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We investigate the electrostatic equilibria of N discrete charges of size 1/N on a
two dimensional conductor (domain). We study the distribution of the charges
on symmetric domains including the ellipse, the hypotrochoid and various reg-
ular polygons, with an emphasis on understanding the distributions of the
charges, as the shape of the underlying conductor becomes singular. We find
that there are two regimes of behavior, a symmetric regime for smooth con-
ductors, and a symmetry broken regime for “singular” domains. For smooth
conductors, the locations of the charges can be determined, to within
0(/log N/N?) by an integral equation due to Pommerenke [Math. Ann., 179:
212-218, (1969)]. We present a derivation of a related (but different) integral
equation, which has the same solutions. We also solve the equation to obtain
(asymptotic) solutions which show universal behavior in the distribution of the
charges in conductors with somewhat smooth cusps. Conductors with sharp
cusps and singularities show qualitatively different behavior, where the sym-
metry of the problem is broken, and the distribution of the discrete charges
does not respect the symmetry of the underlying domain. We investigate the
symmetry breaking both theoretically, and numerically, and find good agree-
ment between our theory and the numerics. We also find that the universality
in the distribution of the charges near the cusps persists in the symmetry bro-
ken regime, although this distribution is very different from the one given by
the integral equation.

KEY WORDS: Fckete points; singular domains; symmetry breaking; electro-
static equilibrium.
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1. INTRODUCTION

The placement of charges on a conductor is a classical problem in both
physics and mathematics. In physics the history of the problem goes back
to the work of J.J. Thomson.®>7-9) The placement of charges on a line
was investigated by Stieltjes®? in the late 19th century. Fekete!? recog-
nized the connection between the placement of charges on a 2 dimensional
domain, and questions involving polynomial functions of a complex var-
iable. This problem was also investigated by Frostman,1¥ for its connec-
tions to Potential theory. In general, the problem is to place N charges of
strength 1/N on a surface so that the energy is minimized. In this place-
ment the force component parallel to the surface for each charge vanishes.

This problem has quite a different nature depending upon the dimen-
sion of the system. In three dimensional space, one uses an inverse square
force law. The placement upon any surface, even one as simple as the sur-
face of a sphere is quite complex. The discrete charges form an approxi-
mation of a lattice with many defects.('1:7-6-8) The solution might properly
be described as being chaotic.

In contrast, in two dimensions, one finds smoother behavior. The
problem is one of placement of lines of charge on the curve which bounds
a two- dimensional conductor. Forces between the charges are given by an
inverse first power of the distance.

The analogous continuum problem has a very good general formu-
lation via the Riemann mapping theorem. To calculate the distribution
of continuum charges on the exterior of a simply connected region in
the plane, construct the unique function F(w) that takes the exterior of
the unit circle into the exterior of the region, and has the property that
F(w)—> w as w — oo. Then the density of charges at the point z =
F(w)=F(¢'?) on the surface of the conductor is given by

p©O)=|wF (w)|™! (1)

This result provides the basis for all subsequent work on discrete charges.
More recent work?*2» has looked at the placement of discrete
charges in terms of the placement of points on the circle at

wj= eZﬂi@j (2)

The 6;’s are real. According to a set of important recent theorems,??

for sufficiently smooth curves C, we can determine the charge placement
for all large enough values of N in terms of a smooth periodic function,
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¥ (0)2, by writing

27 1 27j
0i~0)+ ——+ — Op+— ) — (6 3
; 0+N+N[¢<0+N) 1//(0)} (3)
With appropriate choice of 6y, expression 3 gives the placement of charges
with error of order \/log(N)/N?®% for all extrema of the energy

1
EN(0D==735 D% IlF(w)) = F(wp)] )
J#k
Here we represent the usual logarithmic potential for line-charges by tak-
ing the real part of the complex logarithm function.

1.1. New Empirical Results

We calculate the actual position of charges on two different kinds of
shapes: ellipses and hypotrochoids. These two kinds of shapes are defined
as the image of the unit circle under maps of the form

Fw)=w—— (5)

wr

Here r =1 for ellipses and r =2 for hypotrochoids. The parameter ¢ con-
trols how different these figures are from the circle.

Results of these mappings are shown in figures 1,2. These figures also
include the positions of the charges placed upon these conductors. As one
might expect from equation 1, the charge densities are highest in the high
curvature areas of the bounding curves. However, the figures also contain
some surprises. In both cases, there is a symmetry breaking in the more
pointed figures. In this breaking, the left-right symmetry is broken at each
pointy region, and the overall parity symmetry of the figure is lost. We
shall explore this symmetry-breaking in more detail below.

To understand these charge placements, look at the energies they gen-
erate. When the sizes of the figures are properly adjusted the continuum
correlation energy is zero. The next term in the energy is the self-energy:

N InN

E; ="oN (6)

2This functional is conventionally denoted by ®. We however reserve ® for the electrostatic
potential.
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Fig. 1. Placement of 16 charges on two different ellipses, c =0.2 and ¢=0.7 respectively.
Notice the breaking of the parity symmetry in part b. The ellipse degenerates to a line
when c=1.

This term is independent of charge placement. The remaining energy is a
correlation energy, and has a power-law behavior in N for large N:

EN~N~* (7

Here the exponent s is known to be two for smooth curves. In figure 3
we plot the correlation energy versus N for three different hypotrochoids.
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Fig. 2. Placement of 18 charges on three different hypotrochoids, corresponding to ¢=0.2,
¢=0.45 and ¢=0.5 respectively. Notice the breaking of the parity symmetry in part b and c.
The hypotrochoid is smooth for 0 < ¢ < 1/2 but gains three pointed cusps at c=1/2.

In the first case, we can clearly see that s =2. For the singular figure, cor-
responding to figure 2¢, the log-log plot exhibits a slope of 1.5. In the
intermediate case, corresponding to the blunted points of figure 2b, there
is a crossover from s =1.5 for smaller N to s=2 for larger N.

1.2. Connection to Modern Work in Dynamical Systems Theory

Note the close connection between equation 3 and the expression giv-
ing the positions of points in long cycles and quasi-periodic orbits of
KAMO®) theory. KAM theory provides an expansion about continuum
motion, in which the positioning of points in a cycle closely follows that
of the corresponding continuum orbit. In this Coulomb system too, a near
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Fig. 3. Plot of correlation energy versus N. The three curves shown correspond to the
three hypotrochoids shown in figure 2.
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continuum result gives a charge density which is only a little different from
the one in the continuum case. As in KAM theory, equation 3 describes
a near-continuum result by giving a function, here v, which describes the
deviation from and permits a smooth passage to the continuum limit in
which N goes to infinity.

In KAM theory, the cycles closely follow a continuum orbit. So the
continuum theory predicts the curve on which the points will occur; but
it does not give the positioning of the points in the orbit. A more subtle
calculation is required to find that. Here the analogous fact is that the ini-
tial angle 6y of equation 3 is not determined by any continuum theory. In
fact, one does not know a first principles method of finding 6.

Dynamical systems theory is much concerned with bifurcations, i.e.,
situations in which a qualitative change in behavior occurs. In the Coulomb
problem there is a bifurcation from the single symmetric to multiple solu-
tions and symmetry breaking behavior. In dynamical systems theory when
a parameter is varied, bifurcations can occur for longer and longer orbits
producing an interesting kind of critical behavior.17-2%-2D) Here the analo-
gous situation arises when the bounding curve develops cusps as the param-
eter ¢ is varied, and close to this cusp formation, the Coulomb system
exhibits a symmetry breaking bifurcation. This behavior produces interest-
ing anomalies including the cross-over in the N-dependence of the energy.

1.3. Paper Outline

Section 2 of this paper deals with the equations for the placement of
charges on the circle and on the circle mapping onto "real space". The
uniform placement on the circle gives a correlation energy which goes
exponentially to zero for large-N.We derive an integral equation which
describes the “continuum” behavior of the deviation of the charges from
the uniform placement on the circle. This is related to, but different from,
the equation formulated by Pommerenke.??) Our derivation gives a phys-
ical interpretation of the equation as being related to the distortions of
fields produced by the discrete charges’ self-energy effects.

Section 3 follows the analysis of the integral equation in Fourier
space. Here the first quantity of interest is the structure function s, which
is the Fourier transform of the charge distribution. The equation is solved
in the large N-limit for both the ellipse (an old result ?®) and the hypot-
rochoid-a new result. The solution, involving an elliptic function, is for-
mally very similar in the two cases. We also compare the solutions we
obtain with numerical observations, and we find that the Integral equa-
tion is not applicable for “singular” shapes, and in the symmetry broken
regime.



1308 Kleine Berkenbusch et al.

In Sec. 4, we present new results for the singular limit of the Cou-
lomb problem. We investigate the energy and the charge placement in the
symmetry broken regime, i.e., for ellipses with ¢~ 1, hypotrochoids with
cr % We also study “singular” curves with cusps and corners, viz. the line
segment, the hypotrochoid with c=% and various regular polygons. We
present scaling arguments for the dependence of the energy on N in the
singular limit, and use this to obtain scaling laws for the symmetry-break-

ing transition. We also compare these results with numerical simulations.

2. REAL SPACE ANALYSIS
2.1. On the Circle

We describe our electrostatics problem by using complex variables.
Thus a charge of size 1/N placed at the point (x;, y;) will generate the
complex potential at the point (x, y) via the formula

1
D(z) =—Nln(z—zl,')

where In is the complex logarithm and z is x +iy. If there are N such
charges

1 N
P@)=—+) Inz-z)) ®)

j=1

When the N charges are uniformly distributed on a circle of radius one,
then the potential is

N
1 i
_ _ /N
d(z) = N E 1ln(z 2Ny
=

1
= —NIH(ZN—I) )

Note the elegance of the result of equation (9). In the limit of large
N, inside the unit circle zV is very small, and the potential is well approx-
imated by ® =(—mxi)/N. Outside, we find ® =—Inz which is the contin-
uum result. To get the potential seen by the charge at z=1, we have to
subtract away the charge potential it produces and use

1 z—1
dV()=—1 10
@=yhF— (10)
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Equation (10) describes the potential upon our charge as the potential
produced by the charges on the circle less the potential generated by our
charge itself. In the neighborhood of z=1, we can evaluate this potential
as
InN N-1 (N —1)(N —5) 5
()=—— - — (- ——— (-1
() N N (z—=1) AN (z—D "+

The total energy of this set of charges is obtained as one half this
potential (at z=1) times the charge summed over all charges. The result
is

log N

Ey=—
N 2N

=E; (11)

We previously described this term as a self-energy. More precisely the
energy of our charges is the energy generated by a continuous circle of
charge, namely zero, minus the energy needed to put together the “miss-
ing” portions of the circle. Those portions are the lines of charge counted
as not present in expressions like equation (10). These are lines of charge
of length 27 /N not generating potential in the gap around our charge
itself. The energy of one such gap is (log N)/2N2. Subtracting away N
such energies gives expression (11).

2.2. Uniform Spacing on the Circle

This polynomial method is elegant but it is difficult to generalize to
other curves beyond the circle. A method less elegant but more susceptible
to
generalization is to evaluate the potential via the contour integral:

d 1
<1>0(z)=—/ 5 Y - log(z—) (12)
7le y

Here the contour, C, encircles all the poles of 1/(yN —1) except the pole
at y=1 (See Figure 4). By summing the contributions from the various
poles we find the result of equation (9) once more.

An alternative mode of evaluation is to deform the contour to include
the poles at zero and one and the branch line which runs from z to infin-
ity. The result is then

log(z—l) /OO ds
d'(z)=1 13
(2)=logz+ N N s c—l (13)

which works out to the result (9) once more.
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Fig. 4. Contour for calculating the potential generated by N — 1 charges on the circle.

The next step is to generalize the calculation to include the possibility
of a curve other than the unit circle. Let F(w) be the function which con-
formally maps the exterior of the unit circle into the exterior of a curve
C. We shall place our charges on the curve C, but give them the place-
ment which is appropriate for the mapping of charges uniformly spaced
on the unit circle. Now consider once more the effect of N —1 charges on
C. Instead of the integral (12), the potential on a given charge is set by
the more general object

dw wN
Oy (e = [ S log(— F(w) (14)

Here v is on the unit circle and the contour, C, encircles the points
wj=ve?™IN for j=1,2,...,N—1. (15)

in the positive sense (See figure 5.) The real part of ®y(z, v) is the poten-
tial at the space point z, produced by the specified set of charges. Note
that this potential does not take into account the redistribution of charges
required to produce an equilibrium distribution.

The calculation follows much the same lines as the previous one, but
the details of the calculation are a bit different because the integrand is
different. As we move the contour we get four different contributions to
the result (14) (See Figure 6). The first contribution comes from the encir-
cling of all the branch lines of the logarithm. The number of the branch
lines that connect the preimages of z to 0 depends on the map. The next
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Fig. 5. The contour for equation (14). The main difference from the previous figure is that
there are some branch lines within the unit circle. This figure is drawn with v=1.

contribution comes from encircling the pole at w=wv. This gives a contri-
bution from the “missing” charge, which is

% log[z — F(v)]

Next comes a contribution from circling the branch line which goes to the
point at infinity. Because that encirclement contribution has a logarithmic
divergence, we do not carry it out all the way to infinity, but instead cut
it off at some large but finite length L>>1. Then we also need a contribu-
tion from a circle at infinity. All this is illustrated in figure 6. The branch

X poles

Fig. 6. The contour for equation (14) after deformation.
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line contribution is
N
/‘L dw wV 1 /L du u
Fig w wh—oN N Jipgpy ow u—oN
1 N _

o L vV
N g [F—I(Z)]N Y

1
~ logL — v log[[F~ @)Y —v™]
Finally, the large circle gives just
—logL

since for large w, F(w) is approximately w. When we add up all these
terms we see that

¢N(z,v>=%log(z—F<v>)—% Y logw® —vM) (16)
ueF=1{z)

Equation (16) is a most interesting result. For z inside the curve C,
the potential is

—log(—v) + % log[z — F(v)]

The first term is an imaginary constant describing how we placed the
branch line. The second is a contribution of the “missing” charge. For z
outside the the curve C the potential is

~log [F~ @]+ 1 loglz — F(w)]

The first term defines the potential in the limit in which N goes to infinity.
This is the familiar but deep statement that the inverse of the mapping is
proportional to the exponential of the complex potential. The second term
is once more the missing charge.

Finally, we can look at the case in which the potential is evaluated at
the unrelaxed position of the Nth charge, i.e. z= F(v). We then have:

dy(F),v)= lim ®y(zv)= lim Lo = FQ)
v),v)= z,v)= —
N 7= F(v) N —>F@) N g l_[ueF—l{z}(uN —oN)
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Clearly, it is ve F~1{F(v)}, so all but one part of the limit can be trivially

evaluated. The one piece in which u=v can be done by I"'Hospital’s rule.
It then follows that:

@N(F(v),v)z%log[ Fo) }—% > logN =Yy (17)

NUN*I
ue F~1{F ()}, u#v

Now we can write down the total energy of the system. Since
1N
Ey= N Z} DN (F(vj),v))
j=

we have

logN 1 F'(vj)
Eny =— N +—2N2;10g|:v§v_1

N
—#Z Z log(u™ —v™)

J=lueF~1{F(v)},usv

In general, it is difficult to find all such u’s and perform the sum.
However, in the case of the ellipse given by F(z)=z+ £, this expression
nicely simplifies.

2.3. Ellipse Energy — Uniform Spacing

To begin, let us evaluate the first sum in the above expression for the
uniform spacing of charges, i.e. put v; =¢;, where ¢;’s are the N roots
of unity.

‘We have,

1 N , 1 N c
N2 j;lOg@jF €)= gys e | (;j -5

It follows that

f1(6-5)-c0 1 (0-5)

j=1 j=1
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We notice that since the roots of unity form the cyclic group of order
N, and taking N to be odd, 2 always has a multiplicative inverse in Zy,
and the group is invariant under squaring the roots of unity.

Therefore, for odd N,

(—1>Nf[1<1—§> = —lﬁl(l—f)?lﬂl(l—cm_j)

J

It follows
- / 1 N
IN2 ;log@jlj({j))zmlog(l—c )

If N is even, then 2xZy =Zy > so that

NN ¢ u <\’ N/2\2
—DMT] 1—2 = 1 <1—;> =(1—cN?

j=1 J j=2.4.6... J

and therefore
. ; F' _ | N/2
IN2 jz;log(é“j t92)] N2 log(1—c"/)

Please note that the evaluation of this sum can be readily generalized
to the family of curves given by F(z) =z + Z(P‘—_l) where p is prime. Then

F(2)=z— (g;}3>c’ and of course, as before, if N #0 mod p, raising the

N roots of unity to the p'" power simply reshuffles them so that

. ) 1
N glozg(ij (€)= 535 log(l = (P — Do)

In the case that N =0 mod p,

N . N _ p
]‘[(1_(" ,,”C>= I (1—(”{&) == ((p= D)1

j=1 & j=p.2p.3p... /
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and we conclude that
1 N , p N
N ;bg(;,p () =57 log(l = ((p=D)e) 7).

Now we just need to evaluate the second sum for the ellipse and
we will have the exact energy expression for a uniform arrangement of
charges. To this end we need to obtain the u’s which satisfy the equation
F(¢;)=F(u) or uz—uF(g‘j)+c=O. It is clear that u =¢; satisfies the equa-
tion, and from this it follows that, since the product of the two roots of
the above quadratic is ¢, the other u must be CC_,

We now have: '

N

1 Z Z N N 1 N

2—1\72' log(u — v )=ﬁlog(l—c )
J=lueF~1{F(v)},u#v

since ¢V = 1.

Finally, for odd N,

logN 1 1
EN:— g ——IOg(I—CN)—f-WlOg(l—CN)

N 2N

while for even N, we have:

logN 1 1
Ey=— OIgV —ﬁlog(l—cN)—i-mlog(l—c%)

The remaining material in this chapter should be considered to be
more heuristic in content.

2.4. Heuristic Discussion of Energies

We have just completed a careful analysis of the self-energy in the
case in which the charges are uniformly distributed on the unit circle. Now
we extend this discussion to include the effects of a non-constant charge
density on the circle. In fact, if we define the charge density to be the
smooth function of j defined so that

J d]
0, -0 =/ 'l (18)
J K « ij
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If p; is independent of j we know that equation (11) gives an essentially
exact answer for the large-N case.

Our result for contributions of the self-energy to the potential for a
single particle is given by equation (17), which can be written in terms of
the spacing between particles on the curve C which is given by a spacing
factor on the circle times the conversion factor from circle it curve 1/F’.
Thus the spacing is

_ F')]
§= INrp (19)

If we take our original expression for the self-energy contribution to the
potential, and then say that this contribution to the real potential depends
only on the actual spacing we find a potential contribution

1 [IF )
0, = log | 5o | 0)

Just as before, we calculate a contribution to the total energy by taking
half the potential multiplied by the charge density and adding. We find

I &, [IF @)
Es=—Y log| —2% 21
2Nj2_; Og|:2Nrrpj:| @D

This energy is the continuum value (zero) plus a contribution from
the replacement of the line of charge distributions immediately surround-
ing a given charge (which is included in the continuum energy), by the self
energy of the point charge which replaces it, and is not included in the
energetic calculation. This is the charge in question 1/N times the separa-
tion of the charges on the line, log1/N. One can also write this energy as
an integral over the circle of the form

|F'(v)]

1 2w

Here v is !’ and p(6) is the same as p;. This form of the energy is con-
venient for variational calculations.

Note the factor of one half in front of equation (22). It will be impor-
tant in what follows.
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The same discussion can be easily extended to the calculation of the
interaction energy. Because of the logarithmic potential the result is

1 21 2 . )
Eeorr =3 /0 do p() /0 di p(w) RloglF (@) — Fe™)]  (23)

2.5. Variational Calculation

To construct a variational principle, we take the two energies of equa-
tions (22) and (23) add to them a Lagrange multiplier term of the form

2
—/0 do p(6)go

designed to ensure that the total change is constrained to be unity. One
then sets the resulting variation with respect to p to zero and finds

|F'(e")]

2w ) . 1
_ S i0 in
bo _/0 du p(pn) Nlog[F (') — F(e'M)]+ N log [—ZN o ©)

] 24)

The e in the last term appears as a result of varying the density inside the
logarithm. Note once more the factor 1/2 in front of the last term. This
equation is as far as we can tell, new.
Equation (24) looks like the statement that the electrical potential on
a conductor is constant. However, that is not quite the right interpreta-
tion. To the requisite order (1/N) the right hand side of equation (24) is
not the electrical potential. The electric potential is the somewhat similar
expression in which the symbols ¢ and 1/2 just mentioned are replaced by
unity, i.e.,
2 ) ) 1 |F/(ei9)|
_ iy _ in o
$(0) = /0 du p(x) MloglF () — F(e")] 4 log [—ZNM(Q)]

This actual potential, in contrast to ¢, varies in space.

In equation (24) the potential ¢y can be evaluated by integrating the
equation over all values of 6. The very same arguments which we used in
section 2.2 to perform the integration over charges uniformly distributed
on the circle can be used to simplify the expression for ¢y. We find

2 1 |F/(e[(9)|
drdo=| db —log| L
70 fo N Og[ZNﬂep(@)]
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We are looking for the lowest order terms which are of order 1/N. Hence
we can set p(f) to its lowest order value 1/(27). We can also evaluate the
integral over log F’ by taking the contour to infinity. In the end we find

2 1 1
2 = do —1 —
b0 /0 2N Og|:Ne }

so that, to order 1/N equation (24) becomes

2
0= /0 du p(1) mlog[F(e”)—F(ei“>]+§log|F’<e"9)| (25)

which is our desired final result.

This equation is related to the integral equation for the charge distri-
bution in ref. 27. While our equation is a statement of the constancy of
an appropriate potential on the surface of the conductor, the equation in
Ref. @) is a statement that the tangential component of the electric field
is zero at each charge location, in an equilibrium configuration.

3. FOURIER SPACE ANALYSIS

We will analyze the integral equation (25) using Fourier analysis tech-
niques. We define the Fourier coefficients of the continuum density p by

2 -
pk=/0 p(u)e" du

Following Pommerenke,®® we also define

N
5=,
i=1

where w; is the location of the ith charge in the minimum energy configu-
ration. The s; encode information about the locations of the charges. For
k< N, the s; reflect the smooth, large scale behavior of the distribution of
the charges. Thus, they should correspond to the p; by

2
sk~ Npk =Nf p(we™dp.
0
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For larger k, in particular for k ~ N, the discreteness of the charges
becomes important, and s; will in general be very different from px.

We now rewrite the integral equation (25) in terms of these defini-
tions. From (25) we obtain

2 N ;
[ P [log[e"e —¢"]+log [Mﬂ d
0 el _ ezu

1 A
=55 log[F'(¢%)]
Substituting p (1) = . 3 Dk Pke —iki we obtain

Pk _ Ck
—+ =,
3 Xl:aklpl N

where, following Pommerenke,*® we have defined the matrix a;; and the
vector ¢; by

log<F(w)—F(§)) Zzaklw_ks_l,

k=1I=

j—1 ,
and ¢j=—) 1, a j—k, so that

]

log F/(w)=— chw_k.
k=1

Solving this system of linear equations will yield the continuum density p.
Note that the above system is only meaningful for k=1,2,3,.... We know
that the total charge is 1, and this fixes pg=1. We can also obtain infor-
mation on the locations of the charges form the correspondence between
pr and si. For large N, using the correspondence s; &~ Npi, we get

Sk _ Ck
" +Zl:akISZ= > (26)

which is the same as the equation in Lemma 2 of ref. 28. We will hence-
forth refer to this as the Pommerenke equation. Note that our analysis
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yields the (unexpected) conclusion that the equations determining the sy
have no dependence on N, the total number of charges.

We can calculate ai; and ¢ for the ellipse and the hypotrochoid using
the explicit forms of F. In order to keep the formulae simple, and avoid
the appearance of complex roots of unity, we will use the forms

FE)=(+—
—t+ £

Therefore, the ¢ in this section is the same as the ¢ in the previous section,
if we set & =¢™/2w for the ellipse, and £ =¢!"w for the hypotrochoid. We
thus need to shift the results with our choice of mapping function by /2
and 7 respectively to compare with the mapping functions in Sec. 2.

A calculation for the ellipse yields
k

c
=—3 27
Al = Ol 27)

and

Ck:{ 0 k odd (28)

%ck/z k even ’

A similar calculation for the hypotrochoid shows that the energy can
be put in a similar form with

0 k+150mod 3
aw=q 0' k<porl<p,p=(k+0/3 (29)
%m otherwise, p=(k+1)/3

and
Ck:{ 0 k#0 mod 3 (30)

%(2c)k/ 3 otherwise.

3.1. Solving the Pommerenke Equation

For the ellipse, the matrix ay; is diagonal. Consequently, Eq. (26) is
easily solved to yield:

SR k even (1)
14k ™ l+r§k ’

0 k odd,
Sk =
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which is the solution presented in.?®) Note that for this solution, s; is real
for all k. This is equivalent to the statement that there is no symmetry
breaking. Thus this approach cannot capture the symmetry breaking for
the ellipse that we see in the numerics.

This result is compared to numerical calculations in Fig. 7, which
is also done with the map F(w) =w + ¢/w. The circles are the results
obtained for N =40, while the stars correspond to N =100. As expected,
the agreement is good for small enough values of ¢, for which the sym-
metry is unbroken. Moreover the agreement is better for N =100 than for
N =40. This is in agreement with the expectation that deviation of the
solution (31) from the true s; is O(k2/N).2®

We will now consider the hypotrochoid. We first enumerate the con-

sequences of the three-fold symmetry as well as the reflection symmetry of
the hypotrochoid. We get,

1. sx=0 for k0 mod 3 is a reflection of the symmetry of the
underlying hypotrochoid under rotations by 2z/3. This symmetry is

0.25 0.5
%
02r ¢ 041 N\
\ '@
';:‘ 0.15+ | ;:‘ 03} \\\
N \ [— \
g Ol S o2t K
\
0.05F ED\ 0.1F \Q\\% "
Ot -8B &B-9 0 ‘ i WA
0 5 10 15 20 0 5 10 15 20
k k
05F @ ©
.Y i o
53\2 0.65 o
. 04f AR . 06 o
2 0 \ﬂs O S 0.6 o o * * ¥
T 03l 9 g OSF o yox % *
=2 g ° L " i B
02r RN Q
N 045+
0.1 L L L \\\\\QB 04 L L L
"0 5 10 15 20 0 5 10 15 20
k k

Fig. 7. s¢ as a function of k for the ellipse, for ¢=0.2, 0.6, 0.8 and 1 respectively; the cir-
cles are the numerics obtained with N =40, the stars with N =100, while the dashed line is
expression 31. As expected the agreement is good for small values of ¢, when the symmetry
is preserved. The deviations are therefore stronger for N =40 than for N =100.
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preserved in our numerically obtained solutions if the number of charges
N is a multiple of 3, and is broken otherwise.

2. s 1s real as a consequence of the symmetry of the hypot-
rochoid under reflections about the real axis. This symmetry is broken
in our numerical solutions for any N, provided that ¢ is sufficiently
close to 1/2.

If there is a unique minimizing configuration for the electrostatic energy
of the hypotrochoid, the symmetries of the problem imply that sz =0 if
k#0mod 3 and s; is real for all k. These features are also reflected in
the (approximate) s; obtained by solving the Pommerenke equation. Since
the Pommerenke equation is independent of N, we cannot investigate the
N dependent features, like symmetry breaking for the hypotrochoid, using
this approach.

We will now solve the Pommerenke equation for the hypotrochoid. If
c<1/2, ¢, and the a; decay exponentially as k and / get large. Therefore,
it is reasonable to try the series solution

kck Z(kakl)— + Z Z(kakl)(lal/)— +.

This series converges (not just for the hypotrochoid, but for any admissible
axl), as proved by Pommerenke.?®)
Let s,i denote the i-th term in the series, so that

5O ’<_

s,ﬁ'H) Zkakls i=2,3,...

Egs. (29) and (30) together give

“)—0, k#0 mod 3

Ry _(2 ) — Ero

k
G+ _ p: -(@i) .
Sy = E < >—(k N2y — )] 53,k i=1,2,3,... (32)
| k+1

Since 3p — k #0mod 3 unless k = 0 mod 3, it follows that s,gi) =0 if
k#0mod 3 for all i. Setting k=3m, p=m+n and replacing the sum over



Discrete Charges on a Two Dimensional Conductor 1323

p by a sum over n=p—m, we get

2 m+tn
S+ i 3m (m+n)! w 0
3m m+n) 2m—n)!2n—m)! \ 2 3n
n:[mz+1j|
i=1,2,3,...
r(‘;’ m 2m m —— 78 n o
_ 0 0 =
- 3(2) Z <n+m><2m—n><2> S3n -
n=|:m;rlj|
We can evaluate these sums using the saddle point method. Using
Lemma 1 in Appendix A, and s§2 = %rg’”, we obtain the asymptotic
expressions 1gm
s§2~(—1)"%, i=1,2,3,...
where
Bi=rg
3
|6+ oo
] = , i=1,2,3,...
Bi+1 646; l

and all corrections to this asymptotic result are O(1/m).
At the critical parameter value ¢ = %, ro=1. In this case, 81 =1 and

3
[(ﬂi +,/8Bi +ﬂ,-2)]

64pi

Biv1=

implies that g; =1 for all i. Thus, the series solution breaks down in the
critical case, as the solutions s,ﬁ’) do not decay with i.
For parameter values close to the critical value, ¢ = %e‘f, we have

rS:Zc:e_E%l—e

If € is sufficiently small, then we have B; is close to one for the first few
values of i. We can study the dependence of §; on the parameter € by set-
ting B; =e~i€t0(€) =1 — ;¢ + O(€?). Linearizing the relation between B;
and B; close to the fixed point B=1,r9=1, we get

Bir1=1—(ti +2)e+0()+...
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This gives

tiv1=t+2.
Combining this with 1, =1, we get

ti=Qi—1)

It is clear that this analysis is valid long as fie < 1, i.e., for i<e~!. Beyond
this value, we can show that the 8; decay rapidly. Using this expression for
the B;, we can re-sum the series solution for s; to obtain

3" of!
S3m = = — .
3m 21+I‘8m m

The complete solution is

0 k#0 mod 3,

Sp = k/3 _ K 33
k %%(1—{-0@ 1))%%13(% k=0 mod 3. 3

Note the similarity with the solution in Eq. (31). The agreement of result
(33) with numerics is tested in Fig. 8. We use the map F(w)=w —c¢/w?,
but the quantities plotted are (—1)sg, which is the same as using the map
F(w)=w+c¢/w?. For small ¢ and for k< N, the agreement is very good.
However, the agreement is rather poor if ¢~ 1/2, indicating that the inte-
gral equation is no longer valid as we approach the singular limit ¢ — 1/2.

3.2. The Minimum Energy Configuration of the Charges

Our goal is to find the locations of the N charges on the ellipse and
hypotrochoid that minimize the electrostatic energy Ey. The results from
the previous section tell us that the locations w; on the unit circle that give
the appropriate locations on the ellipse and hypotrochoid by z; = F(w;)
are such that

o .
" I +r§£ k even, on ellipse.
; Wi %J# +0 (%) k=0 mod 3, on hypotrochoid. (34)

0 otherwise
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Fig. 8. s¢ as a function of k for the hypotrochoid, for ¢=0.1, 0.3, 0.4 and 0.5 respectively.
As expected the agreement is good for small values of ¢, when the symmetry is preserved.

for 1<k <« N. The problem of finding the locations w; reduces to the
problem of solving the above set of equations.

As Pommerenke shows in ref. 28, the locations of the charges are
given in terms of the solution s; to the Pommerenke equation by

BPRREC 2nj
0; ~0)+ N +N|:1ﬁ <90+ ) 1//(90)] (35)

where
o0 -
YO =iy [%e—ike _ %eike}
=1

and 6p is an initial angle that is not determined by this analysis.
For the ellipse and the hypotrochoid, we get the series

T e sm(mk9)
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where m =2, 3 for the ellipse and hypotrochoid respectively, and g =r'.

This series can be summed using the formula

n nmwu

Tu 1 ¢ .
am(u) = ﬁ +2nX_} }T[W s 7
(See p. 277, Ryshik and Gradstein19) to yield

mo 1 mK@o
L (1)
T

K =K (k) is the complete Jacobi elliptic function of the first kind®?, and
the modulus k is determined by requiring that ¢ be the nome(!,

7K' (k)
1= [_ Ko } ’

where K'(k) is the complementary complete elliptic function of the first
kind, K'(k) =K (v/1—k?).

We are particularly interested in situations close to the critical value
of c¢. In this case, g=e “~1—¢ is close to 1. From this, we infer that
K'/K =0, i.e k is close to 1. We will now work out the asymptotics close
tok=1,g=1.

If k=1-6, k2~1—25§ and k'=+/1 —k2~+/25, and we have

K (k) = /
1 —k2 sin? x

L
/0 V28 4+ cos2(x) @

1
= ——log(8) +£&'(8
ﬁog()+$()

where we have extracted the dominant singularity of the integral in the
second line, and &, &’ are functions that remain bounded as § — 0. We also
have

T
=—40(9).

K’ /'/2 dx
0 V1-28sin?x 2
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Combining this with the previous result, and the definition of the nome ¢,
we see that

7.[2
e [ﬁTg@)} '

Rearranging this gives the result

2

T
— —log(g)log(8) >0 as §— 0.
NG 2(q) log

Using log(q) = —e, we see that § ~exp[—m2/(+/2€)], so that K ~—logs/
V2~712/2€).

Fig. 9 is a comparison between the results of this calculation, and the
numerically observed displacements of the charges from the positions that
would correspond to a uniform distribution on the circle. The normalized
deviation function

mo 1 mK6@

g

corresponds to the following two changes relative to the uniform distribu-
tion on the unit circle —

1. The “charge” density in the smooth regions is increased by an
amount dp/p=m/(4N).

2. The charge moves away from the vicinity of the cusps, and this
depletion region has a width n/(mK) ~ 2¢/(mm) around the the angles
corresponding to the cusps.

Note that Figs. 9 (b), (c) and (d) are obtained with the mapping
F(w)=w —c¢/w? and the solid lines are therefore given by the “shifted”
function ¥ (60 + ).

4. THE SINGULAR LIMIT

In this section, we investigate various aspects of the Coulomb prob-
lem on domains that are either singular, i.e., have cusps or corners, or are
close to being singular. We begin by first describing some of the numerical
observations, which motivate the theoretical analysis that follows.
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normalized deviation
normalized deviation

normalized deviation
normalized deviation

Fig. 9. A comparison between the theoretical prediction and the actual locations of the
charges in the minimum energy configuration. The normalized deviation from the nominal
position 6; =2mj/N is plotted. (a) shows the deviations for an ellipse with ¢=0.2. (b), (c)
and (d) depict the charge placement on a hypotrochoid with ¢=0.2,0.3 and 0.4 respectively.
The solid lines are the theoretical prediction.

4.1. Ellipse, Hypotrochoid and Related Curves
4.1.1. Symmetry Breaking

As previously mentioned, an interesting feature of the charge place-
ment on the ellipse and on the hypotrochoid is that the minimum energy
configurations break the symmetry of the problem in certain ranges of ¢
and N. For a given number of charges N, if the value of the parameter ¢
is larger than a given threshold ¢* which depends on N, the mirror sym-
metry is broken around each pointy region. The larger N, the closer the
threshold is to the critical value, i.e, ¢*(N)— 1 for the ellipse and ¢*(N) —
% for the hypotrochoid as N — oo.

This transition can be described by a phase diagram where ¢* is plot-
ted versus N: the case of the ellipse is presented in Fig. 10 and the case
of the hypotrochoid in Fig. 11.
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Fig. 10. Phase diagram for the ellipse.
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Fig. 11. Phase diagram for the hypotrochoid.
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On both phase diagrams, two different cases should be distinguished,
depending on the number of charges N. Let us first consider the case of
the ellipse. If N is even, in the unbroken symmetry phase, the charge con-
figuration will be symmetric versus both the vertical and the horizontal
axis. Both symmetries break when ¢ > ¢* (see Figure 1). On the contrary,
for odd N, there is no symmetry across the long axis, while there is always
symmetry across the short axis (see Figure 12). In this case, there is no
transition of any sort. The value ¢* at which the symmetry breaks for even
N forms a curve (see Figure 10).

Similarly, in the case of the hypotrochoid, the case N =0 mod 3 has
to be distinguished from the case N0 mod 3. In the first case, a symmet-
ric charge configuration respects the three mirror symmetries, one at each
pointy region (see Figure 2). In the case N #0 mod 3, only 2 out of the 3
branches of the hypotrochoid are identical, with one charge more or less
than the third branch. Therefore, only one mirror symmetry is respected
in this case (see Figure 13). The boundary between the broken and the
unbroken symmetry phases is different for N=0 mod 3 and for N #0 mod
3 (see Figure 11).

4.1.2. Energy Dependence on N

« Line segment: As pointed out previously, a useful quantity to char-
acterize the placement of charges on a given curve is the energy as a func-
tion of the number of charges. The case of the line segment I'y =[—2, 2]
has been treated analytically in literature”). The energy dependence on N
is given by

N InN In2 InN A

where A is a constant. The first term is the self-energy. The first correc-
tion, or correlation energy, goes as N % with s=1 in this case.
Other curves presenting this kind of N-dependence for the correlation
energy are the star shape curves defined by the conformal mapping F(w)=
z(14+cw™™)2/mC27 _ with ¢=1, where w=¢'? is on the unit circle and m is
the number of star branches. Figure 14 shows the case m =3. The depen-
dence of the correlation energy on N is shown in Fig. 15. addition Notice
that the charges are grouped near the points and that the density is lower
at the center.

o Ellipse: The line segment I'; is the singular limit, ¢ =1, of the
ellipse defined by the conformal map F(w) =w — . For a smooth
curve, ¢ < 1, the correlation energy goes as N—° with s =2 (see Fig. 16).
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Fig. 12. Placement of 15 charges on two different ellipses, c=0.1 and ¢=0.7 respectively.
Notice the breaking of the parity symmetry in part b.
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P

@

c=0.3

Fig. 13. Placement of 19 charges on two different hypotrochoids, ¢ = 0.3 and ¢ = 0.4
respectively. Notice the breaking of the parity symmetry in part b.

See the work of Pommerenke®® where it is shown that s = 2 for any
smooth curve. In the case ¢ close to but smaller than 1, we observe a
crossover as a function of the number of charges N: for smaller val-
ues of N, s =1, while for larger values of N, s =2, as shown in
Fig. 16.

The same N dependences are observed for the star shape curves for
0 <c <1 (see Fig. 17). The different situations are depicted in
Fig. 18.

« Hypotrochoid: In its singular limit, ¢ =0.5, the hypotrochoid has
a correlation energy of the form N~° with s=1.5 according to the theory
described below. The data supports this result (see Fig. 3), whereas s =
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Fig. 14. Placement of 15 charges on a star shape curve with 3 branches for c=1.

slope=-1.05

0.01 |

-E-In(N)/2N

n n n PR |
10 100
N

Fig. 15. Dependence of the correlation energy on N for the star shape curve with 3
branches. The slope shown for the data is consistent with the value —1.0.

2 for smooth cases ¢ < 0.5. As for the previous curves, a crossover is
observed from s=1.5 for smaller N to s =2 for larger N when c is close
to but smaller than 0.5 (see Fig. 3).

4.2. Regular Polygons
4.2.1. Schwarz-Christoffel Map

Another kind of domains we have been interested in are regular
polygons. The conformal map applying the interior of the unit circle
into the interior of a given polygon is known as the Schwarz-Christoffel



1334 Kleine Berkenbusch et al.

1 A

-2 4

-3

_4u

log(E*)

5

-6

-7 T T T 1
0 1 2 3 4
Note: E* = E + In{N)/N log(N)

Fig. 16. Dependence of the correlation energy on N for the ellipse, with ¢=0.975.

Fig. 17. Placement of 30 charges on a star shape curve with 3 branches, with ¢=0.5.

transformation!?) given by

Fw) = F(wo) +¢ f [Tt —¢/wpe'as (37)

wo ]:1

where w; are the pre-images of the vertices on the unit circle, ojm are the
interior angles at the vertices and wy and ¢ are complex constants. A vari-
ation of Eq. 37 is the map applying the interior of the unit circle onto the
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Fig. 18. Dependence of the correlation energy on N for the star shape curve with 3
branches, for ¢ =0.5 and ¢ =0.95. The slopes of the line is consistent with the theoretical
values of —1.0 and —2.0.

exterior of a polygon, given by!?

F =Fwo+e [ e Ta-c/upoac, (38)

wo =1

Finally, the map we are interested in which takes the exterior of the unit
circle into the exterior of the polygon is obtained by replacing w by 1/w
in Eq. 38.

In order to compute these maps, we have used the FORTRAN pack-
age SCPACK developed by L. N. Trefethen,®”) as well as the MATLAB
SC Toolbox developed by T. A. Driscoll.(10)

Let us remark that in order to fullfil the condition F(w) — w as
w — 0o, we need to choose the size of our regular polygons properly.
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4.2.2. Symmetry Breaking

As for the other curves considered, we observe a symmetry breaking of
the placement of charges on regular polygons. However, the process is
slightly different from the one observed for the hypotrochoid or the ellipse.
Indeed, for both these curves, in the singular limit, the symmetry is broken
for any finite value of N. Regular polygons do not present cusps, but cor-
ners. Depending on the value of the interior angles, the symmetry breaks
only for N larger than a threshold value N*. For small enough values of
N, the charges remain far enough from the corners to be unaffected by the
charges sitting on the other sides of the polygon. When N increases, the
charges closest to the corner slightly shift to avoid being just in front of
the charges on the neighboring side. This effect is much more pronounced
on curves presenting cusps, because the distance between charges placed
on two neighboring branches decreases much faster as one approaches the
cusp. Therefore, the symmetry breaks for any finite N.

Figure 19 shows the placement of 6 charges on an equilateral trian-
gle and of 8 charges on a square. Due to the small value of the interior
angles in the case of the triangle, the symmetry is broken, while it is pre-
served for the square.

4.2.3. Minimum Energy Configuration

In order to characterize the minimum energy configuration, we have
computed the deviation function v (6) for the regular hexagon, for differ-
ent values of N. The results are presented in Fig. 20. The charges sitting
at the corners remain unshifted, while the ones sitting on one side of the
hexagon shift toward the closest corner. If the number of charges on one

Fig. 19. Placement of 6 charges on an equilateral triangle and of 8 charges on a square; the
symmetry is broken in the first case and preserved in the second.
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Fig. 20. Deviation function v for the regular hexagon.

side is odd (like for N =30, N =36, N =48 and N =72), the central charge
does not shift.

For regular polygons, the correlation energy depends on N as N—°
with s =2 according to the theory described below. Figures 21 and 22
show this dependence for a regular hexagon and a regular octagon.

4.3. Scaling Arguments for the Energy Dependence

The different dependences of the energy on the number of charges N
can be easily understood.

The energy itself is of order unity for a two-dimensional conductor
of arbitrary size. There are N2 interactions, each of strength 1/N2. The
size is picked so that this leading order term in the correlation energy is
zero for when the charges are in their unshifted position. The shift in posi-
tion for each particle is of order 1/N and all the particles and interactions

0.001 *\* slope=1.998

0.0001 %

le-05

“E-In(N)/2N

" " " " PR |
10 100
N

Fig. 21. Dependence of the correlation energy on N for the regular hexagon.
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Fig. 22. Dependence of the correlation energy on N for the regular octagon.

participate roughly equally in the shift. Since the energy obeys a varia-
tional principle, the energy varies as the square of the shift, or as 1/N2.
To find the shift in the singular case, consider first a simplified model
in which charges appear in two concentric closely spaced circles. To make
all the important distances comparable take the spacing between the cir-
cles to be the same as the spacing between the charges in each circle, i.e.
27/N. Compare two cases, one with the charges lined up (see Fig. 23);
the other with the inner circle rotated so that no two charges are very
close to one another (see Fig. 24). In the second case, the distance between
the closest charges has increased roughly by a factor of two. These clos-
est interactions, each of order 1/N? have changed by an additive term

Fig. 23. Two concentric circles, with the charges lined up.
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Fig. 24. Two concentric circles, shifted.

of order (1/N%)In2. Thus the entire change in correlation energy is of
order 1/N.

The very same argument applies to the hypotrochoid, except in that
it applies to only some of the charges. Look at the small distance s from
the point of the hypotrochoid. There are, once gain, two almost parallel
lines. At a distance s we have a number of charges, J, given by (J/N)>~s
and a separation between the two lines given by 8 ~ (j/N)3. The separa-
tion between two changes on a single branch is the J derivative of (J/N)2
or ~J/N?. The number of charges sensitive to the distortion effects are
the ones with § less than or of the order of this separation. Hence we have

(J/N)}~(J/N)(1/N)

or a number of particle J ~ N!/2 whose interaction with the nearest neigh-
boring charges can be changed by an amount of order unity. These par-
ticles each have an interaction of order 1/N2, so that the total change is
1/N3/2, as observed numerically.

For the very skinny ellipse, or for the line segment, all the
particles participate, as happens with the concentric circles, so that the
change is of order 1/N.

For a polygon, only the very few particles nearest to the corner par-
ticipate. Hence the singular change in the energy is of order 1/NZ.

The crossover observed for values of ¢ close to but smaller than c¢*
can be understood as follows. For a sufficiently small number of charges,
the charges behave as if the curve were singular: the symmetry is broken
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24 charges 240 charges

¢=0.45

Fig. 25. Charge placement for the hypotrochoid with ¢=0.45, for 24 and 240 charges.

and the above arguments apply. But when N increases, the smoothness
of the curve prevails, the symmetry is restored and the correlation energy
goes as N % with s =2. This is illustrated in Fig. 25, where the placement
of charges near a cusp is shown for the hypotrochoid with ¢ =0.45, for
N =24 and N =240.

4.4. Symmetry Breaking

We can also estimate the energy of the symmetric placement of the
charges (See Appendix B). By considering a test (possibly non-optimal)
uniform symmetric configuration w; =exp(2mij/N +i6y), we see that, with
appropriate choices of 6y, the minimum energy symmetric configuration
for an ellipse has an energy

E, >~

_logN %[N‘1 —N‘z] log(1 —e™Ne) N odd,
2N N72log(1 —eN¢/2) 4+ N~ log(1 —e™N€) N even,
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For the hypotrochoid, we have

_logN CN2¢=Ne N #0 mod 3,

E, ~ —
" 2N C'N2eNel3 L C"N—2¢~Ne N =0mod 3,

where we expect that, for an appropriate 6y, the constants C, C’, C” are all
positive (See Appendix 5). For N> 1 and ¢ >0,

—log(1—e M%) > —log(1 —e™N9), e NeP3 s o= Ne,

Consequently, if N is odd, rather than distributing the charges uni-
formly on the ellipse, a “lower” energy symmetric state would correspond
to having (N —1)/2 charges on one “branch” of the ellipse (say between
0 =0 and 7 on the unit circle, and having (N +1)/2 charges on the other
branch, with positions corresponding to uniform distribution of N —1 and
N +1 charges respectively. For large N, the energy of such a “symmetric”
state with charges at the sharp “ends” of the ellipse will be

log N

N +D|N~? log(1 —eNei2y_p,N~! log(1 —e™N¢),

E,~

where D; and D, >0 are constants that depend on whether N is even or
odd. A similar argument for the hypotrochoid yields

log N

_ CN-2¢—Nes3
2N ’

~
n—

with a positive constant C that depends on whether or not N is divisible
by 3.
The above arguments show that, the “symmetry broken” states have

E,~

log N AN-! ellipse
2N BN—3/2  hypotrochoid

with A, B> 0. Comparing the two expressions, we see that the crossover in
the energy scaling, as well as the symmetry breaking transition occur at

N1 —e 4/P2y  ellipse,
3N~ (% log N + F) hypotrochoid,

where F=logB —logC.
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Fig. 26. A comparison between the predicted and the numerically observed symmetry
breaking.

We compare the formula for the hypotrochoid with numerical obser-
vations. For the hypotrochoid, the above formula yields

1 [ 3logN 3F]

TP TN

Fig. 26 is a plot of the c—value for the symmetry breaking, as a function
of N, for the hypotrochoid. There is one fitting parameter, F, which can
depend on whether or not N is divisible by 3.We see that the theory agrees
very well with the numerics, both for N =0 mod 3 and N #0 mod 3. When
N =0mod 3 there are three “corners” which show a distortion from the
symmetry breaking while in the other cases there is but one. Hence the
former case has the most to gain from the symmetry breaking, and so we
expect the asymmetry to persist down to lower values of ¢ for that case.
The data supports this expectation.

4.5. Universality in the Charge Locations for Singular Curves

We first consider the problem of the placement of N identical charges
of strength 1/N on the line segment ' =[—1, 1]. The Fekete polynomial
fn(x) for I'y is given by

N
e =[Tx-¢l
J
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where ¢; are defined by

N N N N
[Te-si=, mox, TTTT0-u0
i=1 i T AINEE L

fn obeys the equation®?)
(A=x))fi+ NN —=1) fy =0.
The solution can be expressed as

2N

-1
N ) {PN(x) — Py_2(x)},

v =en G2 — 1P} () =2N(

where P denotes the Legendre polynomial of degree k333438 N identi-
cal charges therefore place themselves at the ends of the segment and at
the positions of the extrema of the Legendre polynomial of degree N —1,
or equivalently at the intersections of the Legendre polynomials of degrees
N and N — 2. Figure 27 represents the case N =20. The charges accu-
mulate toward the ends. This is consistent with the solution of the con-
tinuum problem, i.e., the equilibrium charge density on the line segment
' =[-1, 1], corresponding to the situation N — oo, and given by

1 1

SN

One way to characterize the placement of N identical charges on a
line segment is to compute the ratio of two successive intervals between
the charges, A;y1/A; where A; =|x;11 —x;|, i = 1 corresponding to the
charge placed at one extremity of the segment. The asymptotic dependence
of A;j+1/A; on N is given by

A.
Arp1/Ai=Ri = 5+ ONY,

where R; and A; are two constants depending on i.

@000 0—0—0—0—0—0 0000

Fig. 27. Placement of 20 charges on a line segment.
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Fig. 28. Dependence of A;.1/Delta; on i.

The star symbols in figure 28 show the dependence of A;|/A; on i
for the line, obtained for N =200. As expected, A;;1/A; tends to 1 when
i increases, i.e., in the central part of the line segment.

The other singular curve we are interested in is the hypotrochoid with
¢=0.5. In this singular limit, the charge symmetry is broken for any finite
number of charges N. Moreover, in the limit of large N, the placement
of the charges near the cusps is similar to the placement of charges on
the line segment. We have projected the charges positions near one cusp
on the symmetry axis of this cusp, and we have computed the quantities
A;j+1/A; as defined for the line segment. The results are shown in Fig. 28
by circles, computed for N = 800. The correspondence with the results for
the line is excellent. This is a signature of universal behavior of the charge
locations close to the cusp even in the symmetry broken regime.

Let us remark that the situation is completely different in the case of
regular polygons, where we consider the placement of charges near a cor-
ner instead of a cusp. This is illustrated in Figs. 29 and 30, which show the

Fig. 29. Placement of 120 charges on a regular hexagon.
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Fig. 30. Projection on the horizontal axis of the charge positions on two opposite sides of
the regular hexagon of Fig. 29; the filled circle is the corner charge.

placement of 120 charges on a regular hexagon. The second figure shows
the projection of the charges on the horizontal axis. The shift between two
facing charges is very small, and their projections remain paired. This
behavior is completely different from the one observed for the line and the
hypotrochoid.

5. DISCUSSION

We have investigated some aspects of the electrostatics of discrete
charges in two dimensions. The problem is of significant interest because
of its connections to approximation theory,?*% constructing conformal
maps®? and Integrable systems.0-2%)

A dynamical version of this problem is also closely related to various
Laplacian growth models because of the deep connections between confor-
mal maps and Laplacian growth.(18:12:2) The dynamics of discrete charges
in two dimensions, when they are confined by appropriate potentials,1? is
therefore relevant to electronic droplets in Quantum-Hall systems,? and
to Laplacian growth problems including Hele-Shaw(!? and DLA.('® The
rich structure of the static problem certainly leads one to expect a similar
richness in the associated dynamics, and we will investigate this question
further.

In addition, the static problem is also a prototype for the following
class of problems —

Find the “optimal” way to discretize a continuum quantity.

As stated, this discrete optimization formulation is much too general
for us to say anything useful about it. Given a specific problem however,
there is an appropriate continuum quantity, and an appropriate notion of
optimality. Such problems arise in many places including approximation
theory,*39 optimal transport,!> in discretizing integrable systems,-20)
etc.

As in the case of 2-D electrostatics, these discrete problems can have
a much richer structure than the corresponding continuum problem. In
particular, discretizing the continuum solution in an obvious manner will
not, in general, be a good solution for the discrete problem. One explic-
itly needs to account for the discreteness in the formulation. As we show
in Sec. 1, the locations of the discrete charges correspond to discretiz-
ing a density p which is not the continuum solution that minimizes the
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electrostatic energy. Rather, the density p minimizes the modified energy,
Eg;+ Ecorr, which are given in Egs. (22) and (23).

We can increase the “discreteness” of the problem, by making the
curve more singular, or equivalently reducing the total number of charges
N, for a fixed curve. As we increase the “discreteness”, we get further away
from the continuum solution. In particular, we have interesting, qualita-
tively new phenomena including symmetry breaking, which implies, among
other things, the lack of a unique minimizing configuration. This is in
sharp contrast to the continuum problem, which is convex, and therefore
has a unique solution. Discreteness can thus introduce non-convexity into
a problem whose continuum version is convex, and thereby change the
problem qualitatively.G!-32)

One of the results from this paper is the universal behavior of the the
charge distribution, viz., the ¥ function in the neighborhood of cusps in
the symmetric regime. This behavior comes out of minimizing the modified
energy Es+ E.orr. This is no longer valid in the symmetry broken regime,
as illustrated by Figs. 7, 8 and 9. Despite this, universal behavior persists
even in the symmetry broken regime, as we illustrate in Fig. 28. It is inter-
esting to understand the nature of this universality, and we will explore
this further in the future.

APPENDIX A. SADDLE POINT EVALUATION OF 552

To evaluate the successive terms s,(,i) in the series solution Eq. (32), we
need the following result —

Lemma 1. Let o be a positive real number. Then,

> () (e =t (1+0(L),

)

where

f (¢ + V4o +a2)3
- 8a

and

<m—|—n) (m+n)!

dm—n) " 2m —n)!2n —m)!

denotes the binomial coefficient.
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Proof. Setting n =my, replacing the sum over n by an integral with
measure mdy, using Stirling’s formula

pi= vz (2)’ [1+o (l)]

p

we see that the sum

reduces to

m /2 a™ 1+y (1_|_y)(1+y) md
amm heip Ty C=yp@y—1) | =@ 9@ay-n@- | ¥

with an O (% relative error.

We will evaluate this integral by the saddle point method. Let g(y) be
defined as

o (141
Q- N2y -1H&=D

g(y)=log [

so that the integral reduces to

eMm8w)

2
m
R / dy.
V2rm Jy=12 /A +y)2-y)2y—1)

The maximum for g(y) is at y* given by
log(ar) 4 log(1 + y*) +log(2 — y*) —2log(2y* — 1) =0.
This yields the equation

a(l+y*)2—-y")

1.
Qy*—1)2
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Solving this quadratic equation, the relevant solution is

*_1+3 a
2 2V4+a’

For 0 <o <oo, we get y*e(1/2,2), so that the extremum lies within the
range of integration.

e /2y —1\ 1 3
eXp(g(y))——( )-;( 4+a_ )

(a+\/4a+a 2)3 _p.

Expanding g(y) about y*, we get

9

_ #y2 0 _ *\3
A ym@ -y -2y 077 o=

g =g(y") -

so that the point y* is a maximum for g. We are now in a position to
apply the saddle point method, and for large m we obtain

1
I ~ _ [Qm
3P
asymptotically, with O(1/m) corrections. ||

APPENDIX B. THE ENERGY OF SYMMETRIC CONFIGURATIONS
FOR SINGULAR SHAPES

We estimate the energy of the symmetric configuration obtained by
distributing the N charges uniformly on the unit circle, i.e, the points on
the curve are z; = F(w;) = F[e!®*+27//N)]. We are especially interested in
situations close to the “singular” shape (¢ =1 for the ellipse and ¢=1/2
for the hypotrochoid). For this choice of w;, we have

s _Zw k#0mod N
k Ne’ke(’ k=0mod N
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As we show in Sec. 2, the deviation of the energy from that of a unit
circle can be written as

AE %/ dw__w' F(w)
=2 —_— w w).
N 4riw wN -1

Writing this expression in terms of s; and the matrices ag; and cg, we get

1 _ 1 _
AEN=§ZZGI<N,1N€ l(k+l)N90_mZCkNe ikNy_
k>11>1 k=1

We will first evaluate this sum for the ellipse. Using the expressions
for ay; and ¢ in Egs. (27) and (28) respectively, we get

1 c _h: 1 c4 .
AE%Z — 5 Z _Sq,kNe 21kN9() _ ﬁ Z —52q,kN6’ lkN9() (39)
g=>1 1 g=>1 4

We need to do the cases N odd and N even separately.

If N is odd, 2g =kN implies that ¢ is a multiple of N and k is
even. Therefore 2¢ =kN implies g =jN and k=2j. Consequently, Eq. (39)
yields

AEell:LZ Ce—ZiGO]Nk_ 1 Z[Ce—ZiGO]N]
NTAN =k 2N2

izl

J

If N is even, 2¢ =kN implies that ¢ is a multiple of N/2 and there are no
restrictions on k. Therefore 2¢ =kN implies g =k(N/2), and k>1 is any
natural number. Eq (39) now yields

2100 Nk —2160]Nk/2

1
apg=soy eyl T

k>1 k>1

We can evaluate these sums using the identity

2. e

Z =—log(l—e™).
k

k=1
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This yields the following exact result for the ellipse

AEC — [ﬁ - ﬁ]log(l — e~ N(eH2if)) N odd
N — b log(1— e~ NE+2)) 4 L log(1 — e~ NE200)/2) N even

(40)

where, as defined earlier, € =log(c)~1—c

B.1. Hypotrochoid

We can do a similar calculation for the hypotrochoid. Using the
expressions in Egs. (29) and (30), we obtain

q
hypo _ 1 c q 1 —3ig0
AENT =3 > :; Y " Sq1pANS2g—pin <p> —ﬁ2q53q,jN e %

g>1 p=0
(41)

We will now look which values of ¢ and p contribute in the above sum-
mation.

qg+p=0,2¢g—p=0mod N — 3¢=0,3p=0mod N.

We therefore need to do the cases N =0 mod 3 and N # 0 mod 3 sepa-
rately. If N #0mod 3, 3¢ =0mod N and 3p =0mod N imply that that
g=JjN, p=mN, where j,m are integers. In this case, Eq. (41) yields

—3igp1jN | I ;
hypo 1 [ce ] JN 1 iN
AEDPO - N2 T Y
N 2N Z j Z (mN N

j>1 m=0

We can estimate part I/ of the sum as above. We have

1 [ce—3i90]jN

. ] .
ST FREAE S log [ 1 - [2ce~ )" ]

jz=1

To estimate part I, we use the identity
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Using this, and the above considerations, we get

3190

“ X L ()

j>1

Interchanging the order of the summations, we get

N2 Z log [1 _[ —~3i6, (1 2m‘/3/N)]N:|
Since
(1 +62”i’3/N>N =2V cosV (%) P

N/2—1

writing Zﬂ 0 _Zﬂ N2 and using 2c=e¢~ ¢ we get
N/2-1
1 B
log |:1 +e 2N cos?N (—)
N
4N BN N

—2(=DPfeNecosV (%) cos(3N00)i|

We will estimate this term for 6y =0. We get,
N/2—1
2N2 Z 10g|: 1—(=DHPeNecosV (%)}

B=N/2

We will estimate the sums over odd 8 and even S separately. We get

1 -N N (7B
I=2—N2 Z log[l+e € cos (W)]

g odd

+ Z log [l—e_N€ cos (%)]

B even

Note that the terms with odd g are all positive, and the terms with even
B are all negative.
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It is easy to verify that, for an appropriate constant C, we have
121 — oM< cos(@)<e P, —m/2<0<n)2.

Using this, for —N/2<B8<N/2, we get

N
exp —nz’Bz 1-— C'pt < cos™ ﬁ < exp _n2’32
2N N+ ] T N) ™ 2N )’
where C’ is an appropriate constant. It is clear from the above inequalities,

that cos™ (2£) is significantly different from zero only for ||SV/N < N/2
as N — o0o. Also, if B~ O(+/N) we have

! n4 N
1-(1—Cﬁ) 50(l>
N4 N

in the region where the exponential e—7#/2N

is not exponentially small.
Consequently, the relative error in the approximation

N JTﬂ N 7.[2’32
Cos (W>N6Xp — N s

goes to zero as N — co. We thus obtain

RS

m Z log |:1—05COSN (%)}

B=—N/2
1 N/2 _n2p2
A —— 1 1-— d
a2 /_N/2 og|: aexp( N B

N— log|1—aexp(—x“/2)|dx,
47 N3 /700 [ :|

where we set x =78/+/N, and the relative error is O(N~!) as N — oc.

Note also, if the sum over 8 was restricted to either only odd or only
even B, we have to multiply the final integral by 1/2 to obtain the right
answer. This can be justified since the integrand only varies on a scale
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B~~/N>1, so that the sum over the even S should very nearly equal the
sum over the odd 8.
We will now evaluate the integral in the last line for |o| < 1. Using

2 3

Y Y
log(l—y)=— o4l 4
og(l—y) |:y+2+3+ :|

and integrating the resulting series termwise, we get

/_ log[l—aexp( x/Z)]dx— “/_Zk3/2

We define

o k

o
G(a)zzm, la| < 1.

k=1
It is easy to see that, at @ =1, the sum is the Riemann zeta function

G(1)=¢(3/2). Also, the series for G'(«) diverges like C/+/1 —a as a — 1.
Consequently, for « close to 1, we have

G@)=:(3/2)—CVT—a+0(1—al?).

Also, G(0)=0,G’'(0)=1 and G"(0)=1/+/8.
Using the above considerations, we can estimate the term 7 as

1 —Ne
I=— -G+ G-+ 0 (5
v LT IO Gy
Therefore, we have,
$(3/2)
I _81\/_3/2 Ne < 1,
TS+ 0 (%es) Nexl
vz T N32 ex> 1.

We now consider the case N =0 mod 3. Te only terms in the summa-
tions in eq. (41) that contribute arise from

q+p=0,2g—p=0mod N = 3¢=0,3p=0mod N.
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Since N=0mod 3, 3¢ =0mod N and 3p=0mod N imply that g =jL,
p=mL, where j,m are integers, and L = N/3. Also, ¢ + p =0mod N
implies that j +m =0 mod 3, and this also implies 2p —g = pN — (p +
g)M =0 mod N.

If j=3k—r, where r €{0, 1,2}, it follows that m =3z +r, where k, r
are integers. Also, g=jL=kN —rL and p=mL=tN +rL. Consequently,
eq. (41) yields

—3iggkN—rL | k=[r/2] _
hypo _ [Ce ] kN —rL
AE -
N ZZ > (, NarL

r=0k>1 t=0
1 [2C€_3i00]-/1‘
" 2NL Z j
j=1
=1+ (43)
Part 11 gives
2 —3i6p1jL 3 )
2NL Z [ ce ] _2 Zlogl:l_[zcefﬁeo]]\//?’il
J

J >l
To estimate part I, we use the identity
N-1 - k—[r/2]
S owibrf <1+ezmﬁ/N)kN LN 3 kN —rL)
tN+rL
B=0 =0

Using this in eq. (43), we get

2 N-1
1 —2mipr/3 e N L ( i NN
- 1 ’”ﬂ/N) 44
N;) 1; KN —rL ,;) te “4)

For all complex number |z| <1 and r=0, 1,2, we have

3k— —log(1—2%), =0,

Z r
32 h—r —log(1 —z) —w?log(l — wz) —wlog(l —w?z), r=I,
k=1 —log(l —z) —wlog(l —wz) —w?log(l —w?z), r=2,
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Z3k7r 1 2 5
=—z " log(l — o’
2 3y =3 el —0')
k>1 s=0
where w=¢"27/3 is a cube root of unity.

Interchanging the order of the summations in (44), and using the
above identities, we get

N-12 2
I :_2LN2 Z Zzw(mzm log [1 — o [Ce—SiGO (1 +62m'f5/N>i|Ni|
B=0 s=0r=0
Note that
2
Zw(ﬁ_;’_zs)r: 0 ,3—}—25‘ ?éo mod 3
= 3 s=pB mod 3.
Therefore,

I= _ 3 NX_:I log |:1 — e ZB3 |:C€73i00 (1 +62”i’3/N)]N:|
2N? o

Breaking this sum up into 6 parts using 8 mod 6, setting 6p=0 and notic-
ing the similarity with the N #0 mod 3 case, we get

1 : Ne/3 Ne/3 e Nel3
I= G NI LG eV |+ O | —— .
eI ;[ (w'e ) (—w'e )] N2
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