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1. Introduction and main results

Sets of points on the sphere S? that are well-distributed in some sense conform an interest-
ing object of study, see for example [6] for an interesting survey with different approaches to
well-distributed points and [4] for a complete monography. One usually seeks for points with small
cap discrepancy or maximal separation distance or, as we do in this paper, minimal potential energy.
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1.1. Riesz and logarithmic energy

Given s € (0, 00), the Riesz potential or s-energy of a set on points wy = {X1,..., Xy} on the
sphere S? is
1
&(wn) = Z —xl (1)
i J

This energy has a physical interpretation for some particular values of s, i.e. for s = 1 the Riesz
energy is the Coulomb potential and in the special case s = 0 the energy is defined by

d

glog(wN) = %

lon) =Y logllxi — x5!
s=0 i)
and is related to the transfinite diameter and the capacity of the set by classical potential theory,
see for example [15].

1.2. Smale’s 7th problem

Shub and Smale [20] found a relation between the condition number (a quantity measuring
the sensitivity of zero finding) of polynomials and the logarithmic energy of associated spherical
points. Inspired by this relation, they proposed a problem that is nowadays known as Smale’s 7th
problem [21]: find a constructive (and fast) way to produce N points with quasioptimal logarithmic
energy. More exactly, on input N, one must produce a set of N points wy on the unit sphere such
that

Sloglwn) —my < clogN,
where ¢ is some universal constant and my is the minimum possible value of &, among all

collections of N spherical points.

1.3. The value of my

A major difficulty in Smale’s 7th problem is that the value of my is not even known up to
precision log N. A series of papers [5,9,18,22] gave upper and lower bounds for the value of my. The
last word has been given in [3] where this value is related to the minimum renormalized energy
introduced in [19] proving the existence of an O(N) term. The current knowledge is:

1
my = Wieg(S*)N? — 3 NlogN + Ciog N + o(N), (2)
where

Wlog(Sz) =

1
log |lx — y||~'dxdy = = — log2 (3)
(47T )2 /x,ye§2 2
is the continuous energy and Cjog is a constant. Here, as usual, o(N) is a function of N with the
property that limy_,, 0(N)/N = 0. Combining [9] with [3] it is known that

JT
r(1/3)

and indeed the upper bound for Cj,g has been conjectured to be an equality using two different
approaches [3,8]. This conjecture on the value of Gz was recently proved to be equivalent to two
other well-known conjectures in potential theory: the Vortices Conjecture and the Cohn-Kumar
Conjecture for the 2d Coulomb potential, see [17].

1. 2
~0.223282... < Ciog < 2l0g2+ - log  + 3log = —0.055605. ..,
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1.4. Explicit constructions toward Smale’s 7th problem

Several point sequences that seem to have low logarithmic energy have been proposed. In [11]
we find a number of families of points (some of them are random and some of them are not) to-
gether with numerical evidence of their properties for values as high as N = 50.000 spherical points.
However, obtaining theoretical results for the properties of these sequences has proved a very hard
task. Of course one can just run a generic optimization algorithm starting on those sequences and
get seemingly optimal collections of points but theoretical results about the asymptotical properties
of the output of such methods are quite out of reach.

Theoretical computations of the energy of constructively feasible families of points have only
been done in a few cases.

Points coming from the spherical ensemble (that can be seen after a stereographic projection as
the eigenvalues of A~'B where A and B are random Gaussian matrices, see [14]) have been proved
in [1] to have average logarithmic energy

1
Wiog(S*)N? — 3 NlogN + ¢y N 4 o(N),

where ¢c; =log2 — y/2 = 0.404539... (here, y is the Euler-Mascheroni constant).

On the other hand, points obtained (after the stereographic projection) as zeros of certain random
polynomials have been studied in [2] proving that the expected value of the logarithmic energy in
this case is

1
Wiog(S?)N? — 2 NlogN + ¢, N + o(N),

where ¢; = —Wjog(S?) = 0.193147 ...
Both ¢; and c; are quite far from the known upper bound for Ci,g and thus these methods are
far from providing an answer to Smale’s problem.

1.5. Main result: the Diamond ensemble

In this paper, we define a collection of random points, the Diamond ensemble <(N), depending on
several parameters. For appropriate choices of the parameters, our construction produces families of
points that very much resemble some already known families for which the asymptotic expansion
of the logarithmic energy is unknown, such as the octahedral points or the zonal equal area nodes,
see [11,12,18]. Indeed our paper can be seen as a follow up of [18, Theorem 3.2].

A quasioptimal choice of these parameters is described in Section 4.3, we call the resulting set
the quasioptimal Diamond ensemble, and its main interest is that we can prove the following bound.

Theorem 1.1. The expected value of the logarithmic energy of the quasioptimal Diamond ensemble
described in Section 4.3 is

1
Wiog(S*)N* — 3 NlogN + ¢, N + o(N),

where ¢, = —0.049222 ... satisfies

14340 ¢, = 191201log 239 — 227010g 227 — 1460 log 73 — 265 log 53 — 1935 log 43
—9301log31 — 17101og 19 — 1938 log 17 + 19825 log 13 + 1750 log 7
—425010g5 — 131307 log 3 + 56586 log 2 — 7170.

The value of the constant is thus approximately 0.0058 far from the value conjectured in [3,8].
The Diamond ensemble is fully constructive: once a set of parameters is chosen, one just has to
choose some uniform random numbers 64, ..., 6, € [0, 2] and then the N points are simply given
by the direct formulas shown in Section 4.3. It is thus extremely easy to generate these sequences
of points.

As one can guess from the expression of c,, obtaining the exact value for that constant requires
the computation of a huge number of elementary integrals and derivatives and has been done using
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the computer algebra package Maxima [16]. Our proof of Theorem 1.1 is thus, in some sense, a
computer aided proof. A more simple example (with more simple parameters) that can actually be
done by hand is presented in Section 4.1.

1.6. Structure of the paper

In Section 2 we present a formula for computing the energy of the roots of unity of some
parallels. In Section 3 we define the Diamond ensemble and through the formula of Section 2 we
compute its associated logarithmic energy. In Section 4 we present some concrete examples of the
Diamond ensemble. In particular a simple model that can be made by hand, a more elaborated
example and the quasioptimal Diamond ensemble in terms of minimizing logarithmic energy. In
that section we also give the asymptotic expansion of the logarithmic energy associated to every
single example. Section 5 is devoted to proofs and Appendix contains some bounds for the error
of the trapezoidal rule.

2. A general construction and a formula for its average logarithmic energy

Fix z € (—1, 1). The parallel of height z in the sphere S?> C R? is simply the set of points x € S?
such that (x, (0,0, 1)) = z, where (-, -) is the euclidean inner product. A general construction of
points can then be done as follows:

(1) Choose a positive integer p and zi,...,2z, € (—1, 1). Consider the p parallels with heights
215 -5 2p.

(2) For each j, 1 <j < p, choose a number r; of points to be allocated on parallel j.

(3) Allocate r; points in parallel j (which is a circumference) by projecting the r; roots of unity
onto the circumference and rotating them by random phase 6; € [0, 27].

(4) To the already constructed collection of points, add the North and South pole (0, 0, 1) and
(0,0, —1).

We will denote this random set by £2(p, {r;}, {zj}). Explicit formulas for this construction are easily
produced: points in parallel of height z; are of the form

x:(,/1—zj?cose,,/l—zfsine,zj) (4)

for some 0 € [0, 2r] and thus the set we have described agrees with the following definition.

Definition 2.1. Let £2(p, {rj}, {z;}) be the following set of points

4 =(0,0,1)
2, {rj}. {z}) = X}z (1/1 —zjzcos (2771“4-0]) /1—zjzsin (%4-91‘),2]‘) (5)
7 =(0,0, —1)

where r1; is the number of roots of unity that we consider in the parallel j, 1 < j < p is the number
of parallels, 1 <i <rjand 0 < 6; < 2m is a random angle rotation in the parallel j.

The following proposition is easy to prove.

Proposition 2.2. Let x be chosen uniformly and randomly in the parallel of height z; and let y be chosen
uniformly and randomly in the parallel of height z;. The average value of —log [|x — y|| is

_log (1 -2z + |z — z)
> .
The following result follows directly from Proposition 2.2.
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Corollary 2.3. Let x; be as in Definition 2.1. Then, for j # k,

e Tj
i log (1 — iz« + |27 — |
Eoy0 {_Zzlog(”"}—xill)}z—m ( f"z i k)’

=1 i=1

where 6;, 6 are uniformly distributed in [0, 27 ].

From Corollary 2.3 we will prove the following result which gives us an expression for the
expected logarithmic energy of the set £2(p, {r;}, {z}).

Proposition 2.4. The average logarithmic energy of points drawn from Q2(p, {r;}, {zj}) is

Eq,....0pc10,27] [Glog(2(p. {1j}. (z)))] =
p

1
—2log(2)— > 1 |:log(4) + - log(1 — z’)+ log rj]
j=1
> log (1 —zZizk + |z — ZI<|)
- Z il 2 '
k=1
It turns out that, for any fixed choice of 11, ..., r,, one can compute exactly the optimal choice

of the heights zy, ..., z,.

Proposition 2.5. Given {ry, ..., 1,} such that r; € N, there exists a unique set of heights {zi, ..., zp}
such that z; > -+ > z, and Ep, . g cj0.2x [Glog(2(p. {13}, {:}))] is minimized. The heights are:

-1

Zn Zn 1+n+2) 1

j=+1 j=1
21_7_1—7,

N-—-1
DN
j=1
where N = 2 + Z;’:] 1j is the total number of points.

From now on we will denote by £2(p, {r;}) the set £2(p, {1}, {z;}) where the z; are chosen as in
Proposition 2.5. With this choice of z; we have the main result of this section:

Theorem 2.6. Let p = 2M — 1 be an odd integer. If rj = 1,41 and z; are chosen as in Proposition 2.5
we then have

p
= —(N — 1)log(4 erlogr] er 1 —2z)log(1 - z)
j=1
M
:—(N—l)log(4)+erong—Zerlogrj
j=1
M
- —I)erl—zj)log(l—zj Zr,l—i—zj log(1 + z).
Jj=1 j=1
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3. The Diamond ensemble

We are now ready to define the construction that leads to Theorem 1.1. It amounts to choose
some ry, ..., Iy such that the energy bound computed in Theorem 2.6 is as low as possible and can
be computed up to order o(N). Our construction is based in the following heuristic argument.

3.1. A heuristic argument

Let us choose z;, ..., z, in such a way that they define p equidistant parallels on the sphere. In
other words,

Zj = cos
p+1

The distance between two consecutive parallels is 2 sin(z /(2(p+ 1))). We would like to choose r;j in
such a way that the distance between two consecutive points of the same parallel is approximately
equal to some constant times this distance. Since parallel of height z; is a circumference of radius
sin(jrr /(p + 1)), this goal is attained by setting for example

Ko7 sin (%)
1j = —————=, for some constant K, > 0. (6)
sin (ﬁ)
Let us forget for a moment that this gives an impossible construction (since the r; will not be integer
numbers). One can then plug in Proposition 2.4 these values of z; and r;. After a considerable amount
of work the right-hand term in Proposition 2.4 can be proved to have the asymptotic expansion

Kor 1 log w
— — —logKy —
6 2 g Ko

1
Wiog(S*)N? — ENlog(N) + ( )N + o(N), (7)
where N = 2 +r; 4 - - 41, is the total number of points in the sphere. The optimal value of Ky is
Ko = 3/, yielding the asymptotic

1 1—log(3
Wiog(S*)N? — 5N log(N) + %()N + o(N),

where 1=%3) = —0.049306.. .

Unfortunately, this reasoning does not actually produce collections of points since as pointed out
above the number of points in each parallel must be an integer number. The computation of the
formula (7) is done with techniques similar to the ones used below but we do not include it since
we actually only use it as an inspiration of our true construction below.

3.2. An actual construction

Inspired on the heuristic argument above, we will try to search for sets of the form £2(p, {r;}) such
3sin( %
that the r; are integer numbers close to <<":1)
sin 72(54»1)
zj given by Proposition 2.5. Our approach is to consider different piecewise linear approximations
to the formula (6) with Ky = 3/7.

. We will then choose the optimal values for the

Definition 3.1. Let p, M be two positive integers with p = 2M — 1 odd and let r; = r(j) where
r:[0,2M] — R is a continuous piecewise linear function satisfying r(x) = r(2M — x) and

Oll+ﬂ1X ifO:t0§x§t1,
r(x) =

on + Pax ifty g <x<t,=M.
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Here, [to, t1, ..., t,] is some partition of [0, M] and all the t;, o, B, are assumed to be integer
numbers.

We assume that oy = 0, ¢, B, > 0 and B; > 0. We will later let M vary but we assume that
there exists a constant A > 2 not depending on M such thatn < A, oy <AM, 8, <Aand t; > M/A
(although some of these bounds can be refined without affecting the proof). Note that in particular
this implies the following bounds for the total number of points N:

M

tl(t1+]) M? ‘ 5
—1>Zﬂ > o5 N§2+2;(AM+AJ)§5AM. 8)

Let z; be as defined in Proposition 2.5. We call the set of points defined this way the Diamond
ensemble and we denote it by ¢(N), omitting in the notation the dependence on all the parameters
nty, ..., th, &1,..., 0 B1, ..., Bn. Note that the total number of points is

Ly

N= (an+ﬂnM)+22 D (e + B

=1 j=ty_1+1
We also denote by N, the total number of points in up to t,_; (without the North Pole), that is

te_1—1

Ng = Z Tj.
j=1

Note that if j € [t,_1, t,] then

T+r4+2Y0 " n 142N =5 +2Y,, (o0 + Bik)
Zj:] =1 (9)
N -1 N -1
_ oy V42N — (e + Bej) + 200G —teor + D+ B+ 1) — L1 + 1)
B N—1 :

We thus consider the function z : [0, 2M] — R, piecewise defined in each interval [t,_1, t;] C
[0, M] by the degree 2 polynomial
1+ 2N, — X) + 2ap(x — t,— 1 X+ tp_1)(x — to_ 1
200 =1— + 2N — (otg + Bex) + 200( Ne1;L )+ Be(x + te_1)( -1+ 1) (10)

and given in [M, 2M] by z(x) = —z(2M — x). Note that we have z; = z(j).

3.3. An exact formula for the expected logarithmic energy of the Diamond ensemble

From Theorem 2.6, the expected value of the log-energy of o(N) is given by

Eo, . .opel0.22 [éaiog(o(N))]

M

= —(N — 1)log(4) + r(M)log r(M) — 2> r(j) log r(j)
j=1

M

M
— (N = 1)) ()1 — () log(1 — 2() — (N = 1) Y r()(1 + 2(7)) log(1 + 2())).
j=1 j=1
We write the sums as instances of a trapezoidal composite rule. Recall that for a function f :
[a, b] — R with a < b integers, the composite trapezoidal rule is

M) = @0 )4 3 1 (1)

j=a+1
We then have
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Corollary 3.2. The expected logarithmic energy of points drawn from the Diamond ensemble equals

— (N=1)) Tiy_0(8) = (N = 1) Ty (e,
=1

=1
where for 1 < £ < n the functions f,, g, h, are defined in the interval [t,_1, t;] and satisfy

fe(x) =(a¢ + Bex)log(ae + Bex),
ge(x) =(otg + Bex)(1 — z¢(x)) log(1 — ze(x)),
he(x) =(org + Bex) (1 + z4(x)) log(1 + z,(x)).

3.4. An asymptotic formula for the expected logarithmic energy of the Diamond ensemble

Since f; is a continuous function for 1 < £ < n, the trapezoidal rule Ty, , .,1(f¢) approaches the
integral of f,. Moreover,

Lemma 3.3. For 1 < ¢ < n we have

< (t¢ — ti_1)3Alog(2AM) < 3AM log(2AM).

te
T o) — / fulx)dx
te—1

Proof. Let S be the quantity in the lemma and note that

s < i /jj1 _flG =1+ £0)

2
j=tg—1+1

fe(x)

‘ dx.

Now, for x € [j — 1, j] we have
J
[fe(x) = fe( — DI = / [f/(t)ldt < A+ Alog(AM + AM) < 2Alog(2AM).
-1

We thus have

00 — feG— 12) + fe(G)

fe(x) = foG — DI +

=

[l —1) - £()
2

< 3Alog(2AM).

The lemma follows. O
We can use the classical Euler-Maclaurin formula (see Lemma A.2) for estimating the difference
between the composite trapezoidal rule and the integral in the cases of g, and h,. Indeed we have

Lemma 3.4. The following inequality holds for 1 < ¢ < n:

ty / /

gy(te) — g,(te—1)
Ty () — / i) — S
te

-1

- ClogM
- M

for some constant C > 0, that depends only on A.

Proof. From Lemma A.2 it suffices to prove that |g;"(x)| dx < CIIE—%M for some constant C. Now,
g = u(x)v(x)w(x) where u is a linear mapping, v is a quadratic polynomial and w = logv. The
Leibniz rule for the derivative of the product gives

" ron

g/ =uvw” + 6u'v'w’ + 3u'v"w + 3uv"w’ + 3uvw” 4 3uv'w”.
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If £ =1 then g;” has a simple expression and it is easily verified that
g C logM
1 — M2
for some constant C > 0. For £ > 1 note now that u(x) = ay + B,x satisfies
lul<cM, Ju|=<C

where C is some constant. Moreover, v(x) = 1 — z,(x) in [t,_1, t;] satisfies

1 c L, C

— <=1 PIs—, P[<—

C M M?
for some positive constant C, not depending on M. To see this, just note that since £ > 1 we have
[te—1, te] € [t1, M] € [M/A, M]. Then,

14 g1M? /A% ) 1

> M/A)| > —— > —,
ol 2 [oi(M/A) 2 — ——— > =
, 2Bex + 20t¢ | (8) | 2AM + 2AM C
[V = =< = —,
N -1 M2 /2A2 M
2 2A C
o =|2P ] < <.
N -1 M2 /2A2 M2

where C is a constant depending on A whose value is not important for us. A similar, yet more
lengthy computation shows that w = log v satisfies

/)
1 <

/ C " C
lw| <C, Jw|=<—, W= lw”| < —.
M M3

- M2
The lemma follows. O

Lemma 3.5. The following inequality holds for 1 < £ < n:

hy(te) — hy(te—1) -

ty C
Tit,_y,e0(he) — / he(x)dx — 5 =

tg—1

for some constant C > 0.

Proof. The proof is almost identical to that of Lemma 3.4, so we leave it to the reader. O

We have proved the following.

Theorem 3.6. For the Diamond ensemble we have

=1
g gi(te) — gy(te—1)
_ 4)2(/@_ g(x) dx+12>
¢ hy(te) — hy(te—1)
— (N — 1); (/t“ hy(x) dx + 12) + O(M log M),

where as before for 1 < £ < n the functions f,, g, h, are as in Corollary 3.2 and the constant hidden
in the O(M log M) term depends only on A. Note that from (8), the term O(M log M) is o(N).

3.4.1. Zonal equal area nodes
In [ 18] Rakhmanov et al. define a diameter bounded, equal area partition of S? consisting on two
spherical caps on the South and the North pole and rectilinear cells located on rings of parallels. The

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
logarithmic energy, Journal of Complexity (2020) 101471, https://doi.org/10.1016/j.jc0.2020.101471.




10 C. Beltrdn and U. Etayo / Journal of Complexity xxx (xXxx) XXX

ke = -
ﬂf““‘f.
{‘o.. . Clei=to,
* 2 - a ]
phvers=e Ty : - : e SHu
od © ° b £
of 0, %o ® o o s SN
% p.. ® ¢ 9 RN
L4 °
'£.'o.’o ¢ o o
P ISR .
(3 ® ® ™Y ° b
e L 54 ° o o
& % L ® o o o ¢ elE
%, = e °
({0. ° . ® o s o 0N
°
s.v' '-.. ® o o o o 0 o
(] 9 B
&'o' 'o. ® ¢ 0o o 0o o o ®
L)
° B
". ° ® ¢ ¢ ¢ 0o 0 o o
e, ' e
*c e o o o
‘e
3 % o o o ®
I ¢ o
1 e o
P!
3

Fig. 1. A realization of a simple example with K = 4 and N = 1602. Different colors for points correspond to different
linear pieces defining r(x).

resemblance between our model and this model is remarkable, and even if the constructions are
different, the points obtained seem to be really close. Actually, both the authors in [ 18] and ourselves
try to approximate r; as in Eq. (6) by an integer number. The theoretical bounds we obtain here for
the logarithmic energy are slightly better than the numerical bounds obtained in [11] for the zonal
equal area nodes.

An interesting fact is that among all the algorithmically generated point sets, the generalized
spiral and zonal equal area points perform the best with respect to the logarithmic energy. [11,
Proposition 2.3.] claims that the sequence of zonal equal area configurations is equidistributed and
quasi-uniform. The same kind of result can probably be stated for the Diamond ensemble.

4. Concrete examples of the Diamond ensemble

Throughout this section we are going to explore three different examples of the Diamond
ensemble. Each of them is illustrated with two kinds of figures: a concrete example of points
following the model on S? (Figs. 1-3) and a comparative between the 1j that define the model and

the r; in Eq. (6) with Ko = 3/, given in Fig. 4. In Figs. 1-3 we have used different colors for points
obtained from the different linear pieces defining r(x).

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
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S

Fig. 2. A realization of a more elaborated example with N = 1314. Different colors for points correspond to different
linear pieces defining r(x).

4.1. A simple example

We choose n = 1, rj = Kj with K a positive integer for 1 < j < M. Then, for I € {1,..., M} we
have
1+ KP
N—-1"

Z[=1—

The number of parallels is 2M — 1 and the number of points of the Diamond ensemble is

p M
N=2+) r=2-KM+2) Ki=2+KM.
j=1 j=1

One can then write down the functions in Corollary 3.2 getting
f(x) =Kxlog(Kx),

1+1<x2l 1+ Kx?
N-—1 N—1)’

1+ Kx? 1+ Kx?
h(x) =Kx |2 — + R log |2 — R .
N-1 N-1

g(x) =Kx
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S

Fig. 3. A realization of a quasioptimal example with N = 958. Different colors for points correspond to different linear
pieces defining r(x).

Then, the formula in Theorem 3.6 reads

(M) —g(0)  W(M) — h(0)
12 12

M g
SN 1) ( / (800) + h(x)) dx + ) +o(M?),
0

All these integrals and derivatives can be computed, obtaining the following result.

Theorem 4.1. The expected value of the logarithmic energy of the Diamond ensemble in this section is

,,,,,

log 2 1 log K
4N (iK —~ tlog2- 8 ) + o(N).
6 2
In particular, if K = 4 we have
1 2log2 1
591 ..... 6pel0,27]P [éalog(o(N))] = Wlog(Sz) - EN logN +N ( 3 - i) + o(N).
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120

100 -

80

60 -

40 -

—o— A simple example
- - = A more elaborated example
A quasioptimal diamond ensemble
3 sin(jz/(p + 1))
77 Vsin(w/(2(p+ 1))

20

Fig. 4. Comparison of the number of points in each parallel for the different models for p = 55 parallels.

Note that N’ng - % = —0.037901... Using this simple example we are thus approximately

0.0177 far from the valued conjectured in [3,8].

4.1.1. Octahedral configurations of points

In [12] an area preserving map from the unit sphere to the regular octahedron is defined.
Considering some hierarchical triangular grids on the facets of the octahedron a grid can be mapped
into the sphere obtaining two different sets of points: those coming from the vertex of the grid 2y
and the centers of the triangles Ay.

The set £2y consists on 4M?4-2 points in the sphere that very much resemble our simple example.
In the paper, the authors give some numerical simulations for the logarithmic energy of this set of
points that are confirmed by Theorem 4.1. Also in [11, Figure 2.2] new numerical simulations for
the same set are done obtaining a bound which is very similar to the one we prove here.

4.2. A more elaborated example

The following choice of r; produces much better results. Let p = 2M — 1 where M = 4m with m
a positive integer. Let n = 3 and let r; = r(j) where

6x 0<x<2m
em+3x 2m<x<3m
12m+x 3m<x<4m
20m—x 4m<x<5m
30m—3x 5m<x<6m
48m — 6x 6m < x <8m

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
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that satisfies r(x) = r(p + 1 — x) = r(8m — x). Let z; = z(j) where z(x) is defined by (10), that is,

82m?% —6x2

<x<
82m2+41 0=x=2m
94m?2 —12mx—3x2
94m” —12mx—3x" <x<
82m2+1 2m < x < 3m
112m?% —24mx—x? 3m < x < 4m
2(x) = 82m2+1 - =
144m? —40mx-x> 4m < x < 5m
82m2+1 =7 =
194m? —60mx+3x2
194m” —60mx+3x~ <x<
Sam2 11 5m<x<6bm
302m —96mxt6x’ G0 <y < 8m
82m2+41 - =

We moreover have N = 82m? + 2. Again, all the integrals and derivatives in Theorem 3.6 can be
computed, although this time the computer algebra package Maxima has been used, getting the
following result.

Theorem 4.2. The expected value of the logarithmic energy of the Diamond ensemble in this section is

N
Eg,....opei0.27 P [Glog(0(N))] = Wigg(S*IN? — o logN +cN +o(N),
where ¢ = —0.048033. .. satisfies

492¢ = —1131log 113 — 98210og82 — 2101log 70 — 51log 51
+16381log41 + 9001og 15 — 361log 12 — 1536 log 8
+1441log6 — 492 log 4 + 1968 log 2 — 246.

Using this more elaborated example we are thus approximately 0.0076 far from the value
conjectured in [3,8].

4.3. A quasioptimal Diamond example

We have made a number of tries with different choices of the parameters for the Diamond
ensemble. The best one (i.e. the one with minimal logarithmic energy) that we have found is the
following one: let M = 7m with m a positive integer, let p = 2M — 1 and let

6x 0<x<2m
2m+5x 2m<x<3m
Sm+4 3m<x<4m
IMm+3x 4dm<x<5m
14d4m+2x 5m<x<6m
20m+x 6m<x<7m
34dm—x Tm<x<8m
42m—2x 8m <x <9m
51m—3x 9m <x < 10m
6lm—4x 10m<x<11m
72m—5x 11m<x<12m
84m —6x 12Zm<x<14dm=p+1

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
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that satisfies r(x) = r(p + 1 — x) = r(14m — x). Let z; = z(j) where z(x) is defined by (10), that is,

239m? — 6x? 0<x<2m
243m? — 4mx — 5x> 2m < x < 3m
252m? — 10mx — 4x*> 3m <x < 4m
268m? — 18mx — 3x*> 4m < x < 5m
293m? — 28mx — 2x>  5m < x < 6m

1 8 329m? — 40mx — x° 6m <x<7m
239m2 + 1 427m? — 68mx + x* 7m < x < 8m
491m? — 84mx +2x> 8m <x <9m
572m? — 102mx + 3x> 9m < x < 10m
672m? — 122mx + 4x> 10m <x < 11m
793m? — 144mx + 5x* 11m <x < 12m
937m? — 168mx +6x*° 12Zm<x < 14dm=p+ 1.

z(x) =

We moreover have N = 239m? + 2. Again, all the integrals and derivatives of Theorem 3.6 have
been computed using the computer algebra package Maxima, obtaining Theorem 1.1.

5. Proofs of the main results
5.1. Proof of Proposition 2.2

In order to prove Proposition 2.2, we will need the following equality from [10, Formula 4.224],
valid for a > |b| > 0:

(12)

T 2 _ bZ
f log(a + b cos(8))d6 =  log <a+ ;) .
0

Note that
Ix—yl = H<\/1 —zfcos@i,\/l —z,?sinei,zi) — (,/1 —zjzcosej,,/] —zj?sin@;,z;)
= «/5\/1 —2izj —\/1—27,/1 =2z} cos(6; — 6))

We compute then

Eg ger0.2012 [—log (IIx = yID]

L /21‘[ /2” log (f\/ - Zizj — F\/:cos )d@d@

1 2 2
w1 log(l_% ﬁﬁmse_e)dm
T
] 1 Zn
B [ iog (12 1t 1 g ot o
T Jo
—log(2 1 [7
= Mg (1212t i cos)
T Jo
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From (12) with a = 1 -2z, b= —,/1—2,/1—z’ and z # z we have that

—log@) 1 g1zt lE—al
2 2 2
—log(2 1
— % -3 [log(] —2zizi + |z _Z]|) - lOg(z)]
log (1—zz + |z — z])
5 .

E91,9j€[0,2n]2 [_ lOg (”X - y“)] =

5.2. Proof of Proposition 2.4

In order to compute the logarithmic energy associated to £2(p, {rj}, {zj}), we have to sum the
following quantities:

e ¢/: the sum of Zlogllx]’: — 47,1 <j<pand1 < i < rjand the same expression but
changing the North pole .4 to the South pole .#, plus 2log ||.# —.#||"! = —2log 2.

o #: the energy of the scaled roots of unity for every parallel 1 <j < p.

e ¢: the energy between the points of every pair of parallels, as in Corollary 2.3.

5.2.1. Computation of quantity </
Note that

10,0, 1) — x| =v2,/1— 7,
10,0, —1) — i =v2,/1+7z.

Quantity « thus equals

p
o = —2log(2 Zr] log(4) + log (1—-27)) . (13)
j=1

5.2.2. Computation of quantity %

We will use the following result from [7, Pg. 3]: the logarithmic energy associated to N roots
of unity in the unit circumference is —N log N. As a trivial consequence, the logarithmic energy
associated to N points which are equidistributed in a circumference of radius R is —N log N — N(N —
1)logR.

Since the parallel at height z; is a circumference of radius /1 — zjz, quantity 2 equals

Zr,logrj )log( z'). (14)

5.2.3. Computation of quantity ¢
This has been done in Corollary 2.3:

p
log (1 —zizx + |z — 2
¢ = Z —TiTk g( sz i kl). (15)
k.j=1:k#j

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
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In order to compute the logarithmic energy associated to the set £2(p, {rj}, {z}) it only rests to
sum the quantities (13), (14) and (15).

p
Eo,.apeio2n [Gog(2(p, {13}, {2)))] = —21l0g(2) — ) 1; (log(4) + log (1 — 27))
j=1

]_
p log (1 —zz, + |z — 2
_Z(rjlogrj )logl—z ) ZZT}T} g sz |z; k|)

j=1 k#j

p r?
= — 2log(2 Z|:rjlog +rjlog(1—zj2)+rjlogrj+élog(]—zjz)
j=1
log (1 — zzx + |2 — zl)
2

1:
5 log(1 =)+ 1y
k#j
and Proposition 2.4 follows. O

5.3. Proof of Proposition 2.5

We derivate the formula from Proposition 2.4 for z; obtaining:

0Eq,....opc[0.22p [Gog(2(p, {1j}, {(z)))]
0z

p p

log (1 —zzx + |z — )
=aZl Zjlogl—z errk 2

j=1 k=1

b
zin zlr, 1+2z 1—2z
= y _
-2 " +]Zl Ma-z)(1+2z) -2 (T+2)(1-2)

j=1+1
zin(14+1) L P
11 1 jll j'l
:4+ -
1-2z} ;1—21 Zl+z:

j=1+1
r -1 p
= S |Q+matra+a)n-0-2)3
—A =1 j=l+1
r -1
1
e ERO M ZHZzZn
! j=1 j=l+1

We have then

9Eq, ....0pc[0.27 [Gog(2(p, {j}, {z}))] D a
3 =0 < z 1~|—er =er—2rj.

j=1 j=1+1 j=1

In other words,

Zn Zn

j=I+1
21—7 O

1+er
j=1
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5.4. Proof of Theorem 2.6
To prove Theorem 2.6 the following lemma will be useful.

Lemma 5.1. Ifr; = rpyq_; and z; are chosen as in Proposition 2.5 we then have

1L p
EZZ”"IOg — zzk + |z — z) erl—z] log(1 —z)

j=1 k=1 Jj=1
- erlog(l
j=1

Proof. Let

aj = rinclog (1 —zzw + |z — zl) . bjx = rrelog (14 zizk + |z + )
and note that they satisfy:

Gk = Akj,  Gipri—k = bjks  Gpr1-jk =Dbjk,  Gpri—jpri—k =Gk, aum = 0.
We thus have

ZZa;k—Zau+Zafk—2fol°g1—2 +Z""f’<

=1 k= Jk=1 Jk=1
Jj#k Jj#k

Moreover, recalling that p = 2M — 1,

2M -1 2M-1 2M-1
Zam—Zaﬂ<+Z LTS Zaw > ik (16)
Jk=1 j=1 k=M+1 J=M+1 k= jk=M+1
J#k J#k j#k

The two sums in the middle of the right hand term in (16) can be rewritten as
M M-1 M-1 M M M—1

;gb]kJrZZb’k_zZZkav

j=1 k= j=1 k=

and using that z; > 0 for 1 <j < M this last equals

M M-1 M M-1 M M-1
2 Z Z bjr =2 Z Z it log(1+z) + 2 Z Z rjre log(1 + z)
=1 k=1 j=1 k=1 =1 k=1

=2 <Zrk> erlog (1+z)+2 Zr] Zrklog (14 z)
j=1
M—1 M-1
=2 rM+Zer Zrklog(l—i-zk),
j=1 k=1

where in the last step we have used that zy, = 0. From (16) we then have proved that the sum in
the lemma equals

M-1 2M—1
> rlog(1-2)+ rM—i—ZZr] Zrklogl—i—zk)—i— Za]k—i— > au=
Jj=1 j=1 ]k 1 jk—M+1

J#k J#k

Please cite this article as: C. Beltran and U. Etayo, The Diamond ensemble: A constructive set of spherical points with small
logarithmic energy, Journal of Complexity (2020) 101471, https://doi.org/10.1016/j.jc0.2020.101471.




C. Beltrdn and U. Etayo / Journal of Complexity Xxx (xXxx) XxX 19

M-1 M-1 M-1 1 M 1 M-1
2
4 I log(l—z rM—i-Zer Zrklog(l—i-zk)"‘jzaj,k-FiZaj,k,
j=1 j=1 k=1 jk=1 Jk=1
i#k ik

where we have used a,1_jp+1-k = ;. The two sums in the expression above have many common
terms. We can rearrange them as follows:

Zajk+ Za]lc_zajk+ ZaMk+ Za]M

Jk 1 Jok=1
J#k J#k J#k

M-1 j—-1

—22 E ajk+§ am.k
j=1 k=1 k=1
M-1 j—1

=2 Z Zajk + Zerk log (1+2z),

j=1 k=1 k=1

where again we are using a; = ai; and zy = 0. All in one, we have proved that the sum in the
lemma equals

M—1 M-1 \ M—1
rPlog1—z)+ [rm +2> 5 | D nlog(1+20)
=1 =1 ) =t
M-1j-1 M-1
+2 aj . + Z rurklog (1 +z) .
=1 k=1 k=1

With little algebra we rewrite this expression as:

M-1 j—1 M-1 j—1
2 rjrelog(1 — z) +ZZerrklogl+zk)
j=1 k=1 j=1 k=1

M-1
+erlog1—z Y42 er Zrklogl—i-zk
j=1 j=1

Changing the summation order and the name of the variables, the second term can be rewritten as

ZZr]log +2z) Zrk_ZZr]log +z) (Zrk—r] Zrk>
’_
k=j+1 - o .
zzzrjlog(l—i—zj)( M —Zm)
k=1

j=1

We have then proved that the sum of the lemma equals:

M-1 j—1 M-1 Nt i1
—Tn
zzrflog“ —7) (Zm) +Zerlog(1 +2) (2 —1 —rj—Zrk>
J k=1 j=1 =1
-1 M-1

+ ) r}log(1—2z})+ (N — 2+rM)erlog + z).
j=1 j=1

I
=
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After simplification, we get the more compact but equivalent expression

M-1 j-1 M-1 j-1
er (rj+22rk) log(1 —2z) — er (rj—i—ZZrk) log(1 + z)
j=1 k=1 j=1 k=1
M-1
+ QN —4) ) rjlog(1+z).
j=1

Now we look at the first two terms recalling that

14r4+2591 7 -1
Zj=1—]Nflz:k_lk:M’j—}-ZZrk:(N—l)(l—zj)—l,
k=1

and hence the sum in the lemma equals

M1
Zr]1—z, log(1 erlog
=1

M-1 M-1
Zr} (1 —2z)log(1+2z)+ erlog (1+2z)
j=1 j=1
M-1
+ N =4)) rilog(1+2),
j=1
that is
M-1
(N—=1) ) r1i(1—2z)log(1 erlog
j=1
M1 M1
+ (N=-1) er (14 z)log(1+z) — erlog (1+ 7).
j=1 j=1
The symmetries r; = 1p41—; and z; = —zp41—; imply that the last expression equals
M-1

—IZ (1 —=2z)log(1 —z)— erlogl—zj
j=1
p

+(N=1) Y r(1-2z)log(1 Z rj log(1

j=M+1 j=M+1

We thus have proved (using z); = 0) that the sum of the lemma equals

—12 (1 —2z)log(1—z)— Zr]logl—zj O
j=1

We now finally prove Theorem 2.6. From Proposition 2.4 and Lemma 5.1 we have

Eo,....pcl0.2 [Glog(82(p. {1j}))] = —2log(2) — (N — 2)log(4 —fznlogl—z

p

p
—erlogrj Z (1—1z)log(1 —z)+ erlog(l—zj
j=1
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Now, using 1j = rp41—j and z; = —z,,.1_; we have

1¢ o 1 1¢
E;rjlog(l—zj):E;rjlog(l—zj)+5;rjlog(l+zj)

1w 1y p
=5 D _tilog1=2)+ 2 ) rjlog(1—z) = rjlog(1 - ).
=1 =1 =

The theorem follows. O
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Appendix. The error in the composite trapezoidal rule

The following result is a well known fact in Fourier analysis.

Lemma A.1. Letf :[n,n+ 1] — R be a C! function with n € Z. Let C > 0 be such that |f'| < C.
Then, for all k > 1,

n+1
/ cos(2mkx)f (x)dx| <

Proof. Integrate by parts. O

Lemma A.2. Letf : [a,b] — R be a C? function with a < b integers and assume that f is C> in the
open interval with |f"’| < C. Then,

f'(b) = f'(a)
12
where ¢(3) = 1.202056. .. is Apéry’s constant

<Cb—-a)-—,
=Cb—a) =

b
Traw(F) — / Fodx—

Proof. Let S be the quantity in the lemma. From the Euler-Maclaurin identity (see the version
in [13, Theorem 9.26]),

S< —_— cos(2mk(x — a))f"(x) dx| <
; 2m2k2 | J,
—_— cos(2mk(x — a))f”(x) dx| .
k=1 22k n=q VN

From Lemma A.1, the integral inside is at most 5. Then,

o0
b—a C ¢(3)
S< — —— =(C(b—a)>—
- ; 2m2k? 2wk ( a)4rr3’

as claimed. O
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