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ABSTRACT

We discuss the large-scale properties of standard cold dark-matter cosmological models characterizing the main features of the power
spectrum, of the two-point correlation function, and of the mass variance. Both the real-space statistics show a very well-defined
behavior on large enough scales, for their amplitudes to become smaller than unity. The correlation function, in the range 0 < £(r) < 1,
is characterized by a typical length scale r., where &(r.) = 0, which is fixed by the physics of the early universe. Beyond this scale it
becomes negative, going to zero with a tail proportional to —(~*). These anti-correlations thus represent an important observational
challenge for verifying models in real space. The same length scale r. characterizes the behavior of the mass variance, which decays for
r > r. as r~*, the fastest decay of any mass distribution. The length-scale 7. defines the maximum extension of (positively correlated)
structures in these models. These are the features expected for the dark-matter field: however galaxies, which represent a biased field,
may differ in their behaviors, which we analyze. We then discuss the detectability of these real-space features by considering several
estimators of the two-point correlation function. By making tests on numerical simulations, we emphasize the important role of finite
size effects, which should always be controlled for careful measurements.
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1. Introduction

In contemporary cosmological models, the structures observed
today on large scales in the distribution of galaxies in the uni-
verse are explained by the dynamical evolution of purely self-
gravitating matter (dark matter) from an initial state with low-
amplitude density fluctuations, the latter strongly constrained by
satellite observations of the fluctuations in the temperature of the
cosmic microwave background radiation. The other main obser-
vational element for understanding the large-scale structure of
the universe is represented by the studies of galaxy correlations.
Any theoretical model aiming to explain the formation of struc-
tures must be tested against the data provided by galaxy surveys
that give the important bridge between the regimes characterized
by large and small fluctuations.

Models of the early universe (see e.g. Padmanabhan 1993,
and references therein) predict certain primordial fluctuations
in the matter density field, defining the correlations of the ini-
tial conditions, i.e. at the time of decoupling between matter
and radiation. In the regime where density fluctuations are small
enough, the correlation function of the present matter density
field is simply related to one describing the initial conditions. In
fact, according to the growth of gravitational instabilities in an
expanding universe in the linear regime, perturbations are sim-
ply amplified (see e.g., Peebles 1980, and references therein).
Thus today on some large scales where the correlation function
is still positive, but with &(r) < 1, the imprint of primordial fluc-
tuations should be preserved. In the region of strong non-linear
fluctuations an analytical treatment to predict the behavior of the
two-point correlation function has not been developed yet and,
in general, one makes use of numerical simulations that provide
a rich, but phenomenological, description of the structures in the

non-linear regime. It is in this regime, on small enough scales,
where most observations have been performed until now.

We focus here on the type of correlations predicted in the
linear regime by models of the early universe. While the charac-
terization of correlations is usually done in terms of the power
spectrum of the density fluctuations a real space analysis turns
out to be useful to point out some relevant features from an ob-
servational point of view (see, e.g., the discussion in Gabrielli
et al. 2004).

Theoretical models of density fields of primordial matter
in the expanding universe are characterized by a single well-
defined length scale, which is an imprint of the physics of the
early universe at the time of the decoupling between matter and
radiation (see e.g. Bond & Efstathiou 1984; Padmanabhan 1993,
for a general introduction to the problem). The redshift charac-
terizing the decoupling is directly related to the scale at which
the change of slope of the power spectrum of matter density fluc-
tuations P(k) occurs; i.e., it defines the wave-number k. at which
there is the turnover of the power spectrum between a regime,
at large enough k, where it behaves as a negative power law of
the wave number P(k) ~ k™ with —1 < m < -3, and a regime
at small k where P(k) ~ k, as predicted by inflationary theories.
Given the generality of this prediction, it is extremely important
to look for this scale in the data.

The exact location of this scale is related to several param-
eters, including the cosmological ones that describe the geome-
try of the universe at large scales (see e.g. Padmanabhan 1993;
Tegmark et al. 2004; Spergel et al. 2007, for a recent deter-
mination). We discuss in what follows that the scale r. corre-
sponding to the wave-number k., in a particular variant of cold
dark matter (CDM) models — the so-called ACDM vanilla model
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—is predicted to be r. ~ 124 Mpc/h'. On this scale the real space
correlation function crosses zero, becoming negative on larger
scales. In particular the correlation function presents a positive
power-law behavior on scales r <« r. and a negative power-
law behavior at scales r > r.. Positive and negative correla-
tions are exactly balanced in way such that the integral over the
whole space of the correlation function is equal to zero. This is
a global condition of the system fluctuations which corresponds
to the fact that the distribution is super-homogeneous (or hyper-
uniform), i.e. characterized by a sort of stochastic order and by
fluctuations that are depressed with respect to, for example, a
purely uncorrelated distribution of matter (Gabrielli et al. 2002
— see discussion below).

Note that the scale r, marks the maximum extension of pos-
itively correlated structures: beyond r., the distribution must be
anti-correlated since the beginning, as the evolution time was not
long enough for the positive correlations to be developed. Thus
this scale can be regarded as an upper limit to the maximum size
of structures in the present universe. The possible discoveries of
larger structures is still a challenging task for observational cos-
mology.

A relevant problem for measuring small-amplitude values of
the correlation function, i.e. when &(r) < 1, is represented by
the characterization and the understanding of both the system-
atic biases that may affect the estimators of £(r) and the stochas-
tic noise which perturbs any real determination. A study of that
problems can be found, for example, in Kerscher (1999) and
Kerscher et al. (2000), where it is shown that in general the bi-
ases in several estimators of the two-point correlation function
are not negligible. In particular when there are structures of large
spatial extension inside a given sample, there can be non negli-
gible biases affecting the determination of two-point properties.
We focus here on the systematic bias related to the effect of the
so-called integral constraint, which distorts any estimator of the
correlation function on large scales in any given sample. The in-
tegral constraint represents an overall condition on any estimator
of the correlation function, which is due to the fact that the aver-
age density, estimated in any given sample, is in general different
from its average ensemble value.

Here we explicitly treat the case for the simplest estimator of
the two-point correlation function, the so-called full-shell or mi-
nus estimator and illustrate the situation for the other estimators
by studying artificial distributions. In particular, we devote most
of our attention to the estimator introduced by Davis & Peebles
(1983), which is still very used in the literature, and to the esti-
mator introduced by Landy & Szalay (1993), which is the most
popular one. Kerscher et al. (2000) also considered other estima-
tors, like the Hewett estimator (Hewett 1982) and the Hamilton
estimator (Hamilton 1993) and have shown that the results ob-
tained with the Landy and Szalay estimator are almost indistin-
guishable from the Hamilton estimator.

In this way we will be able to identify the problems related
to the identification of correlations above the mentioned scale r.
We will then propose several tests to be applied to the galaxy
data, in order to define the strategy for studying the correla-
tion function at small amplitudes and larger distances in order
to eventually detect the length scale r..

Up to now studies of the correlation function &(r) in galaxy
samples have been limited to small scales, i.e. 0.1 < r <
30 Mpc/h (i.e. Totsuji & Kihara 1969; Davis & Peebles 1983;

! For the sake of clarity, we choose the scale of distances normal-
ized to the adimensional Hubble parameter /4, which is defined from the
Hubble constant Hy = 100 ~kms™' Mpc™'.
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Davis et al. 1988; Benoist et al. 1996; Park et al. 1994; Scranton
et al. 2002; Zehavi et al. 2002, 2004; Ross et al. 2007), and only
recently has the volume covered by galaxy redshift samples ap-
proached a size large enough to make a robust estimation of the
correlation function on scales of about 100 Mpc/h. When the
Sloan Digital Sky Survey (SDSS) (York et al. 2000) is completed
by filling up the gap between the two main angular regions of ob-
servations the volume of the survey and the statistics of the num-
ber of objects in the samples would be large enough to test space
correlations on scales of order 7. or more. An exception to this
situation is represented by the paper by Eisenstein et al. (2005),
who, by studying a sample of luminous red galaxies (LRG)
of the SDSS, have estimated the correlation function on scales
around 100 Mpc/h. These authors have focused their attention
however on another real-space feature of theoretical models: the
so-called “bump” of the correlation function, which corresponds
in real space to the so-called Doppler peaks in the matter power
spectrum generated by the baryonic acoustic oscillations in the
early universe. As we discuss below, this bump, corresponding
to a singular point of the correlation function (Gabrielli et al.
2004), is localized on scales close to 100 Mpc/h and character-
ized by a small amplitude. This is a second important real-space
scale of the theoretical correlation function, which is localized
on a scale slightly smaller than r.. The detection of the baryonic
bump is thus related to the detection of the scale 7. as any finite-
size effect perturbing the determination of the scale r. will also
inevitably affect the determination of the baryonic bump. In fact,
the baryonic bump can be seen as a small modification of the
overall shape of the correlation function on scales of about r,
on which we focus our attention here.

Note that, because of the very large scales, the acoustic sig-
nature and the zero point scale remain in the linear regime even
today, and they are weakly affected by non-linear effects (see
Eisenstein et al. 2006). Thus real-space and redshift-space prop-
erties on such large scales should not differ substantially.

In Sect. 2 we introduce the basic definitions of the sta-
tistical quantities usually employed to characterize two-point
properties in real and Fourier space. In Sect. 3 we discuss a
simple functional behavior of the power spectrum of matter-
density fluctuations, which captures the main elements of a more
realistic CDM power-spectrum. We discuss the real-space prop-
erties as represented by the two-point correlation function and
we consider the problem of selection or biasing in the sim-
plest theoretical scheme of biasing a correlated Gaussian field.
In Sect. 4 we explicitly treat the case of a ACDM matter den-
sity field characterizing in detail real-space properties. The main
estimators of the two-point correlation function are discussed
in Sect. 5, and in Sect. 6 we test those estimators in artificial
distributions. Finally in Sect. 7 we draw our main conclusions
discussing the problems related to the estimations of two-point
correlations in real galaxy samples.

2. Basic definitions

The microscopic number density function for any particle? dis-
tribution is given by

N
n(x) = 6o (x —x)), ()
i=1

2 We make it explicit that we consider particle distributions; however,
most of the definitions given hereafter can be easily extended to the case
of a continuous matter density field. We refer to Gabrielli et al. (2004)
for more details.
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where x; is the position of the ith particle, ép the Dirac delta
function, and the sum is over the N particles of the system.

For a system in which the mean density ng is well-defined
and positive, it is convenient to define the density contrast:

n(x) — ny _

no

6(x) = )
In order to characterize the two-point correlation properties of
the density fluctuations, one can then use the reduced two-point
correlation function (hereafter called simply the two-point cor-
relation function):

&§(r) = (6(x + r)é(x)), 3)
where (...) is the ensemble average, i.e., an average over all pos-
sible realizations of the system. In a distribution of discrete par-
ticles, £(r) always has a Dirac delta function singularity at 7 = 0,
which it is convenient to separate by defining &(r) for r # O (the
“off-diagonal” part — see e.g. Peebles 1980):

s 1
&(r) = —op(r) + &). 4)
no

The normalized variance of particle number (or mass) is an inte-
grated quantity defined as

NPy = (N
(N(r))?
where N(r) is the number of particles inside, for example, a
sphere of radius r. Then o2(r) can be used, in a manner simi-
lar to &(r), to distinguish a regime of large fluctuations (o> > 1)
from a regime of small fluctuations where o < 1. It is simple
to find the explicit expression for the normalized variance of the

particle number in terms of a double integral of &(r) (see, e.g.,
Peebles 1980)

1 _
PV = = fv fv E(ry = )P ridrs. ©)

If we consider distributions that are periodic in a cube of side L,
we can write the density contrast as a Fourier series:

a*(r) 5)

1 . ~
6(x) = =5 Zk: exp (ik - x) 5(k) (7)
with k € {(272'/L)n |ne Z3}. The coefficients 6(k) are given by

5(k) = f 5(x) exp (—ik - x) d’x. 8)
L3

The power-spectrum of a particle distribution is then defined (see
e.g., Peebles 1980) as

1 .
P(k) = §<|6<k)|2>. ©)

In point distributions which are statistically homogeneous, the
power spectrum and the non-diagonal part of the two-point cor-
relation function &(r) are a Fourier conjugate pair:

1 .

&r) = P f d*kP(k) exp (-ikr) (10)
and

P(k) = f d3ré(r) exp (ikr). (11)

Since for both &(r) and P(k) we consider only the dependence on
the modulus of their arguments, we will denote them from now
on as &(r) and P(k) to mean that they are obtained by performing
an average over the directions of r and k, respectively.
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Fig. 1. Power spectrum given by Eq. (12). The linear behavior at small
is reported as a reference. The amplitude at small k and the scale k. =
0.014 h/Mpc are chosen to be the same of the ACDM models discussed
in what follows. The vertical lines indicates the wavelength k..

3. A toy model and the problem of sampling

To illustrate some key features of standard cosmological models,
let us consider a simple matter-density field power spectrum of
the type:
P(k) = Akexp (=k/k). (12)
This is characterized by an amplitude A that fixes the small &
behavior and by the turnover scale k. (see Fig. 1).

As already mentioned, the two-point correlation function is

simply the Fourier transformation (FT) of the power spectrum:
for Eq. (12) by using Eq. (6) we find

3 2
A (k—z")
2 3
TT
(7]

This correlation function presents the zero point at the intrinsic
characteristic scale

&) = 13)

re = V3/ke. (14)
On small scales r < r. Eq. (13) gives &(r) = const. > 0; while
at large scales r > r. the amplitude of £(r) becomes negative,
going to zero for r — oo with a power-law tail of the type &(r) =
—r~* (see Fig. 2).

The region of positive correlation is thus followed by an (in-
finite) region where there are anti-correlations. Positive and neg-
ative correlations are exactly balanced so that

f ) &r)rtdr=0.
0

This is equivalent to the condition that P(k) — 0 for k — 0.
As discussed in Gabrielli et al. (2002) (see also Gabrielli et al.
2004), this corresponds to the fact that the distribution is glob-
ally super-homogeneous, i.e. more ordered than an uncorrelated
distribution (i.e. a Poisson). This subtle property can be clarified
by computing the mass variance.

To evaluate the mass variance (Eq. (6)), one may choose a
sphere in real space of radius R as the volume of integration V.

5)
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Fig. 2. Absolute value of the two-point correlation function given by
Eq. (13) divided by £(0). The (negative) power-law r~* is shown as a
reference. The vertical line indicates the scale ..

In this case, going into Fourier space, Eq. (6) becomes (see e.g.,
Peebles 1980)

(sin (kR) + (kR) cos (kR))? _
(kR)®

o*(R) = 2 f dkk?>P(k) (16)
27'1'2 0

By considering the power spectrum given by Eq. (12), one finds
that o2(R) ~ const. for R < r. and 02(R) ~ R™* for R > r,
(see Fig. 3). This fast decay of the mass variance is the distinc-
tive feature of super-homogeneous mass distributions, and it is
strictly related to the condition P(0) = 0. This is the fastest decay
possible for any isotropic translationally invariant distribution of
points (see discussion in Gabrielli et al. 2002).

For a Poisson distribution one finds that the mass variance
decay more slowly than for a super-homogeneous distribution,
i.e. 0?(R) ~ R73, and that the power spectrum obeys

]lcirré P(k) = const. > 0. (17)
A similar situation occurs when the distribution has positive cor-
relations on small scales and no correlations at large scales —
a substantially Poisson distribution. On the other hand, in the
presence of long-range positive correlations, as for example a
power-law correlation function &(r) ~ r77, with 0 < y < 3,
the mass variance decays more slowly than the Poisson case, i.e.
0?(R) ~ R”~¥, and the power spectrum satisfies the condition

lim P(k) = co. (18)

3.1. Sampling a density field

What we have just described is a simple toy model power spec-
trum that captures some essential features of the theoretical cor-
relation properties of the matter density field. In the discussion of
galaxy samples, one has to consider that luminous objects trace
the underlying dark-matter density field and that they can be re-
garded as a sampling of it: for example they can be supposed
to lie in the highest peaks of the fluctuations field, because only
there has gravitational clustering been efficient enough to form
self-gravitating objects. The problem of sampling is thus a cen-
tral one in studies of cosmological density fields and, particu-
larly, of galaxy structures. More precisely we mean by sampling
the operation performed when one extracts, from a given distri-
bution, a sub-sample of it by using a selection criteria based on
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Fig. 3. Variance in real-space spheres for Eq. (12). A line with slope r*
is reported as reference. The vertical line indicates the scale r..

a certain parameter characterizing the distribution. For example,
one can make this type of selection by extracting only those ob-
jects whose luminosity is brighter than a given threshold from
the whole population of galaxies of all luminosity. Alternatively,
a similar selection can be done by considering galaxy color. In
the case the fluctuation field is a stochastic variable of position
(for example a Gaussian fluctuation field), one may sample the
distribution by selecting only those fluctuations larger than a
given threshold in the density fluctuation field.

In general the problem consists of the understanding of the
relations between the statistical properties of the sampled, or bi-
ased, distribution with those of the original one. A particular in-
terest lies in the relation between the two-point correlation func-
tion of the sampled field with the original £&(). This is because,
for instance, in the studies of galaxy samples, one naturally has
to perform a sampling when measuring the two-point correla-
tion function of galaxies of a certain luminosity. In the compar-
ison of observations with theoretical models, the sampling pro-
cedure is strictly related to the physics of the system. In fact, in
the analysis of cosmological N-body simulations, one also needs
to extract sub-samples of points that, according to some mod-
els, would represent galaxies instead of dark-matter particles. In
these contexts, the simplest theoretical model describing bias-
ing (introduced by Kaiser 1984) was developed for a continuous
Gaussian field, and thus it does not represent a useful analytical
treatment of the problem of strong clustering, which is instead
the relevant one for galaxy structures.

However it is very difficult to treat the problem of sampling
for a generic case unless one may specify the correlation prop-
erties in detail of the original distribution and the specific pro-
cedure used to make the sampling. This is a task beyond current
knowledge even for the case of artificial distributions generated
by gravitational N-body simulations where one can take a phe-
nomenological approach. For this reason, we limit the discus-
sion to the threshold sampling of the Gaussian random fields,
because this allows us to point out some key-features character-
izing the case in which the underlying density field has super-
homogeneous type correlations and the sampling is local (i.e.
related to local features of the distribution). This cannot be re-
garded as a realistic example for the reasons discussed above, but
one may identify several key problems that should be addressed
in detail by means of studies of artificial distributions generated,
for example, by N-body simulations for the understanding of a
more realistic case.
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Fig. 4. Absolute value of the correlation function of the toy model de-
scribed by Eq. (12) (solid line) and of the ones corresponding to differ-
ent values of the threshold parameter v calculated by applying Eq. (20).
The amplification is non-linear on small scales, where &;(r) > 1, linear
on large scales, and the zero-crossing scale is invariant under biasing.

3.2. Sampling a Gaussian random field

Let us now discuss the simplest biasing scheme of a continuous
and correlated Gaussian field (hereafter we follow Durrer et al.
2003). Suppose having a Gaussian random field with two-point
correlation &(r) such that the variance is (%) = o (where u
is the mean density normalized fluctuation). One can identify
fluctuations in the field such that they are larger than v times the
variance. This selection defines a biased field with the weight
equal to zero if the fluctuations of the original field are smaller
than fi = vo and equal to one if they are equal to, or larger
than fi. When one changes the threshold v one selects different
regions of the underlying Gaussian random field, corresponding
to fluctuations of differing amplitudes. The two-point correlation
function of the selected objects is then that of the peaks &(7).

We define the two-point correlation function of the normal-
ized field

&) = £0)’

where £(0) is the variance of the field so that &(r) < 1 Vr. It
is possible to compute the following first-order approximation
(Durrer et al. 2003)

1 +$(") exp(v2 é?(r) )_ 1
1-&@r) 1 +&@r)

which reduces to &(r) = v2&(r) when vaf(r)l < 1. Thus, if
present in the underlying distribution, the characteristic length
scale of the zero point r, is not changed under this selection pro-
cedure, i.e.,

&(re) = E(r) =0 VL. (21)

On the other hand, for &,(r) > 1 the amplification is non-linear
as a function of scale: this means that the functional behavior
of &(r) is different from the one of &(r) in the regime where
&u(r) > 1. Figure 4 shows the situation when one takes the corre-
lation function of the toy model discussed in the previous section
(see Eq. (13)) as the &(r) of the underlying Gaussian field.

Given the asymmetrical amplification on small and on large
scales the condition of super-homogeneity is broken, i.e.

f f;,(r)rzdr > 0;
0

19)

&i(r) =

(20)

(22)
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Fig. 5. Power spectrum of the toy model described by Eq. (12) (solid
line) and of the ones corresponding to different values of the threshold
parameter v calculated by applying Eq. (20) and then by making the
Fourier transformation. Because of the asymmetrical amplification of
the correlation function on small and on large scales the condition of
super-homogeneity is broken, i.e. the power spectrum does not show
anymore the tail P(k) ~ k.

and thus the power spectrum no longer show the tail P(k) ~
k (see Fig. 5). Correspondingly the mass variance shows the
typical features of a substantially Poisson system beyond the
scale r, i.e. it decays as r3.

Summarizing the behaviors for the toy model described by
Eq. (12), we find that:

— (i) the correlation function of the biased field still presents
some key features of the original correlation function,
namely the same characteristic scale r. and the same neg-
ative tail £(r) ~ —r~* on large scales;

— (ii) the power spectrum is distorted in a non-linear way on all
scales by biasing; in particular on large scales this is charac-
terized by the typical behavior of a Poisson distribution. The
same situation occurs for the mass variance.

We expect these to be general features of the biased fields when
the underlying density field has super-homogeneous type corre-
lations (Durrer et al. 2003; Gabrielli et al. 2004). The cancella-
tion of the super-homogeneous features stems for the operation
of selection introducing a noise, due to the sampling itself, which
dominates the intrinsic fluctuations of the system.

4. Real space correlations in CDM-type models

In this section we consider the case of a distribution with corre-
lation properties of CDM type. In particular we study the case of
the so-called ACDM *“vanilla” model. The functional behavior
and the parameters defining this model are discussed in Tegmark
et al. (2004) and Spergel et al. (2007). Without entering into
the details of the model here, we note that, while the different
cosmological parameters may change the behavior of the power
spectrum in a non-linear way, it is generally assumed that the
bias factor b (we now indicate by b what in the previous section
we called v to make clear that the latter symbol refers only to
the case of a correlated Gaussian field) corresponds to an overall
rescaling of its amplitude:

P(k) = b*Pan(k), (23)
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where Pyny(k) represents the power spectrum of the underlying
dark-matter field and P(k) is the “biased” power spectrum, cor-
responding to the power spectrum of a field selected by follow-
ing a certain prescription. As discussed above, Eq. (23) does not
have any theoretical justification in the framework of Gaussian
fields, whether at small k or at large k. In numerical simulations
it has instead been phenomenologically found that this is a good
working hypothesis in the regime of strong clustering (Springel
et al. 2005).

To compute the real-space properties, it is useful to find
an analytical approximation to the theoretical power spectrum
that can be found numerically (we use hereafter the data from
Tegmark et al. 2004). We have found that the following expres-
sion provides us with a good fitting formula

Ak
(1 + B(k/ki)" + (k/k2)")

Pk) = (24)

where A = 5 x 105, B = 10%,k; = 0.35 h/Mpc, v = 2.3, ky =
0.05 h/Mpc, v, = 3.5. This power spectrum is characterized by a
turnover scale k. = 0.014 h/Mpc, which separates the large-scale
behavior P(k) ~ k from the small-scale one P(k) ~ k2.

In this case it is not possible to calculate the real-space cor-
relation function analytically, but it can be obtained from the
numerical computation of the Fourier transform of the power
spectrum by using Eq. (10). The result is shown in Fig. 7. As
for the case of the toy model discussed in the previous section,
this correlation function is characterized by a positive region at
small scales, where in this case it decays roughly as #~!°, and by
a large scale negative tail £(r) ~ —r~*. The length scale which
separates these two regimes is the zero-point r, which represents
the unique characteristic length scale of this model: for the pa-
rameters chosen in Eq. (24) we find r, = 124 Mpc/h.

A reasonable fit to the correlation function obtained by mak-
ing the FT is (see Fig. 8)

3 2 36212
A2-7) (P43

f(r)=;(_+r2)3' B
z

where A = 5 x 10° and k. = 0.014 h/Mpc and 8 = 1.4.

It is interesting to note that if we compute the power spec-
trum by calculating the FT of the correlation function by using
the analytical approximation given by Eq. (25), although the fit

(25)

—_
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Fig.7. Absolute value of the two-point correlation function for the
ACDM model (Eq. (24)). The two power laws r~'> and r~* are shown
as a reference.
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Fig. 8. Correlation function for the ACDM model (Eq. (24)) and the
approximation given by Eq. (25).

is very good over the all range of scales considered, we do not
get the correct behavior at small wave modes, i.e. that P(k) ~ k
for k < k.. Instead we get P(k) ~ const. for k < k. (see Fig. 9).
This is because the small approximation introduced in Eq. (25)
is such that the integral

f ) &Mr*dr>0 (26)
0

and thus there is no the perfect cancellation between the positive
and negative parts, i.e. the typical feature of super-homogeneous
distributions, characterized by an extremely fine-tuning of the
correlations. This simple example shows how reasonable the
condition of super-homogeneity is and gives a feeling of
the kind of problems that can arise in the framework of sam-
pling. In general, the amplification of the correlation function
due to selection (or bias) is not linear and gives rise to a behav-
ior like one just described, i.e. to the radical change of the super-
homogeneous properties. That is, the distribution becomes sub-
stantially Poisson on scales larger than r. because of the noise
introduced by sampling, although the negative —r~* tail in the
correlation function is still present.
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Fig. 9. Power spectrum for the ACDM model and the approximation
obtained from Eq. (11) by using Eq. (25).

4.1. Main features of the real-space two-point correlation
function

As discussed above, the regime of large fluctuations &(r) > 1 is
not predictable by a theoretical approach, and thus both the am-
plitude and the shape of the correlation function have to be con-
strained by observations. Any specific model of matter density
field, however, predicts the behavior of the correlation function
in the regime [£(r)| < 1. We discuss, as an interesting example,
the case of the ACDM model mentioned above.

In general, it is possible to characterize the approach of the
correlation function to the zero point, in a range of scales such
that 0 < £(r). For the case of the ACDM model, we find that, in
this range of scales, a good and useful approximation is given by

Y
&)~ (%) exp-r/d @)
where A = 3 x 107", 1 = 25 Mpc/h, and y = 1, while
A = 3(0.03) when the amplitude of Eq. (24) is multiplied by
a factor 10 (1/10). The result is shown in Fig. 10. The exponen-
tial cut-off, independent of bias, is related to the fact that &(7)
crosses zero at r. = 124 Mpc/h. Thus, while the direct identi-
fication of the zero-point scale is clearly very difficult in a fi-
nite sample (see discussion below), for the effect of stochastic
and systematic noise in the estimators, the approach to the zero
point, in this model, is very well defined. In particular, the cor-
relation function presents an exponential decay in the range of
scales [10, 100] Mpc/h. Depending on the value of the ampli-
tude of &£(r), this range of scales is extended enough in the region
where &(r) > a with @ > 1072, thus a region where maybe ob-
servations will be provide with statistically robust samples, for a
bias factor of order one for the parameters considered here.

4.2. The baryonic bump

As mentioned in the introduction, according to the physics
of the early universe, sound waves propagating in the first
~400000 years after the Big Bang produce an additional char-
acteristic length scale in the matter and radiation density fields.
With galaxy surveys, it would be possible to detect this acous-
tic feature as a bump in the correlation function at ~100 Mpc/h.
The amplitude of this bump is controlled by the baryon density,
the matter density, and the Hubble constant (see Eisenstein et al.
2005, for a detailed discussion). It is interesting to note that this
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Fig. 10. Plot of the function &(r)xr for the ACDM model (Eq. (24)) and,
for comparison for the case in which the amplitude of Eq. (24) as been
multiplied by a factor 10 and a factor 1/10. The dashed lines correspond
to the thresholds such that £(r) = 0.01, 0.001.
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Fig. 11. Absolute value of the two-point correlation function for the
ACDM model (Eq. (24)) and for the same model with the baryonic
bump (BB) at ~100 Mpc/h.

bump corresponds to a non-analytical point of the correlation
function, which gives rise to a co-sinusoidal modulation for the
power spectrum (see Gabrielli et al. 2004).

In Fig. 11 we show a typical example. (In this the case the
matter density is Q,, = 0.12472 and the baryon density is Q;, =
0.024h72.) As one may notice from this figure, the bump appears
as a very small amplitude feature of the two-point correlation
function localized at about ~100 Mpc/h, i.e. when the correlation
function shows the sharp break corresponding to the approach to
the zero point, which fixes the global shape of the correlation
function on those scales. As we discuss below, one of the main
problems in the estimation of the correlation function on such
scales in a given finite sample is to establish whether the break
in the power-law behavior, i.e., the overall shape corresponding
to the presence of the zero-point scale, is biased or not by a finite
size effect. Once certain enough that the shape is not affected by
systematic effects, then one may try to characterize the presence
of the baryonic feature.
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5. Estimation of the correlation function

Different estimators of the two-point correlation function have
been introduced and discussed in the literature. The difference
between them lies in their respective methods of edge correc-
tions (Kerscher et al. 2000), which gives rise to different variance
and systematic effects or biases. We discuss three of them: (i) the
full-shell (FS) estimator (Gabrielli et al. 2004), (ii) the Landy
and Szalay (LS) estimator (Landy & Szalay 1993), and (iii) the
Davis and Peebles (DP) estimator (Davis & Peebles 1983). The
first one has the advantage that all biases can be carefully under-
stood and possibly kept in control. The second is very popular
because it has the minimal variance for the case of a Poisson
distribution, although it has not been demonstrated that the same
minimal variance applies in case of correlated distributions (see
e.g. Kerscher et al. 2000). However, it has the disadvantage that
the biases are very poorly understood in the general case, as in
the case of the DP estimator. Although there have been several
studies of these estimators (see e.g. Kerscher 1999; and Kerscher
et al. 2000), systematic tests for biases are still not completely
developed. Here we introduce the problem and analyze the case
of the FS estimator, while in the next section we try to quantify
the problem by studying numerical simulations.

Note that there are, at least, three other estimators known
in the literature: the natural estimator, the Hewett estimator and
the Hamilton estimator, generally all biased as the LS and DP
estimators. In a detailed comparison between these estimators
performed by Kerscher et al. (2000) it is reported that the perfor-
mance of the LS estimator is almost indistinguishable from the
Hamilton estimator. In addition, after a careful study, Kerscher
et al. (2000) have stressed that the LS estimator is the recom-
mended one. For this reason we decided to focus our studies on
the LS, while we choose the DP because it is commonly used in
the literature.

5.1. Bias in the estimators

Let us call X(V) the statistical estimator of an average quan-
tity (X) in a volume V (where (X) denotes the ensemble average

and X the sample average). To be a valid estimator X (V) must
satisfy (Gabrielli et al. 2004)

Vlim X(V) = (X). (28)
A stronger condition is that the ensemble average of the estima-
tor, in a finite volume V, is equal to the ensemble average (X):

X)) = (X). (29)

An estimator is called unbiased if this condition is satisfied; oth-
erwise, there is a systematic bias in the finite volume relative to
the ensemble average. Any estimator &(r) of the correlation func-
tion &(r), is generally biased. This is because the estimation of
the sample mean density is biased when correlations extend over
the sample size and beyond. In fact, the most common estimator
of the average density is

__N
n=—,

14

where N is the number of points in a sample of volume V. It is
simple to show that (see, e.g., Gabrielli et al. 2004)

(ﬁ):(n)(l+% fv d3r§(r)).

(30)
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Therefore only in case when £(r) = 0 (i.e. for a Poisson distribu-
tion), Eq. (30) is an unbiased estimator of the ensemble average
density.

In Kerscher (1999) one may find a detailed treatment of esti-
mators of the two-point correlation function. It is shown that in a
given sample, on large scales, the biases in the above-mentioned
estimators are not negligible especially when there are structures
of large spatial extension inside a given sample. In ACDM mod-
els, there are structures of large amplitude at small scales, i.e.
up to ~10 Mpc/h, and structures of large spatial extension and
low amplitude up to ~120 Mpc/h. Beyond such a scale there
will be no structures anymore, as the distribution becomes anti-
correlated. Thus it is important to understand the problem of bi-
ases in relation to real sample estimations, which may cover a
distance scale of only several hundred Mpc/h, i.e. up to about
five times the regime of positive correlations.

An analytical treatment of the problem, for the general case,
is unfeasible, so that the most direct way to study biases in the es-
timators is by performing tests on artificial distributions, which
we discuss in the next section. In what follows we present sev-
eral examples that show the importance of the systematic effect
related to Eq. (31), i.e. that the estimators do not satisfy, in gen-
eral, Eq. (29) but only Eq. (28).

5.2. The full shell estimator

The correlation function can be written as

(n(rn)) ()
;1= -

no

&r) = 1, (32)

0

where the conditional density (n(r)), = (n(r)n(0))/ng gives the
average number of points in a shell of radius » and thickness dr
from an occupied point of the distribution. Thus FS estimator
(Gabrielli et al. 2004) can be simply written as

),

&(r) 1, (33)

where 7 is the estimated number density in the sample

and (n(r)), is the estimator of the conditional density. The lat-
ter can be written as

N AN;(r, AF)
N.(r) - AV

(n(r)p = (34)

where AN;(r, Ar) is the number of points in the shell of radius r,
thickness Ar, and volume AV = 477?Ar centered on the ith point
of the distribution. Note that the number of points N.(r) con-
tributing to the average in Eq. (34) is scale-dependent, as only
those points are considered such that when chosen as a center of
the sphere of radius r, this is fully included in the sample volume
(see Gabrielli et al. 2004; Vasilyev et al. 2006, for more details).

The sample density can be estimated in various ways.
Suppose that the sample geometry is simply a sphere of ra-
dius R,. The most convenient in this context is to choose

3 (h——
n=—— n(r)),dnridr, 35
pll RO (35)
as in this case the following integral constraint is satisfied
R,
f &rr*dr=0. (36)
0
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This condition is satisfied independently of the functional shape
of the underlying correlation function &(r).

The scale R;, for a sample of arbitrary geometry, is given by
the radius of the maximum sphere fully contained in the sample
volume for the reasons explained above. Other choices for esti-
mating the sample density are possible and give rise to a condi-
tion of the type Eq. (36), even if not precisely the same. This con-
dition introduces a systematic distortion in the measured shape

of &(r), so the advantage in choosing Eq. (35) lies in the good
control on the scale 7., defined to be the scale beyond which
the distortion becomes important. The scale r, must be evalu-
ated given a specific model for £(r), but it is generally a fraction
of R;.

Thus the integral constraint for the FS estimator, Eq. (36),
does not simply introduce an offset, but also a change in the
functional behavior of the estimated correlation function. Other
choices introduce distortions on a scale that is difficult to evalu-
ate, especially in the case where the sample does not have a sim-
ple spherical geometry. In general, any estimator is distorted at
some scales by a condition of the type given by Eq. (36), which
basically reflects our ignorance of the value of the ensemble av-
erage density.

To study the effect of the integral constraint on the FS esti-
mator, let us rewrite the estimation of the correlation in terms of
the theoretical correlation function

" (37)
1+ = fo S E(r)rtdr

By writing Eq. (37), we assume that the stochastic noise is negli-
gible, which of course is not a good approximation on any scale.
However in this way we may be able to understand the effect of
the integral constraint for the FS estimator. From Eq. (37) it is
clear that this estimator is biased, as it does not satisfy Eq. (29)
but only Eq. (28).

Let us consider two useful examples of the theoretical cor-
relation function (i) &(r) ~ r7 and in (ii) the ACDM model
of Eq. (25). The distortion due to the integral constraint in the
FS estimator when the theoretical correlation function shows a
power-law behavior with exponenty = 2 is illustrated in Fig. 12.
One may see that, at r ¥ R,/3 the estimation is already distorted
and, when r ~ Ry/2, the function &(r) crosses zero and becomes
negative in order to satisfy Eq. (36).

The case of the ACDM model is shown in Fig. 13. The sit-
uation is similar to the power-law case as long as one considers
R, smaller than the zero-point scale r.. For larger R, one may
see that zero point is not changed anymore, while the negative
tail continues to be amplified in a non-linear way even on scales
r < Rs. For example, with a sample of size R, ~ 600 Mpc/h,
the distortion of the power-law tail does not allow detection the
&(r) ~ —r~* behavior, which is marginally visible only when
R > 1000 Mpc/h.

&) =

5.3. Pairwise estimators

To determine a pairwise estimator, we define the following quan-
tities. The number of data-data pairs

Ny
DD(r) = ) ddi(r, Ar), (38)
the number of data-random pairs

Ny
DR(r) = ) dri(r, Ar), (39)
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Fig.12. Absolute value of the estimation of the correlation function
&(r) ~ r77, with y = 2, by the FS estimator. The thick solid line rep-
resents the theoretical model. The condition given by the integral con-
straint described by Eq. (37) is taken into account: beyond the scale
on which there is the break of the power-law behavior, the correlation
function crosses zero and becomes negative.

IE (1)

|

i
Ll !

10'
r Mpc/h)

6 Ll

10 10”

S

10° 10°

Fig. 13. Absolute value of the estimation of the correlation function of
the ACDM model with the integral constraint described by Eq. (37).
The thick solid line represents the theoretical model.

the number of random-random pairs

N:
RR(r) = Z rri(r, Ar).

1

(40)

where Ny is the number of data points, N; the number of ran-
dom points, which are Poisson distributed, dd;(r, Ar), dri(r, Ar),
and rri(r, Ar) are respectively the numbers of data-data, data-
random, and random-random pairs in the shell of radius r and
thickness Ar around the ith center.

The DP estimator is defined as (Davis & Peebles 1983)°

N: DD(r)
N4 — 1 DR(r)

&pp(r) = (41)

3 For clarity we hereafter denote the estimator as £xy where XX can
be FS for the full-shell case, DP for the Davis and Peebles case, and
LS for the Landy and Szalay case. We omit the X symbol that was
previously introduced to mean that this is an estimator of the statistical
quantity X.



390

The LS estimator is defined as (Landy & Szalay 1993)

Ni(N; = 1) DD(r) _,N: = 1 DR(r)
Na(Ng — 1) RR(r) N4 RR(r)

fus(r) = + 1. (42)

Finally the Hamilton estimator is defined as (Hamilton 1993)

N:N; DD(r)RR(r)
(N = 1)(Na—1)  DR%*(r)

&u(r) = (43)

5.4. Errors

The measurement errors of the correlation function can be de-
termined in various ways. This first is to calculate of the error

on &(r) in a given sample using the Poisson estimate (Ross et al.
2007)

1+ &(r)

VDD(r)

The second error estimation method is the field-to-field error,
which is obtained by divining the whole sample into N sub-
samples and by computing in each of these the correlation func-
tion &(r) fori = 1...N

N
O'IZ:IF(T) _ L Z DR;(r) (% _ %)2 ’

op(r) = (44)

(45)

and &(r) is the estimation of the correlation function in the
whole sample. The third method is called the jackknife estimate
(Scranton et al. 2002; Zehavi et al. 2004), and the variance is
estimated by

N

DRy (r) — ——
T = 2, e (@ )

(46)

where the index i’ is used to signify that the value of the correla-
tion function &;(r) is computed each time in all sub-samples but
one (the ith). Finally another possibility is to divide the sample
into N sub-fields, to compute the average

_ 1 ¥
&N =~ ;&(r) @7
and then the variance on the average
1< &) - E0)
200 _ L &ilr) —&r))”
o= Z] T (48)

We show in what follows that Eq. (48) is equivalent to Eq. (46)
on all but the largest scales of the sample where it gives a more
conservative estimation of the errors. In what follows we make
use of the errors estimated by Eq. (48), which are similar to the
jackknife ones (Eq. (46)). Below we discuss in detail the deter-
mination of the errors in artificial distributions and a comparison
between the different methods to define them.

6. Test on artificial distributions

We consider a distribution of points extracted from a cosmo-
logical N-body simulation generated in the framework of the
Millennium project (Springel et al. 2005), which consists of
N = 6528 040 particles in a cubic box of nominal side L = 1 and
which is one of the semi-analytic catalogs (Croton et al. 2006)
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Fig. 14. Average correlation function computed by using the FS esti-
mator in independent sub-boxes of side ¢ = 0.15, together with the
prediction of Eq. (37). The solid line represents the correlation function
computed by using the FS estimator in independent sub-boxes of side
¢ = 0.5, while the dotted line (IC) represents the analytical computation
of the estimated correlation with the integral constraint (i.e. Eq. (37)).

constructed to produce mock galaxy samples. This distribution
presents strong clustering up to a scale of rp ~ 0.01 and then
weak power-law correlations up to the sample size. We compare
the results of each estimator in the sub-boxes of varying size
with the determination of the FS estimator in the box of side
L = 1, which we take as a reference. In principle, one would like
to have a theoretical prediction to compare with however due to
the effect of the formation of non-linearities and to the sampling
used to produce these distributions, one does not have a simple
way to compute the theoretical correlation function. This is the
reason why we have chosen the correlation function computed in
the entire box as a reference. In addition, for all statistical quan-
tities considered, we limit our analysis to the scale Ry = 0.2 in
order to minimize the effects of the finite sample size. In what
follows we report the results by using the field-to-field average
quantities and variance (i.e. Eqs. (47) and (48)) which we find
to be the most conservative error determinations. Below we also
present a discussion of the different errors determinations.

6.1. Cubic samples

We have divided the box of side L = 1 into Nt non overlapping
sub-boxes of side ¢ = 0.05,0.1,0.15,0.2,0.25 and computed the
correlation function in each of the sub-boxes. Note that the num-
ber sub-boxes over which the calculations are performed is taken
to be constant independently of their size and Ny = 16. The de-
termination of the correlation function by using the FS estimator
is shown in Fig. 14. The main difference between the estimated
correlation function and the “true” one is due to the integral con-
straint. This can be shown by the comparison of the estimated
correlation function with that computed by using Eq. (37), which
describes the effect of the integral constraint.

In Fig. 15 we compare the determinations of the correlation
function by the FS estimator in sub-boxes of different sizes. One
may note that the effect of the integral constraint, for what con-
cerns the amplitude of the estimated correlation function, is im-
portant for the sub-samples with £ < 0.1, because in this case the
distribution is strongly non-linear inside the sample, so the deter-
mination of the sample density strongly depends on the sample
size. This is shown by both a smaller amplitude and a narrower
range of distance scales over which the correlation function is
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Fig. 15. Average correlation function computed by using the FS estima-
tor in independent sub-boxes of side £ = 0.05,0.1,0.15,0.2,0.251. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side ¢ = 0.5.
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Fig. 16. Average correlation function by using the FS, LS, and DP es-
timator in independent sub-boxes of side ¢ = 0.05. The solid line rep-
resents the correlation function computed by using the FS estimator in
independent sub-boxes of side £ = 0.5.

positive. The break in the positive behavior occurs at a distance
scale of order ¢ independently of the amplitude of the correla-
tion function. This is again a finite-size effect that can be easily
understood as coming from the integral constraint.

To summarize there are two distinct effects: (i) the ampli-
tude of the estimated correlation function strongly depends on
the sample size when the distribution exhibits strong clustering
and (ii) the artificial break of the positive correlations is depen-
dent of the sample size.

In Figs. 16, 17, we compare the FS, DP and LS estimators.
One can see that the DP and LS estimators are biased by a similar
effect to the FS estimator, due to the integral constraint, although
the break in the power-law behavior seems to occur on slightly
larger scales than for the FS estimator. This difference can be
attributed to the LS and DP estimators implicitly using the es-
timations of the average density on scale ¢ instead of on scale
€/2 as the FS estimator. To clarify this point in the next section
we present some other tests that have been tuned to explore this
effect.

In Fig. 18 we compare the LS and Hamilton estimators. We
confirm the results of Kerscher et al. (2000) that the Hamilton
and LS estimators give indistinguishable results inside the error
bars, and thus we focus on the former.
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Fig. 17. Average correlation function computed by using the FS, LS,
and DP estimator in independent sub-boxes of side £ = 0.25. The solid
line represents the correlation function computed by using the FS esti-
mator in independent sub-boxes of side £ = 0.5.
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Fig. 18. Average correlation function by using the LS and Hamilton es-
timator in independent sub-boxes of side £ = 0.05.

In Figs. 19, 20 we show the determinations of the average
correlation function computed by using the LS and DP estima-
tors in independent sub-boxes of side £ = 0.05, 0.1, 0.15, 0.2,
0.25: dependencies on the sample finite size of the amplitude
and of the break are still present as for the FS estimator, and
analogously to this case, they can be understood as an effect of
the integral constraint.

6.2. Slices

We have seen that the estimation of the correlation function de-
pends on the sample size, that up to now has been considered to
be a simple geometrical shape such as a sphere or a cubic box.
In order to investigate a situation closer to real observations, we
have constructed several sub-samples of the original distribution
in the following way. We placed the observer placed in the cen-
ter of the box (0.5,0.5,0.5) and we have identified a sphere of
radius 0.5 centered on that point. In addition we have considered
the spherical coordinates , 6, r of the distribution points with re-
spect to such a center, where 0 < @ < 27, —1/2 < 6 < n/2 and
0 < r <0.5. It is now possible to construct several sub-samples,
that have a certain depth Rgepn < 0.5 and specific cuts in @ and
0. In general the solid angle of a portion of a sphere is

Q = Aa x Ay, (49)
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Fig. 19. Average correlation function computed by using the LS estima-
tor in independent sub-boxes of side £ = 0.05,0.1,0.15,0.2,0.25. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side ¢ = 0.5.
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Fig. 20. Average correlation function computed by using the DP estima-
tor in independent sub-boxes of side £ = 0.05,0.1,0.15,0.2,0.25. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side ¢ = 0.5.

where Ao = a; — a; with a1, a; the limits in right ascension
defining the angular region and Au = sin(d,) — sin(d;), with
01,07 the limits is declination defining the angular region. We
choose Au = 2,1i.e. 6y = —n/2 and 6, = n1/2 and Aa = const. In
such a way, we constructed Ny independent spherical slices with
a constant solid angle and same geometry. The number of slices
is thus Ny = 27/Aa: we took Nt < 30. We then computed the LS
and DP estimators and their field-to-field variance (Eq. (48)).

In Figs. 21-23 we show the average correlation function
computed by using the LS and DP estimators in Ny = 30 an-
gular slices with Aa = 0.0063,0.013,0.063 respectively. One
sees that the LS and DP estimators are very similar, although the
LS estimator extends to fairly large scales. The amplitude in this
case corresponds to the expectation value for the FS estimator in
a box of side Rgepn = 0.05, which is about ten times larger than
the radius of the maximum sphere fully included in the sample
volume.

By comparing (see Figs. 24, 25) the FS, LS, and DP estima-
tors computed in angular slices with Ae = 0.0063,0.013,0.063
one can see that the amplitude increases slightly by choosing a
larger solid angle, and the range of scales where one may esti-
mate the correlation function also increases when A« increases.
The exact location of the break in the power-law behavior and
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Fig.21. Average correlation function computed by using the FS, LS
and DP estimators in Ny = 30 angular slices with Ae = 0.0063. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side £ = 0.5.
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Fig. 22. Average correlation function computed by using the FS, LS and
DP estimators in N; = 30 angular slices with A = 0.013. The solid line
represents the correlation function computed by using the FS estimator
in independent sub-boxes of side ¢ = 0.5.

the value of the amplitude are in agreement with a value of Ryepin
in integral constraint on the order of the sample depth £ and not
of the radius of the maximum sphere fully enclosed as for the
case of the FS estimator.

Finally in Fig. 26 we show the average behavior of the LS
estimator in Ny = 30 angular slices with Ae = 0.063 and with
a varying depth of the sample Rgepn = 0.1,0.2,0.5. The depen-
dence finite of the amplitude and of the scale at which the break
in the power-law behavior occurs on the finite size of the sample
is clear. This represents an interesting test of the galaxy data as
we discuss below.

6.3. Determination of the errors

In Fig. 27 we show the behavior of the errors computed by
Eqgs. (44)—(46) and Eq. (48). Note that errors determined by the
jackknife method, Eq. (46), are approximately the same as the
ones computed by the field-to-field fluctuations of Eq. (48), ex-
cept on small scales where the jackknife method is more efficient
by giving smaller fluctuations (see discussion in Scranton et al.
2002; and Zehavi et al. 2002). On the other hand, the jackknife
error is greater than the two other estimators, Eqgs. (44), (45) (see
also Ross et al. 2006). Apart from the small difference on small
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Fig. 23. Average correlation function computed by using the FS, LS and
DP estimators in Ny = 30 angular slices with Ae = 0.063. The solid line
represents the correlation function computed by using the FS estimator
in independent sub-boxes of side £ = 0.5.
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Fig. 24. Average correlation function computed by using the LS esti-
mator in Ny = 30 angular slices with Ae = 0.0063,0.013, 0.063. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side ¢ = 0.5.

scales between Egs. (46)—(48) the former are larger on scales
comparable to the sample size, and give the more conservative
estimation of the fluctuations.

6.4. Summary and discussion

We have studied the finite size dependence of the estimated two-
point correlation function by considering three different estima-
tors the FS, the DP and the LS. We considered the case of a
point distribution presenting, on large enough scales in the sam-
ple, weak (£(r) < 1) power-law correlations. We performed a
series of tests to establish the role of the biases due to the in-
tegral constraint. This is the principal systematic effect that af-
fects the behavior of the estimated correlation function on large
scales, independently of the particular estimator considered. Let
us briefly discuss our main results.

We first considered the determination of the correlation func-
tion in the cubic sub-sample of size £ < L = 1, where L is the
whole box size. We constructed our estimation as an average
over Ny disjointed sub-boxes. We have studied the behavior of
the FS estimator as a function of the size ¢ of the sub-boxes,
finding a clear dependence on the sample finite size for both the
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Fig. 25. Average correlation function computed by using the DP esti-
mator in Ny = 30 angular slices with Aa = 0.0063,0.013,0.063. The
solid line represents the correlation function computed by using the FS
estimator in independent sub-boxes of side ¢ = 0.5.
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Fig. 26. Average correlation function computed by using the LS esti-
mator in N; = 30 angular slices with Ae = 0.063 and with a varying
depth of the sample Ryepin = 0.1,0.2,0.5. The solid line represents the
correlation function computed by using the FS estimator in independent
sub-boxes of side £ = 0.5.

amplitude (for small £) and the length scale r* characterizing the
break in the power-law behavior, beyond which the correlation
function becomes negative. In agreement with a simple analyt-
ical study of the problem discussed in the previous section we
found that r* ~ £/2. A similar situation occurs for the LS and
DP estimators even though r* ~ £ in this case. We note that the
LS and DP estimators give very similar results over the whole
range of scales.

To understand the spatial extension of the reliable measure-
ments of two-point correlations provided by different estimators
in more detail we considered samples with geometry that is more
similar to the case of real galaxy samples; namely we considered
a sphere around the central point in the box of size L and divided
it into Ny sub-samples with the same solid angle Q. We also con-
sidered subsequent cuts in the depth £ < L. We found that the
length-scale r* shows a dependence on Q and it typically reaches
a value on the order of a fraction of ¢, which is larger than the
scale Rs, up to which the FS estimator can be applied and which
is of the order of the radius of the maximum sphere fully en-
closed in the sample volume. We then measured that the scale »*
has a strong dependence on the value of ¢ such as for the case of
the simple cubic volumes considered in the previous test.
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Fig. 27. Errors in the estimation of the correlation function determined
by Eqgs. (44) (Poisson), (45) (FTF), (46) (J), and (48) (a).

It is important to note that the tests discussed here were per-
formed on a distribution which becomes uniform well inside the
sample size. The above considerations on the performance of
the various estimators can be easily verified for other distribu-
tions that satisfy the property of becoming uniform well inside
a given sample and that show different correlation properties on
large scales. However, the situation is rather different for the case
in which a distribution exhibits strong clustering inside a given
sample without a clear crossover toward a uniform distribution.
In this case the best estimator is the most conservative one; i.e.,
the FS estimator as the estimation of the sample density is cer-
tainly biased on any scale as long as the distribution is charac-
terized by strong non-linear clustering (see discussion in, e.g.
Gabrielli et al. 2004, for the treatment of the strongly correlated
case).

This situation creates a serious warning about the determi-
nation of the correlation on large scales in a given sample. If an
estimator correlation function presents a break in, for example,
the power-law behavior on a certain scale, the crucial test to be
performed is to check whether this is a finite size or whether it is
a true break. This situation is especially relevant for CDM-type
correlations, for which the correlation function, according to the-
oretical models, should present a break from the small-scale
power-law correlation on a scale of about 124 Mpc/h. We will
come back on this point in the conclusion.

Finally, we considered different determinations of the errors
of the estimators of the two-point correlation function. The more
conservative way to estimate errors consists in the computation
of the correlation function in disjointed regions and then to com-
pute the average and the variance on the average: this method is
less efficient than the jackknife method on small scales but gives
similar results to that on large scales.

7. Conclusions

We have considered the real-space properties of CDM density
fields, focusing in detail on a particular variant known as the
ACDM model. It is well known that the power spectrum typi-
cally has a behavior P(k) ~ k™ with —1 < m < -3 for large
wavelengths k > k., and P(k) ~ k at smaller wavelengths
k < k.. We discussed that, correspondingly, the two-point cor-
relation function approximately shows a positive power-law be-
havior &(r) ~ r~2 on small scales r < r. =~ ky Iand a nega-
tive power-law behavior &(r) o« —r~* on large scales r > 7,
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where the zero-crossing occurs at about r. = 124 Mpc/h in the
model considered. We discussed the fact that, globally, a system
with this type of correlations belongs to the category of super-
homogeneous distributions, which are configurations of points
that are more ordered than a purely uncorrelated (Poisson) distri-
bution. Correspondingly fluctuations are depressed with respect
to the Poisson case, and the normalized mass variance, for in-
stance, decays faster (o2(r) ~ r~*) than for the Poisson case
(02(r) ~ r3). The condition of super homogeneity is expressed
by the condition that P(k) — O for k — 0, or alternatively that

f ) &(r)r*dr = 0.
0

Following the work of Durrer et al. (2003) we pointed out that
the above condition is broken when one samples the distribution,
as for example when the simplest biasing scheme of correlated
Gaussian fields (introduced by Kaiser 1984) is applied. This is
particularly important for the behavior of the power spectrum
for k < k¢, which, under biasing, remains constant instead of
going as P(k) ~ k. The correlation function at large scales r >
re is instead expected to be linearly amplified with respect to
the original one of the whole matter field. Thus the large-scale
negative tail £(r) ~ —r~* is the main feature that one would like
to detect in order to test theoretical models.

Given the fact that when &(r) becomes negative, it is char-
acterized by a very small amplitude, determining the negative
power-law tail is challenging. We discussed the fact that, at first
approximation in a real measurement, one may treat the system
as having positive correlations on small scales with an expo-
nential cut-off on the scale r. and then it becomes uncorrelated
(a situation which can be regarded as an upper limit to the pres-
ence of anti-correlations). This implies that, for . > 124 Mpc/h,
galaxy distribution should not present any positive correlation.
Whether this behavior is compatible with the existences of struc-
tures around 200 Mpc/h, or more is an open problem to be ad-
dressed in studies of forthcoming galaxy catalogs.

More in detail, one of the most basic results (see e.g., Peebles
1980) for self-gravitating systems, treated using perturbative ap-
proaches to the problem (i.e. the fluid limit), is that the ampli-
tude of small fluctuations grows monotonically in time, in a way
that is independent of the scale. This linearized treatment breaks
down on any given scale when the relative fluctuation on the
same scale becomes of order unity, signaling the onset of the
“non-linear” phase of gravitational collapse of the mass in re-
gions with the corresponding size. If the initial velocity disper-
sion of particles is small, non-linear structures start to develop on
small scales first and then the evolution becomes ‘“‘hierarchical”,
i.e., structures build up on successively larger scales. Given the
finite time from the initial conditions to the present day, the de-
velopment of non-linear structures is limited in space, i.e., they
cannot be more extended than the scale on which the linear ap-
proach predicts that the density contrast becomes of order unity
at the present time. This scale is fixed by the initial amplitude of
fluctuations, constrained by the cosmic microwave background
anisotropies (Spergel et al. 2007), by the hypothesized nature of
the dominating dark matter component and its correlation prop-
erties. According to current models of CDM-type the scales at
which non-linear clustering occurs at the present time (of or-
der 10 Mpc) are much smaller than the scale r. ~ 124 Mpc/h
(see e.g. Springel et al. 2005). Thus the region where the super-
homogeneous features should still be in the linear regime, al-
lowing a direct test of the initial conditions predicted by early
universe models. The scale r. marks the maximum extension of
positively correlated structures: beyond r, the distribution must
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have been anti-correlated since the beginning, as there was no
time to develop other correlations. The presence of structures
reported both by observations of galaxy distributions (like the
Sloan Great Wall — see Gott et al. 2005), by the detection of
dark matter distributions (see e.g. Massey et al. 2007) and by
the large void of radius ~140 Mpc identified by Rudnick et al.
(2007), is maybe indicating that positive correlations extend well
beyond ..

We have discussed that an important finite size effect must
be considered when estimating the correlation function and may
mimic a break in the power-law behavior similar to the ones of
CDM models on a scale near r.. This is related to the effect of
the integral constraint in the estimators, namely the fact that the
sample average, estimated in a finite sample, differs from the
ensemble average, and thus can be dependent of the finite-size
of a given sample. This situation occurs when correlations (weak
or strong) extend to larger scales than the sample size.

For these reasons, and to study the two-point correlation
function in real galaxy samples when its amplitude becomes
smaller than unity, it is crucial to check whether the break in
the power-law behavior is dependent of the sample finite size,
by choosing samples with different depths. In this perspective
the assessment of the reality of the break of the two-point corre-
lation function is the main observational point to be considered.
Once this is clarified, other features should be considered, as for
the example the so-called baryonic bump, which is a very small
perturbation to the overall shape of the correlation function on
scales near the zero-point r.. We will present a detailed analysis
of the correlation properties of galaxy distribution in the SDSS
catalog, considering specific tests for finite-size effects in the de-
termination of the correlation function, in a forthcoming paper.
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