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Abstract

Hyperuniformity is the study of stationary point processes with a
sub-Poisson variance in a large window. In other words, counting the
points of a hyperuniform point process that fall in a given large
region yields a small-variance Monte Carlo estimation of the vol-
ume. Hyperuniform point processes have received a lot of attention
in statistical physics, both for the investigation of natural organized
structures and the synthesis of materials. Unfortunately, rigorously
proving that a point process is hyperuniform is usually difficult. A
common practice in statistical physics and chemistry is to use a few
samples to estimate a spectral measure called the structure factor,
and evaluating its decay around zero provides a diagnostic of hype-
runiformity. Different applied fields use however different estimators,
and important algorithmic choices proceed from each field’s lore.
This paper provides a systematic survey and derivation of the struc-
ture factor’s known or otherwise natural estimators. We also leverage
the consistency of these estimators to contribute an asymptotically
valid statistical test of hyperuniformity, and benchmark all estima-
tors and hyperuniformity diagnostics on a set of examples. In an
effort to make investigations of the structure factor and hyperunifor-
mity systematic and reproducible, we further provide a Python toolbox
structure_factor, containing all the estimators and tools that we discuss.

Keywords: Structure factor estimators. Multitapering methods. Multiscale
debiasing. Hyperuniformity test. Python toolbox.
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1 Introduction

Condensed matter physicists have observed that, for some random parti-
cle systems, the variance of the number of points in a large window scales
slower than the volume of that window, a phenomenon called hyperuniformity
(Torquato, 2018). This statistical property, in turn, implies desirable physical
properties for materials (Torquato, 2018, Section 14). Outside physics, hype-
runiform point processes have generated broad interest in statistics, machine
learning, and probability. By definition, a hyperuniform point process leads
to a fast-decaying Monte Carlo error when estimating volumes. This vari-
ance reduction property makes hyperuniformity a natural concept for many
statistical applications. Projection determinantal point processes (DPPs), a
particular class of hyperuniform point processes, have thus been proposed for
Monte Carlo integration (Bardenet and Hardy, 2020, Belhadji, Bardenet, and
Chainais, 2019, 2020a), subsampling stochastic gradients (Bardenet, Ghosh,
and Lin, 2021), or feature selection (Belhadji, Bardenet, and Chainais, 2020b).
In probability, hyperuniform point processes also appear across all fields. The
Ginibre ensemble, arguably one of the most famous DPPs arising from ran-
dom matrix theory (Anderson, Guionnet, and Zeitouni, 2009), is a typical
example of hyperuniform point processes. In stochastic geometry, and beyond
DPPs, hyperuniform point processes appear, e.g., in the zeros of Gaussian
analytic functions (Hough, Krishnapur, Peres, and Virdg, 2009), or match-
ing constructions (Klatt, Last, and Yogeshwaran, 2020). Intriguingly, there is
also empirical evidence that repeatedly applying an algorithm involving local
repulsion of points to an initial point process leads to a hyperuniform point
process (Klatt et al., 2019). Across all these scientific fields, there is a need for
statistical diagnostics of hyperuniformity.

In theory, under mild assumptions, a point process in R? is hyperuniform
if and only if its structure factor S(k) decays to zero as ||k||2 goes to zero
(Coste, 2021). The structure factor is the Fourier transform of a measure that
encodes the pairwise correlations of a point process, and the behavior in zero
of the structure factor reflects long-range correlations in the original point pro-
cess. Given a realization of a point process, the standard empirical diagnostic
of hyperuniformity thus involves estimating and plotting the structure fac-
tor of the underlying point process (Klatt et al., 2019, Torquato, 2018). This
graphical assessment is however not standardized and often not described in
full reproducible detail in the literature, with implementation choices and sta-
tistical properties often part of each field’s folklore. There is also no standard
software to estimate structure factors. In this paper, we contribute (i) a sur-
vey of existing estimators of the structure factor and their main properties,
(73) a new asymptotically valid statistical test of hyperuniformity, and (iii) a
modular, open-source Python package' that implements all these estimators
and the corresponding existent hyperuniformity diagnostics together with the
new statistical test.

Yhttps://github.com /For-a-few- DPPs-more/structure-factor
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In Section 2, we introduce hyperuniformity and the relevant background.
In Section 3, we rederive two families of estimators of the structure factor. The
first family assumes that the underlying point process is stationary, while the
second further requires isotropy in addition. We also review existing hyperuni-
formity diagnostics and contribute the first asymptotic test of hyperuniformity
in Section 4, using the seminal debiasing techniques of Rhee and Glynn (2015).
All estimators and diagnostics are implemented in a companion Python tool-
box structure_factor, which we illustrate in Section 5 on four point processes
exhibiting behaviors such as repulsion, spatial independence, and clustering.
In Section 6, we numerically compare the accuracy of the estimators. We
conclude with a few research leads in Section 6.4.

Related work

The closest work to the survey part of our paper is the preprint of Rajala,
Olhede, and Murrell (2020). They introduce important new estimators based
on the idea of tapering in time series analysis (Percival and Walden, 2020),
and investigate central limit theorems for their estimators. On our end, we
limit ourselves to a survey — including the estimators of Rajala et al. (2020) —
and simpler properties like asymptotic unbiasedness and its relation to implicit
implementation choices in statistical physics papers. One reason for this is our
motivation for the study of hyperuniformity: hyperuniform point processes
are unlikely to satisfy the assumptions? behind the central limit theorems
referenced by Rajala et al. (2020). Moreover, our survey includes a broader
choice of estimators, including numerical quadratures of Hankel transforms,
and a companion Python package. Overall, we believe that the survey part of
our paper and the paper of Rajala et al. (2020) are complementary.

Notation

Throughout this paper, bold lowercase letters like x, r indicate vectors in R?,
and the corresponding non-bold characters are scalars. In particular, x =
(21,...,24). Whenever not confusing, we use the same letter in different fonts
for a vector and its Euclidean norm, i.e., r = ||r|2 and k = ||k]|2.

2 Point processes and their structure factor

Investigating the hyperuniformity of a point process commonly goes through
the visual inspection of its structure factor, also known as the scaled spectral
density function. In this section, we introduce the key definitions to understand
that procedure. For a general reference on point processes, we refer to Chiu,
Stoyan, Kendall, and Mecke (2013). For hyperuniformity and structure factors,
we primarily refer to Torquato (2018) for readers with a physics background,
and to Coste (2021) for readers with a mathematics background.

2E.g., Hypothesis (H4) of Biscio and Waagepetersen (2019), when the linear statistic is the
number of points, contradicts hyperuniformity.
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2.1 Point processes and their correlation measures

Loosely speaking, a point process is a random set of points, such that we can
count the number of points falling in any observation window. More formally,
let a configuration of R? be a locally finite set X C RY, i.e., for any compact K
of R?, the cardinality X' (K) of X N K is finite. The family N of configurations
of R? is endowed by the o-algebra generated by the mappings X +— X (K), for
K compact. A point process is a random element of N.

In this paper, we restrict ourselves to stationary (or homogeneous) point
processes, i.e., the law of the point process X is identical to that of X +y £
{x+y; x€ X}, forall y € R In that case, the intensity measure pM of X,
defined by

P (A) =E[X(4)],

is proportional to the Lebesgue measure. We then write p(l)(dx) = pdx, and
p > 0 is called the intensity of X.

Assessing pairwise correlations in a point process, and — as we shall see —
hyperuniformity, usually goes through estimating the two-point correlation
measure p(?) of X. It is formally defined by

#
Bl Y seey)| = [ fxy)e®(axdy)

X, y€X R2 xR

for any nonnegative measurable bounded function f with compact support. If
X is stationary with intensity p > 0, the previous expression can be factorized
in

/’ F(x+y.¥)pga(dx)dy, (1)
R4 xR

where g5 is called the pair correlation measure.

Intuitively, g2(dx) is the probability that X has a point at location dx,
given that X already contains the origin. If in addition go has a density g
w.r.t. the Lebesgue measure, i.e., go(dx) = g(x)dx, then g is called the pair
correlation function of X. Informally, g(r) counts the pairs (x,y) € X x X
such that x —y = r € R?. Finally, when X is assumed both stationary and
isotropic, i.e., the distribution of X is both, translation- and rotation-invariant,
then the pair correlation function g is radial. In that case, we abusively write
9(r) = g(r), where r = |t}

2.2 The Fourier transform

The Fourier transform F of an integrable function f : R? — C is the square
integrable function

F) = [ feoe™®ax,
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where (k, x) is the dot product of the wavevector k by x. If f is furthermore
a radial function, denoted abusively by f(r) = f(r), where r = ||r||2, then the
Fourier transform of f is the corresponding symmetric Fourier transform Fg,
namely

FADW) = (109 = 2 [ e lar o

where k = ||k||2 is called a wavenumber, and J, is the Bessel function of the
first kind of order v (Osgood, 2014). If we further define the Hankel transform
of order v > —1/2 as

/ f(r)J, (kr)rdr, for k >0, (3)
then (2) rewrites as
)d/2 3
R0 = B () B), ()

where f:az — f (x)z%2~1, Finally, note that the Fourier transform can be
generalized to tempered distributions through duality (Coste, 2021, Appendix
B).

We now introduce a function, the Fourier transform of which will be central
in studying the properties of spectral estimators based on point processes. Let
W C R? be a convex set, later called observation window, and denote by |W|
its Lebesgue measure, i.e., its volume. The scaled intersection volume is the
function

o0 W) = o [ Bl )L )iy, o)

and its Fourier transform is given by

1

Wi (F(Lw) (k). (6)

Fao)(k, W) =
In particular, if W = B%(0, R) is the Euclidean ball of radius R, the scaled

intersection volume function (5) is radial (Torquato, 2018, Section 3.1.1). In
this case, we abusively write ag(r, W) = ag(r, W) and

Fuloo) (kW) = 2702 00D g ey )
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where I' is FEuler’s Gamma function. On the other hand, if W =
H;lzl[ij/Q, L; /2], Equation (6) simplifies to

d
Flao)(k, W) Hska i/2)

=1 kiv/Lif2

2.3 The structure factor

The structure factor measure S of a stationary point process X in R¢ with
intensity p > 0 is the measure on R%, when it exists, defined by

S =L+ pFlgs — LY = F(do + plg2 — L)), (9)

where £% is the d-dimensional Lebesgue measure and &y is the Dirac mass in
0. When the measure S is absolutely continuous w.r.t. the Lebesgue measure,
i.e., S(dk) = S(k)dk, we call S the structure factor.> When go is absolutely
continuous w.r.t. the Lebesgue measure and g — 1 is integrable, S can be
explicitly written as

Sk) =14 pF(g—1)(k). (10)
If X is further assumed to be isotropic with intensity p > 0, then both the
pair correlation function g and the structure factor S are radial functions.
Abusively denoting S(k) = S(k), Equation (10) reads

S(k) =14 pFi(g —1)(k), (11)

see Torquato (2018, Section 2), which can be expressed analytically using (4)
as
(2m)4/2 [
S(k)=1+ PdrT || (9(r) = D)rY2Jgpo_y (kr) dr. (12)
Finally, if the pair correlation function g exists and is smooth, then one can
expect that
S(k)

On the other hand, the behavior of S in zero measures the fluctuations of g
around 1 at large scales ||r||2 > 1, which can in turn help quantify properties
like hyperuniformity.

[lk[|2—o00

2.4 Hyperuniformity

A point process X of R? is often said to be hyperuniform (or super-
homogeneous) if the variance of the number of points that fall in a Euclidean

3The literature is inconsistent as to whether the structure factor is the measure S or its density
S. We choose the density, which is also sometimes known as the scaled spectral density function.
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ball scales slower than the volume of that ball, i.e.

lim Var [X(B(0, R))]
R—>00 |B(0, R)|

where Var stands for the variance. Some comments are in order. Although
hyperuniformity a priori depends on the shape of the window, e.g., a ball
in (13), mild technical assumptions allow considering any growing window
(Coste, 2021, Section 2). Second, being hyperuniform is not a standard fea-
ture of point processes; a homogeneous Poisson process, for instance, is not
hyperuniform, as the ratio in (13) is a positive constant. Third, the most gen-
eral definition of hyperuniformity goes through the structure factor of a point
process (9); under the mild assumption that go — 1 is a signed measure it
is equivalent to (13), see Coste (2021, Proposition 2.2). Moreover, Torquato
(2018, Section 5.3.2) states that if the structure factor undergoes a power
decay |S(k)| ~ c||k||§ in the neighborhood of zero, the process can be classi-
fied into three categories depending on how « compares to 1, as summarized
in Table 1.

Table 1: Classes of hyperuniformity

Class| «a [Var[X(B(0, R))]
I >1 [O(R¥T)
11 =1 |O(R% log(R))
III | €]0,1[|O(R—)

Since the variance cannot grow more slowly than R?~! for a spherical win-
dow (Beck, 1987), Class I represents the strongest form of hyperuniformity. It
includes, for instance, the Ginibre point process, as we shall see in Section 2.1.
Class IT hyperuniform processes include, for instance, the sine process, a cen-
tral object in random matrix theory (Anderson et al., 2009). By contrast,
systems that fall in Class III present the weakest form of hyperuniformity.
Many stationary point processes are believed to be Class III, although few rig-
orous proofs exist; one can mention the asymptotic result of (Boursier, 2021)
for the one-dimensional Riesz gaz.

2.5 Empirical diagnostics of hyperuniformity

As suggested in Section 2.4, the behavior in zero of the structure factor quanti-
fies hyperuniformity. Investigating whether one or several samples come from
a hyperuniform point process is thus often carried out by estimating the struc-
ture factor, and then either visually inspecting the resulting plots around zero,
or regressing the estimated values. Say for a stationary and isotropic point pro-
cess, one option is to regress log S onto log k around zero, to assert a potential
value for the decay rate « in Table 1.

Another criterion of effective hyperuniformity has been proposed; see Klatt
et al. (2019, Supplementary material) and Torquato (2018, Section 11.1.6). For
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a stationary and isotropic hyperuniform point process, given a set of estimated
values

{(k1,8(k1)), -+, (Bn, S(kn))}
with ki1,...,k, > 0, the H-index is defined by

H= &, (14)
S(kpeak)

where § (0) is a linear extrapolation of the structure factor in k = 0 based on
the estimated values of S, and kpeak is the location of the first dominant peak
value of the estimated structure factor, defined here as

kpeak = inf {ki; S(k;) > 1,5(ki—1) < S(k;), and S(kiy1) < S(k:)},

and, say, kpeak defined arbitrarily in the unlikely case that the set is empty.
When H < 1073, the process is called effectively hyperuniform by Torquato
(2018, Section 11.1.6). Note that the linear extrapolation is chosen for simplic-
ity and not based on model selection. Like the threshold of 1073, the definition
of a dominant peak is also somewhat arbitrary. In Section 4, we will introduce
a novel statistical test that bypasses some of these arbitrary choices.

Finally, both an estimate of the decay rate from Table 1 and the H-index
(14) require estimators of the structure factor. Before we survey these estima-
tors, we introduce a few benchmark point processes and discuss their structure
factors.

2.6 Benchmark point processes

—10 0 10 25 5 25 25 =25 0

(a) KLY (b) Ginibre (c) Poisson (d) Thomas

Fig. 1: A sample of each of our four benchmark point processes

2.6.1 The KLY process

Our first benchmark point process is the result of a matching algorithm pro-
posed by Klatt, Last, and Yogeshwaran (2020). Loosely speaking, each point
of Z¢ is matched with a close-by point of a user-defined point process in R?,
like a homogeneous Poisson point process. The KLY process is an example of a
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point process that is known to be stationary, ergodic, and hyperuniform (but
not isotropic). However the corresponding pair correlation function, structure
factor, and hyperuniformity class are unknown.

Klatt et al. (2020) use hyperuniformity diagnostics (Section 2.5) to assess
the degree of hyperuniformity, and we shall reproduce their experiment with
our software and all available estimators of the structure factor. Figure la
shows a sample from the KLY process generated by matching a subset of
72 with a realization of a Poisson point process with intensity p = 11. The
intensity of the resulting point process is equal to 1. The same parameters are
used to generate the samples from the KLY process used in Section 5.

2.6.2 The Ginibre ensemble

Our second hyperuniform point process is the Ginibre ensemble in C ~ R?,
both stationary and isotropic. The Ginibre ensemble can be defined (and
approximately sampled) as the limit of the set of eigenvalues of matrices filled
with i.i.d. standard complex Gaussian entries, as the size of the matrix goes to
infinity (Hough et al., 2009, Theorem 4.3.10). A sample is shown in Figure 1b
as well.

Its intensity is equal to pginibre = 1/7, and its pair correlation function
(Figure 2a) is

GGinibre (1) = 1 — exp(—7?). (15)
The structure factor (Figure 2b) can be computed exactly,
SGinibre(k) = 1 — exp(—k?/4). (16)
In particular, we have,
Sinibre(k) ~ k%, for k — 0. (17)

Thus, according to Table 1, the Ginibre ensemble is a hyperuniform point
process of Class I, with @ = 2. Much is known about the Ginibre ensemble,
and we use it to benchmark our toolbox and its different estimators, rather
than to infer new results about it.

2.6.3 The homogeneous Poisson point process

The homogeneous Poisson point process of intensity p of R? is stationary and
isotropic. It is often thought of as having as little structure as possible and
can be defined as the limit of N uniform i.i.d. points in a window of volume
N/p, as N goes to infinity. In particular, for any collection of mutually disjoint
measurable subsets of R?, the number of points that fall in these subsets are
independent; Figure 1c displays a realization from a Poisson process with the
same intensity ppoisson = 1/7 as the Ginibre ensemble. In the same vein, the
pair correlation function and the structure factor of the Poisson point process
are both equal to one; see Figures 2a and 2b. The Poisson process is not
hyperuniform.
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2.6.4 The Thomas point process

The Thomas point process is a point process in R? that is reminiscent of a
mixture of Gaussians and typically exhibits clusters (Chiu et al., 2013, Section
5.3). Formally, consider a homogeneous Poisson point process Xparent of inten-
Sity pPparent, and let A, o be positive. Conditionally to Xparent, let (Nx)xe X, aront
be i.i.d. Poisson variables with mean . For any x € Ajarent, conditionally to
Ny, let (Yx,i)f\]:"l be i.i.d. centered two-dimensional isotropic Gaussian vectors
with variance o. The resulting Thomas process is given by

XThomas = UXEXparem {X + Yx,ia 1= 17 ce 7Nx};

and its intensity is given by pThomas = Pparent X A. Figure 1d shows a realization
of a Thomas point process of intensity 1/, generated from a parent Poisson
point process of intensity pparent = 1/(207), and a standard deviation o = 2.
Since o is small enough compared to A = 20, clusters naturally appear. The
pair correlation function and the structure factor of the Thomas process, see
Figures 2a and 2b, are both radial functions (Chiu et al., 2013, Equation 5.52),
given by
1 r?

mas(r) =1+ ————exp(— =), 18
JThoma ( ) pparent(\/m)d p( 40_2) ( )

and
Sthomas(k) = 1+ Aexp (—k*c?) . (19)

The intuition that the Thomas point process is not hyperuniform is confirmed
by the expression of the structure factor (19) which is even larger than 1.

1.6 +  Ginibre . *  Ginibre
+ Thomas 30 « Thomas

Fig. 2: Pair correlation functions ¢(r) and structure factors S(k) of some point
processes

3 Estimators of the structure factor

Starting from the theoretical definition (10) of the structure factor, we derive
all known estimators and add a few other natural candidates based on
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numerical quadratures of the symmetric Fourier transform. We pay particu-
lar attention to the sources of asymptotic (in the size of the window) bias for
each estimator. We split the estimators according to whether they only assume
stationarity or stationarity and isotropy.

3.1 Assuming stationarity

The most common estimator of the structure factor is the so-called scatter-
ing intensity (Coste, 2021, Klatt et al., 2019, 2020, Torquato, 2018). Its name
stems from its origins in the physics of diffraction, and it corresponds to a
scaled version of Bartlett’s periodogram in time series analysis. After intro-
ducing the scattering intensity, we follow Rajala et al. (2020), who generalize
it to so-called tapered estimators. We group our assumptions and notation in
Assumption Al.

Assumption A1l X is a stationary point process of R¢ with intensity p > 0. Its
pair correlation function g exists, and r — g(r) — 1 is integrable on RY. Moreover,
we only observe a realization of

XNW ={x1,...,xn}

in a centered, rectangular window

d
W =[[=£;/2,L;/2).

j=1
We write L = (L1, ..., Lyg).

3.1.1 The scattering intensity

In the physics literature, the following derivation is often assumed to be known
to reader , and it seemed worthwhile to us to make it explicit. This allows, in
particular, to understand the role played by the so-called allowed wavevectors.
Note that Rajala et al. (2020) provide similar derivations.

The basic idea is to introduce the scaled intersection volume g (5) in the
definition (10) of the structure factor. We obtain

Sk)=1+ p/ (g(r) — 1)e 1) qr

Rd

=1 li —1 W)e~ikr) g
0 [ lim (o) = Doo(r W)e ) dr

=1+ 1 -1 —iflr) q 2
+ Jim o [ (a(e) = Do, W) %) dr (20)

where we used dominated convergence and the limit limy 4ga oo(r, W) = 1. In
the notation W 1 R<, the limit is taken so that the window progressively covers
the whole space at roughly equal speed in all directions, i.e., min; L; — oo in
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Assumption Al. Splitting the integral from (20) into two, we shall recognize
an expectation under our censored point process X N W and a bias term,

K) - 1= li 1 dydr — k
509 1= tim [ [ [ 0y le +y.y) gte)dyds = pFao) e W)
fr+y.y) €o (kL)

Now, by definition (1) of the pair correlation measure, and still for any k € R%,
S(k) — 1 is the limit as W 1 R9 of

x#£y _
E| D lw®x)lw(y)e ¥ | — ¢k, L),
x,yEX
so that
S(k) m e x| _ ¢ (k, L)
| 2
1 2
= lim ——F e x| 1 e (k, L). 21
|| 2, ot oy

Note that, by (8), the bias term satisfies

§ ¢ sin(k; L 2
|eo<k,L>|pf<ﬂW><k>p(H<kaLa/2>)

W] V6Liki/2
0 ifk € A,
d
)r I1L; as ||kljz — 0,
< j=1

d
224 1] Ij]‘lkg as ||kl|j2 = oo,
j=1 J

where we defined

2
Ap = {ke ®) st by =

for some j € {1,...,d} and n € Z*}. (22)
Ly

We have thus proved the following proposition.

Proposition 1 Under Assumption Al, for k € Ay, the scattering intensity
estimator

N
Ssr (k) 2 ! Ze_i(k”w (23)
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is asymptotically unbiased, i.e.,

sup E[Ss(k)] — S(k)| — 0.
s [8185100] 50| o

This motivates restricting to k € Ay, if one is interested in estimating the
behavior of S in zero. In the literature, the scattering intensity is actually
often evaluated on a subset of Ay, namely

. 27‘(711 27T’I’Ld> *d}
Ales — =L N A 24
= { (2 ) ine @) (24)

The set A}* is called the set of allowed wavevectors in physics (Klatt et al.,
2020, Section 10), or part of the dual lattice of fundamental cell W in sampling
theory (Osgood, 2014, Chapter 5), or Fourier grid in time series analysis
(Rajala et al., 2020). We add the superscript res to underline that it is actually
a restriction of the set Ay, of wavevectors justified by the cancellation of the
asymptotic bias.

It is unclear to us why one should consider A*® instead of Ay,. In particular,
the minimal wavenumber (the norm of a wavevector) in AJ®® is

while working with Ay, in (22) relaxes this threshold to a kpu;, satisfying

2

— < kmin < K
max; L;

min*

To see how far we can hope going down in k& > 0, we give evidence below as to
why the scattering intensity should never be evaluated for |k||2 < T
dmax; L

Finally, when p is unknown, and X" is further assumed to be ergodic, it
is common to replace the denominator p|W| by N in (23), leading to the
self-normalized scattering intensity estimator

N
. 1 .
Ssis(k) £ ~ E et (25)

j=1

Indeed, by ergodicity, R
% a.s.
Sg1 W1R4
Many authors define the scattering intensity as its self-normalized version
(Coste, 2021, Klatt et al., 2019, Torquato, 2018), but we argue that when p
is known, it is not clear whether this estimator has a smaller mean squared

1.
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error than (23). For the reader interested in second order properties of this
estimator, its second moment on Poisson input is derived in Appendix B.

A lower bound for k.

It is clear that when W is fixed, the scattering intensity (25) is not relevant
when k is too close to 0, since for a fixed sample Xy = {x1,...,xn},

llli% SSI,s (k) = N.

The theoretical convergence to 0 for hyperuniform processes is dictated by the
compensation occurring between exponential terms e~ 1kx3) op large portions
of the space. One can safely infer that if a large portion of the terms gives a
positive contribution, then the compensation does not occur and the global
result will not be accurate. Still with the notation in Assumption A1, if ||k||2 <

%, then for x € W, |(x,k)| < 7/2, so that there exists € > 0 such that
dmax; L
N 2
1 ks (Ne)?
- 1<kvxj>
v [2-° > 5
=1
Thus for any |k < —=—=——, we have a lower bound of Sg¢(k) that is

\/Eman L; ’
independent of the point process, and which diverges as the number of points

goes to infinity. Consequently, we argue that 7/ Vd max; L; is a lower bound
for accessible wavenumbers, which one might improve with a finer study of
the estimator bias.

3.1.2 Tapered variants of the scattering intensity

The derivation of the scattering intensity can be generalized to the tapered

estimator )

Sr(t,k) £ ! D t(xg, W)em x| ke RY (26)
=
where ¢(-, W) is a uniformly (in W) square-integrable function supported on
the observation window W, called a taper. The tapered estimator (26) cor-
responds to a scaled version of what is called a tapered periodogram in the
signal processing literature (Rajala et al., 2020, Section 3). The vocabulary is
adapted from the spectral analysis of time series, where tapers are now well
established (Percival and Walden, 2020).
In particular, one recovers the scattering intensity (25) from the tapered
formulation (26) by plugging the taper

to(X,W) £ 7]lw(x) (27)
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To follow the derivation of (21), we further let

(e )2 [t +y, Wty W)dy, (25)
R4
and require that
1 wW)y=1 d o,W)=1, 29
Jim 0y(r W) =1 and - ay(0,1) = (29)

where the limit is again taken as min; L; — oo under Assumption Al. Note
first that our requirement that (29) holds differs from the treatment of Rajala
et al. (2020). We find (29) to be a more natural generalization of the scattering
intensity arguments of Torquato (2018). Note also that, for simplicity, we
denoted ay, by oy in Section 2.2, and we shall stick to this simplified notation.

Now, Cauchy-Schwarz and the uniform integrability of ¢ guarantee that
oy (-, W) is uniformly (in W) bounded, so that by dominated convergence,

Sk)=1 li -1 W)e i) qp.
(k) o ) (9(r) = Dau(r, W)e r

Following the lines of (21), we obtain

S(k) = Jim, | E[Sr(t.k)] — p | F(0)(k W) | (30)
et (k,L)

where the tapered estimator §T is defined in (26). To eliminate the asymptotic
bias €;(k, L), one can restrict oneself again to a set of allowed wavevectors as
we did in (22), i.e., the zeros of €/(-,L). For general tapers, however, finding
these zeros is not straightforward, and an alternative way to escape the bias
is to correct it, as in

N
Supr(tk) 2 L St W) )| = pFO@ . (31)

We refer to §UDT as the undirectly debiased tapered estimator, which is a scaled
version of what Rajala et al. (2020) define. The major issue of Estimator (31) is
that it may give negative values. To remedy this, Rajala et al. (2020) propose
to remove the bias inside the summation before taking the squared modulus,
namely, to define the directly debiased tapered estimator

N
D t(xg, W)e %) — pF(t)(k, )| (32)

J=1

Spor(t k) £

=
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Finally, note that these debiasing techniques naturally apply to the special
case of the scattering intensity, and thus offer an alternative to using allowed
values (22).

3.1.3 The multitapered estimator

In the spectral analysis of time series, multitapering (MT) was first introduced
by Thomson (1982); see also Percival and Walden (2020) for a modern refer-
ence. The idea is to average a periodogram over many tapers, in the hope to
reduce the variance of the resulting estimator. Rajala et al. (2020) propose to
adapt the method to point processes, and we follow their lines.

For any k € R? and P € N*, and under Assumption Al, Rajala et al.
(2020) define the multitapered estimator Syt by

P
Sur((tg)g=. K ZS tg, k), (33)

where the P tapers (t, )5:1 are typically taken to be pairwise orthogonal square

integrable functions, and §(tq, -) is any of the tapered estimators, whether
undebiased (26), undirectly debiased (31), or directly debiased (32). The
directly and undirectly debiased versions of Syt will be respectively denoted
by Sppmt and Supmr-

3.1.4 On the choice of tapers

Common taper choices in time series analysis are Slepian tapers, sinusoidal
tapers, and minimum bias tapers (Riedel and Sidorenko, 1995). For instance,
still assuming a centered rectangular window W = H;.lzl[ij/Q,Lj/Q], the
family of sinusoidal tapers (¢4)q>1 supported on W is defined by

te(x, W) =t(x,p?, W) Aﬂ\/ﬁH\/ﬁSlﬂ( ( —|—Ié)>, (34)

where p? = (p,....p%) € (N9)* and x = (21,...,24) € R% The sinu-
soidal tapers are pairwise orthogonal, and an easy direct computation shows
that they also satisfy (29). Moreover, for k = (ki,...,kqs) € R? the Fourier
transform F(t,)(k, W) of ¢, for any ¢ is

(7! +1){ n ((kf - %> %) B sin ((kﬂ + Wbp) sz)]

aq aq
P Tp
7T L kj+

This closed-form expression can thus be used in any debiasing scheme.
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3.2 Assuming stationarity and isotropy

For isotropic point processes, a common approach is simply to numerically
rotation-average the structure factor estimators presented in Section 3.1.
Alternatively, one could start from the analytical expression (11) of the struc-
ture factor as symmetric Fourier transform — a univariate integral — involving
the pair correlation function. Then again, two approaches have been identi-
fied. First, identifying an expectation under the point process as in Section 3.1
leads to a natural estimator originally derived by Bartlett (1964). Second, esti-
mation of the pair correlation followed by numerical quadrature leads to at
least two natural estimators, depending on whether the quadrature is that of
Ogata (2005), or that of Baddour and Chouinard (2015). We review all these
estimators in turn. All point processes in Section 3.2 satisfy Assumption A2.

Assumption A2 X is a stationary isotropic point process of Rd, of intensity p. Its
pair correlation function g exists, and r — g(r) — 1 is integrable. Moreover, we only
observe a realization of X N W = {xy,...,xx} in the centered ball W = B%(0,R).

3.2.1 Bartlett’s isotropic estimator

From the observation that the scaled intersection volume «qg (5) is a radial
function, ag(r,W) = ag(r,W), and following the lines of Section 3.1,
dominated convergence yields

09~ 1= tin {50 [ a0t W) (090 aya-a () = pF o) . W)

R—o0 kg—l
éel(k,R)
(35)
Now, precisely because aq is radial, we have
1
ap(r,W) = / ap(ru, W)du, (36)
Wd—1 Jgd—1

where du is the (d — 1)-dimensional Hausdorff measure and S9! is the unit
sphere of R?, with surface area wy_1. Plugging (36) into (35) yields

da da
. P(27T)2k1_2/ (4
=1 _ 2 Jg/9-1(k
RLI)I;C |W‘wd71 Rt x §d—1 xRe r d/2 1( T)g(r)

Lwsw (ru+y,y)) dydudr — i (k, R)

d
: p(2m)2 / Jaja—1(kr)
= lim 22T Jaj2—1(kr)
Rl_{%o ‘W|wd—1 R+ xSd—1 xRd ( (kr)d/2—1 9(7“)
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Twxw(ru+y, y)) dydu r*~'dr — e;(k, R)

d
. p(2n)= / Jas2—1(k||r[[2)
= lim ——— lwxw(r+y,y)—/———9g(||r||2) dydr — €1 (k, R).
R— o0 \W|wd,1 R4 xRd x ( ) (kHI‘Hg)%fl (” HQ) 1( )
We now recognize an expectation using (1), so that S(k) — 1 rewrites as

(2m)% B Ty (klx —yla)

lim
(klx = yl[2)4/2~1

R—oo p|W|wg—1

—e1(k, R). (37)
x,yeXNWw

We thus define a new estimator

N
& (2m)% Jaja—1(kl[xi — x;]|2)
Spi(k) =1+ , 38
o0 =1 Sy 22, Gl — 72 38)
i#]
along with its self-normalized version
N
s (27m)% Jaja—1(klxi — x;]|2)
Sp1, (k)=1+ , (39)
; Nwi ]z::l (kllxi = x;ll2)/>~1
i#j

as in the case of the self-normalized scattering intensity (25). When d = 2,
§BI,S corresponds to Bartlett’s isotropic estimator (Bartlett, 1964).

Here also, there are two sources of bias in the estimator (38). The first
one is due to the restriction of the point process to a bounded observation
window, which shall disappear as the window grows. The second source of
bias €1 (k, R) is again related to the Fourier transform of the scaled intersec-
tion volume ag(-, W). Diggle et al. (1987) observed that |e1(k, R)| is larger
when k£ > 0 is small, and proposed to artificially set the value of the esti-
mator to some constant when k is smaller than a certain threshold (Diggle
et al., 1987, Equation 3.4). Obviously, this correction is inadequate to study
hyperuniformity, i.e., the behavior of S near zero.

An alternative to Diggle’s clipping procedure is to proceed as done for the
scattering intensity (23) and estimate the structure factor only at a set of
allowed wavenumbers, defined as the zeros of € (-, R). Using (7), it comes, for
fixed d,

e1(k, R) = F(ao)(k) = ded/zw@ (kR)

Ld
0 if ke {%; J%(x)zo},
= { O(RY) as k — 0,

O(m) as k — oo.
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The two bounds respectively come from the fact that J,(z) ~ ﬁ(g)” in

the neighborhood of zero, and that for all v > 0 and z € R, |J, (z)| < c|z|~/3
(with ¢ ~ 0.8) (Landau, 2000). Thus, for the estimator (38), we let the set of
allowed wavenumbers associated to the window W = B¢(0, R) be

Ap = {% ER, s.t. Jyalz) = o} . (40)

Proposition 2 Under Assumption A2, for k € AR, the estimator §BI is asymptot-
ically unbiased, i.e.,

sup
keAr

E [§B1(k)} ~S(k)| —— 0.

R—o0

Note that we can also define debiased tapered and multitapered versions
of Bartlett’s estimator, as done in Section 3.1, but the choice of the taper(s)
requires more attention, as they must be separable and radial.

3.2.2 Using Ogata’s quadrature

Still working under Assumption A2, we can define alternative estimators of
the structure factor (11) by first approximating the pair correlation function
from a realization of X, and then approximating the Hankel transform (4).

Estimators of the pair correlation function have been thoroughly investi-
gated; see (Baddeley et al., 2015). In a nutshell, they divide in, on one side,
numerical derivatives of estimates of Ripley’s K function, and on the other
side, direct kernel density estimators based on the collection of pairwise dis-
tances in the sample. Both families come with sophisticated edge correction
techniques, and, at least for small sample sizes, it seems reasonable to build
on this previous work. Henceforth, we assume that an estimator of the pair
correlation function is available, and defer the discussion of which estimator
to use to Section 5.

It remains to perform a numerical quadrature on a Hankel transform.
Ogata (2005) approximates integrals of the form

7(f) = / " f@) (@)de

as

™Y g F G (06 )T (b (16 (s ). (41)

with w, ; = RPN N Y(t) = txtanh(Z sinh(t)). Y, is the Bessel function
J y 2

Ju+1(7"'§u,j
of the second kind of order v, h is a positive constant called the stepsize,

and (§,,;);j>1 are the positive zeros of the Bessel function J, (mz) of the first
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kind of order v, arranged in increasing order. In practice, the infinite sum on
the right-hand side of (41) can be truncated at a small number of function
evaluations since the quadrature nodes approach the zeros of J,(z), that is
Tp(hy.5) ~ w5, very fast as j — oo.

Ogata’s quadrature applies to the Hankel transform (3) of an integrable
function f, since

H(NK) =T, (w0 -5 f (@/k)) (42)

In particular, it applies to the computation of structure factors since, by (11)

and (4),
S(k) =14 pFs(g—1)(k)
— 1+ p(;;ld/ffm ) <x . kdjﬁlg(x/k) >
We thus define the Hankel-Ogata estimator of the structure factor as

R )2 x
Suolk) = 1+ p T wahk (Ghen)) 7o (o)) v (h6ey).
(43)
with v = d/2 — 1, N € N, hy(z) = kd/;ﬂ( (x/k) — 1), and § an estimator
of the pair correlation function. Finally, note that Ogata’s quadrature is also
implemented in the Python package hankel of Murray and Poulin (2019).

Relation between k. in and ryax

There exists a hidden inverse proportionality relation in Equation (43),
between the minimal wavenumber k;, for which we can hope the estima-
tor to be accurate and the maximal radius ry,ax at which the pair correlation
function has been estimated. Truncating the infinite sum after N terms in
Equation (41) has been informally justified by

Y(héaj2-1,8) ~ h«f%,l’N (44)

The maximum radius rnax at which § is available should in turn satisfy

Fax = max{hk (h€g ;)i ke ]R*} (45)
Together, (44) and (45) entail that
Fein A w. (46)
Tmax

Thus ki is not only proportional to 1/rm,.x but also to the largest considered
zero of the Bessel function Jg/5_1 ().


https://pypi.org/project/hankel/
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3.2.3 Using the quadrature of Baddour and Chouinard

Instead of using the quadrature of Ogata (2005), one can estimate Han-
kel transforms more directly, similarly to how the discrete Fourier transform
is used to approximate Fourier transforms. Intuitively, assuming that either
f or its Hankel transform H,(f) (3) has bounded support allows rewriting
it as a Fourier-Bessel series, with coefficients involving evaluations of either
H.,(f) or f, respectively. Truncating the resulting Fourier-Bessel series yields
approximate direct and inverse Hankel transforms. This discrete Hankel trans-
form (DHT) was derived by Baddour and Chouinard (2015), and originally
implemented in Matlab. Moreover, Guizar-Sicairos and Gutiérrez-Vega (2004)
developed a Python package, pyhank, based on the same idea.

In detail, let N > 0 and f : Rt — R be a continuous function, Baddour
and Chouinard (2015) approximate

2 N-12J, (i) f(ry)

T NMv,N
HV f km ~ max
(/) (km) Nv,N ; Nv,NJ +1(77VJ)

: (47)

where 1, . = 7€ m is the mt" positive zero of the Bessel function .J,(z)
of the first kind, 1 < j,m < N —1 and

Ty = g Tmax; km = . kmaX7 kmax = ; with Tmax > 0. (48)

TIV,N 77V,N Tmax

The user thus needs to specify both N and rpy,,.x. Intuitively, the choice of rpax
is governed by how far on the positive axis one has been able to evaluate f.
Once ryayx is fixed, N decides how large kpax is, that is, how high in frequency
one wishes to estimate the Hankel transform.

To conclude, given an estimator § of the pair correlation function, we define
yet another estimator of the structure factor, called the Hankel-Baddour-
Chouinard estimator,

N-— (M)
Supc(km) =14 p(2m)2 N T hrs), 49
( ) g n’/N d/g(’?u,j)k% ( J) ( )

where v = d/2 — 1, h(z) = 2”(§(z) — 1), and the set of wavenumbers
{km }m is fixed by (48). Finally, we can deduce from (48) that the minimal

Nd/2—1,1
Tmax

wavenumber of SHBC (49) is k1 = kd/2 - . Comparing ki with the

minimal wavenumber ki (46) of Spo (43), for the same number of points
N and the same 7,,x, We observe that ki < knin, as ky is proportional to
the first zero of the Bessel function Jg/o_1(x) while Ayin is proportional to
the N** zero of Jj /2—1(x). For the study of hyperuniformity, this suggests an

advantage to using Supc.


https://sourceresearchsoftware.metajnl.com/articles/10.5334/jors.82/
https://pypi.org/project/pyhank/
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Statistical hyperuniformity test

In Section 3, we have surveyed estimators S of the structure factor S of a sta-
tionary point process X. In the best case, we had an asymptotically unbiased
estimator of S. Furthermore, hyperuniformity diagnostics like the effective
hyperuniformity surveyed in Section 2.5 require subjective algorithmic choices
and do not come with a statistical guarantee.

In this section, we use the debiasing device of Rhee and Glynn (2015) to
turn realizations of any of the positive asymptotically unbiased estimators of
Section 3, on windows of increasing size, into an unbiased estimator of a trun-
cated equivalent to S(0). We then propose the first asymptotically valid test
of hyperuniformity. We group our assumptions and notation for this section
in Assumption A3.

Assumption A3 X is a stationary point process of R? with intensity p > 0. Its
pair correlation function g exists, and r — g(r) — 1 is integrable on RY.

4.1 The coupled sum estimator

Consider a stationary point process X of R?, of which we observe the inter-
section of a single realization with multiple increasing windows. Formally, we
consider an increasing sequence of sets (X N W, )m>1, with Wy C W, for all
0 < s < r,and Wy = R? For simplicity, we assume that the windows are
centered and either rectangular as in Assumption Al, or ball-shaped as in
Assumption A2 if X is isotropic. R
We consider any of the positive, asymptotically unbiased estimators .S, of
S listed in Section 3, applied to XNW,,. All such estimators are asymptotically
unbiased on a set of values B,,, possibly in the sense of Proposition 1, and
there exists k™ € B, with k" — 0. The reader can keep in mind the
scattering intensity of Section 3.1.1, with, say, the minimum restricted allowed
value kK" = (270/L,,, ..., 27/ Ly,,) € Z%, but the proofs hold more generally.
We define the sequence of random variables

Y = 1A S, (KR, m > 1, (50)

We cap the estimators at 1 arbitrarily to make them uniformly bounded. The
idea is to use the sequence (Y;,,) to test whether S(0) = 0.
Following (Rhee and Glynn, 2015, Section 2), we first define a new sequence

mAM

1
J)’

Y J<

Y -Y
>1 1
P(M m=25 (51)

J=1
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where M is an N-valued random variable such that P(M > j) > 0 for all j,
and Yy = 0 by convention. Rhee and Glynn (2015) observed that

E[Z,] = E[Y,,] and Z,, > Z,

m—o0

where Z is the coupled sum estimator

M
Y;
Z= ZIP’](M

Jj=1

7)) (52

v :<

Under some conditions, Rhee and Glynn (2015) proved that if Y,, — Y in
L?, then Z € L? is an unbiased estimator of E[Y] with a square root con-
vergence rate. For our choice of (Y;,)m, the assumptions of (Rhee and Glynn,
2015, Theorem 1), especially the L? convergence of Y;,,, may not hold for non-
hyperuniform point processes. We thus use weaker assumptions that are still
enough to build a hyperuniformity test.

Proposition 3 Under Assumption A3, with Z defined in (52), assume that M € L
for some p>1. Then Z € LP and Zy — Z in LP. Moreover,

1. If X is hyperuniform, then E[Z] = 0.

2. If X is not hyperuniform and
sup E[gfn(kmln)] < o0, (53)
m

then E[Z] # 0.

The proof is deferred to Appendix A. Assumption (53) bears on the esti-
mator that we use for the structure factor and the point process. We believe
it not to be too strong and we prove it in Appendix B for the scattering inten-
sity for a Poisson point process. Proposition 3 naturally leads to a test of
hyperuniformity.

4.2 Hyperuniformity multiscale test

We apply Proposition 3 with p = 2, say M is a Poisson random variable with
mean A > 0. Then Var[Z] < oo, and we can apply the central limit theorem
to build a standard test comparing E[Z] to zero.

Consider A i.i.d. pairs (X,, M,)2 , of realizations of (X, M), and let
Z4,---Za be the A corresponding i.i.d. copies of Z. Now, denote the sample
mean and sample standard deviation of Z by Z4 and & 4. Since the variance
of Z is finite, Slutsky’s lemma yields the usual asymptotic confidence interval
CI[E[Z]] of level ¢ for E[Z],

Za— 264 A" Y2 Z 4+ 25,4 A7 2| (54)
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where z is chosen such that P(—z < N(0,1) < z) = ¢, and N(0,1) denotes
the standard normal distribution. By Proposition 3, for an estimator of the
structure factor satisfying (53), a test of hyperuniformity of asymptotic level
¢ consists in assessing whether 0 lies in the interval (54). Since the estimators
Z correspond to windows of different sizes, we call the test multiscale.

5 Demonstrating all estimators using our toolbox

We have implemented all estimators of Section 3, as well as the regression
diagnostics of Section 2.5, in an open-source Python toolbox called structure_
factor?.

In this section, we quickly demonstrate the toolbox on the four point pro-
cesses described in Section 2.6, that is, the KLY process of intensity pxry = 1,
the Ginibre ensemble of intensity pginibre = 1/7, the Poisson process of inten-
Sity ppoisson = 1/7, and the Thomas process with intensity prhomas = 1/,
Pparent = 1/(207) and o = 2. Our choice of observation window depends on
the intensity and makes sure that we get samples of around 5800 points. The
dimension is always d = 2. All figures in this section can be reproduced by
following our demonstration notebook °.

5.1 Basic software objects

While we refer to our online documentation® for details, we believe that a
quick overview of the main objects of our package is useful. All estimators from
Section 3 are methods of the class StructureFactor. The class constructor
takes as input an object of type PointPattern. In a nutshell, for a station-
ary point process X of intensity p, a PointPattern encapsulates a sample
of XN W = {x1,...,zn}, the observation window W, and the intensity p
(optional). If the intensity of X is not provided by the user, it is automatically
approximated by the asymptotically unbiased estimator p = TAI;\ Finally, to
comply with the requirements of estimators on specific windows, we provide
a restrict_to_window() method for the class PointPattern.

5.2 Demonstrating estimators that only assume
stationarity

The scattering intensity

Figure 3 illustrates the scattering intensity estimator of Section 3.1. Columns
respectively correspond to the KLY, Ginibre, Poisson, and Thomas point pro-
cesses. The first row contains a sample of each point process, observed in
square windows. The second row shows the scattering intensity Sg in (23) on
arbitrary wavevectors k, while in the third row, the estimators are only eval-
uated on a subset of the allowed wavevectors (22). The fourth and fifth rows

4https://github.com/For-a-few- DPPs-more/structure-factor
Shttps://github.com/For-a-few- DPPs-more/structure-factor /tree/main /notebooks
Shttps://for-a-few-dpps-more.github.io /structure-factor/


https://github.com/For-a-few-DPPs-more/structure-factor
https://github.com/For-a-few-DPPs-more/structure-factor
https://github.com/For-a-few-DPPs-more/structure-factor/tree/main/notebooks
https://for-a-few-dpps-more.github.io/structure-factor/
https://github.com/For-a-few-DPPs-more/structure-factor
https://github.com/For-a-few-DPPs-more/structure-factor/tree/main/notebooks
https://for-a-few-dpps-more.github.io/structure-factor/
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Fig. 3: Variants of the scattering intensity estimator applied to four point
processes. The computation and visualization are done using structure_factor
(see Section 5.2 for details)

illustrate the debiasing techniques, respectively the directly debiased scatter-
ing intensity Sppr(to, k) from (32), and the undirectly debiased scattering
intensity §UDT(tO,k) from (31).

The clouds of grey points are the approximated structure factors. Note that
since all benchmark point processes are (at least approximately) isotropic, the
structure factor S is a radial function, so we plot k — S(k), k € R, and not
k — S(k), k € R2. To regularize the obtained estimator, we bin the norm of
the wavevectors regularly and provide the empirical mean (in blue) and the
empirical standard deviation of the mean (red bars indicate £3 such standard
deviations). Note that the binning can be specified by the user in our library.
On each plot, the exact structure factor is represented by a green line when


https://github.com/For-a-few-DPPs-more/structure-factor
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it is known. Finally, the dashed black lines are the structure factor of the
homogeneous Poisson process, for reference.

While we refer to Section 6 for a more detailed comparison, one can already
observe from Figure 3 that the most accurate estimators are the scattering
intensity Ssr (23) evaluated on the set of allowed wavevectors (22) and the
debiased scattering intensity Sppr(fo,k) (32). The bias at small, non-allowed
wavenumbers of the scattering intensity is visible in the second row. As for
the undirectly debiased variant, it produces a few negative values, visible as
large error bars on our log-log plot.

Using an alternate taper
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Fig. 4: Tapered estimator and the corresponding debiased versions: KLY
process (first column), Ginibre ensemble (second column), Poisson process
(third column), and Thomas process (last column). The computation and
visualization are done using structure_factor

Now, as mentioned in Section 3, the scattering intensity §SI is a particular
case of the tapered estimator St, with the specific taper ty. We are free to use
other tapers verifying (29).
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Figure 4 shows the estimated structure factors of the same four benchmark
point processes (first row), using St (second row), the corresponding directly
debiased version §DDT (third row), and the undirectly debiased version §UDT
(last row). The taper used is the first sinusoidal taper t;(x, W) = ¢(x, p*, W)
with p! = (1,1) in (34). The same legend applies as for Figure 3.

First, the asymptotic bias of St at small wavenumber k is visible in the
second row. Second, for the KLY process (first column), the Ginibre ensemble
(second column), and the Poisson process (third column) the estimator SubT
(last row) returned a few negative values again, resulting in large inaccuracies
in our log-log scale. The directly debiased estimator §DDT yields the most
accurate approximation of known structure factors, consistently across point
processes.

Averaging over multiple tapers
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Fig. 5: Multitapered estimator and the debiased versions: KLY process (first
column), Ginibre ensemble (second column), Poisson process (third column),
and Thomas process (last column). The computation and visualization are
done using structure_factor
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The multitapered estimator §MT of (33) is now investigated in Figure 5,
using the first four sinusoidal tapers, i.e., (tq)gz1 with t,(x, W) = t(x, p?, W)
and p? € {1,2}? in (34). We also show the results of the corresponding directly
and unc/l\irectly debiased versions, §DDMT and §UDMT. We again observe the
bias of Syt at small wavenumbers (second row), and that the negative values
output by Supmr at small wavenumbers (last row) make visual assessments
of hyperuniformity less straightforward. Like with single tapers, the directly
debiased estimator SppuT gives a consistently accurate approximation. Com-
pared to Figure 4, however, it is not obvious whether multitapering yields a
smaller mean square error than single tapers, and a more quantitative study
will investigate this in Section 6.

5.3 Demonstrating estimators that assume isotropy

Bartlett’s isotropic estimator

Point process

Structure factor (S(k)

Structure factor (5(K))

T 7 T ] G
Wavenum ber (k) Wavenumber (k) Wavenumber 1‘A)

Wavmu‘rv‘:hzv (%) i
KLY Ginibre Poisson Thomas

Fig. 6: Bartlett’s isotropic estimator: KLY process (first column), Gini-
bre ensemble (second column), Poisson process (third column), and Thomas
process (last column). The computation and visualization are done using
structure_factor

Figure 6 illustrates Bartlett’s isotropic estimator of Section 3.2. Columns
respectively correspond to the KLY, Ginibre, Poisson, and Thomas point pro-
cesses. The first row contains a sample of each point process, observed in ball
windows. The second row shows Spr on arbitrary wavenumbers k, while in
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the last row, the estimator is only evaluated on a subset of the Bessel-specific
allowed wavenumbers (40).

First, we note that, unlike scattering intensity variants, plotting Bartlett’s
isotropic estimator k — Spr(k) in (38) does not require binning. On the other
hand, Bartlett’s estimator is significantly costlier than its scattering intensity
counterpart; See Section 6.1. Now, we comment on the accuracy of the estima-
tor in Figure 6. Here again, small, non-allowed wavenumbers give rise to large
biases for Sgi(k), especially for the two hyperuniform point processes (KLY
and Ginibre). When applied to allowed wavenumbers, the estimator shows
accuracy across all point processes, similarly to the directly debiased tapered
estimators.

Estimating the pair correlation function

Point process

— -2 0 N 40

pct . ppp

Pair correlation function ((r)

SR

Radius (r)

pcf.fv

Radius (1) " Radict (1) Radivs (1) Radius (1)

KLY Ginibre Poisson Thomas

Fig. 7: Approximated pair correlation function: KLY process (first col-
umn), Ginibre ensemble (second column), Poisson process (third column), and
Thomas process (last column). The computation and visualization are done
using structure_factor

The last two estimators of the structure factor are §HO in (43) and §HBC in
(49). These estimators require an approximation of the pair correlation func-
tion (pcf) of the point process. We thus quickly investigate standard estimators
of the pcf on our benchmark point processes.

There are two types of estimators of the pcf for stationary isotropic point
processes (Baddeley et al., 2015): kernel density estimators applied to pair-
wise distances and numerical derivatives of Ripley’s K function. The R library
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spatstat implements both, respectively as pcf.ppp, which uses an Epanech-
nikov kernel and Stoyan’s rule of thumb for bandwidth selection (Baddeley
et al., 2015, Section 7.6.2), and pcf.fv, which computes the derivative of a
polynomial estimator of Ripley’s K function. The kernel density estimator
behaves badly for small values of r: for many point processes, its variance
becomes infinite when r goes to 0. The derivative estimator is recommended
for large datasets, where direct estimation of the pcf can be time-consuming
(Baddeley et al., 2015, Section 7.6.2). Figure 7 shows the two estimators of the
pair correlation function of the benchmark point processes. Note that we pro-
vide an independent, open-source Python interface” to the R library spatstat.
The second row shows the estimation of the pair correlation function using
pct . ppp. This method provides a choice of boundary corrections, like "trans",
"iso", or none ("un"). For more details see Baddeley et al. (2015, Sections
7.4.4 and 7.4.5). The last row of Figure 7 shows the estimation of the pair
correlation function using pcf.fv.

We observe that, for the cardinalities considered here, the choice of edge
correction method is irrelevant, as long as there is one. We also observe that
the two methods for estimating the pcf perform similarly, and we pick pcf.fv
for the rest of this section. We manually remove undefined values (NaN, -Inf,
or Inf), and we interpolate the obtained discrete approximation of g, in order
to evaluate it at any point required by the quadratures of Section 3.2.2, and
3.2.3. Finally, note that the maximum radius r,,x at which spatstat pro-
vides an approximation of ¢ is limited by the size of the observation window.
Typically, it should be less than half the window diameter for a ball window,
and less than 1/4 of the smaller side length of the window for a rectangular
window; see the documentation of spatstat. For larger values than the ry.x
provided by spatstat, we manually set g to be identically 1, which has the
effect of automatically truncating quadratures that evaluate g— 1, like Ogata’s
quadrature (43).

Hankel transform quadratures

Figure 8 shows the results of Ogata’s Spo (second row) and Baddour-
Chouinard’s §HBC (last row) on our four benchmark point processes from
Section 2.1. The legend is the same as for Figure 3; see Section 5.2. For the
accuracy of the estimators, we can see that Syo failed to approximate the
structure factor of the KLY process. Even the results of Sypc seem to be
unreliable. The non-isotropy of the KLY process may be the reason for the
fluctuations of its approximated pair correlation function in Figure 7, lead-
ing to the inaccuracies of the quadratures. For the remaining point processes,
Supc seems to give more accurate results than Syo.

7 At https://github.com/For-a-few- DPPs-more/spatstat-interface and on PyPI.
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and Thomas process (last column). The computation and visualization are
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5.4 Hyperuniformity diagnostics

We now demonstrate the estimation of the hyperuniformity index H from
Section 2.5, the multiscale hyperuniformity test from Section 4, and the
estimation of the decay rate o from Section 2.4.

Effective hyperuniformity
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Fig. 9: Violin plots of H across 50 samples from the KLY, Ginibre, Poisson,
and Thomas point process. The computation is done using structure_factor
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Figure 9 illustrates the violin plots of H across 50 samples from the bench-
mark point processes. We used the results of Sgy, across 50 samples of roughly
10* points each (see Section 5.3). To fit the line required to compute H, we
considered the wavenumbers up to 0.6 for the Thomas process and 1 for the
remaining point processes. These values were chosen manually: the trade-off
is to remain close to zero while including enough data points to fit a line.
The violin plots of Figure 9 indicate that, consistently across realizations of
the Poisson and Thomas point processes, H is larger than, say, 0.5. This is a
strong hint that these point processes are not hyperuniform. On the contrary,
for Ginibre, H is even slightly negative, hinting at hyperuniformity. For the
KLY process, although H is close to zero, we note that a threshold of 1073
would not lead to the same answer across all 50 realizations.

Multiscale hyperuniformity test

Table 2: Multiscale hyperuniformity test

Zsg CIE[Z]] Zso CIE[Z]]
KLY 0.003|[—0.003,0.009]{0.003 [*0.0003,0.007]
Ginibre [0.015[[—0.021,0.051][0.007 [—0.003, 0.011]
Poisson [0.832] [0.444,1.220] [0.781 [0.560, 1.001]
Thomas|0.928] [0.788,1.068 1 [0.9997 1]
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Fig. 10: Violin plots of Z across 50 samples from the KLY, Ginibre, Pois-
son, and Thomas point process using Sg; (first line) and Ser (last line). The
computation is done using structure_factor
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Table 2 summarizes the results of the multiscale hyperuniformity test of
Section 4.2, for the scattering intensity and Bartlett’s isotropic estimators, on
rectangular windows for the former and ball windows for the latter. To com-
pute Z4, we used A = 50 draws of (X,, M,). In practice, the Ginibre ensemble
cannot be sampled on arbitrarily large windows on a personal computer. We
thus proceed as follows. Let L.y, respectively Ryax, be the maximum side-
length of the box- (respectively ball-) shaped window on which the point
process can be sampled in practice. Since M, is Poisson with parameter X\, we
choose A such that the probability that Wy, is larger than Wy (respectively
Wg,...) is smaller than 10~%. Precisely, for the scattering intensity, A = 85,
and the sidelength of the box window ranges from L,in = 20 to L., = 140,
with a unit stepsize for the Ginibre, the Poisson and the Thomas process. The
wavevectors used {k'"},, > are the minimum wavevectors of (24) correspond-
ing to {W,,, };m>1. Finally, the asymptotic confidence interval (54), denoted by
CI[E[Z]] in Table 2, has a 99.7% asymptotic level since we use three standard
deviations. For Bartlett’s estimator, we use ball windows with a minimum
radius Rpin = 30, a maximum radius Ry = 100, a unit step size, A = 50,
and the minimum wavenumbers of (40) corresponding to the subwindows for
the Ginibre, the Poisson and the Thomas process. For the KLY process hav-
ing bigger intensity than the other benchmarks point processes, we use smaller
parameters L.y = 80, Ryuax = 56 and Lo = Ry = 20.

We can see from Table 2 that the test successfully rejects hyperuniformity
for the Poisson and Thomas point processes, and does not reject for the Ginibre
and the KLY process, as expected. Moreover, we note that Sgy provides tighter
confidence intervals.

Note that the coverage of the confidence interval on which our test is based
is only controlled when A goes to infinity. For a fixed A\, we thus recommend
choosing A as large as possible. In particular, the overly wide confidence inter-
val for the Poisson process in Table 2 calls for increasing A. Indeed, the violin
plot of the 50 realizations of Z (Figure 10) has large support. Increasing A
naturally reduces the size of that support; see Figure 11. Note in passing how
Z 4 does not converge to S(0) = 1, which is an effect of our capping the esti-
mated structure factor in (50). Overall, there is no free lunch: our test might

—F— Z+3.std

0 500 1000 1500 2000
Number of couples (X, M,),

Fig. 11: CI[E[Z]] for a Poisson point process with the scattering intensity, as
a function of the number of realizations of Z.
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fail in diagnosing hyperuniformity if A or X is too small.

Hyperunifomity class

1.5 ®  Mean =046

(a) KLY (b) Ginibre

Fig. 12: Violin plots of a across 50 samples of the KLY and the Ginibre point
process. The computation is done using structure_factor

Figure 12 shows the violin plots of the estimated power decay « across
50 samples, of roughly 10* points ceach, of the KLY and the Ginibre point
processes. We used the results of Sg;. To approximate the decay rate a of
the structure factor, the maximum wavenumber used to fit the polynomial
is equal to 0.45 for the Ginibre ensemble, and to 0.6 for the KLY process.
Again, these thresholds are fit manually and represent a trade-off between
having enough points to fit our monomial and being close to zero. Results are
shown in Figure 12. There is limited evidence that the KLY process is indeed
hyperuniform: while the support of the distribution is large and includes 0,
most estimated values of « are positive, and concentrate around 0.5. This is a
hint that KLY might belong to Class III in Table 1. For the Ginibre ensemble,
the concentration of values of o around 2 successfully reflects the known power
decay (Section 2.1).

6 A quantitative comparison of the estimators

We now compare the cost and accuracy of all estimators more quantitatively.

6.1 A note on computational costs

For a given wavevector, evaluating any single-tapered estimator requires a
sum of N terms. Multitapering naturally multiplies the cost by the number
of tapers, but it can be trivially parallelized, especially since the number of
tapers remains low in practice (Rajala et al., 2020).

On the other hand, for a sample of N points, Bartlett’s estimator §BI is a
sum of O((N? — N)/2) evaluations of a Bessel function. This makes Bartlett’s
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estimator significantly costlier than its scattering intensity counterpart. As an
example, for a realization of N = 1051\ points from a point process in R?, using
a modern laptop, the evaluation of Sgy at a single wavevector took about one
millisecond, compared to 2 seconds for Sp;. Note however that for a similar
accuracy on an isotropic point process, Sgr needs to be evaluated at fewer
wavevectors than, say, the scattering intensity. Indeed, a single value of the
former should be compared to a binwise average of the latter.

Now, for Hankel quadrature estimators, the main bottleneck is the approx-
imation of the pcf. A kernel density estimator based on N points is again a
quadratic computation. In our experience, combining the estimator pcf.fv,
based on numerically differentiating an estimated Ripley’s K function, and a
Hankel quadrature to build SHO and SHBC is the least expensive pipeline.

6.2 Measuring the accuracy of the estimators near zero

To confirm the intuitions gained from Section 5, in particular that the multita-
pered variant of the scattering intensity and Bartlett’s estimator dominate the
others when it comes to visual diagnostics of hyperuniformity, we now com-
pare the mean square error of the different estimators of the structure factor,
integrated near 0.

For a subdivision [k1,k2) U--- U [kj_1,ks) of some interval [k, k), the
integrated MSE reads

IMSE(S) = [ MSE(S)(k)dk

A crude numerical integration using the trapezoidal rule gives,

~ J-1g R R
MSE(S) ~ B 3 505501 — b5) {[Bhssn) = SChy) + 80k5) — S} |,
j=1

(55)
The expectation in (55) is under the investigated point process. Assuming
it is easy to sample from the point process, we can estimate the iMSE in
(55) by an empirical average IMSE over point process samples. Similarly, the
difference of the iMSEs of two different estimators of S' can be approximated
by an empirical average of differences of iMSEs. This yields a natural (paired)
Student test to assess whether the difference of the iMSEs of two different
estimators of S is 0
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6.3 Comparing variants of the scattering intensity

IAn Section 5, we derived the intuition that §SI on its allowed values,
Sppr(te, k) , Sppr(ti,k), and Spomr((te)i—1,k) gave the most accurate
approximations among the estimators of Section 3. We further expect
Sppmr((tg)i=1, k) to have the smallest integrated MSE among them.
To test this, we run three paired, one-sided Student tests, comparing
Sppmr((tg)i—1,k) to each of the three former estimators.

Specifically, we use 50 independent realizations of approximately 5800
points each, from the Ginibre, Poisson, and Thomas point processes, for which
we know the exact structure factor. The intensity of all processes is p = 1/7.
The additional parameters of the Thomas process are, as used throughout the
paper, pparent = 1/(20m), and o = 2. We evaluated Sg; (23) on its allowed
wavevectors (22), between k; = 0.1 and k; = 2.8. For the other estimators,
§DDT(tQ,k)7 §DDT(t1, k) (32), and §DDMT((tq)3:1,k) (33), we used arbitrary
wavevectors keeping the same range of the wavenumbers used for §SI. The
tapers used are ¢o (27), and the first 4 tapers (t4);—; of the family of sinusoidal
tapers (34). As we got different approximated values of S for different wavevec-
tors of the same wavenumber, for each wavenumber we set the estimated
structure factor to the sample mean of these values.

Table 3: Paired t-tests

Estimators T-score| p-value |T-score| p-value |T-score| p-value
SppMTs Ss1 | —29.53 |3 x 10733 —41.59 |3 x 10749 —9.24 | 10712
SppMTs SppT | —22.40| 10727 | —30.42(8 x 107%*| —6.38 |2 x 1073

SopMT, SppT | —12.18[9 x 10717 =25.39 |3 x 10730 —7.16 | 107°
Ginibre Poisson Thomas

T-scores of the iMSE and the associated p-values

Table 3 summarizes the results of the paired one-sided Student tests. For
each point process, applying a Bonferroni correction, we can simultaneously
reject at the level 0.01 the three hypotheses that there is no difference in mean
between the estimated iMSEs. This confirms our intuition that Sppmr((t4)7)
yields the smallest integrated MSE among the considered variants of the
scattering intensity. In particular, multitapering helps.

For information, the estimated iMSEs are given in Table 4, in the form of
a confidence interval (CI) of the MSEs plus or minus 3 empirical standard

deviations of the mean. There is roughly a factor 4 between the iMSE of the
directly debiased multitapered estimator and each of the other three, which
confirms its domination. For reference, we have also indicated the contribution

of the sample integrated variance (i@) to each iMSE. Clearly, the variance is
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the biggest contributor, and the squared bias is at least one order of magnitude
smaller, for all point processes.

Finally, Figure 13 shows the pointwise average of each estimator, across the
50 point process realizations. A reduction of bias at small k for Sppr(t1,k)

and Sppur((tg)2_1, k) is visible for Ginibre.

Table 4: Sample integrated variance and MSE

Estimators  |iVar CI[MS\E] iVar CI[MS\E] iVar CI[MS\E]
Ss1(27n/L) 0.32| 0.324+0.02 |1.31|1.34 £ 0.06 [69.51|70.71 &+ 17.95
Sppr(to)  |0.32] 0.33+0.03 |1.44| 1.47 £ 0.1 |72.15|73.63 + 26.12
Sppr(t1) 0.34| 0.35+0.06 {1.47|1.50 £ 0.14 {79.29|80.51 4 27.20

Sppwmr((tg)1)[0.08]0.08 +0.007/0.37]0.838 £ 0.02[17.90] 18.19 + 4.19
Ginibre olsson Thomas

Point process

i

6x 107
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Fig. 13: Pointwise averages of the variants of the scattering intensity, numer-
ically rotation-averaged, across 50 independent realizations of the Ginibre,
Poisson, and Thomas point processes. The computation and visualization are
done using structure_factor

6.4 Comparing estimators that assume isotropy

We now run the same comparison on Sk (38), SHo (43), and SuBC (49). For
this study, we have sampled 50 independent realizations of approximately 5800
points each, from the Ginibre, Poisson, and Thomas processes, with the same
parameters as in Section 6.3, except that the observation window for all point
processes is now a 2-dimensional ball window centered at the origin. For Syo,
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and §HBC we used the method pcf.fv to approximate the pair correlation
function with maximal approximation radius Tmax = 30.

We have noted in Section 5 that SHBC is more robust to non-isotropy
than SHO, and that Spi gave the tightest approximations in this family of
estimators.

Table 5: Paired t-tests

Estimators |7T-score| p-value |T-score|p-value|T-score| p-value

Sgr vs. Suo | —12.24|7 x 107%7| —6.60 | 1078 | —5.32 | 10~6

Spr vs. Supc | —25.51 (2 x 1073%| —5.32 | 1076 | —5.16 |2 x 10~6
Ginibre Poisson Thomas

T-scores of the iMSE and the associated p-values

Table 5, summarizes the results of two one-sided paired t¢-tests per point
process. For each point process, we can again simultaneously reject at level
0.01 the hypotheses that there is no difference between the estimates iMSEs.
This confirms the claim that Bartlett’s estimator is the most accurate near
0, among estimators that assume isotropy. For reference, Table 6 gives the
same summary statistics as Table 4 did for scattering intensity variants.
Bartlett’s estimator yields iMSEs one order of magnitude smaller than both
Hankel transform quadratures, for both Ginibre and Poisson, and a factor 3
for Thomas. Again, the integrated MSE is mostly variance.

Table 6: Sample integrated variance and MSE

S iVar CI[iMSE] iVar | CI[IMSE] iVar | CI[iMSE]
Spr 13.9x1073]4.0 x 1073 £3 x 107%{0.057(0.058 £ 9 x 1073[11.25|11.65 & 4.71
SHo 0.37 0.38 + 0.09 2.12 2.144+0.93 [43.63]46.70 + 18.40
Supc|  0.03 0.03 £ 0.01 2.44 2.45+1.33 |57.62(63.02 + 28.62

Ginibre Poisson Thomas

Finally, Figure 14 shows the pointwise average of each estimator, across
the 50 point process realizations. The accuracy of Ogata’s quadrature at small
wavenumbers is poor. The bias of the two Hankel quadrature estimators is well
visible at small k for all point processes. This is likely due to poor estimation
of the pair correlation function at large scales.

Summary and discussion

We surveyed estimators of the structure factor of a stationary point process,
along with numerical diagnostics of hyperuniformity. We also proposed the
first (asymptotic) test of hyperuniformity based on the debiasing techniques
of (Rhee and Glynn, 2015). We provided an open-source Python toolbox
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Fig. 14: Pointwise averages of the three estimators that assume isotropy,
across 50 independent samples of the Ginibre, Poisson, and Thomas point
processes. The computation and visualization are done using structure_factor

structure_factor containing all estimators and diagnostics and used it to bench-
mark known estimators. The two estimators that fared best in our benchmark
are the multitapered variant of the scattering intensity and, in the case of
isotropic point processes, Bartlett’s isotropic estimator. Further comparing
these two estimators is a natural avenue for further work, but needs careful
thinking. For starters, the two estimators are not defined on similar windows,
and they do not require the same number of evaluations for a similar accuracy.
Then, it is not clear how to best choose the tapers in the multitaper estima-
tor, not even mentioning that a multitapered version of Bartlett’s estimator
can also in principle be derived. On the other hand, the computational cost
of Bartlett’s estimator should be lowered, e.g. by subsampling pairs of points.

Estimators based on Hankel transform quadratures, which rely on first
estimating the pair correlation function g, comparatively showed poor perfor-
mance. But it is still possible that estimating g first can help estimating S if,
say, edge correction plays an important role. If the user only has data collected
on a non-rectangular, non-ball window, we would then recommend trying
the Hankel-Baddour-Chouinard estimator. For our benchmarks, though, the
large cardinalities and the regular windows involved do not build upon this
strong point of quadrature-based estimators. It would also be interesting to
investigate edge correction, or regularization schemes for the pair correlation
function, that are tailored to structure factor estimation.

On another note, since the structure factor is a Fourier transform, one
might be tempted to periodize one’s sample before computing estimators.
However, we do not see a clear argument for (or against) periodization yet.
First, if one is using the scattering intensity applied on any of the restricted
allowed wavectors in A7, then periodizing the point process has no effect
on the estimator. The case of wavevectors in Ay, and of other estimators, is
less straightforward. Second, adding periodic boundaries forces an arbitrary
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regularity at long distances, which intuitively would impact any empirical
diagnostic of hyperuniformity.

Graphical hyperuniformity diagnostics did allow us to recover known infor-
mation, and conjecture a particular decay for the KLY point process. Yet,
summary statistics like the H-index and the estimated power decay of the
structure factor require manual choices and show large variance. More auto-
mated and low-variance estimators are desirable. Our asymptotic test is a first
step in that direction.

Finally, on the point process side, we hope that our survey and software
can contribute to the standardization and reproducibility of empirical investi-
gations involving structure factors, including the study of hyperuniform point
processes. For starters, it would be interesting to empirically assess how the
decay of the structure factor of the KLY process depends on the initial point
process that is matched with Z2.
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A Proof of Proposition 3

Proof Let M € LP with p > 0. We first prove that Z,, — Z in L. As we have
Zm — Z a.s., it is enough to show that Z,, is uniformly bounded in LP. For a
realization M’ of M we have,

mAM’

Y — Yj_1 M’
< E < .
12m] < P(M >j) ~ P(M > M)

Jj=1
By assumption M € LP so Zy, is uniformly bounded in L?. This proves the first part
of the proposition.
Before proving the additional two points, note that, since S is continuous,

EfSm (™)) —— 5(0). (56)

Now, let us prove the first point of the proposition. Assume that M € L' and X is
hyperuniform, so that S(0) = 0. Since Sy, is nonnegative, Equation (56) yields
~ . 1
Sp(kmimy Ly,
m—roo

Moreover, letting f : z +— 1 Az, |f(z)| < 2z on RT, so that
E(lf (Sm(m™ )] < ElSm (™) =0,

and )
Yin = f(Sm (K5™)) —=— 0. (57)
m—0o0

Since E[Yin] = E[Zm] and Zn, converges in L' to Z, by unicity of the limit, we have
E[Z] = 0.

It remains to show the last point of the proposition. Assume again that M € L',
but that X is not hyperuniform, so that S(0) > 0. Reasoning by contradiction,
assume that E[Z] = 0. As E[Yn] = E[Zm] and Zp, converges in L' to Z, we get

E[Spm (k1)1 — 0, (58)

Gnthmm <1}) e
and

E[ ] — 0. (59)

1.4 .
{Sm ()21} m—oo
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Meanwhile, N )
E[Sm(km )] — S(0) > 0.
m—r o0
Using Equation (58), we get
) min
ElSim (km ™), (omimy>1y) 75 90 >0 (60)

Finally, Cauchy-Schwarz, together with Condition (53) and Equation (59) yield

ElSm(km™ L5, gy >1y] <

E1/2[§72774(k7n?;,in)] X E1/2[]l{§m(kiﬂi“)21}] — 0,

which contradicts Equation (60) and ends the proof. O

B Validity of Assumption (53)

In what follows, we show that Assumption (53) is satisfied for a homoge-

neous Poisson point process X of intensity p, S = Ssi, and W, are increasing
rectangular windows.
Let N,, = |X N W,,|. Then,

2\ 2

P’ | W ’E[S}, (k)] = E

Z e—i{k,x)

xeXNW,,
xX£y Xy
= E[N}; (Y eeewntioN, N il
X, yEXNW,, X, YyEXNW,,
x#£y
_E [2N§l Nt Y 2Nty g2ty
X, yeEXNW,,
XAy #2

+ Z 2e—i<k,x—y> +e—i(k,2x—y—z> +ei(k,2x—y—z>
X,y,z2EXNWp,

xFEyFatt
+ 3 e—i<k,xfy+zft>}

x,y,z,tEXNW,,
X7y

= E{ZN% — N, + Z fe—i(kx=y) 4 o—i2(kx-y)
X, yeXNW,,
xty#z
+ Z 4e—i<k,x—y> +e—i(k,2x—y—z> +6i<k’2x_y_z>
xX,y,zEXNW,,
xAyFatt

+ Z e*i<k,x7y+zft>:|

x,y,z,teXNWp,

=E[2N? — N,,,] + /

4e—i<k,x—y> + e_i2<k’x_y>>p2dxdy
Wi X Wi,
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+/ (467i(k,x7y>+67i<k,2x7yfz>
Wi XWp X W,

+ ei<k’2x_y_z>)p3dxdydz

+/ e Hkx=y+2-t) )1 ix dydzdt.
W X Wi X W, X W,

The last line was obtained using the definition of the n-th product density
p™ and that for any n > 1, p(™ of X simplifies to p". It is a well-known
property of homogeneous Poisson point processes (Chiu et al., 2013, Section
2.3.3). Now, using the parity of 1y, and that N,, is a Poisson r.v., we get

E(S;

(k)] = [pIWm\ +2(p|Win)* + o' F* (Lw,, ) (k™)

1

(p|Win)?

+ 07 (472 (W, ) (™) + F (L, ) (2K37) )

P (AW P2 (e, ) O+ 2 (L, ) (A F2 (L, ) (5) ) |
(61)

Upon notng thac 1 = 3, - 3 and

1

d

n(k;L;/2)

F(lw,) :H —ha
Jj=1

Equation (61) simplifies to

E[S2 (K2 =
(S (k)] pIW]

Thus Assumption (53) holds.
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