,N(u) =
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We have in the sense of the weak H' topology,
Fer.N %) Fer and (F. 7 n) enjoys property (C). (5.7)
— 00

In the proof of (5.7, we will use the following technical lemma, which shows
that a triogonometric function whose frequencies are lower than N is well rep-
resented by its values on a grid with step size 1/N.

Lemma 5.3. Let (uyn) be a converging sequence in L%([0;1]™), such that for
every N > 0, uy € En. Then for any bounded uniformly continuous functions

¢ :R— R and:[0,1]" = R, we have

LS w(elunG) - [ @)y (x)dz| — 0.

N™ . N—00
jeLzrno;1)n [051]™

Proof of (B.7). First we prove property (C). Given a sequence (uy) such that
for any N, uy € En, and (F¢r n(un)) is bounded, it is easy to show that
(un) converges weakly to a function u € H*([—T/2;T/2]"), such that [u = m.
We are left to show that u takes its values in the interval [0,1]. But this
is a consequence of lemma applied to a sequence of functions (¢;) that
converges from above to the indicator function of [0,1], and ¢ = 1. As for the
I'-convergence, the only problematic terms are Wy (u) and Us 4, n(u). They can
also be taken care of with lemma [B.3 O

5.2 Numerical results

In dimension n = 3 and for a = 2, R. Choksi and M. Peletier conjectured the
following (see [5, Conjecture 6.1]):

Conjecture 5.4. As long as there is a minimizer in (1.1), it is o ball. Also,
when there is no minimizer, the infimum of the energy is attained by a finite
number of balls of the same volume, infinitely far away from each other.

In any dimension n > 2, for a close enough to n, this is mostly a theorem
of M. Bonacini and R. Cristoferi (see [3, Theorem 2.12]). Our numerical results
suggest that in dimension 2, the conjecture holds for any a € (0,2) (i.e. the
hole admissible range). Note that if the conjecture holds, we can compute
explicitely the mass mj(n,a) > 0 such that there is a minimizer in if and
only if m < m;. Indeed, given m > 0, let us set

f(m) = P(B[m]) + Vo (B[m]).

Then define m; as the unique solution of
m

RI(G) = (kDI
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Note that kf(%) is the energy of &k balls of volume m/k, infinitely far away from
each other. Using the homogeneity of P and V, we find that

(k+1)7 — kv P(B) >+ (5.8)

e = |51 ((k)i — (k1) 7 Va(B)

We also set my = 0. The sequence (my) is increasing. Then an equivalent
formulation of conjecture [5.4] is:

Conjecture 5.5. In dimension n =2, if m € [my_1,my],
m

pealfyon POE Vo) =BT

In particular, as long as there is a minimizer in (1.1), it is a ball. When there
is mo minimizer, in some sense an optimal set is given by k balls of the same
volume infinitely far from each other.

To get minimizers of (|1.1)) for different volume constraint, we set the volume
constraint to 1 and add a constant c,, to the term V,. Indeed, minimizing

EcRI"I}\fE|:1 P(E)+ cnVa(E)

is equivalent to minimizing (1.1]) provided

1+

Cm=m . (5.9)

The choice of T is made so that, if Ilgm is the discretization of the ball of
volume 1 with side step T'/N, we have

Vor(131)) — Va(B[1])
Va(B[1])

< 1%.

Meanwhile, given the number of discretization points N = 21, we can’t increase
T too much, otherwise the discretization of candidate minimizers is less and less
precise.

For instance, for « = 1 and n = 2, we have

5. Yar(I5)—Va(B1)
e for T' = 5m: L vf(B[l]) ~ (.08,

o for T = 107 YerGa)ValBID 0,

_ . Yor(I3)=Va(B[1])
e for T = 20m: L Vf(B[l]) ~ 0.01.

These numerical estimates lead us to chose T' = 207w. See appendix [B| for the
method used to compute V,(B[1]).
We display the results obtained for a = 1, and ¢,, = 1.5,1.6 in figure [2|
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0,00 0,143 0,286 0429 0571 0,714 0,857 1,00 0,00 0,143 0,286 0429 0,571 0,714 0,857 1,00

(a) em =15 (b) ecm =1.6

Figure 1: a =1, A =0, Q is a square.

Here the box €2 in which all functions are supported (see subsection [5.1)) has
been chosen to be a square of diagonal length 7 (and is represented by white
lines). We emphasize that this box is needed to get the right minimizers, both
theoretically and numerically. Theoretically, the condition that functions are
supported in a fixed bounded set is needed for the compactness property (C)
(again see subsection to be satisfied, both in step one and in step two, as
we let the size of the domain T' go to infinity. Numerically, without this box,
for ¢, = 1.5, simulations yield two balls (instead of one as shown on figure
that get further and further away from each other as T increases. But
this configuration does not converge to an admissible candidate, so it definitely
doesn’t converge to a minimizer.

We observe that for ¢,, = 1.6, we get two balls in opposite corners of the
square €): it is consistent with the expected repulsive behaviour of the non-local
term V,,. Moreover, using and , we find that, if conjecture is true,
there must be a minimizer up to ¢, ~ 1.67. Numerically, we find that there is
a minimizer up to a constant ¢,, € (1.5,1.6), which is relatively close to 1.67.
We also observe similar results for different values of «, including in the near
field-dominated regime a < 1.

For Q a disk of diameter =, if one increases further c,,, we get three balls
located near the boundary of €2, as shown in figure for ¢, = 3.0. This is
consistent with the conjecture that the energy is minimized by balls of the same
volume. To illustrate the effect of the confining potential, we display in figure
[2B] the minimizer for ¢,, = 3.0, A =1 and § = 16.

Finally, let us mention that the number of discretization points is N = 2!
in each direction. Numerical minimization is made using the solver IPOPT [14].
The computation time on a standard computer is about an hour.
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0,00 0,143 0,286 0429 0571 0,714 0,857 1,00 0,00 0,143 0,286 0429 0,571 0,714 0,857 1,00

(a) A=0 (b) A=1

Figure 2: a =1, ¢, = 3.0, 8 =16, Q is a disk.

A Appendix: Study of the sets g* and S, from
the proof of proposition

In this appendix, we give explicit forms of the sets S, and S, needed in the
proof of proposition Let us define, for all k£ > 2, a function fi : (0,00) = R
14+ p’% - /’L(ly

by
Ap
=1- Ly
fe(y) y Ak—AlJ” I

Then the sets S, and S, from the proof of proposition are defined by
S, ={Vk>2 fi >0} and S, ={Vk>2, f >0}
As stated in [0 equations (7.4), (7.5) and (7.6)], we have

alter s (%) ( D(kt25%)  T(mge ) .
RGN s o S,
a _ o o= 1T 2 ) 3 ;
YT e (E<—n*§+a) 1 rheemy)  Hac(n, (A
an"T r'(k+’%)7r’<’%)) ooy —
ey (T — Ty ifa=1

Recall also that for any k > 0, A\, = k(n + k — 2). Now let us treat each case
enumerated in proposition [3.3| separately.

Case : a > (. A simple study of the sign of f; shows that each f is
increasing from 0 to a point 7, then decreasing from 7 to +0o. What is more
fx(0) =1 and lim, o, fr = —o0, so each fi has exactly one zero and is positive
left of this zero and negative right of it. At last, for any constant K > 0,
T (y) kjo 1 uniformly in v < K. Putting these facts together shows that the

sets §* and S, have the forms:

Sy =(0,m,) and S, =(0,m,],
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for some critical mass m, > 0 (depending on n, o, 8 and A).
Case : a = (. For any k, f is either decreasing or increasing or constant
(depending on the size of A). If none of them is decreasing, then for any k,

fr = fe(0) =1, s0 B
S =S = (0,400).

Otherwise the same arguments as in case one shows again that
S, =(0,m,) and S, =(0,m,],

for some critical mass m, > 0 (depending on n, o, 8 and A).

Cases|(iii), and[(v): a < B. A simple study of the sign of f; shows that

each fi is decreasing from 0 to a point 7, then increasing from v, to +o00, and

we have: )
1+a o )7
= ———= — . A2
N =) (22)
Another simple computation shows that
l+a \&5 g-al )
: o o Boa(pp —pg)Ee
= =1—(——- . A3
mnfi= 50 =1- (51 5)  Tre 43

We must treat the subcases a > 1, @ = 1 and a < 1 separately.
Subcase one: o > 1. We use the following classical Stirling formula:

r@, T )

Dl + 252)
I'(k+ "*2%) k—so0
With (A.1)), this means that the sequence (uf) is bounded. As A T 00, we
—00
get from (A.3))

to find that
ke,

min fr — 1.
k—o0

Thus there exists an index kg such that

ko ko
Se=({fr >0} and S.=[){fu >0} (A.4)
k=2 k=2

As for any k, lim, o, f, = +00, we get that S, and S, both contain an unbounded
interval, which is what we wanted.

Subcase two: o = 1. We use the classical asymptotics of the digamma function
.
?.
F/
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to find that, according to (A.3)),

min fr, — 1.
k—+oco

We conclude as above.
Subcase three: a < 1. Once again we use the asymptotics

F(k + %) ~ k_l—a
L'k + %) k—o0 ’
to find that " "
g —p)7me (KT dendie (A.5)
>\k — )\1 k—o0 k2 B ' '

If 8 > 1, once again we have

min f, — 1,
k—+oo

and we conclude as above. If 8 < 1, then we have

min f k—)—+>oo —o0 (A.6)

Also, by definition we have

Pir1 — BT 15 AB
fk 1) —1=— Iolkyl L v _.
+1(m) (LD Vi VL VY

As the sequence (pf) is increasing we get

pie =1y s AP
1 () — 1< =yt
fiera () L P VL VY

B Y

= (fe(m) 1))\k+1 -

— —o0. (A7)
k—oo

With (A.6)), this means that

[Vies Y1) € (Sw)€ N (Si)C.

What is more, from (A.2), we have v, — 400, so S, and S, are both
k— 400

bounded, which is what we wanted. At last, if 5 = 1 we find using (A.5)
that there exists a constant C,, such that

Co

14+ *
B—a

min f, — 1 —
k— o0

25



For A#~a > C’a, we conclude as in case one. For Aﬁ « < C4, we conclude as

above that S, and S, are both bounded. For AFa < C,, we have to use the
following more precise form of Stirling’s approximation:

r@, 3 (5) arogy

Proceeding to simple asymptotic expansions, we find that for k large enough we
have

min fr > 0.

We conclude as in case one.

B Computation of V,(B[1])

Here we explain how we compute V, (B[1]) numerically, as needed in subsection
to choose the value of T'. In order to compute numerically the improper

integral
dzdy

e =1
BB |z —y|

we add a small term € > 0 to the denominator of the integrand. So we compute
dzdy
B = [ S
BlxB[1] |z —y| +e€

To control the error introduced by the parameter €, we need to estimate the
difference A, := V,(B[1]) — Va,.(B[1]). We have

/ dxdy / dzdy
A == - a5 - W
e =yl e v -y +e
B / edzrdy
sxs [z — > (lr —y[* ™" +¢)
dzdy edzdy
< / Lig—yl<r 2—a +/ Ligmy|>r 2—a 9 4
Bl1 |z =y Bl1xBl1] [z —y[" "
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1
for some 7 > 0. This last bound attains its minimum for » = ((27?6> *. From

_ 5 a
A€<277r 2 (2 a) (ia)z
T a 22—« a T2

A < 4 Ve.

there we deduce

With a =1, we get

Now the proper integral V, .(B[1]) can be expressed in polar coordinates, and
computed with arbitrary precision in the Julia language, using the HCubature
package.
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