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SMALL VOLUME-FRACTION LIMIT OF THE DIBLOCK
COPOLYMER PROBLEM: II. DIFFUSE-INTERFACE FUNCTIONAL*

RUSTUM CHOKSIT AND MARK A. PELETIER?

Abstract. We present the second of two articles on the small volume-fraction limit of a nonlocal
Cahn—Hilliard functional introduced to model microphase separation of diblock copolymers. After
having established the results for the sharp-interface version of the functional [STAM J. Math. Anal.,
42 (2010), pp. 1334-1370], we consider here the full diffuse-interface functional and address the limit
in which ¢ and the volume fraction tend to zero but the number of regions (called particles) associated
with the minority phase remains O(1). Using the language of I'-convergence, we focus on two levels
of this convergence, and derive first- and second-order effective energies, whose energy landscapes
are simpler and more transparent. These limiting energies are finite only on weighted sums of delta
functions, corresponding to the concentration of mass into “point particles.” At the highest level,
the effective energy is entirely local and contains information about the size of each particle but no
information about its spatial distribution. At the next level we encounter a Coulomb-like interaction
between the particles, which is responsible for the pattern formation. We present the results in three
dimensions and comment on their two-dimensional analogues.
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1. Introduction.

1.1. The functional. This paper is concerned with asymptotic properties of
the following nonlocal Cahn-Hilliard energy functional defined on H'(T%):

u-fu

where we take the double-well potential W (u) := u?(1—u)?. Here the order parameter
u is defined on the flat torus T¢ = R%/Z9, i.e., the square [—3, £]? with periodic
boundary conditions, and has two preferred states u = 0 and © = 1. We are interested

in the structure of minimizers of £ over u with fixed mass ., u = f, where f € (0,1).
The first term e [ |Vu|? penalizes large gradients, and acts as a counterbalance to
the second term, smoothing the “interface” that separates the two phases. The third
(nonlocal) term is defined as

2

u—][u :/ |Vw|? du, where —Aw:u—][ u.
H*I(Td) Td Td

*Received by the editors April 26, 2010; accepted for publication (in revised form) December 21,

2010; published electronically March 9, 2011.
http://www.siam.org/journals/sima/43-2/79330.html

TDepartment of Mathematics and Statistics, McGill University, Montreal H3A 2K6, QC, Canada
(rchoksi@math.mcgill.ca). This author’s research was partially supported by an NSERC (Canada)
Discovery grant.

IDepartment of Mathematics and Institute for Complex Molecular Systems, Technische Univer-
siteit Eindhoven, 5600 MB Eindhoven, The Netherlands (m.a.peletier@tue.nl). This author’s research
was partially supported by NWO project 639.032.306.

739

2

)

1
(L) &) = a/ Vulde + = [ Wwde + 4
Td g Jod H_I(Td)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



740 RUSTUM CHOKSI AND MARK A. PELETIER

This term favors high-frequency oscillation, as can be seen in the 1/|k|?-penalization
in a Fourier representation:

u-fu

If the parameter ~ is large enough, this term may push the system away from large,
bulky structures and favor variation and oscillation at intermediate scales, i.e., give
rise to patterns with an intrinsic length scale. As we explain in what follows, we refer
to this mass-constrained variational problem as the diblock copolymer problem. When
the mass constraint f is close to 0 or 1, minimizing patterns will consist of small
inclusions of one phase in a large “sea” of the other. We wish to explore this regime
via the asymptotic behavior of the functional in a limit wherein the following hold:

e both ¢ and the volume/mass fraction f of the minority phase tend to zero

(appropriately slaved together);

e  is chosen in order to keep the number of minority phase particles O(1).
We will concern ourselves primarily with the case d = 3 but remark on the analogous
results for d = 2.

? a(k)[?
42 [k2

H=Y(TY)  kezd\{o}

1.2. The spherical phase in diblock copolymers. The functional £ was
introduced by Ohta and Kawasaki to model self-assembly of diblock copolymers [25,
24]. The nonlocal term is associated with long-range interactions and connectivity
of the subchains in the diblock copolymer macromolecule.! The order parameter
u represents the relative monomer density, with u = 0 corresponding to a pure-
A region and u = 1 to a pure-B region. The interpretation of f is therefore the
relative abundance of the A-parts of the molecules, or equivalently the volume fraction
of the A-region. The constraint of fixed average f reflects that in an experiment
the composition of the molecules is part of the preparation and does not change
during the course of the experiment. From (1.1) the incentive for pattern formation
is clear: the first term penalizes oscillation, the second term favors separation into
regions of u = 0 and v = 1, and the third favors rapid oscillation. Under the mass
constraint the three cannot vanish simultaneously, and the net effect is to set a fine
scale structure depending on €, v, and f. The precise geometry of the phase separation
(i.e., the information contained in a minimizer of (1.1)) depends largely on the volume
fraction f. In fact, as explained in [9], the two natural parameters controlling the
phase diagram are I' = (¢%/2,/7)"! and f. When I is large and f is close to 0
or 1, numerical experiments [9] and experimental observations [4] reveal structures
resembling small well-separated spherical regions of the minority phase. We often
refer to such small regions as particles, and they are the central objects of study of
this paper. Since we are interested in a regime of small volume fraction, it seems
natural to seek asymptotic results. Building on our previous work in [8], it is the
purpose of this article to give a rigorous asymptotic description of the energy in a
limit wherein the volume fraction tends to zero but where the number of particles in
a minimizer remains O(1). That is, we examine the limit where minimizers converge
to weighted Dirac delta point measures and seek effective energetic descriptions for
their positioning and local structure.

1See [10] for a derivation and the relationship to the physical material parameters and basic
models for inhomogeneous polymers. Usually the wells are taken to be %1, representing pure phases
of A- and B-rich regions. For convenience, we have rescaled to wells at 0 and 1.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



SMALL VOLUME-FRACTION LIMIT II 741

)

Fic. 1. A two-dimensional cartoon of small particle structures.

The small particle structures of this paper are illustrated (for two space dimen-
sions) in Figure 1. There are three length scales involved: the large scale of the
periodic box T?, the intermediate scale of the droplets, and the smallest scale of the
thickness of the interface. Two of these scales are known beforehand: we have chosen
the size of the box to be 1, and the interfacial thickness should be O(e) by the dis-
cussion above. The intermediate scale ¢, the size of the droplets, is not yet fixed and
will depend on the two remaining parameters: the parameter v in £ and the volume
fraction f.

For a function u, the mass is defined as f = de u. In Figure 1 the region where
u ~ 1 is small, suggesting that de u is small. We characterize this by introducing a
parameter 7) (the characteristic size of the particles), which will tend to zero, and by
assuming that the mass [1., u tends to zero at the rate of n:

(1.2) f= / u = Mn? for some fixed M > 0.
Td

After rescaling with respect to 1, M will be the mass of the rescaled functions. We
now have three parameters e, v, and 7, which together determine the behavior of
structures under the energy E. ,. Let us fix d = 3. In section 3 we see that in terms
of v := u/n3, the relevant functional is

v — ][ v

where W(U) :=v2(1 — n3v)2. Via a suitable slaving of € to 7 (see Theorem 3.1), we
prove, via I'-convergence, a rigorous asymptotic expansion for E ) , of the form

2

)

3 —
(1.3) E.p(v) :==1n [5173/ Vo2 de + 77_/ W (v) dx] + 7
T3 € Jos

H=1(T?)

E ¢, = Eo + nFo + higher-order terms,

where both Eg and Fg are defined over weighted Dirac point masses and may be viewed
as effective energies at the first and second order. Their essential properties can be
summarized as follows:

e Ep, the effective energy at the highest level, is entirely local: it is the sum
of local energies of each particle and is blind to the spatial distribution of
the particles. The particle effective energy depends only on the mass of that
particle.
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742 RUSTUM CHOKSI AND MARK A. PELETIER

e Fg, the effective energy at the next level, contains a Coulomb-like interaction
between the particles. It is this latter part of the energy which we expect to
enforce a periodic array of particles.

Note here that we present our results without any mention of mass being con-
strained; rather, we adopt only the weaker condition that mass be bounded. See
Remark 1 for the role of constrained mass and, in particular, M as described above.

The proof of Theorem 3.1 relies heavily on our previous work for the sharp-
interface limiting functional E, (see section 4 for its precise definition) obtained by
fixing n in E., and letting € tend to zero. The well-known Modica—Mortola the-
orem [19] makes this limit E, precise in the sense of I'-convergence. The small-n
asymptotics of E, were proved in [8], and the main result of this article (Theorem
3.1) is to establish the same limiting behavior but in the diagonal limit of both ¢ and
7 tending to zero. We summarize these limits (for the leading order) in the diagram
below.

E.
\L e(n) & n— 0: Theorem 3.1

n fixed, e—0:
Modica-Mortola Theorem

Eo

E77 n—:0:
Theorem 4.1, proved in [8]

This article is organized as follows. In section 3, we discuss the rescalings and
state the main result, Theorem 3.1. Section 4 explicitly states the main results of
our previous paper [8] which form the basis for the proof of Theorem 3.1 presented in
section 5. In section 6, we discuss the variational problem associated with the first-
order I'-limit Eg, connecting it with an old problem of Poincaré and presenting some
conjectures. In section 7, we discuss the necessary modifications in two dimensions.

2. Some definitions and notation. We recall the definitions and notation of
[8]. We use T? = R?/Z? to denote the d-dimensional flat torus of unit volume. We
will be concerned primarily with the case d = 3. For the use of convolution, we note
that T is an additive group, with neutral element 0 € T (the “origin” of T%). For
u € BV(T%{0,1}), we denote by
[ 1w
Td

the total variation measure evaluated on T9, i.e., || Vu|[(T9) (see, e.g., [2] or [3, Chap-
ter 3]). Since v is the characteristic function of some set A, it is simply the notion
of its perimeter. Let X denote the space of Radon measures on T¢. For y,,pu € X,
pn — p denotes weak-* measure convergence; i.e.,

/Tdfd“” - /Tdfdu

for all f € C(T™). We use the same notation for functions; i.e., when writing v,, — vo,
we interpret v, and vy as measures whenever necessary.

We introduce the Green’s function Grpa for —A in dimension d on T?. It is the
solution of

—AGTd =§ — 1, with GTd = 0,
Td
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SMALL VOLUME-FRACTION LIMIT II 743

where ¢ is the Dirac delta function at the origin. In three dimensions,? we have

(22) Gra) = o + 99(@)

for all z = (x1, 22, 23) € R?® with max{|z1|, |z2|, |z3|} < 1/2, where the function g
is continuous on [—1/2,1/2]% and smooth in a neighborhood of the origin.
For ;1 € X such that p(T?) = 0, we may solve

—Aw = p

in the sense of distributions on T9. If w € H'(T%), then p € H~1(T9) and

sy / VP d.
Td

In particular, if u € L2(T‘i), then (u— fu) € H~(T?) and

u—][ / / y) Gra(z — y) do dy.
1(Td) Td Jd

Note that on the right-hand side we may write the function u rather than its zero-
average version u — f u, since the function Grpa itself is chosen to have zero average.
If f is the characteristic function of a set of finite perimeter on all of R?, we define

e =

3. Rescalings and statements of the results. We now rescale the energy &
n (1.1). Starting in three dimensions, for n > 0, we define

o
v = $,
so that £ becomes in terms of v
[ = ?
(3.1) 8776/ |Vo]? de + —/ W(v)dr + vn° U—][U ,
T3 € Jrs H-1(T3)

where
W(v) =% (1 —niv)?,

In order to find the correct scaling of v in terms of 7, we argue as follows. Let
e < n, and let ¢. denote a standard mollifier with support length scale . We consider
a collection v, : T3 — {0,1/n®} of components of the form

(3.2) vy = ZU;, vy = ?XAi * P,
i
2In two dimensions, the Green’s function G-p2 satisfies
1
2.1 Gz (x) = —o—loglz| + 9 (@)
7r

for all x = (x1,22) € R? with max{|z1], |z2|} < 1/2, where the function g(2) is continuous on
[~1/2,1/2]% and C* in a neighborhood of the origin.
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744 RUSTUM CHOKSI AND MARK A. PELETIER

where the A; are disjoint, spherical subsets of T?, all with radius . Then, under the
assumption that the number of spheres A; remains O(1), we find

3 —~
7 {57]3/ |V, |? dz + 7]_/ W(vn)da:]
T3 g Jos
T [ v~ [ 19l = 0a),
T3 T3

Here we use the well-known Modica—Mortola convergence theorem [19, 5] linking the
perimeter to the scaled Cahn—Hilliard terms. A simple calculation (done in [8]) shows
that the leading order of the [jv, — f v,,H%I,l(Tg) is 1/n and that this leading contri-

bution is from the self-interactions; i.e., |[v} — fv2'7||§{_1(T3) is 1/n. Thus balancing
the third term in (3.1) implies choosing v ~ 1/13. Hence we set

Choosing the proportionality constant equal to 1 entails no loss of generality, since in
the limit € — 0 this constant can be scaled into the mass M defined in (1.2).

With this choice, one finds
3 N 2
En) = n? 77[57]3/ |Vo|? dz + 7]_/ W(v)da:] + 7 v—][v ,
T3 g Jos H-1(T3)
noting that the contents of the outer parentheses is O(1) as n — 0 with ¢ < 7. This
leads to the definition (1.3) of the renormalized energy E. ,,.
We are interested in the small-n behavior of E , and describe this behavior via

functionals defined over Dirac point masses. Let us first introduce the remaining
relevant functionals in our analysis. First we define the surface tension

(3.3) o= 2/01 VW (t)dt.

For the leading order, we define

(3.4) eg(m):= inf{a/ [Vz| + HZ||§{,1(R3) : z € BV(R3; {0, 1}),/ z= m}
R3 R3

and

o0 o0

Zeo(mi) ifv= Zmidﬂ with {z'} distinct, m’ > 0,

Eo(v) = ¢ i= i=1
00 otherwise.

For the next order, we note that among all measures of mass M the global infimum
of Eg is given by

(3.5) inf {Eo(v) : /T v = M} = eo(M).

We will recover the next term in the expansion as the limit of F. , — e, appropriately
rescaled, that is of the functional

Fey(vg) =17 [Es,n(w e < /T 3 vnﬂ |
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Its limiting behavior will be characterized by the functional

oo

> 99(0) (m)?
i=1
Folv) = + Zmimj Gra(z® —27) ifv= Zmiéwi with {2’} distinct, {m'} € M,
i#j i=1
0 otherwise,

where g is defined in (2.2) and

M= {{mi}ieN :m' >0, eg(m’) admits a minimizer for each 4,

o0 o0
and Zeo(mi) =e¢p (Z ml)} .
i=1 i=1
Note that while the definitions above involve infinite sequences and sums, we have
shown in [8] that the sequences in M have only a finite (but unknown) number of
nonzero terms (see also Remark 3).

We have defined our limit functions Eg and Fg over X, the space of Radon mea-
sures on T3. Let us trivially extend the functionals E., and F,, to X by defining
them to be +o00 on X\H!(T?3). In Theorem 3.1 we prove under a certain scaling
assumption on € with respect to n that

E.p, -+ Ey and F., - Fp

within the space X. This is made precise as follows.
THEOREM 3.1.

o (Condition 1: the lower bound and compactness). Let e, and n, be sequences
tending to zero such that, for some ¢ > 0, g, = o(ni+¢). Let v, be a sequence
vn € X such that the sequence of energies E., . (vn) and masses fps vn are
bounded. Then (up to a subsequence) vy, — vy, SUpp vg is countable, and
(3.6) liminf E._ ,, (vn) > Eo(vo).

n—oo

If, in addition, Fy, ., (vn) is bounded and ¢ > 1, then the limit vo is a global
minimizer of Eg under constrained mass (i.e., vo attains the infimum in (3.5)
for some M), and

(3.7) liminf F, ,, (v,) > Fo(vo).

n—oo
e (Condition 2: the upper bound). There exist two continuous functions Cy, Csy :
[0,00) — [0,00) with C1(0) = C3(0) = 0 but strictly positive otherwise, with
the following property. Let €, and 1, be sequences tending to zero, and let
en < C1(nn). Let vg € X be such that Eg(vg) < o0o. Then there exists a
sequence vy, — vo such that

(3.8) limsup E-, 5, (vn) < Eo(vo).

n—oo

If, in addition, vo minimizes Ey under constrained mass and &, < Ca(n,),
then this sequence also satisfies

(3.9) limsup F;,, ., (vn) < Fo(vo).

n— 00
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746 RUSTUM CHOKSI AND MARK A. PELETIER

We conclude this section with two remarks.

Remark 1 (the role of the mass constraint). In our results, we have not fixed the
mass but rather, for the lower bound, included the weaker assumption of bounded
mass. The diblock copolymer problem is a mass-constrained problem, and, moreover,
minimizing any of the functionals in this article over all X gives the trivial zero
minimizer corresponding to zero energy. Hence, at first, the reader may question how
our results pertain to the small mass regime of the diblock copolymer problem and
how they retain the integrity of this mass-constrained problem.

The crucial point here is that the mass constraint passes to the limit with the
convergence in X, and therefore mass-constrained minimizers again converge to a
mass-constrained minimizer. One could argue as follows. For any M > 0, let

XMIZ{/LEX ‘/ du:M}.
T3

Fix M > 0, and let w be a minimizer of Eg with respect to mass constraint M, i.e.,
a minimizer over X,;. By Theorem 3.1, there exists a sequence w, converging to w
such that

Eo(w) > limsup E. ,(wr).

Note that M,, := fT3 wy, converges to M. Now let u, be a minimizer of E, , over
Xnr,. By Theorem 3.1, there exists a subsequence u,, which converges to u € X
(hence u € X)) with

liminf E. , (un) > Eo(u).
Hence
Eo(w) > limsup E. ,,(wy,) > liminf E. ,(u,) > Eo(u).

Thus u is a minimizer of Eg over X, and hence a limit point of the mass-constrained
(albeit different masses) minimizers of E. ,. The same argument applies at the next
order.

One might naturally ask if one can directly prove I'-convergence within the space
Xps. This can also be done with the following modification. The result follows if the
constructions of the upper-bound (recovery) sequences can be made with fixed mass.
Our proof of the upper bounds for the sharp-interface functionals (i.e., the work of
[8]) does indeed keep the mass fixed. The current proof in the present paper requires
an approximation lemma (Lemma 5.1) which as stated may perturb the mass slightly.
With a few modifications, this lemma could be modified to fix mass. However, as
we comment on in the next remark, the use of Lemma 5.1 is simply because at
this stage we are unable to prove that minimizers of ey are in fact spherical. Once
this is established, one can take an upper bound sharp-interface sequence consisting
of spherical droplets and simply modify along the boundaries via a standard one-
dimensional interface construction which would preserve the mass.

Remark 2 (choice of the slaving of € to n). There are two separate arguments
connecting the two parameters:

e If the sharp-interface approximation is to be reasonable, then the scaling
should be such that the interfacial width is small with respect to the size
of the particles. Since a particle has diameter O(n), this translates into the
condition € < 7.
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e E( is infinite on structures that are not collections of point masses. If Eg

is to be the limit functional of E. ,, then along any sequence that does not
converge to such point-mass structures E. ;, should diverge. It turns out that
this provides a stronger condition, as we now show.
For E. ,, every function v € H'(T?) is admissible. Under constrained mass
M, an obvious candidate for the limit behavior is the function v = M, with
energy scaling E. (M) ~ n*/e. On the other hand, if the functional E. , is
close to Eg, then we will have E., ~ Eg = O(1). Therefore the ratio n*/e
is critical. If this ratio is small, then the constant state has lower energy
than localized states, and we do not expect the functional Ey to be a good
approximation of E.,. On the other hand, if the ratio n*/e is large, then
localized states have lower energy than constant states.

In Theorem 3.1, the lower bound is responsible for forcing divergence of the energy
along sequences which do not converge to point masses; the lower bound therefore
requires ¢ < n*. The extra factor 7 is used in the truncation part of the proof:
in relating a diffuse-interface sequence to a sharp-interface sequence, we truncate at
a suitable level set of the interface, and the small factor n§ is used to quantify the
closeness in interfacial energies with respect to the surface tension o.

For the upper bound, we would ideally require €, = o(7,). What we assume,
en < C1(ny) and €, < Ca(ny), are stronger requirements and are not explicit. This
is simply a consequence of the fact that at this stage we do not know the exact local
behavior for minimizers of eg. In two dimensions we can fully characterize this local
behavior, and as we shall see in section 7, this allows us to require only the (probably
weaker) condition e, = o(n, |logn,|”"). In three dimensions we use a convenient
version of the Modica—Mortola profile construction which does not give an optimal
scaling in terms of closeness of energies (cf. Lemma 5.1). Unfortunately, this lemma
entails an energy comparison with a nonexplicit functional dependence on n—hence
the undetermined functions C; and C3. One could in principle make this estimate
explicit; however, it would be much more natural to first establish the conjectured
behavior for the local problem (see section 6) and then bypass Lemma 5.1 entirely
with an explicit interface construction yielding the optimal slaving, where &,, ~ n,, up
to a logarithmic correction.

4. Previous results for the sharp-interface limit. In [8] we dealt with the
sharp-interface functionals that arise from letting € tend to zero for fixed n. For E.,
and F¢ ,, respectively, these limit functionals defined on X are

ncr/ Vol + n v—][v
(4.1) En(’U) = T3 H-1(T3)

00 otherwise

2

if v e BV(T3;{0,1/n%}),

and

! [En(v) — e (/T3 U)] if v € BV(T?:{0,1/1%}),

00 otherwise.

Fp(v) :=

We proved that

E, — Eo and F, — Fo as n — 0.
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748 RUSTUM CHOKSI AND MARK A. PELETIER

This is made precise as follows.
THEOREM 4.1. Let 1, be a sequence tending to 0.
o (Condition 1: the lower bound and compactness). Let v, be a sequence such
that the sequence of energies E, (vn) and masses fTs vy, are bounded. Then
(up to a subsequence) v, — vg, supp vy is countable, and

(4.2) liminf E, (v,) > Eo(vo).

n—00
If, in addition, F,, (vy,) is bounded, then the limit vo is a global minimizer of
Eo under constrained mass, vo = Y., m'd,, where {m'} € M and

(4.3) 1irginf Fy,. (vn) > Fo(vo).
o (Condition 2: the upper bound). Let Eo(vy) < oo and Fo(vg) < oo, respec-
tively. Then there exists a sequence v, — vy such that

(4.4) limsup E,;,, (vy,) < Eg(wo).

n—oo

If Fo(vg) < 00, then there exists a sequence v, — vy such that

(4.5) limsupF,,, (v,) < Fo(vo).

n—r oo

Remark 3. We recall from [8] some properties of eg:
1. For every a > 0, ¢ is nonnegative and bounded from above on [a, c0).
2. If {m’}ien with ), m' < oo satisfies

o0

(4.6) ieo(mi) = e (Z mi)7
=1

i=1

then only a finite number of m’ are nonzero.

Remark 4. In proving Theorem 4.1, the bulk of the work was confined to the lower-
bound inequalities wherein, after establishing compactness, one needed a characteri-
zation of sequences with bounded energy and mass. The characterization implied that
such a sequence eventually consists of a collection of nonoverlapping, well-separated
connected components (see [8, Lemma 5.2]).

We note that in proving the second-order I' convergence we saw that for an ad-
missible sequence v,, the boundedness of F,, (v,) implied both a minimality condition
and compactness:

e The minimality condition arose from the fact that E., ,, (v,) must converge
to its minimal value and implied that the {m!} must satisfy (4.6). Hence by
property 2 above, the number of limiting particles must be finite.

e The compactness condition implied that for each m’ the minimization prob-
lem defining eg(m’) (namely (3.4)) had a solution.

These conditions are responsible for the additional properties of the weights m® (cf.
M) in the definition of Fy.

5. Proof of Theorem 3.1. The proof of Theorem 3.1 relies on Theorem 4.1.
For the lower bound, we use a suitable truncation to relate the approximating diffuse-
interface sequence to a sharp-interface sequence with the same limit and whose dif-
ference in energy is small. For the upper bound, we modify, in a neighborhood of the
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SMALL VOLUME-FRACTION LIMIT II 749

boundary, the sharp-interface recovery sequence given by Theorem 4.1 via a quan-
tification of the Modica—Mortola optimal-profile construction [19]. Such a result is
provided by a lemma of Otto and Viehmann [26].

LEMMA 5.1. Let a > 0. There exists a constant Co(«) such that for any char-

acteristic function x of a subset of T3 and & > 0 there exists an approzimation
u e HY(T",[0,1]) with

/ §|Vul® + 1uz(l—uz)d:c < (a+a)/ Vx|
T3 0 T3

and

/ X —ul do < co<a>6/ V.
T3 T3

The proof of Lemma 5.1 follows from the proof of Proposition 1 in section 7 of
[26]. Note that in [26] the authors deal with the functional

g 2 1 2

defined on cubes of arbitrary size ). Here the wells are at +1 and, more importantly,
this scaling produces unity as the limiting surface tension o. However, the structure
of their proof uses only the fact that this functional I'-converges to

/ [Vul.
Q

Hence our Lemma 5.1 follows directly not from the statement of their Proposition 1
but from its proof.

Proof of Theorem 3.1. We first prove Condition 1 (the compactness and lower
bounds). Let €., n,, and v, be sequences as in the theorem such that E. ., (vy,)
is bounded (but not necessarily F;, . (v,), yet). For part of the proof we will work
with the sequence and the energy in the original scaling u,, given by u, = n3v,. In
terms of u,,, we find

Un — ][ Unp

Following [19] we define the continuous and strictly increasing function

o(s) = 2/05 VW () dt,

and note that as a consequence of the inequality a? + b> > 2ab we have

un—][un

Now set o, = 1/(0 —n5,), where as before o = 2f01 VW(t)dt = ¢(1) — ¢(0). Fix
0, > 0 by the condition

2

€ 1 1
E n) == [ [Vu,|? W(un) + =
o) = 22 [P [ W)+

n Nnén n H-1

1 1 ?
(1) o) = 5 [ [V0() +

n n

H-1

O(1— 26,) — $(26,) = 6(1) — B(0) — 1§ = —,

Qp
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and note that the quadratic behavior of W at 0 and 1 implies that d,, = O(nﬁ/ %). We
also introduce the notation [u] for the clipping to the interval [0, 1]:

[u] := min{l, max{0,u}}.

We want to show that there exists a t,, € [¢(0n), ¢(1 — d,)] \ Ay, for which

(5.2) H2(0 {6([un]) > tn}) < an /

T

| IV0(fu)| < an [ 190w,

Here H? denotes a two-dimensional Hausdorff measure. To this end, we use the
characterization of perimeter (cf. [12] or [2, Theorem 2.1])

#(1)
[ Vot = [ w2 ol > ) di
T3 #(0)
to estimate the size of the set

A= {t € 000 00] 120" 0llua)) > ) = 0, [ T}

A 1d 1 = H2(D p 1
= < " w _1
Al = [ s s [ O @) > =

n

By definition of «,, and d,, there exists a t,, € [¢(dn), #(1 — dp)] \ A, for which (5.2)
holds.

We now construct an auxiliary sequence u,, such that the corresponding v,, =
Un/me will be admissible for the sharp-interface functional E,. We map the values of
up to {0,1} with cutoff ¢~ 1(¢,):

T (1) = 0 if ¢(un(x)) < tp,
T Gua(2) >ty

so that
(5.3) / V| = H2O {6(un]) > t}).

We estimate the difference in L? and H~! of u, and %@,. Since ¢ is increasing and
¢ (tn) € [6n,1 — 6,], the function

. u? if p(u) < ty,
Unlw) = {(1 —w)? i Glu) >t

is bounded from above by an increasing factor times W i.e.,
Yn(u) < C62W (u) < C'n; SW (u) for some C, C’ independent of n.

Therefore the sequences u, and @, are close in L?:

ltn — T 25 = / n(n) < O / W (1) = O(ent2 =€) = 0,
T3 T3
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where the final estimate results from the boundedness of E. . (v,). Consequently
they are also close in H '

S C Un _ﬂn _][(un _ﬂn)
(5.4) = O(e/*n, %) = 0,

L2

and the same holds for the squared norms:

un—][un En—][ﬂn
H-1
<( un_][un un_][un )
H-1 H-1
H-1

1/2 _ _
= (12 By (0)) 2 O 201 42) 4 026
= O(eh/*nt/*=/2) + O(en2™)
(5.5) =o(ny!/?).

Note that in the last lines of (5.4) and (5.5) we have used the hypothesis &,, = o(n2+¢).
Using (5.2) and (5.3) we transfer the lower bound (5.1) to the sequence

2 2

H-1

+

Up — un _][(un - En)
H-1

) (Y241

H-1

2

(5.1),(5.2) 1 . 1
Eepp(vn) = SHY (O {[un]) > ta}) + = [lun _][un
annn 77n H-1
(5.3),(5.5) 1 _ 1 P "
2 > |V, | + — ([T — f Un + o(nt/?)
AnTly Jo3 h H-1
2
= In VU] + 1 |[Tn —][@Z + o(n/?)
Qpn Jo3 -1
1
5.6 >  —E, (T, 1/2y
( ) - oay, TIn (U ) + O(nn )

where in the last line we used the fact that o, > 1 (note that oo, — 1 as n — 00).

From (5.6) it follows that the sequence v,, satisfies the conditions of Theorem 4.1.
Therefore there exists a subsequence v,, converging to a limit vy, with countable
support, such that

(5.7) liminf E,, (Ty,) > Eo(vo).

k—o0

The corresponding subsequence vy, of the sequence v, also converges weakly to the
same limit, since, for ¢ € C(T?),

_ 1 _ o
S = 9000] < e, Tl ol = Ol 7%) = .

Nk

This proves the compactness of the sequence v, and the characterization of the support
of the limit vg. The lower-bound inequality (3.6) then follows from (5.6) and (5.7).
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We address the lower bound for F. ,. We note that boundedness of F;, .. (vy)
implies boundedness of E;,, ,, (v,), so that the characterization of the convergence of
the sequence given above applies. In addition, by (5.6), we have

Fep o (vn) = nin {E,, (vn) — %o ( /T 3 Un)]

> nin {E%(wn) _% </T vn)] +nin <7in _ 1) E,,, () + o(1).

Since ooy, = 1+ 0(nS), with ¢ > 1, the lower bound (4.3) for F,, implies

liminf F;, , (vn) > Fo(vo),

n—00

which is (3.7).
We now turn to the upper bound (Condition 2), treating E , first. As in the
proof of Theorem 4.1, it is sufficient to prove that for any vy of the form

N
vy = Zmiéwi, with z* distinct,
i=1

there exists a sequence v, — vy with

(5.8) limsup E.,, », (Un) < Eo(vo).

n—r oo

See [8] for an explanation. Given such a vy, Theorem 4.1 (specifically (4.4)) provides
an admissible sequence v, — vy for E, with

(5.9) Jim E,, (vr) = Eo(vg)-

We write u,, := n2v,, which is the characteristic function of a subset of T? composed
of N sets whose diameters are decreasing to zero. For each n, Lemma 5.1 with a = 7,
implies that there exists a Cy(n,,) such that for any &,, > 0 we have an approximation
U, € H'(T3,[0,1]) such that

1
(5.10) / en |V, |2 + — 72 (1 —u2)dr < (U+nn)/ |V, |
T3 En T3

and

/ [T, — up| dz < Co(ﬂn)En/ [V,
T3 T3

Now let
_ Up
Un = %
We have
1
Uy — Un = = Uy — Up d
1Tn — vn L1 (T3) 7 /T3 [@r, — uy| dz
O n n
< La)a / V|
M T3
(5.11) < ¢ Golmn)en.
n

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



SMALL VOLUME-FRACTION LIMIT II 753

We will slave €, to n, such that the above tends to zero as n tends to infinity. In
particular, 7,, and v,, will have the same limit vy. We crudely estimate the H ~'-norm

as follows:
Un — 5n - ][(Un - 5n)

C" oy, — 5n||i2(T3)

2

IN

C

H=1(T9) L2(T?)

N

C" lvn — En”Lm(T?’) l|vn — EnHLl(T?’)

<
(521) / Co (nn)gn

(5.12) o=

Next we note that

2

€ 1
E Up, = — V_n2+ W_n - _n_][_n
o () S v e [ Wk - ]
1 1 2
= 3 / <5n Vi, + —a*(1 —ﬂi)) dx + N ||Tn, —][m
Nn J1s En -1
1 1 2
< — <£n|VUn|2+_ﬂ2(1 —ﬂi)) dz + ny, vn—][vn
nn T3 En H-1
2
+77n Un — an _][(Un _En)
H-1(T3)
(5.10),(5.12) 2 Co(Mn)en
< nn(cr+7]n)/ IVun| + 1 vn—][vn +C’%
T3 H-1 M
Co(nn)en
(5.13) = E,. (vn) + 17,21/ |Vo,| +C’ 0(273).
T3 n

Thus we assume

CO (nn)gn

(5.14)
e

— 0 as n — oo,

and we choose a function C; as in the theorem such that (5.14) is satisfied whenever
en < C1(nn). We now take the limsup as n — oo in (5.13), and hence (5.9) gives
(5.8).

For the next order, let

vo = Zmidwi, {m'} € M.

Theorem 4.1 (specifically (4.5)) gives a sequence v, — v such that

(5.15) lim F, (vn) = Fo(vo).

n— oo
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We take w,, to be the diffuse-interface approximation used in the previous upper-
bound argument but now taking « to be n2. Hence v,, — vo and, following the steps
of (5.13), we have

_ Co(13)en
(5.16) Ee, ,(Un) < By, (vn) + 77?1/3 [Vun| + C 0(:]773)
T

n

and

Fovon @) = ;! [E () — €0 < /. —)]

(5.16) Ch(n? n
< gt [Enn(vn) + nj’;/ [Voa| + C %
T3

n

<) L)<l

n

< an(vn) +O() + 777?1 |:L|5n —nllpr + C

where L is the local Lipschitz constant of eg (cf. Remark 4). Thus, choosing ¢, such
that

00(77721)871

3 — 0 as n— oo,
M

(5.17)

equation (5.15) implies

limsup F.,, .. (Tn) < Fo(vo).

n— oo
We choose a function Cy as in the theorem so that e, < Cy(n,) implies (5.17). O

6. The local structure of minimizers and the variational problem that
defines eg. Simulations of minimizers of the diblock copolymer problem show phase
boundaries which resemble constant mean curvature surfaces (see, for example, [9]
and the references therein): in the regime of this article, we observe spherical bound-
aries. Experimental observations in diblock copolymer melts also support this [34].
On the other hand one can see, for example via vanishing first variation, that on
a finite domain the nonlocal term will have an effect on the structure of the phase
boundary [20, 11]. While a full rigorous characterization of this effect remains open,
one would expect that exploiting a small parameter might prove useful, and, indeed,
this is exactly what our first-order asymptotics have done: in proving the first-order
lower bound, we have reduced the local optimal shape of the particles to solutions of
the variational problem (3.4) that defines eg. The details of this calculation can be
found in [8]. Let us now comment on this problem and present some conjectures.

We briefly recall the problem defining eg. For m > 0, minimize

/ [Vu| + / / Mdﬂ:d@/ over all v € BV(R? {0,1}) with / udr = m.
R3 re Jrs 4|z — Yy R3
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Note that the two terms are in direct competition: balls are best for the first term
and worst for the second.® The function eg(m) denotes this minimal value, i.e.,

eo(m) = inf{/ﬁg IVl + /Rg/m%dxdy

We also define the energy of one ball of volume m:

ueBV(R3,{0,1}),/ udr =
R3

9/ 3\2/3
— 1/3,.2/3 , % 5/3
f(m) = (36m)"/°m=/° + : (477) m°/°.

Clearly, we have ep(m) < f(m). We conjecture the following scenario. There exists
m* > 0 such that, for all m < m™*, there exists a global minimizer associated with
eo(m), and it is a single ball of mass m. For m > m*, a minimizer fails to exist. In
fact, as m increases past m*, the ball remains a local minimizer, but a minimizing
sequence consisting of two balls of equal size that move away from each other has
lower limiting energy. This separation is driven by the H~! interaction energy, which
attaches a positive penalty to any two objects at finite distance from each other.
The limiting energy of such a sequence is simply the sum of the energies of two
noninteracting balls, i.e., 2f(m/2). The critical m* is then the only positive zero of
f(m) —2f(m/2), m* =~ 22.066.

As m further increases above a certain m** > m*, a sequence consisting of three
balls of equal size is a minimizing sequence for eg(m), with limiting value 3 f(m/3);
and so on for higher values of n. Specifically, we conjecture the following.

CONJECTURE. The minimizer associated with eo(m) exists iff m < m*, and it is
a ball of mass m. Moreover, for all m > 0, we have

eo(m) = inf nf(m/n).

The infimum is achieved iff m < m*.
Our basis for this conjecture, and in particular the fact that droplets break up
in pieces with equal mass, is twofold. In two dimensions one has an explicit form

3The latter point has an interesting history. Poincaré [27, 28] considered the problem of deter-
mining possible shapes of a fluid body of mass m in equilibrium. Assuming vanishing total angular
momentum, the total potential energy in terms of u, the characteristic function of the body, is given
by

(P) /RS /RS Qng qi(y da dy,

where —(Clz —y|)~!, C > 0 being the potential resulting from the gravitational attraction between
two points z and y in the fluid. Poincaré showed under some smoothness assumptions that a body
has the lowest energy iff it is a ball. He referred to some previous work of Lyapunov but was critical
of its incompleteness. It was not until almost a century later that the essential details were sorted
out wherein the heart of proving the statement lies in the rearrangement ideas of Steiner for the
isoperimetric inequality. These ideas are captured in the Riesz rearrangement inequality and its
development (cf. [18]): for functions f, g, and h defined on R?,

L] iwee-preayar < [ [ £wee-nne e

where f*, g*, h* denote the spherically decreasing rearrangements of f, g, and h. While the general
case of equality was treated by Burchard in [7], for the problem at hand where the function g ~ |-|~1
is fixed and symmetrically decreasing, the inequality with the specific case of equality was treated
by Lieb in [17], thus proving that balls are the unique minimizers for the potential problem (P).
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for eg(m) for which one can prove equal mass distribution for minimizers (cf. Lemma
6.2 of [8] or Lemma 7.1 of the present article). Moreover, preliminary numerical
experiments in three dimensions conquer with the hypothesis that equal masses are
optimal.

One might ask what is known about global minimizers in three dimensions. In our
previous article [8] on the sharp-interface functionals, we prove that if a sequence (in
7n) has bounded energy F,, then it must converge to a weighted sum of delta functions
where all the weights m! must have a corresponding minimizer of eg(m?). One can
readily check, via trial functions, that such a sequence exists. Thus, for certain values
of m, a minimizer of eg(m) does exist. Unfortunately, our lower bound compactness
argument gives no explicit range for the possible limiting weights m?. One could also
consider local minimizers, and in particular one can study the stability of balls. A
calculation (cf. [22]) using the second variation indicates that the ball retains stability
up to m. ~ 62.83, well past the critical mass m*.

Proving our conjecture would for the first time provide some rigorous justification
for why minimizers of the diblock copolymer problem have phase boundaries which
resemble periodic constant mean curvature surfaces, supporting the idea that at small
length scales the perimeter (short-range) effects override the nonlocal (long-range)
effects.

7. Analogous results in two dimensions. As in [8], we summarize the anal-
ogous results for d = 2. While we do not give all the details, we give the essential
features which should enable the reader to complete the proofs. The fundamental
difference between two and three dimensions is that the H ~!-norm is critical in two
dimensions. As explained in [8], after rescaling with v = u/n?, this involves slaving
to n via

1
Y= N3
[log n| n*

and the two-dimensional function analogous to F. , becomes

v—fu

3 2
B2 (v) = 8773/|Vv|2+%/W(v)+|10g77|71

H-1

Here the rescaled double-well energy is now

W(v) :=v*(1 — n*v)?%

The analogous sharp-interface (¢ — 0) limit is given by

0'77/ V| + [logn| ™ v—][v
T H-1(T)

00 otherwise,

2
if v € BV(T,{0,1/n2}),

E%d(v) =

where o is again given by (3.3). The first-order limit is defined by

i) o= S mis. with {2} disti i
£24(y) = Zeo (m*) ifv= Zm d,i with {z'} distinct, m’ > 0,
o )= icl i=1

%) otherwise,
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where the function €24 : [0, 00) — [0, 00) is defined as follows. Let

m2
e2d(m) == g + 20v/Tm

2
(7.1) = m——i—inf{o/ |Vz| :zeBV(RQ;{O,l}),/ z:m}.
47 R2 R2

An interesting feature here is the explicit nature of €29 (in contrast to (3.4)). The
first term is the dominant part of the H'-norm in two dimensions, and it arises
from the fact that the logarithm is additive with respect to multiplicative scaling. We
introduce the lower-semicontinuous envelope function (cf. [8])

(7.2) @(m) := inf Zegd(mj) :m? >0, ij =m
jes =1

For the next order, note that
min{Egd(v) : / v= M} = @(M).
T2

We hence recover the next term in the expansion as the limit of E%d —@, appropriately
rescaled, that is of the functional

F20(v) = |logn| | E2(v) — €3d (/T2 U)] '

Note that the corresponding sharp-interface function is

Faio) = ogal [E230) ~ 1 ([ o).

In order to define the second-order limit, we require some preliminary definitions.
We first recall a lemma whose proof was presented in [8].
LEMMA 7.1. Let {m'};en be a solution of the minimization problem

(7.3) min {Z e2d(m®) :m' >0, Zmi = M} .
i=1 i=1

Then only a finite number of the m® are nonzero, and all the nonzero terms are equal.*
In addition, if one m' is less than 2=2/37, then it is the only nonzero term.
Let

2

fo(m) := gz_ﬂ (3 —2log %) .

For n € N and m > 0 the sequence n ® m is defined by

m, 1<1i<n,
0, n+1<1< 0.

(n®m)t:= {

4In [21], the author presents an asymptotic description of minimizers in two dimensions. A
similar limiting statement on the equal distribution of mass is proved (cf. [21, equation (2.11) of
Theorem 2.2]).
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Let M be the set of optimal sequences for the problem (7.3):

M = {n ® m : n ® m minimizes (7.3) for M = nm, and @(m) = egd(m)} .

Then define
(7.4)
n {fo(m) + m? g(z)(O)}
F2d(p) = + m7 Z Grz(x* —27) ifv= mz d,i with {z'} distinct, n ® m € M,
ij>1 i=1
7
%) otherwise,

where the function ¢ was defined in (2.1). We briefly comment on these functionals
and their properties. As in three dimensions, the boundedness of F(__?‘jl7 implies that the
limiting weights m? satisfy both a minimality condition and a compactness condition.
The minimality condition implies that n ® m minimizes (7.3). The compactness
condition implies that

(7.5) e3d(m’) = e3d(m?).

As we can see from Lemma 7.1, the minimality condition provides a characterization
that is stronger than in three dimensions: in particular the masses must be equal.
Let us also comment on the function fy. The minimization problem (7.1) has only
balls (here circular disks) as solutions. Thus, in computing the small-n asymptotics of
Ff%, the H~'(R?)-norm of a two-dimensional disc of mass m enters. The functional
fo(m) is exactly this value.

THEOREM 7.2.

e (Condition 1: the lower bound and compactness). Let e, and n, be sequences
tending to zero such that e,1;>~¢ — 0 for some ¢ > 0. Let v, be a sequence
such that the sequence of energies Egjm (vn) and masses fp. vy are bounded.
Then (up to a subsequence) v, — v, suppvg is countable, and

(7.6) lim inf Efdn (vn) > E2%(vp).
n— 00 ot
If, in addition, Fi‘inn (vn) is bounded, then the limit vy is a global minimizer
of E2% under constrained mass, and
(7.7) lim inf Ffdn (vn) > F24(vp).
n— o0 notn
e (Condition 2: the upper bound). Let €, and n, be sequences tending to zero
such that e,m; ' |logn,| — 0. Let vy be such that E34(v) < oo. Then there
erists a sequence v, — v such that
lim sup Eff)nn (vn) < EZ(vp).
n—oo
If, in addition, v minimizes E3Y under constrained mass, and if e,m,, ! |log nn|2
— 0, then this sequence also satisfies

lim sup Fff)nn (vy) < Fad(vp).
n— 00
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The proof of Theorem 7.2 is very similar to that of Theorem 3.1. Again, we rely
heavily on the lower-bound estimate and upper-bound recovery sequence of the asso-
ciate sharp-interface problems. We summarized those results in [8]. The lower-bound
inequality follows verbatim the three-dimensional case, the differences in dimension
reflected by the exponent 3 as opposed to 4 in the slaving of €,, to 7.

The main difference comes in the upper bound, and this is reflected in the less
restrictive slaving of €, to 7n,. In two dimensions, minimizers associated with the
first-order limit are necessarily circular droplets. This gives an upper-bound recovery
sequence of circular droplets (cf. (7.1)). To regularize the circular boundaries, one can
bypass Lemma 5.1 and simply use a one-dimensional optimal profile to approximate
a Heaviside function. The advantage here is then the explicit dependence of ¢, on 7,,.
For the step analogous to (5.12), one can use an interpolation inequality corresponding
to the “nearly” embedding of L' in H~! to relate the H~'-norm to the L'-norm. For
completeness we present this inequality in the appendix (Lemma A.1).

8. Discussion, dynamics, and related work. Together with [8], we have
presented an analysis of the small-volume regime for the diblock copolymer problem.
This has been accomplished by an asymptotic description of the energy functional
in the small volume-fraction regime. We refer to the discussion section of [8] for
comments on the role of the mass constraint with respect to the limit functionals
and the fundamental differences between the two- and three-dimensional cases. As
described above, in three dimensions, many open problems remain with respect to the
local structure problem, and it is here that one should first focus in order to rigorously
address the role of the nonlocal term on shape effects.

This asymptotic study has much in common with the asymptotic analysis of
the well-known Ginzburg-Landau functional for the study of magnetic vortices (cf.
[32, 15, 1]). Our problem is much more direct as it pertains to the asymptotics of the
support of minimizers. This is in strong contrast to the Ginzburg-Landau functional
wherein one is concerned with an intrinsic vorticity quantity which is captured via a
certain gauge-invariant Jacobian determinant of the order parameter.

Our results are consistent with and complementary to two other recent studies in
the regime of small volume fraction. In [30] Ren and Wei prove the existence of sphere-
like solutions to the Euler-Lagrange equation of (1.1) and further investigate their
stability. They also show that the centers of sphere-like solutions are close to global
minimizers of an effective energy defined over delta measures which includes both a
local energy defined over each point measure and a Green’s function interaction term
which sets its location. While their results are similar in spirit to ours, they are based
upon completely different techniques which are local rather than global. Recently,
Muratov [21] proved a strong and rather striking result for the sharp-interface problem
in two dimensions. In an analogous small volume-fraction regime, he proves that the
global minimizers are nearly identical circular droplets of a small size separated by
large distances. While this result does not precisely determine the placement of the
droplets—ideally proving periodicity of the ground state—to our knowledge it presents
the first rigorous work characterizing some geometric properties of the ground state
(global minimizer).

We conclude this section on the interesting connection with gradient-flow dynam-
ics. It is convenient to examine either the H ! gradient flow of (1.1) or the modified
Mullins—Sekerka free boundary problem of Nishiura and Ohnishi [24] which results
from taking the gradient flow of the sharp-interface functional. In [14, 13] the au-
thors explore the dynamics of small spherical phases (particles). By constructing
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approximations based upon an ansatz of spherical particles similar to the classical
Lifshitz—Slyozov—Wagner theory, one derives a finite-dimensional dynamics for parti-
cle positions and radii. Here one finds a separation of time scales for the dynamics:
small particles both exchange material as in usual Ostwald ripening and migrate be-
cause of an effectively repulsive nonlocal energetic term. Coarsening via mass diffusion
occurs only while particle radii are small, and they eventually approach a finite equi-
librium size. Migration, on the other hand, is responsible for producing self-organized
patterns. For large systems, kinetic-type equations which describe the evolution of
a probability density are constructed. A separation of time scales between particle
growth and migration allows for a variational characterization of spatially inhomo-
geneous quasi-equilibrium states. Heuristically this matches our findings of (a) a
first-order energy which is local and essentially driven by perimeter reduction, and
(b) a Coulomb-like interaction energy, at the next level, responsible for placement and
self-organization of the pattern. Moreover, in [13], one finds that both the particle
position radii and centre ODEs have gradient-flow structures related to energies which
can be directly linked to our first- and second-order limit functionals, respectively.

The natural question is to what extent one can rigorously address the dynamics
and the separation of coarsening and particle migration effects. Recently, Niethammer
and Oshita [23] have given a rigorous derivation of the mean-field equations associ-
ated with the evolution of radii. Another approach (currently in progress) is via
Sandier and Serfaty’s connection between I'-convergence and an appropriate (weak)
convergence of the associated gradient flows [31, 33]. Le [16] has recently used this
framework for the ¢ — 0 problem, establishing convergence of the H ~!-gradient flow
of (1.1) to that of the modified Mullins—Sekerka free boundary problem of Nishiura
and Ohnishi [24]. While this method gives a rather weak notion of convergence, it
allows for much weaker assumptions on the initial data and generic structure of the
evolving phases.

Appendix.
LEMMA A.1. Let f € L®(T?) with [, f = 0. Then there exists a constant
C > 0 such that

||f||L°°(T2)>

2 2
sy < OV (1 o

Since the proof of this inequality is short and, to our knowledge, absent from the
literature, we present its proof. To this end, we first derive an inequality proved by
Brezis and Merle [6] in a slightly different form.

LEMMA A.2. There exists a constant Co > 1 such that

/ 4l < ¢
T2
[ 1adl=1
T2

Remark 5. As the proof below shows, the result holds true for any ¢ such that
fT2 |A¢| < 4m; the constant Cy diverges as the critical value of 47 is approached.
Proof of Lemma A.2. Setting f(x) := —A¢, so that [|f| =1, we have

for all ¢ € W21(T?) satisfying

o) = [ Gr(y)f(z —y)dy,

T2
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and note that by (2.1)

1
|Gr2(y)| < C — o log |y|
v

for some C' > 0 and for all y € (—1/2,1/2)%. Therefore, using Jensen’s inequality,

[eoars [ e ( [ el y>|dy) da

T2 (=1/2,1/2)2 (=1/2,1/2)2

ec/ exp </ log (Iyl’”?”) [f(z—y) dy) dz
(=1/2,1/2)? (=1/2,1/2)?

< I ) dyde
(=1/2,1/2) J(=1/2,1/2)*

— eC/ |y|71/27r dr
(=1/2,1/2)?

= Co. O

IN

IN

Proof of Lemma A.1. Set ®(s) := |s|log(1l + Cpls|), and let ®* be the convex
conjugate ®*(t) := sup g (ts — ®(s)). From the lower bound ®(s) > |s|log(Co|s|) we
derive the upper bound

*(t) < Cyteltl.

Define the Orlicz norm

||f||¢::inf{)\>0:/T2<I>(§) <1}.

Then we have the Holder inequality (see, for example, section 3.3 of [29])

/ 9 < 20 flallglls--
T2

To prove Lemma A.1 we take f € L>, f # 0, with [ f = 0, and by multiplying
f with a constant we can assume that [ |f| = 1. Setting —A¢ = f, we have

o < 2[|f]la-

£V msceny = [, £6 <2 loll

The second inequality above follows from remarking that

q>*:inf{)\>0:/rz<1>*(§) §1}

/A < 1}

]

ginf{)\ >0:Cy"
T2

LemmaA.2
< 1.

Now let . := || f||¢. Since the map X\ — [ @({) is continuous at A, we must have

[p@(/\i*) 1.
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Thus

or

RUSTUM CHOKSI AND MARK A. PELETIER

Aw = /T |f(z)|log <1 +Co@) dx < log (1 "’Co%)

*

Ae(er = 1) < Coll flloc-

We note that

log 2
°§ A< Ae*—1)  forall A > 0 with A(e* —1) > 1.

Hence, if A\, (e>‘* —1) > 1, then

2Co || flso
2 o 0
112 xe) < 2l = 22 < 2log = 550,

On the other hand, if A,(e* — 1) < 1, then, since A — X (e* — 1) is increasing, we
have A, < )\, where A(e* — 1) = 1. Since

log2 5 <, %
OS e < Aet - 1),

we have

2C0 1 o

2 L
7oy <20l = 20, < 20 < 210g =00

Replacing f with f/| f| L1 gives the desired inequality. O

Acknowledgment. The authors would like to thank one of the anonymous ref-
erees for the many comments and suggestions.

2] L.

3] L.

[4] F.
[5] A.

[6] H.

8] R.

9 R.

REFERENCES

. ALBERTI, S. BALDO, AND G. ORLANDI, Variational convergence for functionals of Ginzburg-

Landau type, Indiana Univ. Math. J., 54 (2005), pp. 1411-1472.

AMBROSIO, Variational problems in SBV and image segmentation, Acta Appl. Math., 17
(1989), pp. 1-40.

AMBROSIO, N. Fusco, AND D. PALLARA, Functions of Bounded Variation and Free Discon-
tinuity Problems, 1st ed., Oxford Math. Monogr., Oxford University Press, Oxford, UK,
2000.

S. BATES AND G. H. FREDRICKSON, Block copolymers - designer soft materials, Phys. Today,
52 (1999), pp. 32-38.

BRrAIDES, I'-Convergence for Beginners, 1st ed., Oxford Lecture Ser. Math. Appl. 22, Oxford
University Press, Oxford, UK, 2002.

BREzIs AND F. MERLE, Uniform estimates and blow—up behavior for solutions of —/A(u) =
V(z)e" in two dimensions, Comm. Partial Differential Equations, 16 (1991), pp. 1223—
1253.

. BURCHARD, Cases of equality in the Riesz rearrangement inequality, Ann. of Math. (2), 143

(1996), pp. 499-527.

CHOKSI AND M. A. PELETIER, Small volume fraction limit of the diblock copolymer problem:
1. Sharp-interface functional, SIAM J. Math. Anal., 42 (2010), pp. 1334-1370.

CHOKsI, M. A. PELETIER, AND J. F. WiLLIAMS, On the phase diagram for microphase
separation of diblock copolymers: An approach via a nonlocal Cahn—Hilliard functional,
SIAM J. Appl. Math., 69 (2009), pp. 1712-1738.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



[10]
[11]
[12
13
[14]
[15]
[16]
[17]
18]
[19]
[20]
[21]
[22]
23]
[24]
23]

[26]

SMALL VOLUME-FRACTION LIMIT II 763

R. Cuokst AND X. REN, On the derivation of a density functional theory for microphase
separation of diblock copolymers, J. Statist. Phys., 113 (2003), pp. 151-176.

R. CHOKSI AND P. STERNBERG, On the first and second variations of a nonlocal isoperimetric
problem, J. Reine Angew. Math., 611 (2006), pp. 75-108.

W. FLEMING AND F. RISHEL, An integral formula for total gradient variation, Arch. Math.
(Basel), 11 (1960), pp. 218-222.

K. GLASNER AND R. CHOKsI, Coarsening and self-organization in dilute diblock copolymer
melts and miztures, Phys. D, 238 (2009), pp. 1241-1255.

M. HELMERS, B. NIETHAMMER, AND X. REN, Evolution in off-critical diblock copolymer melts,
Netw. Heterog. Media, 3 (2008), pp. 615-632.

R. L. JERRARD AND H. M. SONER, The Jacobian and the Ginzburg—Landau energy, Calc. Var.
Partial Differential Equations, 14 (2002), pp. 151-191.

N. Q. LE, On the convergence of the Ohta—Kawasaki equation to motion by nonlocal Mullins—
Sekerka law, STAM. J. Math. Anal., 42 (2010), pp. 1602-1638.

E. L1EB, Ezistence and uniqueness of the minimizing solution of Choquard’s nonlinear equation,
Studies in Appl. Math., 57 (1976/77), pp. 93-105.

E. LiEB AND M. Loss, Analysis, 2nd ed., Grad. Stud. Math. 14, American Mathematical Society,
Providence, RI, 2001.

L. Mobica AND S. MORTOLA, Un esempio di I'-convergenza, Boll. Un. Mat. Ital. B (5), 14
(1977), pp. 285-299.

C. B. MUrATOV, Theory of domain patterns in systems with long-range interactions of Coulomb
type, Phys. Rev. E (3), 66 (2002), 066108.

C. B. MURATOV, Droplet phases in non-local Ginzburg-Landau models with Coulomb repulsion
in two dimensions, Comm. Math. Phys., 299 (2010), pp. 45-87.

C. B. MURATOV AND V. Osipov, General theory of instabilities for patterns with sharp inter-
faces in reaction-diffusion systems, Phys. Rev. E (3), 53 (1996), pp. 3101-3116.

B. NIETHAMMER AND Y. OSHITA, A rigorous derivation of mean-field models for diblock copoly-
mer melts, Calc. Var. Partial Differential Equations, 39 (2010), pp. 273-305.

Y. NisHIURA AND I. OuNisHi, Some mathematical aspects of the micro-phase separation in
diblock copolymers, Phys. D, 84 (1995), pp. 31-39.

T. OuTA AND K. KAWASAKI, Equilibrium morphology of block copolymer melts, Macromolecules,
19 (1986), pp. 2621-2632.

F. OTTO AND T. VIEHMANN, Domain branching in uniazial ferromagnets: Asymptotic behavior
of the energy, Calc. Var. Partial Differential Equations, 38 (2010), pp. 135-181.

H. POINCARE, Sur un théoréme de M. Liapunoff rélatif a l’équilibre d’une masse fluide, C. R.
Acad. Sci. Paris, 104 (1887), pp. 622-625.

H. POINCARE, Figures d’Equilibre d’une masse fluide, Gauthier—Villars, Paris, 1902.

M. RAO AND Z. REN, Theory of Orlicz Spaces, Marcel Dekker, New York, 1991.

X. REN AND J. WEI, Spherical solutions to a nonlocal free boundary problem from diblock
copolymer morphology, SIAM J. Math. Anal., 39 (2008), pp. 1497-1535.

E. SANDIER AND S. SERFATY, Gamma-convergence of gradient flows with applications to
Ginzburg-Landau, Comm. Pure Appl. Math., 57 (2004), pp. 1627-1672.

E. SANDIER AND S. SERFATY, Vortices in the Magnetic Ginzburg-Landau Model, Progr. Non-
linear Differential Equations Appl. 70, Birkhduser Boston, Boston, MA, 2007.

S. SERFATY, Gamma-Convergence of Gradient Flows on Hilbert and Metric Spaces and Appli-
cations, preprint, 2009.

E. THOMAS, D. ANDERSON, C. HENKEE, AND D. HOFFMAN, Periodic area-minimizing surfaces
in block copolymers, Nature, 334 (1988), pp. 598-601.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


