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ABSTRACT

Aims. One of the most striking features predicted by standard models of gidemyation is the presence of anti-correlations in the
matter distribution at large enough scales-(r¢). Simple arguments show that the location of the length-sgalaarking the transi-

tion from positive to negative correlations, is the same for any clasgettas for the full matter distribution, i.e. itis invariant under
biasing. This scale is predicted by models to be at about the same disfaheesgale signaling the baryonic acoustic oscillation
scalerpao. We test these predictions in the newest SDSS galaxy samples.

Methods. Inthe newest SDSS samples it is possible to measure correlatiorid@tMpgh scales both in the Main Galaxy (MG) and

in the Luminous Red Galaxy (LRG) volume-limited samples. We determinesing three dferent estimators, the redshift-space
galaxy two-point correlation function.

Results. We find that, in several MG samples, the correlation function remains y®sitiscales- 250 Mpgh, while in the concor-
dance LCDM it should be negative beyondv 120 Mpgh. In other samples the correlation function becomes negative at scales
Mpc/h. To investigate the origin of theseffidirences we consider in detail the propagation of errors on the samagydieito the
estimation of the correlation function. We conclude that these are impattéarge enough separations, and that they are responsible
for the observed dierences betweenfiirent estimators and for the measured sample to sample variations oftbl@ton function.

We show that in the LRG sample the scale correspondimgit@annot be detected because fluctuations in the density fields are too
large in amplitude. Previous measurements in similar samples have sititieted volume-dependent systemaffeets.

Conclusions. We conclude that, in the newest SDSS samples, the large scale behakimgafaxy correlation function isfacted by
intrinsic errors and volume-dependent systemdtieots which make the detection of correlations to be only an estimate of a lower
limit of their amplitude, spatial extension and statistical errors. We pointt@itthese results represent an important challenge to
LCDM models as they largely fier from its predictions.
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1. Introduction by a simple rescaling of amplitudes given by the linear gravi
tational growth of small amplitude perturbations in an expa
Standard models of galaxy formation (i.e., cold, warm antd himg universe (Peebles, 1980). The scalés an imprint of the
dark matter models) predict the two-point correlation fioit early universe physics. It corresponds to the size of thebléub
&(r) of matter density fluctuations in the early universe, amgy th horizon at the time of the equality between matter and rexfiat
can make a simple prediction for that at the present timéyen tand it is fixed by the values of standard cosmological pararaet
regime of weak density perturbations, where fluctuationghabeing proportional to¢h?)~! whereQ is the density parame-
been only linearly amplified by gravitational clusteringthe ter andh is the normalized Hubble constant (Peacock, 1999).
expanding universe (Peebles, 1980). Théedénce in the vari- The third length scale,,, is located at scales of the order of,
ous models lying in the values of the characteristic lengttles but smaller thanr.: this is the real-space scale corresponding
and in the particular scale-behavior &F). In general, this is to the baryon acoustic oscillations (BAO) at the recomlamat
characterized by three length-scales and thrfferéint regimes, epoch. Its precise location depends on the matter densigyrpa
(i) at scales smaller thamy, whereé&(rg) = 1, matter distribu- eters, baryon abundance and Hubble constant (Eisenstdin an
tion is characterized by strong clustering, &€.) > 1, about Hu, 1998). (iii) Finally in the third range of scales, namédy
which little is known analytically and which is generallyreo r > rg, &(r) is characterized by a negative power-law behavior,
strained by N-body simulations where it is typically foumét, i.e.&(r) ~ —r—* (Gabrielli et al., 2002, 2005). Note that positive
forr < rg, &(r) ~ rv with v ~ 1.5 (Springel et al., 2005). (ii) and negative correlations are exactly balanced in such dtveday
The second length scale is such th@at) = 0 and it is located [ £(r)d® = 0. This is a global condition on the system fluctu-
atre > ro (Peebles, 1993; Gabrielli et al., 2002). In the range ations which corresponds to the fact that the matter distich
scaleso < r < r¢, £(r) is characterized by positive correlationss super-homogeneous (Gabrielli et al., 2002, 2005) i.atath

which rapidly decays to zero when— rc. This former regime terized by a sort of stochastic order and by fluctuationsahat
can be easily related to the early universe correlationtfonc



depressed with respect to a purely uncorrelated distabubf The LS estimator is defined as

matter (i.e. white noise). This corresponds to the line&iaki@r Nr(N; — 1) DD(r) N; — 1 DR(r)

of the matter power spectrum as a function of the wave-numtses(r) = Ng(Ng — 1) RRY) TN RR(T) +1 1)

k for k - 0 (named the Harrison-Zeldovich tail) and it charac- di d

terizes not only the LCDM model but all models of density flucvhere DD(r), RRr) and DR(r) are the number of data-data,

tuations in the framework of the Friedmann-Robertson-\aialk'@ndom-random and data-random pairs, BndNy are the num-
metric (Gabrielli et al., 2002, 2005). ber of random and data points (we Uuse= K - Ng with K = 3

In the new samples provided by the Sloan Digital Sky Surv%/ﬂd we have checked that the results do not significantlyrdepe

Data Release 7 (SDSS-DR7) (Abazajian et al., 2009), it is pos
sible to estimate the galaxy correlation function on scafdke

K as long as this is larger than unity).
The DP estimator is defined as

N, DD(r)

order of 100 Mp¢h to possibly determing,5, andr.. Few years &op(r) = -1, 2)
ago, Eisenstein et al. (2005) determined the Landy and Bzala Ng — 1 DR(r)

(1993) (LS) estimator of the galaxy two-point correlatiomé- and the H estimator can be written as

tion in a preliminary Luminous Red Galaxy (LRG) sample of N, Ng DD(r)RR(r)

the SDSS, claiming for an overall agreement with the LCDNi4(r) = - (3)

prediction and for a positive detection of the scalg at about (Nr =1)(Na—1) DR¥(r)
110 Mp¢h. More recently Catér and Gaztdaga (2008) mea- In general, a statistical estimat¥t, of the statistical quan-
sured the same estimator of the correlation function in R&L tity X in a finite sampleV, to be a valid one, must satisfy the
DR6 sample and Mdirtez et al. (2009) in the LRG-DR7 samplefollowing limit condition

They both found that the LRG correlation is positive up to 20Q,y, Xy = (X),

Mpc/h and that the shape of the correlation function arayggl V-

is slightly different from the one measured by Eisenstein et alhere in brackets we denote the ensemble average (infirlite vo
(2005). While they claimed that the measured correlatioefunume limit). A stronger condition is that

tion was compatible with the LCDM model, they did not discus& _ X

the fact that their detection implied that positive cortielas ex- v) =X},

tend to scales larger than the model predictedin addition we i.e. that the ensemble average in a finite volume is equaleto th
note that Eisenstein et al. (2005); Caland Gaztdaga (2008); ensemble average in the infinite volume limit. If this coruditis
Martinez et al. (2009) did not discussed other estimator than thet satisfied the estimator is said to be biased (Kersch&9;19
LS one. Gabirielli et al., 2005). One wants to understand the biagtad

In the present paper, we show that our results coincide vefgfiance of the various estimators and this is possible foly
finely with the ones of the above mentioned papers for what caiPme specific estimators and for distributions with simplee-
cern the amplitude, shape and statistical error bars inake of lation properties (e.g. Poisson). Thigeet of bias, i.e. finite vol-
the LS estimator in the LRG-DR7 sample. However we measu#81€ Or size fiects, can be studied through the analysis of artifi-
that in the SDSS-DR7 Main Galaxy (MG) sample the two-poiriial simulations with known properties; however the threg-e
correlation function (LS estimator) remains positive agéasep- Mators defined above are all biased (Kerscher, 1999; Kersthe
arations, i.e. for > 250 Mpgh, showing a clear systematical-, 2000; Sylos Labini and Vasilyev, 2008). It is worth a1y
volume-dependent behavior and a remarkable disagreenitant What Kerscher (1999) showed that, in a real galaxy sampée, th
the LCDM prediction. In addition, we find that there is #feli- three diferent estimators defined above usgetent finite size
ence between the LS and the Davis and Peebles (1983) (BPjrections yielding to dierent results on large enough scales,
estimator of the two-point correlation function in redsisipace. for small value of the correlation amplitude, while all okth
Finally we find thatboth estimators significantly vary in flier- agree on smaller scales, where the amplitude of the cdmelat

ent sky regions. We interpret these results by studying the fl Was large enough. _
tuations in the sample density estimation. It was shown (Landy and Szalay, 1993) that the LS estima-

; ; s L has the minimal variance for a Poisson distribution, the
The paper is organized as follows. We first define in Sect?' . !
the estimators of the correlation function and a simple rdgite \_’r?]r.'a?c‘?[ dﬁcays as/% msteacti as A\/Nthast f?r the DP estlwator.
nation of its statistical errors that we use in the data aigly | S fact, however, does not mean that its variance will be an

Sect. 3 is devoted to the description of the samples sefectigore controllable for a wider class of distributions with n@o
while in Sect.4 we present our main results. The discussion mplex correlation properties than Poisson’s (Gabr_eetllal.,

the behaviors we have found and their interpretation isquiesl O?' :Rdeetg, Tg"fa IS no formrﬁl proof }h?t dthe .DtP dl'st:t?;j ac-
in Sect.5. The behavior of the two-point correlation fuootpre- curate than the or a generally correlated point dis

dicted by standard models of galaxy formation and the compage"n though this conclusion has been reached by, e.g., fikarsc
son with the results obtained are discussed in Sect.6.l¥ivel et al. (2000) examining some specific properties of estirsato

: . ; Nbody simulations. They concluded also that the H estimiator

draw our main conclusions in Sect.7. equivalent to the LS one. In Sylos Labini and Vasilyev (2008)
by studying finite volume féects in the estimators, it was shown
that the two estimators LS and the H are indeed indistinguish

2. Pairwise estimators able, but that they are almost equivalent to the DP when the un
derlying distribution is positively correlated.

In what follows we determine the two-point correlation peop Among the various ways to compute statistical errors (Sylos

ties by using the LS, DP and the Hamilton (H) (Hamilton, 1993)abini and Vasilyev, 2008) we use the jack-knife (JK) estiena

estimators. These estimators may have a number of systematiose variance is (Scranton et al., 2002)

biases when correlations are long range as we discuss irbSect N DR () 5
Firstly, it is interesting to discuss their properties aodsider .2 _ i ( i _—)
their determinations. 321 Z DR(r) Gis(n) —&us(r) “)

=1



where the index is used to signify that the value of the correla- VL sample | Roin | Rvax | Mmin | Mmax | N
tion function is computed each time in all thesub-samples of VL1 50 | 200 | -18.9 -21.1 | 72037

; VL2 150 | 500 | -21.1| -22.4 | 69999
a given samples but one (ti). VL3 200 | 600 | -21.5| -22.7 | 42357

VL4 70 | 450 | -20.8 | -21.8 | 93821
LRG 570 | 1035 | -20.5 | -22.5 | 53066

3. The samples

We have constructed several sub-samples of the main-gala4yie 1. Properties of the SDSS-DR7 VL sampléRiin, Rmax (in
(MG) and the luminous-red-galaxy (LRG) samples of the spemtpc/h) are the metric distance limit$flmin, Mmax the absolute mag-
troscopic catalog SDSS-DR7. Concerning the latter we hanigude limits in ther filter; N is the number of galaxies.
constrained the flags indicating the type of object to sedabt

the galaxies from the MG sample. We then consider galaxies
in the redshift range 18 < z < 0.3 with redshift confidence

Zeont > 0.35 and with flags indicating no significant redshift de gL e DP -
termination errors. In addition we apply the apparent miagiei : 2 Bowm E

filtering conditionr < 17.77 (Strauss et al., 2002).

The angular region we consider is limited, in the SDSS it | »
ternal angular coordinates, bBy835° < < 36.0° and—-48.0° <
A < 515°: the resulting solid angle & = 1.85 steradians. We
do not use corrections for the redshift completeness mafk or % 1
fiber collision dfects. Fiber collisions in general do not preser
a problem for measurements of large scale galaxy corrakatic
(Strauss et al., 2002). Completeness varies most near trentu )
survey edges which are excluded in our samples. The comple 10
ness mask takes into account that the fraction of obsenlas-ga
ies is not the same in all the fields, because of both fiberstwoti ol
effects and small variation in limiting magnitude. One can, ur  10°f | Mpehh) 1
der certain assumption, take into account the completenask 10 10t 16
information in the statistical analysis. Otherwise it ispible to r(Mpc/h)
make tests by varying the limits in apparent magnitude aumtyst
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Fig. 1. Correlation function in the VL1 sample: both the LS and the DP
S - . Bstimators are reported. The solid line gives prediction of the LCDM
sured statistical properties when< 17.5 (Sylos Labini et al., yjith o,h? = 0.12 (from Eisenstein et al. (2005)), while the dashed
2009d). This conclusion is confirmed by the fact that ourltesu qotted) line is the LCDM linearly rescaled, according to the simplest
for the LRG sample agree with those of Eisenstein et al. (200biasing scheme (Kaiser, 1984), to fit the amplitude at 10/Mpa the
Cabg and Gazfaaga (2008); Mafhez et al. (2009) and for the insert panel we show the same behavior but in a log-linear scale.
MG sample with those of Zehavi et al. (2005a,b), who have ex-
plicitly taken into account the completeness mask of theesur
in their analysis. As noticed by Cagband Gaztdaga (2008) the
completeness mask could be the main source of systematic .
fects on small scale only, while we are interested on theetar filds, each .Of area 200 deg. In this way there are few thou-
tion function on relatively large separations. sands galaxies in each sub-sample.
To construct volume-limited (VL) samples (see Tab. 1) we
computed the metric distances using the standard cosmolagi Results
cal parameters, i.eQy = 0.3 andQ, = 0.7 with Hp = 10Ch ] ] ) .
km/se¢Mpc. We computed absolute magnitudes using Petrosi#f¢ find, in agreement with Zehavi et al. (2002, 2005a);
apparent magnitudes in thdilter corrected for Galactic absorp- Eisenstein et al. (2005) in previous data releases of theSSDS
tion. that the redshift-space correlation function iffelient samples
We checked that the main results in the MG sample we ggtows a dierent amplitude but similar shape at small scales (see
do not depend on K-corrections gndevolutionary corrections Fi9s.1-4). This is usually ascribed to the (physicaleet of se-
as those used by Blanton et al. (2003). In this paper we use stgction, that brighter galaxies exhibit a larger clustgrampli-
dard K-correction from the VAGC dafa(see discussion in Sylos tude (Zehavi et al., 2002, 2005a; Norberg et al., 2002). Hewe
Labini et al. (2009d) for more details). this is not the only change: th_e larger the correlation fimmct
Concerning the LRG we have selected all the objects triplitude the more extended is the range of scales where ther
have classification “galaxy” and which belong to the “Cutubs are detectable (i.e signal larger than JK) positive cotiaia.
set of the Galaxy Red objects with the same redshift quatity c/ndeed, in the MG samples the transition scale from posttve
teria as for main galaxies. As this is only roughly VL sample whegative correlations occurs at a scale that grows roughpyd-
have applied cuts in absolute magnitudend distanc&®to ob-  Portion to the sample size and in the deepest samples thus is |
tain a rectangular area in thé— Rdiagram. In addition becausecated at rather larger scales, .ex 250 Mpgh. However in the
evolutionary @ects are small for LRG galaxies (Eisenstein efL1 sample we findc ~ 50 Mpch, i.e. less than the half of the
al., 2005) we have not applied further corrections to thega.d LCDM prediction. _
Given that we have selected a truly VL sample, we did not apply To show that finite-volumefgects are important at large sep-

a further redshift dependent weighting to the data. arations, we consider a single sample (VL4) and we cut it at
different scaleRnax in addition we consider an angular cut of

1 http://sdss.physics.nyu.edu/vagc/ the LRG sample for which the depth is fixed but the volume is

The sub-samples used to measure the JK errors are made by
diyiding the survey angular region we considered into 30- sub
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Fig. 2. The same of Fig.1 but for the VL2 sample.
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Fig. 3. The same of Fig.1 but for the VL3 sample.
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Fig.4. The same of Fig.1 but for the LRG sample.

Fig.5. Correlation function in the whole sample VL4 and in a sub-
sample of it (VL4c) limited atRnax = 250 Mpgh. Jack-knife errors
are shown in both cases.
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Fig. 6. Correlation function measured through the LS estimator (with
jack-knife errors) in the LRG sub-sample (R1) which is limited by
—-335° <5 <360° and-480° < A < 0°, i.e. with solid angle = 0.9
steradians. The solid line is the LCDM prediction.

lowered. In the latter case the whole angular regionr &d000
ded is cut into two non-overlapping sky region, each of area
~ 3000 deg, i.e only~ 20% smaller than the sample considered
by Eisenstein et al. (2005). As one may notice from Figs.5-7,
there is a clear volume dependence of the two-point corelat
function at large scales. In particular, in the R1 sub-sartipdre

is an evident dference between the data and the LCDM predic-
tion. In addition, we note that almost in all cases the DP afd L
estimator at large enough scales showfedtnce which can be

i larger than statistical error bars.

It is worth noticing that our result for the LS estimator oéth
correlation function in the LRG sample finely agrees with the
determination of Marhez et al. (2009), although these authors
have used a slightly ffierent technigue to take into account the
survey completeness mask, as we commented above (see Fig.8)
The LS estimator for the LRG sample is also very similar to
the determination made by Eisenstein et al. (2005), althdlbg
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Fig. 7. The same of Fig.6 but for the R2 angular region, which is limitefiig- 9. Behavior of the rati@s(r)/£n(r) as a function of separation in
by -335° <75 < 36.0° and 0 < 1 < 48, i.e. with solid anglep = 0.9  the diferent MG and LRG samples.
steradians.

50 Mp¢h in a 2dFGRS sample, without however commenting on
this fact. Actually they even claimed that, is detectable when
the correlation function is negative, without discussinattthis
is not what one expects in the context of the LCDM model where
the zero point of the correlation function must be a singbdesc
for any type of objects (see below).
i Finally we find that, as discussed in Sect.2, the LS and the H
. estimators of the correlation function are almost indigtish-
able: this is shown in Fig.9 where we plot the behavior of the r
tio &.s5(r)/&n(r) as a function of separation. This remains smaller
than~ 5% at all the relevant scales.
Finally to check the number of poink§ used in the random
1 sample do not alter the estimation we have incred§ead to ten
. + times the number oy without detecting any sensible change.
10 T""¢ 1 We conclude that the flierence between the DP and LS estima-
: : : _— tor lies in the bias (finite-volumefiect) intrinsic to the dferent
r(Mpc/h) 16 ways these estimators take into account boundary condition
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Fig. 8. Determination of the correlation function for the LRG sampl?' Fluctuations and volume-dependent systematic

with the LS estimator (LRG), compared with the Eisenstein et al. (2005) effects
(EO5) and the Marhez et al. (2009) (Martinez) determinations. Th

solid line is the LCDM prediction. n theoretical models, the matter density field is uniforrtaege

scales and the average mass densitys provided by an average

over an ensemble of realizations of a given stochastic geoce

signal is larger then the statistical error bars and pasitip to In a finite sample of volum&/, the average densify can be

200 Mpgh, as it was found also by Manez et al. (2009) in estimated in some way. In the limit in which the sample volume

the same sample we considered. A similar trend was also séeinfinite and in the process is ergodic (Gabrielli et al.020

in the analysis by Cabrand Gaztaaga (2008). In addition our then lim,_,., = (n) because in this limit the relative variance

result for the MG sample nicely agree with the determinatibn goes to zero if the distribution is uniform at large scales, i

Zehavi et al. (2005b), although they did limit their anatysd s

smaller scales than the ones considered in our analysis. lim o2(V) = lim AN(V)® _ 0
We note that Eisenstein et al. (2005) stated that the MG savi V= NV)

ple does not have an enough large volume to measure theazorrel

tion function on 100 Mpth scales, without giving a clear quan-whereN(V) is the mass in a volumé. In a finite volumes2(V)

titative argument of why statistical or systematic errdisidd s finite and therefore in any finite volunfe# (n). In general

prevent one to measure the correlation function at thodescafor a uniform stochastic point process, in the ensembleaaeer

Indeed, we find that the signal to noise ratio, when JK erroer esense the relative mass variance can be written as

timations are used, is larger than unity even at scalesritinga 1 1
V2 f f{f(l’l - r2)d3r1d3r2 +
Vv JV

®)

150 Mpgh. In this respect one may ask whether statistical errorg(V) = — NS (6)
computed in this way are meaningful. (N(V))

In addition we note that Mdriez et al. (2009) also found thatwhere£(r) is the ensemble average two-point correlation func-
the correlation function becomes negative at scales ofrithero tion. In the r.h.s. of EQ.5 there is the sum of the contributio



to the variance due to correlation and due to Poisson ndise, with § < 1. Le us also suppose that the two estimators measure

former being always present in a point distribution. the exactly same conditional density(r). This is a simplifying
Thus in a finite sample any determination of the average dejutt reasonable assumption as the conditional density inged

sity n has an intrinsic error-(V). Given that the two-point cor- over many points placed inféierent parts of the sample volume.

relation determines the amplitude of correlations witlpees to  In these conditions we may write that

the sample density, it is natural to ask which is the erraoint

duced in the estimation of the correlation function by thearn ——

tainty on the value of the sample density. A second quesﬁonfil’Z(r) -

which kind of statistical estimation of the correlation ftion

errors in a finite sample is representative of the errorsdadu and thus from Egs.7-9 we get

by the average density uncertainty.

= 1 (10)

EOEES R N OR (a1)
5.1. Fluctuations in the determination of the sample density
) ) o ) which makes explicit that a fierent determination of the sample
The two-point correlation function is defined as density results in a variation of the estimated two-pointeia-
tion function.
&) = (n(r) néO)) —-1= (Np(r)) -1 ) As an illustrative example, we can take&fr) the LS esti-
n) n) mator for the LRG sample. We find that, 9= —0.006,&(r) in
where Eq.11 almost perfectly agrees with the DP estimator in theesa
sample (see Fig.10). It is thus clear than a small unceytaint
(Np(r)) = M the value of the sample average (in this case 0.6 %) Gacta
(n) the large scale behavior of the correlation function in tege

of scales and of amplitudes of interest, i.e. around 100/Mjoc

the LRG sample. Therefore, we have to determine what is the

error on the estimation of the sample density and then we have

o m to clarify how this changes the large scale behavior of thre co
Ns

is the conditional density. Because of the definition in Eqr
estimator of(r) can be written as

&(r) 1 (8) relation functionls the above estimation of 0.6% representative
of the true uncertainty on the large scale average density ?
Simply stated, the problem is the following: in order to mea-
re the BAO we need to have an error of about®1éh the
estimator of the correlation function. Indeed, for the LRiBe,
he correlation function at 100 Mgithas an amplitude of about
2 while the feature corresponding to the BAO (a slight local
crease followed by a decrease) corresponds to a localtiari
about 10° in the correlation function amplitude.
By errors propagation, we find from Eq.8 that

wheren,(r) is the sample estimation of the conditional densit
andng is the sample estimation of density. Note that, in gener
to measure the conditional density, one performs an avenzge
all points in the sample (Gabrielli et al., 2005). On the oth
hand the estimation of the sample average does not invoéve
average operation. For instance one can simply determme
. _ N - 0

sample density to bes = y; whereV is the sample volume and
N is the number of objects in it.

In addition it is worth noticing that the pair-wise estimiato St no(r)
. . : . M€ T — b o(r) _
introduced in Sect.2, necessarily use a similar strategy) ar- §¢(r) ~ —— + —0c .
der to the measure the average of the sample density one would Ns Ns

need many samples of siaé Thus, the determination of the\yg neglect again the statistical error on the determinatidghe
two-point correlation function requires the estimatioreafav-  conditional density at scales smaller than the samplethiefirst
erage quantity and of a non-average quantity. The former c@iim in the r.h.s. of Eq.12. As discussed above, this appraxi
introduce volume-dependent systematfteets in a non-trivial {jon js reasonable in view of the fact that the conditionalsity
way. - is determined by making an average over many points. Then by
Suppose that a certain estimata(r) of the two-point cor- using again Eq.8 we can rewrite the previous equation as
relation function uses the sample estimati@nwhile another
estimatoré,(r) useshp: the diference between; andfy; is not  6&4(r) = (£(r) + 1)o7 ~ & (13)
due to the fact that the samples arffeatient, rather that the dif- I o . )
ferent estimators use fiiérent boundary conditions to measurdvhere we used that(r) < 1 as this is the regime in which we
the two-point correlation function, i.e.firent ways of normal- are interested in. From Eq.13, it follows that the error oe th
izing the data-data pairs to the data-random and randoderan porrelathn fu_nctlon estimation is of Fhe same order of thgre
pairs. Thus they are subject to afdrent bias (Kerscher, 1999).in the estimation of the sample density. Therefore the qurest
Alternatively one can think to measure the same estimator thether we really know the sample density with an error of the
into two different samples of same geometry and volume, fifder of 10°. _ , . ,
which the sample density takes a slightlyfeient value. The typical fluctuation on the density estimation in a given
We show now that the fierent values the sample densityp@mple, on scales of the order of the sample size, Ehe prob-
may result in a dferent measurement of the large scales behdem is to constrai@r from the data. As mentioned above it is not
ior of the correlation function. To this aim, let us assumat thPOssible to make an average over many samples of volyras
there is a small dierence between the value of the sample del€ have a single one, and thus we can determine the fluctuation
sity used by the estimator 1 and the estimator 2, so that we &Ny inside the sample itself by considering several subpes

write of it. _
We have estimatedr on the relevant scales as follows. We

N =n(1+96) (9) divide the sample int®l independent (non-overlapping) angular

(12)



0.12

0.1

&

0.08

0.06

0.04— —

3l ‘ x ‘ PR | R P | | | | |
1073 2601 6.46+01 1.3e+02 T T - ST

r (Mpc/h) N

Fig. 10. By taking the LS estimator in the LRG sample fo(r) in Eq.11 Fig. 12. The same of Fig.11 but for the VL1, VL2 and VL3 case.
we find that fors = —0.006 the quantity:,(r) (labeled as L) almost
perfectly agrees with the DP estimator in the same sample.

same amplitude as for the LRG case (see Fig.12). Thus given
thato < 0.1 we conclude that we can get in these samples a sta-
r 1 tistically significant estimation of the correlation fuimat only

for |£(r)| 2 |6&(r)| = o ~ 0.1 and thus any claim about smaller
amplitude is biased by overall volume-dependent systeneéti

3 . 1 fects. This implies that, for the LRG sample, our estimai®on
008l o .« o _| statistically significant for < 50 Mpgh. To measure correla-

’ o o tions of smaller amplitude, and thus on larger scales, we nee
b R 1 to have samples in which the typical fluctuation of the averag
007l . _| density is, at least, a factor ten smaller than the presemt on

' Note that for the case of MG samples, and specifically for
- 1 VL2 and VL3, the amplitude of the correlation functions is of
the order ofo- up to 250 Mp¢h. We stress however that one
should also care about whether the property of self-avegagi
. | satisfied in these samples, and thus whether the deterominati
OBttt el 1., . | Ofaverage quantities gives a meaningful estimation ofrisit

- 10 20 30 properties (Sylos Labini et al., 2009c¢,d).

While the above argument about error propagation strictly
applies when we determine the correlation function by abnsi
Fig. 11. The typical fluctuatiorw in the LRG sample average densityering Eq.8, we show in what follows that the above estimation
is about 8% for about any value df in the range 430 and it is much holds also in the case of the DP and LS estimators. To show this
larger than Poisson noise. let us now compute statistical error bars iffelient way than by
the JK method.

fields and then we determine the number of galaxies in the each

field. We then compute the averaljeand the varianc&? and 5.2. Statistical errors
thus the standard deviation as

0.1xxxwxw[xwxxxxxwx{xxxwxwxwx{xwxw

0.09— . ]

0.06— —

The errors on the correlation function can be determineaii v
V2 ous manners and the problem is to understand, in the case of th
oc=—. (14) actual distribution, which methods gives the most reliaster
N estimation. To this aim, let us consider in more detail the-co
As there is an arbitrariness in the choice of the number afdielputation of JK errors: in practice one takes almost fixed #me-s
N we let it to vary between a few, for which we have more thaple density and computes the typical variation with respeit
10* objects in each field, to some tens, to have a least sevdruleed, we remind that each of tivesub-fields used to in the
hundreds of galaxies in each field. JK estimation is equal the full sample without a small sulutfie
From Fig.11 we may note that in the LRG sample, the typicaf angular area equal to/il of the full sample area. Therefore
fluctuation is about 8% for about any valueNfand that this is the diferent sub-fields are strongly overlapping: in the case in
much larger than Poisson noise, i.e. almost a factor 10@dargvhich large scale correlations are not negligible this roetin-
than the error needed to measure the correlation functitmavi derestimates the errors in the correlation function esiona
precision of the order of 18 ! We find that in the LRG sample the variation of the sample
Note that this value of the typical fluctuation is in agreedensity in theN = 30 sub-fields used to compute the JK errors
ment with that obtained in a smaller LRG sample by Hogg & smaller, i.eo ~ 5- 103 than what is estimated by computing
al. (2004). For the MG samples we find thathas about the the variance imon-overlappingsub-fields. This result does not



show a particular dependence on the number of sub-fields u:

as long aN > 10. - FF(10) .
Field-to-field errors can quantify, volume-dependenteyst - E;Eggg 1

atic dfects due to large-scale variation of the sample densi
They can be computed by dividing the sample ifNonon-
overlapping sub-fields. The correlation function can bé-es
mated by

e—e Jackknife|

ELS

a(r)

S L S

&) = N lefi(r) (15) 0.01 o Y
1= o w N //*“%
and then the variance is ]
N 275 Fn2 I ]
3 R IGIOE0) - MV
ore(n) = IZJ —N_1 - (16) | y —

- 10 100

In Fig.13 we show the behavior of the errors, in the LRC r (Mpc/h)

sample, computed by Eq.4 and Eq.16 and considering 10, 20

and 30 fields. One may note that (i) the field-to-field error igjg 13 jack-knife errors, and field-to-field errors computed with dif-
larger than the signal far 2 50 Mpgh, i.e. for scales larger the ferent number of fields N10,20,30 in the LRG sample. The solid line
amplitude of the estimated correlation functior¥(s) ~ o. (ii)  corresponds to the full-sample determination of the LS estimator.
The field-to-field error is larger than the JK error at all ssal

by about five times. Note that the JK errors are similar to¢hos

derived by of Calr and Gaztaaga (2008). The field-to-field er- (zehavi et al., 2002, 2005a; Norberg et al., 2002; Eisenstei
rors are much larger, and they could be over-estimates becagy 200s: Norberg et al., 2009) while little attention haeb
the fields used are smaller than the full sample. To checkivenet geyoted to the understanding of the distortions introdusgd
this is the case we can vary the number of sub-fields used t0 gsjyme-dependent systematifiexts. These depend on the pre-
timate the field-to-field fluctuations as we did, for instaniwe . type of estimator used, but thefjeat any estimatof(r; V),

compute the typical rms fluctuation on the average densiy ( A ;
Figs.11-12). Clearly by reducing the number of fiellene has %Sncgggl(tgyfgsml_p;%ig{ ;/r?clju\r};i/i,l;gvs%rggs\)/vays atlarge enough

Eszﬁ (()att?]ror?slgatllzc())rr\\ls,ir\]/v thr:leerlgﬁreeafllggégf\;\feﬁgglElo?%@;ir:;aetil?\ For instance, an important volume-dependent systematic ef
y ) 9 ’ Mect is related to the so-called integral constraint (Pegll980)

clear decrease in the field-to-field errors. Our conclusidhere- d b d d foll h R
fore that the JK error is not the complete error but only thie-sa @1d can be understood as follows. The estimaforV) mea-
sures amplitude and shape of conditional correlations abrm

pling error while the field-to-field fluctuations include thessi- d 1o th e £ th | : d to the™
ble fluctuations due to the uncertainty on the sample demsity '2€d 0 the estimation of the sample mean instead to the™true
ensemble or infinite volume limit average) average density

timation and it and should be larger or equal than JK errors. L . g
additional problem we consider in the next section, is weeth(SYI0S Labini and Vasilyev, 2008). As long as the “true” atar
tion function is diferent from zero (e.g. in case of LCDM at all

the statistical errors measured by considering non-gupita | S fth densitv in a finite &
fields are able to take into account the whole uncertainthen tSC&1€S) any estimation of the average density in a finite Eamp

; tiffers from the “true” value. This situation introduces a syste
estimators. atic distortion ofé(r; V) with respect tag(r) which, depending

Note that the behavior of the correlation function in the M@n the correlation properties of the underlying distribotiis
VL2 and VL3 samples at large enough scales, i.ex 200 Manifested in (i) an overall fierence in amplitude and (i) a
Mpc/h, is the same when considering both JK and field-to-fieistortion of the shape far < V*/3 (Sylos Labini and Vasilyev,
errors, showing thus that there are positive correlatiossaes 2008 _ _ _
larger than the cutfatr. ~ 120 Mp¢h predicted by the LCDM In order words, only if the zero point of the correlation func

model without a statistical robust evidence of g, scale at tion is due to the boundary condition corresponding to the in
~ 110 Mpgh. tegral constraint, then this will be fiiérent for diferent sample

sizes. If the zero-point is real, as it should be in a LCDM nipde
) then it should not change from the sample to sample.
5.3. Large scale volume-dependent systematic effects The definition of the range of scale in which this former ef-

The simple estimation of field-to-field errors allows oneverm fect occurs, depends on the precise estimator used. Fanirest
come the problem related to the JK method, in which the inf2 the case of the full-shell (FS) estimator (Gabrielli et 2005;
plicit assumption is that correlations on the scale of tirapga  SYlos Labini and Vasilyev, 2008) and for a spherical sample v
are negligible. However the field-to-field method is not aiole UMe, our ignorance of the “true” average density value is ex-
take into account the full errors on the correlation funetis-  plicitly present in the condition thaf, £(r, V)(r)d*r = 0, where
timation. This is because the sample density is systentigticahe integral is performed over the whole sample voliumalote
different from the ensemble average density when the corrdlaat this condition holds for any and it forces the estimator
tion function is non zero at large scales. This introduce®l:w to become negative even if the “trué(r) is always positive in-
known bias, i.e. a volume-dependent systemdfiects. Let us side the given sample. Thefect of this boundary condition is
discuss this furtherfect. the following: as long as the “true” correlation functionpes-
Most of the literature on the correlation function measurétive, by enlarging the volume size the change of sign ocatirs
ments has focused on the determination of the statisticatser larger and larger scales (Sylos Labini and Vasilyev, 200Bjs




effect may very well explain the behavior found in the MG VL  Therefore the prediction of the non-linearity scejdor the
samples discussed above, in which we noticed that the trarfsil matter distribution (which, in current models, is ~ 8
tion scale changes from~ 50 Mp¢h for the smallest sample Mpc/h) gives only an approximate estimate for that of galaxies of
to more than 250 Mph for the deepest sample we consideredlifferent luminosity. Indeed this scale has been found to $jight
Note that if the “true” correlation function is negativegththe vary in N-body simulations (Springel et al., 2005). On thieest
distortion at large scale can be rather important (Sylosriabhand the scale. is not dfected by biasing for the simple rea-
and Vasilyev, 2008). son that it is located, in current models, at abQut 120 Mpgh
While for the FS estimator one can analytically calculate thghere fluctuations have low amplitude and thus where bo bia
scale at which the systematic departure from the “true” elump  ing and gravitational clustering give rise to a linear arfidition
curs, for more complex estimators based on pair-countikg, | of the correlation function. Hence, given that fos r¢ there are
the LS one, it is possible to understand only through nurakrigiot positive correlations in the whole matter density fighise
simulations the ways in which this boundary conditidfeats Will not be present in the galaxy distribution as they carimet
the measured correlations. This is the complication to Inside generated by a biasing mechanism. Thus the length scade
ered having the advantage that these estimators can measurenvariant with respect to biasing, i.e. it must be the sanre fo
relations at scales larger than those sampled by the FSatstimany class of objects as for the whole matter density fields It i
(Sylos Labini and Vasilyev, 2008). For pair-counting estiors then a fundamental scale to be measured in the observed/galax
it has been numerically shown (Sylos Labini and Vasilye@®0 distribution to verify the class of models characterizedthy
that, when fluctuations in the sample density are small emoudfarrison-Zeldovich tail of the matter power spectrum. Hina
r o« VY3; the pre-factor of this proportionality depends on thehe third length scale in current models is the BAO scaletied
type of estimator and on the sample geometry. However, we nét 'hao < fc, and it is weakly &ected by gravitational evolution
that large scale fluctuations may alter this systematicliehas and biasing (Eisenstein and Hu, 1998).

a function of the sample volume in a non trivial way (see e.g., That the scales,, and rc are invariant under biasing is
Sylos Labini et al. (2009a,b,c,d)). shown by the analysis of the N-body simulations provided by
Note that the simple computation of how the error in the atbe Horizon project (Kim et al., 2009) where itis found thase
erage density propagates into the error on the correlatipo-f are the same for the whole ma.tter distribution and for. the sub

tion does not take explicitly into account of the situatiominich ~ Sample of particles corresponding to the LRG (see theibkig.
the sample density itself can be a varying function of theam
size (the interested reader to (Sylos Labini et al., 20Qb@ifor
a more complete discussion of this important point). Indesd
mentioned above, the estimated sample average converes tdn the newest SDSS samples it is possible to measure the corre
asymptotic average density with a rate determined from &e dation function at~ 100 Mpg¢h scales both in the Main Galaxy
caying of the two-point correlation function. When corredas  (MG) and in the Luminous Red Galaxy (LRG) samples. We
are strong, there can be an important finite-volume depeamdemeasured, in the former case, positive correlations ekigng
of the sample density, resulting in a similar finite-sifieets of to a factor two beyond the scate ~ 120 Mpgh, at which in
the two-point correlation function (Sylos Labini and Vasi, the LCDM modelk(r) should cross zero being negative at larger
2008). scales. However in nearby samples we measured that positive
correlations are detectable only upt&0 Mpgh. Therefore we
concluded that in these samples The correlation functiomwsh
6. Theoretical implications arather diferent behavior from the LCDM model prediction and
that there is no statistical significant evidence for théescarre-
To theoretically interpret these results it is necessatgte into  sponding to the baryonic acoustic oscillations (BAO). Mwer
account an important complication which changes the predige found that the estimated two-point correlation functiodif-
tions of standard models described in the introductioneéaj ferent MG VL samples shows a clear dependence on the sample
these refer to the whole matter density field (dark and lumsho volume. We concluded that the overall errors in the estiomati
while we observe only a part of it in the form of luminous matef the correlation function cannot be simply evaluated by th
ter (i.e. galaxies). The relation between galaxy and dark maomputation of statistical error bars (e.g. JK) but they caly
ter distributions is usually formulated in terms of bias thtter be studied by making systematic tests in samples witlerdint
represent a certain (physical) sampling of the former. &lage volumes.
two different relevant regimes. At non-linear scales, where the In addition, we have shown that, in the LRG sample, the
distribution has strong clustering characterized by nongsian uncertainty on the sample density estimation does not alow
fluctuations, this relation can be studied only through mismemeasure the correlation function at scales of the order 890
cal models (Springel et al., 2005; Croton et al., 2006).dadt Mpc/h. Rather it puts a upper limit to the estimation of correla-
at scales where perturbations are small and clusteringtisein tions at about- 50 Mpgh. More specifically the fluctuation on
linear regime, there is a simple picture based on the thtéshthe estimation of the sample density for the LRG sample ibef t
sampling of a Gaussian random field (Kaiser, 1984). In the favrder of 8%. This is, as we have discussed, of the same order of
mer case one may derive analytically that the “biased” twimvp the errors in the correlation function. We have pointed bat in
correlation function is linearly amplified by threshold gaing order to measure the small bump in the correlation functsn a
(Kaiser, 1984). This is found to occur also in the non-lineaociated with the BAO scale, one would need samples in which
regime but under dierent conditions, as shown by numericathe fluctuation on the estimated density is more ten timegiow
N-body simulations (Springel et al., 2005; Croton et alQ&0 than the value found in the LRG-DR7 sample.
the dfect of biasing is to linearly amplify the correlation func-  For this reason we concluded that in the LRG sample there
tion, while the simple threshold sampling of a Gaussianoamd is no statistical evidence for the BAO and that previous mea-
field predicts a strongly scale dependent amplificationetir- surements (Eisenstein et al., 2005; Gaand Gaztdaga, 2008;
relation function in the non-linear regime (Gabrielli et 4999). Martinez et al., 2009) have underestimated the error bars in the

7. Conclusions



estimation of the correlation function and neglected thespo Norberg, P., Baugh, C.M., Gaftaga E., Croton, D.ArXiv:0810.1885v1

ble dfect of the bias in the estimator. This is due to the fact thBeacock, J.A., 199Gosmological PhysiciCambridge University Press)

they have measured statistical errors by means of the JmetHDeebles P.J. E, %Qs[he Large-Scale Structure of the UnivergBrinceton
. . . . . ) University Press

This computes the sample Va”am?e by consideriffgint ,Sam' Peebles, P. J. E., 19%%inciples of physical cosmolog{rinceton University

ples which are strongly overlapping. If large scale cotrefes Press)

are not negligible, this method underestimates the errotise Schlegel et al. 2008rXiv: 8902.4680

correlation function. We have shown that a more reliable w. pfri]”sglnrv'f-éf;?'-é %%%ZN Aa‘tjqué 542% 282 o

to compute stgtlstlcal error bars is given by the smplenmfu Strauss, MA.. et al.. 2002, AJ, 124, 1810

tion of f_|eld-to-f|el(_1 fluctuations. However, we have pointldt  syios Labini, F., Amendola, L., 1996, Ap.J., 468, L1

even this method is not able to properly take into accountadve Sylos Labini, F., Vasilyev, N.L., 2008, A&A, 477, 381

volume-dependentkects, i.e. the estimator’s bias, related to OLﬁylosolagblnl F., Vasilyev, N.L. Baryshev, Yu.V., 2009a, rgphys.Lett., 85,

Ignorance of the ensemble average denSIty Sylos Labini, F., Vasilyev, N.L., Baryshev, Yu.V., 2009b&A, 496, 7
Determinations of correlations through the measuremefntsg%OS Labini, F., Vasilyev, N.L., Baryshev, Yu.V, Pieteo, L., 2009c,

the galaxy power spectrum (Cole et al., 2005) dfecied by ~ Europhys.Lett., 86, 49001

similar volume-dependent systemat(o‘,eets (Sylos Labini and Sylos Labini, F., Vasilyev, N.L. Baryshev, Yu.V., 2009d priat

Amendola, 1996). In addition one must take into account th&ghavi. I, etal., 2002, ApJ, 571,172

. . . ehavi, |., et al., 2005, ApJ, 630, 1
threshold sampling of a Gaussian figldeschange the shape ;i | et al. 2005, ApJ. 621, 22

of power spectrum at large enough scales, i.e. at small énoug
wave-numbers (Durrer et al., 2003). A similar situationidto
occur in the case of the halo models (Gabrielli et al., 2005).
This situation represents an important challenge for mod-
els, especially in view of the fact that galaxy distributidoes
not present the negative correlations predicted by modete u
scales larger than 250 Mpgh. Our conclusion is that, in view
of the finite-volume #ects, the estimation of correlations pre-
sented here must be intended as a lower limit to the real cor-
relations characterizing the large scale distribution alfgies.
Future surveys, like the extended SDSS Il project (Schlege
al., 2009), may allow us to study the behavior of the galaxy
correlation function on scales larger than those consileese.
To understand how volume-dependent systemétcts perturb
correlation measurements and to make tests on the volume sta
bility of statistical quantities it is necessary to considemore
complete statistical analysis that focuses on conditifinetua-
tions (Sylos Labini et al., 2009a,b,c,d).
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