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Periodic discrete energy for long-range potentials
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(Received 28 March 2014; accepted 29 November 2014; published online 23 December 2014)

We consider periodic energy problems in Euclidean space with a special emphasis
on long-range potentials that cannot be defined through the usual infinite sum. One
of our main results builds on more recent developments of Ewald summation to
define the periodic energy corresponding to a large class of long-range potentials.
Two particularly interesting examples are the logarithmic potential and the Riesz
potential when the Riesz parameter is smaller than the dimension of the space. For
these examples, we use analytic continuation methods to provide concise formulas
for the periodic kernel in terms of the Epstein Hurwitz Zeta function. We apply
our energy definition to deduce several properties of the minimal energy including
the asymptotic order of growth and the distribution of points in energy minimizing
configurations as the number of points becomes large. We conclude with some
detailed calculations in the case of one dimension, which shows the utility of this
approach. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903975]

. INTRODUCTION

For an N-tuple wy = (xj);y: , of points confined to a compact subset Qg C RY, we define its
f-energy as

Ef(wN) = Zf(xi—xj), (1)

i#]
where f is a lower-semicontinuous function from R to R U {co}. The study of minimal energy
investigates configurations that minimize this energy among all such N-tuples. Therefore, we define

E(Qo,N):= inf E . 2
+(Qo,N) w;I;QN wn) 2

The lower semi-continuity of the function f implies that minimizers exist and so the infimum in
(2) is, in fact, a minimum. In recent years, there has been much interest in studying the asymptotics
of E£(L, N) as N becomes large and deducing properties of the energy minimizing configurations
(see Refs. 4, 8, 9, 20, 21, and 23). Of particular interest is the case of a Riesz potential, where
f(w) = |w|™* and | - | denotes the Euclidean norm.

We will consider the energy problem in a related setting, which includes additional symme-
try that will simplify many of our computations. Let {vy,...,vs} be a collection of d linearly
independent vectors in R? and let V be the d x d matrix whose j*" column is equal to v ;. We set

d
Q={wiw=> ap,a;el01),j=12...df,
j=1

and we will denote its closure in R? by Q. Let ‘V be the lattice determined by the matrix V; that is,
V :={Vk : k € Z?} and let V" be the lattice dual to V; that is, V* = {w € R?: w - v € Zforall
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v € V}. We can think of Q as a fundamental cell of the quotient space R4/V, and we highlight the
fact that in the quotient topology, Q is compact.

If f is a lower-semicontinuous function from R? to R U {co} that decays sufficiently quickly at
infinity, then we define the classical periodic f-energy of a configuration wy = (x ]-);.V= , € RHN by

EP(wn) =) (Z Floxi—x;+ u)). 3)

i#j \veV
In this context, the function f is referred to as the potential function. If A C Q is compact (in the
quotient topology on R¢/V) and infinite, then we define
8;." (A,N) = inf E;.P(a)N). 4
‘ wneAN
The physical interpretation of energy (3) is easy to describe. Consider a crystal that consists of
a particular configuration of particles that is confined to a compact set and this configuration is
repeated in a periodic fashion throughout a very large region of space. If the particles exhibit a
repelling force on one another, they will arrange themselves in a manner that minimizes the energy
of the entire crystal. To approximate the energy of this crystal, it suffices to approximate the energy
of one cell of the crystal lattice and then multiply by the number of cells. When calculating the
energy of a single cell, we make the further approximation that the lattice is infinite, so we must
sum up the contribution to the energy of the interaction between every particle in the cell and every
other particle in the entire crystal. When the interaction between the particles x and y is given by
f(x — y), the resulting sum is of form (3).
We should point out that some authors define the periodic energy using a different notation (see
Ref. 11) by choosing x; € R? for j € {1,...,N}, defining the set A by

N
A::U{xj+v:ve(V},
j=1

and then defining the periodic energy by

N
Z Z fOx—q)|.

k=1 geA
q#FX|

It is easy to see that this sum and (3) differ by the so-called self-energy term, which takes the form

N- Z f(v).
veV\{0}
In the specific case of a Coulomb potential, an alternating sum similar to this self-energy term is
related to the Madelung constant, which is of significant interest in its own right (see Refs. 5 and
7). Since the self-energy term is independent of the points in the configuration, its presence does
not meaningfully effect the asymptotics of 8;}’(3{, N) for large N, so its inclusion or omission is not
relevant for our investigation.

Of course, sum (3) will not converge without the decay assumption on the function f, so
we will introduce a renormalized energy given by (6) and (7) below to compute the energy of a
configuration for a broader class of potentials. We provide a derivation of kernel formula (7) in
Sec. IV, and describe its relation to formulas that have previously appeared in the physics literature
(see, for example, Refs. 26 and 31).

The problem of summing divergent or conditionally convergent series related to physical phe-
nomena has a long history. One of the most widely used methods is known as Ewald summation
(see Ref. 14), which is a method for defining Coulomb (that is, electrostatic) energies. Various
improvements of the Ewald summation method have arisen since that original paper. Indeed, the
recent advances in computational mathematics have inspired many faster and more stable algo-
rithms related to lattice summation (see, for example, Refs. 2, 15, 17, 18, 28, and 31). There have
also been improvements to the scope of the Ewald method. In Ref. 22, Heyes studied the effect
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of utilizing different charge distribution functions in the Ewald method and in Ref. 31 the Ewald
method is applied to a large collection of potentials that includes the Coulomb interaction. We also
note that the recent methods of Ref. 33 can be utilized to define such “renormalized” energies for
infinite point configurations (e.g., the periodic case) interacting through the Coulomb potential in
two-dimensions.

Compared with the physics literature, extensive results in the mathematics literature on peri-
odic discrete energy are more difficult to find. Some analytic methods for evaluating conditionally
convergent sums can be found in Ref. 6 and rigorous results concerning the Madelung constant
appear in Refs. 5, 7, and 34. One of our goals is to define an energy functional that admits a
mathematically rigorous derivation, has certain desirable properties (see Theorems 1.1 and 2.2), and
generalizes the ideas presented in many of the aforementioned papers.

Before we state the definition of our energy functional, we need to specify the potential func-
tions that we will consider. If v is a signed measure, we will denote by v* and v~ its positive and
negative parts, respectively.

Definition 1. We will say that a lower-semicontinuous function f : RY — R U {co} is a G-type
potential if it satisfies the following property:

(G) forevery g € R?\ {0}, f(q) is finite and can be expressed as

flg) = /O 1Pt d g (o),

for some signed measure uy on (0,00) having finite negative part. We also define f(0) =
ur(R?), which exists as an element of R U {c0}.

We will say that a lower-semicontinuous function f : RY — R U {oo} is a weak G-type potential if
there is a function f* : (0,1) — R and a signed measure 1y on (0, c0) with finite negative part so that
the following conditions are satisfied:

(W1) forevery g € R?\ {0}, f(g) is finite and can be expressed as
i e ;
flg)= lim (/ e dpp(t) + ()],

where [~ e"‘”ztd,uf(t) < oo forall @ > 0, and
(W2) Ifwyisanelement of V*\ {0} of minimal length, then

1 o= lwol/t
/0 Tdﬂf(l) < 00,

The terminology “G-type potential” is short for Gaussian-type potential in that we are ex-
pressing the potentials f in the form f(q) = F(|g|*), where F is the Laplace transform of a signed
measure on (0,00). If u is positive, then its Laplace transform is a completely monotone function
from (0, o) to itself. (A function F is said to be completely monotone on (0, ) if (=1)*F®)(x) > 0
holds on (0, o) for every k € {0,1,2,...}). Therefore, G-type potentials are defined via the differ-
ence of two completely monotone functions on (0, c0) and weak G-type potentials are renormalized
limits of G-type potentials.

Whenever we refer to a weak G-type potential f, we will associate to it the measure p that
appears in the definition. It is clear that every G-type potential is a weak G-type potential, but the
converse is false. An example of a weak G-type potential that is not a G-type potential is the loga-
rithm f(x) = —log(|x|?). Indeed, the logarithm motivates our definition of weak G-type potentials
and it is true that

o —rl
—log(r®) = lin(}+ (/ ¢ p dr +y +log a), )

where vy is the Euler-Mascheroni constant (see Eq. (3.77) in Ref. 10). The corresponding function
f* is given by f*(a) =y +loga and the corresponding measure uy is t~'df. We will see some
examples of G-type potentials in Sec. III, such as the Riesz potential f(x) = |x|™ where s > 0.
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With these preliminaries, we now present a definition that will be of fundamental importance to
the remainder of the paper.

Definition 2. Let f be a weak G-type potential with corresponding measure py. Assume that
the matrix V that determines V satisfies det(V) = 1 and consider wy = (x j) € (RY)N. We define
the periodic f-energy of wy associated with the lattice V by

Elwy) = Y. Kxjxe), (6)
1<k,j<N
k#j
where
p —|x 1/+v| t 2riw-(x—y) : ﬂd/z —nz\wlz/t
KP(x,y) = Z/ dp(t) + Z e /0 ~ae dugt). (7
veV weV*\{0}
We also define
EY(A,N) = inf Ewp), 8
f( ) wNEﬂN f( N) ()

where A C Qs infinite.

Remark. When we write fab h(t)du(r) for any measure u, we mean the integral over the half-open
interval [a, b).

Remark. We allow for the possibility of a configuration having infinite energy, but this can only
happen if x; — x; € V for some i # j.

Formula (7) arises from a renormalization process involving limits of classical periodic energy
functionals. Namely, we derive (7) by first modifying the potential so that sum (3) for the modified
potential converges, and then continuously remove this added decay by pushing it out to infinity and
renormalizing the sum in a way that is independent of the configuration. Further details are provided
in Sec. IV.

The focus of this paper will be on applications of (6) and (7) to minimal energy problems.
Before we apply Definition 2, we list some of its properties. The following theorem shows that (6)
and (7) have several properties one would expect from a periodic energy definition.

Theorem 1.1. If f is a weak G-type potential, then its kernel has the following properties:

(a) Kp is well defined and continuous as a function from R? x R¢ to R U {co}. Furthermore,
Kp(x y) is finite for any x,y € R such that x — y ¢ V.

(b) Kp(x y) is symmetric, periodic in each coordinate with respect to the lattice V and depends
only onx-—y.

(©) If f is a G-type potential and the sum (3) converges absolutely, then EcP and Ep differ by a
constant multiple of N(N — 1), where the constant does not depend on the conﬁguratwn

Remark. As shown in the proof, if ,u}([l,oo)) < oo, then K}’(x, y) is also finite for x — y € V,

otherwise K;’(x, y) = oo for x — y € V. A configuration (x j)j": , will be called non-degenerate if
xj— xi ¢ V forany j # k and so the energy in (6) of such a configuration must be finite.

Proof of Theorem 1.1(a). By assumption on f, we have us = y;; — p for some positive /,t;: and
some finite positive measure My We shall begin by establishing that the second sum in (7) converges
uniformly on R? x R by verifying that the sum of the integrals converges absolutely. From the
representation

22 wl? _2 2
L o lwol-lw P

td2 - 1d/2
weV*\{0} weV*\{0}




123509-5 Hardin, Saff, and Simanek J. Math. Phys. 55, 123509 (2014)

and the fact that the last sum is increasing in ¢ and converges when ¢ = 1, it follows that the sum of
the integrands converges and is bounded on [0, 1] by a constant multiple of e~ 1@0*/7¢=d/2, Conse-
quently, applying condition (W2), we obtain that the second sum converges to a finite continuous
function on RY x R?.

Next, we consider the first sum in (7). Since

Z ool

veV

converges uniformly for (x, y) € RY x R, it follows that

Z / e—\x—y+v|2tdv(t)
vey /1

also converges uniformly on R¢ x R¢ if v is a finite measure. Thus, if ,u;([l,oo)) is finite, we have
that K ;’ is continuous and finite on RY x R¥.

Finally, we consider the case that /J;([l,oo)) = co. Let x,y € R? be such that x — y ¢ V and
choose § sothat0 < 6 < |x — y + v|*>forall v € V. Define

O(1) = 3 oy

veV
and observe from the finiteness property of (W1) that

Z/ e—\x—y+v\2tdﬂ;(t) =/ Ze(&—lx—y-#v\z)re—(ftdﬂ;(t)
1

veV oOUE‘V
= / Op(1)e'duf(t) < oo,
1

since O@«,(¢) is bounded and decreasing on [1,0). This establishes convergence of the first sum in
(7). It is not difficult to show that the convergence is uniform on any closed subset of D’ = {(x, y) €
RYxR?: x — y ¢ V} and so the first sum is continuous on D’

Fix v € V. For x — y in a sufficiently small neighborhood of —v, the dominant term in the first
sumin (7)is h(x — y) = f]w e“x‘y”‘z’dy}(t) while the remainder is continuous and finite for x — y
in this neighborhood. Since ,u}([l,oo)) =00, h(x — y) = oo as x — y — —v. Consequently, K’f’ is
continuous as a function from R¢ x R to R U {co}. i

Proof of Theorem 1.1(b). The symmetry and periodicity of the kernel is clear from the form of
the kernel and the definition of the dual lattice. O

Remark. We postpone the proof of Theorem 1.1(c) until Sec. IV.
One of our goals is to investigate the asymptotics of the minimal energy (as defined in (8)) as
N becomes large. One of our results (see Theorem 2.2 below) states that if uy is positive (more
generally, if the kernel K;’ is integrable), then the limit
E(A,N)
lim -~
N—oo N2
exists, is finite, and can be expressed as an explicit integral provided (A satisfies some additional
hypotheses. We will apply this result to determine the leading order of growth of the minimal
periodic energy corresponding to the potential function fg(x) := |x|™ for all values of s € (0,d)
when A = Q (see Corollary 3.5). When s > d, we will show that the leading order of growth is the
same as in the non-periodic setting, even if A # Q (see Theorem 3.2). This is not surprising because
for large values of s, it is the nearest neighbor interactions that dominate the asymptotics, so the
periodization of the problem should only have a slight effect.
In Sec. II, we will investigate minimal energy asymptotics for positive integrable kernels.
In Sec. III, will study the resulting kernels and the minimal energy asymptotics for Riesz and
log-Riesz potentials and also introduce a convenient formula for the periodic logarithmic kernel.

bl
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In Sec. IV, we will provide the details of our derivation of formula (7) and show that it arises
naturally from a certain renormalization process. We will place a particular emphasis on the
robust nature of our derivation and show that many different approaches to defining a periodic
energy yield the same result. Section V contains some detailed minimal energy calculations for
several potentials—including the Riesz potential—in the one-dimensional setting. These results are
extremely precise and highlight the possible advantages of considering the periodic problem when
studying minimal energy configurations.

For notation, we use x;; to mean x; — xi. We always assume that our lattice V' is determined
by a matrix V satisfying det(V) = 1; i.e., the co-volume of V is 1. This is achieved by an appropriate
rescaling of the lattice and simplify some of our formulas. For any integrable function %, we denote
its Fourier transform by iz, that is,

h(y) = / e h(t)dt.
R4

If v is a signed measure, we write v to denote its Fourier transform v(y):= / e dy(r).
RA

We use H,(X) to denote the g-dimensional Hausdorff measure of a set X.

Il. INTEGRABLE KERNELS

In this section, we will fix A C Q to be an infinite set that is compact in the quotient topology on
RY/V. Let M, 1(A) be the collection of all positive probability measures with support in A, where
we define the support of the measure in the topology of R?/<V. Our goal in this section is to prove the
following pair of theorems:

Theorem 2.1. Suppose f is aweak G-type potential and there exists some h € M. |(A) satisfying

£, [ [ Kl ppanaiy) <o ©
Ifthe signed measure uy associated with f satisfies
7 Py .
/0 want dus(t) > 0, forallw € V*\ {0}, (10)
then the set
{k EM(A) : Li(h) = Ve/\i‘?ﬁ(ﬂ)Lf(V)} (11

consists of a single element (denoted by vy).
In particular, if A = Q, then vy is d-dimensional Lebesgue measure restricted to Q and

© 1d)2
Ly(vy) = / / Kj(x,y)dxdy = / tdjduf(t). (12)
: 1
Remark. It is clear that the condition (10) is satisfied if My = 0.

Theorem 2.2. Suppose f is a weak G-type potential.
(D) If(9) holds for some h € M, 1(A) and yy satisfies (10), then

SP(ﬂ,N)
= | K omso (13)

where vy is the unique element of set (11).
(1) If uy satisfies (10) but Lg(\) = oo for all . € M, 1(A), then the limit in (13) is positive infinity.

lim

N—-oo
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Theorem 2.2(I) tells us that if the kernel K]'f. does not blow up too quickly along the diagonal

of A x A, then we can write down the leading term in the asymptotic expansion of 8;(.?{, N). This
conclusion will also have implications for the macroscopic distribution as N — co of minimal energy
configurations (which exist because A is compact in R?/V; see Corollary 2.5).

It will be no trouble to prove Theorem 2.1 (using standard machinery) once we have established
the following result:

Theorem 2.3. Suppose f is a weak G-type potential and i satisfies (10). If k. = ki — hy, where
each\; € M, |(A) and

[ ki i) < o, i=12 (14)
AJA
then
[ [ Kl > o 15)
AJA

with equality if and only if \ is the zero measure.

The proof will rely on our next lemma involving the Fourier transform.

Lemma 2.4. Lety be a signed measure on A that can be written as the difference of two members
of My 1(A). If the Fourier transform (w) = 0 for all w € V*, then y is the zero measure.

Proof. Throughout this proof, we keep in mind that A is a (compact) subset of R¢/V. Define

NgE

W = {k(x) = ajez’”"’f"‘ ta;eRwjeVime NQ} .

J=0

Let ‘W be the closure of ‘W in the uniform norm on A. It is easily seen that W is a closed algebra
of continuous functions on (A that includes the constant functions and separates points. The Stone-
Weierstrass Theorem tells us that ‘W is all continuous functions on A. Our hypotheses imply that
y(k) =0forall k € W, and hence v is the zero measure. O

Proof of Theorem 2.3. For the purpose of future reference, we initially only assume that A; and
A2 are positive finite measures on A satisfying (14); i.e., we postpone the assumption that A(A) =
M(A) — h(A) = Ountil later in the proof. First, notice that the proof of Theorem 1.1(a) shows that the
sum over V*in (7) is uniformly bounded in x and y. Therefore, we may apply the Fubini Theorem and
switch the infinite sum with the integral to obtain

. 1 ﬂ.d
// me-(x—y)/ e o lwl? tdps(t) [dM(x)dM(y)
weV (0} 0!

242
= 3w / T e iy o) (16)
weV*\{0}

Consider now the sum over V in (7). Given a measure A as in the statement of the theorem, define
G/(x)=e ~tIx and h (x) = G ()2 = Gt(x)k(x)M x) Since A has bounded support, it is easily
seen that his infinitely differentiable and every derivative of i is a bounded function on R¥. Recall that
G, is a Gaussian; i.e.,

A ndl? -myP/e d
Giy) = “ane , (y €RY), 17

and so h,(x) is a Schwartz function for every ¢ > 0.
Notice that G, * A and its Fourier transform are in L'(R?) (see Proposition 8.49 in Ref. 16), so we
may use the Fourier inversion formula and the Fubini Theorem to see that for any fixed v € V and any
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fixed t > 0 we have

/ / el (di(y) = / (G % W)(x + v) dM(x)
AJaA A
= [ [ e aG T dg
A JRE
= [, [ émenaG T an dg
R J A
- [ & hiaraq
R
= hy(-v). (18)
Let us split V into two subsets. We define V; to be all v € V such that there exist two points

a,b € A with a — b = v and we set V := V \ V, (here, A means the closure of A in RY). As in the
proof of Theorem 1.1(a), it is straightforward to show that

Z/ e—Ix—y+v|2td/Jf(t)
UE(VZ 1

is uniformly bounded in x, y € A. Therefore, we may change the order of integration and summation
and write

/ﬂ/ﬂ(z /100€—|X—y+v|2’dﬂf([))d}\(x)d}\(y)2/100 Z iz,(—v)duf(t), (19)
veV,

VeV,

which we know is finite.
It remains to deal with the finite collection V). For any v € V), the finiteness of My implies that
there is a constant o > 0 so that

Lr(hy) 2 / / / e_lx_””'z’d?\i(x)dki(y)du;(t)—o-, i=1,2,
1 AJA ’

where Ly is defined as in (9). Therefore, when we write

/ﬂ/ﬂ/looe_lx_y+vztdﬂ;(t)dk(x)dk(y) = /ﬂ/ﬂ/lm e_lx_y+v|2td/1}(t)d)\.1()C)CD\,I(y)
+/ﬂ/ﬂ/Iwe_lx_y+v|2td/‘;(t)d)‘2(x)d7‘2(y)_2/ﬂ/ﬂ/lw€_X_y+”ztdu;(t)dkl(x)dxz(y)

- w/ﬂ/ﬂelxy+v'2:‘7“(x)d“(y)dﬂ}<f>+ [ [ [ st
-2 /l /ﬂ /ﬂ e B () dha(y)dp ),

we know that the first two terms in this last expression are finite, while the third is in [—oc0, 0]. Therefore,
for each v € V;, we have

/1 hi(=0)dpf (1) € [—00,00).

Furthermore, from (18), we obtain

/1 hu(=v)duz(r) = /1 /ﬂ /ﬂ e-‘x—y”‘zfdx(x)duy)dﬂ;(t)e(-oo,oo)

because My is finite. Consequently,

[ into)usv € [-oo.00),
1 veV)
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which—together with (19)—implies

[ 3 sty

veV

exists as an extended real number in R U {—oo}.
Since h, is a Schwartz function, we may apply the Poisson summation formula (see Appendix) to
conclude that

00

[ Y o= [ o= [ 3 fwrwao.  eo
1 1S I

veV weV*

In order to show that this quantity is finite, it suffices to show that it is not negative infinity, and for this
itis enough to consider the integral with respect to M- Indeed, another application of Poisson summa -
tion shows

I 2, PG w0 = / wzw [ [ et taconano.

which is clearly finite because y, is finite. Therefore, the integrand on the far right-hand side of (20) is
integrable with respect to |¢|, which means we may bring the sum outside of the integral. Combining
(16) and (20), we obtain

1 )
[[ gepawam= Y, [ RwrGwann+ Y, [ RwPéwio. @
weva o}/ wey+Y1

Now we impose the assumption that A(A) = A(R¥) = 0 so that 4(0) = 0 and the first summation
can be taken over all of V. Since both of these sums are absolutely convergent, we may combine them
to get

/ / KP(x, y)dMx)dM(y) = Z Ihw)|? /0 m(;t(w)duf(,),

weV*

Appealing to Eq. (17), condition (10), and Lemma 2.4 completes the proof. O
Now we can prove Theorem 2.1.

Proof of Theorem 2.1. Suppose A; and ), are both minimizers of L. The proof of Theorem 2.3
shows that

< 00,

[ | K paucosaty)

so we may apply the parallelogram law to deduce that

M+ A M — A
Lf( 1; 2):£.f(}\'])_.£«f( 12 2) < Le(My),

where the inequality is strict unless A; = A, (by Theorem 2.3). The minimality of A implies A; = A, as
desired.

In the case A = Q, the translation invariance of the periodic problem implies that the unique equi-
librium measure vy must be the Haar measure which, restricted to €, is Lebesgue measure. Finally,
applying (21) with A = v, and noting that vy(w) = 0 forw € V*\ {0} and v¢(0) = 1, gives (12). O

Theorem 2.1 establishes thatset (11) has aunique element when f satisfies the appropriate hypoth-
eses. Now we can turn to the proof of Theorem 2.2, which we will prove using a standard argument
(see Chap. 2 in Ref. 24) that we provide for completeness.

Proof of Theorem 2.2. (I): Let v be the unique element of the set (11). Define

H(xy,...,xy) = Z K;(xk,xj).
k%)
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Then, 8;(.‘7[, N) is the minimum of H on A" . Therefore, we have the upper bound

8?(ﬂ,N)S/ﬂ---/ﬂH(xl,...,xN)dvf(xl)---dvf(xN).

This last integral is easily evaluated and equals N(N — 1) times the expression on the right hand side
of (13). Therefore,

ENALN)
S
e < L Ko 2

To get alower bound, let K "’(x y) be akernel that is continuous on A X A and satisfies K ")(x y) <
Kp(x y) forall x, y € A. For each N e N, let wy € AN be a configuration satisfying Ef(wN) = 8p
(ﬂ N). Let vy be the measure that assigns weight N~! to each pointin wy andlet N C Nbe a subse—
quence so that N~ 2c‘)lo(f( N) converges to its lim inf as N — oo through N. By taking a further subse-
quence if necessary, We may assume that vy converges weakly to some probability measure v, €
M...1(A) as N — co through AV The continuity of K¢ ¢implies

EY(A,N) 1 Y
A 14 ¢
5 > /ﬂ /ﬂ K(x, y)dvy(x)dvn(y) — N2 jE_l Kp(xj,x))

= / / Kf(x, Y)dveo(x)dve(y) + o(1)
ala -
as N — oo through NV. By taking a supremum over all such continuous K¢, we deduce

EL(A,N
mm—LJ //Wummmmw

N—-oo

where we used Theorem 1.1(a) to approximate the kernel K]‘Z from below by finite, continuous kernels.
In the case that L ¢()) is finite for some A € M. ;(A), we would have a contradiction with (22) for large
N unless Vo, = vy, so we have proven the claim.

(ID): If L(h) = oo forevery b € M, ;(A), then our above arguments show that the limit in (13) is
positive infinity as desired. O

We can also state the following corollary, which was proven in the proof of Theorem 2.2:

Corollary 2.5. Let f, uy, and Kp satisfy the hypotheses of Theorem 2.2(I) and for each N € N, let

wp be a configuration satisfying Ep(a)N) = SP(?I N). If vy is the measure that assigns weight N™' to
each point in wy, then vy is the unique weak llmzt of the measures {vy} N>z as N — co.

We will apply Theorem 2.1 to some specific examples in Sec. III, where we discuss potential
functions of special interest in more detail.

lll. THE PERIODIC RIESZ, LOG-RIESZ, AND LOGARITHMIC POTENTIALS

In this section, we will apply Definition 2 to define the periodic energy associated to some partic-
ularly interesting potential functions, namely, the Riesz potential, the log-Riesz potential, and the log-
arithmic potential. In the case of the Riesz potential, we will also discuss the asymptotic behavior of
the minimal energy.

A. The periodic Riesz energy

In this section, we consider the potential function f (w) = |w|™* forany s > 0. We will refer to the
corresponding energy as the periodic Riesz s-energy.

First, let us briefly describe the situation when s > d. In this case, the sum (3) converges and
has a convenient description in terms of special functions. Let us denote (as usual) the Epstein Zeta
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function of V by
)= D bl s>d,

veV\{0}

which is well-defined for s > d. Similarly, we will denote the Epstein Hurwitz Zeta function of V by

fvisiq) = ) lg+ol™, q¢V.s>d,
veV

which is also well-defined for s > d. We will see shortly that {/(s; g) — 1s actually an entire

r ( )(
function of s € C whenever g € R \ V. Now we can write

EP(e)N) = ) Ls; xa), s>d,

k#j

with the understanding that {4,(s;v) = co when v € V. Properties of the classical periodic Riesz s-
energy for s > d have been studied before in Refs. 11 and 12.

Definition 2 extends the definition of the periodic Riesz s-energy to allow for the possibility that
s < d. For simplicity, we will denote the periodic Riesz s-energy by E} and the corresponding kernel
and minimal energy by K} and &, respectively. The kernel that arises from formula (7) takes the fol -
lowing form:

Theorem 3.1. The kernel for the periodic Riesz s-energy associated with the lattice V is given by

P(x.y) = o 2t 0 23)
Ki(x,y)=dv(s;x—y)+ =5, s > 0. (
M T($)(d - s)
Furthermore, for 0 < s < d,
2 7d/2
KP(x,y)dxdy = (24)
/ / T(3)d-s)
Remark. An immediate consequence of (24) is
/{q/(s;x)dx =0, 0<s<d. (25)
Q
Proof. We begin by recalling
1 (o)
TR= [ Pl 0 0 26
y mel e , y>0, s>0, (26)

which shows (with y = |g|?) that the Riesz potential is a G-type potential for any s > 0. Furthermore,
an application of Fubini’s Theorem and Morera’s Theorem to (7) shows that each term in both sums
defining the kernel K? is an entire function of s. The uniform convergence of the sums (which follows
from the calculations in the proof of Theorem 1.1(a)) shows that for any fixed distinct x, y € Q, the
function K(x, y) is an entire function of s.

When s > d, we may invoke Theorem 4.1 to write

1 lﬂ.d/zts/z—l
K0(x.y) = li — g+ o Felalbyrol dr.
)= 1 (;'x s 62 Jo Wt P

If we apply dominated convergence, then we arrive at the following formula:

o y) = s - g - d 2

Ki(x,y) =Ly(six—y) - ——>» s>d. 27)
L(3)(s—4d)

We conclude that K¥(x, y) provides an analytic continuation of the right-hand side of (27) to the whole

complex plane (see also (28) below). Since both sides of (27) are entire functions of s and they are equal

on (d, o0), we must have equality for all s > 0 as desired.
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Finally, by (12) and (26), we have

a2 [* s a 212
KP(x,y)dxdy = — / 2 M= ———.
/Q/Q '3 Ji I(5)d - )

Remark. It is worth noting that the fact that the right-hand side of (27) is an entire function of s also
implies that 4/(s,q) — {(s) is an entire function of s (see p. 59 in Ref. 34).
Recall the incomplete gamma function, I'(o, x), given by

O

I'(o,x) ::/ e tdr.

Evaluating the integrals in formula (7) yields

dj2 A ‘ d—
Ko =T S @ alur (42
(2) weVN\{0} 28)
1 1 s
+ F(—,|x—y+v|2)
F(%)Ueijlx—y+v|s 2

(formula (28) was previously known when d < 3; see Eq. (30) in Ref. 29).
This formula enables us to write an explicit expression for the meromorphic continuation of
Ly (s;x — y) to all of C (see also Sec. 10 in Ref. 13). Furthermore, consider the Coulomb case in
three dimensions, which corresponds to s = 1 and d = 3. This case is of particular interest because it
describes the electrostatic interaction of ions in a three-dimensional crystal. If we use the identities
s r(3.%%)
I'(l,x)=e", N erfc(x),

then the right-hand side of (28) becomes

2112
-]
eZﬂiw»(x—y)e

mlwl?

N Z erfc(|x — y +v])

2
=y + 0] 9

weV*\{0} veV

which is Ewald’s formula for the periodic Coulomb potential on a lattice (up to a choice of constants;
see Eq. (4) in Ref. 28). Thus, we see that Definition 2 enables us to recover this classical result.

In the non-periodic Riesz energy situation, it is known that if 8 c R¢ is a closed ¢-rectifiable set
(i.e., B is the image of a compact set in R’ under a Lipschitz mapping, see Ref. 3) and s > ¢, then there
is a constant Cy , that is independent of 8 such that

lim &:8:N)
N—oo Nl+s/t

(see Refs. 3, 20, and 21). When 7 = 1, it is known that Cs ; = {z(s) (see Ref. 27), however, the exact
value of C;, is not known for any values of s or # when ¢ > 2. It is conjectured that when ¢ = 2, the
constant Cy, is equal to the Epstein Zeta function of the equilateral triangular lattice in R? (see Ref. 23).
Similar conjectures exist in dimensions 8 and 24, where certain canonical lattices are conjectured to
resemble the minimal energy configurations for any value of s > ¢ (see Conjecture 2 in Ref. 9). Indeed,
itis these conjectures that motivate the special interest in the Riesz potential. Our first result establishes
a connection between the periodic and non-periodic Riesz energy problems.

= Cy, H(B)*", s>, (30)

Theorem 3.2. Suppose B C Qisa compact and t-rectifiable set and s > t, where if s =1, we
further assume that B is a subset of at-dimensional C'-manifold. If 0 < H,(B) < coand H,(B N (Q\
Q)) =0, then

EXNB,N
lim &(B.N) _

dim SN 1. 31)
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In particular, it holds that
. EJB,N) Cs,t
lim = ,
Nooo Nl+s/t W,(B)S/t
im &V (8B, N) 27112
Noo N2log(N) 1T (%) H(B)'

s> 1, (32)

(33)

Remark. One potential use of this result is that it provides an additional path for deducing the value
of the constant C, ; mentioned above by studying the minimal energy problem in the periodic setting
when B8 = Q. See Subsection I1I B for further details. In Sec. V, we use our calculations to again verify
that Cs,l = gz(S).

Remark. If s < t, then the leading order behavior of E(8B, N) is given by Theorem 2.2 (see Corol-
lary 3.5 below).

Remark. The assumption H,(8 N (Q\ Q)) = 0isnota severe one and we will discuss its implica-
tions following the proof of Theorem 3.2.

Proof of Theorem 3.2. The results of Refs. 3, 20, and 21 imply that (32) and (33) hold with &}
replaced by &, so those conclusions will follow immediately once we establish (31). Also, the proof
of Theorem 1.1(a) shows that the sum

)

627riw~x /0 ;767”2|WI2/td/.1f(t)
weV*\{0}
is bounded by a constant that is independent of x € R?. Therefore, when we sum over all pairs (k, j)
with k # j, the contribution to the energy from this sum is at most a constant multiple of N(N — 1),
which is negligible for large N compared to N2 log(N). Therefore, it suffices to consider only the sum
over V in (7).

To this end, we resort to Eq. (28). It is trivial to see that the entire sum over V is greater than the
single term corresponding to v = 0. Therefore, by (28) we have

s LG5/ )
ZZ/ e * dus(t) > (s /2)2 B -

k#j veV
If we define a kernel K* on B by

L(s/2;|x = yI)
L(s/2)lx = yl*’
then Theorems 2 and 3 in Ref. 3 tell us that the corresponding minimal energy is asymptotically the
same as E,(B, N) to leading order as N — oo. Therefore,

ENB,N
hrlllngEBN;ZI s >t
To bound the lim sup, we choose § € (0, 1) and define

d
0B :=Bm{x=2ajvj:aj€[0,6],j= 1,...,d}.

K'(x,y) = (34)

Let us also assume that § is large enough so that H,(68) > 0. Suppose wfv € (68)" is a non-periodic
energy minimizing configuration. Then

s L(s/2;]x = y +v]’)
EXBN) < ERWh) < D -yl DY v
¢ ooy 1672 =y +ol

X, YEw X, YyEw

N
X#Y X+Y

T(s/2;]x — y +v]?)
= &E,(6B,N) + Z Z >
 ve) [(s/2)[x =y +v]

X, yEW
xX#Y
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Since ¢ < 1, this last infinite sum is uniformly bounded in x, y € 8B, so we can bound the above
expression by E,(68, N) + O(N?). Since H,(68B) > 0, we know that E,(68B, N) grows at least as fast
as N?log(N) as N — oo. Therefore,

EYUB,N)

—— =~ <1+0(1),

SR
as N — oo. To complete the proof, we invoke Theorems A and B in Ref. 3 to see that

L E@B.N) _ ((H(B) )"
N-w E(B,N)  \H,(68)] ~

Since 6 € (0,1) can be taken arbitrarily close to 1 and we are assuming H,(8 N (Q \ Q)) = 0, this is
the desired result. O

s>t

The assumption H,(8 N (Q \ Q) = 0 in Theorem 3.2 prevents the double counting of portions
of Q that differ by an element of V. Indeed, if V is the square lattice in R? and B = 9Q, then it is
straightforward to check that E5(B, N) = E5(0Q N Q, N) and hence

. EYNB,N)
lim ——————— =1,
N—c E(0Q N Q,N)
which shows that Theorem 3.2 fails without the assumption H,(8 N (Q \ Q)) = 0. In some sense, we
want B C Q, yet we also want B to be compact. Itis not possible to insist on both of these requirements,
especially since 8 = Qis a meaningful example. Our assumption implies that “most” of B is contained
in Q in an appropriate sense.
If we combine Theorem 3.2 with Theorems 2 and 3 in Ref. 3, we deduce the following corollary:

Corollary 3.3. Suppose B is as in Theorem 3.2 and let {wy } y 2 be a sequence of configurations
so that wy € BN and EXwy) = EXB,N). If s > t, then in the weak-* topology, it holds that

1 H(NB)
lim oy 3 0= T

XEWN

Proof. Let E; be the energy functional associated to the kernel (34) and let &; denote the cor-
responding minimal energy. The proof of Theorem 3.2 shows that E5(wy) > EX(wy) + N(N — 1)a
for some s-dependent constant a,. Theorem 3.2 and Theorems 2 and 3 in Ref. 3 imply that E(wy) =
EX(B,N)(1 + o(1)) as N — oo. The desired conclusion now follows from Ref. 3, Theorems 2 and 3. O

We can also state a result related to Theorem 3.2 that requires fewer geometric assumptions on the
set B, but assumes a certain separation between translates of B by elements of the lattice.

Theorem 3.4. Let B C Q be infinite and compact in R? and suppose s > 0 satisfies

E(B.N) _

lim e

N—oo

Then (31) is true.

Proof. The compactness assumption on B assures us that B = 68 forsome é < 1.Let K* be given
by (34) and let &; be the corresponding minimal energy. The proof of Theorem 3.2 shows that

EXB.N)+ O(N?) < EXB,N) < E(B,N) + O(N?).
Therefore, we need to show that
Ei(B,N)
liminf ———
minf = BN >

Consider an N-tuple wy = (x j)N , of distinct points in B, fix some i € {1,...,N}, and choose any
6 > 0. We can write

Z K*(xi,xj) = Z K*(xi,x;) + Z K*(x,x5).

lsj<N {7:0<|xj-xil<o} {ilxj—xilz6}
J#FL
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The second of these sums is O(N), where the implied constant depends on é. Suppose € > 0 is given.
The continuity of the incomplete gamma function in the second argument implies that if ¢ is small
enough, then

K*(xisxj) > _| —x
{j:0<Ix;-x;1<8} {j:0<x;-x;|<6} J
Therefore,

3 K> Y |x +O(N) = Z o oW
Iij_N {j:0<|x;-x;]<6} j#i i
J#FL

If we now sum this relation over i, we get

DK Gnx) > (=€) DL xi— x|+ OV

1<i,j<n 1<i,j<n
i#j i#j

Taking the infimum of the left hand side over all wy € BN shows
(1 - €)E4(B,N) < EX(B,N) + O(N?).
Dividing through by E4(8, N), taking N — oo, and then taking € — 0 completes the proof. O
If0 < s < d, the form of the kernel given in Eq. (28) shows itis integrable with respect to Lebesgue

measure on the set Q, so using the last assertion of Theorem 2.1 together with Theorems 2.2 and 3.1,
we deduce the leading order term in E5(Q, N) as N — oo.

Corollary 3.5. If 0 < s < d, then

E(Q, 2712
Jim S5 ( N) //Kp(xy)dxdy 6 )7Ed 5 (35)

B. Conjectures for optimal periodic Riesz s-energy

Regarding the constant Cs , for s > t appearing in (30) and (32), it is known (cf. Ref. 9) that
Cs,t < Lw(s), (36)

for any ¢-dimensional lattice V of co-volume 1. For dimensions ¢ = 2, 4, 8, and 24, it has been con-
jectured (cf. Ref. 9 and references therein) that equality, respectively, holds in (36) for the equilateral
triangular (hexagonal) lattice, the D, lattice, the Eg lattice, and the Leech lattice. These conjectures, in
turn, lead to the conjectured numerical values for the asymptotic energy expressions in (32).

Denoting the above lattices by V,, Vi, Vs, and Va4, we further conjecture that, forall s > 0, optimal
configurations w}, for the periodic Riesz s-energy when B equals the fundamental domain Q = Q;
for V;and N = m', m = 2,3,4,. . ., are given by scaled versions of the lattices restricted to Q; that is,
wy = (1/m)V, N Q. Note that verification of the optimality of these configurations would confirm the
formulas conjectured above for Cs , fors > tand¢ = 2, 4, 8, 24. For 0 < s < t, such optimality would
further imply that the following asymptotic formula holds:

EXNQN) = LIN? + Ly, (s)N'/T 4 o(N'*/1), (N > o), (37)

where L% denotes the constant on the right-hand side of (35). (Compare with Conjecture 2 of
Ref. 23 and Conjecture 3 of Ref. 9 for the non-periodic case of the sphere.)

C. The periodic log-Riesz energy

The log-Riesz s-potential is given by f(x) := |x| ™ log(|x|?) for some s > 0. The formula (see p.
26 in Ref. 32)

—log(y)
yc/Z

F(s/Z)/ 15/ 1(log(t) W(s/2))e Y'dt, s,y >0,
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(where y is the digamma function) shows that the log-Riesz s-potential is indeed a G-type potential
(with y = |g|?). One can verify—as in the proof of Theorem 3.1—that the corresponding periodic

kernel K]p0 o Riesz, ,(x, y)is analytic as a function of s € {z : Re[z] > 0} for any fixed x and y satisfying
x—yg¢v.

In the non-periodic setting, the log-Riesz kernel is the derivative of the Riesz kernel with respect
to the parameter s and we can extend this notion to the periodic situation. Indeed, if s > d, then we may
invoke Theorem 4.1 as in the proof of Theorem 3.1 to write (where the prime denotes the derivative
with respect to the variable )

KP ) =Y 2log(lx—y +v)) 1 /1 ﬂd/z(log(t)—w(%))dt
log—Riesz, s Y - i |X— y +U|S l“(%) 0 $d/2-5/2+1

, 1 r(log(r) - y(5))
= 2§V(S;x - y) - F( ) / 1d/2-s/2+1 : d,

o 21&(5/2)#‘“2 47/2
= VS ) T =) T T2 = P
= Z%Kf(x, Y) s>d.

Since both sides of this equality are analytic functions on the domain {z : Re[z] > 0}, we have proven
the following result:

Theorem 3.6. The kernel for the periodic log-Riesz s-energy is given by

P

d
Klongiesz’s(x, y)=2—K%(x,y) s> 0. (38)

ds

D. The periodic logarithmic energy

The logarithmic potential is given by f(x) = log |x|2. This potential is especially important when
d = 2, where it represents the Coulomb interaction. Previous attempts have been made to define the
logarithmic energy in two dimension (see Ref. 19), but our result is more general and arises from the
same methods used for G-type potentials. In the non-periodic setting, the logarithmic interaction can be
realized as a limiting case of the log-Riesz interaction as the parameter s tends to zero. We will extend
this notion to the periodic setting.

Recall that the logarithmic potential is a weak G-type potential (see (5) above). Therefore, equa-
tion (7) implies that the corresponding kernel is

o0 —tlx y+v\
I

veV weV*\{0}
& —t\x y+u\ ) 1 nd/26—7r2|w|2/t
lim F / eme~(x—y)/ ———dt
s— 0t (Z F( )tl 3/2 E;{O} 0 1"(%)[1+d/2—s/2
: P
XEI{)I+F(§)KS(X’!/)
d

=2 | —KPx,

(d s( y)) .

11m K? (x,y),

log—Riesz, s

Ko (x,y)

1 d/2
eZniw~(x—y) n / e—ﬂz\w|2/fd[
, 11+d]2

where we used the fact that Kg (x, y) is identically 0 by (28). We formally state this conclusion in the
following theorem.

Theorem 3.7. The kernel for the periodic logarithmic energy is given by

log(x y) - hm Klog Riesz, s(x y) (39)
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One can similarly define the periodic energy for many other potentials by considering the Laplace
transform formulas in pp. 24-26 in Ref. 32. We will investigate the minimal periodic energy associated
to the Riesz, log-Riesz, and logarithmic kernels in one dimension in Sec. V.

IV. CONVERGENCE FACTORS AND RENORMALIZATION

In this section, we will revisit and generalize the computational methods used to derive expression
(7). While never explicitly stated, the formula in Definition 2 is related to other formulas used to sum
divergent and conditionally convergent series (see Refs. 26, 29, and 31). The method that we will use
to derive formula (7) is that of a convergence factor (as in Refs. 25, 26, 29, and 31), which is a family
of functions {g, },-o parametrized by the positive real numbers.

If a convergence factor {g, },~0 is given, then for any particular g, let us define

AT DEDY (Z F e =2+ 0)galae - x; + v)>. (40)
k#j \veV

We will assume that our convergence factors are such that sum (40) converges absolutely forall a > 0.
We will also assume that lim,_,o+ g,(w) = 1 forall w € R¢ \ {0} and realize our energy functional as
arenormalized limit of expressions of the form (40) as a — 0*.

Our requirement that lim,,_o+ g.(w) = 1 for all w € R4\ {0} implies that if (3) is infinite, then
as a — 07, sum (40) may tend to infinity. We will see that in many cases—indeed in all the cases we
consider—sum (40) can be rewrittenas A;(a) + Ax(a; (x j)j.\’: 1)» where As(a; (x j)j.\’: 1) approaches a finite

limitasa — 0* for any (non-degenerate) configuration (x j)j.v: ,and A(a)is independent of the configu-
ration. By writing sum (40) in this way, we see that the configurations that minimize EJE(-; gq) arereally
minimizing A,(a; -). Since we are interested in minimal energy configurations and A,(a; -) approaches
alimitas a — 0% (call it A»(0; -)), we will define our energy as A,(0; -). We will use the Laplace trans-
form and Poisson summation to identify the quantity A;(a) that we must subtract off from sum (40) in
order to renormalize it to get a finite limit as ¢ — 0*. This kind of renormalization procedure has been
used previously by applied scientists; indeed the process of renormalizing the Coulomb interaction by
subtracting off the quantity A;(a) is described in Ref. 22 as neutralizing each cell in the lattice with a
uniform “background charge.” See also Ref. 30.

The procedure just outlined begs the question of the dependence of A,(0; -) on the convergence
factor {g, }4>0- We will show that if the convergence factor satisfies some very reasonable smoothness
and decay conditions, then the limit A,(0; -) does not depend on the convergence factor used and is
given by formula (7). More precisely, we will derive (7) using convergence factors that are Laplace
transforms of positive measures. This generalizes the methods of Refs. 29 and 31, where only Gaussian
convergence factors and G-type potentials are considered.

We will divide our calculations into two parts. The first will consider the case in which f is a G-type
potential. In fact, we will consider potential functions f and convergence factors { g, }»>o that satisfy
the following conditions:

(CF1) fisaG-type potential,
(CF2) foreacha > 0, g,(z)is finite for all z € R4 \ {0} and can be expressed as

o0 112
ga(2) = /0 e Prdp (o),

for some positive measure ft,, on (0, c0),
(CF3) if

= [ e,
0
then for every a > 0, the series Y, e f*(q + v)g4(g + v) both converge absolutely for all

qéV,
(CF4) lim,_o+ga(x) = 1forall x € R?\ {0}.
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For a lattice V' generated by V satisfying det(V) = 1 and a potential-convergence factor pair
(f,{ga}a>0) satistying (CF1-CF4) above, let us define

1 _dj2
3 g+ vl + 0= [ ;wafwgam).

veV

E;),1((xj)§v=1§ {8a}a>0) = limsup Z (

a—0* k%)

(41)

To make sure this is well-defined, we must show that the last integral in (41) is finite for every a > 0.
For this, it suffices to consider the case in which u is positive; the general case follows by considering
the positive and negative parts of y, separately. It is easy to see that

F2)8a(2) = /0 e Pd g (1),

where 1, 5 = us * ug,, so the condition (CF3) implies that if x ¢ V/, then

1
Z/ e_‘x+vlztd/,lu’f(t)<00.
0

veV

Since the integrand is positive, we may bring the sum inside the integral and apply Poisson summation
to get

1 _d/2

1 _d/2
n —7r2|w\2/t 2riw-x T
/0 1 Z ¢ ¢ dpta,r(0) + A ajz WHa.s(2).

weVA\{0}

The proof of Theorem 1.1(a) shows that the infinite sum converges to an integrable function, so the
second integral must also be finite, which is what we wanted to show.

Our main result for G-type potentials is the following theorem, which shows that this method
produces an energy functional that coincides with (6):

Theorem 4.1. If f and {g,}.>0 satisfy conditions (CF1-CF4) stated above and (ch)j.\[:1 is a non-
degenerate configuration, then the lim sup in (41) is a limit and

EJI‘D',I (('xj)j'v:]; {ga}a>())) = Z K;(xk,xj).

k#j

The proof will require the following lemma:

Lemma4.2. Let {g4}a>0 satisfy conditions (CF2) and (CF4) in the above list. For any 0 < € <
M < oo, the following conclusions hold:

(D lim, o+ /'lgu([e’ M]) =0.
(H) lirnaﬁ()+ /Jga((oa 6)) =1

Proof. Define
Gu(x) = / e dpug, (1), x> 0.
0
To prove part (I), we calculate (for 0 < s < r):
0= lim (Gu(s) = Ga(r) = fim [ (e = e, (0
a—0t a—0% Jo
M+e
> lim sup/ (™" — e ™)dpg,(t) > [ min (e — e‘”)] [lim sup pe (e, M +€))|,

a—0+ T€[€e, M +é€] a—0+

which proves the claim.
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To prove part (II), we choose some P > ( very large and keep the notation that0 < s < r andnotice

1= lim e "dug (1)

a—0* Jo

€ P )
lim (/ e "du, (1) +/ e "du, (1) +/ e‘”e(“_r)’dyga(t))
0 € '

a—0*

< lim %)Ilf (/zga((O, 6)) + e_er#ga([E,P]) + e(s—r)P/ e‘”dyga(t)) )
a—0* P

By part (I), the second term converges to 0 as a — 0%, and by choosing P large, we can make the last
term as small as we want (using the fact that G,(s) converges to 1 as a — 0%). This shows

lim %)r}f,ugu((o, €)= 1.

To bound the lim sup, we calculate

1 = lim e "du,, (1) > limsup e™ 1, ((0,€)),

a—0" Jo a—0

which means
lim sup p,,,((0,€)) < e,
a—0+
for any r > 0. Letting  tend to zero proves the result. O

Now we are ready to prove our result for G-type potentials. The main idea is to establish conver-
gence as a — 0% of the measures (1, to & in an appropriate weak sense.

Proof of Theorem 4.1. We will split the proof into two cases.

Case 1: My = 0.
We write
1 _dj2 o0 1 _d/2
T _ 2 T
Z g+ v)galxaj +0) = [ —=dpa p(t) = Z e Pt qy, () — —5 dta r(0).
veV o ! ! vey VO o ! !

To evaluate the integrals in the infinite sum, we split them into two integrals, one ranging from O to 1
and the other from 1 to infinity. It follows immediately from the definition of convolution (see p. 270
in Ref. 16) that

/ ePRIT A, (1) = / / Xieryo1y(z + y)e PR TG Iq () dp, (y)
1 0 0

:/ (/ e_xkj+"'22dﬂf'(z)) e, ()
o \Ja-p»

-, (/( e_|ij+vlzzd/v‘f(Z)) e g, (y) “2)
1

-t
+/ (/ e_lxk-f+U|ZZdﬂf(Z)) e_lxk_l‘+v|2ydﬂga(y)’ (43)
€ (I-y»)*

where € is some small positive number and (1 — y)* = max{1 — y,0}. The integral (42) is easy to
understand as ¢ — 0*.Indeed, Lemma 4.2 implies that the restriction of ,, to [0, €] converges weakly
to §pasa — 0" and the y-integrand in (42) is right-continuous at 0, soas a — 0%, the integral converges
to

/ e—lxk_,-+v|21d'uf(z)'
1

The integral (43) can be bounded above in absolute value by

(/Oo elxkj+vlzzd,llf'(z)) (/wexkf”zyd,uga(y) ) (44)

0 €
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The second factor in (44) can be rewritten as

€
_ ) 2
gl +0) /0 PRI ().

Lemma 4.2 implies the restriction of 1, converges weakly to §pasa — 0%, so condition (CF4) implies
this expression converges to 0 as a — 0*. Therefore, the limit of (44) as a« — 0% is zero, which implies

lim e il (1) = / ety (1), ve V.
a—0* 1 1

We may apply dominated convergence (using calculations from the proof of Theorem 1.1(a)) to

conclude that
Z / e-‘xwv‘zfdﬂf(t). (45)
veV 1

i 35 [ a0 =
am pev U1

It remains to evaluate

1 , 1 pd/2
tim (3 / P, () - / o (®)). (46)
a—0 = Jo o I

We apply Poisson summation

dl2

—tlxg +o? 2wl A
Z et Tol” = Z e NPt 2w xy ;.
(/2

veV weV*

to rewrite (46) as

i 1 ﬂ'd/2 2| |2/z

. LW X j - |w

algg_ E e _// td_/z e d/,ta’f(l‘) .
weV\{0} 0

For each term in this sum, we rewrite the integral as

T _m ke
/o /o me T d e (z)dpg ,(y) 47)

o R 2wl (z+y)
+ T Pl ng(2)d .
/E /0 L (g (1)

The second term in (47) is easily bounded above by a constant multiple of s, ([€, 1]), which tends to
zero as a — 07 by Lemma 4.2(I). To calculate the limit as @ — 0% of the first term, we again notice
that the y-integrand is right continuous at 0 and Lemma 4.2 implies that the restriction of i, to [0, €]
converges weakly to §g as @ — 0%, so the first integral in (47) converges as a — 0" to

1 dj2
) et
0 Z

It follows that for each w € V* \ {0} it holds that

1 _d/2 1 dj2
. o P o o T 212
lim e27ixkj w/ a7 e lwl /tdﬂa,f(t) = riXKj w/ td7€ lw| /td/lf(t),
0 0

a—0*

and dominated convergence again allows us to make the same conclusion for the sum over all w €
V*\ {0}.

Case 2: puy = ,u} — py with 11 finite.

Case 1 implies that if we replace f by f*and us by ,u]i; in (41), then the conclusion of the theorem
is valid. Therefore, the same must be true if we replace f by f* — f~ and py by y;; — i (condition
(CF3) allows us torearrange the sums). This is the desired conclusion. We see that Case 2 is the separate
application of Case 1 to the potentials f* and f~. O

Now we will apply Theorem 4.1 to derive (7) for weak G-type potentials. We will require the
convergence factor {g,}4-0 to satisfy conditions (CF2) and (CF4) above and we replace condition



123509-21 Hardin, Saff, and Simanek J. Math. Phys. 55, 123509 (2014)

(CF3) with the stronger requirement that

Zga(u+v)<oo, ueRINYV, a>0. (CF5)
veV
Recall that {v j}]‘.l= , are the columns of the matrix V that determine the lattice V and set u* := %(vl +
--++vg). If f is a weak G-type potential, then we define uy , to be the restriction of ¢ to the interval
[a@,o0) and

Fal2) = /0 7 Pdpy o0,

K} (x,y) == limsup lim sup(Z (falx =y +0) + fH(@)galx — y +v) (48)

a—0" a—0* veV

1 _dj2
@) Y i +0) = [ T 1 0)

veV t
and
ED ()N 5 {8aas0) = ) KD (26 )).
k#j
Our result for weak G-type potentials takes the following form:

Theorem 4.3. If f is a weak G-type potential with measure (iy; {8a}a>o satisfies (CF2), (CF4),
and (CF5); and (x j);\’: | is anon-degenerate configuration, then the lim sup’s in (48) are both limits and

Efp,2 ((xf);'vzl; {ga}a>0) = Z K;(xk,xj).

k#j
As in the case of G-type potentials, the proof will require a technical lemma.
Lemma4.4. Suppose {g4}a>0is a convergence factor satisfying (CF2), (CF4), and (CF5). Then

lim Z(ga(u+v)—ga(u*+v))=0, ueRIN\V.
a_)OJrue(V

Proof. We write

el o) = gl +o = Y [ et P, )
veV vey /0

We split the integral at 1 and notice that the integral from 1 to infinity converges to 0 as a — 0* by the

samereasoning thatshowed thatexpression (44) convergestoOasa — 0*.Tocalculate the integral from

0to 1, we bring the sum inside the integral (which is justified by (CF5)) and apply Poisson summation

to rewrite the integral as

1 . R IR
/ Z (62mw-u _ e2mw-u ) T e ™ lw| /tdﬂga(t)'

0 yey+
The w = 0 term contributes O to this sum, while the remaining sum converges for all # € [0,1] to a
continuous function thatis 0 at O (as in the proof of Theorem 1.1(a)). Lemma 4.2 implies p, , restricted
to [0, 1] converges to 6p as a — 0%, so this integral converges to 0 as a — 07 as desired. O

Proof of Theorem 4.3. We write

1 742
;(fa(xkf +0) + f(@)galxi; +v) = fH(@) U;ga(u* +0) - /O a7 kg % 1))
1 qd/2
= l;Vf(I(xkj + U)ga(ij + U) — /O Wd(ﬂf’a k “ga)(t)

—£7(@) D (8al” + 1) = galxi + ).

veV
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Lemma4.4 implies that the last term in this expression tendsto O as ¢ — 0%, while Theorem 4.1 implies
the rest converges to K;H(xk, x;)as a — 0*. This kernel has the form (7) but with p replaced by ¢ .

If we then take @ — 07, we recover the desired result. O

It will be beneficial to have some concrete examples to consider to help us understand the above
calculations.
Example: Riesz convergence factors. This example highlights the fact that for G-type potentials, we
do not need the convergence factor to be absolutely summable on its own (as in (CF5)), but only require
that the weaker condition (CF3) be satisfied. Consider the Riesz potential f(x) = |x|™ for s > d and
the Riesz convergence factor g,(x) = |x|™®. In this case,
(a/2-1

dpg (1) = @2

Since f and g, are both positive, the condition (CF3) reduces to

D fla+v)gag+v) <o, ggV,

veV
which is true in this case because s > d. We have already seen that the Riesz potential is a G-type
potential when s > d, and so this potential and convergence factor satisfy conditions (CF1-CF4) listed
above. Therefore, Theorem 4.1 tells us that we will recover (7) as our energy by this method.
Example: Gaussian convergence factors. Consider the logarithmic potential f(x) = —log |x|? and

. 2 . . . .
the Gaussian convergence factor g,(x) = e~14*I", which was utilized in Ref. 29. In this case,

dluga(t) = 6a2’

so it is clear that this choice of convergence factor satisfies the conditions of Lemma 4.4. We have
already seen that the logarithmic potential is a weak G-type potential, so Theorem 4.3 tells us that we
will recover (7) as our energy by using this convergence factor.

We have shown that formula (7) appears naturally as a definition of the periodic energy for a variety
of potentials and results from the natural process of using a convergence factor with the appropriate
renormalization. It may be possible to work out an exact set of hypotheses on the pair (f,{g4 }4>0) for
the resulting energy to coincide with (6), but that is not our purpose here. The generality of our current
result combined with the nice properties of the energy given by (6) are sufficient to justify our use of
(6) as a definition of a periodic energy functional.

Proof of Theorem 1.1(c). Theorem 4.1 shows that

.l gl
Z flx =y +v)etebmyrl —/ (tfawdﬂf(t)).

KP(x,y) = lim
f a—0* veV 0

However, since (3) is absolutely convergent we can bring the limit inside the sum over V. Therefore,

1 dj2

() = kZ (; flxg + v)) NV =) lim [ o du ()

Since this last limit—which must be finite in this case—does not depend on the configuration, we have
proven the result. O

We will conclude this section with an application of our results to the Laplace transform. Suppose
that f is a G-type potential, and {g, }+~0 is the Gaussian convergence factor g,(x) = e1ax The proof
of Theorem 1.1(c) shows that if the sum (3) is absolutely convergent, then the following exists and is
finite:

1
1
lim —————dus(t).
a—»O*’/O ([ + az)d/z /Jf( )
In other words, if the potential has sufficiently fast decay at infinity, then its inverse Laplace transform

must have a certain minimum amount of decay at 0. We will state this conclusion as the following
proposition:
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Proposition 4.5. Suppose F(r) : (0,00) — R is given by
F(r) ::/ e"du(t)
0

for some signed measure pwith u~ finite. Suppose further that Y, ,cq F (Iq +v |2) converges absolutely
for some q € R\ V. Then the following exists and is finite:
1

1
I —du().
a0 Sy Gxayn O

V. THEd = 1 CASE

In this section, we consider the minimal energy of the unit interval Q = [0, 1) for the periodic Riesz
kernel for all positive values of s, the log-Riesz kernel for all positive s, and the logarithmic kernel.
Of fundamental importance to our calculations is the following result, which follows from a standard
“winding number argument” of Fejes T6th (see Proposition 1 in Ref. 8).

Proposition 5.1. Suppose K is akernelon[0,1) X [0,1) of the form K(x, y) = ¢(|x — y|) for some
lower semicontinuous function ¢ : [0,1) - R U {+o0} that is (a) strictly convex on (0,1) and (b) sat-
isfies p(x) = ¢(1 — x) for x € (0,1). Thenan ordered configurationof N points0 < x] < --- < x}, <1
minimizes the N-point K -energy given by

Y, Kix)),

1<i,j<N
i#j
overall N point configurationsin [0, 1) ifand only if there is some 0 < o < 1/N suchthatx; = a + Lt

N
forallj=1,...,N.

In all of our examples, we will verify that the kernels satisfy the hypotheses of Proposition 5.1
and so deduce the minimal energy configurations. This will allow us to compute exact formulas for the
minimal energy.

A. The Riesz kernel

Since we always assume that det(V') = 1, we must have Q = [0, 1). Next, let us recall the Hurwitz
Zeta function

{sig) =D (g+m~,  g>0.s>1
n=0

Recall the form of the periodic Riesz kernel

WA
L(s/2)(s - 1)
Notice that the Epstein Zeta function for the integer lattice is just twice the Riemann Zeta function £ (s).
Therefore, we can use (49) to write the energy functional in this setting as

P N N . . 2Vr
EX(xpiL) = ({(s, i) + 4053 1= lxagl) = m)

k#j

K{(x,y) = Galssx = y) = (49)

s # 1. (50)

The case s = 1 will require special attention, but we have already seen that the Riesz kernel is an entire
function of s, so we will be able to make sense of the periodic Riesz 1-energy.

Define the function Jy(q) = {(s;q) + {(s,1 — g) — 1"(_?/22—\)(”;—1) Notice that J(g) = J4(1 — ¢) and
since

d
6—§(s;q) =—s{(s + 1;9),
q
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we have
2

J{(q) = aa—qz(é“(s;q)Jr{(s;l—q)) =s(s+ D (L(s+2q)+ (s +21-¢q) >0, ¢¢€(0,1).

This shows that the function Jy is convex on (0, 1) and so Proposition 5.1 implies that the energy mini-
mizing configuration is N equally spaced points in the unit interval. This fact and a simple calculation
allow us to write

AN 27
&N[0,1),N) = 2N ;=) -NWN - 1) 51
(0.1 N) jzlg(s N) N - D6 =T (51)
We need the following formula, the proof of which can be deduced from p. 249 in Ref. 1
Lemma 5.2. Foranyn € N, it holds that
N J
e (wd) e
- n
Jj=1
By invoking the lemma, we arrive at the following:
, 2
EX([0,1),N) = 2N (s) = 2NZ(s) — N(N — 1) vr s # 1. (52)

[(s/2)(s — 1)’

However, we have already seen that the energy minimizing configurations are independent of s and
that the energy of a fixed configuration is an analytic (and hence continuous) function of s. Therefore,
the formula (52) is also valid when s = 1. We have therefore proven the following:

Theorem 5.3. If s € (0,0), then the minimal periodic Riesz s-energy of the unit interval is given
by

I+s 2\/;

2N*1og(N) + 2N(N - 1)y s=1,

&3([0,1),N) =

where vy is the Euler-Mascheroni constant.

Notice that in the expression (53), there are no limits or error terms; we have an exact formula.

B. The Log-Riesz kernel and the logarithmic kernel

As mentioned in Sec. III C, the log-Riesz kernel is given by the derivative of the Riesz kernel with
respect to the parameter s. Consider the kernel given by

2\m
INCHCERY
For simplicity, we will presently only consider the case s # 1; we will obtain our results for s = 1 by
continuity asin Sec. V, part A. Our first step is to verify that the minimal energy configuration is equally
spaced points in the interval. We again proceed by a derivative calculation. Indeed, we have (where ’
indicates a derivative with respect to )

3 Ry(q)
0q> 2
It is clear that {(s + 2; q) + {(s + 2; 1 — g) is positive, so let us turn our attention to the terms
involving derivatives. Let us write

Rs(x)=2£(§(s;x)+{(s;l—x)— )* SE(O’OO)\{l}

=s(s+ D (s+29) + (s +251 = @) + 2s+ D({(s +2:9) + {(s + 2,1 = q)).

| S 1
{+2i)+ (s +21-q) = —— g2 )”2+Z( (q + n)s+?2 (1—61+”)s+2)'

n=
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Differentiating either of the first two terms with respect to s will yield a positive result, while differen-
tiating the infinite sum will yield a negative result. More precisely, we have

o (1 L\ _log(l/g)  log(1/(1 - g) s
05‘ s+2 (1 _ q)s+2 qs+2 (1 _ q)s+2
A straightforward calculation reveals that
0 (log(1/g)  log(1/(1 =)
8q qv+2 (1 — )5+2
5+2s—(s +5s+6)10g(q) 5+2s —(s? +5s+6)10g(1—q)
qs+4 (1 _ )s+4

Therefore, the symmetry of the expression (54) implies that the absolute minimum of (54) is obtained
when g = 1/2, where it takes the value 2°*3log(2) > 81og(2) ~ 5.542. Therefore, the positive contri-
bution to the derivative of £(s + 2; q) + £(s + 2; 1 — g) is at least this large.

The negative contribution to the derivative can be bounded above in absolute value by

i(log(g+n) +log(l—q+n)) 2Z:log(n+1) 2i:log(n+1)
n?2

(q + n)s+2 (1 -q + n)s+2 nv+2

This last sum is easily evaluated numerically, and it is in fact less than 4.

If we combine the positive and negative contributions to the derivative of (s + 2; q) + (s + 2;
1 — g), then we see that '(s + 2; q) + (s + 2; 1 — gq) is positive for all g € (0,1). It follows that the
second derivative of R; is positive for all g € (0, 1). Therefore, we invoke Proposition 5.1 to conclude
that the minimal energy configuration is given by equally spaced points in the interval.

Since (53) is an exact formula, we can obtain an exact formula for the minimal energy correspond-
ing to the log-Riesz kernel on [0, 1) by differentiating both sides of (53) with respect to s. Theorem 3.6
implies the log-Riesz kernel is continuous as a function of s, so we get the desired result for s = 1 also.

Theorem 5.4. If s > 0, then the minimal periodic log-Riesz s-energy of the unit interval is given

by
Elng_Riesz.s[0: 1), N) (55)
4[N 1og(N)L(s) + L' (s)N(N® = 1) + VaN(N - 1>(%ZL12> . os#1
2(N log(N))* + 4yN*log(N) = N(N = D)(4y1 + 3(4(3) (zsz (s);>, ) s=1,

where Y(z) is the digamma function, 7y is the Euler-Mascheroni constant, and

, log(m)®> <~ log(k)
s

k=1

is the negative of the coefficient of (s — 1) in the Laurent expansion of {(s) around 1.

Since equally spaced points minimize the periodic log-Riesz s-energy forall s > 0, itfollowseasily
from Theorem 3.7 that the same is true of the periodic logarithmic energy. If we combine this with
Theorem 5.4, we get the following:

Theorem 5.5. The minimal periodic logarithmic energy of the unit interval satisfies

ED,([0,1), N) = 2N (V&N — 1) - log(N))..
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APPENDIX: POISSON SUMMATION ON BRAVAIS LATTICES

Here, we will state and prove some of the necessary formulas for Poisson summation. The methods
and ideas here are not new, but in the literature there is widespread inconsistency concerning notation
and proper normalization, so some calculation is required for clarity. For a function f : R — R that
isin L'(R"), we define its Fourier transform by

i = [ e

The Poisson summation formula states that if f and f have sufficient decay at infinity, then

Drky= > fom) (A1)

kezd mezd

(see p. 254 in Ref. 16).
Given a lattice V determined by a matrix V as in our above results, let us fix some x € R? and

w € (0,00) and define
f(Z) — e—w\x+VZ\2.
This function f has sufficient decay at infinity to apply the Poisson summation formula, so we have

D=3 fwy= Y fom.

veV kezd mezd

Therefore, we need to calculate the Fourier transform of f. We have

f(y) :/ e—le(V’lx+t)|ze—27riy~tdt
Rd

iy-v-l - 2 _oxiy-
— eZmyV X e w|Vul| e 2niy Udu
RA
ooyl
eZmy V7'x
det(V) RrRd

where we used Theorem 2.44 in Ref. 16. If we denote the adjoint of a matrix A by A*, then we can
rewrite this as

_ 2 iyl
e wlu| e 2niy-V udu’

eZm’(V*)’lyw
det(V)

This integral is now just the Fourier transform of a standard Gaussian in R, The result is

2 P
oWl =2 iV u gy
R4

eZm’(V*)’lywﬂ.d/Z
det(V)w?/2

(see Proposition 8.24 in Ref. 16). We can now state our desired conclusion.

~ 20 e
f(y) = e IV Yl (A2)

Theorem A. Forany w € (0,00) and x € R¢, it holds that
s

2 T : 21412
Z e—w|x+v| — Z 627rls~xe—7r Is| /tu.
det(V)wa/2

veV seV*
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