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ABSTRACT

Context. Baryon Acoustic Oscillations (BAO) are a feature imprintedhe density field by acoustic waves travelling in the plasm
of the early universe. Their fixed scale can be used as a sthndar to study the geometry of the universe.

Aims. BAO have been previously detected using correlation fonstiand power spectra of the galaxy distribution. In thiskyware
present a new method for the detection of the real-spacetstas associated with this feature. These baryon acatstictures are
spherical shells with a relatively small density contrastrounding high density central regions.

Methods. We design a specific wavelet adapted to the search for shatisexploit the physics of the process by making use of two
different mass tracers, introducing a specific statistic toctihe BAO features. We show thé&ect of the BAO signal in this new
statistic when applied to th& — Cold Dark Matter ACDM) model, using an analytical approximation to the tran$éinction.We
confirm the reliability and stability of our method by usingsenologicalN-body simulations from the MareNostrum Institut de
Ciencies de I'Espai (MICE).

Results. We apply our method to the detection of BAO in a galaxy sampdevd from the Sloan Digital Sky Survey (SDSS). We use
the ‘Main’ catalogue to trace the shells, and the Luminoud Ralaxies (LRG) as tracers of the high density central regitJsing
this new method, we detect, with a high significance, thal fR&s in our sample are preferentially located close to thdres of
shell-like structures in the density field, with charactgcis similar to those expected from BAOs. We show that stackelected
shells, we can find their characteristic density profile.

Conclusions. We have delineated a new feature of the cosmic web, the BAOsslhe these are real spatial structures, the BAO
phenomenon can be studied in detail by examining thosesshell

Key words. cosmology: large-scale structure of Universe — cosmoldigtance scale — galaxies: cluster: general — methods: data
analysis — methods: statistical

1. Introduction Baryon acoustic oscillations (BAO) are therefore due to
the propagation of these sound waves in the baryon-photon
plasma in the early universe (Peebles & Yu 1970; Hu et al.|1997

Before recombination, the energy of photons is high enooghEisenstein & Hu 1998; Bassett & Hlozek 2010). Any primordial

avoid the formation of neutral hydrogen atoms. This meaas ttover-density in the early universe produces a sphericalsco

baryons and photons are coupled through Compton scatteritsgwave in the baryon-photon plasma, travelling outwatbe:

and electromagnetic interaction between protons andrelest radiation pressure drags the baryons that are coupled to the

forming a plasma. In this fluid two phenomena act in opposite dohotons, and compensates the gravity force that pulls all ma

rections: gravitational forces tend to compress the plasmand ter towards the centre. Dark matter, however, is totallyodec
high density regions, while radiation pressure tends tatelil pled from the photons, and therefore its density at the eentr
any such over-density. The combination of both in the presercontinues growing. About 38000 years after the Big Bang,

of any initial inhomogeneity give rise to acoustic wavesgro temperature drops so that photons and baryons decouple, and

agating in the baryon-photon plasma. This phenomenon erthlg scale of the baryon shells freezes. After this time, Ibo¢h

abruptly at the epoch of recombination, when the tempegaturentral over-density and the shell grow gravitationalcrat-

drops enough to allow hydrogen atoms to form, and therefdreg both dark matter and baryons. The result at late times is a

radiation decouples from the baryons. large over-density at the position of the original perttidoa


http://arxiv.org/abs/1101.1911v3

Arnalte-Mur et al.: Wavelet analysis of baryon acousticstires

surrounded by a faint spherical shell at a fixed co-movindgsc&(o, 7), wherer is the line-of-sight or radial separation and
(Eisenstein et al. 2007). is the transverse separation. Moreover, Gaztafhaga &G09)

The BAO scale is fixed by the sound horizon at decolrave shown how to constraki(z) using the correlations in the
pling: it is the distance that the expanding acoustic shells radial direction. Kazin et al. (2010a) found similar restitir the
travel before decoupling. It has been accurately measyrélieb correlation measurements and uncertainties, but mardiest
study of the anisotropies in the Cosmic Microwave Backgrburagreement in the interpretation of the results regardiegdi:
(CMB) to be (Komatsu et al. 2009y, = 1533 + 20Mpc = tection of a line-of-sight baryonic acoustic feature.

1104 + 1.4h*Mpc (where we takér = 0.72,[Freedman et al. More recent studies (Martinez et al. 2009;
2001[. Therefore, this scale, once measured, could be usedCabré & Gaztanaga 2009a; Sanchez et al. 2009; Kazin et al.
a standard ruler to measure the Hubble expansion rate vdth r2010b) have confirmed this detection in the last Data Release
shift H(z) and the angular diameter distarizg(z) (Cooray et al. (DR7, |Abazajian et al._2009) of the SDSS-LRG, containing
2001; Blake & Glazebrook 2003; Seo & Eisenstein 2005).  twice as many galaxies as the original sample, although the

The BAO should appear as a series of damping wiggles @hserved peak is in these cases wider than that observed in th
the matter power spectrum, with the locations of the peakls a@riginal detection — an issue that needs further explanatio
throughs ink-space being a function of and other cosmolog- These measurements of the BAO scale at a low redshift, com-
ical parameters (Eisenstein & Hu 1998). All the harmonias subined with other cosmological probes, have been used to put
up to the same peak in the galaxy correlation functim at stringent constraints on the values of cosmological patarse
the scale's, and therefore it could seem more appropriate to ugkegmark et al. 2006; Percival et al. 2007; Sanchez/et &920
this statistic for the detection of the BAO feature on theilavalPercival et al. 2010; Reid etlal. 2010; Kazin et al. 2010a).
able galaxy redshift surveys encompassing large volumtéseof ~ While|Bassett & Afshordi (2010) argue that low-level detec-
universe|(Sanchez etlal. 2008). tions may not be dficient to robustly estimate the cosmologi-

The first detection (claiming & 3o level) was reported in cal parameters, Cabré & Gaztaflaga (2011) show instead tha

the analysis of the correlation functidn (Eisenstein 8paD5) is still possible —assuming a model- to locate the BAO pusiti
of the Sloan Digital Sky Survey (SDSS) (York et al._2000With data providing very low significant BAO detection.
Luminous Red Galaxies (LRG) sample (Eisenstein &t al.|12001) It is important, therefore, to find evidence of BAO in the
and later in the power spectrum (Cole €f al. 2005) of the Zakeg galaxy distribution based on complementary methods. A step
Field Galaxy Redshift Survey (2dFGRS) (Colless et al. 200fyrther is to search for real structures in the galaxy distion
But certainly this is a controversial topic. Cabré & Gamtga that are responsible for the BAO feature in these second orde
(2011) are not finding such level of detection using a data s#gtistics. The detection of these structures would be &ireon
twice as large in volume and in number of galaxies. They dBation of the existence of the baryon acoustic phenomenon.
not claim this result to be in contradiction with the startlarMoreover, if we are able to localize these structures in genfi
ACDM model, but to be a consequence of ifimient data. uration space, this would allow us to study in more detail the
One of the arguments [n_Cabré & Gaztafidga (2011) is the fRgpperties of BAO.
that mixing model selection with parameter determinatian ¢ In this paper, we introduce a new method for the detection
lead to some confusion in the interpretation of the resuits aof BAO, which is closely tied to the underlying physics of the
their significance. Oferent authors are usingfEiirent criteria process, and apply it to a sample drawn from the SDSS cata-
to assess the significance of ther BAO detection. For exgmpRgue. This method (described in Sectldn 2) is based on ana-
when [Eisenstein et 5l. 2005)fiam that the baryon signaturelyzing directly the 3D galaxy distribution using a very sffiec
was detected at 3.4 (or at 3.0 when including only data Wavelet function (which we called ‘BAOlet’), which is spadi
points between 60 and 180! Mpc) they are comparing their Well suited to search for BAO features. The method makes use
results of the SDSS-LRG correlation function with the expdc Of two different tracers, one to map the overall density field (in-
for the best-fit pure CDM model and fitérent BAO models. cluding the BAO shells), and the other to locate the positibn
The best BAO detection up to nol_(Percival €tlal. 2010) waBe largest overdensities, which should correspond taesiof
obtained studying the combined power spectrum of LRG affie shells. As we study directly the galaxy distributionamfig-
‘Main’ Btrauss et al.[(2002) samples of SDSS, together wi¢h turation space, this method also allows us to identify regjioin
2dFGRS sample, and is at the 3.60" level. The authors ex- space where the BAO signal is stronger or fainter. We describ
plicitly state that since this number is obtained compatingn the expected signal in theCDM model in Sectiofi3, using both
arbitrary smooth model, the significance cannot be directip- analytical prediction and B-body simulation catalogue. We de-
pared with the one reported in (Eisenstein ét al. 2005). ihas Scribe the samples used in the case of SDSS in Selction 4. In
clear example of dierent authors using fierent ways to assessSection[b, we show the results obtained in this case. We also
the significance of their results that in practice are notpara- Mmake a test to assess the significance of these results, and ex
ble.[Hiitsi (2006) calculated the redshift space powertspec plore the implications of this analysis regarding the |czzlon
of the SDSS-LRG sample drawn from the Data Release 4. A&BAO structures. Finally, we summarize our conclusiond an
concludes that BAO models are favored b§Bover the corre- discuss possibilities for future work in Sectidn 6.
sponding models without any oscillatory behavior in the pow
spectrum. ;

Percival et al.|(2007) detected BAOs in the clustering of th2e' The wavelet detection method
combined 2dFGRS and SDSS main galaxy samples, and ife basis of the new BAO detection method is to focus on the
their measurements to constrain cosmological models riicpa positions of massive dark matter haloes, which correspmtiet
ular a given combination of the angular diameter distdDgg) location of large initial perturbations, and to look for thees-
and the Hubble parametét(Z). (Cabre & Gaztafiaga (2009a,b)ence of structures resembling the acoustic shells arowesgth
studied the LRGs anisotropic redshift space correlatiostion Once we locate the positions of the large over-densitiesieee
to study the density field to identify the structures coroesfp
! his the Hubble constant in units of 100 krit#pc* ing to the acoustic shells around these centres. An appitepri
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method for identification of structures in continuous fields x1074
wavelet analysis (Martinez et/al. 1993; Starck & Muriaghé20
Jones$ 2009). Wavelet transforms are widely used in mangarea
especially in image analysis_(Mallat 2008; Starck et al. 01
They are specially suited for the analysis of data dfedi g
ent scales, and identification of characteristic patterrstroc-
tures. Wavelets have been used in Cosmology for the analy-
sis of the large-scale structure, and of the CMB anisotsopie
(Martinez et al.| 1993 Rauzy etlal. 1993; Vielva etial. 2004;
[Starck et al. 2006; Saar 2009). 150
Standard wavelet functions like the Mexican hat are, how-
ever, not suitable for the detection of shells. Instead, eedn
a family of wavelets whose shape matches the type of struc- 100
tures we want to find in our data. Therefore, we use a specially
designed wavelet (the ‘BAOlet’), well adapted to the seath
BAO features — shell-like structures around our selectedtres. 50
We design this new family of wavelet functions as a transfor-
mation of the wide-used B-spline wavelets (Saar 2009). &he
Yrs(X) functions are spherically symmetric, and their radiatpros~ 0

S AN oOoNDNO®

MH)C)

files are defined as i—';
R r-R r-R
= 2B (2 )— B ( )] , 1 -50
Yrs(r) 2t [ 3 s 3|5 (1)

whereR ands are the two parameters that define the scale and
width of the BAOlet functiongr s is the normalization constant -1
defined so that

Rl = f Wrs()Pdx = 1, @

andBg3(X) is the box spline of the third degree, defined by -150  -100  -50 10 50 100 150
x (h™ Mpc)

1
Ba(X) = 1—2(|x— 2P — Alx— 113 + 6)x° — 4lx + 1%+ |x + 2|3).

Fig. 1. The BAOlet function. Here we show a 2D plot (bottom)

The BAOIe_t function is sh(_)wn in Flg;l 1.1t can be thought obf the wavelers(x) used in the analysis, as defined by equa-
as a sp_herlcal shell of radil® and widths, with zero_amph- tion (). The top panel shows a 1D slice along the dasheediott
tude at its centre and therefore adapted to the detectigrthefs gyis The wavelet is plotted here f& = 105h~Mpc, s =

ical shells of a given radius. This specific choice is mogdat 3qp,-1 Mpc. The red dot marks the centre of the wavelet. This
by the fact that the integrated profile is the widely-used-ong,nction has a null mean (provided tHat> 2s), and compact

dimensional ‘B-spline’ wavelet function that has a null meagy,nort. |t takes non-zero values only R 2s < [x| < R+ 2s.
and compact supportPp, 2]. These properties directly translate T

onto the BAOlet that has also a null mean —a requirement fpr an
wavelet function—ifR > 2s, and takes non-zero values only folis 5 very delicate aspect of the BAO detection in the two-poin

R-2s<|x| < R+2s. o _ . correlation function.

We describe the density field using the density contiegt Due to the properties of the wavelet, the fiméent maps
defined as Wr s(X) should have a null mean when averaged over all pointsin
5(x) = o(X) — po the volume considered. Equivalently, if we sampled thespsma

at N random points uniformly distributed in the vqum)éi)o,

) o o _ the expected value of the average of theffioents is zero,
wherep(x) is the density field, angdo is its mean. Then, given

a density contrast maf(x), properly normalized as in equa-E{<WRS(X$i))> } -0. (4)
tion (@), we can construct, for each point in the parametacsp N
(R s), aBAOlet codlicient map as the convolution of our densityrhis condition holds even in the presence of shell-likecitres

field with the corresponding wavelet: in the density field. Of course, for such structures the value
Wrs(Xc) (Xc is the centre of the shell) is positive, and remains
Wrs(X) = f Yrs(Y)s(y — x)d%y . (3) positive in nearby points. For an idefl — R) density shell the
R3

radius of the region around the centre where the waveletiampl
The BAOlet acts as a matched filter, which is sensitive to dd#de is positive, is; the positive signal in this region is compen-
containing shells of dierent radius and fferent widths. Its Sated by negative amplitudes arouxid= R. However, if we are
property of zero mean is also of high importance since it makable to identify the positions dfl massive haloes in the same
the statistics derived from the BAOlet d&eients independent volume &), we can define a new statisti(R, s) as the mean
of the background level. Indeed, it is obvious that any camist value of the cofficientsWg s(x) at these positions:
added to the input data would not change the BAOletffcoe _
cients. In comparison, the estimation of such a baselinel IeB(R 8) = (Was(x{)), - (5)
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If there are indeed shell-like structures around the seteden- corresponding to such initial perturbation will we givemsiy

sity maximax(c'), as expected for baryon acoustic structures, vi®y (Eisenstein et al. 2007)

should find positive values @&(R, s) with the maximum o at _

the (R, s) values characterizing these shells. p(r) =CT(r) (6)
We can obtain further information from the wavelet fibe _

cientsWr 5(X), as we have information on the actual dependengdereT (r) is the Fourier transform of the transfer functit(k),

of the signal picked up by the BAOlet function on the positisn andC is a normalization constant that depends on the details of

particular, fixing a set of parameters of interé&t &), we could the initial perturbation, and on the cosmic growth funciibi(z).

use the cofficientsWg s (Xc) to identify which of the selected From equations(3) andl(5), we see that tfiee of C will be

massive haloes are giving the largest signal for these cteara just to change the normalization of our statidbi, s).

istics of the shells. In the context of BAO, the parameRrs We used the fitting formulae to the transfer functibk)

can be chosea priori using a theoretical model, @ posteri- from|Eisenstein & Hui(1998), and obtained the expedied at

ori using the parameters for which the functiB(R, s) attains a large overdensity using equatiohb (6) did (3). In ordeigh-h

it maximum. In this way, we can localize in configuration spadight the particular signature of BAO, we also calculaiéf s

the structures responsible for the largest BAO signal invargi using the ‘no wiggle’ transfer function formula, in whicheth

sample. BAO have been edited out. We used here the valigs= 0.25,

For our calculation oB(R, s), we sample theR, s) parameter @A = 0.75,Qp = 0.044, andh = 0.7 for the cosmological pa-
space on a grid. For each poift §), we calculate the cdcient fameters, to aIIo_vv a dlrgct comparison with the MICE simula-
mapWks(x) as the convolution of the BAOIlet with the densit);_lon._Followmg Eisenstein &1HU (1998), the sound horizoalsc
field (equatioB). We perform the convolution in Fourier@pa N this case igs = 1093h™Mpc. The results for both cases
using a Fast Fourier Transform (FFT) technique. To avoidprodr® shown in Figl12. In the plot, we mask the regRn< 2s,
lems with the FFT, we zero-pad a large region around our tlensS for t_hese vaIL_les_of the parameters our BAOlet is not compen
cube. To obtaiB(R, s), we samplég 5(x) at the position of the sz_ited (its meanis ﬁerentf_rom 0). Comparing both panels of the
N selected centres, and calculate the average value (ea@tio Figure, we see clearly which is théect of the presence of BAO

Therefore, to apply this method, we need a way to map tipour statistic. In the case without BAQR s is always negative,

overall density field(x), but also to locate the position of mas—and it presents a smooth gradient across Rie)(plane. This

. i . radient is due to the overall shape of the radial profile éequ
sive matter haloersg). We have to use two fferent populations g b P &eq

. ; tion (8). However, in the presence of BAQ s shows a promi-
of mass tracers, so that they play the appropriate role idéae nent peak with positive values. This clearly shows the idea b

tection algorithm. The idea of using twoffirent tracer sets oneping theB(R s statisti .

- g ' atistic. The BAOlet/r s acts as matched filter
for the small pgrturbatmns and ano;h.er for the h_|gh pef.IkS'With a shape adapted to detect BAO shells. Therefore théy®si
a crqfs—corr_elatlon analysis was anticipated by Eisamsteil. )65 in the caicientsWi s correspond to the cases in which
(2007). We implement here a similar idea, but using a wavelgly (4 qial profile is matched by the BAOlet shape. The valties a
tool directly on the density field. As detailed below, we u

. , e Sfhich Wk s attains its absolute maximu = 110htMpc
galaxies from the ‘Main’ and LRG samples of SDSS in this casg e 2322 h-Mpc, correspond thus g’?ﬁ‘e characterisrt)ics of

However, this choice would depend on the kind of data aviilay,g ghe|| that best matches the observed profile about thetedl

in each case. centres.

In order to test the reliability of the method, and of this
ACDM prediction, we calculated thB(R, s) for a halo cata-
3. Prediction from ACDM logue drawn from the MICE simulations. We used the publicly
available halo catalogue from the ‘MICE3072’ run (Croccalet
In order to better understand our method, we show here whigb10). This particular run contains 2(garticles in a box of
results we expect according to taCDM model, and the ef- side 3072~ Mpc, therefore covering a volume of 29° Gpc.
fect of BAO in our new statisti(R, s). We use for this aim The simulation was run with the GADGET-2 code (Springel
both the analytical approximation to the transfer functafn [2005), assuming ACDM model with the parameters mentioned
Eisenstein & Hul(1998), and the results from the MareNostruabove. Haloes in the simulation were selected using a fsiarfid
Institut de Ciencies de I'Espai (MICE) simulation (Fosalit al. friends (FoF) algorithm.
2008). We used the resulting halo catalogue at0, which contains
In the first place, we use teCDM transfer function, which a total of 2819031 haloes containing 143 or more particlags T
allow us to study directly theftect of the BAO. However, in this corresponds to haloes with masses8.35 x 10*h~* M. The
case, we must do a series of approximations in order to makbalo number density is thus7 x 10->h3Mpc3. We used the
prediction forB(R, s). We want to predict which is the typical full halo catalogue as a tracer of the overall density field.tkién
result for the wavelet cdicientWs s at the position of massive selected as centres for the calculatiorBR, s) in equation[(5)
matter haloes., as a function oR, s. From equatior{{3), we seeonly the haloes with a mass1.76x 10**h=1 M. We chose this
that this is equivalent to study the typical density profileumd mass threshold in order to select approximately the 10% most
such haloesj(y — xc). The ACDM transfer function allows us to massive haloes in the simulation box. This choice is somewha
calculate this profile, provided we know which is the inipedr-  arbitrary, but serves for the purpose of testing the BAOletrad
turbation corresponding to the selected haloes. We make hand illustrating the expected result.
the simple approximation of considering that these infigitur- Fig.[3 shows the BAOIlet resuB(R, s) for these MICE sam-
bations are point-like and spherically symmetric, and ¢arst ples, compared to the theoretical results obtained abmrae fr
be simply described by a Dirac delta function in configumratiathe| Eisenstein & Hul (1998) transfer functions. We obtain-a re
space. This corresponds to a constant value in Fourier spacesult very similar to that of Figl]2, a8(R, s) shows a clear
the transfer functioi (k) describes the relative evolution of thepeak, and attains its absolute maximumRgg, = 108h~ Mpc,
different Fourier modes, the present day radial density proféig.x = 28h~Mpc. This indicates that our BAOlet method can
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B(R),

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
R (h Mpc) R (h™ Mpc)

-10000  -8000  -6000  -4000  -2000 0 2000 -40 -30 -20 -10 0 10
WR,s B(R,s)

Fig. 2. Values of the BAOlet cofficientsWr s expected at the Fig.3. The BAOlet statistidB calculated for the MICE simula-
positions of large initial point-like perturbations, asumétion tion sample described in the text as a function of the pararset
of the BAOlet parameterdR(s). The bottom panel shows the(R, s) (bottom panel). The contours are drawn at steps of 5 for
result using a standartdCDM transfer function, while the top B < 0 (dotted),B = 0 (solid), andB > 0 (dashed). This func-
panel shows the result using a transfer function with the BAdn attains its maximum foR = 108h~Mpc, s = 28h~1 Mpc.
wiggles edited out (Eisenstein & Hu 1998). The normalizatioThe top two panels show cuts at the valses28h~" Mpc (top)
is arbitrary. The contours are drawn at steps of 1000Mgg < 0 ands = 22h~* Mpc (middle), marked with grey horizontal lines
(dotted),Wrs = 0 (solid), andWrs > 0 (dashed). The map in the 2D panel. In each case, the solid blue line corresptmds
attains a maximum & = 110h~*Mpc, s = 22h~* Mpc. the value obtained from MICE, the dashed red line correspond
to the theoretical expectation from the Eisenstein & Hu €)99
transfer function (bottom panel of Figl 2), and the dotteskegr
line to the theoretical expectation using the ‘no wigglenis-

. fer function (top panel of Fig.]2). These theoretical prédits
be applied to two sets of mass tracers, although the defdheo have been re-normalised to get the same value at the maximum
tracers used here are venyfdrent from the ones we use IateIn BR 9.

on the SDSS samples. This also confirms the expedfedtef

the presence of BAO in thB(R, s) function: the presence of a

large peak with positive values &, located approximately at

the values oR ands corresponding to the radius and width of  We also used this halo catalogue from MICE to make a qual-
the acoustic shells. The fact that we obtain here slightlerént itative estimation of how dierent observationalfiects would
values forRmax and smax than those predicted above may be duafect the BAOIet result. In the first place, we studied the ef-
to non-linear evolutionféects, which slightly reduce the radiusfect of redshift-space distortions. To this end, we cal@ddhe
and increase the width of the shells. A simil#fieet is present in redshift-space positions of all haloes taking into accdhetr

the correlation function (see elg. Crocce & ScoccimarrcdE200 peculiar velocities, as output by the simulation, and abersi
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ing an observer located in one of the vertices of the simadati 60
cube. The result foB(R, s) in this case is shown in the top panel
of Fig.[4, where it is compared to the real-space result dised
above. As can be seen from the figure, although smi@didinces 50
appear between the real- and redshift-space results, inde&aa
tures of theB(R, s) prediction remain the same, with the position
of the maximum changing only by 1h~* Mpc. Ao
For the second case, we added tffe@ of a decreasing ra- ;a
dial selection function across the sample. We model thiscsel -._ o
tion as an exponential decay function, such that the final-nurtr3
ber of haloes used to trace the overall density field i20%
of the total. In our calculations, we then weight each halo by ,,
the inverse of the mean density at its redshift, as we do fater
the SDSS data. We do not apply any selection function to the
centres. The results f@(R, s) obtained in this case (including 10
also the redshift-spacéfects) are shown in the bottom panel of
Fig.[ 4. As above, these observationfitets do not change sig-
nificantly the overall behaviour &(R, s), or the location of the
maximum of the peak. Overall, although the MICE catalogue .,
used does not mimic the characteristics of our SDSS samples,
we can be confident that neither redshift-space distortams
a radial selection function (when it is taken into accounthie
calculation) should bias significantly our results.

IN
o

s (h‘1 Mpc)

w
o

4. SDSS samples used

We used data from two fierent samples of the latest data re-
lease (DR7) of the spectroscopic SDSS. On one side, we usegh
the ‘Main’ galaxy sample  (Strauss et al. 2002) as mass tacer
for reconstructing the overall density fiei¢k). On the other, we
used the LRGs as tracers of the central over-densitieshane-t 10
fore used them as the selected cenxﬂ%so computeB(R, ).
Luminous Red Galaxies were selected by the SDSS team
using several colour and magnitude cuts to obtain a highly bi 2040 60 80 100 4 120140 160 180 200
ased sample reaching high redsHift (Eisenstein/et al.] 20b) R (" Mpc)
galaxies selected in this way are known to reside near thieasen
of massive dark matter haloés (Zheng étal. 2009) and are thus [ T ]
adequate tracers for the centres of baryon acoustic stascie -40 -30 -20 -10 0 10
applied an extra cut in the K-corrected, evolvgdand absolute B(R:s)
magnitude=23.2 < My < —21.2, as in the previous BAO anal-

ysis by Eisenstein et al, (2005). This results in an appraséry Fig.4. The BAOlet statisticB for the MICE simulation when

volume-limited sample in the redshift rangd5< z < 0.30. : :
‘Main' galaxies in the SDSS constitute a much dens?pme observationalffects are taken into account. In the top

sample, and are therefore more suitable to map small den ynel, we show th&(R, s) obtained when redshift-space dis-
changes such as BAO shells. We used the ‘Main’ sample frofgt'ons are included in the simulation. In the bottom pane

-show the result when a radial selection function is appliethée
the Va_tlue-Added Galaxy (_:at_alogdl_e_LB_Ia.p_tQ_n_éLaL_ZO_O 5)ctvhi halo catalogue. In both cases, the contours are drawn &t atep
constitutes a magnitude limited sample in thieand, withr <

. . 5 in B. Solid contours correspond to the results with the obser-
17‘6F' :rv ?haepggﬁs eargig)r(ltroa; 2255802% <r e_dzs(r){ift s into co-movin@tional éfects included. The dashed contours correspond to the

distances, we used a fiducial cosmology with the paramet%i tin?rl‘real-_sgiﬁcebritsult witholu th elecgon, .e., thay ident-

Qu = 0.25,Q, = 0.75. In all our analysis we use distances 0 those in the bottom panel of Fig. 3.

in units of ™! Mpc, so that they do not depend on the specific

value ofh. We converted the distribution of the ‘Main’ galaxies

into a density fields(x) binning it into a grid with cubic pixels of limits 0.15 < z < 0.26. To minimize borderféects in theB(R, )

3h~tMpc side. We corrected for the selectiofieets by weight- calculation, we defined a Hier region ofrpyy = 175h~*Mpc

ing each galaxy by the inverse of the average density atdts rérom any of the borders of the ‘Main’ sample volume. We used

shift. As explained below, we performed some tests by diightas centres only the LRGs in the inner volume. This allows us

changing this weighting scheme. Although this weightinggmao use the density field, as traced by the ‘Main’ sample gakaxi

not be optimal, it should notfBect significantly our results, given fromz > 0.09. In order to minimize angular selectiofiexts and

that the wavelet method does not depend on the local backdroborder éfects, we use a compact area of the sky where the angu-

level. We used the density field constructed in this way fer thar completeness is nearly uniform. This area covers 55¢ de

calculation of the BAOlet ca@cients following equatiori{3).  and is defined, in the SDSS survey coordindtes (Stoughtdh et a
In our calculations, we could only use the region in whicdB002), by the limits-31.25° < n < 28.75°, -54.8° < 1 < 51.8°.

these two samples overlap, which corresponds to the redshifis results in finally using the density field in a volume of
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2.2 x 18 h—3Mpc?, as traced bNwain = 198342 galaxies. The
number of LRGs used as centres (avoiding thidsuegion) is ' ' ' ' ! ' '
Nire = 1599.

In Fig.[3 we show a slice of this survey showing both th,g10 i
‘Main’ galaxies and the LRGs. We show how, given thefbr & 0 [ g - .
used, the LRGs used as centres are located only in an inner vg)
ume of the larger ‘Main’ sample. To illustrate the idea of the
method, we show a zoom around a given LRG galaxy. Even fof° . . . . . . .
this single centre, a slight over-density of ‘Main’ galaxis seen o |- i
at the radii of 105-110* Mpc.

As the structures we look for are huge, with radii about™
100h~*Mpc, we have to consider theffect of assumed COS-E ¢ | s Eo— R i
mology (diferent comoving distances) on our result. In ord&r
to estimate the distancefirences, we compared the distances®
in our adopted MICE cosmologyXy = 0.25,Q, = 0.75) with 55 | i
these in the WMAP 7-year cosmological model (Komatsu et also
2011),Qy = 0.271,Q, = 0.729. We fixed the redshift dif-
ferencedz = 0.07 that corresponds approximately to our shell
diameter of 200~ Mpc, and found that this gives distance dif- 50
ferences of only a 0.3 and 0.8 per cent at the near and far tsorde
of our sample (the MICE distances are larger than the WMAP7
onesin each case). So, for our nearby volume, fieeeis small, 40
and does notféect our results given that the statistical uncertgin-
ties are much larger (see next Section). However, tiiecewill s
be significant for deep samples. "= 130

=

2]

5. Results for the SDSS samples 20

We performed the calculation &(R, s) for the SDSS in an anal-
ogous way to the case of the MICE simulation, using the sami®
ples defined in Sectidnl 4. Our results are shown in [Hig. 6. As
above, we mask the regid® < 2s. As we are not introducing 20 40 60 80 100 120 140 160
any border correction when calculating tB€R, s) statistic, we R (h* Mpc)
also mask the region corresponding to the valRes rp,; — S.
Values obtained at a those large valueRafould contain some _lﬂﬂﬂﬂ:::
spurious signal, as the calculationWwk s would rely on the den- 25 20 45 10 5 0 5 10 15 20 25
sity field in regions outside of the survey boundaries. B(R.s)

The resultingB(R, s) map is qualitatively very similar to

that expected, either using an analytis28DM model (Fig[2), _. -
or the MICE simulation (Figd]3 arid 4). This is an indicatioff19- 6- The BAOlet statistid calculated for SDSS data as a func-

that the observed pattern does not originate from spurieas ftion of the parameter& s). The bottom panel shows the results
tures in the SDSS but is closely related to the large scale-strin the full parameter space considered, where we samplédbot
ture and more specifically the BAB(R, 9) attains a maximum andsatintervals of h™Mpc. We mask two areas, at the upper
at Rmax = 116h2MpC, Smax = 36h~Mpc. This maximum right and left corners, where our results are not relialee (e-

is clearly related to the characteristics of the BAO strretu t@ilS in the text). The contours are drawn at steps of Bfar 0
present in our samples. We studied the robustness of thitt reédotted),B = 0 (solid), andB > 0 (dashed). The top two panels
by changing the weighting scheme applied for the constnctiSNOW cuts a:[lthe arbitrarily chosen valies 36h™ Mpc (top)

of the density map (see Sectian 4). We did so by capping at cﬁ\q’_\ds = 20h™" Mpc (middle), marked with grey horizontal ]lnes
ferent maximum values the possible weights associatedcto e! the 2D panel. In these panels, the blue '_'T/%(R s), while
galaxy, and repeating the calculationB{R, s) in each case. The the green line and the red band show the m&n j and 1e-M¢
results were qualitatively similar, obtaining a pealBfR, s) in  interval for the Monte Carlo realizations of random centi#’s

all cases. However, the position of the peak changed in ezsgh c obtain a clear significant peak atfidirent values of, with a
with maximum changes of the order 86 h~' Mpc in Ryax, and maximum forR = 116h*Mpc, s = 36h~* Mpc.

+10h™*Mpc in snax Therefore, the dierence between the po-

sition of the peak obtained from the SDSS data and that given

by the MICE simulation is not significant. In any case, we caf@XIMum,Bmax = B(Rmax Smay = 229 + 3.73. A more thor-
not use the scale and the width of the observed maximum @fghfull analysis would model thB(R, s) statistic in the full
B(R 9) as direct estimates of the radius or width of the shell@arameter space. However, given the large covariancesbatw
specially given that our analysis of the possible obseowali Me€asurements at féerent values ofR, s) we do not expect a

biases (Fig.}4) was only qu_alit.a_tive. ) 2 This error inBmax is obtained from the variance of the ¢beients at
In order to assess the significance of the BAO detection wiflie N, ¢ different LRGs. However, our significance test is independent
this method, we focused on the valueR{R, s) obtained at the of this error value.
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z=0.26 LRG -
MAIN-SDSS -

— e Galactic plane

Fig.5. The SDSS catalogues used. We show a 6 degree thick slice diamvithe catalogues used in our analysis. The red points
are the LRG galaxies, which form a nearly volume-limited plaratz > 0.15. The ‘Main’ galaxies of the SDSS are depicted in
blue. As shown, we use the ‘Main’ galaxies fram- 0.09, and we use only the LRGs in an inner volume, allowing fougidp
region ofrpy; = 175h~1 Mpc from any of the borders of the ‘Main’ sample volume. For analysis, we use the samples covering a
total area of 5511 dégThe radius of a typical BAO shell is shown as a segment. Atdpensets we show two orthogonal slices of
width 20h~1 Mpc, centred on a particular LRG. The BAOlet ¢eient mapWi s(X) has a large value at the position of this centre
(for Rmax Smax), and thus we expect to find a strong BAO signal. The two cirblave the radii of 100 and 119! Mpc respectively.
This is a single BAO shell where the over-density can be apgted by eye at the right scale.

large diference from the simple case we consider. We will a§NRyax instead of directly usin@®nmax because for some regions
sess the probability of finding such a maximum in the case @f parameter space, specially at IeyoMC(R, ) is extremely
which there are not baryon acoustic structures present iin ¢arge. Therefore, if we useBmax, We would need to arbitrarily
sample. We model this null hypothesis by using randomly digestrict the parameter space studied, thus introducingssilple
tributed centres for the calculation &(R, s) in equation [(b), a posteriori bias. When usir@NRmaxwe sample the full param-
instead of LRGs. Even using thér s(x) codiicients from the eter space considered in the calculations (as shown ifJFigieé
observed density field (traced by SDSS ‘Main’ galaxies)gke computed the maximum value 8NR for each realizatiorj in
pected value oB(R, s) in this case is O (see equatibh 4), anghe full (R, s) range, SNRY<Y . The distribution of the values of
we expect to obtain a significantly higher_signal ir_1 the dita. g M;:)gj) is shown in Fig[, where it is compared to the value
this way, we are testing the null hypothesis that, eitheretiage ot SNR . obtained in the real data. We found that only one of
not shell-like structures in the density field traced by thiain the realizations gave a value SNng,g') larger thanSNRax

sample, or these shell—llke_structures are not found peefally Thus, the probability of obtaining a maximum with such a éarg
around LRG centres. In either case, that would mean tha th%rNR in the absence of baryon acoustic structures (our null hy-
are not BAO-like structures present in our sample. ‘i 5 ry L y
pothesis) isp ~ 107>, equivalent to a~ 4.40 detection in the
To perform the significance test, we generate#l tEidom Gaussian case.
realizations of a Poisson process, with the mean number of However, we should stress here that the significance found in
pointsNirg, in the same volume as the LRGs considered in thiis work can not be compared directly to other detectiorlkev
calculation (i.e. taking into account thefber zone). For a real- found in the literature, as it has been stated in the intrhdnc
ization j, we use the generated points as our centteto com-  In particular, we are not comparing our results with an atizdy
pute theB(R, 9) statistic following equatiori{5), using tMék s(x) no-BAO model ofB(R, s) (such as that shown in the top panel
coeﬂ‘icieMnés obtained from the data. We can then obtain the mesfiFig.[2), since to do so would require the detailed modgléh
valueB (R s), and the standard deviatianV®(R, s) of the all the selection fects dfecting the two samples used.

Monte-Carlo realizations of the centres. We sfW (R, and _ As explained in Sectiofil2, we can extract more informa-
a band of ]J—MC(R S) around itin the top pane|s of F| 6. tion about the BAO phenomenon In our Samples maklng fur-

) i ) . ther use of the BAOlet cdicient mapsiWk s(X). Here, we use
We now calculate our signal-to-noise ratio at the maximuffe codficient values at the positions of the LRG, for the pa-
as SNRmax = Bmax/ [UMC(Rmax, Smax)] = 6.60, and assess therametersRyax Smax Which correspond to the characteristics of
probability of finding such a large value 8NRy.x anywhere in  the BAO shells present in our samples. In this way, the values
the parameter space for the Monte Carlo realizations. We u3®max = Wk, s..., are a measure of how strong is the signal com-
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work in redshift space, and of the redshift-dependent selec
function for ‘Main’ galaxies.

A simpler view can be obtained by calculating the average
radial density profileo(r) around theN; centres. The result-
ing profile, shown in Figl_10, has the same features as the 3D
view: a high bump at short scales, and a clear peak at about the
acoustic scale, with a maximum @gtax = 1095 + 3.9h~1 Mpc.

The error inrmax Was estimated using bootstrap realizations
(Lupton199B). This scale gives the radius of the baryon sibou
shells, and it is therefore a good estimator of the acoustites

in the sample. We also show in F{g.]10 the radial profiles re-
stricted to diferent regions of the sphere, to better characterize
the anisotropy of the distribution. We define two cones with a
width of 45 with respect to the line-of sight in each direction
(we call these ‘near’ and ‘far’ regions), and a ‘transversgion
covering the belt between the cones. We obtain for each eéthe
regions qualitatively similar results. As expected, we Bow/

) ) . o ) the ‘near’ and ‘far’ subsamples are more strongfieeted by
Fig.7. Histogram showing the distribution of the maximumyhservational fects, such as redshift-space distortions, which
SNRvalues obtained, in the fulR( s) space, for the TO0Monte  5re more severe along the line of sight. In contrast, thdtrizsu
Carlo realizations of Poisson-distributed centr&8Rhs."). the ‘transverse’ subsample matches, within the errors,féra
This histogram has a mean of7/2 and a standard deviation ofthe full sphere. It is interesting to note that the value gf is
0.46. We show as a dashed vertical line the value obtained frafiightly larger for the ‘far’ sample than for the ‘near’ one.

Frequency

SNR

max

the data (using the LRGs as centré&®)Rnax = 6.60. Only one It is worth to emphasize that this approach would be impos-
of the Monte Carlo realizations give a maximum value largeible with any statistical BAO detection method used this fa
thanSNRyax. since the spatial localization of the shells is completebt in

the correlation function or in the power spectrum, while live
cal nature of the wavelet approach has allowed us to identify
) ) ) ) ) the positions of the most representative structures inampe.
ing from a BAO shell around a given point, and in particular, fjoreover, we are measuring the acoustic scale at posit@ns s
given LRG. Therefore, usin@max We can localise in configu- |ected for their low contamination from other structuresjot
ration space the regions of the volume covered by our sampig$ot the case when averaging over the full sample. In this wa
where the BAO signal is mostly coming from. we maximize the BAO signal, while minimizing thefect of
We llustrate this idea in Figl]8, where we plot a twosignals coming from dierent large-scale structures.
dimensional projection of the distribution of the LRGs used
centers in our analysis, showing also the valud\kfy for each . ) .
of them, following a color gradient. The highest values\f,, 6- Discussion and conclusions

correspond to the red points in the plot. In summary, we have designed a new method for the detection of
In Table[1, we provide the 10 LRGs used as centepairyon acoustic oscillations in the galaxy distributiod &or the

with the larger values ofWmax. The whole catalogue of the|ocalization, in configuration space, of the structurepoesible

Nire = 1599 LRGs used as our centers, and the value ffr them. This method is based on the use of a specially degign

Whax Obtained for each of them can be found at the web pagewvelet applied directly on the density field. Our approdsb a

http://www.uv.es/martinez This catalogue could be usedrelies on the use of two fierent tracers: one for the overall den-

to study the relation of the BAO signal at a given LRG to itsity distribution, and the other for the central overddesiof the

properties or the environment. It could also be used to makéaryon acoustic structures.

selection of LRG centres with high signal, and use them to re- After testing the method with simulations, we applied this

fine the measurements of the BAO characteristics. method to the detection of baryon acoustic structures ima sa
As an illustration of this later use, we show a simple wagle drawn from the SDSS. In this case, we used galaxies from

to study the overall properties of the BAO structures, itgpgh the ‘Main’ catalogue to trace the overall density field, aathg-

and scale. We select those centres which we know that predestfrom the LRG catalogue to trace the location of massivk da

a prominent acoustic feature, i.e., those for whithax > 0 matter haloes. We clearly detect BAO in the sample providing

This leaves us wittN; = 809 centres. In order to improve theconfirmation of the detection obtained previously usingegeh

signal-to-noise in this illustration for studying the BA@rug- two point statistics (the power spectrum and correlatiamcfu

tures, we stacked together the 3D density maps aroundlithetion). In fact, our approach provides an independent metbod

selected LRGs. In doing so, we kept the line-of-sight dicect the detection. Finally, we showed how this method allows us,

aligned for all the centres, as this direction will define gus- through the use dlVmax(X), to localize in configuration space the

sible anisotropies in the distribution. We show a 3D view amattual structures responsible for the BAO signal obtaifidis

a 2D cut of this stacked density map in Hig. 9. Thanks to this a consequence of using a wavelet acting directly on the den

selection the characteristic elements of the BAO are araglifi sity field. We illustrate the utility of this approach by shog

on the one side, a central bump with high density, corresipgndthe density distribution stacked around a set of centrew/krno

to the massive halo traced by the LRG, and on the other sidapw the BAO feature given théiax value.

the shell surrounding it at a scale ©f109h~* Mpc, showing a Recent works have proposed alternative methods to study the

fainter over-density. We also observe the anisotropicneati BAO based on wavelets (Xu etlal. 2010; Tian et al. 2011). In par

these structures. This is a combination of the fact that we ba ticular, Tian et al. use a Mexican hat wavelet function witlo t


http://www.uv.es/martinez
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Fig. 8. A two-dimensional projection of the distribution in redgtipace of the LRGs used in the analysis (i.e. inside otiiebu
region). The data showed corresponds to a slice of a width&fin declination, which contains 40% of the LRGs. The colour
and size of each point corresponds to the value/gf, at this LRG position.

SDSS object name a (deg) 6 (deg) z o Winax

SDSS J141746.20084733.0 214.44254 18.79250 0.19872 0.00016 517.84
SDSS J121858.41380813.6  184.74341 38.13714 0.18974 0.00018 436.68
SDSS J112430.2415557.3  171.12613 41.93260 0.19433 0.00019 419.45
SDSS J112355.53123816.5 170.98140 42.63793 0.19404 0.00020 414.63
SDSS J112352.742424542.4  170.96968 42.76178 0.19469 0.00018 414.63
SDSS J122935.4384636.4 187.39640 38.77680 0.18686 0.00016 413.47
SDSS J112535.99112608.3 171.39998 41.43564 0.19288 0.00019 401.91
SDSS J104501.9862944.3 161.25810 36.49566 0.15938 0.00015 399.06
SDSS J140443.3264439.2  211.18047 26.74424 0.15854 0.00016 396.19
SDSS J142031.28211700.4 215.13036 21.28346 0.19232 0.00020 395.40

Table 1. Table containing the basic characteristics (J2000 skydinates, redshift and redshift uncertainty) of the 10 LRGth w
the larger values of the BAOlet cfigient at the maximuriVihax. The full table is available &ttp://www.uv.es/martinez.

parameters, conceptually similar to ours. They use it tockea Survey (BOSS| Eisenstein et al. 2011), or the Physics of the
for a peak in the two point correlation function of the ‘Main’Accelerating Universe (PAU) Survey (Benitez et al. 2009),
SDSS sample, obtaining a detection witlp-&aluep = 0.002 which will cover a much larger volume than studied here, and
(equivalent to 3lo- in the Gaussian case). As in our case, thiwill explore higher redshifts.

shows the utility of using the ‘Main’ sample to reduce thetshocknowIed rents. This work has been suoported by the  European
noise in the calculation and to obtain significant deteatio eseamhg Council grant SparseAstro (Echpzzszel),y by thenisza
However, these works apply the wavelet to the measured tW8NsOLIDER projects AYA2006-14056 and CSD2007-00060, lidiag
point correlation function, instead of directly to the diégnfield. FEDER contributions, by the Generalitat Valenciana piojef: excellence

In this way, the use the capabilities of the wavelets to aftara PROMETEGQ2009064, and by the Estonian grants SF0060067s08 and
ize accurately the BAO signal (in terms of radius and widbh, ETF8005. P.A.M. was supported by the Spanish Ministerio dieicEcion

" " . through a FPU grant, and by an ERC StG Grant (DEGAS-259586).
they are not able to getany information about the localregif We acknowledge the use of data from the MICE simulations,liglyb

these structures in space. available at httgiwww.ice.catmice. We also acknowledge the use of pub-
; i fi ; lic data from SDSS. Funding for the SDSS and SDSS-II has beevided
b|T'hef use OT Wavglets glrethly onthe der_]SIty field ISO_latQZValby the Alfred P. Sloan Foundation, the Participating Ingitins, the National
a e_m ormation aboutthe _aryon _aC.OUSt'C Stru?tures_ﬂla_ ~ Science Foundation, the U.S. Department of Energy, theoh@tiAeronautics
den in the standard two point statistics. In particular¥#egius and Space Administration, the Japanese MonbukagakusboMéx Planck
information, through the cdﬁcientsWRs(x), to localize regions Society, and the Higher Education Funding Council for EndlaThe SDSS

in the sampled volume giving the largest or lowest signal. VEC 2.8 < it i T S ot TPariciating
expect that this new method for studying BAO will be of mucﬁlstitutions are the American Museum of Natural HistorytrAphysical Institute

use for ongoing or planned surveys, SUCh_as Fhe WiggleZ _Sur\#%tsdam, University of Basel, University of Cambridge, €¥¢estern Reserve
(Drinkwater et al! 2010), the Baryon Oscillation Spectaysc  University, University of Chicago, Drexel University, Feilab, the Institute
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Fig. 10. Average radial profiles. We show the radial density pro-
file averaged over thé&l; centres withWg_ 5., > 0. We plot
o(r) = ’% wherepg is the average density of the sample. The
continuous line with red error band shows the radial probie f
the full sphere. We also show the error bands for the rada@l pr
file restricted to regions of the sphere, as defined in the tiest
‘near’ region (green), the ‘far’ region (blue), and the fisxerse’
region (orange). The arrow signals the location of the maxim
rmax = 1095h~tMpc. The error band corresponds to ther1-
dispersion of 1000 bootstrap realisations. The profilesevesr
timated using &3 kernel of widthh = 4h~Mpc in the radial
coordinate, but similar results are obtained when usirghgii

- / different widths or shapes of the kernel.

for Advanced Study, the Japan Participation Group, Johrgkide University,
B the Joint Institute for Nuclear Astrophysics, the Kavli tihge for Particle
Astrophysics and Cosmology, the Korean Scientist Growg(thinese Academy
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