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Abstract: We establish the behavior of the energy of minimizers of non-local Ginz-
burg-Landau energies with Coulomb repulsion in two space dimensions near the onset
of multi-droplet patterns. Under suitable scaling of the background charge density with
vanishing surface tension the non-local Ginzburg-Landau energy becomes asymptoti-
cally equivalent to a sharp interface energy with screened Coulomb interaction. Near
the onset the minimizers of the sharp interface energy consist of nearly identical circular
droplets of small size separated by large distances. In the limit the droplets become
uniformly distributed throughout the domain. The precise asymptotic limits of the bifur-
cation threshold, the minimal energy, the droplet radii, and the droplet density are
obtained.

1. Introduction

Spatial patterns are often a result of the competition between thermodynamic forces
operating on different length scales. When short-range attractive interactions are pres-
ent in a system, phase separation phenomena can be observed, resulting in aggregation of
particles or formation of droplets of new phase, which evolve into macroscopically large
domains via coarsening or nucleation and growth (see e.g. [1]). This process, however,
can be frustrated in the presence of long-range repulsive forces. As the droplets grow,
the contribution of the long-range interaction may overcome the short-range forces,
whereby suppressing further growth. This mechanism was identified in many energy-
driven pattern forming systems of different physical nature, such as various types of
ferromagnetic systems, type-I superconductors, Langmuir layers, multiple polymer sys-
tems, etc., just to name a few [2—11]. Remarkably, these systems often exhibit very
similar pattern formation behaviors [10,12].

One important class of systems with competing interactions are systems in which
the long-range repulsive forces are of Coulomb type (for an overview, see [13,14] and
references therein). The nature of the Coulombic forces may be very different from
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system to system. For example, these forces may arise when particles undergoing phase
separation carry net electric charge [15-18], or they may be a consequence of entropic
effects associated with chain conformations in polymer systems [19-23]. Coulomb inter-
actions may also arise indirectly as a result of diffusion-mediated processes [4,24,25].
All this makes systems with repulsive Coulombic interactions a ubiquitous example of
pattern forming systems.

Studies of systems with competing short-range attractive interactions and long-range
repulsive Coulomb interactions go back to the work of Ohta and Kawasaki, who pro-
posed a non-local extension of the Ginzburg-Landau energy in the context of diblock
copolymer systems [19]. Even though its validity for diblock copolymer systems may
be questioned [21,26-28], the Ohta-Kawasaki model is applicable to a great number
of physical problems of different origin [14]. On the other hand, mathematically the
Ohta-Kawasaki model presents a paradigm of energy-driven pattern forming systems
which has been receiving a growing degree of attention [9,29-37].

The Ohta-Kawasaki energy is a functional of the form [13,14,19,24,38]:
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Here, u : 2 — R is a scalar quantity denoting the “order parameter” in a bounded
domain £2 C RY. Different terms of the energy are as follows: the first term penalizes
spatial variations of u# on the scales shorter than ¢, the second term, in which W is a
symmetric double-well potential drives local phase separation towards the minima of
W at u = +£1, and the last term is the long-range interaction, whose Coulombic nature
comes from the fact that the kernel G solves the Neumann problem for

1
— AGo(x,y) =8(x —y) — —, / Go(x, y)dx =0, (1.2)
[£2] 9]

where A is the Laplacian in x and §(x) is the Dirac delta-function. The parameter u
denotes the prescribed uniform background charge, and the overall “charge neutrality”
is ensured via the constraint

|é—l/uabc =1. (1.3)

It is important to note that the kernel G solves (1.2) in the space of the same dimen-
sionality as the order parameter u (not to be confused with the case in which the kernel
solves Laplace’s equation in the space of higher spatial dimensionality, as is common in
many other systems with competing interactions, see e.g. [7,16]).

The parameter ¢ > 0in (1.1) determines both the scale of the short-range interaction
and the magnitude of the interfacial energy between the regions with different values
of u when ¢ is sufficiently small. In fact, it is known that no patterns can form in the
system if ¢ is sufficiently large [13, 14,39]. On the other hand, when ¢ < 1, the first term
in the functional £ becomes a singular perturbation, giving rise to “domain structures”
(see Fig. 1), which are of particular physical interest. These patterns consist of extended
regions in which u is close to one of the minima of the potential W, separated by narrow
domain walls. In this situation one can reduce the energy functional appearing in (1.1)
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Fig. 1. A multi-droplet pattern: density plot of u in alocal minimizer of £[u] with W (1) = % (1—u2)? obtained
numerically for u = —0.5, ¢ = 0.025, and §2 = [0, 11.5) x [0, 10), with periodic boundary conditions. Dark
regions correspond to u &~ —1, and light regions correspond to # ~ 1 (from [14])

to an expression in terms of the interfaces alone. In [13,14], such a reduction was per-
formed for £ using formal asymptotic techniques (see also [30,35,40,41]) and leads to
the following reduced energy (for simplicity of notation, we choose the normalizations in
such a way that the parameter ¢ is, in fact, the domain wall energy, see Sec. 4 for details):

1
Elu] = %/Q|Vu|dx+§/9/g(u(x)—IZ)G(x,y)(u(y)—ﬁ)dxdy. (1.4)

Here the function u takes on values +1 throughout §2, and the kernel G is the screened
Coulomb kernel, i.e., it solves the Neumann problem for

—AG(x,y)+ K2G()C, y)=68(x—y), (1.5)

with some ¥ > 0. The constant k has the physical meaning of the inverse of the Debye
screening length [13,14]. Note that the sharp interface energy E with the unscreened
Coulomb kernel (i.e. with k = 0) was derived by Ren and Wei as the I"-limit of the
diffuse interface energy £ under assumptions of weak non-local coupling (i.e., with an
extra factor of ¢ in front of the Coulomb kernel) and # € (—1, 1) independent of ¢, as
& — 0 [30] (see also [35,37]; note that this case is also equivalent to considering £ on
the domain of size O (g1/3)). At the same time, screening becomes important near the
transition between the uniform and the patterned states which occurs near |u| = 1,
the case of interest in the present paper [13,14]. Note that in the presence of screening
the neutrality condition in (1.3) is relaxed.

In this paper, we rigorously establish the relation between the sharp interface energy
E and the diffuse interface energy £, and analyze the precise behavior of minimizers
of the sharp interface energy E for ¢ < 1 in the vicinity of the transition from the
trivial minimizer to patterned states occurring near |#| = 1. We note that despite the
apparent simplicity of the expression for E, the minimizers of E exhibit quite an intri-
cate dependence on the parameters for ¢ < 1 and |u#| ~ 1. Our analysis in this paper
will be restricted to the case d = 2. While a number of our results can be extended
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to arbitrary space dimensions, our methods to obtain sharp estimates for the energy of
minimizers rely critically on the properties of minimal curves in two dimensions and the
logarithmic behavior of the Green’s function of the two-dimensional Laplacian near the
singularity. Therefore, they cannot be readily extended to other spatial dimensionalities,
and, indeed, one would expect certain important differences between these cases and the
case of two space dimensions. At the same time, we will show that in the case d = 2 it
is possible to obtain rather detailed information about the structure of the transition near
|| = 1 in terms of energy. Let us note that, since the case d = 1 is now well-understood
[29-31,42], the remaining open case of physical interest is that of d = 3.

Before turning to the analysis, let us briefly mention a perfect example of an exper-
imental system in which the regimes studied by us could be easily realized, which is
inspired by the beautiful Nobel Lecture of Prof. G. Ertl [43,44]. Consider molecules
which undergo adsorption and desorption to and from a crystalline surface. On the sur-
face, the atoms may hop around and reversibly stick to each other to form monolayer
aggregates [45]. Then, within the framework of phase field models, this process may be
described by the following evolution equation for the adsorbate density fraction ¢ [25]:

¢ = MAW' (@) — gAP) +ki(1 — ¢) — k-9, (1.6)

where W is a double-well potential with two minima between ¢ = 0 and ¢ = 1, g is
the short-range coupling constant, M is a kinetic coefficient, and k+ are the adsorption
and desorption rates, respectively. Note that this equation can be rewritten as

¢ = MA{W'(¢) — gAp +kGo x (¢ — )}, (1.7)

where k = (ky + k_)/M, ¢ = ki/ (ks + k_), and “x” denotes convolution in space,
with G given by (1.2), provided the spatial average of the initial data is ¢. Upon suit-
able rescaling, this is precisely the H~! gradient flow for the energy &, i.e., we have
u; = A(SE/5u), where u is a rescaling of ¢. In particular, minimizers of £ are ground
states of the considered system in equilibrium in the mean-field limit. We note that the
adsorption and desorption rates k+ can be quite small compared to the hopping rate,
resulting in very small values of & ~ k!/2. Therefore, one can achieve a very good scale
separation between the interfacial thickness (atomic scales) and the size of adsorbate
clusters (micro-scale) in this experimental setup.

Our paper is organized as follows. In Sec. 2, we present heuristic arguments and give
the statements of main results, in Sec. 3, we perform a detailed analysis of the sharp
interface energy E, in Sec. 4 we establish a connection between the sharp interface
energy E and the diffuse interface energy £. Finally, in Sec. 5 we conclude the proofs
of the theorems.

Throughout the paper, the symbols L?, H*, W*P_ C*% BV denote the usual function
spaces, | - | denotes the d-dimensional Lebesgue measure or the (d — 1)-dimensional
Hausdorff measure of a set, depending on the context, and C, c, etc., denote generic
positive constants that can change from line to line. The symbols O (1) and o(1) denote,
as usual, uniformly bounded and uniformly small quantities, respectively, in the limit
e — 0, etc. Finally, we will say that a statement holds for ¢ < 1, etc., if there exists
&0 > 0 such that that statement is true for all 0 < ¢ < g¢. For simplicity of notation, the
subscript ¢ is omitted for all quantities depending on ¢.
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2. Heuristics and Main Results

Let us begin our investigation by setting d = 2 and making a simplifying assumption
that the domain £2 is a torus': £2 = [0, 1)2. Let us also specify the domains of definition
for the functionals £ and E. Formally, the diffuse interface energy £[u] will be defined
forallu € H'(£2) subject to J o udx = u, whereas the sharp interface energy E[u] will
be defined for allu € BV (£2; {—1, 1}).

The assumption that £2 is a torus, which is common in the considered class of prob-
lems, eliminates the need to deal with the boundary effects and, even more importantly,
restores the translational invariance inherent in the problem on the whole of R? (note
that the choice of the size of §2 is inconsequential, the obtained energy of the minimiz-
ers scales linearly with |§2]). As a result, the kernel of the non-local part of the energy
becomes a function of x — y only. With a slight abuse of notation, in the following we
will, therefore, replace G (x, y) with G(x — y) everywhere below.

On heuristic grounds one would expect that the minimizers of E at ¢ < 1 would
be periodic with period R ~ ¢!/3, whenever |ii| < 1 and |i| is not too close to 1
[9,13,14,19]. A simple scaling analysis shows that in this case E ~ §2/3 as ¢ — 0 with
u fixed. Our first result gives a justification for this energy scaling without any assump-
tions about the minimizers (for statements about existence and regularity of minimizers,
see the following sections).

Theorem 2.1. Let W satisfy the assumptions (i)—(iv) at the beginning of Sec. 4, and let
u € (—1, 1) be fixed. Then there exist &g > 0 and C > ¢ > 0, such that

2/3

ce”’” <min E, min€& < Cce?3 2.1

forall e < ¢.

Observe also that for E this result still holds when 2 = [0, l)d for any d, while for £
it holds at least for d < 6 (see Sec. 4). We note that for u = 0 and |u| < 1 such a result
was obtained by Choksi, using somewhat different techniques [9]. On the level of E
(with k = 0), Alberti, Choksi and Otto recently proved, among many other interesting
results, a stronger statement that in the limit ¢ — 0, the constants in the upper and lower
bounds in (2.1) can be chosen to be arbitrarily close to each other [36]. We note that the
case k = 0and u € (—1, 1) fixed can be treated as the limit of energy E considered by
us as k — 0, when the constraint f o udx = u gets automatically enforced (see (5.2)).

Thus, when u € (—1, 1) is fixed, the energy E admits a non-trivial minimizer, whose
energy scales as in (2.1) when ¢ < 1. What about the case || > 1? Here, in fact, it
is easy to see that the only minimizers admitted by E are the trivial ones. Consider, for
example, the case u < —1, the other case is equivalent by symmetry. In this case the
problem admits the unique global minimizer u = —1. To see this, let us introduce the
characteristic function y o+ of the set 2% = {u = +1} fora givenu € BV (£2; {—1, 1}).
Then u = 2o+ — 1, and by a straightforward computation

1
Efu] = 5/ / Cxe+(@) =1 =-uw)G(x — y)2xe+(y) — I —u)dxdy
ela

_a +i)? 200 +@)

R
e | (2.2)

1 Throughout the paper, [0, 04 will always denote a d-dimensional rectangle with size ¢ and periodic
boundary conditions, identified with a d-dimensional torus.
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Thus, when # < —1, the second term in the last inequality in (2.2) is positive, hence, is
minimized by [£2*| = 0. But in this case u = —1 attains equality in (2.2), sou = —1
is the minimizer. Thus, when |iz| > 1, non-trivial minimizers of E do not exist, and,
therefore, at |iz] = 1 a bifurcation occurs in the limit ¢ — 0.

The main purpose of this paper is to investigate the transition between the trivial and
the non-trivial minimizers of E and & that occurs in the neighborhood of |i| = 1 for
& < 1. The energy E captures most of the difficulty associated with the considered
problem. Therefore, we will spend most of our effort in this paper to the studies of
E (see Sec. 3). At the same time, as we show later (see Sec. 4), the statements about
the behavior of min E also extend to that of min £ for ¢ < 1 (the correspondence of
minimizers of the two energies will be a subject of future study).

When 2 = [0, 1)2, the kernel G has an explicit representation

1
G) = o~ > Kolklx —nl), (2.3)

neZ?

where K is the modified Bessel function of the first kind. In particular, G > 0 and we
have the following asymptotic expansion from the power series representation of Ky
[46]:

1 _
G(x) = =5 —In(&|x]) + O(lx)), (2.4)
T
where
k=gkexp|y— > Kolkn)) |, 25)
neZ>\{0}

and y ~ 0.5772 is Euler’s constant. We also have G (x) bounded whenever |x| > §, for
any 6 > 0, and (2.4) can be used to estimate derivatives of G to O(|x|In |x]|) as well.

Consider the case in which the value of i approaches u = —1 from above, withe < 1
fixed. Clearly, for large enough deviations there exists a non-trivial minimizer. As can
be seen from the arguments in the proof of Theorem 2.1, the size of the set where u = 1
on the minimizer goes to zero as u — —1. Heuristically, one would, therefore, expect
that in this situation the minimizer will consist of a number of isolated droplets where
u = +1 of small size in the background where u = —1. Moreover, since on the scale
of a droplet the interfacial energy will give a dominant contribution, these droplets are
expected to be nearly circular. This motivates an introduction of the following reduced
energy:

N
En({ri}, {xi}) = Z (2ner,- — 27 (1 + i)k 2} — wri(nier; — }1))

i=l
N-1 N

HTT DD Gl — xriry, (2.6)
i=1 j=i+l

which describes the energy of interaction of N well separated disk-shaped droplets of
radius r; centered at x;, to the leading order. More precisely, the first term (2.6) stands
for the interfacial energy of all the droplets, the second term is the energy of interactions
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between the droplets and the background, the third term is the self-interaction energy of
each droplet, and the last term is the interaction energy of each droplet pair (for the case
of a single droplet in R?, see [14]).

We can use the reduced energy in (2.6) to obtain the leading order scaling of various
quantities for ¢ < 1 by balancing different terms. From the balance of interfacial energy
and the self-interaction energy, one should have r; = O(e!/?| In¢|~!/3). Balancing this
with the second term leads, in turn, to

§=e¢Bme|" 1 +a) (2.7

being an O(1) quantity. Similarly, balancing the last term with the first three leads to
N = O(|Ingl), and the expected behavior of min Ey = O (¢*3|In¢|*/?). One would
also expect that, since the droplets repel each other, in a minimum energy configuration
they would become uniformly distributed throughout £2.

Our main result proves and further quantifies this heuristic picture on the level of the
sharp interface energy E.

Theorem 2.2. Let it = —1 + &%/3|Ine|'/35, with some § > 0 fixed. Then for any ¢ > 0
sufficiently small there exists eo > 0 such that for all ¢ < gg:

W) If§ < % V9«2, then u = —1 is the unique global minimizer of E, with ¢=*/3

|23 min E = %K_2(§2.

(i) If § > % V9 k2, there exists a non-trivial minimizer of E. The minimizer is

|Ine

N
u(x) =—=1+2" xg+(x), (2.8)

i=1
where x o+ are characteristic functions of N disjoint simply connected sets 21 C
1

§2 with boundary of class C3 and N = O(|In¢gl). The boundary of each set .Q;'

is 0(*3~9)-close (in the Hausdorff sense) to a circle of radius r; centered at x;.
Furthermore,

min E = $e*3|Ine[* k28 + Ex({ri}, {x;}) + 0(7779), (2.9)
with Exy = 0(*3|Ine|*3), ri = 0(e'3|1Ine|~1/3), and
lxi —xj| > &%, Vj#i. (2.10)

(iii) If § > % V9«2, in the limit ¢ — 0 we have

e V3 ne| B, - I3 (2.11)
uniformly,
N 3
1 1 G
S(x — x; — - — 2 R 2.12
el 270 27“3@( 2 K) o

weakly in the sense of measures, and

3 3
o[- 9
e 3 el min E — \/7_(8—\/7_/(2). (2.13)
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Fig. 2. “Coulombic dice”: Minimizers of Ey with r; = ¥/3&!/3|Ine|"1/3 forx = 2and N = 2,3,4,5,
obtained using a random search algorithm

Note that a more detailed result on the structure of the transition occurring near
§ = l 9 2 is presented in Proposition 3.11.

Let us make a few remarks related to the statements of Theorem 2.2. For small, but
finite values of ¢ this theorem establishes an equivalence between the sharp interface
energy E and the energy of N interacting droplets Ey, in the sense that the minimizers
of E are close to “almost” minimizers of Ey,i.e., we have Ey < min Ey + 0(85/3"’).
Nevertheless, to prove closeness of minimizers of E to those of Ey we also need some
coercivity of the energy E . This problem has to do with the properties of the minimiz-
ers of the pairwise interaction of the droplets, i.e. the choice of x; which minimize Ey
with fixed r;. This becomes a difficult problem in the case of interest, since we generally
expect N > 1 (for a numerical solution at a few values of N and x = 2 see Fig. 2).
It would be natural to conjecture that at small enough ¢ the minimizing droplets will
arrange themselves into a periodic lattice close to a hexagonal (close-packed) lattice.
Proving this kind of result, however, is a major challenge (see [47] for a recent proof for
a certain class of pair interactions), which is one of the open questions also in many other
problems, such as the problem of characterizing Abrikosov vortex lattices, for example
[48]. Let us mention here a recent result by Chen and Oshita, who proved that in the
case k = 0 the hexagonal arrangement of disks is energetically the best among simple
periodic lattices [49]. Yet, it is not known if the same result also holds for more general
arrangements of droplets. Here we prove a weaker result that the number density of
droplets becomes asymptotically uniform as ¢ — 0, leading also to uniform distribution
of energy (compare with [36]). Moreover, we identify the precise asymptotic behavior
of the minimal energy and show that the size of the minimizing droplets becomes the
same as ¢ — 0.

Lastly, we establish the asymptotic behavior of the minimal value of the diffuse
interface energy €.

Theorem 2.3. Let W satisfy assumptions (i)—(iv) at the beginning of Sec. 4, let u =
-1+ 82/3| ln£|1/38 with some § > 0 fixed, and let k be given by (4.10). Then

() If§ < $9«2, then e=*3|Ine|"23 min & — Jx 252,

(11)If8>l 9«2, then e=*/3|Ine|™ 2/3m1n€—>“3/76(5—3‘/76/c2),
as e — 0.

Theorem 2.3 says that the energy of the minimizers of the diffuse interface energy
& behaves asymptotically the same as that of the sharp interface energy E in the limit
& — 0. In particular, the transition to non-trivial minimizers occurs asymptotically at
the same values of u for ¢ < 1.

The proofs of Theorems 2.1-2.3 are based on a number of propositions established
in Secs. 3 and 4, and are completed in Sec. 5.
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3. Analysis of the Sharp Interface Problem

Our plan for the analysis of the sharp interface problem consists of a number of steps
which we list below:

1. Introduce a suitably rescaled energy E and domain 2. B _

2. Establish existence and regularity of the minimizers of E (subsets of £2 where
u=1),.

3. Establish some a priori estimates for the geometry of the minimizers of E and
uniform bounds on the induced long-range potential. B

4. Establish that different connected components of minimizers of E are separated by
large distances in £2. B

5. Establish that each connected component of a minimizer of E is close to a disk
(hence the term “droplet”). B B

6. Establish equivalence between min E and min Ey (the suitably rescaled version of
En).

7. Improve the estimate for the separation distance between different droplets.

Prove uniform convergence of the rescaled droplet radii to a universal constant.

9. Prove convergence of min E to a limit and convergence of the normalized droplet
density in the original, unscaled domain §2 to a limit, as ¢ — 0.

®©

This plan is carried out in the rest of this section via a series of lemmas and propositions.

3.1. Scaling. We begin by introducing a suitable rescaling, in which the main quantities
of interest become O (1) quantities in the limit ¢ — 0. Motivated by the discussion of
Sec. 2, we define the rescaled energy E (with the energy of the uniform state u = —1
subtracted) and a new coordinate ¥ € 2 = [0, e~ /3|Ing|'/?)2, where £2 is a two-
dimensional torus with period ¢ /3| In g|!/3:
4/3 2/3 1,252, 7 el
E=¢ |11’18| (EK ) +E), XZWX. (31)

The energy E can be conveniently expressed in terms of the set 2+ C £ in which
u=1:

E=lngl"! (|a:§+| —2SK—2|Q+|)
+2/Ine| ™2 / / G (81/3|ln£|_1/3()? —y)) di d5. (3.2)
0+ J 2+

We also need an expression for the rescaled energy Ey of a system of interacting
droplets. With the help of (3.1), we can write the rescaling of (2.6) as

N
_ 2 _
Eyv=— {fi — 5k 2R = Lne R (1n(81/3| Ine|~3%F) — -)}

[Ing|
i=1
dgr 2 N-1
|1n8|2 > Z G(e'Plne| "' P& — )it (3.3)

i=1 j=i+l

where 7; and x; are the radii and the centers of the droplets, respectively.
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3.2. Properties of minimizers. Let us begin with the statement of a result on the exis-
tence and regularity of minimizers of E (or, equivalently, of E), which is obtained by
straightforwardly adapting the results of [50] for sets of prescribed mean curvature.

Proposition 3.1. There exists a set Q% of finite perimeter which minimizes E in (3.2).
The boundary d2* of this set is a curve of class C* for some a € (0, 1).

In view of this, in the following we will always assume that minimizers £2* of E are
closed sets. We also note that

v(E) = |Ine|™! /Q G@E'"Blne| P& - 3)dy (3.4)

is in WP (£2), with any p > 1, and, hence, in C1%(£2) for any « € (0, 1). Indeed, ©
solves the equation

2/3 2/3,2

—Av+e“|Ineg|” V= |1I18|_1XQ+, (3.5)

where x5+ is the characteristic function of £27,in £2, and so the result follows by stan-
dard elliptic regularity theory [51]. As a consequence, we have a higher regularity for
the boundary of the minimizer £2* of E [52]:

Corollary 3.1. The boundary 32 of a minimizer 2% of E is of class C>2.

Note that this regularity result also holds more generally for local minimizers of E in
dimensions d < 7 [50] (see also [35,53,54]), hence, in particular, the expressions for
the first and second variation of E ind < 3 obtalned in [14] are justified (see also [55]
for the case of arbitrary dimensions). If p € C1(8£2), a > 0, and £2, is the set obtained
by displacing 2% by ap in the outward normal direction, then a +— E (.{2+) is twice
continuously differentiable at @ = 0, and we have [14] (for the reader’s convenience,
the computation is reproduced in Appendix C):

dE(2]) TS g
Ing| ——a’ =/_ (K (%) — 28K 2 + 4v(0)) p (%) dH' (%), (3.6)
da a=0 IR+
2O+
nej L2 =/_ (Vo @R +40(0) - Vo @) p2(®) dH! ()
da a=0 90+

+/_ (4v(X) — 28K 2K (X) p* (%) dH' (%)

a2+

+4Ing|~! / ] / _ GEP g7 P& = 3)p®p() dH @dH (), (B.7)
IR+ Jo+

where K (%) is the curvature at point ¥ € 9£2*, with the sign convention that K > 0 if
£2% is convex, and v(X) is the outward unit normal to 92+ at that point. The associated
Euler-Lagrange equation for 32 reads

K (X) = 26k™2 — 4v(X), (3.8)
which also allows to simplify the expression in (3.7) evaluated on a minimizer to
d’E(2))
[Ing| ———
da? a=0
= / (1Ve@ P +4v(@) - Vo® () — K2(©0AH)) dH' (F)
a2+

+4|1ne|*1/m+ /3Q+G<e”3|1nsr1/3(x—y))p(ﬁ)p(y)dHl(@dHl@). (3.9)



Droplet Phases in Non-local Ginzburg-Landau Models 55
We will use these equations later on to establish some properties of the minimizers

for ¢ < 1. Meanwhile, let us begin our analysis with some basic estimates.

Lemma 3.1. Let 2% be a minimizer of E. Then there exists C > 0 such that

|2 < C|Ine], (3.10)
|92%| < C|Ine] (3.11)

fore K 1.

Proof. First of all, by representation (2.3) we have G(x —y) > ¢ > Oforallx, y € £2.
Therefore, in view of the fact that min £ < 0 (since E = 0 if 2% = @), from (3.2) we
have

0> |Ing| min E > 2[Ine|"! /9 /ﬂ G (sl/3| ne| "3 — y)) di — 252 2%|
> 2c|Ine| |27 — 28k 2|27, (3.12)
which gives (3.10). On the other hand, we also have
1092%| < 26k 72|27). (3.13)
Therefore, from (3.10) we immediately obtain (3.11). O

As a corollary, it follows from (3.11) that the diameter of each connected subset [_2:“
of £2* is bounded by O(|In¢g|)

diam(2;") < C|Ine|, (3.14)

for some C > 0 independent of ¢ < 1. B
Our next step is to show that the area of each connected component of 2% # & is
uniformly bounded above and below independently of ¢.

Lemma 3.2. Let 2% = U1N=I‘Qi+ be a non-trivial minimizer of E, where .(_Z:’ are the
disjoint connected components of 2¥. Then, there exist C > ¢ > 0 such that

c<|92f, 102 <C, diam(2}) <C, (3.15)
fore K 1.

Proof. First, note that since by Corollary 3.1 the set 902* is of class C>% we have
N < oo. To see that (3.15) holds, we first write E as

N
el E= (|afz,.+| — 25k 2|27 |
i=1

+2|1n8|_1/_/ GEBlnel™ P& - y)) dxdy
orJ2r

+2|ln£|_12/_ / GE'Blne|' P& - 3)dxdy | . (3.16)
iR
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Fig. 3. The graph of Vj(7) from (3.18) for different values of 5

In view of (3 14) and (2.4), the integral in the second line in (3.16) is bounded from
below by & (1 —=3)[Ine| |Q+|2 for any § > 0, provided ¢ is small enough. Therefore,

removing the set .Q:’ from 2% will result in the change of energy AE estimated as

IIne| AE < — (|as§;| — 282+ (1 - 3)|Qi+|2)

<- (2ﬁ|s};|1/2 — 252 |+ (1 — 5)|(zi+|2) . (317

where in the first line we took into account that G > 0 and in the second line used the
isoperimetric inequality. Then, by direct inspection (see also Fig. 3) we have AE <0,
contradicting minimality of E on 27, unless ¢ < |Q+| < C for some C > ¢ > 0, inde-

pendently of ¢ < 1. Finally, the lower bound for |8.Q;r | follows from the isoperimetric
inequality, and the upper bound is obtained by applying the previous argument to the
first line in (3.17). O

Following the same arguments, we also immediately arrive at the following non-exis-
tence result:

Proposition 3.2. Let § < §</9 k2 be fixed. Then the unique minimizer of E is 2* = @
fore K 1.

Proof. Let us introduce the function V;, : [0, 00) — R, defined as
Vy(F) = 27 (r + QU4 L 4) : (3.18)

whose graph at v = 0 and several values of § is shown in Fig. 3. If S_Zl* is aconnected com-
ponent of 2% and 7; = (% |.{_2i+ [)!/2, then by the same arguments as in Lemma 3.2, the

energy gained by removing .(_2:’ from £2* is bounded below by | In €| (Vo) +o(1)), as
long as ¢ < 1. Then, by direct inspection Vy(r) is always positive under the assumptions
of the proposition, making 2% = & energetically preferred.
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Note that the asymptotic value of the threshold of § in Proposition 3.2 below which no
non-trivial minimizers are present was computed in [14]. Another simple corollary to
Proposition 3.2 is the following

Lemma 3.3. Let 2% be a non-trivial minimizer of E and let N be the number of disjoint
connected components of 2*. Then there exists C > 0 such that

N <C|lIng|, (3.19)
fore K 1.

Let us now establish a uniform bound on the potential v. Note that a version of this
result is also an important component in the proofs of [36].

Lemma 3.4. Let 2% be a non-trivial minimizer of E. Then for any o € (0, 1) we have
0<v<C, vllcre(gy = C, (3.20)
where v is given by (3.4), for some C > 0 independent of ¢ < 1.

Proof. We start by noting that v > 0 in view of positivity of G. Let us now estimate the
gradient of v. Using (2.4) and Lemmas 3.2 and 3.3, we get

IVo(®)| < [Ine|™ /[2 VG el |5 — 5] d§

< |1ns|*1/ IVG(e'P|Ine|™' 3 1% — 3))| dy
Bj(x)

+|1ne|*‘/ IVG ('3 Ine|”' 1% = 3| dy
Q4\B: (%)

<C(lngl"'F+7 Y <2C|Ine|~ V2, (3.21)

for some C > 0, where B;(x) is a disk of radius 7 centered at x, and the last inequality
is obtained by choosing 7 = |In|'/2. Therefore, by the results of Lemma 3.2, we see
that

osc v(x) = o(1), (3.22)

e

for each connected component Qf of £2*. To see that this implies the conclusion of
the lemma, suppose that, to the contrary, we have max v = M > 1. Since by (3.5) the
function v is subharmonic in [_2\.(_2+, it achieves its maximum in the closure of some
$2}. Therefore, in view of (3.22) we have v > %M in £2;}. Then, following the same
arguments as in the proof of Lemma 3.2, for large enough M we can lower the energy
by removing ;" from 2.

Finally, by [51, Theorem 9.11] we have ||v|| W2P (B (%) = C, where B (x) is the disk
of radius 1 centered at ¥ € £2, for some C > 0 and any p > 2, independently of %
and ¢ < 1. Hence, the uniform Holder estimate on the gradient follows by Sobolev
imbedding [51, Theorem 7.17]. O

We can also immediately conclude from (3.8) and (3.22) that the curvature of 902+
is uniformly bounded both from above and below by positive constants, implying that
each S_Zl*' is convex. Note that this result justifies the terminology “droplet” for each .{_21‘”
which we will be using from now on.
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Lemma 3.5. Let 32" be the boundary of a minimizer 2% of E. Then we have
c<K@E <C, (3.23)

for all x € 982*, with some C > ¢ > 0 independent of ¢ < 1. In particular, when
& K 1, each connected component 21 of 2% is convex and simply connected.

Proof. The upper bound is an immediate consequence of (3.8) and positivity of v. To
obtain the lower bound, let us note that by the results of Lemma 3.2, for every connected
component 2 there exists a disk By, (x;), with 7; = O(1), such that 2} C By (X;).
Therefore, translating By, (X;) until its boundary touches 9£2, we obtain a point x| €
8.(_2;r , such that K (x)) > ff] > 2c, for some ¢ > 0 independent of ¢ <« 1. Now,
by (3.8) we have v()Elf) < %(5/(‘2 — ¢). At the same time, by (3.22) this implies that
V(¥) < 7(26k72 —¢) for all ¥ € 32", which, again, by (3.8) gives the statement.

We now show that different connected components of £2* cannot come too close to
each other when ¢ < 1.

Lemma 3.6. Let 2% = U;VZI.(_ZI.Jr be a non-trivial minimizer of E, where Q:’ are the

disjoint connected components of 2%, and let N > 2. Then, there exists C > 0 such
that

dist(2,27) = C Vi # ], (3.24)
fore < 1.

Proof. Let %; € 7 and &; € fz; be such that r = |x; — x| = dist(s?;,é;) > 0.

Consider the disk B centered at %()Ei + X;) with radius R = 2r and the rectangle Q
inscribed into B which is shown by the thick solid lines in Fig. 4. In view of the uniform
bound on the curvature of 9§2* obtained in Lemma 3.5, the curve segments 8[21.* nQo

and 8.(_2}’ N Q passing through X; and X, respectively, intersect d Q transversally as in
Fig. 4 when r < 1. Furthermore, we have dist(3£2;" N 0 Q*, 3(2}’ NaQ*) < 2r and
dist(327 N30, 3(2;? NoQ~) < 2r, where 3Q* and Q™ are the right and the left
side of the boundary of the rectangle relative to the line through X; and X ;, respectively,
for sufficiently small » independent of ¢ < 1 (see Fig. 4). At the same time, we have
1027 N Q| + |BS§;F N Q| > 4r+/3. Therefore, reconnecting the points 92} N 9 Q* with
927 N0Q", and 927 NI Q™ with 9827 N9 Q™ by straight lines and including the region
between them into 2, we will decrease |9527| by at least 4(«/3 — D)r. Thus, the change
AFE in the total energy is estimated to be

|Ing|AE < —4(/3 — 1)r+4/ v(X)dx
0

+2|1ns|—1//G(sl/3|1ns|—1/3(x—y))dmy. (3.25)
0Jo

Finally, in view of Lemma 3.4 and (2.4), the right-hand side of (3.25) is bounded above
by —Cir + Cor?, with C1> > 0 independent of ¢ < 1. Hence, the energy of such a
rearrangement will be lower if r is sufficiently small, foralle < 1. O
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|

Fig. 4. Schematics of the rearrangement argument of Lemma 3.6. In (a), the set Q7% is shown in gray, solid
arcs show the bounds on the location of 8£27, the thick solid lines show the rectangle Q. In (b), the gray region
shows the rearranged 2%

As our next step, we establish that different droplets must, in fact, be sufficiently far
from each other. We note that this result is a manifestation of the “repumping” insta-
bility, which does not allow two droplets to approach each other sufficiently closely.
Dynamically, this instability results in the growth of one droplet at the expense of its
neighbor shrinking. This instability mechanism for reaction-diffusion systems was first
pointed out in [56] (see also [4]) and further studied in the context of two-dimensional
periodic structures in [13,14,57].

Lemma 3.7. Let 2% = UlN: 1.(_2;' be a non-trivial minimizer of E, where S}f are the
disjoint connected components of 2%, and let N > 2. Then there exists a > 0 such that

dist(2], 27) > ™ Vi # ], (3.26)
Jore K 1.

Proof. Consider the second variation of E_ with respect to the perturbation, in which the
boundary of each connected component £2;" is expanded uniformly by a distance ac; in
the normal direction, i.e., we have p(x) = ¢; forall x € 8[_2;' . By (3.9), we have
d*E(2})
da?

=|lne[™' D" Qyjcicy. (3.27)
0

a= ij

where the coefficients Q;; of the quadratic form Q can be estimated as
2= 1= 2 542
Qii = — K*(X)dH' (X) + —[02F|” + o(1), (3.28)
Yors 3

where we took into account that by (3.5) and Gauss’s theorem | g+ V) Vu(x) dH'(x)=
—|lng|™! |.(_2i’r |+ O (23| Ing|~2/3) and used the expansion in (2.4) together with Lem-
mas 3.5, 3.4 and 3.2, for ¢ < 1. Furthermore, since by convexity of Q;f (see Lemma

3.5) the boundary of each .Qf is a closed curve, by the Cauchy-Schwarz inequality we
have

2
4712:( / ) K(i)dHl(i)) <1982} | / K@) dH (%). (3.29)
2" a2F
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Therefore, the diagonal elements of Q can be further estimated as

Q“ < 2 |a[_2+|2 47T2
1 = 37_[ i |8S_21+|

+o(1). (3.30)

On the other hand, define o;; = | In s|_l ln(dist([_.Z;r , .(_2;?)), and suppose, to the contrary
of the statement of the proposition, that o;; — 0 for some pair of indices on a sequence
of ¢ — 0. Then, with the help of Lemma 3.6 and (2.4) we can estimate

2 - _
Qij = g(l — 3aij) 1927110827 + o(1). (3.31)
Now, for the index pair (i, j) above let us choose ¢; = |3f2;’|, cj = —|8S_2i+|, and

let us set ¢y = 0 for all other indices k. A simple calculation of the sum in (3.27) then
shows that for this choice of ¢’s we have

PE(G) 41027 Plas2y 3 3
el =592 < ey - - T )+ o)),
a |,z w 077|027
(3.32)
where we took into account Lemma 3.2. This expression is negative as soon as
jj < 2w min{|982]| 7, 9271 7), (3.33)

which, in view of Lemma 3.2, contradicts minimality of E for small enough . O

Let us also point out that the proof of Lemma 3.7 gives a universal lower bound for
the perimeter of the connected 2porti_ons of the minimizers. Indeed, the quadratic form Q
has a negative eigenvalue, if §|8.Qi+|2 — 47{2|8.Qi+|_1 < 0 and ¢ < 1, which implies
the following result:

Proposition 3.3. Ler 2+ = U{VZIQ; be a non-trivial minimizer of E, where [_2;' are the
disjoint connected components of $2*. Then, for every § > 0,

1027 = 76 — 6, (3.34)

fore K 1.

Note that this condition in the radially-symmetric case was obtained in [13,14,58] and
is also applicable to all local minimizers (for global minimizers, a better bound will be
obtained below). We also derive another quantitative estimate on v and the geometry of
S_Zf that remains valid for local minimizers of low energy.

Proposition 3.4. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2*. Then
3768

0<v<— |27 <

b (3.35)
262’ '

fore K 1.
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Proof. Letx € 8.(_21* . Then, using Lemma 3.5, (3.8), (2.4), and positivity of G, for some
¢ > 0 independent of ¢ < 1 we obtain

0<c< K@) =252 —4v(x)

< (2SK—2 —4|Ing|™! / GEPne|™ P - y))dy)
2F

1

=2 2 S5+
< 28Kk7% — |2 +o(1), (3.36)
3

which, together with (3.22) and the fact that v reaches its maximum in the closure of
§2*, yields the statement. 0O

We now prove that for ¢ < 1 each droplet in a minimizer is, in fact, close to a disk.
The basic idea of the proof is that because of the logarithmic behavior of G at small
distances the potential v inside each droplet is approximately constant. Therefore, the
shape of the droplet approximately minimizes the usual isoperimetric problem, and the
size of the droplet is determined by the balance of surface tension and the pressure due
to non-local forces inside the droplet [13,14].

If the droplet .Ql+ were exactly the disk By, (x;) of radius 7; centered at x;, then the
potential v would be given by

v*(X) = v (%) + v; (%), (3.37)
where
vi(E) = |Ing|™! Z VB — % —n|, 7, ' P ne| 7P, (3.38)
neZ?

2

with the function v5 (p, r, k) being the solution of —AvB 428 = XB,(0) in R2, given

explicitly in terms of the modified Bessel functions:

e | <
UB(,o, rK) = K_l Kk 'rKi(kr)lo(kp), p<r, (3.39)
kK rli(kr)Ko(kp), p=r,
and
v; (%) = |Ing|™! Z/ GE"Plne~ P& — 3) dy. (3.40)
j#i 0
Note that in view of Lemmas 3.7 and 3.2, and (2.4), we have
[Vv;| < Ce*, (3.41)

for some C > 0 and @ > 0, in any disk of O(1) radius containing !_2:' for e < 1.
Therefore, if x € 0By, (X;), by Taylor-expanding the Bessel functions [46] we have for

any o < %

VEE) = 0 + 0(%),  |VuRE)| = O(Ing|™h), (3.42)
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where the constant v; is given by

¥ = —%Ine| "7 In(e' | Ine| 7 Pkr)
+r|inel ™ D FGE P Ine| T P — 5)). F = (212712 (3.43)
J#i

In the following, we will show that v(x) on 8.{_2i+ also coincides with v; to O (¢%), giving
the balance of forces at the interface. We are now ready to state our result:

Proposition 3.5. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2*. Then there exists a constant o > 0 such that for
alle K 1:

(i) For each Q;f there exists a point x; € S_Z;r , such that
B, e (Xi) C 2] C Bjee (%), (3.44)

where r; = (% |.(_2i+|)1/2 and Bj(x) is the disk of radius r centered at x;
(i1) The values of r; satisfy

Pl =287 + 40 = 0(e), (3.45)
where v; are given by (3.43).

Proof. Letus pick apoint ¥/ € 2, then 2] C By, 5+ (¥)). Let us then replace 2" with
the disk of the same area centered at x;. By Lemmas 3.7 and 3.2, the resulting set By, (")

still satisfies the bound in (3.26), and the change of energy AE under this rearrangement
can be estimated as

|Ing|AE =27 |2]|'/? - |8[_2i+|+0(|1n8|_1), (3.46)

where we used (2.4), (3.41) and Lemma 3.2. Thus, the energy will decrease under this
rearrangement, contradicting minimality of £, unless for some C > 0 the isoperimetric
deficit of £2,

19537 |

-1
1

D(2) =
for ¢ <« 1. Choosing X; € Blaéﬁ(x;) to minimize |2} ABj, (;)|, where 227 ABj, (X;)
denotes the symmetric difference of sets [_2;' and By, (x;), by the results of [59] we have
|[_21.+AB;,, (x| < C'|Ing|~Y2, and C’ > 0 is a constant independent of ¢ < 1. In
fact, x; € Ql* , since otherwise by convexity of [_21+ we would have |.f_2i’r ABy (%)| >
%lB;[ (xi)]). Therefore, by Lemma 3.5 the set 8.(_2;’ is uniformly close to d By, (X;), giving
(1) to o(1).
To obtain the O(¢*) bound in (i), let p : 3By, (x;) — R be the signed distance from
a given point on 0 By, (X;) to 8(_21* along the outward normal to 9 By, (x;). Note that by
convexity of _(_2,+ the function p defines a one-to-one map between 8.(_2[.+ and 9 By, (x;).
Furthermore, if ||'0||L°O(ani X)) = 8, we have ||V,O||L00(3B;i(,;i)) < C5]/2 for some
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C > 0 and ¢ < 11in view of Lemma 3.5, and § — 0, as ¢ — 0. Also, by Corollary 3.1
we have p € C3(3B;, (%;)).

Treating £2* as a perturbation of the set 2% = By, (¥;) U ([_2+\S_2i+ ) and expanding
as in Lemma C.1, we can write

|Inel(E(2%) — E(2%) = /33— @) =28 +4v*()2)) PO AR (@)
+%/ (|Vp()?)|2+4v()?) : Vv*(i)ﬂ2(f)) dH' (%)
9B7, (31)

— (4v*(x) — 28k ) p2 (%) dH (%)
2ri Jop;, i)

, o _ _

. / / GEBlnel 3 E = ) p(@)p () dH @) dH (5)

[Ineg| 3By, (%) J 9B, (%))

+0(82+a)’ (3.48)

for any o € (0, 1). Moreover, in view of Lemmas 3.4 and 3.5, the error term in (3.48) is
uniform in ¢ < 1.

On the other hand, since |.(_2i’r | = |B5, (x;)|, we have
p(E) 1
0 =/ / (1 +77r) dr dH' ()
3By, (&) JO
1
=/ p()?)dH]()E)+—_/ p2(X) dH' (%). (3.49)
0B, (%) 27 Jo B, i)

Therefore, using the estimate in (3.42) we can rewrite (3.48) as

- - - 1
Inel(E(2*) — E(2%) = 5/

(1Vp12 =77 202®) dm' (®)
0By, (i)

) o _ _
+ / / G('Plne| "' P& = 3) p(D)p(5) dH' (F)dH' ()
[Ineg| 3By, (%;) J 0B, (%)
-1 2 2
+0( el "ol ))+0(8a“p||L%,-.,.<~a>)+O(‘Sa“p”f" ), (3.50)

Bj. (x; 7o (X
)[(l ri 1

where we took into account that § < C||p]| HY o for some C > 0. Further estimating
7 (i

the double integral in (3.50), using

|Ineg| 6

/ (#G(elﬂuna‘”(i—&))—l) p(5) dH' ()
0By, (%)

Céln|lne|
< -

, 3.51
|Ing| ( )
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we have

|Ine|(E(2%) — E(279)

2
1 __ _ _ 1 _ _
= _/ (|VP|2 —r 2,02()6)) dH' (%) + — / p(X)dH' (%)
2 3By, (i) 37 3 Br, (%;)

O . 2 N 2 ) 3.52
( ”pHL%;i(;,-)) o(llpllL%;;}i)) O(II;OIIH;;;[(X’_)) (3.52)

Now, write p as p = pg + p1 + p2, where py = 2%, Jos: 1y P dH'(X), p1 (%) =

|§:§i\ - b, for some vector b € R?, and p» orthogonal to pp and p; in L2(8B;,. (xi)). By
(3.49) we have |po| = O(||p]|? ), which is, therefore, negligibly small com-

L2(3By, (%;))
pared to |b| and ||p2||72(5B; (5, In all the arguments below. Then, using Poincaré’s
inequality, we find that

|Ing|E(2%) > |Ing|E(2%)

1 e "
+ Vo2 (X)|°dH' (X) — Ce®llpll 2 —clbl”,  (3.53)
4 JoB:, %) By, (i)

for some C > 0 and 0 < ¢ <« 1, whenever ¢ < 1. This implies that

lpallyy < Celipllz  + bl (3.54)

for some C’ > 0and 0 < ¢’ « 1, for ¢ « 1, otherwise replacing .(_21+ with By, (x;)
lowers the energy. On the other hand, we also have |b| = O(|| 021l 4 L “ )). If not, then

8.{_2i+ will be o(]b]) close to d By, (x; +b) for e « 1. This, however, contradicts the choice
of X; to minimize |S_2i+ ABy, (x;)|. Therefore, we have

2 /oo
el — =Ce IIpIIHI;;_(
1

- (%
ri

/" 2
el (3.55)

i By, (%))

for some C” > 0 and 0 < ¢” « 1, implying ||p||H11¥_ . 0 (g%) and, hence, § =
O (&%). This gives part (i) of the statement of the _proposlition. B

Finally, to prove part (ii) of the statement, let £2;" be obtained from £2* by expanding
.Ql+ by an amount a > 0, i.e., let us change p(x) — p(x) + a for every x € dB;, (x;).

By (3.48), the change of energy can be estimated as

|Inel(E(2)) — E(2) = 2rai; (77 — 2862 +4%;) + 0(ad) + 0(a®),  (3.56)
where we took into account (3.42). Then, since £2* is a minimizer, the right-hand side of
(3.56) should vanish to O (a). Therefore, by the previous result we obtain the statement.

O

Also, from the proof of Proposition 3.5 we obtain the following universal lower bound
on [£2F]:
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Proposition 3.6. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2*. Then, for every § > 0,

127 = 79 -8, (3.57)
fore <K 1.

Proof. Letr; = (%|S_2l.+ |)1/ 2 and let Vu; ) (i) be the fourth degree polynomial in 7;
defined in (3.18). First of all, observe that 2v; (x;) — k2 < —%3@ + o(1), so that
Vo (ri) < o(1) for ¢ <« 1. If not, then arguing as in Lemma 3.2, we can reduce
the energy by removing £2;" from £2*. Therefore, V,, (%, has exactly two critical points:
a strict local maximum and a strict local minimum (see Fig. 3). Furthermore, since
Vv (i) < o(1) and since the left-hand side of (3.45) in Proposition 3.5 is equal to
dVy, &) (ri)/dr;, each value of r; is close to the local minimum of V,, (5,). By inspection,
in this situation r; > I3 - 8, for any § > 0, provided ¢ is sufficiently small, hence, the
claim.

The results of Proposition 3.5 just obtained immediately allow to establish an asymp-
totic equivalence of the energy E and the reduced energy Ey on the minimizers for
ek 1.

Proposition 3.7. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2, and let r; and X; be as in Proposition 3.5. Then

min E = O(1), minE = min Ey + 0(e%), (3.58)
for some o > 0 independent of ¢ <K 1.

Proof. The first equation in (3.58) is a direct consequence of the definition of Ein(3.2),
according to which 0 < 1822 +min E < e=*/3|Ine|*3E[—1] = 1%« ~2. The upper
bound for min E in the second equation follows by choosing a trial function for E inthe
form of disks of radius 7; centered at x; which minimize Ey and taking into consider-
ation Lemmas 3.2 and 3.7 and (2.4). On the other hand, by Proposition 3.5(i), we have
2F D Bj, _ca(x;) for e « 1, hence, [082]"| > 27 (r; — &%) and |2} > n(r; — £%)2.
This controls from below all the terms of min E, except the one involving §, by the
corresponding terms of Ey. The latter, however, is controlled by the second inclusion
in Proposition 3.5(1). O

To summarize, for 0 < & < 1 the non-trivial minimizers of E have the form of
well-separated nearly circular droplets. In fact, from Proposition 3.7 one should expect
that the droplet-droplet interaction part of the energy, which is given by the last term
in the expression (3.3) for £y, should be close to the minimum for fixed droplet sizes.
Proving this, however, generally requires information about coercivity of the interaction
energy, which becomes difficult to establish when N >> 1, the asymptotic case of inter-
est. Nevertheless, with the help of Lemma 3.4 we can prove that in the original scaling
the droplets stay away from each other a distance O (£#) in §2, with an arbitrary g > 0
for ¢ <« 1, i.e., that the statement of Lemma 3.7 actually holds for any o € (0, %),
provided that ¢ is small enough.

Proposition 3.8. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2*, and let X; be as in Proposition 3.5. Then, for any
o € (0, %) we have |x; — Xj| > €%, foralli # j, as long as e < 1.
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Proof. First of all, note that by Lemma 3.7 the statement of the proposition holds for
some o > 0. To prove that & could be chosen arbitrarily close to 3, suppose that, to the
contrary, there exists a sequence of ¢ — 0 and a pair of indices (i, j), depending on &,
such that |x; — x;| < ¢7% with some 0 < o < % Let us denote by /] the set of indices
of those droplets whose centers are contained in the disk Bj centered at xo = %()Ei +Xj)
with radius ¢~%. By assumption we have |I{| > 2, where | - | denotes the counting
measure. Also, we have |I1| < M for some M € N independent of ¢ < 1. Indeed, by
Lemmas 3.2 and 3.4, and by (2.4) we have for some ¢ > 0,

C > v(¥o) = |Ing|™! Z/, G('Pne| "' P — §)) dy
kely 'Q;

(3 —a+o(D)clh], (3.59)

v

fore < 1.

Now, fix o > 0 sufficiently small independently of &, and consider a sequence of
nested disks By of radii e*(*k?) centered at Xo. By repeating the argument above,
we also have [I)/] < M, as long as ¢ < 1, where |I| is the counting measure of the
set I of indices such that x; € By for all [ € Ij. Therefore, in view of the fact that
[I1] > 1, we must have |Ix4+1| — |Ix] = O for some 1 < k < M — 1, implying that
Br+1\Br N 2% = @. Thus, there exists a cluster of droplets, whose indices are denoted
by Iy, which are within O (¢~ distance of X and are separated from all other
droplets by O (¢~*(I+o+k9)) distance. B

Let us show that this contradicts the minimality of E for small enough ¢. Indeed, let
us displace the droplets in By to the new locations )?l’ =Xx;+ A — Xx;), withl € I,
which represents a dilation of By by a factor of 1 + A relative to x;, keeping all r; fixed.
For 0 < A « 1 the resulting change AFE of energy satisfies

[Ine|?AE < —ch + Cre®|Ine|, (3.60)

for some C, ¢ > 0 independent of ¢ < 1, where we used Lemmas 3.1 and 3.2, and the
estimate (2.4), arguing as in the derivation of (3.41). Thus, the considered rearrangement
lowers the energy. O

As a simple corollary to this result, we actually have the following universal (8-inde-
pendent) upper bound on |£2/| and, hence, on 7;:
Corollary 3.2. Let 2 = UY_| 2} be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2*. Then, for any § > 0,

12F <7 (12(f2 - 1))2/3 +5, (3.61)

when ¢ < 1.

Proof. If |S_2i+ | is bigger, split S_Zl* into two disks of equal area and move them apart a

distance d = ¢ #, with0 < 8 < o < % Arguing as before, the energy change AE
upon this manipulation is given by

B

IIng| AE < 2(v2 — 1)/ |2]/% - o
T

12717 +o(1). (3.62)

In view of the arbitrary closeness of B to %, the energy change is, therefore, negative for
ekl O
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Finally, we note that the argument of Proposition 3.8 still holds for local minimizers
of low energy; the result can be obtained by sending A — 0 in the proof.

3.3. Limiting behavior. We now investigate the limiting behavior of the minimizers
of Ease — 0, with § > % 7912 fixed, i.e., the situation in which minimizers are
non-trivial. As the value of ¢ is decreased, the number of droplets in a minimizer are
expected to grow. What we will show below is that in the limit ¢ — 0 the droplet sizes
become asymptotically the same, and that the droplets become uniformly distributed
throughout £2.

Let us first study the behavior of each droplet as ¢ — 0. We have the following result.

Proposition 3.9. Let 2+ = UN_| 27 be a non-trivial minimizer of E, where 2} are the
disjoint connected components of 2%, and let ; be as in Proposition 3.5. Then 7 — /3
uniformly as ¢ — 0.

Proof. First of all, by Proposition 3.6 we already know that 7; > /3 — & forany § > 0,
provided that ¢ < 1. Let us prove that the matching upper bound also holds for ¢ < 1.
Indeed, for any 8 € (O, %) let B,-s(x;) € £2 be the disk of radius &P centered at %;
defined in Proposition 3.5, and consider Q,g =0\ UlN: I Es—ﬂ (x;). Note that by Propo-
sition 3.8 the disks B,-s(x;) do not intersect for ¢ < 1. In fact, by Proposition 3.8, for
any @ € (B, %) we have dist (B,—p (X;), Bo—p(x;)) > 7% fore <« 1.

Let us show that the minimum of v defined in (3.4) is attained in S_Zﬁ for e <« 1. Let
X be such that v(x) = min and let X; be the center of a droplet which is closest to x.
Recalling the definition in (3.40) and Proposition 3.5, we can write

?

2| Ineg|

V(X)) = v (X) — In(e' 31+ |5 — %)) +0(1), (3.63)

where we used (2.4). In particular, forany § > O we have v(x) > v; ()Ei)+éfl.2(1 —38)—54,
if |x — x| < ¢ P and ¢ « 1, in view of (3.41), where according to Proposition 3.8,
we can use « defined above, whenever ¢ < 1. On the other hand, choosing y € (8, «)
and picking any X’ such that |X’ — X;| = &7, we see that for any § > 0 we have
v(X) < v (%) + éfl.z(l — 3y) + 6 for ¢ < 1. However, with § sufficiently small this
implies that v(x") < v(x) for small enough ¢, contradicting minimality of v at X.

Now, we demonstrate that v(x) > %SK_Z — }‘3/5 — §, for any § > 0, provided that
& < 1. Indeed, suppose the opposite inequality holds for some § > 0 and a sequence of
& — 0. Then, inserting a new droplet in the form of a disk of radius 7 = O(1) centered
at x results in the change AE of energy

IIng|AE = Vo) (F) +o(1), (3.64)

where V is given by (3.18), and we used (2.4) and (3.41). Since by assumption 2v(x) —
Sk~ < % /9, it is easy to verify that V3 attains a minimum at some ¥ = ry > J3,
with V,z) (o) < 0. Therefore, inserting a droplet with radius 7y and center at x would
reduce energy for some ¢ < 1, contradicting minimality of E.

This, in turn, implies that v; (x;) > %SK_Z — }—&@— 6 for all i. Indeed, since x € K_Zﬂ,
from (3.63) we have v; (') > 36k 2 —2J/9— L (1-3B)+o(1), forany ¥’ € 9 B,—4 (1),
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for ¢ < 1. On the other hand, by (3.41) the same inequality holds for X’ = X;. The esti-
mate then follows in view of arbitrariness of 8 < %

Finally, since v; (x;) > %SK —2_ }‘3/6 — & when ¢ < 1, and by Proposition 3.5(ii) the
values of 7; are close to the minimizers of V,, (3, (r) forr > J3-38, by direct inspection
we have r; < J3+6 as well, forany § > 0ande < 1. O

Let us point out that by (3.45) the uniform convergence of the droplet radii in Prop-
osition 3.9 also implies uniform convergence of v; (x;) to a space-independent constant

as e — 0:
3
v (%) — % (S - @ KZ). (3.65)

In fact, from the proof of Proposition 3.9 we can conclude that v stays close to the con-
stant in (3.65) in £24 for B arbitrarily close to 3, provided ¢ < 1. This, in turn, implies
that the droplets become uniformly distributed in §2, or, equivalently, in £2 as ¢ — 0.
Below we prove this fact, which also gives the leading order behavior of energy in the
limit.

Let us rewrite the energy £y for the system of interacting droplets, using (3.18):

N
EN = Z( v,(x,)(rt)_4ﬂvt(xt)r)
i=1
2 N—-1

N
|lne| Z _Z G('Plinel P — 3))if +o(1).  (3.66)

To proceed, let us go back to the original scaling in x and introduce x; = ¢!'/3|Ine|~1/3%;
Also, for any 0 < o « 1 define (our method is reminiscent of the Ewald summation
technique [60])

ey w2

1
Go¥) = 5337 2, [, ¢ Kolely —nl)dy. (367
neZ?

Here G, is a mollified version of G, with Fourier transform

_l820| |2
; / 95 G vy d = S (3.68)
G = =, .
U(Q) o € o 2+ |q|2
and which can, e.g., be estimated as
Gy(x) = G(x) +0(h),  |x| > &7/?, (3.69)

and

Go(x) = O(a|lnel), |x] <e°. (3.70)



Droplet Phases in Non-local Ginzburg-Landau Models 69

Therefore, in view of Lemmas 3.2 and 3.3 we can write

=

( i (i) — 4 (X;)F; )

i=1

|1n8|2 ZZGG()C, X))FFE 4+ 0(0). (3.71)

i=1 j=I

Now, let us introduce the quantity

N
p(x) = Za(x — x0). (3.72)

|Ineg| =

Note that by Lemma 3.3 we have f_Q p(x)dx = O(1). In view of Proposition 3.9 and
(3.65), we can further rewrite Ey as

_ an/_ J9
Ey = |1n8| ZVU,(x, i) — (5 - TKQ)/Q p(x)dx

+672/3 / / p(N)Go(x = y)p(y)dxdy+ 0(0). (3.73)
2J2

In fact, by Proposition 3.9 and (3.65), the first term in (3.73) goes to zero. Therefore, in
terms of the Fourier coefficients,

Py :/ ¥ p(x)dx, (3.74)
2

we can write

- ZH%(S_@KZ)A SAREp

N = — K2 D) L0 + K2
1 20,2
—5&%ql" 15 12
w3 S S 0a” | 0. (3.75)
K% +1q|?
qe2n 72\ {0}
Minimizing this with respect to pg, we obtain
1 .20 2
- 1L (. V9 e 21l 5, 2
Ey>—-——|56—-22k2) +67%Y3 1 +0(0). (376
N = 2/(2( 2~ ) Z k2 +|q)? (@. 376
qe2n 72\ {0}

. c T 1 S 13 2 2
Finally, from Lemma A.2 one can see that min Ey < —32 (6 — E\/§K ) +o(1)

for ¢ < 1. Hence, in view of arbitrariness of o the constant in (3.76) is the limit of Ey
and, by Proposition 3.7, also of E, as ¢ — 0. In addition, this implies that ﬁq — O as
& — 0 for every g # 0. Thus, we just proved
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Proposition 3.10. Let § > /9«2, and let p be defined in (3.72), with x; = &'/
| Ing|~1/3%;, where X; are as in Proposition 3.5. Then

2

1 (- 9

mnE —» —— 5§ — £K2 , 3.77)
2k 2

and

1 - Y9
o — m(s — %xz) (3.78)

weakly in the sense of measures, as ¢ — Q.

We end by noting that the homogenization approach to multi-droplet patterns in a
related context was first discussed in [61]. Also, let us mention that in a related class of
problems existence of limiting density for the ground states of particle systems inter-
acting via potentials like our G as the number of particles goes to infinity was proved
in [62]. The difference with our result, however, is that in [62] the limit is taken at fixed
positive temperature, while in our case the system’s temperature (in the usual thermody-
namic sense) is strictly zero. Yet, as was pointed out in [62], the “effective” temperature
of the system considered actually goes to zero as the number of particles goes to infinity,
making these results closely related to ours.

3.4. Fine structure of the transition point. Finally, we brieﬂy discuss the appearance of
non-trivial minimizers in the vicinity of the point 8, = 2 /9 k2 (this transition point
was identified in [13,14]). First, we note that by the results just obtained the transition
from trivial to non-trivial minimizers appears to be quite abrupt in the limit ¢ — O.
In fact, in this limit one goes immediately from no droplets to infinitely many droplets
upon crossing the point § = §,, from below.

Observe that the energy E[u] (and, equivalently, E[u] — E[—1])is a monotonically
decreasing function of §. Therefore, a passage through the neighborhood of § = §,,
at small but finite & will result in a monotonic increase of the number of droplets in a
minimizer. This number will quickly get large as one moves away from the transition
point. Therefore, in order to analyze droplet creation at the transition, we need to further
zoom in on the parameter region around § = §,,. Let us introduce the renormalized
distance to the transition (with the transition point shifted appropriately):

1 NG In|l
. el (5—£K2—MK2), (3.79)

K2 2 233 1In¢g|

and consider the behavior of energy E in the limit e — 0 for T = O(1). As can be easily
seen, all the estimates obtained previously remain valid in this case, and minimizers are
close to a collection of N disks separated by large distances, whose energy is given by
Ey to O(¢%). We can also write the energy Ey in the form

EN_ZE](rl)+4JT [Ine|” ZZ Z G(x; — x))ifis, (3.80)

i=1 j=i+l
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where
|Ine|Ey(7) = 2 (,: N %,:4)
+1ixne| " In|Ine| > — V9)F?

—m|Ine| ' (F(nkF — ) +27)7 (3.81)

is the energy of one disk-shaped droplet of radius r. B

Itis easy to see thatin the limite — Owehave E(r) > Oforall7 > 0,and E{(r) =0
if and only of 7 = ~/3. Therefore, 7; — ~/3 uniformly in a minimizer as ¢ — 0 with ©
fixed. In fact, by convexity of E| near 7 = ~/3 we have 7; — /3 = O(|Ing|~'In|In¢|)
in the limit ¢ — 0. Therefore, we obtain (the summation is absent in the formula, if
N=1)

N—-1 N
Ey =1237% e[ { D" D" Gxi—x))
i=1 j=i+l

1 2t )
— Z+3_\/§ +0(|1n8| ) (382)
From this expression it is easy to see that N = O(1) quantity. Thus, in this case the

problem reduces to minimizing the pair interaction potential given by the sum in (3.82).
We summarize the above discussion by stating the following result.

Proposition 3.11. Let § be given by (3.79) with t fixed. Then, there exists a strictly
monotonically increasing sequence of numbers (t,), with T, — 00 as n — 00, such
that, provided that ¢ < 1:

) Ift<t= ﬁf@ (3—41In3 — 121nk), then there are no non-trivial minimizers
of E.
) Ift1 <1 <1 Witht = 11 + 27 /9 min G, the minimizer of E is a single
droplet.
(i) If T, < T < Tu41, all minimizers of E consist of precisely n droplets. The droplet
n—1 n
centers {x;} nearly minimize V = Z Z G(x; — xj).

i=1 j=i+l

Let us mention that local minimizers of E without screening (i.e. with x — 0) which
are close to disks of the same radius centered at the minimizers of V were constructed
perturbatively in a recent work of Ren and Wei [32,33]. We note that when 7 = O(1),
existence of these solutions easily follows from our analysis, if one notices that in the
considered regime the excess energy of a minimizing sequence controls the isoperi-
metric deficit of each droplet and enforces O(1) distance between them. Therefore,
solutions with a prescribed number of droplets may be obtained by minimizing over
allu € BV (£2; {—1, 1}), such that the support of 1 + u has a fixed number of disjoint
components. In turn, by Proposition 3.11 the global minimizers of E belong to this class.

Let us also mention another related recent work of Choksi and Peletier, where a
version of E was considered in the regime, in which the minimizers consist of a finite
number of droplets [37]. There it was shown, using the language of I"-convergence,
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that in the limit of small volume fraction the droplets concentrate into point masses
interacting via a pairwise potential, both in d = 2 and d = 3. Morover, similarly to the
conclusions of Sec. 3.4, in d = 2 all limiting masses were found to be equal to each
other.

4. Connection to the Diffuse Interface Energy

We now turn to the study of the relationship between the sharp interface energy E and
the diffuse interface energy £. Since most of our analysis here does not rely on any
particular assumptions on the dimensionality of space, we will treat the general case of
£2 being a d-dimensional torus: £2 = [0, 1)4. We assume that W is a symmetric dou-
ble-well potential with non-degenerate minima at u = =1, together with some natural
technical assumptions:

(i) W e C3(R), W) = W(—u),and W > 0.
(i) W1) = W(=1) = 0and W (+1) = W’(=1) > 0.
(iil) W"”(|u]) is monotonically increasing for |u| > 1, limj,— oo W” () = +00, and
|W'(u)| < C(1 +|ul9), for some C > 0and g > 1, withg < &2 ifd > 2.

Since we are setting the surface tension to ¢, we need to additionally normalize W as
follows:

(iv) We have

1
/ V2W(u)du = 1. 4.1)
-1

Note that these assumptions are satisfied for, e.g., the rescaled version of the classical
Ginzburg-Landau energy: W(u) = 39—2(1 — u?)? for d < 3. Also note that this assump-
tion is not restrictive, since it is always possible to make (4.1) hold by an appropriate
rescaling.

Let us begin our analysis with a few general observations. First of all, by the direct
method of calculus of variations (see e.g. [63]) there exists a minimizer u € H'(£2) of
& satisfying [, udx = i for every ¢ > 0. Note that any critical point u of £, includ-
ing minimizers, is a weak solution of the Euler-Lagrange equation (here and below G
solves (1.2) with periodic boundary conditions and has zero mean)

EAu—Ww) —v+p=0, v(x) =/ Golx — y)u(y) —)dy, (4.2)
2
where
n :/ W' (1) dx (4.3)
2

is the Lagrange multiplier. Furthermore, from the Sobolev imbedding theorem we have
u e LP(82) for p = dszz’ and hence v € W22 (2) ¢ CY*(£2), for some a € (0, 1),
if d < 6. Applying the Moser iteration technique [63, see App. B], we then find that
u € LP(82), for any p < oco. Therefore, by standard elliptic regularity theory [51], we
also have u € WP (£2), sou € L*(£2) and is, in fact, a classical solution of (4.2).

We now show that u is uniformly bounded and that |u| cannot much exceed 1 when-
ever E[u] is sufficiently small, at least for d not too high.
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Proposition 4.1. Let d < 6 and let u be a critical point of £. Then, for every § > 0 we
have |u| < 1+ 6 and |v| < § in $2, whenever E[u] is sufficiently small.

Proof. Observe first that forevery § > 0 and £[u] small enough we have [{|u| > 1+5}| <
%. Now, suppose that the maximum value u,, of |u| is greater than 1 + §. Without a loss
of generality, we may assume that u,, = max u. By the preceding observation, we have
u<C+ %W’ (um), for some C > 0 independent of u,,. Therefore, in view of the mono-

tonic increase to infinity of W’ (u) due to hypothesis (iii) on W, we have u < %W/ (Um)
for u,, sufficiently large. Now, taking into account that v > —C'u,, for some C’ > 0
and large enough u,,, from (4.2) we find that e2Au > %W/(um) — C'u;, > 0 at the
point where u = u,,, in view of assumption (iii) on W, contradicting the maximality of
u. Finally, to see that [u| < 1+ § with any § > 0, when £[u] < 1, note that u — +1
a.e. when £[u] — 0. Hence, in view of the uniform bound on u obtained earlier, we
have u© — 0. Furthermore, since the non-local term in the energy can be written as
% o |[Vv|?dx, and v is uniformly bounded in W27 (£2) for any p < oo, we also have
v — 0 uniformly in £2 in this limit. Therefore, in view of positivity of W/(1 + §), we
can apply the same argument as above to complete the proof of the statement. O

We note that while the arguments above hold for every critical point £ with small
energy, it is generally possible for a local minimizer of £ to strongly deviate from +1 in
most of £2: take, for instance, one-dimensional periodic solutions of (4.2) with period
O (1) [4,64,65]. Of course, these critical points will have O (1) energy when ¢ — 0, as
opposed to minimizers of £ whose energy vanishes in this limit. Let us also mention that
numerical evidence shows that generally max |u| > 1, even for minimizers and ¢ < 1.

We now turn to estimating the minimal energy of £ from below by the minimal
energy of E. For u € H'(£2) with Judx = i, let us separate the domain £2 into three
pairwise-disjoint subdomains:

Q=020 U, 4.4)
where
2 ={xeQ:ux)=1-3¢), 4.5)
2 ={xeR:ukx) <-1+868), (4.6)
B =xe2:—1+8<ux) <1-35}. 4.7

Next, let us introduce the following three auxiliary functionals (for simplicity of notation,
we will suppress the index ¢ in the definition of each functional):

2
ilul =/ (8—|W|2+ W(u)) dx, (4.8)
20\ 2
_ v N2
&lu] = ) Qﬁugi(u uo)-dx
1 _ _
+5/ / (u(x) —u)Go(x — y)(u(y) —u)dxdy, 4.9)
RJQ
where ug(x) = =1 whenever x € Qi, respectively, with
1
K= ——— (4.10)

/W”(l) ’
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and

&lul = / (W(u) - %(u - uo)z) dx. 4.11)
suRd 2k

It is clear that the energy £ can be estimated from below as
E>E+E+E5. 4.12)

Hence, we are going to establish a lower bound for £ by considering the lower bounds
for each term in the sum above.
We start with the part of energy that is associated with the interfaces:

Lemma 4.1. Let § > 0 be sufficiently small, let u € H'(82) and suppose that |$2° U
.Qf| > 0. Then there exists ug € BV (82;{—1, 1}) such that ug(x) = £1 whenever
X € Qi, and

&ilul > 201 —a182)/ \Viuoldx (4.13)
2 Q

for some a; > 0 independent of § and e.

Proof. First of all, if either |.ij| or |28 | is zero, we can simply choose uq to be constant
(e.g. up = —1 when |.ij| = 0). So, let us assume that both |Qi| > 0, and approximate

u in H'(£2) by a piecewise linear function i with Vii # 0 almost everywhere in £2.
Then, using the Modica-Mortola trick [66,67] and the co-area formula [68], we find

1-6

Elul > e/ V2W@) |Vi|dx = ¢ V2AW (@) fu =t} dt. (4.14)
] <1-8 —148

Since the function |[{zz = t}| is continuous for all t € [—1 + 8, 1 — §], there exists a

constant ¢ € [—1 + 8, 1 — §] such that the right-hand side of (4.14) equals |[{# = c}|
fll_fa 2ZW (@) dt = (1 — a18%)|{ii = c}|, for some a; > 0 and all § small enough.

Now, define itg € BV (£2; {—1, 1}) as

- +1, u(x) > c,
up(x) = [_17 i) <. 4.15)

The preceding arguments imply the desired inequality for . Passing to the limit in the
approximation, we obtain the result, with ugp = lim i in L'(£2) upon extraction of a
subsequence. O

Lemma 4.2. Let u and ug be as in Lemma 4.1, let u satisfy [oudx = i, and let
lu| < 1+8° and U:z Golx —y)u(y) — L_t)dy| < 8% in 2, for 8 > 0 sufficiently small.
Then

1
&l = 5 /Q /Q (Uo(x) — DG (x — y)uo(y) — i) dxdy — ars Elul,  (4.16)

for some ar > 0 independent of § and e, whenever E[u] < 8%(””6).
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Proof. Let us write u as follows:
2 -
u=uo+uy+uy, up(x) = —« / Go(x — y)(u(y) —u)dy. 4.17)
2

Note that by assumption, ||u||p= ) < €83 and [luzllp=2) < C, for some C > 0.
Now, observe that | solves

— Aup +K2uy = =2 (uo + un — it), (4.18)

and, therefore, we also have
() = 2 /Q G(x — V) wo(y) +ua(y) — B)dy. (4.19)
Substituting u in the form (4.17) into (4.9), we obtain

Ex(ug +uy +up) = 12K2/ (uy + u2)2 dx
8und

1
+§ L /Q(MO(X) +ur(x)+ury(x) —u)G(x — y)(uo(y) + u2(_)7) _ ﬁ)dydx

1 1 1
= —2—2/ u% dx — —2/ uiur dx — —/ / ur(x)G(x — y)uz(y)dydx
k= )28 K= ) 2)ele

0

: 1
2 /Q /g("‘)(x) — G =Y (uoy) —idydx + 775 w5 dx
: 1
> 5/9 /Q(uo(x) —i)G(x — y)(uo(y) —u)dydx — e /Qg W3 dx

+/ /U2(X)G(X—Y)(u0(y)—ﬁ)dydx
b/

1
+ﬁ /.qurzs (M%(X) — k2us(x) /:2iu95 G(x — y)uz(y)dy) dx. (4.20)

In fact, the last line in (4.20) is non-negative. Indeed, writing the integral in the last line
of (4.20) with the help of the Fourier Transform a, of it = uzxgs,0s , Where xgs,08

is the characteristic function of £22 U £29:
4y = / o €' uy (x) dx, 4.21)
foiSlold

we obtain

/ (ug(X) - Kzuz(X)/ G(x — y)uz(y)dy) dx
iue? 25u’d

215 12
> laFlagl” (4.22)

2 2 =
K<+
ge2n 74 4]
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To estimate the remaining terms in (4.20), we note that

1
o [ wmdrs [ ] w60 -y - s
K= J b 25J%2

/ / ()G (x — Y)ua(y) dydx
:zg 2

s/ / 1()IG (x — Ylua(y)| dydx
28 J{lu|=1-83}

+ / / 101G (x — Y)lua(y)| dyd. 4.23)
28 J{lul<1-83)

Since G € LP(§2) forall p < % (any p < oo ind = 2), by Holder inequality we can
see that for any QC

1/q .
/QG(x—y)wz(yndy < c(/ﬂ |u2|qu) < Clluall o) 1921V7, (4.24)

for any g > %. Therefore, continuing the estimates in (4.23), we obtain

‘/ / ur(x)G(x — y)ua(y) dydx
2t/

< C (57 +50g apul) 193] < 208%|28) (4.25)

whenever £[u] < 834, where we took into account that by the assumptions of
the lemma |us| < |u — ug| + |u1] < C8 in {Jju| > 1 — 8}, and that E[u] >
Jjur<1-53y W) dx = c8°|{jul < 1 — 8%}| for some ¢ > 0.

Similarly, we have
2
/ uidx / uiuy dx
2 20

8
0 0

+ < C8|2)). (4.26)

The statement of the lemma then follows from the fact that E[u] > f o W(u)dx >
c82|98|, for some ¢ > 0, by choosing g = %(d +2). O
Lemma 4.3. Let u and uq be as in Lemma 4.1. Then

&lu] > —a3é Elu] 4.27)
for some az > 0 independent of § and ¢, for sufficiently small § > 0.

1

Proof. By assumption (iii) on W, we have W(u) > (u — ugp)* whenever lu| > 1.

= %2
Hence
1
&lul = / (W(u) - - uo)z) dx
{1=8<lul<1) 2K
> —C$ / (u — up)’dx > —azs E[u), (4.28)
{1-8<lul<1}

forsomeaz > 0. 0O
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Combining all the results above with an observation that |.Qf U R°%| > 0 for E[u]
small enough, we obtain

Proposition 4.2. Let § > 0 be sufficiently small, let u € H'($2) satisfy /, oudx = u,
let u] < 1+8% and | [, Go(x — y)(u(y) — i) dy| < 8% in 2, and let € < 5799 Then

there exists a function ug € BV (82; {—1, 1}) such that E[u] > (1 — 8/2)E[ug), with
given by (4.10).

Importantly, the lower bound in Proposition 4.2 is sharp in the limit ¢ — 0 for all func-
tions ug € BV (§2; {—1, 1}) obeying suitable bounds (satisfied by minimizers of E in
d=2):

Proposition 4.3. Let ug € BV (2; {—1, 1}), with the jump set of class C2, let the prin-
cipal curvatures of the jump set of ug be bounded by ¢~ for some o € [0, 1), let the
distance between different connected portions of the jump set be bounded by €%, and
let |f_Q G(x —y)(uo(y) —u) dy| < 8 for some § > 0 small enough. Then there exists a

function u € H'(£2) with f_Q wdx = i, such that E[u] < (1 +8Y%)E[uo), with k given
by (4.10), whenever Efug] < 8293 and ¢ <« 1.

Proof. For simplicity of presentation, we only give the proof in the case d = 2. With
minor modifications, the proof remains valid for all d.

Here we adapt the standard construction of a trial function for the local part of the
Ginzburg-Landau energy. Let U (p) be the solution of the ordinary differential equation

2
%—W/(U)zo, U(—o0) =1, U(Hoo)=—1, UW0)=0, (4.29)
where the last condition fixes translations. As is well-known (see e.g. [69]), this solution
exists, is unique and is a strictly monotonically decreasing odd function, approach-
ing the equilibria at p = oo exponentially fast. Therefore, for any § > 0 we have
|U(p)| <1 —34,if and only if |p| < [, with some positive l = O (| Iné]). Also note that
by hypothesis (iv) on W,

/’ 1|dU
—1 2 d,O

Now, introduce the signed distance function r(x) = =£dist(x, 02%F), where 2F =
{up = %1}, whenever x € £27, and define a regularized version ug of u:

2 1-6

V2W(s)ds = 1+ 0(82). (4.30)
148

+ W(U)]d,o =

U(e~'r(x)), Ir(x)| < el,
ug(x) =1(1-46 +8_16(|r(x)| —e)ug(x), el <|rx)| <el+1), (431)
uo(x), Ir(x)| > e +1).

Then, it is easy to see that the function

U(x) = uf(x) — /X2 Gx — V) b(y) — i)y 432)
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isin H'! (£2), with fg u dx = u. Moreover, we have for any g > 1,

lu(x) — ufy(x)| < &2

/ G(x —y)(uo(y) —i)dy
2

+x2/9 Gx — I (y) — uo(y)] dy
1

<CG+ |2 < 'S +|Ins|VIEV Uy < C"5, (4.33)
where we defined §2; = {|r| < e(l + 1)}, estimated sz G(x — y)(uf)(y) —up(y))dy as

in Lemma 4.2, and used the curvature bound and the assumption on E with d = 2 and
q = 2. On the other hand, after a few integrations by parts, from (4.32) we also obtain

/|V(u—uf))|2dx=—/<2/(u—uf))(u—it)dx
2 2

= /<4/ / (u(x) —0)Go(x — y)(u(y) — i) dydx < 2«*E[u].  (4.34)
2Ja

To estimate E[u], let us introduce a system of curvilinear coordinates (p, §) consist-
ing of the signed distance p to the jump set of u( and the projection & onto the jump set.
By our assumptions this is possible whenever |r(x)| < ¢*. Therefore, for ¢ < 1 we can

write
e(+1) 2 ul?
Elu]l = / / — + W(u)
—e+1) Jag+ \ 2

9
x (1+pK) dH (&) dp +/
2\

2 82

du _
+?(l+pK)

ap

&2 )
(7|Vu| + W(u)) dx

1 _ -
+§/ / (u(x) —u)Go(x — y)(u(y) —u)dydx, (4.35)
/2
where K = K (£) is the curvature at point £ on the jump set of u(. Substituting the ansatz

of (4.32) into (4.35), taking into account that |V (u — ug)| < C in §2; for some C > 0

independent of ¢ (we have u — uf) uniformly bounded in w2r (£2), for any p < o0) and
that Vu = V(u — ug) = V(u — ug) in £2\£2;, and using (4.33) and (4.34), we obtain
(estimating each line in (4.35) separately)

Elu] = E(1+0(81—0‘|1n(3|)+0(5|1n¢3|))/ Vo dx
2 2

+— (u — up)*dx + O(*E[u]) + O(S E[u])
2K 2\

1
+§/ / (ux) —u)Go(x — y)(u(y) —u)dydx. (4.36)
2 J8R

Now, using the identity
/ / (ux) — 0)Go(x — y)(u(y) — it) dydx +K_2/ (u — ub)*dx
2J82 2

_ /Q /Q W5 () — DG (x — y)uh(y) — i) dydsx, @37)
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we can further write (4.36) as
1
Elu] = Elug]l + O(S|n 8] E[uo]) + O(S E[u]) — F/ (u — uf)? dx
K 2

. / / W () — o ()G (x — Vl(y) — i) dydx
21 JR2

1
+5/ (ug(x) —ug(x)G(x — y)(ug(y) —uo(y)) dydx,  (4.38)
21 J 82

for ¢ « 1. Finally, using the same estimates as in (4.33), we obtain

(1+0()E[u] = (1+ 0G| Ind))Elugl + 081521 + 012 *?)
= (1+ 0(8|Inéd)|))E[uol, (4.39)
from which the result follows immediately. O
The last two propositions show asymptotic equivalence of the diffuse interface energy
& with the sharp interface energy E for sufficiently well-behaved critical points and
& < 1. In particular, the energies of minimizers of both E and £ are asymptotically
the same in the limit ¢ — 0 (see also [70,71] for recent related studies). It would also

be natural to think that the minimizers (even local, with low energy) of £ are, in some
sense, close to minimizers of £ when ¢ < 1 (this will be a subject of future study).

5. Proof of the Theorems
Here we complete the proofs of Theorems 2.1-2.3.

Proof of Theorem 2.1. The main point of the proof is the lower bound in (2.1), since the
upper bound is easily obtained by constructing a suitable trial function (as in Lemma
A.1). The basic tool for the lower bound is a kind of interpolation inequality obtained in
Lemma B.1. Note that the proof for E works in any space dimension.

To prove the lower bound, let us denote by u a minimizer of E. Introducing

ag = / ¥ (u(x) — i) dx, (5.1)
2
where ¢ € 274, we can estimate the energy of the minimizer as follows:
. 1 - _
min E > —/ / ux) —u)G(x — y)(m(y) —u)dxdy
2Jela
1 lagl>  _ laol?
= — —_— >
2 ; K2+ |g2 — 2«2
1 N 2, 1+’

where we introduced the set 2% = {u = +1}.
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In view of the upper bound in (2.1), it follows from (5.2) that [2*| = %(1 + 1)+

0(£%/3), implying that |£2*| is bounded away from 0 or 1 for ¢ < 1. Hence, by the
isoperimetric inequality there exists p > 0 such that

P :/ |Vu|dx > p, (5.3)
2
whenever ¢ <« 1. Applying Lemma B.1 to u — i, we conclude that
C
min £ Z£P+E, (5.4)

for some C > 0independent of ¢, for ¢ < 1. The result then follows from an application
of the Young Inequality and Propositions 4.1 and 4.2. 0O

Proof of Theorem 2.2. This theorem combines a number of results proved in Sec. 3 in
the original, unscaled variables. Part (i) of the theorem is the statement of Proposition
3.2. Part (ii) of the theorem is the collection of results from Lemma A.1 (taking into
account that E[u] < E[—1] = %84/3| In €|2/3K_2SZ for § > % J 9/<2), Corollary 3.1,
Lemma 3.3, and Propositions 3.5, 3.7, and 3.8 with @ = % — o. Part (iii) of the theorem
is contained in the statements of Propositions 3.9 and 3.10. O

Proof of Theorem 2.3. First of all, we have min€ <« 1 whene <« landu = —1 +
0(23|Ing|'/3), since minE < E®@) = 0(*3|1ne|?3) in that case. Then, from
Proposition 4.1 and Lemma 3.5 we conclude that the assumptions of Propositions 4.2
and 4.3 are satisfied for the minimizers of £. Therefore, the energies E and £ are asymp-
totically the same in the considered limit, and the conclusion follows from Theorem 2.2
(the case § = 3</9«? is included by a monotone decrease of £ with §). O

Acknowledgments. The author would like to acknowledge valuable discussions with M. Kiessling, H. Kniip-
fer, V. Moroz, M. Novaga and G. Orlandi. This work was supported, in part, by NSF via grants DMS-0718027
and DMS-0908279.

A. Upper Bound

Here we construct a trial function that achieves the lower bound for the energy of the
non-trivial minimizers of E.

Lemma A.l. Let it = —1 + &2/3|Ine|'/38, with § > % V9 k2 fixed. Then there exists
u € BV (82;{—1, 1}), such that

3
E[u] = £*3| ne?/? I‘/; (S - %3@#) +0 (lnlln8|)] , (A1)

|Ing|

fore K 1.

Proof. First, consider u1(x) = —1+2xp, (0)(x), where xp, (o) is the characteristic func-
tion of the disk of radius r centered at the origin. If vy (x) = fQ Gx—y)ui(y)—u)dy,
then by using (2.3) we explicitly have (see (3.39))

1+u
2

2
vi(x) = — + ﬁ(l —krKy(kr)ly(x|x])), (A.2)

2
+= > rh(r)Kolklx+n]),  |x| <, (A.3)
Knezz\{O}
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where K, and I,, are the modified Bessel functions of the first and second kind. Therefore,
expanding the Bessel functions for r <« 1 [46], we can write for |x| < r,

l+a  r? |x|?
vi(x) = a2 T3 QInkr+2y —In4—1) — EN
+2 > Kolklx +n])+ 0| Inr)), (A.4)
neZ2\{0}

where y ~ 0.5772 is Euler’s constant. Substituting this expression into the definition
of E, after integration we get

2K_2 2

Eluy) = 2mer + 3(1 + i)’k = 2 (1 + i)k ~*r

—wrt(nkr+y —In2— D +7rt Z Ko(kn)) + O Inr]). (A.5)
neZ2\{0}

Now, consider a new test function

k k
() =—1+23 > X B (o1 (ki = by+eatka— 1) ) (A.6)
ki=1ky=1

consisting of k? disks of radius r arranged periodically in £2 (here e; and e, are the unit
vectors along the coordinate axes). We have

Elug] = Y(1+i)*c 2 + 7k (28r —2(1 + i)k 2r?

—rtnkr+y —n2—H+rt > KO(Kk1|n|)) + O K% nr)).

neZ2\{0}
(A7)
Approximating the sum in (A.7) by an integral:
k2 Z Ko(ck™Yn|) = / Ko(k|x)dx + O (k> Ink)
RZ
neZ2\{0}
=27k 2+ 0k 1nk), (A.8)
and expanding for » < 1, we can further write
Efug] = L1+ ik + k> (Zer —2(1 + i)k
—*Inr+ 2mc_2r4k2) + O (K*r*Ink). (A.9)

We now substitute 7 = £'/3|Ing|~1/3J/3 into the expression above. Using also the
definition in (2.7), we can write

Elug] = ¢*3|Ing)?? (%K_28_2 — 279 Ine| k2 (8_ — %%Kz) k>

467232 Ine| k%) + 0 In e[~k n k). (A.10)
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Finally, setting

271\/_

we obtain (A.1) withu = uy;. 0O

3
j2 = nel (5 ?K2)+0(1), (A11)

Let us also quote without proof a similar result concerning the upper bound for the
reduced energy Ey.

Lemma A.2. Let it = —1 +&%/3|Ine|'/35, with § > $/9«? fixed. Then

2
1 - Y9 4311
min Ey < —=— %3/ Ins*/3 5_V9 ) Lo nimely (A.12)
2k? 2 [Ing|l/3

B. Interpolation Inequality

Here we present the lemma that connects the non-local part of the energy with the inter-
facial energy via a kind of an interpolation inequality between BV (£2), H ~1(2) and
L*°(£2), for functions bounded away from zero.

Lemma B.1. Let u € BV (82), where 2 = [0, D9 is a torus, and assume that m <
lu| < M in §2 for some M > m > 0. Let also f_Q|Vu|dx > p >0 and let G
solve (1.5) in §2 with periodic boundary conditions. Then there exists a constant C =
cd,k/p, m*/M) > 0 such that

-2
/ / u(x)G(x —y)u(y)dxdy > C (/ |Vu|dx) . (B.1)
eJa Q

Proof. First, extend u periodically to the whole of R?. Then, introducing xs(x) =
8=4|By|7' x (8 'x), where x is the characteristic function of the unit ball B centered
at the origin, we have

1
// u(x)xa(x—y)u(y)dydx=—// u(x)u(x +38y)dydx
2 JRrd | B1] B
>m? — |B|// / |Vu(x+8ty)|dtdydx>m —M(S/ |Vu|dx, (B.2)
1 B!

where the inequality is obtained by approximating u by C! functions and passing to the

limit. Therefore, choosing
2M -
=\—= |Vu|dx s (B.3)
ms o
2

5= /Q /R @) s (x = Nu@)dxdy = 35(q)lig|, (B.4)

q

we obtain
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where we introduced the Fourier transform i, of u:
g = /Q e u(x)dx, (B.5)

with ¢ € 2 Z?. The Fourier transform g of y;s is, in turn, explicitly given by

R 2 \4? d
xs(q) = (m) r (5 + 1) Jas2(8lqD), (B.6)

where J;/2(x) is the Bessel function of the first kind and 1" (x) is the gamma-function.
Now, applying the Cauchy-Schwarz Inequality, we obtain

m* |”q| 2 204 12
T = ZK2+| B Z 25 @) + g1 iy
q

= sup {73(@) >+ g >}Z|ﬁq|2
q

q

x/ / u(x)G(x — y)u(y)dxdy. B.7)
2 J8R

Taking into account that Z litg 12 = ||u|? M? and that [46]

2@ =

Ci(k*m* M2 p~2 +1), g8 < 1,
PR3 (@) +1g1%) < o e (B.8)
1 1 Co(m* M2 p=2 +1q1%67)(1g18)~~1, 1g15 > 1
for some C; > > 0 depending only on d, we conclude that
2 / / u()G(x — Yu(y) dx dy (B.9)
2 J8

for some C > 0 depending only on d, «/p, and m*/M. The result then follows imme-
diately from (B.3). O

Let us also make some remarks regarding a few extensions of these arguments. First,
the same estimate holds true in the case where G is the Green’s function of the Lapla-
cian in £2 and u has zero mean. Note that in this case the constant C in (B.1) becomes
independent on p. The proof easily follows by passing to the limit « — 0 in the lemma.
Another observation is that, actually, for the considered class of functions a stronger
interpolation inequality involving negative Sobolev norms holds. We give only the state-
ment of the result, the proof follows easily by modifying a few steps in the arguments
above

Proposition B.1. Let u be as in Lemma B.1. Then

—d—1
/ (1—A)~F udx>C(/ |Vu|dx) , (B.10)
2 2

for some C =C(d, p,m, M) > 0.
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C. First and Second Variation

Here we present the derivation of the first and second variation of E in d = 2, adapted
from [14].

Lemma C.1. Let S_2+_C 2 be a set with boundary of class C* and v be given by (3.4).
Then, the functional E is twice continuously Gdteaux-differentiable with respect to C L
perturbations of 02*. Furthermore, the first and second Gateaux derivatives of E are

given by (3.6) and (3.7).

Proof. Leta > 0,let p € C'(352%), and let £2" be the set obtained from £2* by trans-
porting each point of 32* by ap in the direction of the outward normal. Note that for
sufficiently small a the set 8[_2;’ is of class C!, in view of regularity of 2*. Then, if
E, = E_([_Z;) and E = E(2%), from (3.2) we have explicitly

|Inel(Eq — E) =/_ (VA+aK@p@1+a2Vp@P — 1) dH' ()
2+

ap(%)
+/_ /,, (4v(X + rv(X)) — 28 2) (1 + K (%)r) dr dH' (%)
a2+t Jo

ap(x) rap(y)
+2|1n8|_1/ / / / (1+K@r)A+KG)r)
002+ Ja+ Jo 0

xG (3 Ine| 713G +rv(@) — 5 — r'v(3) dr'dr dH' (G)dH' ),
(C.1)

where K () is curvature, v(x) is the outward unit normal at X € 3£2*, and we rewrote the
integrals in terms of the curvilinear coordinates consisting of the projection x of a point
x € £2t092* and signed distance r = v(x) - (x — x), which is possible for sufficiently
small a. Now, Taylor-expanding the integrands in the powers of r and integrating over
r and r/, after some tedious algebra we obtain that for any a € (0, 1),

a? d*E,
+ —_—
2 da?

dE,
da

Ea=E+a

+ 0(a™*) holds, (C.2)
a=0

a=0

where the derivatives are given by (3.6) and (3.7). In estimating the remainder term in
(C.2) we took into account that v € C1%(£2) and the following estimate of the terms
involving the convolution integral:

ap(y)
/_ / " (G(81/3| Ine|"3E+v@r — 5 —v(M)r))
12+ J0
—G(EP e - y))) dr/dHl()'))‘
N X =y +v@)r —v()r|

ap(y)
e[ [ o
an+Jo l[x — ¥l

G 1TV — (51
<cla?+ / / D@r = v a5y
92+N|E—F|>=Ma JO [x — ¥

1 -
<ca? / MO g2 Inal, (€3)
IS*+NE—Fl=Ma X — Yl

1

) dr'dH'(3)
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for a < 1, where M > 0 is sufficiently large, and we used the series expansion of G
[46]. B B

Finally, for every sufficiently small C!-perturbation 32} of 32" the distance from
apointx € 32*t0 92} isaC I_function, hence the formulas obtained above apply to
all such perturbations. O
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