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Predicting pattern formation in particle interactions

James von Brecht] David Uminsky?
Theodore Kolokolnikovi Andrea Bertozzi*

May 20, 2011

Abstract

Large systems of particles interacting pairwise in d-dimensions give rise to extraordinarily rich pat-
terns. These patterns generally occur in two types. On one hand, the particles may concentrate on
a co-dimension one manifold such as a sphere (in 3D) or a ring (in 2D). Localized, space-filling, co-
dimension zero patterns can occur as well. In this paper, we utilize a dynamical systems approach to
predict such behaviors in a given system of particles. More specifically, we develop a non-local linear
stability analysis for particles uniformly distributed on a d — 1 sphere. Remarkably, the linear theory
accurately characterizes the patterns in the ground states from the instabilities in the pairwise potential.
This aspect of the theory then allows us to address the issue of inverse statistical mechanics in self-
assembly: given a ground state exhibiting certain instabilities, we construct a potential that corresponds
to such a pattern.

1 Introduction

The mathematics of interacting particles pervades many disciplines, from physics and biology to control
theory and engineering. Classical examples from physics and chemistry range from the distribution of
electrons in the Thomson problem, to VSEPR theory, self-assembly processes, and protein folding. In biology,
similar mathematical models help explain the complex phenomena observed in locust swarms and bacterial
colonies. In engineering, particle models have been successfully used in many areas of cooperative control,
including applications to robotic swarming. In each of these models, the collective behavior is confined near
the center of mass of the particles. This can be imposed artificially, as in the Thomson problem, or can
result due to the properties of the interaction potential itself. Moreover, different confining potentials may
give rise to densities that concentrate on a co-dimension one manifold, or form localized, fully co-dimension
zero structures. In particular, the effect of differences in the confining potentials remains evident in passing
to the continuum limit. In this paper, we develop a method to predict features of the resulting patterns from
properties of the potential, and vice-versa.

An understanding of co-dimension one ground states is germane to many applications. For instance, in a
discrete setting such states arise in both point vortex theory [26], [25] [T6], [2] as well as the Thomson problem
[28, [0 [40, [8, [@]. In the context of point vortex theory, vortices restricted to a sphere can organize into both
platonic solid and ring configurations [26], 25] [T6]. Similar spherical configurations also arise in the classical
Thomson’s problem, which asks for the lowest potential energy configuration of N repelling electrons fixed
to said surface. For small numbers of electrons, the minimizers exhibit platonic solid configurations. As the
number of electrons increases, a wide variety of spherical lattices may form, including non-platonic solids
as well as lattices with higher order defects. Complex, co-dimension zero patterns also arise in biology, and
have inspired researchers to develop mathematical models that can help explain, both evolutionarily and
biologically, why and how these self-assembled patterns form [6], 29, 27, 17, 24, 12}, 15, 22]. Such models have
proven fruitful in modeling locust swarms [3], [21], [36], where the techniques capture the unique swarm shapes
of locusts. These models also help explain rings, annuli, and other complex, spotted patterns in bacterial
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colonies that form under stress in the lab [38] [10, I8, [4]. Many of these same models have been exploited in
the area of cooperative control [4I] and boundary tracking algorithms for autonomous, flocking robots [7].
We formulate ground state patterns as extrema of an IN-particle pairwise interaction energy

B, xv) = 30 Plixi = xi0) = 30 Vg —xf?) (1)

6,7 1,7

where P(v/2s) := V(s) denotes a repulsive-attractive potential, i.e. decreasing for all s < so and increasing
for all s > so. To compute local minimizers, we associate a gradient flow to the interaction energy

dXZ‘ 1 1 2 .
i :‘VXiE:N,Z g<2|xi—xj|)(xi—xj)7 i=1...N, (2)
j=1...N
J#i
where g(s) = —V,(s) gives the force. We shall call a sequence of N—particle minimizers

{xi}ijil =arg min E(yi,...,yn)
Y- YN

confined if they remain uniformly bounded in space as a function of the number of particles. In such cases,
in the large N limit, the minimizers permit a consistent continuum description in terms of a density of
particles restricted to a bounded region of space. As the number of particles increases, the resulting ground
state converges to this continuum description in the sense of probability measures. Moreover, variations in
potentials give rise to different minimizers, so differences in the potentials remain evident as N — oo. This
stands in contrast to non-confined minimizers, which do not remain bounded. Without confinement, we
cannot rely on a density description, nor can we necessarily distinguish differences in potentials as N — oo.
We shall call a potential confining if all minimizers are confined, and non-confining otherwise.

A given class of potentials may yield both types of behavior. For example, inverse power law potentials

g(s) =V'(s) =s"—s71 (3)

can have both confined and non-confined minimizers, depending on the parameters p and gq. Choosing
(p,q) = (7,4), i.e a Lennard-Jones interaction kernel, yields a sequence of global minimizers which converge
to the zero density state. On the other hand, as we show in §|§| the choice (p,q) = (%, %) yields a sequence
of minimizers that converge to the uniform measure on a 2-sphere of fixed radius R = 2%/ 2(1)3. The

repulsive-attractive Morse potential
V(s) = e V2 pe—LV2s

also exhibits this dichotomy as (F, L) vary [2I], T1]. In particular, we can not distinguish between these two
classes of potentials from a large IV limit of their ground states when the minimizers are not confined.

In contrast, the configurations in figure [[ result from a two parameter family of confining potentials. We
numerically integrate to steady-state with the regularized step function from [I9]

_ tanh(a(l — v/2s)) + b
= Ner ,

as the interaction kernel. Simply by controlling the amount of local repulsion at the origin (b) and the slope
of the transition between repulsion and attraction (a), many types of patterns emerge, and these differences
persist as N — oo. For instance, a uniform distribution of particles on a sphere often minimizes .
Properties such as the radius of the sphere change as the parameters (a,b) vary, and predicting the radius
from a continuum approximation proves increasingly accurate as the number of particles grows. Therefore,
unlike the non-confining Morse and inverse power potentials, we can hope to discern differences in parameter
values, and in particular, explain the transition from spherical solutions to distributions characterized by
higher symmetry and full three dimensionality using a continuum approach.

To better understand this phenomenon, we develop a continuum formulation of to study the stability
of a uniform sphere S4'. We formally derive this continuum formulation of in so that we may
describe a pairwise interaction of particles lying on a co-dimension one surface. Using this formulation, we

9(s)

0 <a, —tanh(a) <b<1, (4)



Figure 1: Top: Minimizers of the energy with force law .

derive our main result in §3] that the eigenvalue problem associated to the 2-sphere of radius R reduces to
the decoupled series of 2 x 2 scalar problems given by equation . Each eigenvalue problem determines a
solution to the linearized equations in terms of spherical harmonics. We use this characterization to predict
how instabilities perturb the density away from uniform in §§3.2] We complete the eigenvalue problem for
arbitrary dimensions d > 2 in §4] Remarkably, the eigenvalue problem remains 2 x 2 and scalar independently
of the dimension of space. Moreover, our analysis depends only on values of the potential and its derivatives
on [0,2R?]. Thus, once we know the length scale of the radius our analysis applies regardless of the far-field
behavior of the potential. In §5 we derive asymptotic expressions for the eigenvalues in theorem As a
first corollary we establish the linear well-posedness of uniformly distributed sphere solutions, which serves
as the analogue in our context of the classic Kelvin-Helmholtz instability for vortex sheets [20] 23] [34]. In a
second corollary, we consider potentials V' with the form

~Vils) == gls) = Y s, (5)
=1

where p; < p;+1 and ¢; > 0 to ensure an interaction kernel with repulsion in the short-range. We show that
only finitely many unstable modes exist precisely when

(i) / g(R*(1 —s))ds +4g(2R*) <0 and (ii) p1 € (—%, 0)uU U (2n 4+ 1,2n + 2). (6)

—1 n=0

In this case, we can predict complex patterns in the resulting ground state from the unstable spherical
harmonics. These conditions also allow us to predict the co-dimension of the ground state. We highlight
these aspects of the theory in §6] with several examples. This method also offers us a way to directly construct
a potential with a specified instability which is related to the classical inverse statistical mechanics problem

[9, 311 (30, [37, 13, [39]. We follow with a brief summary.



2 Pairwise Interactions on a Surface

We begin by formally deriving the relevant equations to describe a continuum of pairwise-interacting particles
on a surface. For this, we consider the active scalar equations in three dimensions

pe(x%,t) + V- (p(x,t)u(x,t)) =0, x€R> t>0
ux.t) = [ o= yP) (=) ply.0) dy. 7

where p describes the density of particles, the kernel g describes the interaction of particles, and u describes
the velocity of a particular particle due to the interaction. After constraining the density of particles to lie
on a dynamically evolving surface X(&,n,t), where (£,7) lie in a Lagrangian coordinate domain D C R?, the
density defines a distribution of the form

o) i= [ 3x = X(€m 1) (& n.t) ded Q
D
In other words, ( = ;7 Jp o(X(&,n,t)) f(&,m, ) d€dndt holds for all test functions ¢ € C5°(R3x {t > 0}).

With a densfny in thls form, we say defines a solution to @ in the sense of distributions. We therefore
specify equations for X and f so that

/ / (60 + 0 VO)X(En, ), ) f(£,1,1) dEdndt = 0 (9)
u = /D (2% — X(E. 0, 6)%) (x — X(E,7,8)) f(£,.1) dedn (10)

for all ¢ € C§°.
Addressing first the motion of the surface, as X(&,n,t) represents the position of the particle with label
(&,m), each point on the surface evolves according to the velocity field u at that point, so that

SR Enn) = uX(E 0,0 = (1)

| oG nt) = X(E 0 OF) (K(Em.0) = Xt ) £ 1) A€ .

Combining (9) and with the fact that % {6(X,t)} = (¢ + %—’f -V¢)(X,t), we discover f must satisfy

IS 2 {3(X,t)} f(&,m,t) dédndt = 0. Integrating by parts in time, this gives IS [ o(X,8) f(€,m, t)e dEdndt =
0 for all ¢, whence f(&,7n,t) = f(£,7,0). Therefore, given an initial density

p(x,0) = po(x / 5(x — Xo(€,m) fol&, ) dédy,

by evolving the surface according to

1
Xo = [ o(GIX=XP) (X = X) fol€', ) de'df (12
D
X = X(é-?nat) X' = X(glvnlvt) X(fﬂ?ao) = XO(&vn)
we obtain a distribution solution to @

Remark 2.1. Equations easily generalize to any dimension. We use the general d-dimensional form
Although it is superfluous for determining the evolution of the surface, it will prove useful at times to
re-write in a more conventional form,

plx,1) = /D 5(x — X)ps (€m0 Xe x X, () dédy.



The auxiliary quantity ps(£,n,t) then has the natural interpretation as the density of particles along the
surface. The requirement that % = 0 implies the density evolves according to % = —ps%, which
when coupled to becomes the extension to three dimensions of the correbpondlng equations from [34]
for curves in two dimensions. In this manner, the evolution of the surface alone determines the density of
particles along it; the surface X (&, 7n) is fundamental and the density is derived. For this reason, we focus

our analysis on X, and use this to determine properties of pg.

3 Eigenvalue Problem in Three Dimensions

We now determine when a sphere of uniform density defines a linearly stable solution to . In § we
linearize about a uniform sphere, and then reduce the problem to a decoupled series of scalar eigenvalue
problems involving a single spherical harmonic. We proceed with the calculations in a manner that makes
the appearance of spherical harmonics self-evident, as the ideas behind the calculation itself prove useful for
other problems. The existence of uniform sphere solutions follows as an easy application, for instance, so
we postpone it until after we derive the eigenvalue problem. In §§ we use knowledge of the eigenvalue
problem to linearize the density pg about the uniform distribution on the sphere. This later proves useful
for interpreting our stability conditions in §[5] and also in § [f] for comparing our analysis against numerics.

3.1 Linearization of the Surface

We begin by considering the evolution equations for a surface for the particular instance of fy which
yields a sphere of radius R and uniform density as steady-state,

T T 1
—m JO

Here, we parameterize a sphere of radius R as X(£,n) = ©1(£)O2(n)Re; for —m < <mand 0 <7 < 7. The
3 x 3 matrix ©1 represents rotation in the y-z plane, ©, rotates in the z-y plane, and of course e; = (1,0,0).
Write a perturbation §X of the steady-state in the form

0X = ©1(£)02(n)(Re1 + €&, n)e™), (14)

with the goal of choosing the ansatz for ¢ € R? in such a way that the linear equations for e reduce to a
scalar eigenvalue problem for A and scalar coefficients that will determine e. First, we substitute X into

(13) and obtain
" T 1 /12 !/ : / / !/
o1 0 = [ o (G0% - 0xP) 0% - 6Xsing afag (15)

Decomposing 6X—0X" := X +Xy, where X1 = [01(£)©2(n) — ©1(§')02(n)] Req and X = ©1(£)O2(n)e(§, n)—
01(€)02(n")e(€',n'), we expand to first order in Xy and use the fact that the sphere is a steady-state to
obtain

281 (€)@a(m)el€,n) =
/ / { G + 0. (3% )(xl-x2>x1}sinn’dn'd§'. (16)

Denoting by M the matrix M := 0;(7)01(¢ — £)O2(1) and by I the 3 x 3 identity matrix, simple
calculations yield

05 ' (MO (X1 = (I — M)Re1, O3 ()07 (§)Xs = e(&,m) — Me(&',7')

Xy Xy =(I—M)Rey-e(&n)+ (I — M')Rey - €(&,n), |Xa| =|(I - M)Re].



By premultiplying with ©,'07! and separating terms involving €(&,7) from terms involving €(¢,7'),
we obtain the linearized problem

Ae(&,m) [ / { |V| M+ gs(= |V|2)V®V} e(&,m) sinn’ d?]ldfl—k
/ / {gs(2v|2)v ®¥ — g(;VF)M} 6(5/, n/) sinn’ dn'df’, (17)
_xJo

where we define v := (I — M)Re; and v := (I — M")Re;.

The difficulty now lies in choosing €(£,7) in such a way that the continuous eigenvalue problem
reduces to a simple scalar eigenvalue problem. To find the way forward, we recall the analogous situation in
two dimensions, as detailed in [19]. In that setting, the continuous eigenvalue problem reads

els) = [ {aGVEIT+aivPIve v e ass

-

4 1 1
[ {aGhever-aGvPew - fs) as
where v = (I — O(s' — s5))Re;, v = (I — O(s — s’))Re; and O(s) denotes a 2 x 2 rotation matrix. We can

write this as
s U

Ae(s) = M (s — s")e(s) ds’ + Ms(s — s")e(s") ds, (18)
for some 2 x 2 matrices M;. Letting M ¥ denote the (j, k) entry of the matrix M;, we find that both matrices
possess even, periodic entries in s — s’ whenever j = k, and odd, periodic entries whenever j # k. Changing
variables (i.e. reparameterizing the circle) in the first integral, we have

M*(s — ') ds' = M7*(0) df o 6p,.
Thus, the first term on the RHS of simplifies to a constant diagonal matrix times e(s). We then
substitute the known ansatz for € from [19] into the second integral, e(s’) = (c1 cos(ms’), ca sin(ms’))? for
some constants ¢; and co, change variables and simplify. Along the first column of My, we find

My (s — 8')cy cos(ms’) ds’ = My*(6)cy cos(mf + ms) df oc cos(ms) (19)
M3 (s — 5')ep cos(ms’) ds’ = M3 (0)cz cos(mb + ms) df o< sin(ms) (20)

due to the even-odd structure of Ms. Arguing similarly along the second column, the second term on the
RHS of simplifies as

™

My (s — 8" )e(s") ds’ = D(cy, c2,m)(cos(ms),sin(ms))’,

—T
where D denotes a constant, diagonal matrix depending upon c1, c3 and the Fourier coefficients of the entries
of Ms. Moreover, D(cy,co, m) is linear in the coefficients (¢1, ¢2) that determine e. As the first integral also
results in something of this form, the continuous problem reduces to a scalar eigenvalue problem in (c1, c2).
From (20)), then, we deduce the essential property of the ansatz: [* My’ (s — s')e;(s') ds o< €(s).

Returning now to the three-dimensional case, regardless of the choice of the ansatz €(£,n), we first must

show the first integral in yields a constant, diagonal matrix. To do this, note the integrand depends
only upon the vector v. Looking at the definition of v, for fixed (§,7) and for —7 < & < 7,0 <75’ <7, we
see that v simply represents a parameterization of dB(Rej, R), i.e. the sphere of radius R centered at the
point (R, 0,0)*. Moreover, |ve X v,| = sinn’, so that by definition

/ /{ IV +gs(5 VIZ)V®V}6(§,n)Sinn’dn'dé’=



( / G<x>d5<x>> (ém),
dB(Re1,R)

where the 3 x 3 matrix valued function G(x) = g(3[x|*)I + gs(3/x|?)x ® x for x € R3. As in the two-
dimensional case, we re-parameterize 0 B(Req, R) and compute the first integral above to obtain a diagonal
matrix times €(&,n). Therefore, analagous to the two-dimensional case, we should choose the ansatz for
e(¢,n) in such a way so that

/ / My (€, m,n)e; (€ ') siny dn'd€” o< (€, m).
—m JO
Let us now turn to this task. To simplify the notation, let x := X(&,n) and w := X(¢',n') with

X(&,m) denoting our parameterization of the sphere. Consider the quantity x - w := X(&,n) - X(¢',7). As
v = (I — M)Re; and v = (I — M")Re, straightforward calculations yield

v = —-x-w,—(X-w —w tv2: 1-x-w
= (1w G w)y - B e 21w (21)
VZR(l—X~W,—(X'W)n7—m> . (22)

We now make the key observation that MJ! depends only upon the quantity x-w, in that M}1(&,&',n,7') =
g1(x - w) for g1(s) = R%gs(R*(1 — 5))(1 — s)? — g(R?(1 — s))s. For such functions, we shall make repeated
use the following (c.f. [32]):

Theorem 3.1. (Funk-Hecke Theorem in 3D) Let f(s) € L*([—1,1]). Then for any spherical harmonic S'(x)
of degree | and x € S82,

S (x) = g f(x-w)S'(w) dSy. (23)

The eigenvalue A\ depends only on the function f and the degree [ of the harmonic, where we will now write
A = A (f) to make explicit the dependencies of the eigenvalues on the functions involved. More specifically,

1
nif) =2 [ 1eRGs) ds (24)
-1
where Pj(s) denotes the Legendre polynomial of degree !, normalized to P;(1) = 1. In three dimensions,
equation plays the role that equation serves in two dimensions.

Together with our observation regarding Mi!, this theorem suggests we choose ansatz with €1(£,n) =
c18'(x(&, 7)) for some coefficient ¢; € R. Indeed, then

/ / M211(§7§/a77777,)61(€/, 77/) Sin’l]/ dn/d€/ =1 /
—m JO

g1 (x- W)Sl (w) dSw
82

so that by a straightforward application of the Funk-Hecke (F-H) theorem,
[ [ e mmate s dfa = uges'() x e
—m JO

as desired. With €; now in hand, we can use the requirement that

| [ e nsing afa x e (25)
—m JO
to determine the remainder of the ansatz. For this, we observe that the relations and imply
13 = (v —x-w) ) M3 = (g~ x-w)
2 2 . 2 sin(n) 2 ¢



Using this with the known choice of €1, we find the relation for i = 2 becomes

e [ (oGP0 —xw) asioase = ([ oocwstas,)

where go(s) = g(R*(1 — s))(1 — s), by passing the derivative through the integral in the primed variables.
Again using the F-H theorem, we recover es(&,7n) cl)\l(gg)Sé. Arguing similarly from with ¢ = 3

yields €3(&,m) o< Cl’\l(gQ) Sl All together, we recover

sm

U(x t
6 = (cls% ), ea(S ) W) (26)

sin(n)

for real coefficients c;.
Proceeding as in the two-dimensional case, it remains to show that this choice of (£, n) yields

™ ™ Sé t
. 1IN o / 11e! — 1 gl
|| e ansing aag’ = Dier.caen) <S’S"’sin(77)> ,

where D(cq,co,c3,1) is a constant, diagonal matrix that is linear in the coefficients. The derivation of the
ansatz has demonstrated this claim for the first column of Ms. Continuing with the remainder first row of

Moy, in light of and we see

M = (s —xew)) M= (g<§v|2)<1—x-w>)§,.

T Snly)

In setting ¢y = c3, we compute ["_ [7(M3%ez + My3es)siny dn'd¢’ =

T . ™™ (ga(x - W))er S
02[ /0 (ga(x - W),y St (W), siny’ dn/d¢’ +Cg[ /0 W);’&smn' dn'd¢’.

Integrating by parts in 7’ in the first term and in £’ in the second term, we have
T ™ T s
/ / (M)2ey 4+ M33e3) sing’ dn/d¢’ = 702/ / (As25")ga(x - w)sing diy/de’.
—xJo —m JO

Using that Ag2S" = —I(I +1)S" and the F-H theorem, we obtain [ ["(M}%e; + M33es) siny dn'd¢’ =
cal(l+ 1)\ (g2)S (x) o €; as desired. Proceeding similarly with the remainder of the second row of Ms, the
facts

ME = (g5 V) (6 W)y — 95 V) W)y

—(9(GIV)e (x- W)y — g(5IV) (x - W)y

M23 —
2 sin(n')
and a similar integration by parts combine to give
/ / (M32ey + M33e3) sing’ dn/de’ = (;2/ / |v| W), (As28")dS,
-7 JO

= —cl(l+1) / / \v| (x-w),S'(w)siny dn'd¢’.

Letting g3(s) = OR (1=2) g(z) dz, so that g3(x - w), = —R?g(5|v|*)(x - w),, we pass the derivative through

the integral and use the F-H theorem as before to arrive at

I+ 1)A
/ / 2eo + MZ3e3) sinn’ dn/d¢’ = w&gm@.



Finally, the same argument on the remainder of the last row of My gives

cal(l+1)Ni(g3)

32 33\ «in g/ drlde! —
/—71'/0 (M5<“ea + My°e3) sinn’ dn'dg’ = 2 s (n)

Sé X €3.

Combining all of the above, we find

t
T T Sl
/ / Ma(E,€ 1 e(€ o sinf dide’ = (D“SZ,DZQS;,D%.ﬁ) ,
o ()

I(l+1
D™ = c1N(g1) + eal(l + 1)\ (g2) D* = D** = e1\i(g2) + 02%&(93)’

so that D is linear in the coefficients as desired. Consequently, with this ansatz the linearized equations
become

Ae(€m) = / G()AS(x) | e(€.m) + Dler, ez De(€.n). (27)
dB(Re1,R)

By symmetry, we see

(/ G(X)dS(X)) = diag(w, 3, 8),
OB(Re1,R)

so that the second and third equations in are identical. Consequently, solving the continuous linearized
equations reduces to the 2 x 2 scalar eigenvalue problem determined by : ey = acy + DY (cq, e,1) and
Acg = (Bea + D*2(cq, ¢a,1), just as in the two-dimensional case.

We can make one final simplification to the eigenvalue problem that comes from the steady-state equation
for the sphere,

0:/32 g(%\x—wﬁ)(x—w) dSw . (28)

In particular, the sphere radius R satisfies (see Remark below)

1

02429(32(1_x.w))(1—x.w) dSyéO:/lgz(s)ds (29)

by the F-H theorem with [ = 0. A simple calculation then gives 5 = 0.
To summarize the previous calculations, the decoupled sequence of eigenvalue problems

€ a+N(g) U+ 1)/\1(92)> <01) <C1>
A = =0 30
(C2> ( Ai(g2) WED N (g3) ) \e2 e (30)
determine the linear stability of the uniform sphere. To compute the entries of {2;, we recall that for a function
h € LY([-1,1]) and | € N we define \;(h) = 27 fil h(s)P(s)ds, with P,(s) denoting the Legendre polynomial

of degree [ normalized to P;(1) = 1. The radius R of the sphere satisfies 0 = f_ll g(R%*(1 —5))(1 — s)ds and
the coefficient o = 87g(2R?) + 27 f_ll g(R?(1 — s))ds. Finally, we recall the definitions

g1(s) = R?gs(R*(1 = 5))(1 = 5)* — g(R*(1 = 5))s, ga(s) = g(R*(1—5))(1— ), (g3)s(s) = —R*g(R*(1 —(%)1))-

Remark 3.2. For sufficiently smooth attractive-repulsive interaction kernels g, a uniform density, steady-
state sphere solution to equation ezists if and only if —oco < fooo sg(s) ds < 0. Indeed, projecting the
equation of steady-state onto the component normal to the sphere yields

) g2(s)ds (32)

O:LQg(R2(1—x-W))(1—x-W)dSy@0:/



by the F-H theorem with Il = 0. Since g > 0 near zero, for R sufficiently small the integral on the RHS of
(1B2) is positive. Similarly, since g < 0 away from the origin, for R large enough the integral on the RHS
decreases as R — oo. Thus when fooo sg(s) ds < 0 the RHS of 1s negative for all sufficiently large
radii. Therefore there exists an R which identically satisfies (32). That the projection onto the tangential
components satisfies follows in a manner similar to the derivation of the tangential components of the
ansatz. This applies regardless of the stability of the sphere, and regardless of whether the potential exhibits
confinement.

Remark 3.3. In concordence with a local notion like linear stability, all equations only involve values of the
potential V and its derivatives for values of s € [0,2R?]. In particular, once we know the radius R of the
sphere, we can assign arbitrary far-field behavior to the potential without affecting the validity or applicability
of our analysis.

3.2 Linearization of the Density

By solving the eigenvalue problem (30)), our work in the previous section allows us to construct approximate
solutions to the surface equations with fo(¢,7) = sin(n), which correspond to small perturbations of
the spherical solution. As we mentioned in §2, knowledge of the surface allows us to reconstruct the density
of particles via pgs(§,1,t)|Xe x X,[(t) = fo(&,n). Therefore, a perturbation away from a sphere naturally
induces a perturbation of the density away from uniform as well. Indeed, if we write our perturbation of the
sphere as u(x, t) = 01(£)O2(n)(Re; + e(x)e*) for x(£,n) € S? and €(x) as in equation (26), we can linearize
ps = |ii§nx(zz,\ to find the leading order corrections to the density.

To this end, define B(&,n) := ©1(£)O2(n). We can then compute |ue X u,| by using Lagrange’s identity:

|ug % un|2 = (ug - ug)(uy - up) — (ug '“n)Q'
Computing this directly, we find

|u§|2 = |B§Re1|2 + 2RBce; - (Bee(x) + Be(x)e) e 4+ O(e2)
luy|* = |B,Re1|> + 2RB,e; - (Bye(x) + Be(x),) eM + O(€?)

ug - uy = R*(B}Be)™ + O(e). (33)
Straightforward calculations yield the required derivatives of B:
sin?(n) sin(n) cos(n) 0 0 0 —sin(n)
BEBg = | sin(n) cos(n) cos?(n) 0| B'Be= 0 0 —cos(n)
0 0 1 sin(n) cos(n) 0
100 0 -1 0 0 0 —cos(n)
BiB,=10 1 0] B'B,=(1 0 0] B,B:={0 0 sin(n) |. (34)
0 0 0 0 0 0 00 0

Using the relations and and the definition of the ansatz , we obtain

Sl
|ug|? = sin®(n) {R2 + 2Re1 NS+ 2Repe (cot (1) SL + —— )} +O(e?)

sin?(n)

lug|? = R? + 2Re {c18" + c2SL, } + O(€2), (ue - uy)? = O(€2).

Therefore, |ug x u,|? = sin®(n) { R* + 4c1eMR3S! + 2c2eMR3(Ag25') } + O(€?), so that to leading order the
perturbed density pg obeys

ps = 5 {1- 2 el +1)8'60 | + 00 (35)
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Additionally, we can determine the principal correction to the radius of the surface,

creM
R

(e, 1)] = \/R? + 2612 RS! (x) + O(2) = R(1 + 25— 5'(x)) + O(). (36)

We may therefore view the modes determined by the eigenvalue problems (30]) as spheres of variable radius
R+ c1e*S!(x), with the non-uniform particle density determined from (35).

4 Eigenvalue Problem in Arbitrary Dimensions

In this section, we extend our analysis of the linearization of the surface equation and the reduction to a
scalar eigenvalue problem to an arbitrary (d — 1)-sphere. Although the notation is more cumbersome, the
argument proceeds exactly as in the three-dimensional case. Additionally, due to the tangential isotropy of
the sphere, the matriz associated to the eigenvalue problem remains 2 X 2, regardless of dimension.

In the d-dimensional setting, the analogue of becomes

1
Xy(mts a1 t) = / 951X~ X'P)(X ~ X) dSs (37)
Sd—l

X =X(n,...,n4-1,t) € RIX' = X(n},...,nl,_,,t) € RY,

so that a uniformly distributed steady-state sphere of radius R satisfies
R2
0= / g(—|x —w|?)(x — w) dSy Vx € S
Sd—l 2

We write the sphere of radius R in dimension d as Rx for x € S¢~!, and write a perturbation in the form
ox = Rx + B(x)e(x)e. The matrix B plays the role of ©1(£)O4(n) from the three dimensional calculation,
i.e. a product of rotation matrices. We define the rows b; of B(x) as follows: we take b; = x; next,

define Bj (x) = Oy, (x), where n; denote any of the coordinates on S?~!; lastly, normalize b;(x) = ‘E{ g; .

Then B!B(x) = I for all x € S?"1. As for the ansatz, put €(x) = ¢15'(x) as before, and €;41(x) =
c20y, (S(x))/|bj(x)| for 1 < j <d—1.

If we now expand to first order in € and use the fact that the sphere is a steady-state, we obtain the
continuous eigenvalue problem

et = [ {aGPI+ 0GR o v e asu+
/‘Sd_1 {gs(;|v|2)v ®V— g(;|v|2)3t(x)8(w)} e(w) dSw, (38)

where v = R(e; — B'(x)w) and v = R(e; — B*(w)x). This generalizes to any dimension. As in three
dimensions, the reduction to a scalar eigenvalue problem follows from two claims. If we let M; denote the
matrix in the first term of 7 we first claim that M; is diagonal of the form M; = diag(a,0,---,0) and
independent of x. Second, we claim that

St St
My(x,w)e(w) dS,, = (DS}, p22_1L p¥2 Tty
s by | b1

where M, denotes the matrix in the second term of (38), and D* = D% (cy, c,1) are linear in the coefficients.
Combining this with the first claim again reduces (38)) to the scalar eigenvalue problem

ye) = (ea T DY (e, e9,1)
C2 o Dzz(cl, Co, l) ’
To establish the claims, we once again have as our main tool ([32]):

11



Theorem 4.1. (Funk-Hecke Theorem in d-dimensions) Let f(s)(1 — s2)7° € LY([-1,1]). Then for any
spherical harmonic of degree | and x € S 1,

lx) = x - w)SH(w) dSy.
A1) = [ fx-w)s!(w) s

Again, the eigenvalue A = A;(f) depends only on the function f and the degree [ of the harmonic, in that

N(f) = vol(§7-2) / P =) ds,

where vol(§9~2) denotes the surface area of the d—2 sphere. Also, P, 4(s) denotes the Gegenbauer polynomial

Pl(d/2_1)(s) from [35], normalized so that P;(1) = 1. For d = 3, these coincide the Legendre polynomials,
whereas for d = 2 we have P;(cos(n)) = cos(In). Under this change of variable, for d = 2, we recover precisely
the eigenvalue problem from [I9]. We shall also need the following elementary lemma. For the proof, we
denote by w(n1,...,7m4_1) a parameterization of S?~! such that w = (cosny,sinnWw) and W(n2,...,74_1)
parametrizes S?~2. We also use Einstein notation for terms involving partial derivatives.

Lemma 1. Let f(n1,...,m4-1) € C? with (n1,...,m4—1) denoting coordinates on S~ as above. Then
On, (1, 7854 ) = Agars(f)dSu.
Proof. We induct on the dimension d. When d = 2 this reads

O fndn = As1(f)dn

so there is nothing to prove. Let us now write dSy = Sind*2(171)d5d_27 where dS?~2 depends only on

N2, .-, Nd—1- As |[wy,| =1 and |w,, | = sinn|W,,| for j > 1 we compute
ds sin?= 2, dsd—2
O | fr,—s) = O in%2 1) dS* 2+ ———=0,, [ fo, — | -
m; (fm |Wm|2) m (fm S 771) + sy M fny W, 2

in9"% Aga—2(f)dS¢—2

. d- o S
= O (fr sin? 2771) dsi=2 + —
sin® mp

by the inductive hypothesis. However, dS%2 = dS,, sin?~¢ 11 so that we obtain

ds . 2-d . d—2 1
On; (fm an2) = (sm mOn, (foy sin® 2 1) + mAsd—Q(f) dSy -
We recognize the expression in parentheses as Aga-1(f). O

Claim 1. In , My = diag(c,0,--- ,0) for some a € R.

By the orthogonality of B we recognize the vector v as a parameterization of dB(Rey, R) in R?. Thus,
the first term in amounts to multiplying e(x) by constant matrix

1 1
M= [ GG+ Gl %) S
8B(Re1,R)

Parametrize B(Re, R) by x = R(e; — w), where w = (cos(n;),sin(n;)w) and w € R~ parametrizes
S92, Then for j, k # 1 we have

M= [ gt cos(n))) e singm)? dmpdS*
0 Sd-2

R? /07T /SUF2 gs(R*(1 — cos(m))) (W - e;)(W-e) Sin(nl)d dnydS?-2

= vol(8?72)§; /1 g(R2(1—5))(1— %)= ds

-1

1
+ (/ XXk d8d2> / R?go(R*(1 —s))(1 — 52)%&9.
Sd-2 -1
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By symmetry, [¢, » x;x; dS972 = VOI((i‘idliz)éjk, so that Mfk =
d ! R? 2 2y 43
d;kvol(S 72)/ <g(R2(1 —s))+ 7 1gS(R2(1 —s))(1—s )> (1-s%)2 ds
71 -

whenever j, k # 1. Integrating the last term by parts, we arrive at
1

M{k = jk/B = (SjkVOl(Sd_Q) (/

—1

g(R*(1—s))(1 —s)(1 — 32)d23ds> (39)

for j,k > 1. Thus, the lower (d — 1) x (d — 1) block of M; takes the form diag(8,...,3), with 3 as in (39).
However, for Rx to satisfy the equation of steady-state, we require 0 = fsdfl g(R*(1—x-w))(1—x-w)dSy.
Utilizing the F-H theorem with [ = 0, this gives

0:/ g(R2(1 = s))(1 — 5)(1 — s2) =" ds, (40)

-1

so that in fact 0 = 0.
We now consider the remaining entries of M;. If we now let j = 1,k > 1 we have M{¥ = MF¥!

—_R? / ' /S a1 cos(m)))(1 — cos(m)) (3 - ex) sin() " dyd?

- R (/S X de2> /_11 gs(R2(1 = 8))(1 — s)(1 — s2) 7" ds = 0.

Thus, M; = diag(«, 0, ...,0) as claimed, where
1
o= vol(sd*"’)/ (9(R*(1—5)) + R2go(R2(1 — 8))(1 — 8)) (1 — s%) 7" ds. (41)

-1

Claim 2. In ,

Sl Sl
/ My(x, w)e(w) dSy = (DS, D221 p22 4oL,
st [bs | b1
where D¥ = D% (cy, c9,1) are linear in (cy,c2).
Let x = x(n1,...,m4-1) and w = w(ny,...,7;_,). We can then write the entries of v and v as
vl \% Oy, (x-w) V! v/ Oy (x - w)
—=1l-xw), —=—2" 2 = —(1-xW), =—=——2 ",
R R bjl(x) R R [bj[(w)
and the entries of M(x,w) := B(x)B(w) as
MU —x.w, MY = a"j;(x'w)’ MIl — aﬂjA(X'W)’ Mk — ?ﬁja%(f( ‘W) '
[bj(w)] b ()] b, (x)[[b; (w)]

We now demonstrate the claim row-by-row, and in doing so, we use Einstein summation notation. Based
on the preceding definitions,

/ My ¢; dSy, = cl/ g1(x - w)S'(w) dSy,+
Sd—1 Sd—1

Co  (go(x - W) 9 (SH(w _—
[ s w5 e (42)
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where g1 (s) = R2gs(R?(1 — 5))(1 — 8)? — g(R?(1 — s))s and g2(s) = g(R?(1 — s))(1 — s). For the first term
in 7 we use a straightforward application of the F-H theorem to obtain

c1 /d g1(x - w)SY(w) dSw = c1 \i(g1)S! (x).
Sd—1
We then integrate the second term in by parts to obtain

g2(x - W)y (6”9 (" <w>>fiSW> . (43)

MY e: dSyw = c1\(g1)SH(x) — ¢ /
27 € 1A1(91) 5 (%) — 2 b, (W)

Sd—1 Sd—1

Using the lemma with f = S'(w), (43)) simplifies to

My ej dSw = c1Xi(91)S!(x) — ¢ /S 92X W)Asinr (S'(w)) S

= (crhi(gn) + e2l(l+d — 2)\1(g2)) S (x), (44)

Sd—1

as S! is an eigenfunction with eigenvalue —I(I + d — 2) and the F-H theorem. This establishes the claim for
the first row with D (cy, co,1) = e1\i(g1) + c2l(l +d — 2) N (g2)-
Finally, we proceed to the remaining d — 1 rows. We have
Mgkﬂc dSw = Acil
i By ()] Jsa-s

o [ ot e, -

g(R2(1 = -w))(x W)y

Oy, (92(x - w))S' (w) dS.+

" S (w)

Bew )

In the first term of the RHS of , as the integral is in the 7 variables, we may pass the derivative through
the integral to obtain
C1

5 () I, (g2(x - w))S (w) dSy =

e Ni(92)0,,5' (x)
By ()] S

[b;(x)]

Integrating the second term of by parts cancels the third term, leaving

c1Ai(g2)0n, S'(x)
|b; (x)|

/ MiFe dSy, =
Sd—l

M Gl
_2 g(R*(1 =X W))(x W)y, Oy M dSw
[bj(x)[ /s [bx(w)[?
A 0, S* -
= OMIOTL) D) [ w), S ) dS
b, (x)] Ibj(x)]  Jsa-
using lemma 1 and the fact that S’ is an eigenfunction. If we once again let gs(s) = fORQ(lfs) g(z)dz , we

may pass the derivative through the integral as before to obtain

czl(l+d—2))\ , Oy, S'(x)
R? ( )> [bj(x)|

This establishes the claim in the remaining rows with D?2(cy, co,1) = c1\i(g2) + w& (g3)-

i Mgkek dSW = (Clkl(gz) +
Sd—
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In summary, the continuous, d-dimensional eigenvalue problem reduces to the 2 x 2 scalar eigenvalue

problem
()= (i o) (2) == (2) 0

where the g; remain as in the three dimensional case.

5 Linear Stability and Linear Well-Posedness

By reducing the linearized equations to a series of scalar problems, we can now readily identify the eigenvalues
wll 2 of the matrix €. This then allows us to characterize the linear stability of sphere solutions: we need
w)? <0 for all [ > 2, together with w§ < 0, w2 =0, w} < 0 and w? = 0 (rotation invariance manifests as a
zero eigenvalue when | = 0, translation invariance manifests as a zero eigenvalue for [ = 1). Therefore, the
sphere is linearly stable if tr(£2;) < 0 and det(£2;) > 0 for all I > 2. Due to the form of €;, we see det(£};) > 0
can happen only if o+ X\;(g1) and \;(g3) have the same sign. The condition tr(£2;) then forces the negativity
of both, so that we deduce the stability of mode [ occurs when

(i) a4+ )\l(gl) <0 (ii) )\1(93) <0 (47)
(i) (a+ Ni(g1)Ai(gs) > R*[Ni(g2)]”. (48)

This characterization of stability proves most useful in our analysis, and provides some additional insights.
Indeed, from the relation for the perturbed density and the perturbed radius , we see that a
perturbation for which ¢; = 0 corresponds to a perturbation of density along the sphere, and not of the
sphere itself. Condition (ii) therefore has a natural interpretation in terms of stability of the sphere with
respect to perturbations of the density away from uniform. More specifically, as (g3)s(s) = —R2g(R?*(1—s)),
the function V(s) := —g3(1 — s/R?) gives the potential that governs the pairwise interaction. We can then
consider the potential energy F(pg) of the system as a function of the density,

Blps) = [ Vighx—wllpsixips(w) Sy, (19)

and ask when pg = 1 corresponds to a minimum of . Using the F-H theorem as in we find that
this happens precisely when (ii) holds for all [ > 1. Conversely, perturbations for which ¢; = 0 have no
component tangential to the sphere. This happens when [ = 0 for instance. In this case reduces to
a+Xo(g1) < 0, which gives stability of the sphere with respect to pure dilations. Condition (i), then, enforces
stability of the sphere with respect to purely normal modes.

Having characterized stability for finite I, we now wish to investigate the behavior of the spectrum as
I — oo. The most classical question concerns the linear well-posedness of sphere solutions, i.e. when
the eigenvalues remain bounded as [ — oo. In practice, however, we primarily concern ourselves with a
stronger notion: we wish to characterize when the sphere is eventually stable, that is, when wll 2 < 0 for
all [ sufficiently large. With eventually stable potentials we find that the finite number of unstable modes
completely characterizes the ground state. We now address both issues using theorem [5.1] which furnishes
asymptotic formulae for wll 2 for sufficiently regular potentials.

To include the types of potentials that frequently occur in applications, we will assume V € C?((0, 00)),
but allow growth in V as s — 0. Specifically, we assume V,V; = o(sl;zd) as s — 0. Additionally, to
guarantee that X\;(g;) are well-defined and to satisfy the hypothesis in the F-H theorem, we must require

gi(s)(1 — 52)% € LY([-1,1]). Recalling from that
g1(s) = R?gs(R*(1 = 5))(1 = 5)” = sg(R*(1 = 5)), g2(s5) = g(R*(1 = 8))(L =), (g3)s(s) = —R*g(R*(1~s)),

d—3

we should at least require gs(R*(1—3s))(1—5)%(1—3s%)"2 , g(R*(1—3s))(1 - s2)“2° € L'. We shall actually
assume slightly more, namely that

d—3 d—3

gs(R*(1 —5))(1—s)(1—s%)= e L' g(R?(1—s))(1 —5s*) = L. (50)

Under these hypotheses, we have the following:
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Theorem 5.1. Let V € C?((0,00)) and V, Vs = o(s%) as s | 0. Assume also (50). Then we have
(i) tr() ~ a and det() ~ R21(1 +d — 2)a\(g3) = o(1) as | — .

13 e sphere solution of radius R given by 18 linearly well-posed, 1.e. such that w,”” < or a
i) The sph lution of radius R given by ([32) is linearly well-posed, i.e. IC such that w, > < C for all
1> 0.

(iii) Suppose g(s) has a generalized power series expansion
o0
g(s) =) eis™, pr<pa <. with ¢ >0, (51)
i=1

that converges sufficiently rapidly. If the following conditions hold

(1) a<0 and (2) ple(—%,mu G(2n+1,2n—|—2), (52)

n=0

then the sphere is eventually stable i.e. (ii) holds for C' = 0.

Remark 5.2. The condition a < O enforces stability with respect to high-mode normal perturbations. Indeed,
when o > 0 then all sufficiently high modes have a positive eigenvalue uniformly bounded away from zero, and
the corresponding eigenfunction tends to a purely normal perturbation. Additionally, while the generalized
power series covers many potentials that occur in practice, such as the Morse potential, Gaussian
potentials and power-law potentials, the conclusion of part (4ii) holds for other classes of potentials without
such an expansion. For instance, if the interaction kernel grows sufficiently rapidly near the origin while
remaining smooth otherwise, part (iii) still holds. We conjecture (iii) still holds even if an expansion
only holds locally near zero, such as with the interaction .

Proof. To show (i), we need to estimate rate of decay of \;(g;). We recall that

d—3

1
N(g) = C(d) / 0i(3)PLals)(1 — )T ds,

-1

where the constant C'(d) depends only on the dimension of space, d, and that the polynomial P, 4(s) satisfies
the Gegenbauer equation
(1 =8Py = (d=1)sP 4 +1(l+d—2)P g =0 (53)
-3

d=3

together with the normalization P, 4(1) = 1. From these definitions, we have that f(s)(1 — s?)2 €
LY([—1,1]) guarantees \;(f) = o(1) (c.f. [14]).

Consider first A\;(g1). The assumptions in then suffice to have g;(s)(1 — 52)% € L', so that
Ai(g1) = o(1). Proceeding now to A\;(g2), we have,

l(l+d—2)>\l(92):/ gz(s)(l—sz)%l(l—kd—?)ﬂ(s) ds =

-1

1

- / ()1 = )T Py ds+ (d=1) / SPL(s)(1 = )T () ds

as P, g satisfies the Gegenbauer equation . We integrate by parts in the first term, where the boundary
terms vanish due to the growth assumption on g = —V;. The identity (s* — 1)F ; =l [sPra(s) — Pi—1,a(s)]
(equation (4.7.27) in [35]) then yields

1 d—1
10+ d =200 = [ (9261 = )T Py(o) ds

-1

1
- / (92):(5)(1 — )% [Py a(s) — sPa(s)] ds.

-1
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As (g2)s(s) = —R?gs(R%*(1—5))(1—5) —g(R?*(1—s)), once again suffices to have (I+d—2)\;(g2) = o(1),
so that \;(g2) = o(I71). Similarly, for \;(g3) we compute

10+ d - 2)M\(gs) = [1 g5(5)(1 = 2) 711 + d — 2) Pya(s) ds

1
d—

1
— [ w0 T R s (@ 1) [ sP(s)(0 - ) T a(s) s
—1 -1
We integrate by parts twice, where the boundary terms vanish as before, and use that (g3)s(s) = —R%2g(R*(1—
s)) to discover
1 td 2 2y 41
el d=2nm) = [ L {om0-9)0 -5 R ds

Expanding the right hand side,

%ﬂﬂ+d72nm%):f/;{R%AR%If@XIfﬁ)+

(d—1)sg(R*(1—s))} (1= s%) % Pa(s) ds.

Again allows us to conclude that the first and second terms vanish as I — oco. Therefore, A;(g3) = o(I72).

As Ni(g1) = o(1), Migs) = o(I2) and tr() = a + Ni(g1) + 1L +d — 2)N\i(g3) R™2 from (46)), we have
tr(£;) — a. As for det(€);), we have % = aXi(gs)+Mi(g3)Mi(g1) — [Mi(g2)]? . To discover the principal
term, we note first that A\;(g3)A;(g1) clearly vanishes faster than a);(gs). Returning to A;(gs), we integrate
by parts once and again use the identity (s* — 1)/ ; =1 [sPa(s) — Pi—1,4(s)] to find

1

(1+d—2)\i(gs) = / O(R(1 = 9)(1 = )% [sPLals) ~ Pioya(s) ds.

As g2(s) = g(R?(1 — 5))(1 — s), this reads
(I+d=2)Ni(gs) = —Ni(g2) — Ni—1(g2)+

/ G(R2(1— $))(1 - )7 [Pra(s) — sP_ya(s)] ds.

-1

In particular, \;(gs) decays no faster than A\;(g2)/(I + d — 2). Since A(g2) = o(I™1), [Mi(g2)]? decays faster.
In other words,
det(Ql)

Rl +d—2)

This concludes the proof of (i) and (ii). To show (iii), note that (g3)s(s) = —R?g(R?*(1 — s)). By lemma
shown below, we then obtain

= a);(gs) + higher order terms. (54)

Ai(g3) ~ C(p1,d, R)%F(Q 4+ p ) Crtdl) 5y o

where C' denotes a positive constant. Thus A\;(g3) < 0 for sufficiently large [ as long as p; satisfies . In
conjunction with a < 0 and (54)), it then immediately follows tr(€};) < 0 and det(£2;) > 0 for all  sufficiently
large, so the sphere is eventually stable. This concludes the proof. O

Finally, we provide the lemma which was key in deriving part (iii) of Theorem [5.1} it will also prove
useful in §6] for constructing potentials with specified instabilities.

Lemma 5.3. Let p + % > 0. Then we have

(S 1) sin(mp)L(p + GH)0(p + DI (5H)C(L — p)
al(l+p+d—1) ’

l
M((1 = 8)7) = =202 2
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optd—2 d—1

2

vol( ST sin(mp)T(p + L= YT (p + 1)

N((1=5)7) ~ - -

)l—2p—d+1
as | — oo.

Proof. Using the expression of Gegenbauer polynomials in terms of hypergeometric functions [35], we may
write

N —=s)p) [ p(d—3)/2 (d—3)/2 d—11-s
VOl(Sdil) = /_1(1_5) (1+5> oy | =l +d—2; 5 9 ds

1
= 2P+d—2/ tPHA=3)/2(1 _ 4)(d=3)/2 , (—l, I+d—2; dgl;t> dt
0

after the change of variables t = 15%. The generalized Euler transform for hypergeometric functions [33]
then gives 7’\;0(1(({9_(18_)5)) =
d—1 d-1 d-—1 d-1
oP+A=2B(p 4 — ) sk (—l,l+d— 2p+ —5—i 5 ptd- 1;1) .

Using Saalschiitz’s theorem [5] to evaluate the hypergeometric term, we obtain

d-—1d-1, T(I-pT(p+d-1)
2 7 2 'I'(-p(l+p+d-1)

A((1 = 5)) _ op+d—2p

vol(§71) v+

Using the identity I'(1 — 2)I'(z) = w/sin(7z) and expanding the beta function, we arrive at the stated
expression,

7T7>\l((1 —s)’) = 2P d=2gin(mp)T(p + E)F(p + l)F(d —1 Ll-p)

vol(S4-1) 2 2 )F(l—l—p—i-d— 1) (55)

For the asymptotics as | — oo, we note that Stirling’s approximation gives I'(l — p)/T'(l + p+d — 1) ~
l—2p—d+1' O

6 Numerical Examples

In this section, we provide numerical examples to illustrate how the different types of instability manifest
as different qualitative behaviors of the ground states. We compute steady-state solutions to for several
different interactions g using a fourth-order Adams-Bashforth scheme, with the number of particles N = 1000.
We take random initial conditions in all cases, and simulate until the /o, norm of falls below .001/N.

We begin by considering a generalized Lennard-Jones interaction, g(s) = s™ — s~ % for 0 < p,q < 1. To
ensure a physically realistic potential consisting of short-range repulsion and far-field attraction, we must
demand p > gq. We then find, by (ii), that A\;(g3) < 0 for all but finitely many ! with no further
restriction. The sign of a, then, completely determines the high-mode behavior. Direct computation shows
that (2R?)P~9 = g_;g, so that the condition g < §§ :é determines when a < 0, and thus the eventual stability
of the sphere. To illustrate both cases, we first select (p,q) = (3, ¢) so that o < 0. By repeatedly using
lemma we additionally verify that for all [ the stability conditions hold. We therefore expect to
accurately describe the solution as a sphere of radius R = 27/ 2(15)%. Figure [2| (a) shows the resulting
particle simulation. We next select (p,q) = (1/2,1/4), so that a > 0 and we no longer expect the solution
to concentrate on a co-dimension one manifold. As figure 2| (b) indicates, the solution instead fills a ball
surrounding the origin; the color of a particle indicates its distance to the origin.

A more interesting picture begins to emerge when the sphere destabilizes yet remains eventually stable.
As our examples will illustrate, the low mode instabilities fully describe the ground state. Due to the
intricate steady-states it produces, cf. figure (1]}, we illustrate this phenomenon with the interaction g(s) =
tanh(a(1—+/2s))+b

V2s

(a,b) = (7,—.9). These parameters result in a mode | = 3 instability. We then compute the eigenvector

(c1,¢2) of Q3, and use the result to construct the resulting surface from equation and its corresponding

introduced in [19]. The top of figure (a) depicts a computed steady-state of with
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Figure 2: Equilibrium state of with N = 1000 particles and g given by the generalized Lennard-Jones
interaction g(s) = s —s79. (a) (p,q) = (1/3,1/6). Particles concentrate uniformly on a surface of the
sphere, with no particles in the interior. (b) (p,q) = (1/2,1/4). Particles fill the interior of a ball. The
color-coding indicates the distance of a particle to their common center of mass.

density from equation , shown in the bottom of figure (a). This suggests that the linearized density
echoes the overall shape of the full nonlinear problem in the vicinity of the bifurcation point. We perform the
same computation for the parameter values (a,b) = (9,0), which yields a mode [ = 4 instability, as shown
in figure b). Our theory and the experiments have excellent agreement.

The observation that particles align themselves with low-mode instabilities furnishes us with an avenue
to construct potentials with intricate ground-states. Indeed, if we design an eventually stable interaction
g(s) with a single unstable mode, the resulting steady-state should resemble a spherical harmonic of that
degree. To illustrate this procedure, we give an explicit construction of an interaction with a pure mode 5
instability.

First, we destabilize mode 5. We accomplish this by enforcing As(g3) > 0, which suffices due to the
characterization (48). Using the identity

D e L. 1) (56)
l=ninz,.. 2 % (B =D +n+ 1!

we can take gs3(s) = % +p4(s), where p,,(s) denotes a polynomial of degree no more than m. Next, we choose
p3(s) to stabilize modes [ < 4. As A\;(ps) = 0 whenever | > 4, this choice does not affect the instability of
mode 5. Indeed, taking p3 = —3s% — 45 we obtain R?g(R*(1 — s)) = 3s® + 453 — s, where from we see
R = 1. This yields an interaction g(s) = 3(1 —s)? +4(1 —5)% — (1 — 5)* with a pure mode 5 instability, while
all modes [ > 6 contain exactly one zero eigenvalue. Lastly, we stabilize the remaining modes by adding a
negative definite perturbation, g(s) = g(s) + ef(s) for f(s) = % Using lemma [5.3| we find that

42 + 41 -2
813+ 1212 —21 —3°

2%+3/2 Ai(f3)

25/2
8B I122—21 -3 BA(f2) = =, -

, Raf = —, R/\l(fl) = —23/2

RN (f3) = 3

Therefore, for € > 0 sufficiently small, g has mode 5 unstable with all other modes stable. Figure c) shows
the resulting ground-state and spherical harmonic.

7 Conclusion and Future Work

In this paper, we addressed the fundamental question of understanding how the structure of particle poten-
tials predict the types of patterns that can emerge. The potentials we focus on exhibit spherical geometry
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Figure 3: Top row: The result of the simulation of the gradient flow with NV = 1000 particles for three
different force laws. Bottom row: linearized solution corresponding to the instability mode as computed from
(130). (a) Top: force law with (a,b) = (7,—.9). Bottom: Perturbation of a sphere using the spherical
harmonic of mode [ = 3,m = 2. (b) Top: Same as (a) but with (a,b) = (9,0). Bottom: Perturbation of
a sphere using the spherical harmonic of mode [ = 4,m = 0. (c) Top: g(s) = 3(1 — s)? +4(1 — 5)® — (1 —
5)* + es71/2 with ¢ = 273/2. Sphere perturbed by a linear combination of the modes | = 5,m = 5 and
Il =5,m = 0. The figures are color-coded according to the distance from the origin.

but solutions may form into both co-dimension one and co-dimension zero patterns. We analyzed this be-
havior by considering the linear stability of uniform sphere solutions to the equations governing a continuum
of pairwise interacting particles on a surface. We reduced the d-dimensional eigenvalue problem into a de-
coupled series of 2 x 2 scalar problem involving a single spherical harmonic. This reduction allowed us to
formulate stability and linear well-posedness conditions that have natural physical interpretations. These
conditions provide us with a means to predict the co-dimension and the types of symmetries that will emerge
in the resulting patterns. Using this predictive ability, we explicitly constructed a potential to yield a desired
particle distribution, thereby addressing a particular case of the inverse statistical mechanics problem for
self-assembly. In a subsequent paper, we extend this construction to arbitrary instabilities. Also, we note
that our theory currently allows us to predict only the degree of a spherical harmonic that appears in the
ground state. In dimensions d > 3, it remains an open issue to determine which spherical harmonic of a
particular degree will arise. We plan to address this in future work.
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