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ABSTRACT

We measure the angular correlation functis(y), from 0.5 to 30 arcminutes of detected sources in two widddief the Herschel Multi-tiered

Extragalactic Survey (HerMES). Our measurements are st@miwith the expected clustering shape from a populatiGources that trace the
dark matter density field, including non-linear clusteratgarcminute angular scales arising from multiple sourbas accupy the same dark
matter halos. By making use of the halo model to connect thgadelustering of sources to the dark matter halo distidny we estimate source
bias and halo occupation number for dusty sub-mm galaxies~af. We find that sub-mm galaxies with 2bfh flux densities above 30 mJy
reside in dark matter halos with mass above @& x 10'?Mg, while (14+ 8)% of such sources appear as satellites in more massive halo

Key words. Cosmology: observations —large-scale structure of Usiver galaxies:high-redshift — submillimeter: galaxies

1. Introduction In the Lockman-SWIRE field we have detected 8154, 4899,
and 1680 sources with flux densities above 30 mJy at 250, 350,

The Herschel Multi-tiered Extragalactic Survey (HerNEES and 50Qum, respectively, in an area of 218218 (Oliver et al.
Oliver et al. 2010) is the largest project being undertaken [2010). These counts are supplemented by 3592, 2207, and 1016
Herschel (Pilbratt et al. 2010). It surveys a large set of wellsources detected in the FLS field over an area of ¥5535,
known extra-galactic fields (totaling 70 d¢@t various depths, again down to the same flux density in each of the three bands.
primarily using the Spectral and Photometric Imaging Rezrei These numbers allow clustering estimates at the same preci-
(SPIRE) instrument (Gffin et al. 2010). sion level as the first-generation of clustering studieshatter

In this Letter, we focus on the clustering of these sourcd® wavelengths with source samples frdgpitzer data (e.g.,
from 0.5 to 30 arcminute angular scales by making use of soufearrah et al. 2006; Magliocchetti et al. 2007; Waddingtoalet
catalogues in the two widest HerMES fields, Lockman-SWIRB007; Brodwin et al. 2008). Instead of simple power-law misde
and theSpitzer First Look Survey (FLS) observed during thehe correlation functions of HerMES sources have high ehoug
Science Demonstration Phase (Oliver et al. 2010). Presimas ~ Signal-to-noise ratios that we are also able to constraiarpe-
ies on the spatial correlations of sub-mm galaxies wasdidiv  ters of a halo model (e.g. Cooray & Sheth 2002).
at most 100 sources, leading either to a limit on the clusgeri
amplitude (Blain et al. 2004) or a marginal detection (Seott
al. 2006). While theBLAST source catalog was not used for 2. w(f) measurement
measurement of the angular correlation function, clustéue-
tuations were detected in a power spectrum analysis of raét
bands (Viero et al. 2009).

h The angular correlation function(), is a measure of the prob-
ability above Poisson fluctuations of finding two galaxieshwi
a separatiord, PdQ,dQ, = N[1 + w(6)]dQ1dQ,, whereN is
the surface density of galaxies ad@; are solid angles for each

* Herschel is an ESA space observatory with science instrtgpeo-  9@laxy, corresponding to angle The angular correlation func-
vided by European-led Principal Investigator consortidaith impor-  tion is of great interest in cosmology as sources are exgécte
tant participation from NASA. trace the underlying dark matter distribution and the erisg

1 hermes.sussex.ac.uk of sources can be related to that of the dark matter halos.
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Fig.1. Correlation matrix of the angular correlation function,
Cij/ +/CiiCjj, whereCi; = (W(6)W(8;)) — (W(6))Xw(F;)) at two I
different angular scale and ;. Here we show an example _
case at 35@qm for sources in the Lockman-SWIRE field with g10
flux densities greater than 30 mJy.

For clustering measurements we make use of the HerMES 107 b () 350um
source catalogues (Oliver et al. 2010), based on maps made
with calibrated timelines with optimized internal astranyeThe
maps were produced using the standard SPIRE pipeline after u 10
dergoing calibration and other reduction procedures ($avth
et al. 2010). In the FLS and Lockman-SWIRE fields, a small S
number of individual scans have been removed due to adifact
arising from the temperature drift correction. Cataloguese
generated using the SUSSEXtractor source extractétlPE glo
version 3.0, using a Gaussian PSF with FWHM of 18,15
25.1%’, and 36.3 at 250, 350, and 50@m, respectively. Two in-
dependent maps were also produced by dividing the data@ tim
The sources that do not appear in both sub-maps are flagged as

spurious sources and removed from the catalogues. The over- 10° (©) 500 \
L . ) N pm \
all astrometry has been adjusted by comparing with radio po- ‘ .
sitions. We also apply a Wiener filter optimized for unresolv 10” 10° 10* 10°
point sources to the maps in the wide fields to remove contam- Angular Scale (Arcmins)

ination from cirrus and then we correct source fluxes throu%g 2. Angular correlation function of SPIRE sources in

simulations. The two fields chosen for this study are larfrely . - )
from cirrus and the clustering measured with two source Sa‘ggckman—SWIRE and FLS with flux densities above 30 mJy: (a)

ples with and without the Wiener filter applied agree withreace>0+™: (b) 350um; and (c) 50Qum. The lines are illustrative
other within the errors. Moreover, the source sample useglige N0 models consistent with best-fit results for the ocdopat
restricted to sources detected with an overall significdugleer nhumber (see Table 1)' with the dqt-dashed lines showing {h_e 2
than 5, including confusion noise. halo term traced by linear clustering and the long-dashesskli

showing the 1-halo term coming from multiple sources within

.Once the catalogues are genera;ed, we use the.Langy-Sz @same halo. The solid lines show the total correlatiorfun
estimator to measure the correlation function witkp)™ = tion from our models
[DD(6) — 2DR(6) + RR(8)]/RR(6), where DD(6) is the num- '
ber of unique pairs of real sources with separatipDR(6) is
the number of unique pairs between the real catalogue and aWe calculate the covariance mati®; of the correlation
mock sample of sources with random positions, &R{6) is function involving measurements at twdlérent angular scales
the number of unique pairs in the random source catalogwesindé;, using a bootstrap method similar to the one employed
(Landy & Szalay 1993). We employ $@andom mocks with by Scranton et al. (2002) for measurements of angular ctuste
10° sources in each, a larger number of sources than in ra@a in SDSS DR1. We also calculate the same covariance ana-
data to reduce shot-noise in the random pair counts. Sirece Wtically following the prescription of Eisenstein & Zald#é&ga
measuredv(d) does not automatically satisfy the integral conf2001) and find 10% to 20% smalleffaliagonal correlations
straint (Infante 1994), we estimate the constant necedsarythan obtained by bootstrapping the data. We compute thd usua
correctw(d) following Adelberger et al. (2005). With a size ofPoisson errors by taking the square root of the number o pair
10 ded for each of our two fields, we find a required value ofinding that the bootstrap variances are a factor of 1.5 togeta
~ (2+0.2) x 1072 between 30and 40. This correction is small and are a better representation of errors than the Poissmnis.er
compared tav( ~ 30') > 1072 As an example, we show the correlation matrixSgfy > 30mJy
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Fig.4. Approximate redshift distribution of sources in the
e Lockman-SWIRE field withS,50 > 30 mJy (thick solid line in

_ black) and for the two cases based involving colour cuts with
g 10" S350/ S250 > 0.85 (magenta dashed line) aBgso/Szs0 < 0.85

(orange dot-dashed line) (see text for details). The thiidso
A green line and the two shaded regions in the background show
example predictions for th8,50 > 30 mJy sample and the two
I colour cuts, respectively, using models from Le Borgne et al

10° (2009; thin green line) and Valiante et al. (2009; shadetbres).
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Fig.3. (&) Angular clustering of 25@m sources in Lockman- In terms of the underlying three-dimensional power spectod
SWIRE field divided into flux densities between 20 and 35 m3pources as a function of redshiRs(k, ), the projected angular
and above 35 mJy. (b) Angular clustering for the combined 250rrelation function is

um and 35Qum sample again in the Lockman-SWIRE field with kdk
S350/ S2s0 < 0.85 or> 0.85. w(6) = fdr n?(r) f EPS(k’ rJo(kro),

1)
wherer(2) is the radial comoving distancéy(x) is the zeroth
order Bessel function amqr) is the radial distribution of sources
normalized to unity;[ dr n(r) = 1.

sources in the Lockman-SWIRE field in Fig. 1, where the corre- To modelPs(k), we make use of the halo model with both 1-

lation matrix is defined &€/ 4/CiiCj;. and 2-halo terms (Cooray & Sheth 2002). While the 2-halo term

Since we measure(6) directly in the real catalogues, it iscaptures the large-scale clustering with the linear powecs

likely to be afected by a variety of féects including source trum scaled by the source bias, the 1-halo term capturestie n

blending, flux boosting, and map-making artifacts, amoryg otlinear clustering arising from having multiple sourceshiita

ers. To account for all theseffects, we compute the transfesSingle dark matter halo. In this case, multiple sourcesiwiéh

function necessary to corres(s) through a set of simulations nalo are subdivided to a single source at the halo centera@d o

with number counts and source clustering consistent wita d&7 more satellites. For the central and satellite sourcesdev

and in a field similar to Lockman-SWIRE. These input maps aféfibe halo occupation numbers as

then processed by the SPIRE Instrument Simulator (Sibthorp 1 logM — log My

et al. 2009) for an observational program exactly the same @ M)) [1 f ( m )] ,

HerMES observations of Lockman-SWIRE. The output time- OlogM

ordered data from the simulator are processed as idegtiasil 1 [1 o f (Iog M —log 2Mmin)

M \*
the real data. The transfer function is defined as the rattheof (Nsa(M)) 2 (M—) .
correlation function in output catalogues to that of thewno sat
input used to generate the simulations. The transfer fonds respectively, wherer f(X) is the error functionMn,, is the min-
generally consistent with unity at angular scales ofdrfdnore, imum halo mass above which all halos host a central galaxy,
but varies 25% (at 25Am) to 50% (50Qum) at angular scales and the scatter in the relation between galaxy halo mass and
of 3. We correct the measured6) in data based on the averagéuminosity is captured byrogm. We take a fixed value of 0.3
of the ratio between input and outpmty) computed from about for oogm, motivated by modeling of clustering at near-IR wave-
10 simulations. Due to the finite set of simulations we used tfengths.Mg4 is the mass scale at which one satellite galaxy per
correction is only known to the level of 20% betweérahd 3 halo is found, in addition to the central galaxy, amgis the
angular scales. In comparison, at the sarhscale w(6) is un- power-law slope of the satellite occupation number withohal
certain at the 30% level at 250n and the 50% level at 5Q@n. mass. In addition to these parameters, we also computenthe li
Thus the uncertainty introduced by the error in the trarfsfiec- ear bias factor of the sources, which should be interpretdédea
tion is insignificant compared to the overall uncertaintéthe average bias factor of the source sample given the redskift d
measured correlation function in data. tribution (b,), and the satellite fractiofy, the fraction of sources

TlogM
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Table 1. Halo model results using the Lockman-SWIR)

Band Flux density Ngal (2 0g[Mmin/Me]  10g[Msa/ M) s (b)), fs
25Qum S»30mly 8154 20 12603 1319 13+04 29+04 014=008
35Qum S>30mly 4899 B34 129704 131 <18 32+05 <020
50Qum S>30mly 1680  B0% 13.5j§}§ 135 <16 36+08 <024

Combined Siso/Sioz 085 3333 25+04 13470 - 134 <18 34406 <019
Combined Sso/Szo< 085 3194 1770 12883 129 <19 26406 <026

See text below eq. (2) for definitions Mmin, Msaw @s, (b),, and fs. The redshift range is an approximate estimate based onotharecolour
diagram of the source sample through a comparison to isatiiemodified black-body SEDs with a wide range of dust terafpees and emissivity
parameters (see, Fig. 4 for an example invol@g, > 30 mJy and for the two colour cuts).

in a given sample that appear as satellites in massive dark maminosity. Our modeling allows us to establish that £18)%

ter halos. This is calculated by taking the ratio of number-deof the sources appear as satellites in massive halos thamithe

sity of satellites to the total number density of sourcesn@heimum mass scale. In the case of 3@® and 500um source

the number density is calculated throuﬁldM(Ni(M))dn/dM, samples, we have failed to accurately determine the paesset

wheredn/dM is the halo mass function and indeis for either related to satellite occupation number. As a test on theliali

central or satellite source occupation number. of our results to uncertainties in(z), we also considered two

extreme possibilities by placing all sources either at 1.5 or

z ~ 3 and found parameters withimrluncertainties of the esti-

mates quoted in Table 1. This is mostly due to the fact @t

In Fig. 2, we summarize our first set of results relatedv(@) we use for model fitting , with an example shown in Fig. 4, is

measurements for each of the three SPIRE bands and for soultead with a tail to low redshifts.

with S > 30mJy. We show correlation functions measured for Our measurements show some evidence for non-linear clus-

sources in both Lockman-SWIRE and FLS fields here. We firligiring at arcminute angular scales. Compared toi280an in-

no statistical dference in the correlation functions of sourcegrease in clustering at arcminute angular scales is less ate

detected in the two fields down to the flux density cfitad 30 350 and 50@:m due to the increase in the beam size. In compar-

mJy. To test for evolutionary hints in clustering, in Fig.e§ (ve ison, angular power spectra BEAST fluctuations did not con-

split the 25Qum source sample to two bins in flux density, whilevincingly reveal a 1-halo term (Viero et al. 2009) and clusig

in Fig. 3(b) we split the combined sample to two colour bins. was found to be even below the linear term at smallest angular
To modelw(d) we need to establish the redshift distributioiscales probed. The increase in arcminute-scale angulsteciu

of the source samples. Given the lack of adequate specpiascdng we see here demonstrates the crucial role played byisuper

redshifts, we make use of sub-mm colours to generate a quatigular resolution of SPIRE. Beyond this initial study,ufiet

itative redshift distribution (e.g., Hughes et al. 2002ysfwe work involving understanding the large-scale structusgritiu-

generate 19isothermal SED models using modified black-bodijon of sub-mm galaxies will pursue additional cross-aiuisty

spectra with a broad range in dust temperature (10K to 60K) agtudies of sub-mm sources with optical and shorter IR wave-

dust emissivitys. We also include a 15% Gaussian scatter #engths, and studies of unresolved fluctuations. On the timape

model predictions to account for uncertainties in the olesgr side an approach based on the conditional luminosity fancti

fluxes (Swinyard et al. 2010). We grid the models along th®uld be used to extract additional details on the spatstitu-

redshift direction in the colour-colour plane to severaisband tion of Herschel sources.

simply convert the number of observed data points in each hin

. N . . . . Acknowledgements. Cooray, Amblard, Serra, Khostovan, and Mitchell-Wynne
in the colour-colour plane to a distribution function in séift are supported by NASA funds for US participantdHerschel through an award
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2009). While in Figs. 2 and 3 we only show the errors from

the variances {/C;), parameter results shown in Table 1 acn

count for the covariance matrix when model fitting to measure

ments (e.g., Fig. 1 where we show the correlation matrixjvo Adelberger, K.L., Steidel, C.C., Pettini, M. et al. 2005,JAp19, 697

to the 30 mJy flux density cut, we find average bias factors @ﬁ'g\’lvﬁ]" '\cﬂhagg;az, Sé}fﬁa'kﬂ';’. '|V'§'f 2{ ibﬁogg’?p\fgéms

2.9+ 0.4 and 36 + 0.8 for 250 and 50@m sources, respectively. chapman, S. C., Blain, A.W., Smail, 1., lvison, R.J. 2005,JA§22, 772

Fitting a power-law to all data, the correlation lengthg,are cooray, A., Sheth, R. K., 2002, Physics Reports, 372, 1

4.5 + 0.5 Mpc (250um) and 63 + 0.7 Mpc (500um). While Farrah, D., Londsdale, C., Borys, C. et al. 2006, ApJ, 64391

250 um sources are more likely to be found in halos with maééf}?ff&%eacg'”k&'r DeTnAeseA'(Ij_e” ‘ie PZ‘F’;"étC;’ égig-tﬁf%mﬂ'\fgm& 175

(5 4)x 10" Mo, we find that the bright 508m Sources in our Jicrt e ‘aretcaga, I Chapin, E.L. et al. 2002, MNRASS 71

sample occupy halos of (B+ 2.8) x 10'3 M. The diference

is because at a given redshift the 500 sources are at a higher 2 hedam.oamp.fderMES

4. Results & Discussion
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