AN OPTIMAL DESIGN PROBLEM FOR A CHARGE QUBIT
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ABSTRACT. In this paper we introduce a simple variational model describing the ground state of a superconduct-
ing charge qubit. The model gives rise to a shape optimization problem that aims at maximizing the number
of qubit states at a given gating voltage. We show that for small values of the charge optimal shapes exist and
are C%®-nearly spherical sets. In contrast, we prove that balls are not minimizers for large values of the charge
and conjecture that optimal shapes do not exist, with the energy favoring disjoint collections of sets.
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1. INTRODUCTION

This paper studies the shape optimization problem associated with the energy functional

(1) E(Q) = it (/Q|vu(x)|2d:c+g/g/ﬂ‘dedy : /Qu2(x)dm:1),

for a fixed parameter ¢ > 0 referred to as “charge” from now on, among all measurable sets Q C R? with
prescribed volume. With ¢ = 0, minimizing E,({2) among domains € with a fixed volume is the classical shape
optimization problem for the first Dirichlet eigenvalue of the Laplacian, whose solution is known to be a ball
(see [25] for an overview). The Dirichlet energy, together with a volume constraint on €2, acts as a cohesive term
that forces the perimeter of the set to be minimized. At the same time the second term in the definition of the
energy is the Coulombic repulsive energy for ¢ > 0, favoring separation of charges and domain splitting. Thus
the considered problem falls into a general class of geometric variational problems with competing attractive
and repulsive interactions that received a significant attention recently (for a broad overview, see [14]). It
is the competition of these two interactions that makes the behavior of such problems highly non-trivial and
interesting, and also makes their analysis challenging.
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The choice of the particular energy functional in (1) is motivated by a basic model in quantum mechanics
introduced by Hartree in 1927 [23]. We note that although this model was originally meant to describe the
behavior of electrons in an atom, it suffers from a deficiency due to its lack of accounting for the fermionic
nature of the electrons and in that context was superseded by a more appropriate Hartree-Fock model (see
[32, 30] for a mathematical discussion of these models). Nevertheless, the so-called restricted Hartree equation
fAu+Vu+<u2*%)u:squ in H'(R3;C),
where V' is the external potential, €, is the lowest energy level and “x” denotes a convolution, together with
its associated energy functional naturally re-emerge in the context of superconductors, in which the variable u
stands for the self-consistent ground state wave function of the Cooper pairs in the Bose-Einstein condensate
at zero temperature. Thus, we interpret the energy in (1) as a simple model for the ground state energy of
the Cooper pairs confined to a nanoscale superconducting island 2 that is embedded into an insulator (V =0
in Q and V = +oo in Q°) [4]. The obtained energy is a single-orbital Hartree functional for bosons, with the
total number of condensate particles proportional to ¢ > 0. By the well-known property of the single-orbital
Schrodinger operator, the function « may be chosen to be real-valued and nonnegative [31].

A Cooper pair box, or a charge qubit, is an example of a quantum bit device that uses the charge states
of the Cooper pairs in a superconducting nanoscale island to represent quantum information [13, 6, 40, 27].
Ordinarily, a charge qubit is treated simply as a capacitor, with its quantum state corresponding to the discrete
number of charges on the capacitor. Therefore, the shape of the island enters into the consideration solely
through the value of the island’s capacitance. At the same time, as the island’s dimensions become smaller, as
well as in the presence of a high dielectric constant matrix, an interplay between the kinetic and the potential
energies of the Cooper pairs may become notable, making the dependence of the system’s characteristics on the
island shape less straightforward. A natural question one may then ask is whether one could take advantage of
the superconducting island’s shape to optimize some characteristics of the charge qubit. For example, one may
ask what shape of the island at a given volume would maximize the number of stable charge states at a given
gate voltage (i.e., for a given V =V < 0 fixed in Q), which is equivalent to minimizing the energy in (1) among
all such domains. This is precisely the mathematical problem treated in the present paper.

As it is our interest to optimize E,(€2) with respect to €2, we consider the optimal design problem

_ . . , 20
(2) Qlélﬂg?’ E,(Q) = ng}f{3 uegléf(m{Eq(u,Q) : /Qu dx—l},
[©2]=|Bi| 1Q2|=|Bx|
where
2 2
3 E,(u,Q) = Vu(zx QdI—i—g dedy.
q
Q 2JaJa lz—yl

Notice that due to the scaling properties of the energy functional in (3) any choice of the volume of 2 may be
reduced to that of || = |By| = 37 in (2) by redefining ¢. By the same reason all the physical constants in
the problem may be absorbed in the value of the dimensionless constant ¢, which is thus the only non-trivial
parameter of the model (see Appendix A for details).

Remark 1.1 (The shape optimization viewpoint). From a purely mathematical point of view, problem (2) is
a shape optimization problem in which the functional to be optimized is a nonlocal, nonlinear perturbation of
the first eigenvalue of the Dirichlet Laplacian. The nonlocal nature of the perturbation, even under some very
strong regularity assumptions on the state variable u or the set {2 drastically prevents adapting standard shape
optimization techniques. In particular, to our knowledge no second-order shape derivatives or symmetrization
results are available in the literature for such functionals, implying that even local rigidity of critical points is
in principle a highly nontrivial question.

1.1. Main results and detailed strategy of their proof. The main result of the paper is the following:

Theorem 1.2. For all € > 0 there exists ¢* = ¢q*(¢) > 0 and « € (0,1) such that, for all 0 < q < q*, there
exists an optimal set for problem (2). Furthermore, every optimal set 2 is C*®-nearly spherical, namely, there
is a function ¢.: OBy — R of class C** such that ||p:||c2.« < e and

90 = {(1 +oe(2))za € 8B1}.

Remark 1.3. It is natural to conjecture that for sufficiently small ¢ problem (2) admits a unique minimizer:
the ball. A natural strategy to prove that conjecture would be to develop a quantified second order shape
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derivative of the energy. To our knowledge, no second order shape derivative for such a nonlocal energy is
available at present, and providing one appears to be quite challenging.

The strategy of the proof of Theorem 1.2 is quite involved, hence we offer an outline here. Its overall
structure follows ideas developed in [29, 28, 19, 20, 21, 37, 38] for isoperimetric-type variational problems and
developed later on in [306, 7] for spectral optimization problems (this list is not exhaustive). In our case it can
be summarized, broadly speaking, in three main steps.

(1) Prove existence of an optimal set among equibounded sets.
(2) Prove regularity of the optimal shapes: any minimizer previously found is a nearly spherical set.
(3) Remove the equiboundedness hypothesis.

Point (3) is almost independent and is dealt with in Section 5. It is in fact an improvement of spectral
surgery techniques developed in [35, 36], allowing to reduce to the uniformly bounded setting. The technique
nevertheless works on connected sets, hence its proof relies on some mild regularity that we have to show in the
previous sections.

The core of the proof is contained in points (1) and (2). Their proof, performed in the (quite long) Section 3,
is convoluted. Since its technical details may hide the ideas behind it, we describe it here.

e First we restrict ourselves to considering the problem for equibounded sets, that is, sets uniformly
contained in a large enough ball Br, R > 1. This greatly simplifies the ensuing compactness arguments,
and does not lead to a loss of generality in view of point (3).

e Then we show the existence of a minimizer. In order to do that, we transform the energy E, into a new
equivalent energy E, ps. The related ground state energy is such that the L? constraint on the density
function u is replaced by a Lagrange multiplier!, see formula (12).

e Next we eliminate the volume constraint on the admissible sets: following ideas from [1, 7, 36] we
consider a new energy 2 — Eg ar,,(2) where the volume constraint on 2 is replaced by a Lagrange
multiplier (more precisely we need to use a penalizing piecewise linear function n — f,(|€2]), because of
the different scalings of the addends in E, a7). We are now able to show that a minimizer for Ey s,
exists, and it has finite perimeter. Such a property plays a crucial role later on in the proof.

A major complication arises now: at this stage we are not able to show that the problems of minimizing
E, v under volume constraint and the unconstrained minimization of Ey yr,, are equivalent. To establish
this, we hence need to show some deeper regularity results on the minimizers of the latter energy. To
that end:

e We consider an equivalent free boundary formulation of the problem, where the minimization in 2 is
replaced by the minimization of an energy functional &, ar,(u) for u € H}(Bg). Every optimal Q
happens to be the support of an optimal function for & s .

e We then adapt techniques from the free boundary regularity theory to show that any minimizer of
&g, M,y is Lipschitz continuous and nondegenerate, thus its positivity set is open and satisfies density
estimates from below and above. Note that here a major technical, but crucial, point is rendering all
the implicit constants independent of gq.

e With such a regularity at hand, by exploiting a quantitative version of the Faber—Krahn inequality
we can prove that for ¢ small minimizers of Ey 4, are close to a ball in the L' and in the Hausdorff
distance. This is just enough to show the equivalence of the (minimization of) Ey ar and Eq as .

e Eventually, thanks to the fact that minimizers have finite perimeter, by means of a shape variation
analysis and an improvement of flatness, we show that minimizers are in fact C%“—regular.

Remark 1.4. It is quite natural to suppose that the closeness of minimizers to a ball should directly imply that
the equiboundedness constraint might be removed. This would simplify the above general strategy. Nevertheless
we are not able to do that as all the regularity estimates (in particular the crucial density estimates) do depend
on R, with constants diverging as R — +o0.

The second result of the paper provides some information about the solutions when ¢ is large. We show
that in this regime the ball cannot be optimal and that any optimal set must have diameter at least of order
1/2
q’/“>1.
Theorem 1.5. There exists a universal ¢ > 0 such that if ¢ > G then By is not optimal for problem (2). More
precisely, any minimizer must have diam(Q) > Cq'/?, for a universal constant C > 0.

e will transform the energy two more times, for a total of four (equivalent) energies! This appears quite cumbersome, yet we
are not able to reduce these complications.
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The proof of this result follows by estimating the energy on a suitable union of small balls at very large
mutual distance, as the repulsive term becomes dominant. We expect that this should lead to nonexistence
of minimizers in the ¢ large regime, in view also of the result by Lu and Otto [33] about the closely related
Thomas-Fermi-Dirac-Von Weizsacker energy. The proof of such a conjecture seems quite challenging, though,
due to the lack of a uniform bound with respect to g on the L* norm of w.

Plan of the paper. In Section 2 we show some preliminary results on the nature of the energy E,(-,)
and in particular we study its Euler-Lagrange equation. In doing so we investigate the nonlinear and nonlocal
eigenvalue problem associated to the Euler-Lagrange equation of the energy. Then we recall some notions about
quasi-open sets and the quantitative Faber-Krahn inequality. Section 3 is devoted to the proof of Theorem 1.2
in the equibounded setting (namely Theorem 3.1). More precisely, we introduce a new functional without
the measure constraint, then prove existence of minimizers and their mild regularity properties (using a free
boundary formulation), and finally we show the equivalence with problem (2) in an equibounded setting. In
Section 4, we first show what is the optimality condition at the free boundary and then prove that minimizers
are C?%-nearly spherical, employing free boundary regularity techniques. Section 5 is devoted to a surgery
argument which allows to conclude the proof of Theorem 1.2. Finally, in Section 6 we prove Theorem 1.5
concerning the regime when ¢ is large.

2. PRELIMINARIES

We present here some basic properties of the functionals that will be used in the proofs. Throughout the
paper, we adopt the following notations: for  C R? a bounded open set and u € H{(f2) denoting with % the

usual convolution, we let
1 u?(y)
@) = @) x o = [ Dy,

with v, € I/Vlif (R?) by [18, Theorem 9.9] and Sobolev embedding. We begin by establishing a uniform bound
on vy.

Lemma 2.1. Let T € R3, let Q C R® be a bounded open set, and let ¢ € Hg(2). Then

2
@ (T
[ 2 o < 2llzaio 19l 200

ol —T|

Proof. Up to extending with the value ¢(z) = 0 for z € R\ , we can suppose ¢ € HJ(R3). By Hélder

inequality we obtain
2 .
/90 (2) deH ()
z|

- el e s
o — =l pany
Then we can apply the classical Hardy-Sobolev inequality, see for instance [34, Corollary 2 of Section 2.1.7]
14
H < 2||V(P||L2(R3)7
|- =7 L2(R3)
to obtain the result. g

We recall now that for ¢, : Q@ — R the Coulomb energy denoted by

_ [ [ sanw
D(¢7¢)_/Q a |z—yl e dy

is a well defined positive definite bilinear form, provided D(|¢|, |¢|) < oo [31, Theorem 9.8]. We note that in
the definition of D(-,-) the dependence on 2 is implicit, as it is the domain of the functions ¢, .

2.1. Minimization of E,(u,) in u. Existence of u achieving the infimum in the definition of E4(f2) is an
application of the Direct Method in the Calculus of Variations.

Lemma 2.2. Let Q C R? be a bounded open set and let ¢ > 0. Then the minimization problem

(4) E,(Q) = inf{Eq(v,Q) cve HY(Q), /

v2dr = 1}.
Q

admits a solution with constant sign (nonnegative, without loss of generality).
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Proof. Let (un)n be a minimizing sequence for the energy. As all the addends in the definition of E,(u,2) are
positive, we infer that (u,), is bounded in H}(Q).

Then up to passing to a subsequence, (u,), converges weakly in H}(Q) and strongly in L?(Q) to some
function u € Hg(2). In particular the L?*—convergence implies that ||ur2(q) = 1. By lower semicontinuity
with respect to the weak convergence, we have that

/|Vu|2dx < 1iminf/ |Vu,|? de
n—-+00
and, by Fatou Lemma

(u?, u? // v (@)u(y) dzdy < liminf D(u?,u?).
QxQ |x—y\ n=+00

Hence, the energy is lower semicontinuous

E,(u,Q) < liminf E,(u,, Q),

n—-+oo

and v is a minimizer. The fact that w can be chosen of constant sign follows since
Eq(|u‘> Q) = Eq(uv Q)?
and since |u| is an admissible competitor. O

Remark 2.3. It is not difficult to check that the scale invariant functional

v?(x)v?(y)
Jo V|2 da q Jo Jo = y|y dx dy
[v]Z2 2 ollZ2

EQ(U’Q) = ) v e H(%(Q)a

leads to an equivalent, yet unconstrained, minimization problem

win {£,(0.9) -0 € (@), [

v dr = 1} = min {Eq(v,Q) cv € Hy(Q),v # 0}.
Q

In particular we can always choose an optimal function u € Hg (£2) for the unconstrained problem which satisfies,
a posteriori, the constraint ||ul|zz = 1.

Let us introduce the semilinear operator on H{(£2),

Lg4(u) = —-Au+ q(u2 * ‘—1|)u

One easily shows that Lq , is a positive operator, that is, (Lg,4(v), u) 2 > 0. We say that a number A > 0 is a
(nonlinear) eigenvalue for Lq , if there exists a non-null function v such that

(5) Lg,q(v) = A, / vide =1,
Q
in distributional sense. Such a function is then called an eigenfunction corresponding to .
By means of a first variation, it is possible to check that (as it is observed in [32]) the optimal function u

attaining F,(Q) is a (nonnegative) normalized eigenfunction for the operator Lq , associated to the eigenvalue
Ag = / \Vu|? da + ¢D(u?,u?).
Q

We note that for ¢ € (0,1] and |Q| = |B;| the quantity A, is uniformly bounded from below and above:
(6) Ao(B1) < Ao(Q) < Ag < 2E4(Q) < 2E41(By),

where \o(A) denotes the first eigenvalue of the Dirichlet Laplacian of an open set A C R?, and we used the
Faber-Krahn inequality in the first inequality of (6). Here we are limiting our analysis to the sets satisfying
E,(Q) < E,(B). This is not restrictive since otherwise the ball would be optimal for E,. In other words, the
Euler-Lagrange equation for E4(2) is

(7) Lo .4 (u) = \u, u € HLH Q).

By classical elliptic theory we deduce now a useful uniform bound on the L norm of solutions to (7).
Precisely, we have the following result.
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Lemma 2.4. Let Q C R3 be a bounded open set, let g € (0,1] and let u be a solution of
(8) Lo q(u) = Aqu in Hy(52), / u?dx = 1.

Q

Then u € C>(Q) and, hence, is a classical solution of (7). Furthermore, if \y < M then
l[ullLee @) < C,
for a constant C = C(M, |Q|) > 0 depending only on M and |9].
Proof. Thanks to Lemma 2.1, and by the Young inequality, we deduce that
lvall (@) < 1+ [ VulZs ) < 1+ Aq.

Hence the function

co(x) = Ag = quu(z)
is equibounded in © by a constant depending only on ;. As u solves

Au+ c(z)u =0, in H}(Q),

by [18, Theorem 8.8] we can assert that u € HZ () and by a simple bootstrap argument, u € C*°(2) so that

it is a classical solution of (7). Eventually, by [18, Theorem 8.15] we conclude that
[ull oo ) < C(M, [Q]) [[u]l L2 (@) = C(M, |€2)),
where C(M, |€2]) > 0 is a constant depending only on M and |€2|. O

Corollary 2.5. There ezists qo € (0,1] such that for every q € (0,qo] and every bounded open set Q C R3 with
|2 = | B1| every nonnegative minimizer u of Eq(u, Q) solves

—Au = c(z)u in Hy(Q), / u?dr =1,
Q

for some ¢ € C®(;RY). In particular, u is superharmonic.

Proof. We set c(x) = Ay — quu(x). The positivity of ¢ for all ¢ sufficiently small universal follows by the
uniform L* bound proven in Lemma 2.4 and by the uniform bounds on A, from (6). Since u > 0, then it is
superharmonic for ¢ below a certain threshold qq. O

From now on gy > 0 always refers to the universal constant in Corollary 2.5.

Remark 2.6. We note that in general one cannot expect that a minimizer u of E,(u, ) has the entire set
as its support. This can can be already seen in the case ¢ = 0 with ) consisting of two disjoint sets whose first
Dirichlet eigenvalues are distinct. It is not difficult to show that this situation persists to the case of ¢ > 0
sufficiently small depending on €.

On the other hand, we can prove that the energy E; is the same on €2 and on the positivity set of u and give
some further characterizations.

Lemma 2.7. Let q > 0, let  be a bounded open set and let uw € Hi(Q) be a nonnegative minimizer of Eq(u, ().
Then Eq4(Q2) = Eq({u > 0}). Furthermore, if Q; is a connected component of @ then either u >0 or u =0 on

g

Proof. Tt was already observed that we can choose u > 0, moreover, as u is continuous, {u > 0} is an open set.
By the optimality of u, E,(2) > E,({u > 0}). On the other hand, {u > 0} C Q and by monotonicity of the
functional E,(Q) in Q, we infer E,(Q) = E,({u > 0}). The last part of the statement follows from Lemma 2.4
and [31, Theorem 9.10]. O

Remark 2.8. We highlight again that if {2 is not connected, then we only know up to this point that the set
{u > 0} coincides with the union of some of the connected components of 2 and has the same energy as €.

We show now that E,(u, ) has a unique (up to sign) minimizer v if 2 is a connected set (or, more generally,
if w > 0 on all connected components of Q). To do so, we follow an approach proposed in [5] (later revisited
in [8]), based on a hidden convexity property of the functional.
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Proposition 2.9. Let ¢ > 0 and let Q be a connected bounded open set. Let u,v € H(Q) be such that
llull2() = vllL2) = 1. Let or = o¢(u,v) be defined as

or = (1 - t)u® + tv*)'/?, fort e (0,1).

Then the map g : t — Eq(0y,Q) is strictly convex. In particular, the function u attaining the minimum of
E,(u,Q) is unique.

Proof. Thanks to Lemma 2.7 and the connectedness of €, we deduce that the optimal function u for E,(Q)
is strictly positive in €. Then the claim follows directly from [5, Lemma 4], which assures that the map
t — E,(0,Q) is strictly convex. Eventually, if u,v are two distinct (strictly positive) minimizers, since
llot(u,v)||z2(2) = 1 by strict convexity it follows immediately that F,(o:,2) < Eq(u,Q) = E,(v,9), a con-
tradiction. 0

As a side result of Proposition 2.9, we have also the radiality of u, when € is a ball.

Corollary 2.10. Let Q C R? be a ball. Then the unique solution to

min {Eq(u,Q) tu € Hy(Q), /

u?dr = 1}7
Q

is radial.

Proof. The uniqueness of the solution follows from Proposition 2.9. Concerning the radiality, it follows from
the rotational invariance of the energy E,(u,(2). O

2.2. Fraenkel asymmetry and quantitative Faber-Krahn inequality. Here we recall the sharp quantita-
tive version of the Faber-Krahn inequality. We first remind the notion of Fraenkel asymmetry: for a set Q C R3
with finite measure we define

QA(B
(9) A©Q) = i SAB T

z€R3 |Q|

9

where B denotes the ball of measure || centered at the origin. We also recall that we denote by Ay(A) the first
eigenvalue of the Dirichlet Laplacian of a set A C R3.

Theorem 2.11. [7] There erists a universal positive constant & > 0 such that for all open sets @ C R® with
finite measure we have

‘Q|2/3)\O(Q) _ |Bl|2/3)\0(B1) > ZT\.A(Q)Qu

where A the Fraenkel asymmetry.

2.3. Some facts about quasi-open sets. Finally, we recall some definitions and facts about quasi-open sets
which will be needed in the following.

Definition 2.12. A quasi-open set is a measurable set Q0 C R3 such that for all € > 0 there exists K. compact
such that its Newtonian capacity cap(K.) < ¢ and Q \ K. is open. Similarly, a function u : Q@ — R is quasi-
continuous if for all € > 0 there exists a compact set K. such that cap(K.) < € and the restriction of u to
Q\ K. is continuous. Eventually, we say that a property holds quasi-everywhere on a set if it holds up to a set
of null-capacity.

It is well-known that every u € H'(Bg) admits a quasi-continuous representative . Moreover, if u and @
are two quasi-continuous representatives of u, then they are equal quasi-everywhere. Therefore, in this paper,
for every u € H'(Bg) we identify it with its quasi-continuous representative. A quasi-open set is then simply a
superlevel set of (the quasi-continuous representative of) a function u € H'(Bgr). For more details on quasi-open
sets and quasi-continuous functions, and the definition of capacity we refer to [25, Chapter 2], [26, Chapter 3]
or [24, Chapter 2 and 4].

Let us also stress that it is standard to define the Sobolev space H} on a quasi-open set Q C R? as

H}(Q) = {u € H'(R?) : u = 0 quasi-everywhere in R®\ Q}.
If © is an open set, this definition coincides with the usual one, see [26, Section 3.3.5] for more details.

Remark 2.13. If Q C R? is a quasi-open set and u € H () is a nonnegative solution to (8), then u € L>(Q)
and its L® norm is bounded by a constant as in Lemma 2.4. This can be checked with an approximation
argument directly from the definition of a quasi-open set.
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3. AN EXISTENCE RESULT FOR AN AUXILIARY PROBLEM

In this section we begin the proof of the following result, which can be seen as an equibounded version of
Theorem 1.2.

Theorem 3.1. There exists Ry > 1 such that, for all R > Rq there exists ¢ = g(R) > 0 such that for all ¢ <7
there exists a minimizer for the problem

(10) min {Eq(Q) :Q C Bg, |0| = |Bl|}.

Moreover, for all e > 0 there exists g- = q-(R) > 0 such that if ¢ < q. then any minimizer is an (e, C**)—nearly
spherical set, with a = a(e) € (0,1).

The proof of this result is carried out through several steps, divided in the next (sub)sections, as outlined in
the introduction.

3.1. Removing the L? norm constraint in E,.

Proposition 3.2. Let Q C R3 be a bounded quasi-open set of measure |B1| and let ¢ < qo. There exists M > 0
(uniform for all ¢ < qo) such that for all M > M, the minimizers of the problem (4) are the same as those of

(11) min{Eq,M(v,Q) ‘ve H&(Q)},
where
Eynm(v,9) = Ey(v, Q) + M‘ /v2 dx — 1‘.
Proof. Problem (11) admits a minimizer, as it can be seen as in the proof of Lemma 2.2. We set
0 < a =min {Eq(uQ) cv € Hi(Q), /v2 dx = 1} = E,(u, Q).
Since [u? =1, clearly for all M > 0, Ey a(u, Q) = E,4(u, ), hence
o> min{Eq,M(v,Q) NS Hé(Q)}
Let us assume by contradiction that there is a sequence M} — +o0o such that
min {E%Mk (v,9Q) v e Hé(Q)} = By, (@, Q) < a.

We call o = |||z — 1 and define ug = 1_?—’;]6, so that |Juk||rz = 1. This definition makes sense for all large
enough k, since o, — 0 as k — 4+00. We can then compute

a> Ey v (U, Q) = (1+ or)? / |Vuk|2dx + %(1 + Uk)4D(uﬁ,ui) + M|(140p)? =1
= Eq(ur, Q) + (201 + o(ox)) / |Vug|* do + g(4ak + o(ok)) D (uj, ui) + 2Mj(|ok| + o(ok)).

Noting that [ |Vug|?dz and D(ui,u?) are uniformly bounded by 2« and ¢ < qo, for M), > 10« and k large
enough, we conclude that

a> E%Mk(akvﬂ) > Eq(uk,ﬂ) > a,

a contradiction. We note that the choice of M}, for reaching a contradiction is independent of ¢ and €. O

In accordance with the notation of the previous theorem, we set
(12) Byar (€)= min { B,(v,) + M| /Uz dr—1| v e @)}

and note that, as a consequence of Proposition 3.2, if uq is a minimizer of £, /(Q2) for M > M, then i uddr =1,
thus, a posteriori, E,(Q) = E, a(£2).

Remark 3.3. From now on, we fix once and for all a constant M > M, and we stress that this constant does
not depend on g < go and will not be changed later in the paper.
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3.2. Another auxiliary problem: removing the volume constraint. In order to get rid of the measure
constraint, we follow an approach first proposed by Aguilera, Alt and Caffarelli [1]. Let € (0,1) and consider
the piecewise linear function

n(s —|Bil),  if s <|Bil,

Rt =
fn: RT =R, fn(s)—{ (s — |B1)), if s > |By].

1
n
It is easy to check that, for all 0 < sy < s1, there holds

(13) N1 — s2) < Fols1) — fuls2) <

$1 — S2).
77( 1 52)
We introduce then the functional (recalling that M is fixed, see Remark 3.3 and Proposition 3.2),
(14) Eqmn() := Eq () + fo(120),
and, for R > 1, the minimization problem
(15) min {Ey ar,n() : Q C Bg, Q open}.

To prove the existence of a minimizer for problem (15), we need first to work in the setting of quasi-open sets
(see Section 2.3) and then recover the regularity.
Thus, we first focus on the problem:

(16) min {Ey ar,, () : Q C Bg, Q quasi-open} .

We aim to prove that problem (16) is equivalent to the constrained problem (10), at least for ¢ and 7 small
enough. To do that we first have to prove existence and some mild regularity of minimizers of Fg ar,,. We begin
by showing a lower bound for E, s, on equibounded sets.

Lemma 3.4. Let R > 1, g € (0,q0] and n € (0,1). Then, for all quasi-open Q C Bgr, we have
Eynin(Q) > No(B1)R™2 — | By|.

Proof. Let v € H}(Q), with [, v*dz = 1 be a function attaining the infimum in the definition of Eq 5 (Q) =
E, (), so that

Eyatal®) = [ V0P do+ ED02,0%) 4 1,(8).

By the monotonicity of Dirichlet eigenvalues, the inclusion @ C Bg, the positivity of D(-,-), the scaling prop-
erties of A\g, and the definition of f,, we obtain

[ 190 o ED(2 %)+ £,19) 2 Aa(@)-nmax(|Ba| - 21,0} 2 Ao(B1)R ~ |,

so the claim is proved. O
The following existence result is mostly an adaptation to our situation of [7, Lemma 4.6] and [36, Lemma 3.2],
which are in turn inspired by [10, Theorem 2.2 and Lemma 2.3].

Lemma 3.5. Letn € (0,1), g € (0,q0] and let R > 1. There exists a minimizer for problem (16). Moreover all
minimizers have perimeter uniformly bounded by a constant depending on R, 1.

Proof. Let (2,,)n C Bgr be a sequence of smooth sets such that
1
Eqmn(Qn) <inf{Eq p,(Q) : Q C Bgr, quasi-open} + e

Let u,, be an optimal function with unit L? norm for the minimization of E,($,) or equivalently E, r(£,,), so
that by Lemma 2.7, either Q,, = {u,, > 0}, or {u,, > 0} is a union of some connected components?® of {,,, with
Eqmp({un > 0}) < Egap(Qn), so that ({u, > 0}), still forms a minimizing sequence and we can replace €2,
with {u, > 0}. Let ¢, = 1/y/n. We define

Q= {un > tn}.
‘We have

~ 1
EQ:MJ](QTL) S Eq,M,n(Qn) +

)
n

2Notice that since Q,, are smooth then uy, are regular functions and there are no measure-theoretical issues in defining connected
components.
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and since we can take u, := (u, — t,)+ as a competitor in the minimization problem defining F, (Qn), we
obtain

/ Vunl? dz+ (2, u2) + M| /ui dz = 1] + (| {wn > 0}

{u,>0} 2

(1) ) 1

<[ Vul e+ §D@R ) + M| [ @) de 1]+ Aol > ) + o
{un>tn} 2 n

Using the uniform bound on the L*® norm of u,, see Lemma 2.4, we observe that

/ 2 (up — )2 d = / Sitn — 2 dz < 2un | Lotn] {tn > tn}] < C(R)tn|{tn > tu},
{un>ty} {un>tn}

and / uZ dr < t21{0 < u, <t}
{Ogun Stn}
and obtain the estimate (possibly increasing the value of C(R))

(18) / W2 dz — / (tn — )2 dz < C(R)tn|{un > 0}].
{un>0} {un>tn}

Noting that D(@2,u2) — D(u?,u?) <0, recalling the property (13) of f, and (18), we can rewrite (17) as

n»'n

1 1
(19) / |V |? dz +nl{0 < u, < t,}| < C(R)Mt,|{u, >0} + = < C(R,M)t, + —.
{0<uy <tn} n n

On the other hand, since 1 < 1, using coarea formula, the arithmetic-geometric-mean inequality and (19), we
obtain

tn
21}/ P({u, > s})ds = 277/ |V, | dx
0 {

0< U <tn}

1
Sn/ \Vu,|? dz +n|{0 < u, < tp}| < C(R, M)t, + —.
{0<un<tn} n

As t, =1/y/n we can find a level 0 < s, < 1/y/n such that the sets W,, := {u,, > s,} satisfy

2 [t C(R, M) 1 1
Pan—/ P({u, > s})ds < — + <C(R, M,n)+ —~=.
W) < o [ P> ) <o)+
It is easy to check that (W,,),, is still a minimizing sequence for problem (16). In fact, with arguments similar
to the ones used above, we obtain:

Eqny(Wh) = /

{wn>sn}

+WAMMJ%—W””*“ﬁ“%>%”

< Eq,Mﬁn(Qn) +C(R,M)s,, + fn(‘{un > sn}|) - fn(‘{un > 0}|)
C(R, M) C(R, M)
vn vn o

where we used that D((un — 5)2, (un — sn)i) — D(u2,u2) < 0 and property (18) with s,, in place of t,.

Vu,|* dz + %D((un —su)%, (un — sn)i))
(20)

< Eq,M,n<Qn) + {0 <up <sp}| < Eq,M,n<Qn) +

Moreover, since the sets of the sequence (W,,),, have equibounded perimeter, there exists a Borel set W, such
that (up to passing to subsequences)

(21) W, — W, in L*(Bg), P(Wy) < C(R,M,n).

On the other hand, an optimal function (normalized in L?) w,, attaining Ey ar,(W,,), is equibounded in H'(Bg).
In fact, being (W,,), a minimizing sequence for Ey ar,,, we have that

/|an|2dx+/wi de <1+ Eqpn(Wy) <1+C.

Hence, up to passing to subsequences, there is w € Hd(Bg) such that

(22) w, — w strongly in L?(Bg), weakly in H}(Bg) and pointwise a.e.
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Let W := {w > 0}, and recall that we are identifying w with its quasi-continuous representative. Then, thanks
to (21) and (22), we deduce

xw (z) < lminf xw, (x) = xw_, (), for a.e. € Bp,

n—-+oo

hence [W \ W| =0, that is W C W, up to a negligible set. We now observe that Q — £, (|Q|) is continuous
with respect to the L convergence of sets, the Dirichlet energy is lower semicontinuous with respect to the weak
H' convergence and the functional D(-,-) is lower semicontinuous with respect to the strong L? convergence by
Fatou lemma. We can therefore pass to the limit in (20) and obtain

/ |Vw|2 dx + gD(wz’wz) + f([Wao|) < liglJirnf/ |Vu}n|2d:}s + gD(wi,w?L) + fn((Weol)
(23) w noree Jw,
< liminf Eq ary(Wn) = Qicné Eqnq(Q) < Eq(W) + fy(IW]).

R

n—-+oo
In conclusion, using also (23), we have
NWeo \ W =n(Weo| = [W]) < f([Weol) = f(IW]) <0,

thus |[Ws \ W| = 0, which entails W = W, a.e. and this is the desired minimizer for problem (16). O
3.3. Free boundary formulation. In the previous section we introduced the functional E ar,,, see (14), we
proved existence and mild regularity properties of minimizers (namely: they are sets of finite perimeter). In this
section we improve the regularity for such sets. This will be needed in the sequel but allows us also to show the
equivalence between unconstrained minimizers of E, a7, and volume constrained minimizers of E, and E, y;.

The crucial remark is that one may consider, in place of the shape functional E, s, a functional defined on
the larger space H{(Bg) and take a free boundary approach. Let us define, for u € Hg(Bg),

2 2
Eq.Mn(w) :/ |Vu|? dx—l—g/ / dedy—i—M / wde —1
{u>0} 2 Jiusoy Jusoy 17—yl {u>0}

and we note that one could have equivalently integrated over Bp in all the integrals above.

+ fo([{u > 0})),

Lemma 3.6. Letn € (0,1), g € (0, 0] and Q be a minimizer for problem (16). Then every minimal function of
E,(Q) is a minimizer of Eq ayn. Viceversa, if w minimizes Eq .y, then Q= {w > 0} is a minimizer of Eq a .
Furthermore, it is possible to select a minimizer 0 for Ey ., which coincides with the support of an optimal
function for E,(£2).

Proof. Concerning the first claim, let Q be an optimal set for Ey ar,, and v an optimal function for E,(£2). We
immediately note that {u > 0} = Q up to sets of zero measure, otherwise {u > 0} C €, thus f,(|[{v > 0}|) <
(1)) so that Eq ary(Q2) > Egamn({u > 0}), a contradiction with the optimality of Q. As a consequence,
Eqmin(w) = Egarn({u > 0}) = Eg ar,,(Q). Therefore, for all v € Hj(Bg), we have

Egnrn(u) = Eq an(Q) < Egvn({v > 0}) = Egnn(v),

namely u is a minimizer for &g ary-
Let us focus on the second claim: let v be an optimal function for &, as.,, and we call Q = {u > 0}. For all

Q C Bp, calling @ any optimal function attaining E, (Q), we have

Eq () = Eqnin(u) < Eqnin(0) < Egarn(§2),
as requested. Notice that the last inequality is not a priori an equality, as in principle {@ > 0} C €.
Concerning the last part of the statement, it is enough to notice that, given an optimal function u for E,(2),
{u > 0} is always a minimizer for Eq pr,p. O

In the rest of this section, we focus on the new (equivalent) formulation of problem (16)
(24) min {E; riy(u) + u € Hy(Br)}.

As a consequence of Lemma 3.6 and Remark 2.8, working on problem (24) means selecting an optimal set
{u > 0} for the original problem (2) or for (16), namely the union of the connected components of  where u
is nonzero.

In the next results, we work with a minimizer of the form Q = {u > 0}. This is not restrictive, as next
lemma shows.

Lemma 3.7. Forall R>1,n€ (0,1) and q < qo, if Q is an optimal set for problem (16) and u is an associated
(nonnegative) optimal function attaining Eq(Q?), then {u > 0} = Q (up to a negligible set). Moreover, Q is
connected.
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Proof. Let us argue for the sake of contradiction and assume that {u > 0} is strictly contained in Q. We
already know from Remark 2.8 that the above assumptions entail that « = 0 on a connected component w, with
positive measure. Therefore, f,(|[{u > 0}|) < f,(|©2]) and we have contradicted the minimality of Q for Eq as .
Concerning the last part of the statement, if 2 = {u > 0} is the disjoint union of two components §2; and Qq,
by increasing the distance between the two components we are strictly decreasing the Coulomb energy term,
while the other terms of Fq ar,, are unchanged. Thus we constradict again the optimality of €. O

Remark 3.8. We stress that if we could prove that an optimal function for (24) is a quasi-minimizer for the
functional

() = / IVl dz + [{u > 0}],
{u>0}
i.e. letting J, ,(u) = f{u>0}ﬁBT(m) |Vul? + [{u > 0} N B,.(x)|, we have, for some 3 > 0,
Jor(u) < (14 KrP)Jyp 0 (v), for all admissible v and for all z,r,

this would strongly simplify the regularity proof, see for example [39]. Unfortunately, this does not seem to be
the case in our setting, due to the presence of the nonlocal double integral term D(u?,u?). Therefore we use a
careful modification of the standard free boundary regularity techniques developed starting from [2].

Lemma 3.9. Let R>1, n € (0,1), g € (0,q0], let Q be an optimal set for problem (16), and let u € H}(Q) be
any (nonnegative) function attaining E,(QY) = E, v (). Then for every k € (0,1) there are positive constants
Ko, po depending only on k,n, R such that the following assertion holds: if p < py and xo € Bgr, then

(25) ][ wdH? < Kop = wu=0in By,(r9) N Bg.
9B, (xz9)NBr

Proof. By Lemma 3.7, we know that Q@ = {u > 0}, that u is optimal for problem (24) and has unitary L? norm.
We extend u to zero outside Bg, so that by Lemma 2.4, u solves distributionally —Au < ~; in R? where (since
q < qo)

715::QSgP(Aq‘*qUu(I))HUHLw(Q)>>0-

The positivity of v, follows by the bound (uniform in ¢) on [Jul|z~(q) (see Lemma 2.4) and, consequently, on
|Vl Lo (@), While Ag > Ao(Q2) > Xo(B1) > 0. Then the function

|z — ao|* — p*

6
is subharmonic in B, (recalling that we are in three dimensional setting). Thus, for every « € (0,1), there exists
¢ = ¢(k) such that

x = u(z)+m

(26) 0p,:= sup u<c ][ wdH? +v1p% | < c(Kop + p?).
B /iy (20) 0B, (z0)NBr
Let us show now that there exists p > 0 small enough so that there exists a positive solution w of
—Aw = %(u + w), in B\/;p(zg) \ Bp(z0),
(27) w =14, on 9B sz, (o),
w = 07 on B,{p(l‘o),

where M is fixed large enough so that the statement of Proposition 3.2 holds. To show existence of a solution,
let p > 0 be such that

(M MY 1
op) = Xo(Byip \ Brp) ! (2||“|L2<Bm<xo>\3mp<zo>> + 2) ST

This can be easily obtained as A\o(B,/z, \ Bxp) — +00 as p — 0 and since u € L>°(€2). Then any minimizing
sequence for the energy

1

M
(28) o |Vl da:——/ (f—&-u)godx
2 JB ) (20)\Brp(x0) 2 JB ) (20)\Bup(wo) \ 2

with boundary conditions as in (27) can be chosen, after standard computations, made of nonnegative functions
(as passing to the modulus decreases the energy) and such that

1
oul? dz < a(p) / Vnl?dz < 1 / Vonl? da.

/B\/zp(f'«’o)\Bw(wO) B /i (20)\Brp(z0) B /5 (20)\Brp(z0)
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Hence the sequence (||¢n||g1) is uniformly bounded and a positive minimizer for the energy (28) exists and
solves its Euler-Lagrange equation, namely (27). By standard elliptic regularity, we obtain that the L° norm
of any positive solution w is bounded by a constant 72 > 0 depending only on x and M. By definition, w > u
on 9B ;,(z0), therefore the function

o {u in R3\ Bz, (z0),
min{u, w}, in B /,(70),
satisfies
v <, {v>0} C{u>0}, {v>0}\ B z,(20) = {u> 0} \ B z,(70),
thus D(v?,v?) < D(u?4?) (and we can neglect these contributions in the following computations). Since
v € H}(BR), inequality (24) gives

/ Vul dz + f,(|{u > 0}])
pr(wo)

<)
B\/EP(IO)

As v =01in By, using also (13), we get
n{u >0} N By, (wo)| < nf({u >0} \ {v > 0}) N B s, (x0)]
< fo({u > 0}]) = £y ({v > 0}).

On the other hand, we can rewrite the term involving the L? norm of the functions as

‘ / (v* —u?) dm‘ = / (u? —v?) dx = / u? dx —|—/ (u? — w?) dx.
B /zp(20) B 5, (x0) Biep(z0) (B /mp(0)\Brp (o)) N{u>w}

Thanks to the two inequalities above and the definition of v, we can infer

|Vv\2dx+M’/B 0 el 4 gy > )
Ve (T0)

(29)
/ Vel > 010 B < / Ve gyl > 0)) — fi(Ho > 0})
rp(T0 Byp(xo
g/ (|Vv|2—|Vu|2)dx+M/ w2 de+ M (u? — w?) da
B /5 (20)\Brp(z0) Bip(xo) (B /mp(zg) \Brp(mo)){u>w}
§2/ (|Vw|* = Vu - Vw) d:v—l—M/ u? + M (u? — w?) da.
(B /mp(g) \Brp(zo)){u>w} Bip(z0) (B /mp(0)\ Brp(zo))N{u>w}

On the other hand testing (27) with (u — w), and integrating over B, s, \ By,, we obtain

(30)

(|Vw|*~Vu-Vw) dﬂc—i—%/ (u?—w?) dz —/ a—wud’HQ
(B iy (@0)\ By (20)) >} OBy (w0) MV

where v denotes the outer unit normal exiting from B,, and thanks to the fact that w = 0 on 0B,,(z¢) and

w > uon dB s, (zo). Recalling that [Jul|~ < 1 and |Jw||ge < 72, we now fix y3 = % (71 + 72) and consider

the solution to the problem

/(B\/;p(ro)\B»ep(-To))ﬁ{u>w}

—Aw = 73, in B /z,(z0) \ Bup(zo),
=4, on 9B, /z,(20),
=0, on By, (o),

since the torsion function on an annulus is explicit (see [7]), with a direct computation one obtains

ow 0y +
o < B p on 0B, (o),
for some 81 = B1(k, M). By comparison, since w — w is superharmonic (by (27)) it follows
ow ow 0p + p
< < OB, .
v v A P on (o)

We can now combine (29) and (30) to obtain

(5 2
/ Vul? dz + gl{u > 0} N Buy(20)] < ﬁl(ﬁ)ﬂ/ ud?—l2+M/ 2 da.
wp(T0) p 8B p (o) By (o)
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By the uniform bound on the L norm of u, we have the estimate
2 2
M/ u? dr < Ba8%|{u > 0} N Byy(o)].
BNP(IO)

for some B2 (k, M).
Then, using the definition of §,, the trace inequality in W' and the arithmetic geometric mean inequality

we obtain
1
/ wdH? < O(k) (/ udz —I—/ |Vul da:)
OB p(x0) P J Bup(o) Biep(z0)

< By <((Z’+;) |{u>0}mBﬁp(xo)|+§/B |Vu|2dx>,

for some B3 = B3(k) > 0. By collecting the above estimates, recalling again (26) we have, for all p < pg

. / Ve (> 0) 11 Byan)
B,{p o

5, + p?
p

< Bi(c(Ko + p) + 1) /a o R+ clFop )1 lKop + )3l > 0} 0 By o)

(5p+1) |{u>0}ﬂB,€p(aco)|+l/ |Vu|? dz
p 2 2 JB,.,(z0)
+ c(Kop + p*) (1 + c(Kop + p°) B2) [{u > 0} N By (o)

oo (20)

<8 / WdH? + 8,(1+ 6,8)|{u > 0} A By (a0)]
OBy, (x0)

< B1Bs(c(Ko + p) + p)

< Bubaleto + o)+ ) (260K +9)+ 5

/ Vul2 + [{u > 0} N Buy(wo)| | -
Bmp(xﬂ)
Eventually, by choosing Ky, pg < p small enough so that

B183(c(Ko + po) + po) (QC(KO + po) + ;) <n/4,

we conclude that u = 0 in By, for all p < pg. O

Kp»
Remark 3.10. The statement of Lemma 3.9 and in particular (25) can be also equivalently stated as
||u||Loo(Bp(x0)) < Kop — u=01iIn B,{p((ﬂo) n BR,

see for example [36, Remark 4.3]. In other words, Lemma 3.9 implies that if g € ©, then there is a constant
C = C(R,n) > 0, which can be taken independent of zp, such that

sup u > Cp, and ][ wdH? > Cp.
B, (z0)NBr B, (z0)NBr

Lemma 3.11. Let R, 1, q, Q and u be as in Lemma 3.9. The function u can be extended to a Lipschitz
continuous function defined in the whole Br, with Lipschitz constant L = L(R,n). In particular, Q = {u >
0} C Bgr is an open set.

Proof. We follow the approach of [39, Section 3.2], first proposed in [9].
Step 1. We prove an estimate on the nonnegative Radon measure |Au|, namely

|Au|(B,(10)) < Cr?, for all g € Br and 0 < r < 1 such that B, (z¢) C Bgr
for a universal constant C' > 0. Let ¢ € C°(Ba,(z0)) for some Bay,(z9) C Bgr , with ||¢]r~ < ¢, and we test
the optimality of u against u + 1, obtaining;:

/ Vul? de+ LD, u?)+ £ (|{u > 0}]) < /
{u>0} 2

9 (ut) 2 do+-2 D ()2, (wk)? )+ fy ({u+ > 0},
{u+y>0}

which implies

_2/ Vu-Vide < / V[ de + Cy[{u = 0} N Bar (o) + g/ / Plz, y) dzdy
BQT(IIJQ) BQT(II:Q 2 B27‘(IO) BR(O)
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where

duz)y(z)u?(y) + 4u(@)P(@)P* (y) + 202 (@)u*(y) + du(@)y(@)u(y)y) + 0 (@)¢* (y)
|z =yl '

Recalling that ||¢]|p~ < ¢ and using Lemma 2.4, we can control the nonlocal term as

1
/ / P(z,y)dzdy < Cl/ / drdy < CoR?|Bay(z0)| < Car?.
Bav(x0) J Br(0) B (x0) J Br(0) 1T = Yl

Thus we obtain

(31) 2 vuvedes [ [Dude+ Cylu =0y Ba(a)| + Car,
BQT(IO) BQT(IU)

P(l‘,y) =

We now set, for all ¢ € C2°(Ba,(20)), ¥ = £r*/?||Vy| ;¢ and from (31) we deduce, for some C>0
‘ / Vu - V(,O dl“ < 5T3/2|‘v¢||L2(B21v(x0))
BQT(IO)

It is then enough to choose ¢ € C°(Ba,(20)) with ¢ > 0 and ¢ = 1 in B, () and with [|[Ve||1e(p,,) < 2
(notice that this is compatible with the requirement ||¢||~ < ¢ indepdendently of r) to obtain, for some
constant C' > 0:

(32) |Aul(By(20)) < [Aul(p) = <Cr.

/ Vu-Vedz

Bar(wo)

Step 2. We prove that the Laplacian estimate (32) of Step 1 entails (recall that H?(9B,) = 47r?)
1

4mr?

(33) / wdH? < u(zg) + Cr for all g € Bg,
aBT(IO)

for some constant C' > 0. This follows from [9, Lemma 3.6], which assures that, for all zy € Bg, it holds

1 ) o
(34) gy /(BBT(%)udH —u(xo)—/o 47T52Au(Bs(x0))ds.

It is then enough to put together (34) and (32) to obtain (33). Now, let us take ¢ € O{u > 0} N B and a
sequence of x,, = xo such that u(z,) = 0 for all n and with z,, € B, (x9) C Bg. For those points (33) reads as

1

472

(35) / wdH? < u(x,) + Cr = Cr, for all r < ry,
aBr(zn)
and the constant C does not depend on n. Since u € H'(Bg), the map x ﬁ fBB (@) uwdH? is continuous,
see [39, Remark 3.6]. We can then pass to the limit as n — oo in (35) to deduce
1

m/ wdH? < Cr, for all r < ry.
aB,«((EU)

Finally, passing to the limit as r — 0, we obtain that u(xg) = 0 (recalling that we are considering the quasi
continuous representative of the Sobolev function ), thus 2N9Q = {u > 0}Nd{u > 0} = 0, hence Q@ = {u > 0}
is an open set.

Step 3. We conclude, using Step 2, that u is Lipschitz continuous in Bg, as in [39, Lemma 3.5], see also [9,
Theorem 3.1 and 4.1]. O

An immediate and fundamental consequence of Lemmas 3.9 and 3.11 is the following density estimate on €.

Lemma 3.12. Let R > 1 and n € (0,1). There exists ¢1 € (0,qo] such that for all ¢ € (0,q1], calling

an optimal set for problem (15) and u a positive normalized function attaining Eq ., (S2), there exist positive

constants 0 = (R, n) and po = po(R,n) < 1 such that for every xo € 9 and every p < pg, we have

€20 By (o)
Byl

Proof. Let us start from the lower bound. We can assume that o = 0 € 9Q = 0{u > 0}. Thus, the

nondegeneracy condition of Remark 3.10 implies that

0 < < (1-96).

||u||L°°(Bp/2) > Cg
Thus, there is a point y € B, /5 such that u(y) > C'5. On the other hand, the Lipschitz continuity of u, with
constant L = L(R,7), implies that u > 0 on a ball with radius § min{1, %}, and so we conclude.
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The upper bound can be obtained as in [2], see also [39, Section 5.1], with a few modifications. Precisely, let
zo = 0 € 99 and consider the function A which is equal to u outside B, and inside B,, it is the solution of

—Ah=m in B,,
h=u on 0B,
where v1 = 71(p) := 2sup, (A — quu(z)) |ullL>~(,) > 0. As a consequence, we obtain that —A(h —u) =
— (Aqu—quy)u > 0 in B,. In particular, we have that u < h and {u > 0} C {h > 0} in B,. Moreover, since h
is the torsion function multiplied by y; with boundary datum wu, recalling that «(0) = 0 and that w is Lipschitz
continuous with constant L = L(R,n), see Lemma 3.11, we deduce by a simple comparison argument that

(36) IAllz~(B,) < Chp,
with a constant C}, depending only on R,n. Thus, testing the optimality of u with h, using also (13) and an

integration by parts, we have
/ (h? —u?) dx| > / |Vu|? de — / |Vh|? do
B B B

3 3 P

:/B |V(u—h)|2dx+2/8p (VA V(u—n)de

P

h2
f|B N{u=0}+ = / / \z— dxdy—i—M

:/B |V(u—h)|2da:+2/B (~Ah)(u ) dx+2/Bp(u—h)ghdH2

P P

:/B |v(u—h)|2dx—2m/3p(h—U)dw-

P

Let us first treat the terms not involving the gradient: thanks to (36), we can bound the term (using also the
scaling of the Riesz energy and the fact that p < 1)

h2
(37) L ) R sy < Gt Dl o) < CulBa

for a constant C, > 0, depending only on R,7. On the other hand, using again the bound L*° on h and u, we
have

(38) / (h2—u2)dx+/ (h —u)dx < (Ch+1)/ hdx < (Cp, + 1)Chp|B,| = C},p|B,|,
B B B

P 3 P

for a constant Cj > 0 depending only on R, 7.
Let us now focus on the gradient term. By the Poincaré and Cauchy-Schwarz inequalities, we have

2 Ca (1 —u)dx 2
RCEUIRE >|B|</ (1 >d> ,

P B,
so in order to prove the upper bound in the claim, we first need to show that ﬁ I} 5 (h —wu)dz is bounded
P P

from below by a positive constant. Notice that, by the non-degeneracy of u (see Remark 3.10), we have

Cp<supu<suph.
By /2 By/2

On the other hand, since h(z) 4+ %|az|2 is harmonic in B,, the Harnack inequality in B, implies
Cp < sup h < Cy(h(z) + 71p2) for every x € By .
p/2

Thus, by taking pg such that 2Cypoy1 < C, we obtain that A > C;Cp = Cp in Bs. On the other hand, if
L = L(R,n) is the Lipschitz constant of u (by Lemma 3.11), then for any € € (0,1), u < Lep in B.,. Then

/(h—u)d:cZ/ (h —wu)dx > (Cp — Lep)| Bz,
B B

P ep
which, after choosing ¢ < % small enough, shows that

1
7/ (h —u)dx > Cy|B,|,
pPJB,
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for some constant Cy > 0 depending only on R, n and thus

/B V(u—h)Pde > C|B, |,

P

for some Cp > 0, depending only on R, 7.
At this point, using also (38) and (37), we have

1 1
Cy|B,| < %|Bp N{u =0} + Cag|Bp| + (M + 271)p|B,| < E|Bp N{u =0} + Cag|By| + Cyp| By,

for a universal constant Cy > 0, recalling that M is fixed (see Remark 3.3) and that +; is uniformly bounded
by a constant depending only on ||u|| -~ (p,), which in turn is uniform in ¢ (see Lemma 2.4). It is then enough
to take

< { Ch } < G
min _— _—
q1 > qo, 4Ca ) PO > 4Cg7

and we obtain that

Chp 1
Z\Bp| < 5|Bp N{u =0},
which entails the density estimate from above, so the claim is proved. O

Remark 3.13. Notice that the constants determining the Lipschitz regularity and the density estimates of the
previous result do not depend on ¢ for g small enough.

From now on, ¢; always refers to the constant defined in Lemma 3.12.

3.4. Equivalence between the minimizations of £, and £, ;. In this section we show that unconstrained
minima of E, s, and volume constrained minima of E, (or equivalently E, 5s) are actually the same. We begin
by showing that for ¢ small, the minimizers of £, y, in Br are close to a ball in L>. To do that, we first start
with an estimate that assures the L!—proximity of an optimal set for problem (16) to a ball with radius not
too large.

Lemma 3.14. Let R > 2, ¢ € (0,¢1] and n € (0,1). Let Q = Qg a1,y be an optimal set for (16) such that
Q = {uq > 0}, where ug € H(Q) is the (positive) function attaining E,(Q) = E4 0 (), and B = By .y a ball
of measure || attaining the Fraenkel asymmetry for Q, namely such that

|QAB
A(Q) =
il
Then, setting up € Hg(B) the function attaining Eq(B), normalized so that ||upl|/r2(p) = |luallr2@) = 1, we

have
{up > 0}A{ug > 0} < Cq|Q)5.
for some universal constant C' > 0.

Proof. Let wp be the normalized first eigenfunction of the Dirichlet Laplacian in B, and note that it is an
admissible competitor for E,(B). We note that {wg > 0} = {up > 0} = B, see also Lemma 2.7. Thanks to
the quantitative Faber-Krahn inequality (Theorem 2.11), we have

9P/ [ [Vual do > [0/20(0)
Q
3|{u3 > 0}A{ug > 0}

922

2
T R T LT
B

(39) > |2 20(B) +

From the optimality of 2, we deduce,
2 2
[ 1Vuap o 2 [ [0 44y 4 g ) < By(B) + £,0B)
Q 2 JoJa |z -y

2 2
g/wwﬁm+ﬁ//gﬂ%®@mw+mmm
B 2 /B |CC—7J|
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and using also (39) we obtain

a|{uB > 0} A{ug > 0}
€22

§|Q|2/3/ |vu9|2dx—|m2/3/ Vwg]? de
Q B
< |01 2 (Dwh, wh) - Dl ud)) < Q22 D(wh, wh).

Now, using the L* bound on the first eigenfunction wg (see [15, Example 2.1.8]), and also the scaling of the
Riesz functional,

_ dx dy 1
Duhup) <clo? [ [ S1B <o,

for some universal constant C' > 0.
The previous two estimates lead to

C
[{up > 0}Afug > 0}* < <|0fF

N[

)

so the claim is proved. O

A simple but important consequence of the previous result is the following lemma, stating that the measure
of the ball B = By, (to which any optimal set €, a1, is L'-close) is not too large, as we show in the next
result.

Lemma 3.15. Let R > 2. There exists m € (0,1) such that for all g € (0,¢1] and n < 1, we have that any
optimal set Qg a1,y for problem (16), such that Qg v, = {u > 0}, where u € H}(Q) is any (positive) function
attaining Eq(Q) = Eq v (), satisfies

(40) |Qq,M,7]| S ‘B2|a |Qq,M,7]ABq,M,n| S 14,
for some universal constant c; > 0.

Proof. Let us suppose for the sake of contradiction that [Qq ar,| > |Bz|. We are then going to reach a contra-
diction as long as

1/77 > qu(Bl)'
Since the functional
q = Egnt,n(Qg,0,n),

is nondecreasing, we obtain

S(lép )Eq,Mm(Qq,M,n) = Eqgo,M0(Qqo,01n) < Egg a1,9(B1) = By, (B1),
q€(0,90

recalling that the optimal function for E,,(B) is with unit L? norm. On the other hand, using the positivity
of E, since |Qq,11,5| > |B2| we have

1 1
Eqo(B1) = Eqo,n0(Qgo,0M.n) > 5(IQqO,M,n| —|Bi]) = 5(|BZ| = |B1l).
By choosing 7n; such that 7; < 1 and
By|—|B
(BA=1B) 1 ()
yit
we reach the desired contradiction. The second part of the claim then follows from Lemma 3.14. O

We note that in the above lemma, 1; does not depend on R. Next we show that, for ¢ small, the boundary
of any optimizer Qg a7, (such that Q, a, = {u > 0}, where u € H}(2) is the (positive) function attaining
E,(Q) = E, m(2)) is close to the one of the corresponding optimal ball of the same measure By a,, in the
definition of Fraenkel asymmetry, with respect to the Hausdorff distance dy (see [3, Definition 4.4.9] for more
details about the Hausdorfl distance).

Lemma 3.16. Under the assumptions of Lemma 3.15, for all 6 > 0 there exists g5 = qs(R,n) € (0,q1] such
that for all ¢ < qs, we have

dist g7 (02, 7,9, OBy ) < 6
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Proof. This follows exactly as in [36, Lemma 5.4], we report here the proof for the sake of completeness. We
fix § > 0 and call Bs(Bg,,y) := Bq,m,n + Bs the d-neighborhood of By ar,,. First of all, we aim to prove that
Qg C Bs(Bgaryy). I Qg \ Bs(Bg,m,,) is empty, then there is nothing to prove. Otherwise there exists
x € Qg My \ Bs(Bg,m,,) so that by Lemma 3.12 there exists po(R,n) such that for p < p; := min{po(R,7),d}
it holds

|Bl‘9/’3 < |Bp(@) N Qg arp| < Q4,00 \ Bemnl < g,
where the last estimate follows from Lemma 3.15 and precisely (40). Notice that the choice of p; < ¢ assures
that |B,(x) N Qg arn| < [Qq,0,n \ Bq,m,n|- In conclusion, choosing p = p1, we have

|B1]0p? < c1q,

which is not possible as soon as
|B1l0 s
q<q5:=—"pi-
C1
With the same argument, thanks to the outer density estimate from Lemma 3.12 and again to the L' proximity
from Lemma 3.15, we can show also that Bg \ Qg ar,, C Bs(Br \ Bg,um,,), with the same notation as above.
This concludes the proof. O

Remark 3.17. It is worth noting that the constant gs in the lemma above depends also on R. This is one of
the main obstacles while trying to get rid of the equiboundedness assumption of Theorem 3.1.

Remark 3.18. In view of the previous result, first of all we not that the energy is invariant under translations
and thus we can assume that  C Bs, then we fix g2(R) := min{q1, g5}, where g5 is the constant from Lemma 3.16
with the choice of § :=1/2.

Therefore, if g € (0, g2, in the proof of the next Theorem 3.19, we are allowed to inflate a set without touching
the boundary of the geometric constraint {2 C Bg.

We can now show the equivalence between the constrained and the unconstrained problems. We recall that
the constant M has been already fixed, see Remark 3.3.

Theorem 3.19. There exists a universal constant Ry > 10 such that, for all R > Ry, there exists q3 = q3(R) <
g2 and ny = n2(R) < ny such that, for all n < ne and q € (0,q3], we have that

min {Ey ar,n() : Q C Br}=inf {E,(Q) : Q C Bg, || =|Bi|}.
As a consequence, problems (10) and (16) are equivalent for these values of g and 7.
Proof. Tt is easy to check that
min{Eq () : @ C Br} <inf{Ey(Q) : Q C Bg, | = [Bi[} = plg, R),

as the two functionals coincide on sets of measure |B;|, thanks to the definition of f,,. Then, if the reversed
inequality holds, it follows that on the set of minimizers (of the first or of the second problem) the two functionals
do coincide, that is, problems (10) and (16) are equivalent.

We prove the claim of the theorem by contradiction. Let R > R to be chosen later and

Qqmn C Bry ogmpn €R,  [Qqunl =Bl +0ogmm  Eg Qg nn) < p

and we also note that, p < E4(By), by definition of infimum. We moreover assume, without loss of generality,
that Qg ar,, are minimizers for problem (16). We treat separately the case og ., > 0 and 04,0, < 0.

Case g, > 0. We first observe that o4 a7, — 0 as n — 0. Indeed (recalling also that E; = E, ps thanks
to Proposition 3.2)

1
EqJVLn(Qq,M,n) = Eq(Qq,MJ?) + ;quMm

and so

Oq,M,
0< 4= = Eq,M,n(Qq,Mﬂz) - Eq(quM,n) < Eq(Bl)7

using the assumption Eg ar,(Qq.ar,) < p < Ey(Bi1) and the positivity of the energy. This implies that
ogMpy — 0asn—0.

Let now pg ar,n < 1 be such that |pg ar,,$2q,01,5] = |B1], therefore
Oq,M,n
3|B1|

for some C' = C(0g4,01,,) € R such that |C| < Cy for all |og,ar,y| < 2|Bi| some Cy > 0 universal.

_ 2
P My =1— +Cog M
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We call u = ug, a,, an optimal normalized function attaining Eq(€q ar,y), thus the function

~ _3
w(y) = pg,My QU< ) Y € pg,MnS2q,M,n;

Pq,M,n

is an admissible competitor with unitary L?—norm for E,(p,. MnQq,M,m). We have the following scalings

/ V) Py = parin™? [ [Vule)?d,
Pq,]VI,an,J\l,n Qq,]\/[,n
D(Tf aQ) _/ / dedy
Pq,M,n2q,M,n PanQan |£C— |

= paMy / / |w— ()dwdz
an an

= Pq, M ' D(u?,u®

Since the new set pg, ar,,€2q, 0,y is now admissible in the constrained minimization problem (10), using the above
scaling we obtain

Oq,M,
Egatn(Qg01,n) = Eq(Qq,0,5) + %
<u
< Eq(pg,m082,0,)

< / Vi) dy + LD, @)
Pa, M, 2q, M, 2

_ -1 49
—paarn ™ [ (VU@ o+ prany LD )
Qq M,n

2
:/ |Vu(z)|? dx <1+ ZeMn 4 0 an>
Qq,M,n ‘B|

q 2 .2 Oq,M,n 2
+ gD(u , U ) (]. + 3|B1‘ +CO'qJV[’n> 5

we deduce that (up to increasing C, recalling also that E,(Qq,ar,n) < Eq(B1))

9q,M,n / 2 204 M OqMom ,
= Vu()| do () + D( u?) <> +2E,(By)Co
n Qq M,n I ‘ 3|B | 3|B1‘ q 1 q,M,n

Oq,M
< LEMop (quMm)Jngq’Mm.

Thus, for some universal C' > 0,

1
5 < CEq(Q%Mm) +Co < CEq(Bl)a

which leads to a contradiction as soon as 72 < m.
aq
Case 04,1,y < 0. For this case let us call

Tg M\
Pa,M,n += (1 + ‘qB1|77) )

so that |pg,ar.nQg,arn| = [Bil.

We recall from the previous sections that a minimizer €, s, for E, ar, exists, and by Lemma 3.16, up to
taking g3 < g2 as in Remark 3.18, and 772 < 71 as in Lemma 3.15, the rescaled set pq, ar,,$2q,01,5 is still contained
in Bg, as soon as Ry is big enough.

In fact, we show that oq a7, > —3|Bi|, thus pgar, < 4 (hence, recalling Remark 3.18 we can take any
Ry >2- 43).

If, for the sake of contradiction, oq s, < —2|Bil, then |Qqary| < 1|Bi] and [2V/3Qq 01| < 3|Bi|. The
optimality of £ ar,, entails,

Egn(Qq,0m,n) = Eq(Qq,m.n) +10g,0,9 < Eq(21/3ﬂq7Mm) + n(2[Qg,01,5| — [B1])
Eq(21/39q,M,n) +n(|B1] + Qaq,M,n)v
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which is equivalent to say
Eq(Qq,M,n) - Eq(21/39q,M7n) <n(|B1] + Uq,Mm)-

On the other hand (calling uq the L? normalized function attaining E,(§ rs,,)) we have the upper bound on
D(-,-) thanks to Lemma 2.1 (for a universal constant C > 0)

D(u,13) < 2|ug|z2 | Vug| 2 / W, dz < C|[Vug|| 2.

Qq,]u;,]

Then, thanks to the above estimate and using also the positivity of D(-,-), the Faber-Krahn inequality and up
to a decrease of g3

— u
Eq(QqJVLn) - Eq(21/39q,Mﬂi) =(1-2 2/3)/ ‘V“QP dz + ( / / Q ( ) ey
qu{n an qltln |1‘_y

|
> (1—2_2/3)/ |Vug|? de — 2Cq / |Vug|2dx
Qq,Mm,n Qq,M,n

1/2
> (17272/3)/ |Vug|? dz — 2Cgmax { 1, / |Vug|? dx
Qq,Mvn Qq-,M-,n

L (=272 (1—272/%)
- 2 2
Finally, (|B1| + oq,m,n) < |Bi1], so we reach a contradiction as soon as 7 < 7y and

(1-273) \o(By)

Ao(Qq,n1,m) > Ao(B1).

2 <

2 | B
Let us define the function, using the same notations for u,u as in the previous case,
w?(x)u’ (y)
T e A R L C o I dedy + 110 a1~ |B1)).
Qq, M7 Qg .M Y1 M m |
We show that the minimum of the function g is attained at » = p := pg.a,y. Then the proof is concluded

because this implies that Eq(pg,ar,nQq,01,n) = Eq,m,5(Pq,M0.00,m) < Eqain(Qqnmy,) < Eq() for all Q" C Br
with |€¥'| = |By]|. This is equivalent to show that for some 7 the inequality

52 ~2
g9(r) = / |Va|* dz + —q/ / w(@)uly) dedy,  for all 7 € [1, p),
g, ,m 2 P, M7 a,M,n |‘T_y|

holds true. Up to rearranging the terms, and by the rescaling of the involved integrals, such an inequality reads

GO AR (O T (O]

Setting ¢ := £ < 1, and observing that 73|Qq, m,n| = 3, the last inequality is equivalent to

)< fpﬂq,M,n |Va|>dz(t=2 - 1) + qu(ﬁ2,ﬂ2)(t_1 — 1).

- 1—13

It is easy to check that the right hand side is bounded from below by the function
=2 -1
1—¢37

which is a function strictly decreasing in its domain and with infimum given by

t2-1 2
lim A\g(B)——5 == > 0.
Jm AolB) 755 = 3
Thus it is enough to take n < 79 < 2/3 and we immediately deduce that g has minimum for » = p. This
concludes the proof. O

t— Ao(B) € (0,1),

We highlight that if > 0 is such that Theorem 3.19 holds true, we can freely assume the equivalence of the
volume-constrained minimization of F, and the unconstrained one for Ey ar,,, (since M has been already fixed,
see Remark 3.3). On the other hand, we stress that this choice of 77 depends, in all our estimates, on R.
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4. OPTIMALITY CONDITIONS AND IMPROVEMENT OF FLATNESS

We have now the following picture. We know that minimizers for the auxiliary functional E, as, exist and
(with the choices we made for M,n) are the same of those of the volume constrained functianal E,. These
minimizers satisfy density estimates which are uniform with respect to ¢ < g3 (see Lemma 3.12 for the density
estimate and Theorem 3.19 for the constant ¢3). Moreover in Lemma 3.16 we have shown that such minimizers
are close in Hausdorff distance to a given ball (any ball achieving the minimum in the definition of Fraenkel
asymmetry of Q). We now improve such a regularity with the final scope of showing that optimal sets are
uniform C%® parametrizations on the boundary of the ball. The results and the proofs in this section are
borrowed (with nontrivial adjustments) from results in [2, Theorem 4.5 and Theorem 4.8], [1, Theorem 2]. We
begin with the following theorem, in which we use the notation 0* F' for the reduced boundary of a set of finite
perimeter F'.

Theorem 4.1. Let q € (0,¢s3], let Q be a minimizer of (2), and let u be an optimal function attaining E,(S2),
thus also solution of (5). Then we have that:
(i) There is a Borel function p,: 0Q — R such that, in the sense of the distributions, one has

(41) —Au = (N, — qui)u — p,H> L 09, in Bp.

(ii) There exist constants 0 < ¢ < C < +o00, depending on R, such that ¢ < p, < C.
(iii) For all points T € 0*Q = 0*{u > 0}, the measure theoretic inner unit normal v,,(Z) is well defined and,
as p— 0,
Q-z
p
(iv) For H? almost all T € 8*{u > 0} we have

—{z: 2z v,(T) >0}, in L'(Bgr).

u(T + pz) — (@) (@ v (T)) 4, in WHP(BR) for every p € [1,+00).
(v) H2(O0Q\ 0*Q) =0

Proof. The proof is essentially identical to that in [2, Section 4]. We only have to check that our hypotheses
match with those in [2]. First by Lemma 2.4 u satisfies

-Au—-Q(z)=0 inD'(Q),

where Q = (A\; — qu,)u € L®(Q) and u € H}(2). Hence, by repeating the proof of [2, Theorem 4.5] or by
directly applying [12, Proposition 2.3] one obtains that there exists a positive Radon measure concentrated on
0N that we denote u,H? L 0. Moreover, thanks to the non-degeneracy, see Remark 3.10 and the Lipschtiz
continuity of u we have that there exist constant C' > ¢ > 0 depending on ¢ and R such that

1
c< 7][ wdM? < C.
OB,

r

Hence we can work under the hypotheses of [2, Theorem 4.5] so that p,, is a density of a Radon measure on 92
and, denoting still with pu, the function defininig it, yu, satisfies (i) — (v). O

4.1. The structure of u,: blow up limits. We show now the following result.

Proposition 4.2. Let Q be a minimizer of (10). Then function p, : 9Q — R found in Theorem 4.1 is constant
on 0*€).

Proof. The proof follows the path of [36, Theorem 6.5], in turn inspired by [l]. Due to the nonlocal term, we
will have to perform some new and non-straightforward computations.
We reason by contradiction and we assume that there exists zg,x1 € 0*Q2 such that
ta(20) < pu(21).

Then we construct a family of volume preserving diffeomorphisms as follows: let k < 1 and p < 1 and let
¢ € C}(B1(0)) be a non-null, radially symmetric function supported in B;(0). We define

i r—x;
o) =10 =+ 3 (1nop () v,

i1€{0,1}

where v,, are the measure theoretic inner normals to 9*Q2 at z;, i = 1, 2.
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It is easy to notice that 7 is indeed a diffeomorphism for p and x small enough and that 7(x) — = vanishes
outside B,(zg) U B,(x1). Moreover we have:

(42) Vr(z)=Id+ Z (—1)%@’(

i€{0,1}

|z — ;]
p

xr —Z;
|.’13 — xi| ® Vg XB, ()

so that?

. xr —x; r — X;

det(Vr(z)) =1+ | Z (—=1)'k¢’ (' |) P Vi, XB,(2:) T O(K)-
1€{0,1}

We call Q, = 7(Q). We aim to show that for x,p small enough it holds Eq s, (Q,) < Eq (), hence

contradicting the minimality of 2. To do that, we deal with the first variation of each term of the sum defining

E4 vy We stress that the computations regarding the volume and the Dirichlet energy contributions are

identical to those performed originally in [1] (see also [7] and [16], where the same idea is applied). Moreover,

exactly as in the proof of [36, Theorem 6.5] one obtains that
(43) Fa(Qp) = f2(Q) = 0(p*),  asp—0,
and that
1 2 2 2 2
(44) (] IVl dz = [ 196l dx) < w4 (wo) 1 (@0))CC0) + 0p(1) + 0(r).

where u, and u are the functions attaining Fq(£2,) and E4(f2) respectively, and

y-v
Clp) = / () dH3 () = — / o () 2 ay,
B1(0)n{y-v=0} B1(0)n{y-v>0} |y

with the last equality that follows from the Divergence Theorem, recalling that v is a inner normal and
. y-v
div(e(ly)v) = s@’(Iyl)m~

Notice also that by the radial symmetry of ¢ the value of C(¢p) is not affected by the choice of v.

We are left to compute the variation of the nonlocal term D(-,-). This is the major technical difference with
respect to the proof of [36, Theorem 6.5]. We claim that (recalling that u, and u are the functions attaining
E,(9,) and E4(f2) respectively)

1
(45) 3 (D(up,up) = D(u?,u?)) = o(r) + o(p).
Once that (45) is proved, the conclusion then readily follows: by minimality of € and thanks to (43), (44) and
(45) we have that

0< Eq,M,n(Qp) - Eq,ﬂf,n(Q)

< k0 C) ((a(w0)? = pa(21)?) + 0p®) + po().

Since from the assumptions there holds g, (70)? — uy(21)? < 0 we get the desired contradiction by choosing p
and k small enough.
It remains to show the validity of (45). To do so, we set

a(z) =u(t Hz)) and @(z) = vg(x)u(z)?,

2
;;_(Z)‘ dy. With such a notation in force we compute, using also formula (42),

where v, (z) = [,

5 003d) - 0 = ([ e [ war)

p
_ ,?13 / (@(r(2)) det (V(2)) — w(z)) da
(46) 1 Q i
— 5 [ @)~ we) do
1 O i [ 1F =T T — T
+E/Qw(7(x)) > (~D'rg <| ; |> E— Ve XB, (a) AT + 0(K).

1€{0,1}

3We are using the formula det(Id 4+ £A) = 1 + trace(A)¢ + o(€) for a matrix A € RVXN,
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We observe that since w(x) = vg(x)u(z)?, with vz uniformly bounded and @ Lipschitz continuous in €2, then
|w(r(x))] < Cp* in QN B,(z;), since u(x;) = 0. With this in mind, we can compute

1 ~ i |z — x|\ = —a
‘;/Qw(T(ZE)) Z (71) K’S0,< > |.I'—$‘Z| *Vzi XB,(2:) dl“

ie{0,1} P
1 ~ —x; -z
(47) <= Y m/ ‘w(T(x))‘. 90'('“"” x) Ty, de
P ic{0.1} QNB,(z;) P |z — 2]
C
< —|By| = o(p).
P
Moreover

= [t —w@) =1 [ (/ <~>(y—)y - Q|x—y| )
-5 [ (/ = [ 0 )
7/ /(IT ) —7( )Ith(v - |2 y|) e

and, with a computation similar to the one done in (47) we obtain that

1 w _ 1 u?(x u? 1 S 40
7 ey —venae = [ [ g ) e

Now, by Lemma 3.11, we know that u is Lipschitz (with constant L) so that u? < p? in QN B,(x;), for
i =1,2, since u(x;) = 0. Hence we obtain by the previous formula and an elementary computation that

1 / ~ L[, 1 1
— | (w(r(x)) —w(x))da;‘ < —/ u (m)/ — ’ dy dx
(48) ‘pg Q P Ja QN(B, (w0)uB,(a) | [T =yl [T(z) = 7(y)]
< ¢p® = o(p),
for some universal ¢ > 0. By (46), (47) and (48) we deduce (45), and the proof is concluded. O

We are now in position to show C?®—regularity of the boundary of a minimizer Q. This can be done in two
steps: first one shows that such a boundary is locally the graph of a C?® function defined on the boundary of
a ball. To do that one exploits the improvement of flatness technique from [2, Section 7 and 8], readapted with
minimal changes to our setting as in [22, Appendix]. Then, as we already know by the previous section that the
boundary of €2 is close in Hausdorff distance to that of a ball, we obtain that the local parametrization is a global
parametrization of class C*% on the boundary of the ball. We first need a definition (see [2, Definition 7.1]).

Definition 4.3. Let v+ € (0,1] and k£ > 0. A weak solution u of (41) is of class F(y_,v4,k) in B,(zo) with
respect to direction v € SN 1 if

(a) xo € {u > 0} and
u=0, for (z —xo) - v < —y_p, =€ B,(xp),
w(@) = p(@o)l(@ o) v —yipl,  for (z—a0) v = vip, @ € Bylao).
(b) |Vu(zo)| < pulzo)(1+ k) in B,(xo) and 0SCB, (wo)Hu < ko (20).
We note that when k = 400, then condition (b) is automatically satisfied. We can show the following result.

Theorem 4.4. Let ¢ € (0,¢3], Q be an optimal set for (2), and u a function attaining E,(Q) and a weak
solution to (41) in Br. Then there are constants 5 and k, depending only on R, p.,, such that if u is of class
F(7,1,+400) in By,(zo) with respect to some direction v € SN=1 with v <7 and p < kvy?, then there exists a
C?® function f: R? — R with ||f]|c2.« < C(R,p) such that, calling

graph, f:={z € R® : 2z -v = f(x — (z-v)v)},
then
O{u >0} N By(zo) = (xo + graph, (f)) N By (xo).-
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Moreover for all g > 0 there exists q. € (0, q3] such that if ¢ < q. then

ofu>0) = { (4o (%)) & s <0,

where @: OB1 — R is a function with the same reqularity of f and ||¢|c2e < €.

We omit the proof which is identical to that in [36, Theorems 1.2 and 6.8] (which is in turn inspired by [2,
Theorem 8.1] and [22, Theorem 2.17 and Appendix]). We note that in our setting p, is constant, thus the
requirement to be C1% regular is trivially satisfied.

We are now in position to prove Theorem 3.1.

Proof of Theorem 3.1. The existence of a minimizer follows from Lemma 3.5 and Theorem 3.19. On the other
hand, the fact that any optimal set is C%>*® nearly spherical follows from Theorem 4.4. g

5. THE SURGERY RESULT AND THE PROOF OF THEOREM 1.2

In this section, we remove the equiboundedness assumption that was present in Theorem 3.1. The surgery
strategy that we employ is very similar to the one proposed in [35] (see also [11]) and used for the spectral
Gamow problem in [36]. We recall here, for the reader’s sake, the main notations and the changes that are
needed in our setting and we give a proof of the following main result.

Lemma 5.1. There exist universal constants D, § < 1 and g € (0, g3] such that if ¢ < G then for any open and
connected set 0 C R? of measure |By| satisfying E,(Q) — Ao(B) < & there exists an open, connected set Q) of
measure |By| with diameter bounded by D and such that

~

Eq(€) < Eg(Q).

Let us introduce some notation. Let 2 be a connected set of measure |Bj| such that Ag(Q2) — A\o(B1) <
E,(Q) — X\o(B1) < 6, and we fix B; the ball attaining the minimum in the Fraenkel asymmetry for Q (see (9)).
We can clearly assume (up to a traslation of Q) that Bj is centered at the origin. Then, by the quantitative
Faber—Krahn inequality (see Theorem 2.11 or [7]), we have

= 1/2
|QAB;| = A(Q) < |By|Y/? (f) ,
g

where @ is the constant from Theorem 2.11. By defining

K = )\0(31) +1> )\0(31) +90

we obtain immediately
E,(Q) <K, and in particular, / |Vul|? de < K,
Q

where u = u4,o from now on is the function attaining F,(€2). We then note that (since By has unit radius)
1Q\ [, t]?| < |QAB| = A(Q), for all ¢ > 1.

Let m € (0,1/4) be such that

(47m)3

(49) _WmE ol
Ao(B1)|B1]3 2

Moreover, we choose ¢ small enough so that
)
O\ L1 < A@) < 81l () <

m
26°

We first focus on the direction e; and detail the construction in this case. We shall denote z = (z,y) € R x R?
and by z; the i-th component of z € R3. For any ¢ € R, we define

Q= {yeRQ ((ty) € Q},
and given any set 2 C R3, we define its 1-dimensional projections for p € {1,2,3} as

() = {t €ER: I(21, 22,23) €Q, 2, = t} .
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For every t < —1 we call

(1) = {(az,y)EQ:x>t}, O (1) = {(x,y)eQ:z<t}, (t) == H2().
Observe that

t
—0o0

m(t) = |2 (1)| :/ e(s) ds < 2.

We call u the optimizer for E,(€2) (we note that it is unique since Q = {u > 0} is connected). We define then
also, for every t < —1,

5@);:A;|VU@JDFdH2@)7 ﬂ@)ﬁ:A;Uande2@),

which makes sense since u is smooth inside Q. Applying the Faber-Krahn inequality in R? to the set Q;, and
using the rescaling property of eigenvalues on R?, we know that

()Mo (924) = H* ()Xo (Q) = Xo(Bgz)

calling B> the ball of unit measure in R?. As a trivial consequence, we can estimate y in terms of € and §: in
fact, noting that u(t,-) € H} (%) and writing Vu = (Viu, Vyu), we have

(50) “@:A“HWWSM@>Q

We can now present two estimates which assure that v and Vu cannot be too big in Q7 ().

|Vyu(t,)|? dH?* < Ce(t)s(t).

Lemma 5.2. Let Q CR? and u be as in Lemma 5.1. For every t < —1 the following inequalities hold:
(51) / 2 de < Che(8)8(8), / Vul? de < Che(t)5(8),
Q= (1) Q= ()

for some universal constant C1> 0 .

The proof of the above Lemma follows, up to a few minor changes, as in [35, Lemma 2.3|, by working on
u (and recalling it solves the PDE (7)) instead of the first eigenfunction of the Dirichlet Laplacian in . We
reproduce it here for the sake of completeness.

Proof. Let us fix t < —1. Consider the set {0y obtained by the union of Q7 (¢) and its reflection with respect
to the plane {z = t}, and call us € H{(Qs) the function obtained by reflecting u. Using the Faber-Krahn

inequality, we find then
, s / Vus|? dz / IVl da / Vul? da
)\0(B1)|B1|3 _ )\0(B1)‘31|3 < /\O(Qg) < Qg _ Q—(t) _ Q= ()
2 [ —

2 —12 )
(Qm(t)) ? 2[5 / u% dx / u? dx / u?dx
Qg Q= (t) Q=(t)
by the symmetry of g, and using the scaling. This estimate gives
2
2m(t))?
(52) / u?dr < (L))Q / |Vul|? de
Q- () Ao(B1)|B1]3 Ja-@)

which in particular, being m(t) < 2m and recalling (49), implies

1
/ u?de < - .
Q- (1) 2

On the other hand, recalling that —Au < Agu in Q, by Schwarz inequality and using (50) we have

/ |Vu|? de < / )\quzda:—t—/ u@d?ﬁ < K/ u? dx + / u? dH? |Vu|? dH?
- (1) Q- () 0, Ov O () o, Q,

<K u? dx + Ca(t)%é(t) .
Q- (1)

(53)

It is now easy to obtain (51) combining (52) and (53). In fact, by inserting the latter into the first, we find

2
3

% s ( 2 cxtha0),
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which by (49) again yields
2
1 2m(t))*
(54) f/ w?dz < % Ce(t)¥6(t) < C=()5(1).
2 Jo-@) Ao(B1)| B3
The left estimate in (51) is then obtained. To get the right one, one has then just to insert (54) into (53). O

Let us go further into the construction, giving some additional definitions. For any ¢ < —1 and o(t) > 0, we
define the cylinder Q(¢) as

Qt) = {(m,y) ER: t—o(t) <z <t (ty)e Q} = (t—o(t),t) x
where for any ¢t < —1 we set
o(t) =e(t)? .
We let also Q(t) = QT () UQ(t), and we introduce @ € H} (Q(t)) as
u(z,y) if (z,y) € (1),

u(z,y) =9 z—t+o(t) ,
BCORE u(t,y) if (z,y) € Q(t).

The fact that @ vanishes on d€Q(t) is obvious; moreover, Vu = Vi on Q% (¢), while on Q(t) one has

Vii(z,y) = (u(ty) x—t+o(t) Vyu(ay)) .

o(t) © o)

A simple calculation allows us to estimate the integrals of @ and Vu on Q(t).

Lemma 5.3. For everyt < —1, one has
/ Vit de < Che(t)268(t), / 02 da < Cae(t)26(t),
Q) Q)

for a universal constant Cy > 0.

The proof of the above Lemma follows as [35, Lemma 2.4].

Another simple but useful estimate concerns the Rayleigh quotients of the functions @ on the sets ﬁ(t): notice
that, while u has unit L? norm, the modifed function % in general is not normalized so we need to take care
also of its norm.

Lemma 5.4. There exists a universal constant Cs > 0 such that for every t < —1, one has

/~ Vil da g/ IVl do + Caz(£)26(2) /~ 2 de > / W2 da — Ce(t)3o(1) .
aw) Q a) Q

Proof. Tt is enough to note that, by definition of () and using Lemma 5.2 and 5.3, we obtain for the gradient

term
/~ \Vﬂ|2dz=/ |Vu|2dx+/ Vil da
a() 2+ (1) Q)
:/ |Vu|2dx+/ \Vﬂ\Qdaz—/ |Vu|2dx§/ IVl do + Cae(t) 55(8),
Q Q(t) Q=(t) Q

while for the function, we have

/~ ﬂ2d33:/ ugda:—l—/ ﬂQdIZ/UZdl‘-F/ ﬂde—/ u2da:2/u2dm—015(t)
Q(t) QF(t) Q(t) Q Q(t) Q=(t) Q

We can now enter in the central part of our construction. Basically, we aim to show that either 2 already
has bounded left “tail” in direction ej, or some rescaling of () has energy lower than that of Q.

Nl

5(t).

O

Lemma 5.5. Let Q be as in the assumptions of Lemma 5.2, and let t < —1. There exist universal g € (0, g3)
and Cy > 2 such that, for all ¢ <G exactly one of the three following conditions hold:

(1) max{e(t), 6(t)} > 1;
(2) (1) does not hold and m(t) < Cy4 (s(t) + S(t))s(t)%;
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(3) (1) and (2) do not hold and one has that

|Vul|? dz N
f“ t’ P /|Vu|2dx and  E(Q(1)) < E,(Q),

where fort < —1 we set

Q) = B[00 301),  and  a(x) = (1B Q) Fx), for x € (t).

Proof. Assume (1) is false. Then it is possible to apply Lemma 5.4, to obtain

(55)/~ |va|2dxg/\vu\2dx+c3g(t)%5(t), /
) Q

2 de > / W2 dz — Cye(t)}o(t) = 1 — Cae(t)26(2).
a) o

By the scaling properties of the eigenvalue and the fact that |(AZ(t)‘ = |By|, we know that

N o2 ~
fﬁ(t) |Va|? dx _lam)? fﬁ(t) |Va|? dz
fﬁ(t) u?dx |By|3 fﬁ(t) u? dx

By construction,
Q)] = |27 )| +|QE)| = |Bi = m(t) +£(t)?,

hence the above estimates, the scaling of the integrals due to the definition of @ and (55) lead to

fﬁ(t) \Val? da _ ( ~m(t) e(t)%>% fﬁ(t) |Vau|? dx
fﬁ(t) ﬂQ dl‘ |Bl| |Bl| fﬁ(t) ﬁ2 de

<(1- ﬁm(t} + 3|;1| a(t)%)(ucgs%(t)a(t))(/ Vul? do + Coe(t) 25(1))

2X0(B1) 2K 3 2 1
< (/QVude— 35, m(t)-f—ﬁ e(t)2 + (203+K03+ 3B1|) (t) 5(t)) .

At this point, defining Cy4 := max{gglj;l + 203+ KC3,2}, if

m(t) < Cu(e(t) +8(t))e(t)?,

then condition (2) holds true. Otherwise, we immediately have that

o B ([t (30 o) < o

for a universal constant C5 > 0, therefore the first part of the third claim is verified.
On the other hand, we note that, using the L> bound of u, see Lemma 2.4, the fact that u < u by construction
and also [17, Lemma 2.4],

~2 ~2
D(u?,u?%) = D(u?,u? +2/ / wdxdy—i—/ / wdmdy<D(u u?) + Cppe? (t).
Qt () JQ) |z -y Q) JQ(t) |z —y

Then we can estimate, using the appropriate scalings,

2
3

D@,@*) _ D@, (1 _mln) | E(t)3> (s
(Jawdz)" (Jaq @ de B 1B
(&7) - (1 i 3|1231|m(t)> (1 + Cac? (t)5(t)) (D( u?) + Cppe? (t ))
< D(u?,w?) + Olul|m(t) + Cppe? (1) + Calull~e* (1)5(2)

< D(u?,u?) + Cllullfom(t) + (Cpp + Csllullf)m(t)
D(u?,u?) + Cem(t).

D(u?,u?)
) ——=

m
3| B |
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Then, putting together (56) and (57), recalling also Remark 2.3 for the equivalence of the scale invariant energy,
Jag VAl du D(@2,a?)
o U2 dx ~ 2
fQ(t) (fﬁ(t) u? dm)

< / (Vul? de + 1D, 0?) — (G5~ LCymn)
Q

E,(Q(1)) < +

C
< [ |Vul*dx + —qD(uZ,uQ) — Zm(),

Q 2 2

up to taking ¢ < g < 2%2, so that in this case condition (3) holds and the proof is concluded. O
Once we have Lemma 5.5, the rest of the proof follows as in [35] or [36] as we detail here below.

Proof of Lemma 5.1. Tt is enough to repeat the analogs of [36, Lemma 8.7, Lemma 8.8, Proposition 8.1 and
Section 9.2], noting that it is only a geometric argument and having [, |Vu|® dz instead of Xo(€2) does not
change anything. O
Proof of Theorem 1.2. We aim to apply the surgery result Lemma 5.1 and then to employ Theorem 3.1. Pre-
cisely, first, as in Section 9.2 of [36] we select a minimizing sequence for problem (2) made of connected sets.
Then, by Lemma 5.1 we select another minimizing sequence of equibounded sets. At this point we are in
position to apply Theorem 3.1 and we conclude. O

6. THE CASE OF ¢ LARGE: PROOF OF THEOREM 1.5

In this final section, we show that the energy of a minimizer cannot exceed a value of order ¢®/2. This is
done by a simple estimate on the energy of a suitably chosen union of balls with mutual distance large enough.
As a consequence, we show that for large values of ¢ any minimizer has a bound on the diameter from below
and that the ball B; can not be optimal. We also formulate the following conjecture, motivated by the proof of
Lu-Otto [33] for the Thomas-Fermi-Dirac-Von Weizsécker energy.

Conjecture 6.1. There exists a threshold M > 0 such that for ¢ > M no minimizer occurs for (2).

Proof of Theorem 1.5. We construct a competitor {2 made up of a suitably chosen quantity of disjoint balls
with mutual distance diverging to infinity.

Let Qn = UN, B, (z;), where |z; — x;| is diverging sufficiently fast to infinity for i # j as ¢ — oo. We select
N € N and 7 > 0 so that |Qy| = |By|; this implies in particular that Nr® = 1. Calling wp € H}(Bi) the first
Dirichlet eigenfunction of B; extended by zero to all of R* and normalized with [ B, w%(2) dz = 1, then we can

define as test function supported on Qy the function wy = vazl wp((x —x;)/r) , so that

/ ﬂ)vjzv(z)dz:N/ w%(z/r)dz:Nr3/ sz(y)dy:/ wy = 1.
Qn B, B1

B1
Thus, using the minimality of 2y we obtain

N 2
Eq(QN)gEq(ﬂ';MQN)SN/ |VwB(z/r)|2dz+—q/ / W
B, 2 JB, JB,

2w wfr) Cq

|z — w| mini<;<j<n |2 — z;

q q
<C (N2/3/B ‘VwB|2 dy + N2/3D(wQB7w2B)> =C <)‘0(Bl)]\/v2/3 + N2/3D(w237w23)) :

Minimizing with respect to IV for ¢ sufficiently large universal, we obtain that the optimal number of balls to
be N = Cg¢?/* for some C = C(q) > 0 approaching a universal constant as ¢ — oo, leading to

E,(Qn) < Cq'/?
for all ¢ sufficiently large. As a consequence, if {2 is an optimal set for problem (2), then we have the bound
from above
(58) Ey(@) < Cq'/2
for all ¢ sufficiently large.
On the other hand, we can estimate from below the energy of the ball of unit radius, for ¢ > 1:

. q 2 2 2 q
E,(B)) = 2dz+ <D : de=1% > ~.
.(B1) uegloll?Bl){/Q|Vu| :L'+2 (u”,u”) /131u i }_4
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As a consequence, for g sufficiently large the unit ball cannot be the optimal set.
Finally, let © be an optimal set for problem (2). Then

2 2 2 2
q u”(x)u”(y) Q// u”(z)u”(y) 1 ¢
E,(Q) > = —_— > = —— I P S
a()) 2 2 /Q/Q |z —y| drdy > 2 JoJq diam(Q) drdy > 2 diam(Q)
Thus, thanks to (58), we deduce that
diam(Q) > Cq¢'/?,

for all ¢ sufficiently large and a universal constant C' > 0. g

APPENDIX A. THE PHYSICAL MODEL AND NON-DIMENSIONALIZATION

In its dimensional form, the ground state bosonic Hartree energy for the Cooper pairs takes the form (in the

ST units)
N 2 N(N -1 2 2 2
£u,q) = Y /|Vu(x)|2dx—|— (V= 1e //“ @Y gy,
2m* Jq 2mege alo |r—uyl

where m* is the effective mass of a Cooper pair and —2|e| is its charge, where —|e| is the elementary charge,
g0 is the vacuum permittivity, € is the dielectric constant of the surrounding matrix (within a simplified local
treatment of the dielectric), N is the number of Cooper pairs in the island and u is a single-orbital wave function
subject to the normalization

(59) /Q w? () de = 1.

We now perform a rescaling

r — Lz, U — L73/2u,
that keeps the normalization condition in (59) unchanged. After some simple algebra we arrive at

NA?

E(L732u(-/L), LQ) = L2

E,(u,Q),

where
2¢2(N — 1)m*L

q =
7Th2€0€

With the choice of L = (%)1/3 = (\gll )1/3 we then arrive at the shape optimization problem in (2).

REFERENCES

[1] N. Aguilera, H. W. Alt, and L. A. Caffarelli. An optimization problem with volume constraint. SIAM J. Control Optim.,
24(2):191-198, 1986.

[2] H. W. Alt and L. A. Caffarelli. Existence and regularity for a minimum problem with free boundary. J. Reine Angew. Math.,
325:105-144, 1981.

[3] L. Ambrosio and P. Tilli. Topics on analysis in metric spaces, volume 25 of Oxford Lecture Series in Mathematics and its
Applications. Oxford University Press, Oxford, 2004.

[4] 1. Beloborodov, A. Lopatin, V. Vinokur, and K. Efetov. Granular electronic systems. Reviews of Modern Physics, 79(2):469—
518, 2007.

[5] R. Benguria, H. Brézis, and E. H. Lieb. The Thomas-Fermi-von Weizsécker theory of atoms and molecules. Comm. Math.
Phys., 79(2):167-180, 1981.

[6] V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. Devoret. Quantum coherence with a single cooper pair. volume 76, pages
165-170, 1998.

[7] L. Brasco, G. De Philippis, and B. Velichkov. Faber-Krahn inequalities in sharp quantitative form. Duke Math. J., 164(9):1777—
1831, 2015.

[8] L. Brasco and G. Franzina. A note on positive eigenfunctions and hidden convexity. Arch. Math. (Basel), 99(4):367-374, 2012.

[9] T. Briancon, M. Hayouni, and M. Pierre. Lipschitz continuity of state functions in some optimal shaping. Calc. Var. Partial
Differential Equations, 23(1):13-32, 2005.

[10] D. Bucur. Minimization of the k-th eigenvalue of the Dirichlet Laplacian. Arch. Ration. Mech. Anal., 206(3):1073-1083, 2012.

[11] D. Bucur and D. Mazzoleni. A surgery result for the spectrum of the Dirichlet Laplacian. STAM J. Math. Anal., 47(6):4451—
4466, 2015.

(12] D. Bucur, D. Mazzoleni, A. Pratelli, and B. Velichkov. Lipschitz regularity of the eigenfunctions on optimal domains. Arch.
Ration. Mech. Anal., 216(1):117-151, 2015.

[13] M. Biittiker. Zero—current persistent potential drop across small-capacitance josephson junctions. Physical Review B,
36(7):3548-3555, 1987.

[14] R. Choksi, C. B. Muratov, and I. Topaloglu. An old problem resurfaces nonlocally: Gamow’s liquid drops inspire today’s
research and applications. Notices Amer. Math. Soc., 64(11):1275-1283, 2017.



(15]
[16]
(17)
(18]
(19]
20]
21]
(22]
23]
24]

[25]
[26]

27]
(28]
[29]
(30]
(31]

32]
(33]

AN OPTIMAL DESIGN PROBLEM FOR A CHARGE QUBIT 31

E. B. Davies. Heat kernels and spectral theory. Cambridge Tracts in Mathematics, 92, Cambridge Univ. Press, Cambridge,
1989.

G. De Philippis, M. Marini, and E. Mukoseeva. The sharp quantitative isocapacitary inequality. Rev. Mat. Iberoam., 37(6):2191—
2228, 2021.

N. Fusco and A. Pratelli. Sharp stability for the Riesz potential. ESAIM Control Optim. Calc. Var., 26:Paper No. 113, 24,
2020.

D. Gilbarg and N. S. Trudinger. Elliptic partial differential equations of second order, volume 224 of Grundlehren der mathe-
matischen Wissenschaften [Fundamental Principles of Mathematical Sciences]. Springer-Verlag, Berlin, second edition, 1983.
M. Goldman, M. Novaga, and B. Ruffini. Existence and stability for a non-local isoperimetric model of charged liquid drops.
Arch. Ration. Mech. Anal., 217(1):1-36, 2015.

M. Goldman, M. Novaga, and B. Ruffini. On minimizers of an isoperimetric problem with long-range interactions under a
convexity constraint. Anal. PDE, 11(5):1113-1142, 2018.

M. Goldman, M. Novaga, and B. Ruffini. Rigidity of the ball for an isoperimetric problem with strong capacitary repulsion.
JEMS, In press. DOI 10.4171/JEMS/1451, 2024.

B. Gustafsson and H. Shahgholian. Existence and geometric properties of solutions of a free boundary problem in potential
theory. J. Reine Angew. Math., 473:137-179, 1996.

D. Hartree. The wave mechanics of an atom with a non-Coulomb central field. part I: Theory and methods. Mathematical
Proceedings of the Cambridge Philosophical Society, 24(1):89 — 110, 1928.

J. Heinonen, T. Kilpeladinen, and O. Martio. Nonlinear potential theory of degenerate elliptic equations. Dover Publications,
Inc., Mineola, NY, 2006. Unabridged republication of the 1993 original.

A. Henrot. Extremum problems for eigenvalues of elliptic operators. Frontiers in Mathematics. Birkhduser Verlag, Basel, 2006.
A. Henrot and M. Pierre. Shape variation and optimization. A geometrical analysis, volume 28 of EMS Tracts in Mathematics.
European Mathematical Society (EMS), Ziirich, 2018.

M. Kjaergaard, M. E. Schwartz, J. Braumiiller, P. Krantz, J. I.-J. Wang, S. Gustavsson, and W. D. Oliver. Superconducting
qubits: Current state of play. Annual Review of Condensed Matter Physics, 11:369 — 395, 2020.

H. Kniipfer and C. B. Muratov. On an isoperimetric problem with a competing nonlocal term I: The planar case. Comm. Pure
Appl. Math., 66(7):1129-1162, 2013.

H. Kniipfer and C. B. Muratov. On an isoperimetric problem with a competing nonlocal term II: The general case. Comm.
Pure Appl. Math., 67(12):1974-1994, 2014.

C. Le Bris and P.-L. Lions. From atoms to crystals: a mathematical journey. Bull. Amer. Math. Soc. (N.S.), 42(3):291-363,
2005.

E. H. Lieb and M. Loss. Analysis, volume 14 of Graduate Studies in Mathematics. American Mathematical Society, Providence,
RI, second edition, 2001.

P.-L. Lions. Solutions of Hartree-Fock equations for Coulomb systems. Comm. Math. Phys., 109(1):33-97, 1987.

J. Lu and F. Otto. Nonexistence of a minimizer for Thomas-Fermi-Dirac-von Weizsdcker model. Comm. Pure Appl. Math.,
67(10):1605-1617, 2014.

[34] V. G. Maz’ja. Sobolev spaces. Springer Series in Soviet Mathematics. Springer-Verlag, Berlin, 1985. Translated from the Russian

by T. O. Shaposhnikova.

[35] D. Mazzoleni and A. Pratelli. Existence of minimizers for spectral problems. J. Math. Pures Appl. (9), 100(3):433-453, 2013.
[36] D. Mazzoleni and B. Ruffini. A spectral shape optimization problem with a nonlocal competing term. Calc. Var. Partial

Differential Equations, 60(3):Paper No. 114, 46, 2021.

[37] C. B. Muratov, M. Novaga, and B. Ruffini. On equilibrium shape of charged flat drops. Comm. Pure Appl. Math., 71(6):1049—

1073, 2018.

[38] C. B. Muratov, M. Novaga, and B. Ruffini. Conducting flat drops in a confining potential. Arch. Ration. Mech. Anal.,

243(3):1773-1810, 2022.

[39] B. Velichkov. Regularity of the one-phase free boundaries, volume 28 of Lecture Notes of the Unione Matematica Italiana.

Springer, 2023.

[40] D. Vion. Josephson quantum bits based on a Cooper pair box. Les Houches Summer School Proceedings, 79(C):521-523, 2004.

DIPARTIMENTO DI MATEMATICA F. CASORATI, UNIVERSITA DI PAVIA, VIA FERRATA 5, 27100 PAvia, ITALY
Email address: dario.mazzoleni@unipv.it

DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI PisA, LARGO B. PONTECORvVO, 5, 56127 Pisa, ITALY
Email address: cyrill.muratov@unipi.it

DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI BOLOGNA, P1AzzA DI PORTA SAN DONATO 5, 40126 BOLOGNA, ITALY
Email address: berardo.ruffini@unibo.it



	1. Introduction
	1.1. Main results and detailed strategy of their proof

	2. Preliminaries
	2.1. Minimization of Eq(u, ) in u.
	2.2. Fraenkel asymmetry and quantitative Faber-Krahn inequality
	2.3. Some facts about quasi-open sets

	3. An existence result for an auxiliary problem
	3.1. Removing the L2 norm constraint in Eq
	3.2. Another auxiliary problem: removing the volume constraint
	3.3. Free boundary formulation
	3.4. Equivalence between the minimizations of Eq and  Eq,M,

	4. Optimality conditions and improvement of flatness
	4.1. The structure of u: blow up limits

	5. The surgery result and the proof of Theorem 1.2
	6. The case of q large: proof of Theorem 1.5
	Appendix A. The physical model and non-dimensionalization
	References

