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Abstract. We analyse a family of lattices considered by Conway and Sloane and show that
the corresponding Epstein zeta function attains a local minimum for the body-centred cubic
lattice.
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1 Introduction

A lattice sum is an expression of the form
Y Fx),
X

where the vector x ranges over a d dimensional lattice. In the case when

— ifx #£0,
F(x) =4 [x*

0 if x =0,

the lattice sum is a special case of Epstein’s zeta function and has applications in number
theory and theoretical chemistry, e.g., see [2] for comprehensive information or [3] for some
recent applications in chemistry.

Rankin [15] showed that among two-dimensional lattice sums with discriminant 1, the Epstein
zeta function is minimised by the hexagonal lattice. Further results on minimising lattice sums
have been given in [1, 4, 7, 8, 9, 11, 13, 16].

In this work, we consider a one-parameter continuous family of lattices in three dimensions
that includes the face-centred and body-centred cubic lattices, and show that the Epstein zeta
function for the family has a local minimum that is attained by the body-centred cubic lattice.

This paper is a contribution to the Special Issue on Basic Hypergeometric Series Associated with Root
Systems and Applications in honor of Stephen C. Milne’s 75th birthday. The full collection is available at
https://www.emis.de/journals/SIGMA /Milne.html
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2 Cuboidal lattices

Following Conway and Sloane [5], assume u and v are positive real numbers, let A = u?/v?, and
consider the cuboidal lattice A(u,v) generated by

r; = (u,v,0), ra(u,0,v) and r3 = (0,v,0), (2.1)
that is,
A(u,v) = {e1r1 + cora + cars | c1,c2,c3 € Z}. (2.2)

The most important cases, ordered by decreasing value of A, are

(1) A =1: the face-centred cubic (fcc) lattice,

(2) A =1/4/2: the mean centred-cuboidal (mcc) lattice,

(3) A =1/2: the body-centred cubic (bcc) lattice, and
) A

(4 = 1/3: the axial centred-cuboidal (acc) lattice.

Thus, A(u,v) is a continuous family that includes the fcc and bec lattices which are well known
to chemistry students. The other two lattices are less well known. The mcc lattice is the unique
densest three-dimensional isodual lattice [5, Theorem 2], while the acc lattice is the least dense
lattice with kissing number! 10, e.g., see [5, 10, 14].

In the remainder of this section, we do some standard calculations to find the minimum norm
and packing density for the lattice A(u,v), and use them to define the normalised lattice and
associated Epstein zeta function. If

X = ¢1r1 + core + c3r3 € A(u,v),
then
HXH2 = (Clrl + cors + 031'3) . (611'1 + coro + Cgrg) = (Cl, ca, 03)G(Cl, co, Cg)T,

where G is the Gram matrix whose (7, j) entry is the dot product r; - r;, that is,

u? +v? u? 02 A+1 A 1
G= u? w4v? | =0t A A+l 1. (2.3)
v? v? 202 1 12

The minimum norm of a lattice A is [6, p. 42]
p=min{[x—y|? | %y €A x £y} =min{|x|? | x € A, x £0}.
For the lattice A(u,v), we have

p=min{||x||* | x € A(u,v), x # 0}
= min{(cl,02,03)G(01,02,03)T | c1,c2,¢c3 € Z, (c1,c2,03) # (0,0,0)}
= min _0*((A+1)cf + (A + 1)c5 + 2c5 + 2Acica + 2c103 + 2cac3)

(e1,¢2,c3)€Z3
(e1,c2,c3)#0

= min _v*(A(c1 +)® + (c2 + ¢3)* + (1 + c3)?)
(c1,e2,3)€Z3
(c1,¢2,c3)#0

!See [6, p. 21].
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and it follows that

4 Av? if 0<A<1/3,
p=<(A+1)? if 1/3< A<, (2.4)
202 it A> 1.

The packing radius of a lattice is defined by p = % 1 and the packing density is [6, pp. 1-7]

volume of one sphere of radius p

A =
(det G)1/2

From (2.3), we have det G = 4A4v%, hence the packing density of A(u,v) is given by

%? it0 < A<1/3,
A= T JAFDY s aen (2.5)
oV a4 HYdsAsl
7T2 .
T2 FAS1.
LN

The maximum packing density for this family of lattices is %2 ~ 74% for the fcc lattice at A = 1.
This was conjectured by Kepler and proved by Hales [12] to be maximal among all packings in
three dimensions. Since

d (7 [(A+13\ =7 (A+1 1/2
M(m A>—M<A3><M‘“

the packing density has a local minimum at A = 1/2, corresponding to bce. Some special values
of the density, together with the kissing numbers, are given in Table 1. A graph of the packing
density as a function of A is shown in Figure 1.

Table 1. Packing density and kissing number as functions of A. Here (a,b) means {A | a < A < b}.

A lohl sl Gy i leH] 5G] [ aw
name acc bce mecce fee
: 2 A 2 (A+1)3 | 73 (A+1)3 /2 2
density | =5 5 | sV A | % 5\ A 5 | 5V A
kiss. no. 2 10 8 12 4

In order to study physical properties of the lattice, we normalise so that the minimum distance
is = 1. Accordingly, from (2.4) let

(1

— if0 < A<1/3,

i /

1

—{—— if1/3<A<]1, 2.6
V= vasT tssAs (2.6)

1

— if A>1.

(V2

The cases 0 < A < 1/3 and A > 1 are of less interest because the normalised lattice degenerates
to a lattice congruent to Z or Z? in the limits A — 0 and A — oo, respectively. From now
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Figure 1. Graph of A as a function of A given by (2.5).

on, we assume 1/3 < A < 1. From (2.3) and (2.6), the Gram matrix for the normalised
lattice is

1 A+1 A 1
= — A+1 1
A+1 1 1 9

The associated quadratic form is

9(A;i,5,k) = (i,4,k)G(i, §, k)T
1
= 7 (A4 D+ (A 17 + 26 + 240 + 2k + 2jk)
1 S : _
= T AG+I)° + G+ 8" + (i +£)°)

and the corresponding Epstein zeta function is

/ 1 s / A+1 s
L{Ass) = > (M) =D <A(i+j)2+(j+k:)2+(i+k:)2> ! 2.7)

i,j,k€Z i,J,kEZ

where the primes indicate that the term corresponding to (¢, 7, k) = (0,0, 0) is omitted from the
summations. The series (2.7) converges for s > 3/2 and we further assume 1/3 < A < 1.

3 A minimum property

Numerical calculations in [3] suggest that for a fixed value of s > 3/2, the Epstein zeta func-
tion (2.7) appears to have a local minimum value at A = 1/2. This is confirmed by the follow-
ing result.

Theorem 1. Suppose s > 3/2. The Epstein zeta function L(A;s) defined by (2.7) satisfies

0 0?
—L(A;s) =0 and —=L(A;s) > 0.
0A A=1/2 0A? A=1/2
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Proof. By definition, we have
L(A;s) = Z/<1>s
LR NI LK)

where

g(A 1L K) = Ail(A(IJr I+ (J+K)?+ (I +K)?).

Now make the change of variables (I, J, K) = (i — j,—k, 7). This is a bijection since (4,7, k) =
(I + K,K,—J), and it follows that

L(A;s) = Z/Z<9(A;i—1j,—k,j)>s

i7j7ke

, 1
- gzk:ez (i + 2 + k2 — 2(ij + ik) (27) + 27k (A1)

By direct calculation, the derivative is given by

£4L(A 5) = A2s / 1] + 1k — 27k . (3.1)
(A4 1)2 iihez ( + 72 +k2—2(1j+zk)(A+1)+2]k( ))
Setting A = 1/2 gives
ik 9k
9 LA s) _8 N i+ ik = 2] - (3.2)
94 A=z 9 (4 52 + k2 — 3(ij + ik + k)
Switching ¢ and j gives
9 P— ij + jk — 2ik
—L(A;8)| 4 10 =— ) (3.3)
oA =12 ];ez (i + 2 + k2 — 2(ij + ik + jk))**
while switching ¢ and k in (3.2) gives
0 8 ik + ik — 215
9 I(A:s) _ S5 Ny JuT I S — (3.4)
04 a=r2 9  (P 4 52+ K2 — 5(if + ik + k)

On adding (3.2)—(3.4) and noting that
(1j + ik — 2jk) + (ij + jk — 2ik) + (jk + ik — 2ij) = 0,
it follows that

iL(A s)

DA =0

A=1/2

Next, taking the derivative of (3.1) gives

o2 ij + ik — 2k
L(A;s 5
oA A“ ’ ;k:ez (2 + 72 + k2 = 200 + ik) () + 2k (451) ™
4s(s+1) Z/ (ij + ik — 25k)?
(A1), 22 (12 + 52+ B2 = 2035 + k) () + 2k (453)) ™
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Figure 2. Graphs of y = L(A;s) for 1/3 < A <1 given by (2.7) for (from top to bottom) s =3, s = 6,
s =20 and s = oco. In the limiting case s — oo we have L(A;o00) = kiss(A) where kiss(A) is the kissing
number as a function of A as given in Table 1.

When A = 1/2 the first sum is zero by the calculations in the first part of the proof. Therefore,
0? _ 64s(s+1) (jk + ik — 2i75)?

——L(A;s) —5-
0A? A=1/2 BL Ly (242 + k2 — 2(ij + ik + jk))*T

The term (jk+ik—2ij)? in the numerator is non-negative and not always zero. The denominator
is always positive because the quadratic form is positive definite. It follows that

2
a—L(A; s)

A2 >0

A=1/2

as required.

The calculations above are valid provided term-by-term differentiation of the series is allowed.
All of the series encountered above converge absolutely and uniformly on compact subsets of
the region Re(s) > 3/2. On restricting s to real values, the conclusion about positivity is valid
for s > 3/2. [ |

A consequence of Theorem 1 is that for any fixed value s > 3/2, the lattice sum L(A;s)
attains a local minimum when A = 1/2. The values s = 6 and s = 3 are used in the classical
Lennard—Jones 12-6 potential, so the values s > 3/2 are sufficient for physical applications.
Some graphs of y = L(A;s) for 1/3 < A <1 for various values of s are given in Figure 2.

A The limiting cases A — 0 and A — oo

In Section 2, it was stated that the normalised lattices are congruent to Z or Z? in the lim-
its A — 0 and A — oo, respectively. Here we provide an analysis for the case A — co. When
A>1, by (2.1), (2.2) and (2.6) the normalised lattice is

n={a (A2 0) ver(yf R0 L) w05 Y o)

In the limit A — oo, the only vectors that remain finite are those with ¢ = —cy, hence the
limiting set is given by

1 -1 1 1
A= lim A=14¢1(0,—, =) +e3(0,—=, — ) | e1,e3 € Z Y.
pricy {<ﬁﬂ> 3(@@)‘”’ }
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The function ¢: Ay, — Z? given by

(oot ) vl ) s

is an isometry, i.e., it preserves distance, hence the normalised lattice in the limiting case A — oo
is congruent to Z2. The other limiting case A — 0 may be analysed in a similar way by
considering the normalised lattice in the case 0 < A < 1/3. We omit the details as they are
similar.
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