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ABSTRACT

Using the redshift-space distortions of void-galaxy crosgelation function we analyse the
dynamics of voids embedded infidirent environments. We compute the void-galaxy cross-
correlation function in the Sloan Digital Sky Survey (SD&8jerms of distances taken along
the line of sight and projected into the sky. We analyse thdions on the cross-correlation
isodensity levels and we find anisotropic isocontours ctest with expansion for large voids
with smoothly rising density profiles and collapse for snvallds with overdense shells sur-
rounding them. Based on the linear approach of gravitaticwipse theory we developed a
parametric model of the void-galaxy redshift space crassetation function. We show that
this model can be used to successfully recover the undgriy@ocity and density profiles
of voids from redshift space samples. By applying this téqima to real data, we confirm
the twofold nature of void dynamics: large voids typicalhe & an expansion phase whereas
small voids tend to be surrounded by overdense and coligpsions. These results are
obtained from the SDSS spectroscopic galaxy catalogue landram semi-analytic mock
galaxy catalogues, thus supporting the viability of thexdead ACDM model to reproduce
large scale structure and dynamics.

Key words: large-scale structure of the Universe — methods: data sisalgbservational,

statistics

1 INTRODUCTION

Large scale underdensities naturally arise as the ressttudture
growth. According to our current understanding, the stmecof
matter evolves from small density fluctuations in the eanhy u
verse to build up the present day distribution of matter. Be t
universe evolves, galaxies dissipate from underdensenegind
progress towards matter concentrations by the action ofitgra
forming both voids and filaments in the process. The voidibist
tion evolves as matter collapses to the structure and galakssi-
pate from voids, making a supercluster-void network (Fristal.
1995%5; Einasto et al. 1997, 2012). This interplay in the faramaof
voids and structures, allows to think of them as complemgnta
both encoding useful information to place constraints anph-
rameters of cosmological models. Hence, while the predantin
objects of the large scale galaxy distribution are strgssuch as
groups, clusters, filaments or walls, voids emerge as tlevast
features that shape, along with filaments, the structuteedatgest
scales.

* E-mail: dpaz@oac.uncor.edu

Underdense regions have been identified and ana-
lyzed in numerical simulations| (Himan & Shaham| 1982;
Hausman, Olson & Rath | 1983; _Fillmore & Goldreich __1984;
Icke 11984; |Bertschinger| 1985; Aragon-Calvo etal. 2010;
Aragon-Calvo & Szalay | 2013; | Kdiilmann & Fairall 11991)
and in galaxy catalogues| (Pellegrini, da Costa & de Carvalho
1989;[ Slezak, de Lapparent & Bijadui 1993; EI-Ad & Pltan 1997
El-Ad, Piran & Dacosta_1997; EI-Ad & Pirah_2000; Mller et al.
2000; | Plionis & Basilakos 200Z; Hoyle & Vogeley 2002, 2004;
Ceccarelli et al. 2006; Patiri etlal. 2006; Neyrinck 2008pwimg
similar properties regardless of the details of the idegaifon
methods|(Colberg et al. 2008) and galaxy sample properties.
Padilla, Ceccarelli & Lambas (2005) show that voids defined
by the spatial distribution of haloes and galaxies have lami
statistical and dynamical properties. Moreover, the siat of
void and matter distributions are strongly related (Whig¥4)
and therefore voids are a powerful tool to study the fornmatio
and evolution of overdense structures. Since the void ojoul
properties are sensitive to the details of structure foionat
they can be used to constrain cosmological models |(e.qa.lé%eeb
2001; | Park et all 2012; Kolokotronis, Basilakos & Pliohis020
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Colberg et al.. 2005; Lavaux & Wanoelt 2010; Bos etlal. 2012a; The evolution of void galaxies isflected by the surrounding
Biswas, Alizadeh & Wandelt 2010; Benson etlal. 2003; Parktleta environment when galaxies are located close to the void edge

2012;|Bos et all 2012h; Hernandez-Monteagudo & Smith 12012;
Clampitt, Cai & Lj 12013). Also, due to the global low density

environment in which void galaxies are embedded, the galaxy
populations in or close to voids are valuable to shed light on

(Lindner et al.l 1996 Ceccarelli etlal. 2012). Assuming siglaé
symmetry, Fillmore & Goldreich (1984) derive similaritylations
to describe the evolution of voids in a perturbed EinstenSit-
ter universe filled with cold, collisionless matter. Theggast, for

the mechanisms of galaxy evolution and its dependence on this simplified model, that dierent void modes would arise de-

the large scale environment (Lietzen etal. 2012; Hahnlet al.
2007Dh.a; | Ceccarellietall 2012; Ceccarelli, Padilla & Larhb
2008 Gonzalez & Padilla 2009).

The simplest approach allows us to characterize in-
dividual voids as spherical regions with isotropic mo-
tions (Ilcke |1984; | van de Weygaert & Bertschinger 1996;
Padilla, Ceccarelli & Lambas | 2005;| _Ceccarelli étal. 2006).
However, more detailed analyses suggest that voids arsaiatéd
structures but form part of an intricate network whidfeats their
dynamical properties| (Bertschinger 1985; Melott & Shaimtlar
19903 Mathis & White 2002; Colberg, Krugfic& Connolly|2005;
Shandarin et al.
Aragon-Calvo & Szalay | 2013;
2012).

In a previous work!(Ceccarelli etial. 2013, hereafter Paper |
we performed a statistical study of the void phenomenondsicig
on void environments. To that end, we examined the disinhut
of galaxies around voids in the SDSS by computing their inte-
grated density contrast profile. By defining a separatiotergon
to characterize voids according to their surrounding emrirent,
we obtained two characteristic void types, according ta thege-
scale radial density profiles: (i) Voids with a density pmfitdicat-
ing an underdense region surrounded by an overdense skeed,
dubbed S-Type voids; (ii) voids showing a continuouslyngsilen-
sity profiles were defined as R-Type voids. We also found tinails
voids are more frequently surrounded by overdense shaliishas
they are typically S-type. On the other hand, larger voigsraore
likely classified as R-Types, i.e., with an increasing indtgd den-
sity contrast profile, which smoothly rises towards the ngaaxy
density. Moreover, this behaviour of SDSS voids resultséorae-
lation between the fraction of voids surrounded by overdeshells
and their sizes. This fraction continuously decreasessagdid size
increases, in a similar way for real, mock and direct nuna¢son-
ulation samples.

Such a dichotomy in the behaviour of voids was first intro-

Patiri, Betancort-Rijo & Prada

2006; Platen, van de Weygaert & Jones | 2008;

pending on the steepness of the initial density deficit. Assailt,
the statistics of the void population has been used to cingpa-
rameters of the standard cosmological model (BetancgoteRial.
2009; Biswas, Alizadeh & Wandgelt 2010; Bos etlal. 2012a,b)l a
void catalogues have been exploited to test alternativenclom)i-
cal models|(Biswas & Notari 2008; Bolejko, KrasiAski & Hefha
2005 Clampitt, Cai & LIl 2013).

Studies on the dynamics (and evolution) of regions around
cosmological voids have been implemented mainly in nuraéric
simulations and semi-analytical galaxies by several astho
For instance/ Regos & Geller (1991) have studied the evolu-
tion of voids in numerical simulations obtaining the peauli
streaming velocities of void walls. Dubinski et al. (1993)da
Padilla, Ceccarelli & Lambas | (2005) have analysed the pe-
culiar velocity field surrounding voids in simulations. Als
Sheth & van de Weygaert| (2004) and Paranjape, Lam & Sheth
(2012) studied the void size evolution in simulations.
Aragon-Calvo & Szalay| (2013) examined the internal dynamic
of voids and their hierarchical features. Albeit, the dyiaof
voids have not been extensively studied on observation. da
Ceccarelli et al. [ (2006) used redshift space distortiorsufiar
velocities, and a non-linear approximation to determirapprties
of the peculiar velocity field around voids in the 2dfGRS Jurting
the amplitude of the expansion of voids and the dispersion of
galaxies in the directions parallel and perpendicular ® \thid
walls. | Patiri, Betancort-Rijo & Prada (2012) suggest thespnce
of coherent outflows of galaxies in the vicinity of large v®ioh
SDSS.

This paper is organized as follows. In Sectidn 2 we describe
the galaxy samples and the corresponding void catalogueslay
describe the semi-analytic mock galaxy samples built friogsim-
ulation box. The redshift space distortions on the cori@tafunc-
tion are analyzed in Sectigh 3. In Sectidn 4 we present theréhe
ical approach adopted to model the redshift space distarfimm
density profiles and velocity flows of galaxies around vofdsom-

duced by Sheth & van de Weygaert (2004), based on an excursionparison of observational results to the numerical simaireéind the

set formalism. The authors classify void profiles and reflagen to
one of two processes: The void-in-void process descrilegvh-
lution of voids that are embedded in larger-scale undeitiess
This is the case when small voids merge at an early epoch with
other void to form a larger void at a later epoch. On the otlaedh
underdense regions embedded within larger overdensensegie
dergo a so-called void-in-cloud process. In a hierarchstaicture
formation scenario, the filament network subtended by daatten
halos is modified by halo merging. Eventually, some voidstied
in the interstices of this network will shrink at later timanstitut-
ing the void-in-cloud scenario. This last case seemdfectimore
likely small rather than large voids.

Since the evolution of structure in the universe shapes the

mock catalogue is given in Sectibh 5, and the results olddioe
the observational data are shown in Secfibn 6. Finally, weudis
our results in Sectidnl 7.

2 DATA SETS

We use the Main Galaxy Sampleé (Strauss etal. 2002) from
the Sloan Digital Sky Survey data release 7 (SDSS-DR?7,
Abazajian et &ll 2009). SDSS photometric data provides CCD
imaging data in five photometric bands (UGRIZ, Fukugita et al
1996; Smith et dl. 2002). The SDSS-DR7 spectroscopic gaialo
comprises in this release 929,555 galaxies with a limitirggni-

large scale matter clumps and the voids at the same time, bothtude ofr < 17.77 mag.

types of structures are responsive to the details of the con-
tents of the universe, and the equation of state of its coesti
species|(Einasto etial. 2011). Furthermore, the physicsalaixg

ies in voids is simpler since the non-lineaffeets of grav-

ity are less significant in regions of space devoid of gakxie

We perform the identification of voids using the algorithm
presented by Padilla, Ceccarelli & Lambas (2005) and tested
Ceccarelli et al.[(2006). The general properties of the SRE&
sample are introduced in Paper |. Voids in the galaxy distidns
are identified over three fiierent volume complete samples, with
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Figure 1. Redshift space distortions of galaxies in the SDSS (uppeelppand the best fit models (bottom panels) for small S-tygds in S1 (6<
Rvoia/h~1 Mpc< 8, left panels) and large R-type voids in S3 (&0Ryeig/h~1 Mpc< 20, right panels). The fractions of small R-type voids arddaS-type
voids are 0.3 and 0.1, respectively. Notice that spatialcahar scales change for small and large voids.

limiting redshift Q08, Q12 and 015, whereas corresponding max-  limiting redshift of the sample is chosen so that a good tyali
imum absolute magnitudes in the- bandareM, = -19.2, —-20.3 the void sample is obtained, and also the number of voidsirema
and-20.8, respectively. We denote these three samples as S1, S2arge enough to achieve statistically significant resilgh these
and S3 (see Tablgl 1). In order to compute absolute magnitudescriteria, voids down to 51 Mpc are well resolved in S1 sample of
needed in sample definitions, we use the same cosmologieal pa the catalogue. We obtain 131 voids in this sample with radiging

rameters than that of the simulation, described later anSkction. from 5 It Mpc to 22 it Mpc. The smallest voids are identified in
The algorithm starts with the identification of the larggsterical S1, since it has the greater galaxy density. However, dueettirh-
regions where the overall density contrast is at n#st —0.9. ited volume, this sample is not suitable to perform staiggtudies
The list is cleaned so that each resulting spherical regiomot of the largest voids, and for this we turn to the additionahgkes,
contained in any other sphere satisfying the same condilibe S2 and S3. The number of voids and the definition of each sam-

method also avoids the selection of spheres closer than x> m  ple are indicated in Tab[d 1. It can be noticed that the inégliate
mum void radii from the survey boundaries. The centres obund  redshift sample contains a mix of both small and large voids.
dense spheres are chosen as the locations of void centdriyean
scale assigned to each void is the radius of the underdehseesp

It should be noticed that this procedure does not assumedids

are spherical, but ensures that the void is surrounded byerisp
cal region with overall density below a threshold of @imes the
mean density. Since the resulting void sample depends wathe

ple dilution [Padilla, Ceccarelli & Lambas 2005), we seektfte
best compromise between the void sample size and the identifi
cation confidence, specially for the smallest voids. Theefthe

In order to test the results, we will implement our method
on void samples extracted from a mock galaxy catalogue and
from a simulation box. We use galaxies from the semi-amalyti
model of galaxy formation by Bower, McCarthy & Benson (2008)
run on top of the Millennium simulation (Springel et al. 2005
Lemson & Virgo Consortium 2006). The Millennium cosmologi-
cal simulation adopts ACDM cosmological model and follows
the evolution of 216Dparticles, each with 8.8 16 h™*M,, in a co-
moving box of 500 Mpc a side. The parameters of the model.tase
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on WMAP observations (Spergel ef lal. 2003) and the 2dF Galaxy
Redshift Surveyl (Colless etlal. 2001), &g = 0.75,Qy = 0.25,
Qp =0.045, h=0.73, n= 1 andog = 0.9. The semi-analytic model
of galaxy formation (GALFORM, Bower, McCarthy & Benson
2008), generates a population of galaxies within the sitiordox,
by following the simulated growth of galaxies within dark ttea
haloes in the simulation. We identified voids in the full slation
box, taking into account the fact that the minimum size otigdghat
the algorithm is capable of identifing depends on the meaaxgal
density [(Padilla, Ceccarelli & Lambas 2005). Accordinghg im-
posed a magnitude cut in the sample of semi-analytic gaadie
luting it so that the mean galaxy density is the same thandahat
the SDSS sample. The semi-analytic galaxy catalogue iiftan
contain 2534 voids with sizes ranging from 5 to 22 Kpc (see
Table[1).

The mock catalogue is constructed by reproducing the selec-

tion function and angular mask of the SDSS. The resultingi-sem
analytic galaxy catalogue has similar properties and ebtienal
biases to those of the SDSS catalogue. We will use this catalo
in order to calibrate our statistical methods, to interphet data,
and to detect any systematic biases in our procedure. Maimy
use positions in real space and peculiar velocities of dedato
test possible projection biases and to quantify tiieots of redshift
space distortions. The semi-analytic galaxy dataset alsades
information on SDSS photometric magnitudes, star fornmatives
and total stellar masses, based on computations from the-sem
analytic model of galaxy formation (Bower, McCarthy & Benso
2008). The details of the number of R and S-type voids arengive
in Table[d. Following the same procedure carried out in th&SD
voids are identified on three volume limited samples, withgame
redshift and magnitude thresholds than the used on real (@{lata
maximum redshift of M8, 012 and 015 and maximunt — band
magnitude of-19.2, —20.3 and-20.8, respectively). We denote

selection criteria

sample parent catalogue limiting magnitude i,z Ns Nr
S1 SDSS-DR7 -19.2 0.08 48 83
S2 SDSS-DR7 -20.3 0.10 73 174
S3 SDSS-DR7 -20.8 0.12 71 252
M1 mock -19.2 0.08 48 65
M2 mock -20.3 0.10 70 162
M3 mock -20.8 0.12 109 207
simulation box -15.9 - 1691 843

Table 1. Galaxy sample selection limits and their correspondingl gaimples.

In all cases we use in void identification volume limited séeapdefined by a
maximum redshift i) and a limiting absolute magnitude in the r-band. The
magnitude of galaxies in the mock and simulation box samgesespond to
that of the semi-analytic galaxy catalogue. The number ¢fdR-voids ()
and S-type voids (B are also indicated.

namical studies can take advantage of the distortions itgatiin
redshift space to obtain information about the velocitiePaper

| we have analyzed the large scale environment around Vdids.
conclude that it is expected that théfdrences in the spatial distri-
bution of galaxies around voids also manifests &&ténces in the
dynamical properties. Consequently, it is natural to infet red-
shift space distortions on the correlation function wilbshthese
differences. In this section we search for the dynamics of vaids i
the redshift space distribution of galaxies around them.

To this end, we measure the void-galaxy cross-correlation
function&(o, 7) as a function of the projected) and line of sight
(7) distances to the void centre. Ther, ) function is the excess
in the probability of having a galaxy around a given void cent

these three samples as M1, M2 and M3, and comprise 113, 232 andrhe standard method to estimate such probability is by d@ogint

316 voids, respectively.

From pondering the void radii distributions obtained inleac
sample we conclude thatftérent samples are more suitable to
study voids of diferent sizes. In the samples with the smallest vol-
umes (S1 and M1) we do not find a significant number of voids
with radii larger than 12 H Mpc. However, a significant number
of voids with radii smaller than about 16'1Mpc are identified,
making those samples more suitable for analysing voids dif ra
between 5 and 10hiMpc rather than larger voids. The intermedi-

void-galaxy pairs and normalising by the expected numbeaot

for a homogeneous distribution. To compute this normabumat is
necessary to produce a random distribution of points wighsilr-
vey selection function. There are several estimators basdtis
counting procedure. In this work we have evaluated two ofithe
the classic estimator (Davis & Peebles 193> DD/DR - 1,
where DD and DR are the numbers ofoid-galaxy and void-
random tracerpair counts respectively, and a symmetric version
of thelLandy & Szalayl (1993) estimator. The latter is comguts

ate volume samples (S2 and M2) reach the maximum number of ¢ = (DD - DR- RD + RR/RR where in addition tdD andDR,

voids with radii in the range 12—-15hMpc. These samples are the
most appropriate for studying voids of intermediate sitleaathan
either smaller or larger voids. In the most extensive sas(88 and
M3) we find the largest number of large voidsR> 15 r* Mpc)
whereas the number of small voids is not adequate for Statist
analyses. According to this, we prefer the small volume dasnp
for a detailed statistical study of small voids while largdume
samples are used to examine the properties of large voids.

3 SDSS VOID GALAXY CROSS-CORRELATION
FUNCTION

In modern spectroscopic galaxy catalogues, redshift nneamsnts
are commonly used to estimate galaxy distances. Howewesgth
guantities include a contribution from the peculiar vetpciompo-
nent in the line of sight. While this is a drawback when trying
obtain an accurate three-dimensional map of the local tseyely-

we need to calculatBRRandRD, the numbers ofandom centre-
random tracerandrandom centre-galaxpair counts respectively.
Since we use volume limited samples of voids the random eentr
distribution is uniform. We found negligible flierences between
these two estimators for all void samples. Thus for the sakee
plicity, we perform all the analysis using the Davis & Pesbds-
timator. The random sample of tracers needed for this egima
was generated following the same procedure described intRdz
(2011). Briefly, the expected numerical density of galaxaes
given redshift, with a magnitude below the limit of the syivis
computed from a Schechter luminosity distribution withgrae-
ters¢. = 0.0149, M, = -2044 ,a = -1.05 (Blanton et &al. 2003).
The angular selection of the random points consists of d pigsk
based on the SDS$Psoftware |(Swanson etlal. 2008). This ran-
dom catalogue contains abouk20’ random points (see Paz et al.
2011, for more details).

Without redshift space distortiong(c, r) would be isotropic
as a function ofr ando. Therefore, any observed anisotropy in the



measured function would be evidence of the presence of line-of-
sight velocities. Given that these velocities onfieat ther scale ¢

as a function ofr, at lown values, resembles the real space correla-
tion function. On the other hand, the behavioug af a function of

r, for low o values, is fully &fected by redshift space distortions.

Density and velocity void profiles in the SDSSH

we compute thé&(o, 7) function as the convolution of the real space
correlation £(r), and the pairwise velocity distributiog(r, w):

1+ &) = f dwolr.w) [1+ (). )

We have defined two types of centre voids depending on their wherer = (ry,r5,13) is the real space position of the tracer galaxy

density profiles. Hereby we briefly describe the procedurgezh
out to define the centre samples; more details can be fourapierP
I. The mean integrated density contrast profiles can be dkfore

with respect to the centre void amd = Av is the velocity of the
tracer in the rest frame of the centre object (pairwise \BipSub-
scripts denote each of the Cartesian coordinates: the aigdis

Rwia intervals. As shown in Paper |, these average curves have ataken along the line of sight wheregsandr, are coordinates in the

well defined maximum at a distancg from the void centre, ex-
cept for the largest voids that exhibit an asymptoticallyréasing
profile. We classify voids into two subsamples accordingdsitive
or negative values of the integrated density contrast,at doids

surrounded by an overdense shell are dubbed S-Type voids, an o =

satisfy A(dmay) > 0. On the other hand R-Type voids are defined
as those that satisfy the conditiaidmax) < O, which corresponds
to voids with continuously rising density profiles. This eofe is
applied for voids in each of the three volume limited subdaspf

plane of the sky. The redshift space separations of the galiaxy
pair are:

\JrZ+r2 and = r3 + ws/H,

which are parallel and perpendicular to plane of the skypees
tively (as defined in the previous section). As mentionedieef
the third component of the pairwise velocitys(H in scale units,

the SDSS and mock catalogues, as defined in Sedtion 2, asswell aWhere H is the Hubble parameter at present time) is the sairce

in the semi-analytic sample of galaxies in the simulatior. bo

the diference between real and redshift space line of sight separa-

In the upper panels of Fig] 1 we show the void-galaxy cross- tions (s andn).

correlation function of voids in the SDSS. The upper left gdan
shows the correlation function for the sample of small Setypids
in sample S1. This is representative of small voids sincestim-
ple of voids with Reiq in the range 6-8 H Mpcis dominated by
S-type voids (80%). As can be seen in this panel, there isa cle
excess in the number counts of void-galaxy pairs at distalacger
than Reig = 8 "t Mpc(red colours), produced by the characteris-
tic shell of these samples of voids. It can be noticed thaktiea
compression of the isocorrelation curves in théirection. This is
an indication of the mean flow of galaxies towards the voidreen

In the upper right panel we show the correlation function for
the sample of large R-type voids in S3. Notice that the spatid
color scales are not the same in each panel to make the gasgati

between each case more clearly visible. As can be seen, the ex

cess of void-galaxy pair counts in the case of small voidsales
10-15 hi* Mpc is not present in the sample of larger voids. Given
the trend in the fraction of S-type voids as a function of vaidius
(reported in Paper I), the sample of large voids is dominbieR-
type voids. A continuously rising profile is expected in thase,
and indeed it is observed in theaxis at lowr values. However, as

it can be seen in the upper right panel of this figure, an asyimme
ric structure appears, which is clearly originated on rétispace
distortions.

We also show, in the bottom panels of Hig. 1, the synthetic
&(o, ) functions obtained after the application of a model to the
corresponding observed functions in the upper panels. \&&ept
and describe this model in the following section, where itied to
analyse in more detail the dynamics obtained from redststod
tions.

4 MODEL FOR &(o, 71)

In the previous section we presented the correlation fanabb-
tained from two particularly interesting samples of voiés. has
been shown, these samples exhibiffatient distortion maps. In
order to go deeper in the interpretation of such anisoteypie
have implemented a model of the redshift space distortiornthe
void-galaxy cross-correlation function. Followihg Pe=bh(1979)

In order to compute the redshift space correlation fundtien
necessary to adopt some prescription for the pairwise irgldis-
tribution,g. We assume that this function can be approximated as a
Maxwell-Boltzmann distribution centered on a mean velofidld.

The latter is a bulk flow given by linear theory, where the mean
locity of the distribution is a function of the density (Pé&=h1975).
Since the velocities over the plane of the sky,andws,, do not af-
fect o or = coordinates, the model only requires the definition of
the marginal distributiorf :

ffdwl dwzg(w— gv(r))

_ (w3 - V(l’)%)z]

f (w3 - rr—3v(r))

207y

1
ex|
V2ro p[
Finally, the correlation function in redshift space is abéal from

- (w3 -v(r)=

1
1+ &(o,nm) = f dws N exp[ >

wherers = - ws/H andr? = 0% + (z2 - )

We denote the mass density contrast within a sphere of radius
r asA(r). Following|Peebles (1976), the mean radial veloeffn)
is related toaA(r) by the linear approximation:

)2
] [1+&M]. ()

2

QO.G
v(r) = —HrA(r)T’“. (3)
We have tested other non-linear prescriptions relatingnd v,
given by Yahil (1985) and Croft, Dalton & Efstathiau (199Blpw-
ever we have not found any significantfdrence with the linear
treatment. This resides in the fact that the density cohtegsains
small up to large scales in areas around voids.

The integrated density contrasfr) in a void centered sphere
of radiusr and volumeV, is:

lf’i_r)dv—l

Vv p
3 (7 2
P j(; &(r)redr,

A(r)
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Figure 2. Projections of the Likelihood function for the model apdli® intermediate size voids in the mock catalogue. Voidelmeen identified in the M2
sample of the mock catalogue with radii in the range of 10-%2Mpc. The upper-right panel schematically shows the modetie density profiles with a

representation of the meaning of each of the parametersrimodel.

where we have used thé&fr) = p/p — 1, for a cross—correlation
function £(r). Then, the real space void-galaxy cross correlation
function is related to the density contrast by:
£0) = o5 (PAD)) @
In this framework, given a profila(r) we can compute the corre-
sponding model for th&(o, 7). However, the estimate of the corre-
lation function using real data (see Secfidn 3) involvesutbe of a
centre void sample. Thus, the profilér) should be understood as
the mean density profile of the void sample. In order to imgem
our model on observational data, it is important to selentgas

of voids which share a similar profile, well represented ey dla-
eraged one. In the following subsection, we define a paramnetr
model for this density profile.

4.1 Velocity and density profile model

In order to model the integrated density profiles of voids -
duce a simple empirical model that contains all the necgdsar
tures. The R-type voids (as defined in Secfibn 3) have thelsghp
profile shapes, a continuously rising curve from zero to tleam

density of the universe around the void radius. The erroctfan
erf(x), behaves similarly, therefore we choose this functionahf
to model such profiles,

©)

This model depends on two parameters, the void radius R and a
steepnessodiicient S. On the other hand, the profiles of S-type
voids are a bit more complex and require two additional patans

in order to account for the overdensity shell surroundirg\tbid.

We add to the rising term in EQ] 5, an additional term représgn

the peak on density due to this shell. Thus, the overdensiigein

for S-type void profiles is given by:

AR(r) = % [erf(S logf/R)) —1].

1 log(r/R)
As(r) = > [erf(S log/R)) — 1] + PeXp(_TZ(r)) (6)
where the Gaussian peak has an asymmetric width,

[ 1yv2s r<R
G(r)_{l/\/ZW r>R ™

As can be seen, such asymmetry is obtained by placing two semi
gaussians instead of just one. This allows us to modify the si
of the shell, through the W parameter, without changing timeii



shape of the profile, related to S. Therefore, an S-type liated
overdensity profile requires the use of four parameterseham,

S, P and W. With this profile in equatioh 3 ddd 4 it is possible t
compute the integral in E] 2. In order to perform this ingtigm
we use a Runge-Kutta method of sixth order. This allows asbbu
estimation of the integral avoiding numerical issues eslatith
the rapid variation of the argument function. A schematawbf
the role of the parameters on the model is shown in the upger ri
panel of Fig[2. The S-type profile (solid line in the uppethtig
panel of Fig[®) is obtained from the expressibn 6. The rigéng is
shown as a long-dashed line, whereas the peak term is repedse
as short-dashed lines.

4.2 Likelihood sampling and confidence intervals

In the previous subsection we have presented the proceulcoen-
pute the model for the redshift space correlation functlarthe
current subsection we will describe the methods employetkto

termine the best set of parameters which reproduce a given ob

served correlation function on real or mock data. To this ered
have implemented a Markov Chain Monte Carlo method (hezeaft
MCMC) to map the likelihood function of thé model given the
corresponding measurements in a void sample.

The likelihood function compares the modelled correlation
functions obtained from dierent sets of parameters to the mea-

sured correlation functions of a given data set, by quantifyhe

difference between them. The MCMC method samples the poste-

rior probability distribution of the model given the datadhgh a
set of markov chains, which traverse the parameter spai¢hayt
reach the equilibrium distribution. To explore this spase, em-
ploy the Metropolis-Hastings algorithm to obtain a rand@mple
of estimates of the model probability. In this process, ikelit
hood function allows to decide when a given set of paramesers
better at describing the observed correlations than aqueset.
To properly quantify these model-data distances, we esgirfee
covariance matrix of the observed correlation functiorisThatrix
plays the role of a metric in the model parameter space&{der)
function is measured at 2615 logarithmic bins over the scale in-
tervals used for each sample. Thus, the covariance mativeba
each pair of bins in the correlation matrix, hereafter ded@sC,

is a squared matrix of £5< 15° elements. Each element; @ the
estimator of the variance, computed on the data by jackagam-
pling (Tukey 1958) using the multivariate generalizatioveg by
Efron (1987):

n-1¢
CijZ

n

[E00 — €0l [600 — €0]; (8

k=1
wheren is the number of jackknife realization& is the correla-
tion function for thekth jackknife realization ang is the average
of &y over then realizations. The matrig is not diagonal, since
the independence of the correlation values at binsffiedint scales
can not be guaranteed. The probabili#ithat a given model repro-

duces the data results is then given by
Ln(.%¥) = —A& - C™A¢ + const, 9)

whereA¢ is a vector containing the fierences between the data
and modelled correlation functions.
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arises from the fact that the adopted estimator for the cavee
gives by definition a positive semidefinite matrix. The cosmace
matrix takes the form of a sparse matrix, due to fact that the c
variance of bin pairs at increasing separations approares but
fluctuates due to the noise introduced by the covarianceati.
This leads, in some cases, to a solution which can be dondibgte
numerical noise or may even not exist. This issues can beover
by "tapering” the covariance matrix, i.e. nullifying thevasiance
elements at large separations. Following Kauinan (2008 )mwl-
tiply element-wise the covariance matrix estimated witlhhaala-
tion matrix, defined to force null values for elements witlir foén
distances (calculated in the two dimensions, parallel sargpen-
dicular to the line of sight) larger than 4 bins. The tapeiitgrval
of 4 bins is large enough to leave unaltered the principalfea of
the covariance matrix, ensuring at the same time a pogitfipite
system. We then compute the probability for any given model i
the parameter space using the tapered covariance matispiid:
cedure allows us to obtain an estimate of the parametersnidpat
imizes the Likelihood function and its corresponding coerfice
intervals. We use flat priors for all the parameters in the ehae-
stricting the search in the parameter space to a region where
model gives meaningful profiles.

We show in Fig[R an example of the fitting procedure used
on a sample of S-type voids taken from the mock catalogues&he
voids were identified over the M2 sample of the mock catalpgue
with radii ranging from 10 to 121 Mpc. The&(o, 7) function was
estimated following the methodology described in sedtioim 2he
upper right panel, we schematically represent the paraméete
volved in the model of the integrated density void profils), as it
is described in the subsectionl4.1. We run 40 independeista
explore this parameter space. The convergence criterlzasisd on
Gelman & Rubinl(1992), which compares the spread in the means
between chains to the variance of the target distributiamceCa
given chain satisfies this criterion, we split it in two padsscard
the first half (ordered by step), and use the rest to map takHiod
function. With this procedure we avoid the early stages efrtmn-
dom walk, where the distribution of points in the paramepace
does not necessarily follow the equilibrium distributiom the di-
agonal panels of Fig.J2 we show the one-dimensional makginal
ized constraints over each one of the four parameters (R \8).P
We also show the constraints on all pairs of parameterscatdi
ing the 68.3%, 95.5% and 99.7% confidence intervals. As can be
seen the marginal distributions for each parameter reseals-
sian probability densities, thus the uncertainties fohegaarame-
ter are nearly symmetric. The two dimensional projectiohthe
likelihood function exhibit a well defined maximum, wherats
isoprobability contours indicate that there are not sigaifi de-
generacies.

In the bottom panels of Fiff] 1, we show two examples of cor-
relation function models obtained from fits run over SDS3liltes
(upper panels). Theg¢o, 7) functions are obtained from the model
with the set of parameters for which the likelihood, with twere-
sponding correlation measurements, reaches its maximsgrmaA
be seen in a comparison between the upper and lower panels of
this figure, the proposed model seems to reproduce the mere im
portant features observed in the measured correlationeedver,
in the lower left panel the white solid line shows two isoetar
tion levels € ~ 0.5, —0.2) which clearly manifest the expected

The computation of the likelihood depends on the inverse of dynamics for small voids. For instance, the contour coordjng

the covariance matrix. However, instead of computiig it is
more accurate to solve the syst&a = A¢ for the vectora, ob-
taining . as the inner produca - A¢. Another numerical issue

to & ~ —0.2 reaches the abscissa axisoat 7 h™* Mpc, whereas
along ther direction the contour seems to elongate up to around
8 h™ Mpc. This can be thought as a distortion produced in the in-
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ner scales of voids by outflow velocities of about 100 krhts?®.
The opposite behaviour can be seen at the inner part of the iso
contour level of¢ ~ 0.5. This contour starts at ~ 11 X Mpc
and reaches the axis at less than 9fhMpc. This can be inter-
preted as a contraction in the correlation function corgtalure to
the presence of redshift distortions, in this case origiddty infall
velocities around -100 knt§h™?. This kind of velocity profiles of
outflowing velocities inside the void region and infallinglecities

at the outskirts, are expected in smaller voids. This is alitative
agreement withCDM predictions (see sectidd 1). On the other
hand for larger voids, as shown in the lower right panel of [Eig
the model exhibits elongated contours in the inner regionreM
precisely, the inner contour startsat~ 15 ! Mpcand reaches
ther axis around 16 1 Mpc. Although the profiles of R-type voids
do not reach a maximum at any scales, the model{edr) func-
tion for this sample exhibits a clear maximum located aldmg t
ordinate axis atr ~ 27 it Mpc. This maximum is surrounded by
the ¢ ~ 0.15 contour which encircles a postive correlation region
breaking the isotropy of the correlation map. As discusseskc-
tion[d in the case of the observed correlation function (ujpiggat
panel in Fig[l) such anisotropy could be thought as eviderfice
redshift space distortions at the void outskirts.

In the Fig[3 we show the results of the proposed test for voids
with radii between 10 and 16 hMpc. Centre voids have been
identified in real space and separated into S (left paneld)Rxn
type (right panels) samples. For each void in the simulaltion
we measured its radial velocity(r), and integrated density pro-
files, A(r), in spherical shells. We adopt negative values for inward
radial velocities, whereas positive values indicate owifig ve-
locities. In the upper panels of the figure we display the nemb
of radial velocity curves overlapping a given bin in radiatednce
and radial velocity respecting to the void centre. The gpiraa-
dial velocity from void to void at fixed radial distance candmzn
from the color map, where redder colours indicate largerlremof
curves (up to 40). The red solid lines represent the mearciglo
profiles for each sample, which are close to the larger cdraen
tion of curves, indicating a nearly symmetric spread. We alow,
in the bottom panels, the results for the integrated rackalsity
profiles. Here again the color map indicate the number ofesjrv
in this case integrated density profiles, in radial distaawe den-
sity bins. Red solid lines display the mean density curveséah
sample (S and R-type voids at left and right panels, respgji
Finally, we compare these simulation results with thosameged
by using our model in redshift space data. We show, with dhshe

In Sectior 6 we provide an analysis of these results based onblack lines, the velocity and density profile estimates ioleth by

the modelled velocity curves, in particular we show in [Eighd
corresponding profiles of these two void samples among sther
The downward triangles in the left panels of this figure (Betja-
beled) correspond to the small S-type voids in the left gaoEFig.
[@). The upward triangles in the right panels of [Elg. 4 are #vived
velocity (upper panel) and density curves (lower panelinfithe
large R-type voids in the right panels of Fig. 1). For furtcem-
ments and a more detailed analysis please refer to sédtivnete
we also analyse the other SDSS void samples shown in the figure
In this section we have presented an analytic model for red-
shift space distortions on the void-galaxy cross-cori@hafunc-
tion. We showed in this subsection how the parameters of this
model can be obtained from fitting the redshift space cdicgla
function. The likelihood and confidence intervals shown ig. 2
are a representative example of the results obtained falififeeent
samples used in this work. In the following section we prevéth
analysis of how well this technique can be used to recoverdale
velocity and density profile of voids from redshift-spac¢ada

5 TESTING THE METHOD ON SIMULATIONS

In the previous section we have presented a parametric nfiadel
the £(o, 7) function. We showed the corresponding model results
for large and small voids in the SDSS, corresponding to R- and
S-types respectively. The model reproduces the main festof
the observed redshift space correlation functions for bathples.
Also, the model is characterized by a well behaved likelthfumnc-
tion, with not appreciable degeneracies in the parameteres his
suggests that our model not only reproduces the observahtes
also gives a meaningful set of best-fitting parameters. iGihat
the model is physically motivated, its results can be usegktan-
sights about the dynamics of the large scale structure drooids.

In this section we study the capacity of our model to recavern-
derlying velocity and density profiles. This analysis isfpened by
comparing the model results obtained in the mock catalogtle w
direct measurements of velocity and density profiles in threee
sponding simulation. It will also allow us to quantify thffects of
observational biases in the results.

applying our model in the mock catalogue, following the groc
dure described in Sectidn 4. In synthesis, for S and R-typesvo
in the M2, we compute the redshift space void-galaxy coti@ia
function,&(o, ), and its corresponding model fits.

As can be seen, for both velocity and density profiles thafdjtti
procedure is successful in recovering the underlying biebiain
the simulation. Some fferences can be seen at separations larger
than the void radius and are due to the limitation of the mdéalel
the density profile to reproduce the detailed shape of theabpto-
file. This of course translates into soméidulty in reproducing the
velocity profiles. However, the overdensity values and teamve-
locity differences are smaller thar8Gnd 100 km s respectively,
and the model successfully recovers the S- or R-type nafuteo
profiles in both density and velocity. In the following sectiwe
will apply this procedure to SDSS voids.

6 SDSS RESULTS

The large—scale region around voids determines tferdint popu-
lations of voids. This was predicted from theoretical cdesations
in|Sheth & van de Weygaert (2004), who also found that void-env
ronments are a key factor in their dynamical behaviour. IpePa
we found that small voids are likely to be surrounded by osesé
shells, whereas larger voids tend to show smoothly risindjips.
According to the previously mentioned results, fiatient dynami-
cal behaviour of S and R-type voids is expected. This has &teen
ied for samples of voids derived from numerical simulatidrath
in the full simulation box and in mock catalogues (includPaper
I). However, the corresponding analysis in observationahfdes
has not yet been carried out, and this paper aims at configpttie
observations to the theoretical model expectations. Tlvashave
applied the methods described in Secfibn 3 to our void cgiiee
in SDSS.

In the lower panels of Fid.]4 we show the resulting void—
centric radial galaxy density profileg(r), for S-type (left) and
R-type (right) voids in sample S1. The upper panels show dite ¢
responding void—centric radial galaxy velocity profiles & in-
dicated in the figure, the filerent symbols correspond tofiiir-
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Figure 3. Two—dimensional histograms (color map) of distance-vslaepper panels) and distance-density (lower panelg) poifiles in the semi-analytic
sample of galaxies of the simulation box. The color scalpldis the number of profiles (integrated density and radiiaity, at lower and upper panels,
respectively) overlapping at a given bin in radial distaaoel velocity or density. Centre voids have been identifiedeal space with radii in the range
10-12 bl Mpc and separated into S (left) and R-type (right) samplese&xh panel, the red solid line shows the averaged valueist@amck bins of velocity
and density. For comparison, we also show the recoveredityeBind density curves from th#o, 7) model in an equivalent mock sample (black dashed line).

In this case, voids have been identified in the M2 sample ofrtbek catalogue with radii in the same range (10-12Mpc).

sample hin I'max type R S P w
S1 6 8 R 10.06 0.06 5.1+ 0.3 - -
S 11.6: 0.3 5.7+ 0.3 0.42+ 0.03 1.77+ 0.09
8 9 R 12.8 0.3 3.9+ 0.3 - -
S 13.4-04 55+0.3 0.46+ 0.04 2.0+ 0.1
10 14 R 15.a¢ 0.2 4.6+ 0.2 - -
S 18.5- 0.9 4.8+ 0.4 0.58+ 0.04 2.7+ 0.1
S2 9 12 R 13.50.2 5.0£0.2 - -
S 15.1+ 0.4 4.9+ 0.2 0.39+ 0.03 1.83+ 0.09
12 15 R 16.5+ 0.2 4.8+ 0.1 - -
S 17.7+ 0.4 6.1+ 0.3 0.32+ 0.03 1.7+ 0.1
15 25 R 22.4: 0.3 4.0+ 0.1 - -
S3 11 14 R 145 0.1 4.9+ 0.1 - -
S 17.0£ 0.2 5.4+ 0.2 0.43+ 0.02 2.05+ 0.07
14 19 R 17.6£ 0.1 4.3+ 0.1 - -
19 26 R 255+ 0.1 4.01+ 0.09 - -

Table 2. Model parameters (see ER$[h, 6 hhd 7) obtained for therelint subsamples of SDSS voids. Minimum and maximum ragi and
I'max respectively) are expressed in units of Mpc.
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Figure 4. Void—centric radial galaxy density profilégr) (lower panels) and void—centric radial galaxy velocitpfiles (upper panels) for S-type (left) and
R-type (right) voids in the S1 sample. flrent void radii ranges are indicated with downward triaagl6—8 h' Mpc), circles (8-9 h! Mpc) and upward

triangles (10-14 tt Mpc). Error bars indicate the region enclosing all curveth

ent ranges in void sizes. We indicate with downward triasigife
void radii in the range 6-81 Mpc, with circles voids with radii
in the range 8-91 Mpc; and with triangles voids with radii in
the range 10-14H Mpc. The error bars in Fid.]4 represent the
68.3% uncertainties resulting from the MCMC likelihood map
ping. As it can be seen in the figure the modelled profiles of S
and R-type voids are satisfactorily recovered and desthibéyp-
ical behaviour of the two types of voids. Indeed, the obs&len-
sity profiles are consistent with the modelled profiles within-
certainties (not shown for the sake of simplicity). Regagdthe
velocity profiles (upper panels of Figl 4), it can be seen that
S-type voids show two dlierent dynamical regimes. While inner
regions are in expansion, the large—scale void walls atapsihg.
This is in agreement with the void—in—cloud scenario inticet!
by Sheth & van de Weygazit (2004) and the direct measurements
in our numerical simulations presented in Paper I. On theroth
hand, the fitted velocity profiles of R-type voids never eihip-

fall velocities as can be seen in the bottom-right paneligfigure.
This behaviour fits well with the void-in-void scheme, whioldli-
cates that voids embedded in low density large—scale regioa
likely to be expanding. These results provide the first olzgemal
evidence of the two processes involved in void evolution.alée
find that the behaviour of these profiles arfatient as the void size
increases. Where voids surrounded by overdense large-stezlls
are under contraction, voids laking this outer overdersityusu-
ally expanding. In this scenario, voids embedded in oveseem-

wi68.3% uncertainty in parameter space.

vironments are dominated by gravitational collapse rathan by
expansion. Consequently, it is likely that many of the smaitls
with a surrounding overdense shell have sank inward by tsemit
epoch. Larger voids, on the other hand, are probably expgndi
concordance with the formation of the large structures shape
them.

We applied this procedure to the R and S-type subsamples in
SDSS and mock catalogues described in Thble 1. In the Table 2
we show the resulting model parameter fits, along with theden-
tainties, derived from each subsample. The radii ranges hagn
chosen taken into account the distribution of void radiitreat the
sample is in each case divided into three subsamples wittynea
the same number of voids each. As can be appreciated in liés ta
the parameter values support the scenario of a dichotomyith v
evolution.

7 SUMMARY AND CONCLUSIONS

We have performed a statistical study of the void phenoménon
cussing on the dynamics of the surrounding regions of vaids.
used samples of voids identified following the procedurediesd
inlPadilla, Ceccarelli & Lambas (2005). We constructedlogtzes
of voids in the SDSS-DR7, as well as in mock catalogues arttkin t
parent simulation box to test th&ects of observational biases.

We analyze the dynamics of voids with and without a sur-
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rounding overdense shell in the SDSS, dubbed R-type anges-ty
respectively, following Paper |. We find that small voids,iethare
more frequently surrounded by overdense shells (see Paeel
likely to be in a collapse stage. On the other hand largersvaid in
expansion, due to they have a large fraction of R-type psoffra-
per ). Using a model based on the linear theory of graviteticol-
lapse, we model the void-galaxy cross-correlation fumctiored-
shift space to take advantage of the redshift-space disterto ob-
tain the dynamical properties of galaxies around voids.araysis
of the mock catalogues shows that the model successfulbyvees
the underlying velocity and density profiles of voids frondshift

of Pittsburgh, University of Portsmouth, Princeton Unsigy, the
United States Naval Observatory, and the University of Wash
ton.

The Millennium Simulation databases used in this paper and
the web application providing online access to them were con
structed as part of the activities of the German Astroplaysir-
tual Observatory.

REFERENCES

space samples. When applying this procedure to SDSS data, we Abazajian K. N. et al., 2009, ApJSS, 182, 543

obtained evidence of a twofold population of voids accaydio
their dynamical properties as suggested on previous citsemel
studies (Paper 1) and as predicted by theoretical congidasaby
Sheth & van de Weygaert (2004). According to this, some voids
show a continuously rising profile fitting within the void-uoid
scheme proposed by Sheth & van de Weygaert (2004). Our fedshi
space-distortion studies indicate that this type of voids |kely

to be expanding. Small voids, on the other hand, are tipicalt-
rounded by an overdense shell and their redshift spacertititeo
indicate that they are more likely to be collapsing.

We test and interpret our results by comparing SDSS results
to a semi-analytic mock galaxy catalogue extracted fromMiie
lennium simulation. Both the mock catalog and the obsevxati
results are in very good agreement, providing additionppstt to
the viability of aACDM model to reproduce the large scale struc-
ture of the Universe as defined by the void network and their dy
namics.

ACKNOWLEDGMENTS

This work has been partially supported by Consejo de Inyesti
ciones Cientificas y Técnicas de la RepUblica ArgentiD@N-
ICET) and the Secretaria de Ciencia y Técnica de la Uridads
Nacional de Cérdoba (SeCyT). NP acknowledges support from
Fondecyt Regular 1110328 and BASAL CATA PFB-06.

We thank the anonymous referee for useful suggestions that
significantly increase the correctness and quality of thagkw

Plots are made using R software and post-processed with
Inkscape. Algebraic computations were made using LAPAGK ro
tines.

Funding for the SDSS and SDSS-Il has been provided by
the Alfred P. Sloan Foundation, the Participating Insiitos, the
National Science Foundation, the U.S. Department of Energy
the National Aeronautics and Space Administration, thedage
Monbukagakusho, the Max Planck Society, and the Higher Ed-
ucation Funding Council for England. The SDSS Web Site is
httpy//www.sdss.orf) The SDSS is managed by the Astrophysical
Research Consortium for the Participating Institutionse Par-
ticipating Institutions are the American Museum of Natuis-
tory, Astrophysical Institute Potsdam, University of Bladéni-
versity of Cambridge, Case Western Reserve Universityyésni
sity of Chicago, Drexel University, Fermilab, the Instéufbr Ad-
vanced Study, the Japan Participation Group, Johns Hofkins
versity, the Joint Institute for Nuclear Astrophysics, #avli In-
stitute for Particle Astrophysics and Cosmology, the Kor&ai-
entist Group, the Chinese Academy of Sciences (LAMOST), Los
Alamos National Laboratory, the Max-Planck-Institute Astron-
omy (MPIA), the Max-Planck-Institute for Astrophysics (KR
New Mexico State University, Ohio State University, Unsity

Aragon-Calvo M. A,, Szalay A. S., 2013, MNRAS, 428, 3409

Aragon-Calvo M. A., van de Weygaert R., Araya-Melo P. A,
Platen E., Szalay A. S., 2010, MNRAS, 404, L89

Benson A. J., Hoyle F., Torres F., Vogeley M. S., 2003, MNRAS,
340, 160

Bertschinger E., 1985, ApJS, 58, 1

Betancort-Rijo J., Patiri S. G., Prada F., Romano A. E., 2009-
RAS, 400, 1835

Biswas R., Alizadeh E., Wandelt B. D., 2010, Physical ReJizw
82, 23002

Biswas T., Notari A., 2008, 06, 021

Blanton M. R. et al., 2003, ApJ, 592, 819

Bolejko K., KrasiAski A., Hellaby C., 2005, MNRAS, 362, 213

Bos E. G. P., van de Weygaert R., Dolag K., Pettorino V., 2012a
MNRAS, 426, 440

Bos E. G. P., van de Weygaert R., Ruwen J., Dolag K., Pettorino
V., 2012b, preprint (arXiv:1211.3249)

Bower R. G., McCarthy I. G., Benson A. J., 2008, MNRAS, 390,
1399

Ceccarelli L., Herrera-Camus R., Lambas D. G., Galaz G.jj/l|Rad
N. D., 2012, MNRAS, 426, L6

Ceccarelli L., Padilla N., Lambas D. G., 2008, MNRAS, 390, L9

Ceccarelli L., PadillaN. D., Valotto C., Lambas D. G., 2008\-
RAS, 373, 1440

Ceccarelli L., Paz D., Lares M., Padilla N., Lambas D., 2013

Clampitt J., Cai V.-C., Li B., 2013, MNRAS, 431, 749

Colberg J. M., Krughfi K. S., Connolly A. J., 2005, MNRAS,
359, 272

Colberg J. M. et al., 2008, MNRAS, 387, 933

Colberg J. M., Sheth R. K., Diaferio A., Gao L., Yoshida N.030
MNRAS, 360, 216

Colless M. et al., 2001, MNRAS, 328, 10391063

Croft R. A. C., Dalton G. B., Efstathiou G., 1999, MNRAS, 305,
547

Davis M., Peebles P. J. E., 1983, ApJ, 267, 465

Dubinski J., da Costa L. N., Goldwirth D. S., Lecar M., Piran T
1993, ApJ, 410, 458

Efron B., 1987, The Jackknife, the Bootstrap, and Other Resa
pling Plans (CBMS-NSF Regional Conference Series in Agplie
Mathematics). Society for Industrial Mathematics

Einasto J. et al., 2011, A&A, 534, 128

Einasto M. et al., 2012, A&A, 542, 36

Einasto M., Tago E., Jaaniste J., Einasto J., Andernach997,1
A&AS, 123, 119

El-Ad H., Piran T., 1997, ApJ, 491, 421

El-Ad H., Piran T., 2000, MNRAS, 313, 553

El-Ad H., Piran T., Dacosta L. N., 1997, MNRAS, 287, 790

Fillmore J. A., Goldreich P., 1984, ApJ, 281, 9

Frisch P., Einasto J., Einasto M., Freudling W., Fricke KGra-
mann M., Saar V., Toomet O., 1995, A&A, 296, 611


http://www.sdss.org/

12 Pazetal.

Fukugita M., Ichikawa T., Gunn J. E., Doi M., Shimasaku K., White S. D. M., 1979, MNRAS, 186, 145
Schneider D. P., 1996, AJ, 111, 1748 Yahil A., 1985, in, pp. 359-373

Gelman A., Rubin D. B., 1992, Statist. Sci., 7, 457

Gonzalez R. E., Padilla N. D., 2009, MNRAS, 397, 1498

Hahn O., Carollo C. M., Porciani C., Dekel A., 2007a, MNRAS,
381,41

Hahn O., Porciani C., Carollo C. M., Dekel A., 2007b, MNRAS,
375, 489

Hausman M. A_, Olson D. W., Roth B. D., 1983, ApJ, 270, 351

Hernandez-Monteagudo C., Smith R. E., 2012, preprint (ArXi
1212.1174)

Hoffman Y., Shaham J., 1982, ApJL, 262, L23

Hoyle F., Vogeley M. S., 2002, ApJ, 566, 641

Hoyle F., Vogeley M. S., 2004, ApJ, 607, 751

Icke V., 1984, MNRAS, 206, 1P

Kauffmann G., Fairall A. P., 1991, MNRAS, 248, 313

Kaufman C., 2008, J. Am. Statist. Assoc., 15451555

Kolokotronis V., Basilakos S., Plionis M., 2002, MNRAS, 331
1020

Landy S. D., Szalay A. S., 1993, ApJ, 412, 64

Lavaux G., Wandelt B. D., 2010, MNRAS, 403, 1392

Lemson G., Virgo Consortium t., 2006, preprint
(astro-pi0608019)

Lietzen H., Tempel E., Heinmki P., Nurmi P., Einasto M., Saar
2012, A&A, 545, 104

Lindner U. et al., 1996, A&A, 314, 1

Mathis H., White S. D. M., 2002, MNRAS, 337, 1193

Melott A. L., Shandarin S. F., 1990, Nat., 346, 633

Miller V., Arbabi-Bidgoli S., Einasto J., Tucker D., 2000, NRAS,
318, 280

Neyrinck M. C., 2008, MNRAS, 386, 2101

Padilla N. D., Ceccarelli L., Lambas D. G., 2005, MNRAS, 363,
977

Paranjape A., Lam T. Y., Sheth R. K., 2012, MNRAS, 420, 1648

Park C., Choi Y.-Y., Kim J., Gott J. R., Kim S. S., Kim K.-S,,
2012, ApJL, 759, L7

Patiri S. G., Betancort-Rijo J., Prada F., 2012, A&A, 541, L4

Patiri S. G., Betancort-Rijo J. E., Prada F., Klypin A., Gt S.,
2006, MNRAS, 369, 335

Paz D. J., Sgr M. A., Merchn M., Padilla N., 2011, MNRAS, 414,
2029

Peebles P. J. E., 1976, ApJ, 205, 318

Peebles P. J. E., 1979, AJ, 84, 730

Peebles P. J. E., 2001, ApJ, 557, 495

Pellegrini P. S., da Costa L. N., de Carvalho R. R., 1989, Ap9,
595

Platen E., van de Weygaert R., Jones B. J. T., 2008, MNRAS, 387
128136

Plionis M., Basilakos S., 2002, MNRAS, 330, 399

Regos E., Geller M. J., 1991, ApJ, 377, 14

Shandarin S., Feldman H. A., Heitmann K., Habib S., 2006, MN-
RAS, 367, 1629

Sheth R. K., van de Weygaert R., 2004, MNRAS, 350, 517538

Slezak E., de Lapparent V., Bijaoui A., 1993, ApJ, 409, 517

Smith J. A. et al., 2002, AJ, 123, 2121

Spergel D. N. et al., 2003, ApJSS, 148, 175

Springel V. et al., 2005, Nat, 435, 629636

Strauss M. A. et al., 2002, AJ, 124, 18101824

Swanson M. E. C., Tegmark M., Hamilton A. J. S., Hill J. C.,
2008, MNRAS, 387, 1391

Tukey J. W., 1958, Ann. Math Statist., 29, 614

van de Weygaert R., Bertschinger E., 1996, MNRAS, 281, 84


http://arxiv.org/abs/astro-ph/0608019

	1 Introduction
	2 Data sets
	3 SDSS void galaxy cross-correlation function
	4 Model for (,)
	4.1 Velocity and density profile model
	4.2 Likelihood sampling and confidence intervals

	5 Testing the method on simulations
	6 SDSS results
	7 Summary and conclusions

