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ABSTRACT. We consider a version of Gamow’s liquid drop model with a short range attractive
perimeter-penalizing potential and a long-range Coulomb interaction of a uniformly charged
mass in R3. Here we constrain ourselves to minimizing among the class of shapes that are
columnar, i.e., constant in one spatial direction. Using the standard perimeter in the energy
would lead to non-existence for any prescribed cross-sectional area due to the infinite mass in
the constant spatial direction. In order to heal this defect we use a connected perimeter instead.
We prove existence of minimizers for this connected isoperimetric problem with long-range
interaction and study the shapes of minimizers in the small and large cross section regimes.
For an intermediate regime we use an Ohta-Kawasaki phase field model with connectedness
constraint to study the shapes of minimizers numerically.

1. INTRODUCTION

In this article we study an isoperimetric problem with an added long-range repulsive term in two
space dimensions. The repulsive term can be seen as the interaction energy of a uniformly charged
mass, when restricted to columnar states, i.e., for a given set £ C R2, the charged mass is given
as {(z1,22,73) CR3: (z1,72) € E,z3 € R}. This leads to a logarithmic interaction kernel.

The study of charged droplets is commonly referred to as Gamow’s liquid drop model [Gam2§],
originally devised for an explanation for the shape of nuclear cores due to a competition between
short range attractive (e.g., perimeter type) and long range repulsive (e.g., Coulombic) poten-
tials. In many cases, this leads to existence of minimizers up to a critical mass (which then are
usually spherical), and nonexistence thereafter (since, when breakup into more than one piece is
energetically expedient, these pieces can further reduce the interaction energy by increasing their
distance) [KMNT6, [KMT3], [KM14, BCT4, [Jul14, MNRIS|. Nonexistence for larger masses can of
course be prevented by considering droplets confined to bounded domains [CS13] or background
potentials, where breakup or loss of existence may again depend on the relative strengths of the
confining and repulsive potentials [ABCT19, [LO14].

In our setting, due to the restriction to columnar sets and a full Coulombic interaction, we are
faced with nonexistence of minimizers for any prescribed area of a two-dimensional slice ¥ when
considering a standard perimeter since the extension to three dimensions always has infinite mass.
Instead of introducing a background potential, however, we opt for a different avenue, also pursued
in [DMNPI19]: we replace the standard perimeter with a ‘connected perimeter’, which can be
briefly described by the relaxation of the perimeter of a connected, L'-approximating set. For
a precise statement on the setting, see Section To conform with the common language in
the mathematics literature concerning such charged mass models, we will, in the following, refer
to the prescribed area of a two-dimensional slice as the ‘mass’ in the problem — this is a slight
abuse of nomenclature, as it is in fact a mass density when considering the associated three-
dimensional problem. Furthermore, even though we are talking about a minimization problem
which is effectively two-dimensional, we will refer to the sets E as charged ‘droplets’.

This connected perimeter used here was introduced in [DMNP19]. A phase-field variant of the
connected perimeter was developed in [DNWW19).
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Our main analytic results are the following.

(1) Minimizers exist for any mass. This part, in Section follows closely the arguments in
[DMNP19].

(2) A charged droplet of small mass aggregates in a disk. We call this the perimeter-dominated
regime since minimization of surface tension drives the behavior. Our connectedness con-
straint does not influence the local behavior in this regime — it does, however, remove the
global minimizer of droplets disappearing at infinity in opposite directions. The analysis
is conducted in Section [3.2] and the precise result is stated in Theorem [3.8] The main
difficulty here is that the connected perimeter does not directly yield sufficient regularity
for minimizers to study the Euler-Lagrange-equation of the energy.

(3) Charged drops of large mass organize in long and thin objects. We call this the repulsion-
dominated regime. This regime is considered in Section [3.3] Precise statements are given
in Theorems and together with an asymptotic expansion of the minimal energy
in terms of problem parameters in Theorem [3.9

To study the intermediate regime, we use an efficient numerical method to find shapes of minimiz-
ing configurations in numerical simulations using an Ohta-Kawasaki phase-field approximation
of our problem, including the connectedness constraint. The phase-field simulations of course
take place on bounded domains, so some aspects of confinement as well as further changes when
requiring simple-connectedness are studied there as well.

The article is structured as follows. A rigoros introduction to the problem is given in Section [2]
We present analytic results concerning existence and shapes of minimizers of our functional in
Section [3] before developing the phase-field approach and discussing numerical results in Section

@

2. PRELIMINARIES

We study the variational problems associated with the energy functionals

(2.1) Fawe) = Pelixe =1h+2 [ [ 1o (uim) V(@) ye(y) dody,
R2 RZ

(2.2) Faxs) = Pi({xs = 1)+ [ [1og (1) v (@) xa(y) dedy,
R2 R2

|z -y

where x g is the characteristic function of the subset E C R? with finite perimeter and volume/mass
|E| =m >0 and X\ > 0 is a parameter. Here PZ, and P{ describe the connected and the simply
connected perimeter of the set E defined by

PL(E) = inf {lim inf P(E,) | E, — E in L', E,, connected and C> — smooth} ,

n—oo

and
PL(E) = inf {hnrr_l)lgf P(E,) | E, — E in L*, E, simply connected and C*>° — smooth} )
where P(-) is the usual perimeter of a set. It was shown recently [DMNP19], that for essentially
bounded sets E C R? such that F = 8, FE modulo sets of zero H'-measure the identity
PL(E) = P(E) + 2St(E)
holds, where St(E) is the length of the Steiner tree of E, i.e.,
St(E) = inf{H'(K)|E U K connected}.

Above, H! denotes the 1-dimensional Hausdorff measure on R? and 9, E is the essential boundary
of F, see Definition 3.60 in [AFP00]. For the existence of Steiner trees, their properties and
regularity see [PS13].
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In the following, we consider the minimization problem
(2.3) min ]:é/S(XE)-

ECR?,

|[E|l=m
We prove that minimizers exist for all m > 0 and all A > 0 and describe the shape of such minimiz-
ers for small masses m/small parameters A and large masses m/large parameters A, respectively.
Remark 2.1. We note that due to the unboundedness of the logarithmic potential, the functional
P{xe = 1)+ X[ [log (Tiyl) xe(x)xe(y) dedy on R? does not admit minimizers for any

R2 R2

A > 0 or any prescribed mass. Usage of the connected perimeter is therefore necessary for the
arguments below.

3. ANALYTICAL RESULTS

3.1. Existence of Minimizers. We prove the existence of solutions of the problem in (2.3|) for
all masses m > 0 and all A > 0. This section follows the proof in [DMNP19], where the nonlocal

part of the energy was given by
1
T xe@)xe(y) drdy
[ [
R2 R2

with some « € (0,2). In [DMNP19], the singularity at the origin is stronger, leading to a stronger
local repulsion. On the other hand, the power law interaction decays to zero at infinity while
the logarithm of inverse distance approaches negative infinity. This leads to a stronger non-local
“attraction from infinity” in our model. While both interaction models drive sets to be more
‘spread out’, the precise mechanisms are different.

To adapt the proof from Theorem 5.2 in [DMNP19] to our case we first state the following simple
proposition.

Proposition 3.1. For m > 0, R > 0 we have

inf // og ( ) xe(r)xe(y) dedy > —m?Xlog(diam E) > —m?*Xlog(2R).
ECBR(O),
Proof. The inequality follows from basic estimates on the logarithm and the diameter. O

Remark 3.2. Here and below we denote the diameter of a measurable set E as
diam(F) =sup{|z —y| : |[ENB,(z)|, [ENB,(y)|>0 Vr>0}.
As usual, Br(x) denotes the ball of radius R around a point x, in our case always in R2.
We also require a continuity result, analogous to [DMNP19, Lemma 5.1].
Lemma 3.3. Let R > 0 and let E,, be a sequence of sets such that
E, C Br(0), XE, = Xg i L'(Bg(0)).

Jem) e | (2

Proof. The logarithm of inverse distance is integrable on Br(0) x Br(0), so the result follows from
the dominated convergence theorem. O

Then

> dzdy.

This allows to prove the statement ensuring existence of minimizers for any mass.
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Theorem 3.4. For all m > 0 and all X > 0 the minimization problems

— 1
(3.1) min ¢ PL(E) +)\//10g <|> dzdy ‘ E C R? measurable,|E| =m p ,
r—y
E E

— 1
(3.2) min ¢ PL(E) + )\//log (||) dzdy ' E C R? measurable,|E| = m
r—=y
E E

for ]-"é: and .7-"@, respectively, admit solutions. Furthermore, there exists a constant C' > 0, de-
pending only on m and A, so that any solution E to the minimization problem above satisfies

diam(E) < C.

Proof. We consider the case of ]-'é, the proof for F é\ proceeds analogously.

Before proceeding we mention that for any connected set E of finite perimeter, we have

(3.3) 2diam(F) < |0E|
and thus obtain, using Proposition
(3.4) FA(xg) > 2diam(E) — Am? log(diam(E)) > m>i{)1(2r — Am?log(r)) > —oo0.

Let now E,, be a minimizing sequence for the problem in with |E,| = m < co. We immedi-
ately obtain from that sup,, diam(E,,) < C(m, ). Using the translation invariance of F3, we
may thus assume that there exists R > 0 such that E,, C Bgr(0) for all n € N, modulo Lebesgue
null sets. The usual compactness of sets of finite perimeter, together with Lemma yield the
existence result. O

Remark 3.5. Note that by approximation, estimate (3.4)) carries over to the minimizer, denoted
by E,, x, so that

(3.5) Fol(xe,,,) > 2diam(E,, ) — Am? log(diam(E,, »)).

3.2. Shape of Minimizers for Small Mass. Now we consider the shape of solutions of (3.1))
and (3.2]) for small masses m or small values of A > 0 respectively. The goal of this section is to
show that for small values A > 0 or small masses m > 0 the unique solution of (3.1)) and (3.2) is
a disk.

We first note that, for a given set E and u > 0, we have
uE| = i |E|,  Pi(nE) = pPG(E)

since Pi(’/l scales like the perimeter functional, and

[ ) e o v
we JuE lz -yl quc—uyl
1
:,u4//10g< )—l—log () dz dy
EJE \z—y\ 1%
1
:u4/ / log <> dz dy — p*log(p) |EJ*.
EJE \x—y\

The last term on the right hand side is independent of E when |E| = m is fixed. Thus the

minimization problems
1
minimize P (E) +)\/ / log <) dz dy
EJE lz —yl

in the class of sets with mass |E| = m and

minimize \/f [Pr( 3/2 / / og(x )da:dy]
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in the class of sets with mass |E| = 7 are equivalent by rescaling with y = /™. We conclude that
considering the small mass limit for fixed A and the small A limit for fixed mass are equivalent
and thus confine ourselves to the case where the mass |E| = m = 7 is fixed and A becomes small.

Remark 3.6. Of course, the scaling argument remains unchanged if Pig is replaced by the standard
perimeter P.

We now consider the functional

(3.6) FMxe) : +)\//10g<|x_y> dxdy

and the constrained optimization problem

(3.7) min {P(XE)

with p > 2C(m, \), the diameter bound from Theorem Existence of solutions for this prob-
lem immediately follows from standard existence theory of minimizers for lower semicontinuous
functionals bounded from below. Let now E be a minimizer of F*(yg) in the class above and
E’ C B,(0). We then obtain

[ [re(m) oo [ Jros (2

[

E C R? measurable, |E| = 1, F C Bp} ,

) dzdy

RZ RQ
= log P xe(@)(xe(y) — xe/(y) dady
RQ RZ

(3.9 # [ 10w () xe @) = o) dsdy
R? R2

Taking now w; = log (Iw y‘) * xgp and wy = log (Iw y‘) * Y we can estimate

//log <1> dxdy—//log <1> dzdy
|z -yl |z -yl
E E E' E'

< / 1) xe W) — xe ) dy + / 2 ) () — v () dy

R2 R2
(39) < ||UJ1||Loo(EAE/)|EAE/‘ + HCUQHLoc(EAE/)|EAE/|.

Finally using that [|w1|zezar) < lwillL=(s,(0) and w2l L= Ear) < [lw2llL=(5,(0)) We have
P(E) < P(E') + (|lwill=(B,(0)) + llw2ll LB, (0))) [EAE'| < P(E') + C|EAE'|.

Thus minimizers of F*(xg) are quasi-minimizers of the perimeter constrained to lie within a
smooth set. It follows that for a solution E of the boundary OF is of class C! [BMS82],
see also [Magl2]. Thus, recalling the bound on the diameter, we conclude that every minimizer
has a well-defined curvature, and the boundary satisfies the Euler-Lagrange equation for .
Therefore, the procedure from [KMT3] is applicable, and we obtain the following result.

Proposition 3.7. There exists A1 such that for all X < Ay the unique solution of (3.7)) is the unit
disk.
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Proof. Let By = By(xp), where zq is the barycenter of E. Due to the regularity of OF and the
uniform boundedness constraint, E C B,(0), we can apply [KM13, Lemma 7.2], [KM13, Lemma
7.3] and [KMI3| Lemma 7.4] to the problem in (3.7). Thus we deduce, that for small A the set E
is convex and fulfills

(3.10) |EAB:(20)| < Cv/D(E)
with a universal constant C > 0 and the isoperimetric deficit D(FE) given by
E
p(E) = 0F
27

Now we have F*(xg) < F(x5,) by the minimization property of E, which is equivalent to

(3.11) _% // (_y|> dady — //log< > dzdy

Transforming like in (3.8]) we get

// (_y|> dady — //log< > dady

< / w1 (1) (x5 () — x()) dy + / wa(®) (x5 () — x5(v)) dy

R2 R2
< lwille (B, ap) | BIAE| + ||wa|| Lo (B, aE) | BIAE)|

with w; = log (‘1 ul) * xp, and ws = log (\w y|> * xg. Using now that due to the convexity of
E and due to m = |E| = | B1| we have
(3.12) |wallLe(Byam) < CllwillL=(p,ar) < C|BIAE]

with a constant C' independent of E, see results from [FMPO0S§|, we can finally conclude

(3.13) D(E) < C\|BiAE*.
Combining ([3.10)) and ( -7 we obtain
(3.14) ¢|BiAE|* < D(E) < CA\|B,AE|?

for some constants ¢ and C, which are independent of E. This means that as long as A is small
enough we have D(E) = 0 and thus find E = B;(xg). O

We can now use the above result to reach a conclusion for the connected perimeter, but without
constraint.

Theorem 3.8. There exists Ao such that for all X < Ay the unique minimizers of -Fé(XE) and
F3(xk) are the unit disk.

Proof. We restrict ourselves to FA(x) as the result for 72 (xg) follows in the same manner and
consider only A < 1. Let again B; = Bj(xg) with the barycenter 2y of E. As derived in Theorem
minimizers E of FA(xg) satisfy diam(E) < C with a uniform bound, so we may assume that
up to translation we have E C Bac(0). Now that

P(E) < PL(E)

for all E C Byc(0) we have
FAB1) < FNE) < FA(E)
for all E C By¢(0) by Proposition The assertion then follows from P(B;) = PL(B1). O
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3.3. Shape of Minimizers for Large Mass. In this section, we consider the large mass limit
as the opposite extreme. We obtain the first two contributions to the energy expansion in the
large length limit. The shape of minimizers is described only coarsely, showing that their diameter
scales weakly like A and that they do not concentrate mass close to any point on scales significantly
smaller than O(\). It remains open whether they are convex, and how minimizers look in the
intermediate regime. Denote

(3.15) ec(A) := min {fé‘(XE) ‘ FE C R? measurable, |E| = T},
(3.16) es(A) := min {}—Q(XE) |EC R? measurable, |E| =7} .
Theorem 3.9. For large X\, the expansions
ec(A) = =7 X log ( ;A> +éc(M\) A+ 0(1)
2\
es(A) = =72\ log ( 5 ) +és(A) X+ 0(1)

hold for coefficient functions satisfying

7% < éc,ég < 3n.

Proof. Lower bound. We deduce from (3.5) that
> i —7? .
ec(N) > %I>1f(1) [2r — 7\ log(r)]

The right hand side is large for r close to zero or very large, so a minimizing r exists and satisfies

d 5 2\ 2\
O_%[QT_W)\IOg(T)]_2_T = T—T.

2)\ 2\ 2)\
ec(A) > 2 % — 72X\ log (W2> > 12\ [1 —log (71-2)] .

Upper bound. Denote E” = [0, 7] x [0, 7r~]. We compute
PL(E") = Py(E,) = P(E") =2r + 271"

/ / log <1> dxdyg/ / log (1) dzdy
- r |‘T*y‘ r ™ |$17y‘
= dxd
7“2/ / <|x1—y1|> i
<5 ) s (o)

2 ’I"/2
= 77 log( ) ds
™ Jo

) 2 r/2
=T / log(s) ds
0

It follows that

and

r
272 rr r T
== [3loe(3) 5+

r

I
3
v}
—
—
|
—
o
o
VS
N |
N———
—

Taking r = 72\, we obtain

A 2 2 2 T\
o
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Conclusion. We have shown that
2)\ ) 2>\
72\ [1 ~log (Z)} < coV) < 2+ 42y [1 ~log (g)} |

The upper and lower bound differ by 272\ + 27” O

The energy competitors we constructed were long, thin squares. To leading order, the only impor-
tant property of the sequence was that most mass in the system has a distance of order A to the
point z for any « € E. The precise distance is irrelevant since log(cA) — log A = log ¢ < log A for
large A. The same scaling is expected for any sequence of sets with similar properties, for example
annular regions with very similar (large) radii, or a union of several fattened line segments meeting
at the origin. This zeroth order analysis therefore cannot provide more precise information on the
shape of minimizers in the large mass regime.

We can, however, show that minimizers must be long and thin in a suitable sense. First, we show
that the length of minimizers scales roughly like .

Theorem 3.10. (1) Let E* be a sequence of sets such that

]:')\ (E)\)
I el ) <,
TP N Tog A =

Then N
log(di E
Jim sup 128 ED)
A—00 1Og A

J—_')\ (E)\)
li A S A
o S ogn ~
then N
lim log(diam(E™))

=1.
A—00 log A

Proof. Denote the diameter of E* by R*». The intuition is as follows: If Ry > A, then the
perimeter term becomes more expensive than the repulsion term can compensate for. On the
other hand, if Ry < A, then we do not exploit the repulsion term fully.

Step 1. In this step we show that if FA(E*) <0 for all large enough A, then

1
Jim sup 128U
A—00 1Og A

We pass to a subsequence in A which realizes the upper limit. Assume for the sake of contradiction

that

1
1<1+2 = lim M§C<oo.
A—oo  log A

Then
Ry = elog(RA) > e(1+o) logh _ /\1-‘,—0’

for all sufficiently large A, and thus by ([3.5))
FA(EY) > 2Ry — 72X\ log(Ry) > 2 A7 —C X log A > 0

for all sufficiently large A. The assumption that the upper limit is finite can be removed by
considering the splitting

—L o 1to -
Ry = RI77PRI7 > AT52 R > X log(Ry).
Step 2. Assume now that

Himint 280 9, o
Ao log A
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Again, we pass to a subsequence along the lower limit is realized. Since E* is contained in a ball
of radius Ry, by Proposition [3.1] we have

1
/ / log () dzdy > —7m?log(Ry) > —nlog ()\1_”) = —7%(1 — o) log A
EX JEA |z =y
for all sufficiently large A, so

lim inf —%——= Fe(E) > lim inf f/ / log dedy > —7%(1 — o) > —7?
A—oo A log A A—00 EX JEX | - '

O

In the next theorem, we show that minimizing sets are thin in the sense that mass does not
concentrate close to a single point on a scale significantly shorter than A.

Theorem 3.11. For X\ > 0, let E* be a family of sets such that for every X there exists a point
™ such that

|EN Bya(2)] > €
where a € [0,1) and € > 0 does not depend on A. Then

Proof. Up to translation, we may assume that z*» = 0. We pass to a subsequence in A such that
lim [E*NBya|=¢>0,
A—o0

where we denote Bya = By« (0). We split

1
Jo e () o= [ o e () anao
EX JEX EXNBya JEXNBjya 37 - Z/|
+ 2/ / log (1> dx dy
EXNBxa J EX\Bya |z — yl
—|—/ / log (1) dx dy
EX\Bjya J EX\Bja lz — yl

—|E* 1 Bya |” log (2A%)
—2|E* N Baa||EM\ Bxe| log(R»)

— |E*\ Bxe|*log(R))
using Proposition on the first term. Assume for the sake of contradiction that
FolBY) _ o
A=oo A log A '
Using Theorem we find that
log(Ry) _
Asoo log A ’
SO
11)\11;101(1; Tog A /E’\ /Ek <|x — |> dedy > - a —2(r —¢é)c — (r — ¢)* > —72.
We have thus reached a contradiction. O

So a minimizing sequence for FJ has to be increasingly ‘spread out’ and cannot concentrate
positive mass close to a single point 2* on any scale A\® for a < 1.
Note that the arguments above are specific to the plane, and that the analysis changes entirely

if the sets E are confined to a bounded domain {2 or a compact manifold, e.g., a sphere or a
flat torus. On such domains, the Green’s function for the Laplacian is bounded from below and
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‘spreading out’ is no longer an option. Understanding minimizers analytically no longer seems
possible in this regime.

In the following, we discuss a numerical approach to finding minimizers in the intermediate regime
where A is neither small nor large, or where E is confined to a set of finite diameter. In many
cases, confinement to a domain is a feature of the problem. To approximate minimization in the
plane, we can minimize F among sets confined to a a large set . If the confinement is to be
neglected, the diameter of €2 has to scale linearly with A.

4. NUMERICAL IMPLEMENTATION

4.1. Variational Problem and Gradient Flow. To describe the functionals from (2.1]) and ([2.2))
in a diffuse interface approach suitable for numerical treatment, we consider the Ohta-Kawasaki
free energy functional, first mentioned in [OKS86],

(4.1) FMu) = %/%\VU\Q + %W(u) dady + % /(u —m)(—A) " (u —m) dedy,
o) o)

where we set
1

o

As usual, the small parameter ¢ > 0 takes the role of diffuse interface width and Q is a bounded
domain. At least formally, F2 is an approximation of F* from Section when one neglects the
influence of the boundary on the electrostatic potential — and therefore simply obtains a logarithmic
potential. We note that by the results in [GMSI3] [GMS14], some of this correspondence can
be made rigorous in appropriate scaling regimes. The study of the Ohta-Kawasaki functional,
however, also has independent merit.

- 1 Lo 2
= = — — 1 -
m Q) /u dzdy, W(s) 2 (s—1)%, and ¢

To give the inverse of the Laplacian a proper meaning we incorporate Neumann boundary condi-
tions and define the operator A&l such that the H~!(Q)-inner product can be described in one
of the equivalent forms

(_A;\I11U= ’U)
(W, 0) 1) = ((—ANV%U’, (—ANV%U) Vou,w e HH(Q),
(w’ _ARII’U)
where —Afvlv = g means that —Ag = v with g € H(Q) and 2 ‘977\ 0= 0 with the outer unit
normal 1 on 9Q. The set H!(Q) is given by

HX Q)= ue H(Q) ‘ /u dzdy =0

Thus we may rewrite the functional in (4.1)) and consider

1 1 A
FAw) = o [ 51Vl + W) dady + 5= ml
Q

Doing so, we can formulate the gradient flow of the functional in (4.1 as

(4.2) (O, @) 10y = —Ouss F2 () V ¢ € HL(Q)
with the first variation d,,4F2 (u) in u in the direction of ¢. This yields
(Ort, 6) g :/{ “Au— W) = A(-Ax)” (u—)}¢dxdy
Q

for all test functions ¢ € HI(Q).
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Setting now w = Ay'0;u + AMA N (u — m) and using the mass conservation of solutions of the
following system, see, e.g., [Parl2], we are finally required to solve

/{O%u — Aw + Au —m)} ¢pdady =0,

Co

(4.3) /{w+6Au— C;W’(u)}qbdxdyzo
Q

for all test functions ¢ € H(Q).

4.2. Phase Field Connectedness. It remains to include the possibility of using connected and
simply connected perimeters in the numerical treatment of the Ohta-Kawasaki energy. Our method
to enforce such a connectedness constraint for diffuse interfaces is based on the functional C,
introduced in [DEW17, [DNWWT19], and given by

(4.4) ¢ (u / / B (u(x)) e (uy)) 4% (z ) darly,

where (., 1. are continuous functions such that
Beshe 20, Be(2)=0&2€[0,1—a.], ¥.(2) >0 2€0,1— a]
with o, = &* for some 0 < s < 1/2 and d¥ is a geodesic distance with local weight .

Adding the functional in (4.4)) to a given functional in a diffuse interface approach then ensures
approximate connectedness of the phase {u ~ 1}. Connectedness of the phase {1-u~ 1} = {u =
0} on the other hand can be achieved by adding the functional

O (u) = / / Be(1 — u(2))Be(1 — u(y)) =0 (z, ) dardy,
Q Q

thus adding both Ce(l)(u) and C£2)(u) to a given functional serves to keep the phase {u &~ 1} simply
connected in our two-dimensional setting.

Incorporating the connectedness constraint in the gradient flow dynamics in (4.2)) then leads to
G Cz
45) O =~ [Sue ) +

for parameters k > 0, (1,3 > 0. Considering now the system of equations in (4.3)) we are finally
faced with solving

20usC (u) + 2286 CE (u >] Ve H(Q)

/{@u — Aw + AMu —mm)} ¢ dedy = 0,

Co

(4.6) !{w+ S Au— CiéW’(u)}qﬁ dady — (Q S CD () + 2 25,0 (u )) =0

for all test functions ¢ € H! ().

4.3. Discretization. To compute approximate solutions of the system in (4.6) numerically, we
use P1-finite elements and obtain the system of equations

_ . n—1
(W, vh> = —(Vwy,Vuy) — AM(up, — m, vp)

€ 1
() = £ (V0 Vo) + O™, 0)

+C1€_H n—1 C(l)( )

Uy JUR €

+CQ€7H5u271, C (up=hy,

3V €
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which uses a linearized version of the double well potential W (u). Specifically, we use the approx-
imation

W/(un) ~ % ((un—l o 1)2 4 un—l(un—l o 1)) _ W/(un’un—l).

This linearization was used in a similar way in for the numerical approximation of local
minimizers of the Ohta-Kawasaki Energy. There, further relevant issues regarding stability and
boundedness for a similar linearization are treated.

The explicit treatment and discretization of the variation of the functionals Ce(l) and C€(2) are
discussed in detail in [DW1S]. As described there, we use a Dijkstra-type algorithm, based on
ideas in [BCPS10, BLS15], to compute the variation of a discretized geodesic distance.

4.4. Numerical Results. We now consider a fully discrete gradient flow of the functional in (4.5)).
For the numerical experiments, the functions 3. and 1. are given as in

&(s)z{o e

Ls—1+a)? s>1-a

and

ws(s):{%(s—1+a)2 s<1l—a

o

s<1—aq,

respectively. The parameter c¢; is chosen such that fal Be(s) ds =1 and & in is set to kK = 2.
The value of o = a. changes slightly between experiments. By incorporating Neumann boundary
conditions as described above the mass of the initial condition is maintained during the evolution
of the gradient flow.

4.4.1. Ezperiment 1. In the first numerical experiment we choose an initial condition which is
approximately given by the characteristic function of the set {r < 0.02 + 0.45co0s(26)} with
r = /22 +92 and § = arctan(z,y), see Figure We set € = 81073, 7 = 9.5-107? and
A = 10606. The mean value m is given by the initial condition as m =~ 0.178. The parameters
a and (g are set to a = 0.35 and (; = 3.0. The parameter (s is set to zero so we just ensure
the phase {u ~ 1} to be connected. The discretization is made up of approximately 4.6 - 10* P1
triangle elements on the square Q = ( — 1, 7).

Without using a path-connectedness constraint two discs which repel each other form, see Figure/[T}
They remain at a finite distance due to boundary effects. This represents a classical “dynamically
metastable” solution to the minimization problem in without disconnectedness penalty, see,
e.g., [CMWII]. Incorporating path-connectedness in the functional in (£.F)), these balls cling to
the Steiner-tree forming a dumbbell-like structure.

FIGURE 1. Results for a numerical example. From left to right: Initial condi-
tion for u, “dynamically metastable” state u without disconnectedness penalty,
stationary state with disconnectedness penalty. We use € = 8- 1072, A = 10606.
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(a) Without disconnectedness penalty. (b) With disconnectedness penalty.

FIGURE 2. Time evolution of the components of the free energy functional for experi-
ment 1.

4.4.2. Ezperiment 2. In the second experiment we set € = 4-1073, 7 = 4.7- 1072 and \ = 14849.
Further we decrease the mass m and thus the initial condition is approximately given by the
characteristic function of the set {r < 0.01 4 0.35cos(26)} with the same notation as before, see
Figure The mean value m is given by the initial condition as m =~ 0.1. The parameters «
and (; are set to @ = 0.35 and (; = 1.0. The parameter (5 is set to zero so we just ensure the
phase {u ~ 1} to be connected. The discretization is again made up of approximately 4.6 - 10* P1
triangle elements on the square Q = [—3,1].

The results of the second experiment are similar to the results from the first experiment, whereas
the commingling of the two monomers is less pronounced and sharper interfaces are developed.

FI1GURE 3. Results for a numerical example. From left to right: Initial condi-
tion for u, “dynamically metastable” state u without disconnectedness penalty,
stationary state with disconnectedness penalty. We use € = 4 - 1073, \ = 14849.
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FIGURE 4. Time evolution of the components of the free energy functional for experi-
ment 2.

Remark 4.1. 1t should be mentioned that the steady states in the experiments with disconnected-
ness penalty indeed seem to be local minimizers of the energy in . This effect can be explained
by the observation that, in contrast to the case without disconnectedness penalty, every increase
in the distance of the two droplets would also increase the perimeter of the phase {u ~ 1}. This is
different to the “dynamically metastable” state occurring when abandoning the disconnectedness
penalty, as every increase in the distance of the two droplets would decrease the whole energy

in .

4.4.3. Ezperiment 8. In a final third experiment we illustrated the effect when penalizing simple-
connectedness of the phase {u ~ 1}. This is achieved by setting (; = {2 = 0.01 in . We
now take the initial condition for u as an approximation of the characteristic function of the set
{r <0.4+0.2cos(26)}, see Figure We further set e = 3-1073, 7 = 3-1072 and A = 20000. The
parameter « is now set to oz = 0.068 and the discretization is made up of approximately 1.4 - 10°
P1 triangle elements on the square 2 = [—1,1]. The mean value 7 is thus given by the initial
condition as @ ~ 0.141.

Due to the chosen initial condition and the value of A, tubular structures occur in the simulation
without disconnectedness penalty. These multiply-connected tubular structures are further typical
“dynamically metastable” states of the Ohta-Kawasaki functional, see, e.g., [CMWT11]. When we
incorporate the simple-connectedness penalty, the tube tears open forming a simply connected
structure for {u & 1}, see Figure[5| As the impact of the boundedness of the reference domain is
more visible than in the experiments before, the relevance of this experiment is more justified by
effects inherited by the phase field model. An appropriate connection to the results in Section [3.3]
may not exist.
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FIGURE 5. Results for a numerical example. From left to right: Initial condi-
tion for u, “dynamically metastable” state u without disconnectedness penalty,
“dynamically metastable” state using simple-connectedness constraint. We use
€e=3-10"8, A = 20000.
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FI1GURE 6. Time evolution of the components of the free energy functional for experi-
ment 3.
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