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ABSTRACT

Recent studies have revealed a strong correlation betweestar formation rate (SFR) and stellar mass of the majofiyar-forming
galaxies, the so-called star-forming main sequence. Anrggapmodeling approach (the 2-SFM framework) that digtiishes be-
tween the main sequence and rarer starburst galaxies isleagfaeproducing most statistical properties of infragadbxies, such as
number counts, luminosity functions, and redshift distritins. In this paper, we extend this approach by estahljshiconnection
between stellar mass and halo mass with the technique oflahoae matching. Based on a few simple assumptions and aphysi
motivated formalism, our model successfully predicts thregs-)power spectra of the cosmic infrared backgroun8)Ghe cross-
correlation between CIB and cosmic microwave backgroundB¥Tlensing, and the correlation functions of bright, resal infrared
galaxies measured Wyerschel, Planck, ACT, and SPT. We use this model to infer the redshift distidn of CIB-anisotropies and of
the CIBXCMB lensing signal, as well as the level of correlatbetween CIB-anisotropies afiirent wavelengths. We study the link
between dark matter halos and star-forming galaxies irrttmeéwork of our model. We predict that more than 90% of costaicfor-
mation activity occurs in halos with masses betweertSand 133° M,,. If taking subsequent mass growth of halos into accourd, thi
implies that the majority of stars were initially (at-3) formed in the progenitors of clustensl{(z = 0) > 10'3> M,), then in groups
(1025 < My(z = 0) < 10'%5 M,) at Q5 < z < 3, and finally in Milky-Way-like halos (18° < My(z = 0) < 10'*5 M) atz < 0.5. At
all redshifts, the dominant contribution to the star forimatate density stems from halos of masg0'?M,, in which the instanta-
neous star formationfigciency — defined here as the ratio between SFR and baryomietiaccrate — is maximak(70%). The strong
redshift-evolution of SFR in the galaxies that dominateGH is thus plausibly driven by increased accretion fromabsmic web
onto halos of this characteristic mass scale. Materféd¢&ve spectral energy distributionsffdrential emissivities of halos, relations
betweenM;, and SFR) associated to this model is availabletap://irfu.cea. fr/Sap/Phocea/Page/index.php?id=537.
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1. Introduction facilities (Condoh 1974; Dole et al. 2004), only a small fiac
of this background can be directly resolved into individual
= A detailed understanding of galaxy formation in the cosrgblo sources at wavelengths longer than 260 (Oliver et al[ 2010;
:= cal context is one of the main problems of modern astropkysiBéthermin et al. 2012c), where the CIB becomes dominated
>< The star formation rate (SFR) of galaxies across cosmic tirbg z>1 sources|(Lagache etial. 2003, 2005; Bétherminlet al.
> is one of the key observables to understand their evoluti [2012c). We thus have to study the statistical progserti

However, measurements of SFR arefidult, because most of the unresolved background, if we want to unveil the irdthr

of the UV light emitted by young massive stars is absorbggoperties of galaxies that host the bulk of the obscured sta
by interstellar dust. This light is reradiated in the in&dr formation at high redshift.

between &um and 1 mm. The cosmic infrared background

(CIB), detected for the first time in FIRAS dat al.

[1996; | Fixsen et al._1998; Hauser etial. 1998), is the relic of We can use statistical tools to measure the photometric
all dust emissions since the recombination. It is the steshgproperties of galaxies emitting the CIB. P(D) analy

background after the cosmic microwave background (CMBRI974;Patanchon etldl. 2009) is a method measuring the flux
and it contains half of the energy emitted after recombamati distribution of sources below the confusion limit by consid
(Hauser & Dwek[ 2001; Dole et al. 2006).  Identifying theering only the pixel histogram of an infragaillimeter map.
sources responsible for this background and their phygiog- |Glenn et al.|[(2010) has managed to measure the number counts
erties is thus crucial to understanding the star formatietoty (flux distribution) of SPIRE sources down to one order of
in the Universe. Unfortunately, because of the confusiarsed magnitude below the confusion limit using P(D), and they
by the limited resolution of the current infraredllimeter resolve about two-thirds of the CIB into individual sources

Article number, page 1 6f24


http://arxiv.org/abs/1304.3936v2
http://irfu.cea.fr/Sap/Phocea/Page/index.php?id=537

Strong constraints on contributions to the CIB were alsivddr observed relation between physical properties in galaares
by stacking analyses (Dole ef al. 2006; Marsden kt al. 12008)eir evolution with redshift. We use the stellar mass, JMs
This method allows measuring the mean flux of a populati@ngateway to link the halo mass {Mand star formation rate
individually detected at a shorter wavelerffjthut not in the (SFR). The stochastic link between SFR ang M modeled
far-infraredmillimeter, by stacking cutout images centeretbllowing the Béthermin et al. (2012a) model (hereafter B12
on short-wavelength detections. Number counts below thdich is based on the observed main sequence (MS) of star-
confusion limit were measured with a method based on stgckiiorming galaxies (i.e., a strong correlation between atetiass
%ﬂnﬂjl ,b). In addition to tHis, Bétherntiale and star formation rate evolving with redshift, Noeske ¢t al
) also measured counts per redshift slice using [2007; | Elbaz et all 2007; Daddi et al. 2007; Rodighiero et al.
input catalog containing both 2d4n fluxes and redshifts and2011) and provides one of the best fits of mid-infrared-wiaa
a complex reconstruction of the counts based on stackimgimber counts. It contains two types of star-forming gaaxi
These analyses provided constraints on the CIB redshift digith different spectral energy distributions (SEDs): secularly
tribution. Nevertheless, an empirical model is still nestdestar-forming MS galaxies and a population of episodic, ply
to deduce the obscured star formation history from numbmerger-driven starbursts with a strong excess of SFR caedpar
tal. |20@8;the main sequence following the two-star-formation-mod

Valiante et al.. 2009; Franceschini et al. 2010; Béthermailet (2SFM) formalism introduced in_Sargent et al. (2012). The
2011; [Marsden et all _2011; Rahmati & van der Werf 201telation between stellar and halo mass is derived by abwedan
ILapi et all 2014; Gruppioni et al. 2011). matching (Vale & Ostrikér. 2004| Conroy & Wechsler 2009;
Behroozi et all. 2010) and assuming a monotonic relation-with

Large-scale CIB anisotropies measured Ifpitzer out scatter between these quantities. Béthermin et al.2(01

3 al.[ 2007{ Grossan & Smobt 2007 _Péninlet aged this technique to connect SFR ang fdr MS galaxies
), BLAST [(Viero et 8l 2009), the South Pole Telgh a qualitative way (see al lal. 2013). This paper
scope (SPT, Hall et al. 2010Herschel (Amblard et al. 2011; improves and extends the approac e inlef al. (9012b
[20183), an@lanck (Planck Collaboration et Al. 20111)in order to predict the anisotropy of the CIB and the clusigri

also provide degenerate constraints on the evolution odiiefi- of infrared galaxies. This new formalism also permits us to
galaxy emissivities and the link between infrared galaxied describe the quenching of star formation in massive gadaxie
dark matter halos. This degeneracy can be broken by congpinéid their satellites in a phenomenological way and invobves
anisotropy information with infrared number counts (seeval). refined treatment of subhalos.

The first generation of models used to prefitterpret CIB

anisotropies was based on a combination of an evolutionary In Sect[2, we present the philosophy of our approach. In
model of emissivities of infrared galaxies and a linear was Sect[B, we explain the ideas on which our model is based; espe
a halo occupation distribution (HOD) model describing theially how we assign infrared properties to galaxies hobted
spatial distribution of galaxies (Knox et/al. 2001; . dark matter halo. In Secfd. 4 ad 5, we describe the formalism
[2007; [Amblard & Cooray 2007; Viero etlal. 2009; Hall et alused to compute the power spectrum of CIB anisotropies and
2010; [ Planck Collaboration etldl. 2011; Amblard etlal. 201a@ngular correlation functions of infrared galaxies, respely.
[Pénin et al.[2012af_Xia etlal._2012). The emissivities ate Sect[®, we present the results of our modeling and an
deduced from a model of galaxy evolution (¢.g. BéthermirJet &tensive comparison with observations. In $éct.7, weudisc
2011;[Lapietall 2011) or represented by a simple parametti€ successes, but also the limitations, of our model. In.8ec
function (Hall et all 2010; Amblard et 4l. 2011). Howevegsk Wwe describe the properties of the CIB predicted a postelipri
models assume that there is no dependency between clgstedr model, such as redshift distribution or correlationzsn

and luminosity and in general a single HOD or linear bidgands. In Sedi]9, we discuss how the history of star formatio
for all redshifts. Consequently, these models hav@odity history proceeds depending on the mass of dark matter halos.
fitting all wavelengths simultaneously.[ _Shang et al._(201¥ye conclude in Sedf.10. In AppendiX A, we provide tables of
propose a new approach assuming an infrared-light-to-m&egversion from multipolé to angled and from frequencies to
ratio that varies with halo mass and redshift (see also th@velengths, since we use both conventions interchangéabl

De Bernardis & Coorayl 2012 approach, which focused d&he paper.
250um). This new model is also able to roughly reproduce _
the number counts (LFs respectively), though their desorip In_this paper, we assume a WMAP-7 cosmology

of infrared galaxies is simplistic (a single SED for all gaés (Larsonetal.[ 2011) and a Chabrier (2003) initial mass

at all redshifts, no scatter on the mass-to-light ratio).othier function.

approach was proposed by Addison étlal. (2012), who combine

a backward-evolution counts model that is very similar to

the [Béthermin et al.[(2011) approach and a scale-dependg

effective bias of infrared galaxies to predict the CIB power

spectrum. This simplified approach is veffi@ent in fitting the The majority of previous CIB models were purely phenomeno-

data, but is purely descriptive and provides little infotimaon logical, and they describe the emissivity and clustering of

the physical link between galaxies and dark matter halos.  infrared galaxies using a large set of free parameters. This
approach is useful for deriving quantities, such the massravh

In this paper, we propose a new approach to modelistar formation is mostf&cient. However, it is sometimes hard to

both CIB anisotropies and galaxy number counts based on thst the validity of these models since a good fit can be obthin

easily considering their number of free parametérs. Kinilet a

nI5hilosophy of our approach

1 24um is often used because80% of the background is resolved ) proposes a physical approach based on a semi-aablyti
into sources at this wavelength (Papovich ét al. P004; Bétimeet al. galaxy formation model, which unfortunately has substdnti
20105). discrepancies with the data. We propose an alternative phe-
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nomenological approach, which represents an intermediatere My, may stand for either the total mass of a hait) for
solution between a fully empirical and a physical model. W main structure or the mass of the subhalo for a substructure
minimize the number of free parameters and build our amaly$ing,,). This function will be useful for our abundance-matching

on the observed relation between physical quantities, (fhg. procedure presented SEC3.3, because we assume that the
specific star formation rate in main-sequence galaxiebred#d properties of galaxies are linked with,. However, this is

from optical, near-infrared, far-infrared, and radio datde not exactly a mass function, because subhalos are counted
thus do not aim to fine tune the various parameters of the modelice, namely both in the total mass function and in the
but rather to test whether the scaling laws measured fraubhalo mass function. Figude 1 (lefthand column) shows the
external datasets (measurements on small samples esf@gholcontribution of main and subhalos at@5. The majority

to all galaxies, opticahear-infrared measurements of stellaof high-mass halos are main halos, while a large fraction of
mass, or SFR) are compatible with the data undéiedint low-mass halos are substructures of more massive halos. At
scenarios. For this reason, we chose an approach based\Ga-10'?M,, ~1/3 of halos are subhalos of more massive halos.
abundance matching with no free parameters to describe the

link between stellar mass and halo mass and use the B12 model,

which follows the same philosophy to link infrared propesti

and stellar mass. 3.2. Stellar mass function

We used the same stellar mass function (SMF) of star-forming
galaxies as B12, in order to be consistent with this modeichvh

3. Connecting star formation and halo mass by is used to link the stellar mass to the infrared propertieg (s
abundance matchin Sectl}:h:. This mass function is parametrized by an evglvin
g 1.(1976) function:

In this section, we describe how we stochastically assigp{pr

erties of star formation to galaxies as a function of the host dN M, | ™* Mi\ M,

halo mass by combining prescriptions from previous modals. ¢ = diog(M,)dv ¢b(z)x(m) xexp(—M—b)xM—bln(lo),
Sectd 311 and 3.2, we present the halo and stellar massdusict @)
used in this paper. We then describe how we connect steltar an

halo mass by abundance matching in Secl. 3.3. Sdctibn3.4dgr 4 redshift-invariant characteristic madt, and faint-end

scribes how we stochastically attribute a star-formatate from opeawr. The characteristic densitp, is constant between
the stellar mass using recipes based on the B12 model. finajlzo and =1 but decreases at as

we describe how we deduce infrared properties of the gadaxie
from their physical properties in SeCL.B.5 using the B12 elod |og(¢y,) = log(gp)(z < 1) + ysemr (1 - 2). (5)

The various parameters were chosen to reproduce the olserve

evolution of the mass function of star-forming galaxies.eifh

In our analysis, we used the halo mass function (HMF) Uﬁ'lé?f_s gfe{ gi\?en ifgl 5%2- We iﬂec(;(edb}haé Oth rhetSUIft'?sﬁ;‘etnOt
: ; o 2N modified significantly if we use the double-Schechter fi

Tinker et al. (2008) .(m our notauoam). We chose halo measured SMF df lIbert etkl, (2013) instead of this simplifie

mass (M) to be defined by an overdensity af = 200 (often arametric form

called Mygg). This HMF evolves with redshift and was calibrated '

on N-body simulations. We also need the mass function of sub-

halos, which are supposed to host satellite galaxies. Thaven

adopt here comes from Tinker & Wetzel (2010), and provid
the mass distribution of subhalos in a parent halo of totadan

3.1. Halo mass function

To correctly populate dark matter halos, we also need
to account for the population of non-star-forming galaxies
Called quenched galaxies hereafter), which are essintial
ed, passively-evolving, elliptical galaxies below the ima

Mp: sequence. Star formation activity in these objects is waaH,
dN (M M) = this population was thus ignored in the B12 model because of
dlog(msyp) x In(10)* ™" n their negligible infrared emission. These galaxies do, dn,
-0.7 25 contribute significantly to the mass function at high mass
0.30x (msub) “ exp(_g.g(msub) ] 1) (eg. mﬂlm& see Fig. 1 upper righthand panet) an
Mn Mn thus are generally the kind of galaxy that is encountered in

wheremg, is the subhalo mass. In our analysis we neglect subassive halos. We used the mass function of quiescent galaxi

structures inside subhalos. The mass function of subhatbss rom (llbert et al. 0) at 22 andml. 3) at=2,
fitted by a 6) function. leg), log(My), and
d2N a are interpolated between the center of each redshift bins
W(msub) = and extrapolated at > 3. The total mass function (showed

My 5 Fig.Q upper right panel) is the sum of the contribution offbot
dN (Msub = Mn|Mp) X d°N diogMn,  (2) guenched and star-forming galaxies. The fraction of quedch

o dlog(msup dlog(My)dV galaxies at a given stellar mass and redshift is cailéd,, 2).
We also introduce a pseudo "total" mass function, given ley thhe upper righthand panel of Fig. 1 shows the mass function
sum of the mass functions of halos and subhalos: and its decomposition into quenched and star-forming gesax

d2N 2N The lower right panel shows the fraction of quenched gataxie
(M) = (Mp = Mp) as a function of stellar mass. At high mass,(> 10 M,) and
dlog(Mp)dV dIoZg(Mh)dV low redshift (= 1), the majority of galaxies are quenched, when
d°N the other regimes are dominated by star-forming galaxies.
+ dlog(r.nsub)dv (rnSUb - Mh) (3)
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Fig. 1. lllustration of the method used to connect various quagitiy abundance matching as described in Bett. 3.3. Theddashdlustrates
the connection between various quantities. We arbitrahilyse to plot results at= 0.5. Upper left panel: integral HMF and contribution of main
halos @lotted orange line) and subhalosdpt-dashed purple line). Upper right panel: integral SMF and contribution of star-forminp(ig-dashed
blue line) and quenchedtiree-dot-dashed red line). Lower left panel: variation with halo mass of the fraction of halos that arehslos. Lower
right panel: fraction of quenched galaxies as a function of stellar mass

3.3. Connecting stellar mass and halo mass through is thus the solution of the implicit equation
abundance matchin
’ i, (> F(My) = M) = g, (6)

whereny, (> M,) is the number density (in comoving units) of
The abundance-matching technique is based on the hypothelaxies more massive thav, (i.e., the integral of the mass
sis of a monotonic link between two quantites. This is faunction), andny,, the equivalent for halo mass. We can thus
fair assumption for the link between the stellar and halosmaassociate halo mass to stellar mass by taking the halo mass at
of a central galaxy at any given redshift_(More €etlal. 2009vhich the number density of galaxies and halos are the sane, a
IMoster et al d; Behroozi etlal. 2010). In this work, we folllustrated by FiglL (upper panels). Figlie 2 shows theltiesu
low Behroozi et all.[(2010) arid Watson & Conroy (2013) by a$4 .- M relation, which evolves little with redshift and displays
suming that subhalos and main halos follow the satheM;, a break atMy ~ 10> M,, as classically found in the literature
relation. Under this assumption, we associate halo mass tteay. Moster et al. 2010; Behroozi et lal. 2010; Leauthawd et
stellar mass by putting the n-th most massive galaxy (in &frm ).
stellar mass) into the n-th most massive halo. In practiesgov
not use catalogs, but rather analytic mass functions. Tine no In this approach, we neglect theéfect of the scatter on
parametric function linking stellar and halo mas&.(= f(M;)) the stellar-to-halo-mass ratio, which would further coicete
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100 TR T T T redshift and stellar mass (Sargent et al. 2012, B12):
R p(log(SFRIM...2) e puis + Psa
exp( (log(SFR)- log(sSFRs M*»Z]
o Foz 208,
— E Z 2
E log(SFR)- log(sSFR,s x M,) — B
3 renx exp(_( 9(SFR)” 09(sSPF x M) Bes) )
= ol 78 @)
The first term describes the sSFR distribution of main-seqeie
galaxies pus), and the second one that of starburgissf. Star
10°F formation in starburst is boosted on average by a faBtgH,
andoys andosg are the dispersions around the central values.
ol The evolution of the main-sequence is parametrized as in B12
10" 10 10" M, Bums
sSF M,) =sSF X\ =
M, [M.,,] Fus(2 M) Ruso (1011 M@)
Fig. 2. Relation between the halo mass and the stellar mass at vari- X (1 + min(Z Zeyg))™s . (8)
ous redshifts found by our abundance matching procedurided in ) ) ) o
Sect[33. The starburst ratiosg (i.€., the relative normalization of the two

log-normal distributions) is also provided by the B12 model

rse(2 = rsso x (1 + min(z zsg))’s®, wherezsg = 1. 9)

our analysis of CIB anisotropies. This induces a bias on The values of the parameters in our base model (model A)
the estimation off. However, this fect is smaller than the are the ones provided in Bi2We also used a second version
statistical uncertainties foM,, > 10"°M, (Behroozietal. of the model (model B) for which the high redshift trend was
[2010), which host mainly passive galaxies (see[Big.1). Thkghtly modified, following the findings of a slowly increéag
scatter around could also induce a bias on the estimate of tt&SFR at high redshift_(Stark et al. 2013; de Barros et al.|2012
observables as the CIB anisotropies. However, the largle-s@Gonzalez et al. 2012). These higher values are the consegjuen
anisotropies are sensitive to the mean emissivity of gataand of an improved modeling of the contribution of nebular line
are not &ected by the scatter. The small-scale Poisson term aanissions to flux in near-infrared broad-band filters. Fas th

be computed directly from a count model without assumptionsodified version, we assume an evolution of SSFR:a2.5 in

on the dark matter (see Sddt.4). The angular correlation(&f+ 2). To avoid overpredicting bright millimeter counts, we
bright resolved galaxies can béfected by the scatter on halocompensate this increase of SSFR by a quicker decrease in the
mass, but the scatter between stellar and halo ma6slg dex) characteristic density of the stellar mass function in thmes

has the same order of magnitude as the scatter between stedidshift range ((* 278 instead of (& 2)~%4), thus keeping the
mass and star formation rate, which is taken into account §yme number of bright objects. As shown in Elg. 3, both these
our model £0.15-0.2dex). The impact of the scatter of thecenarios are compatible with the data, because of the large
stellar mass-halo mass relation on the correlation funciso scatter on the measurements. In SEbts.@-and 7, we discuds whi
thus expected to be relatively small. scenario is actually favored by infrared observations.

3.5. Infrared outputs of galaxies

In massive galaxies, the bulk of the UV light coming from ygun
stars is absorbed by dust and re-emitted in the infrared. alfe ¢
thus assume that the bolometric infrared (8- luminos-

ity Lir is proportional to star formation raﬂéﬁ@%, the
In the previous section, we explained how we can assignlarstetonversion factor ik = SFR/Lig = 1 x 1070Mgyr1Lt if we
mass to a galaxy knowing its halo mass. Unfortunately, we caassume A Chabrier (2003) IMF). In low-mass galaxies, afsigni
not link star formation rate to stellar mass by abundancelmaticant part of the UV light escapes from the galaxy and infilare
ing by assuming a monotonic relation. This hypothesis iy orémission is no longer proportional to SFR. Star formatidesa
valid for main-sequence galaxies, but not for quenched,onean then be estimated from an uncorrected UV and an infrared
for which sSFR.<sSFRys, and starburst galaxies, for which - - -
SSFR->SSFRys, Where sSFR is the specific star formation rat 2 A detailed discussion of the SFR-enhancements of sasbarml

: . : . i iption in the 2- i i
i.e., SFRM,, and sSFRs is the typical value of this parameter?ne'r description in the 2-SFM framework is providec

in main-sequence galaxies. For quenched galaxies, weategte parameters provided in B12 are given assumifig_a SalpetBb)19
the star formation and thus take SERM,.yr~* for simplicity. |MF when this paper assume$ a Chabrier (2003) IMF. A cowaadf
For star-forming galaxies (main-sequence and starbwvstgs- 0.24 dex thus has to be applied to some of the parametersedttik
sume that SFR follows a double log-normal distribution agdix difference in IMF into account.

3.4. Connecting star formation rate to stellar mass
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Fig. 3. Upper panel: Evolution of specific star formation rate in
main-sequence galaxies of»510° M,. Lower panel: Evolution of
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panel: model A (B12 model) is represented with a solid line and model

B (modified version with higher SSFR and lower density at higtt 10 100 1000
shift) with a long-dashed line. We use the compilation obdatints of Observed wavelength [um]
I[(2012).

Fig. 4. Effective SEDs of infrared galaxies used in our model at vari-
ous redshifts. The upper panel shows the SED4 jrunits normalized

component§FR = SFRyy + SFRig). The infrared luminosity Lr = 1L, as a function of rest-frame wavelength. The lower panel

's then given by shows the ratio between the observed flux densitylagéas a function
Lo SFRg ~ SFRx 10P4xTwv B SFRX o) 10 of observed wavelength.
RZ7K T K C1rim T g I

wherer v is the ratio between obscured and unobscured ith redshift. At higher redshift, we assume no evolutiomisT
/ e et' uv \?v € atho eM ee | ?. scuﬂe a Iu obscu eogs sumption is discussed in SEEt. 7. In this paper, we netlect
ormation. V¥& Use the,y-vl, refation o (20 )contribution of active galactic nuclei, which is only sifjoant

to computey(M.): in the mid-infrared (B12).
) SFRR )\ M,
ruvy = 2'5|Og(SFRJV) =4.07x Iog(Mo) 39.32 (12)

og(M,) tends to O at low mass and 1 at high mass. The UV Iigﬁt Computing CIB power spectrum

from young stars thus totally escapes the low-mass galdxigs We aim to compare the CIB anisotropies predicted by our
is fully reprocessed and emitted as infrared radiation issive@ model to observations in order to test its validity. Thist&et
galaxies. This is due to a larger amount of dust in massigessents the formalism used to derive the power spectrum
galaxies, which causes a greater attenuation. (cross-spectrum) of the CIB at a given waveband (between two
wavebands, respectively). One of the key benefits of théoeala
We used the same spectral energy distribution (SED) teme established between SFR and, is that we can then rely
plates as B12, based on Magdis et 012). There &ereit on the well-known clustering properties of dark matter bat
templates for main-sequence and starburst galaxies, Hothpredict the clustering of star-forming galaxies, and thL€ &
which are assumed to evolve with redshift. We did not adoahisotropies. We use a method similar_to_Shanglet al. (2012).
a single template for a given type of galaxy at a given retishiHowever, we modified their formalism to obtain a more natural
but assumed a scatter on the mean interstellar radiatiah fiebtation and avoid renormalization of all terms by the total
(Uy, following B12. These SEDs were calibrated using 2 emissivity of infrared galaxies at a given redshift.
data, which show a rise in the (rest-frame) dust temperature
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140F Pacs 100/Lm T T _ where D¢ is the como_ving dista_mce arﬁ“(_z). i_s the dfective
C _ 1 SED of infrared galaxies at a given redshift; i.e., the meax fl
120 F Central + Satellite ] density received from a population of star-forming galaxigth
= [ Centralonly ------------ 1 amass corresponding to a mean infrared luminosity of (see
2 100} 1 Fig[4), andq (M, = f (M), 2) is the fraction of quenched galax-
= L ies (i.e. non-star-forming galaxies) as defined in $edt. B&
= gof cause the shape of sSFR distribution is invariant with mass i
s r our model, the mean flux density coming from a more massive
§ 60 population can thus be obtained just by rescaling this SED an
] r taking the attenuatiorg(M, ) defined in EJ_T0) and the SFR;M
T 40[ relation into account. Theflective SED is thus the mean of each
C type of SED weighted by their contributions to the backgidun
20 (provided by Ed.T7):
of_ ) 7 ~ ~ ]
oo Planck 217GHz 1 s'@= f[pMS X (31%) + psg x (%) dsSFR (14)
| 1 where
5 L ]
[oR - -
s ] (&= f Pusorss((U)]2) x 5/5°E((U), 2 x d(U) (15)
S
s 10 L 1 where(U) is the intensity of the radiation field (strongly linked
§’ i 1 to dust temperaturep ((U)|2) its probability distribution (this
) L ] encodes the information on the scatter of dust tempergtures
= i 1 and §/'S°"SB the flux density received from ahr = 1Lo
5[ { main-sequence or starburst source with a radiation figldat
[ redshift z. The average SED of all MS or SB galaxies at any
ol given redshift(s¥S°rSBy takes the scatter ofU) into account.
» ” » » The infrared luminosity of theseffective templates is slightly
10 10 10 10 larger than 1 because of the asymmetry of sSSFR distribution
M, [M...] caused by starburst. Thé&ective SEDs from E.14 used in this

. . . N work are available onlirfe
Fig. 5. Differential emissivities at 1Qdm (3000 GHz) and 1.38 mm

(217 GHz) as a function of halo mass at various redshiftsiptedl by I . . . . .
model C. The solid lines are the contributions of all the giala to the The contribution of satellite galaxies toféirential emissiv

infrared flux of a main halo, when the dotted lines indicatéy dhe ity i.s the sum of the contribution of all galaxies in sgbhakba .

contribution of central galaxies. main halo of mas#$/,. It depends on the mass function of main
halos, the mass function of subhalos in main halos of thismas
and the mean flux density of galaxies hosted by subhalos:

4.1. Mean infrared emissivities of dark matter halos )

dj, d°N

One of the key ingredients to compute is the mean emisgvitie dlj—’wl\:(Mh,Z) = dloaVdv

of the halos. Classical CIB models assume that clusterilg an 0g(Mn) 0g(Mn)

emissivi_ty are ind_ependent, S0 the_y compute th(_a to'gal antiss <(2) dN (Mou M) x SFRus(My = f(Msun). 2)

of galaxies at a given redshift. This approximation is naax dlog(msup) K

and both emissivity and clustering vary with halo mass (sge exg(M, = f(mg),2) x (1 - q(M, = f (Msu) , 2)) dlog(Msur).

Béthermin et l. 2012b). We thus introduce th@etential emis- O(M, = T(Meu. 2> (1= A (M. = (M) 2) dlog( ”b)(16)

sivity dj,/dlog(My) of dark matter halos as a function of halo

x D41+ 2)

of central galaxy and satellite galaxies: ies only depends on their stellar mass (or subhalo mass). We
. . . also propose an alternative scenario where quenching depen

L(Mh 7) = M(Mh 2+ djysub (Mhn,2). (12) ©On the mass of the main halo and not on the mass of the subhalo.

dlog(Mp) ™ dlog(Mn)* 7 dlog(Mp)" In this scenario, satellite galaxies become quenched adine

time as the central galaxy in the same parent halo. In pectic
we replacemgyp by My, in the last factor of Eq.16, which can
then be moved outside the integral. This scenario is metilat
by the tendency for the fraction of quenched satellite gakx

to be higher in dense environments ( tal. |2007).
This phenomenon is often called environmental quenching.

The contribution of central galaxies to thetdrential emis-
sivity is computed from mean infrared flux of galaxies hosigd
a halo of mas#/;, and the HMF:

dj 2 The modified version of model B where this modification was
v,C 2 i
—" (M =—— xD?1 erformed is called model C.
dogvy M2 = Gogivmaw < Dol +2 P
F M, = f(M
XS Rus(M. (M), 2) X g(My = f(My), 2) 4 http://irfu.cea.fr/Sap/Phocea/Page/index.php?id=537
K or CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.85)2r via
xs(2) x (L - q(My = f(Mh),2), (13) |nttpy/cdsweb.u-strasbg/tgi-binygcat?JA+A/

Article number, page 7 ¢f 24


http://irfu.cea.fr/Sap/Phocea/Page/index.php?id=537
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/

In our computation, the flux densities are not the monochroentain diferential emissivities. The factar(k, My, 2) is the
matic flux densities at the center of the passband filters d edourier transform of the halo profile assumed here to be NFW
instrument, but are computed by taking the real filter prsfil§Navarro etall 1997). In contrast to_Shang etal. (2012 thi
into account. Figurgl5 illustrates the variation irffeiiential term is only placed in front the subhalo-emissivity ternsuas-
emissivities with halo mass, redshift, and wavelength. Tlirgg that subhalos are distributed following the NFW profilae
shape of the SEDs implies that long wavelengths have strongentral galaxy is assumed to be at the center of the halo. The
em!ss?v?t!es _at hlgh redshift. The halo mass d_ominati_ng ﬂ(}ﬂjstering terrr(b(Mh)b(Mﬁ)Plin) is the cross power Spectrum
emissivities is always- 10> My, in agreement with previous etween halo of maskl, and M/, under the assumption that

works (e.g. Conroy & Wechsler 2009; Béthermin €t al. 20128y M. M?) = RN
ang et all. 2013; Behroozi etlal. 201 , Mh, M7)) = b(Mn)b(M/)Piin (Cooray & Sheth 2002). Here,
Wan 2 Behrooz| . 2013a). Piin is thelihnear matterpohwerspectrum computed with the trans-

fer function of Eisenstein & HU (1999). Equatio 18 can be sig

nificantly simplified by introducing

djv,c n djv,sub
dlog(Mn) ~ dlog(Mn)

4.2. Power spectrum
The CIB power spectrum can be represented as the std? k):fb(M’Z)

u(k, My, 2) | dMp,

of three contributions|_ (Amblard & Cooray 200[7; Viero et al. (19)
2009; | Planck Collaboration etlal. 2011; Amblard etlal. 2011;
IPénin et all. 2012a; Shang eflal. 2012): which is an emissivity weighted by the bias corresponding to

) ) _each halo mass. We can then simplify [EF. 18:
— Two-halo term: correlated anisotropies between galaxies i

different halos, which dominates on scales larger than a f%\% f dD¢
arcminutes. Ly = dz
— One-halo term: correlated anisotropies of galaxies intide
same main halo, which have a significantimpact on scalesTdfis way of computingCZ", reduces the number of integrals,

2
(Di) MELERPn(k=5-Dd (20

a few arcminutes. becausel, can be calculated only once per frequency channel
— Poisson term: non correlated Poisson anisotropies, a#sud then can be used to derive all the cross-spectra. In@adit
called shot noise, which dominate on small scales. J, can also be used to compute the cross-correlation between

CIB and CMB lensing (see SeLt.}.3).
The cross power spectrum of CI&,,, between two frequency

bands ¢ andy’) is thus:
Crpy =C2 4 Clh 4 PO (17) 4.2.2. One-halo term

v v vy

The one-halo term is computed with

2 . .
The two-halo and one-halo terms, which correspond to C}Qw = ff@(i) X[ dj,c  djysuw u(k, M, 2)+
large- and intermediate-scale anisotropies, respegtivale : dz \Dc dlog(M) dlog(M)

computed from the mean emissivities of galaxies and are notlj,sup  dj, ¢ djysup  djyvsub >

affected by the stochasticity of the connexions between g&daxigiog(M,) diog(Mr) u(k. Mn, 2) + dlog(My) diog(M) - (k. Mp, 2)]

and halos. The computation of the anisotropies caused by the , 1

Poisson fluctuations of the number of galaxies in a line dftsig x( d°N ) dzdlogM,
requires no assumption regarding the link between darkematt dlog(Mp)dV

halos and galaxies. They are deduced from the B12 model. (21)
Each term is calculated independently, but based on the same )

consistent model. The first factor describes geometry. The second one repre-

sents the various (cross-)correlations between satalitecen-

tral galaxies. There is only a factarfor (cross-)correlation be-

tween satellites and central, because the central is asistarbe
4.2.1. Two-halo term at the center of the halo and the satellites follow the NFWilero

The two-halo term is computed from the following formula@nd u? for satellite-satellite combinations. Finally, we have to

summing on redshift, but also over all cross-correlatiamieen rgnormalize by the in_versg_of the mass funct_ion, becausmhe
halos of various masses: dj/dlog(My) factors implicitly contain two times the number

of halos, when this should appear only once (Cooray & $Sheth
\2002). This notation avoid to have to renormalize jpyas in

szf dd[;c (D%)Z(m:éaf,lh)(zﬂ dlig'(s,\j:’h)(z)u(k, Mh. 2 fShang et &1[(2012).

C2h

(R4

djv’ c djv’ sub ;
- . ’ ! 2)4.2.3. Poisson term
X (dlog(Mlq) (Z) + d|Og(Mr'1) (Z)U(k, Mh’ Z) b(Mh’ Z)b(Mh’ Z)
The Poisson term is independent of large-scale halo anddenly

XPjin(k = L 2) dlogMpdlogM;,dz pends on the flux distribution of galaxies (number countaese
De Poisson anisotropies for the auto power spectrum can be com-

(18) puted from[(Lagache etlal. 2003):

This formula assumes the Limber (1953) flat-sky approximagpe fswcut 20N

tion. The first factor is geometrical. The next two factorSe, = vd_sydsv- (22)
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HeredN/dS, are the diferential number counts (see e.g. B1%. Computation of angular correlation function of
for the computational details) ar8l . is the flux cut at which resolved infrared galaxies

sources are removed from the maps. The Poisson term of the ) ) o
cross-spectrum is slightly more complex to compute: In addition to the anisotropies of the faint infrared sosroe-

sponsible for the unresolved background, our model alse pro
_ St Sy cut 4N vides predictions of the angular correlations of the irlirilly
c?o', :f f S,S,——ds,ds/, (23) detected bright sources. A formalism taking the selectiorcf
i 0 0 ds, ds; tion of the resolved sources into account has to be employed s
we cannot use the same formalism as for the power spectrum. In
whered?N/dS,dS,  are the multivariate counts (i.e. number ofhis paper, we only consider samples selected using a flasttir
sources with a flux betweedy, andS, +dS, in one band an&!,  old (S, cu) at a given wavelength for simplicity. In this section,
andS;, + dS;, in the other). we first explain how we compute the halo occupation distigsut
(HOD, i.e. the mean number of central and satellite galaa$es
In practice, multivariate counts are hard to compute, addunction of halo mass and redshift) for a given selectioreef
summing the contribution of various redshift, types of gada, Solved sources and then how we derive the correlation fomcti
infrared luminosity, and radiation field is easier (the datipn from the HODs.
of this formula is presented in Appendik B):

5.1. Halo occupation distribution

LMSorSB U), i . .
ol _ av e (V2 The mean number of central galaxies in a given halo of total

ch = | — f msors((U)|2) -
e dz :M;s: w Lr=0 massM is

d’Nmsorss 2 _MSorSB SorSB N (M =(1-g(M, =f(M f f
—aLedv LEsSOrSB(U)Y, 2) x SO SB(U), 9 dLrd(Uydz ~ (Ne)(Mh,2) = (1 -q(My = f( h)’z))X%:e s,
(24)

H (858U, 2) x Lir (M, = f (My),SSFR > S,,cu)
where LMSO'SB(U) 2) is the infrared luminosity where d(U)dsSFR  (27)

IR,cut
the sourceCu is detected in at least one of the bands (de- _ _ ]
pends on redshift, type of galaxy and radiation field), ahereq(M. = f(Mx),2) is the fraction of quenched objects,

d2Nysorss/dLir dV is the infrared luminosity function (main-@ndH is a function having a value of 1 if the condition is true
sequence or starburst contribution). and O otherwise. This condition is only true if the source is

suficiently bright to be detecte®( > S, cu). This depends on
halo mass, type of galaxy (MS or SB), sSFR, &0l

4.3. Cross-correlation between CIB and CMB lensing The number of satellites depends on the total mass of the

i . . . parent halaMl, and is connected to the subhalo via
In addition to cross-correlations between the CIB in vafx;loup h

bands, we can also test the predictive power of our model for dN

correlation between the CIB and the reconstructed gramitat (Nsup)(Mn, 2) = —————— (Msutd Mn){Nc)(Msub, 2)dMsyp
ravita map A109(Meut)

potential derived from distortions of the CMB due to
tional lensing by large scale halos at1z3 (e.g/ Héﬁéﬁé ethl. (28)

2009). Th's. correlatlonlls a direct probe of the link b_etweephis formula works only when we assume the same infrared
the gravitational potential of dark matter halos and iétar |, iy ity versus halo mass relation for main and subha-
emission from star-forming galaxies. los (models A and B), and consequently the HOD of the

. . . atellite in a given subhalo of ma is the same as for
Because the CMB lensing signal is due to dark matter hafﬂe central inga main halo of ide?tiucbal madd, = Moy

this signal can be modeled with a two-halo term replacing the,, model C (satellites quenched at the same time as the
term of emissivity by a term Imke_d to the gravitational putel centrals), the factoKNe)(Mwus2) has to be multiplied by
(adapted from Planck Collaboration etal. 2013) (1-a(M, = f (M).2)/ (1 -q(M, = f (M) .2) to take into
account that in this version of the model the quenching leléh

to the mass of the central and not the satellite.

Cran= [ B (i) 32 OO WPk = .2z (25)
z \D¢ D¢
Figurd® shows the HOD d&140 > 5mJy (sources detected
®(z ¢) is given by (Challinor & Lewi$ 2005) by the deepest PACS surveys) afgso > 3mJdy (typical
submillimeter galaxies) sources at low=1) and high (22)
redshift. The number of central galaxies decreases veoklyui
—<c—-c_ o7 (26) atlowmass. This sharp cutis due to the selection in infréved
a DEMB x D¢(2) and the rather tight correlation between infrared lumityosnd
halo mass for central galaxies. At low redshift, the proligbi
whereHy is the Hubble constany the matter density in units to detect an infrared galaxy in a massive halo is fairly low
of the critical density, an®SM® the comoving distance betweerbecause the vast majority of central galaxies are quenahed a
CMB and us. The impact of subhalos on CMB lensing (1-haljus have little infrared emission. The HOD of the satedlite
is quite small and can be neglected for this work. strongly depends on the version of the model. If the quemgchin
of satellites is decorrelated from the quenching of the reést

Ho )2 D, DEMB — D¢(2)

3
whered(z ¢) = l—ZQM( .
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Fig. 6. Halo occupation distribution, i.e. mean number of deteg@dxies in a halo, including its substructures, as a fonaif its total mass
M, of Sig0 > 5mJy (left) and Sgso > 3mJy (right) sources at z 0.1 (top) and 22 (bottom) for central (solid line) and satellite (dasheek)i
galaxies predicted by the model. The HOD of central galaisi¢ise same for all versions of the models and representeldéhk bSatellite HODs
are plotted in blue (red) for model/B (C).

(models A and B), the number of the detected satellite irsggaFollowing the standard conventions, we write the two-hatot
quickly with the halo mass. This is not the case for model €, fas
which the satellites are quenched at the same time as thalsent

d°N (Ngar)
2h _ ga i
Pao(k-2) = [ . dogMydv "M 5 ~dMn P|.n(k, 2. (31)
5.2. Angular auto-correlation function where(Nga) = (Nc) + (Nsup). The one-halo term is
The angular correlation function (ACF) can be compute from, 2N 2(Ne)(Nsup + (Nsup?u?(K, M, 2)
the HOD of galaxies and their redshift distribution (seé’gg( 7= doa(MaV —
\Cooray & Sheth 2002 for a review): my dlog(Mn) Ngal
dMp,
dN)2 [k (32)
= = Pyq(k, Z)Jo(kD 0) dzdk
W(G) _ L(dz) j|‘< 27 99 c (29) where
[ d
Ngal = f—dlog(Mh)dV< ga)dMp. (33)

where Jy is the zeroth order Bessel function, addl/dz the

redshift distribution of galaxies, which can be computeshfr

counts per redshift slice followirig Béthermin ef al. (201The g Comparison with the observations
valuePgq is the sum of two terms corresponding to the clustering

of galaxies in two dferent halos and inside the same halo:  6.1. CIB power spectrum and number counts

We compared the predictions of our model with the CIB
Pyg(k. 2) = P30(k.2) + P3(K, 2). (30) power spectrum measured with IRAS (108, [Péninetal.
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Fig. 7. Leftand center panels: CIB power spectrum predicted by our model and comparisoim RAS (160um,[Pénin et dl. 2012kmpen circles),
Spitzer (100um,[Lagache et &l 200¢rosses, [Pénin et dl, 201 2tasterisks), Herschel (250, 350, and 500m,[Viero et al[ 2013triangles), Planck
(350, 550, 850, and 1386n, [Planck Collaboration etal. (20115quares), and SPT (1380m, [Hall et al[ 2010 diamonds) measurements. The
dotted, dot-dashed, anddotted lines represent the Poisson, 1-halo, and 2-halo teRight panel: Number counts of infrared galaxies. Data are

taken'from the compilation of measurements_in Béthermith.¢2@11) and B12. Models A, B, and C are represented by a loegrgdash, a short
blue dash, and a solid red line, respectively. The flux cutsl is compute the model predictions are 1 Jy at;#80100 mJy at 16@m, 0.3 mJy

at 250um, 350um, and 50Q:m, 0.54 Jy at 55@m, 0.325 Jy at 850m, 20 mJy at 1.38 mm.

[2012b), Spitzer (160um, I_ag_ag_e_e_t_ahlj 2007, _Pénin et alis significantly dected by the flux cut used to mask bright
[2012b), Herschel (250, 350, and 500m, [Viero et al.[2013), sources, and their level increases with the chosen flux due. T

Planck (350, 550, 850, and 13 LELanQKQ_OlIa.b_Qr_aILQn_eIhI correlated anisotropies (1-halo and 2-halo) are |éfeced by
(2011)), and SPT (138am, [2010) measurements irthe flux cut. When we compare several datasets at the same

Fig.[d (left and center). The level of the Poisson anisogspiwavelength, we thus compute the model predictions for the
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I infrared galaxies and comparison with our model (same @ading as
in Fig.[4). The data come from Magliocchetti et al. (2011)Gdm and
Fig. 10. Comparison between the cross power spectrum between Gioxm and Cooray et al. (2010) ahd Maddox et lal. (2010) at 250, 350,
and CMB lensing predicted by our model and the measuremants @'d 50Q:m. We used the same flux cuts.as Magliocchetti et al. (2011)
Planck Collaboration et hl._(2013) (diamonds) and Holdedlef2013) and Cooray etall (2010). Models A, B, and C are representeddiyg
with SPT ancHerschel (triangles). Models A, B, and C are representeflféen dash, a short blue dash, and a solid red line, resglgctiv
by a long green dash, a short blue dash, and a solid red Isgectvely.

B and data at short and large wavelengths provide integestin

flux cut of the experiment, which is the most sensitive on $maformation.

scales. The flux cuts used to compute the model predictions

are thus 1Jy at 10@m, 100 mJy at 16Qm, 0.3 mJy at 250m, The anisotropies at 1Q0n are dominated by galaxies at low
350um, and 50(m, 0.54 Jy at 55Am (545 GHz), 0.325 Jy at redshift (see Sedil 8) and are thus niieeted by the evolution
850um (353 GHz), 20mJy at 1.38 mm (217 GHz). The overallf galaxies at 22.5. Consequently, there is nofidirence
agreement with the data is very good for a model not fittdietween models A and B. In contrast, model C (with quenching
on the data. However, some tensions between models A arficatellite around massive quenched central) predictsvarlo
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level of anisotropies at < 5000, which is in better agreementhe data, except a systematie fnsion for the point at = 700
with the data, especially aroufd= 2000. The "environmental in the three bands, which could be due to cosmic variance (one
guenching” in model C reduces the one-halo term comparedte outlier for 18 points is statistically expected). The tremd
model B (by a factor of 4 at=2000), but does not significantlyHajian et al. [(2012) (see Fig. 9) are also reproduced well, bu
affect the two-halo term ~15%) and does not change theur model is systematically lower than the datafat 1500.
Poisson level at all. However, the formeftfdrence is not very However, the stability of BLAST on large scales is not as good
significant ¢ 207), and CIB anisotropies are obviously not thas for SPIRE. A future analysis of the cross-correlatiomieen
best probe of such environmentéleets. SPIRE and ACT an@r betweenPlanck bands will thus be
useful for further investigating of this discrepancy.

The interpretation oBSpitzer/MIPS 160Qum data is trickier.
While our model agrees with the measurements of Lagaché et al
(2007) (crosses) and Pénin et Al. (2012b) (asterisks)a000,
they are a factor 3-10 higher than our model on larger scal@s>
Such a large dierence is hard to explain especially wheln Fig [0, we compare the predictions of the cross-coiimeiat
250um. This could be caused by problems in cirrus subtractigBianck Collaboration et all_(2013) ahd Holder €t al. (20113).

In addition, MIPS sffers from strong /£ noise and is probably the former work, both CMB lensing and CIB fluctuations are
not the best instrument for measuring large-scale anis@s0  measured fronPlanck data. In the latter, the CMB lensing
) _is estimated from SPT data, and the CIB is measured using

Between 250 and 550n, our model agrees nicely withyerschel. At ¢ >1000, all versions of the model agree well
Planck and Herschel measurements. At longer wavelengthgith the data. At¢ <1000, the various versions of the model
(850um and 1.4mm), model A overpredicts anisotropies q@nd to be be systematically higher than the data. ModelsdB an
large scales by a factor 2 at 1.4mm, while models B and € (with modified evolution at high redshift) are closer to the
agree with the data, except for & Fension at 1.4mm in the two gata, but slightly overpredict the cross-correlation - at

lowest multipole bins. However, measuring the CIB at 217 GHg57 GHz, 545 GHz, and 353 GHz. Future work will investigate
is difficult because it strongly relies on the correct subtractigRis tension.

of the CMB. Future analyses will either confirm or refute the

presence of this discrepancy. The three models agree wéth th

number counts at 85@m and 1.1 mm. The flierence between

models A and BC is the sSFR at:#2.5 and the characteristic6.4. Clustering of resolved galaxies

density of the mass function of star-forming galaxies. Makle The clustering of bright resolved infrared sources is also a

assumes a flat sSFR at2.5, while models B and C assum . .
rising SSFR at 22.5 compensated for by a decrease in t(’frh{enportant test of our model. Figurelll shows the comparison
t
a

characteristic density of the mass function to preserve gmggg g:% (z)lﬂftsqr(l)r:j%|n;?§3il(j;2ieor2§ntito flc\)/gr;)r:j; flux-ﬁect
agreement with the number counts. In these two versions, T : i A

. . . el agrees well with thélerschel/PACS measurements of
number of bright objects is thus the same, but the numberzgf—: . i
faint objects is dterent (see e.g. number counts around 1 mJ r?s“(;)r::(i:sh(tarti?:lzgrau.%é)érlemseruicr?d{jsigﬁigggﬂfs’ tt?:t com
at 1.1 mm). Model A overpredicts the CIB anisotropies beeau easurements fg p LAl ZZD%O) ng!M idox [(2010)
of too high emissivity of high-redshift faint galaxies. ; " . .

In fact, measuring the correlation function of SPIRE sosrce
éjSO, 350, and 500m) is very dificult because these data
r

Cross correlation between CIB and CMB lensing

In the case of model C (which includes satellite-quenchin e strongly confusion-limited (N n L 2010). Thekva

gr}ewzcgl-grz]il(:hteorrrnsgael\éerggr?ggar;[iis tﬂ%ﬁgﬁrgﬁlﬂeé r?v?iiﬁgggound is thus hard to estimate, and the completeness of the

. gth o ' 9 . talog can vary depending on the local source density. We
satellite-quenching), the one-halo term contributes & @B agree with Maddox et Al (201.0) on scales larger than 0.1 de
anisotropies by a similar amount as do the two-halo and E’n)is%gt not on smaller scales at 250 and 35Q:m W%ere systehw- 9
terms atf ~ 2000 at 10@m, 16Qum, and 25Qim. On other .atics could be due to background subtraction. Our model dis-
scales and wavelengths, it represents a minor contributi rees with the measurements of Cooray et al. (2010), which a
gg'serﬁseﬂéec?gtrad;ti TOdeilIS a?SL;mnmg r;o ;m[ ffs'll)u,mwl Oesi%stematically higher. More reliable measurements of tire ¢

), but is- c-onsistent with the approéches assumintrelation function of SPIRE sources, controlling the systém
dependence (e.4. Shang etlal2012). This reduction of ?eclzts, are thus needed to check the validity of our model accu-
one-halo term is caused by the satellites being hosted by low Y
mass subhalos and thus having low infrared luminosities.

7. Successes and limitations of our model

In the previous sections, we presented a natural way of ex-
tending the B12 model of infrared galaxies by linking their
In addition to auto power spectra, we can compare the predicoperties to their host halo. We tested the validity of this
tions of our model with cross power spectra. They are useful fapproach by comparing the prediction of this extended mimdel
verifying that the level of correlation between bands isreot. the measured spatial distribution of both individually edztéd
This also is an indirect test of whether SED libraries anghnétl infrared galaxies (where the measurements are reliablé) an
distributions used in the model are correct. We compardte unresolved background. This comparison shows the good
our models with measurements|of Viero et al. (2013) betwepredictive power of our approach, suggesting that our agsum
SPIRE bands (see FId. 8). All versions of our model agree wiilbbns are fair. Using this model to interpret both the origin

6.2. CIB cross-power spectrum
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CIB anisotropies (Se¢fl 8) and the link between star-fogmin

galaxies and dark matter halos (SEcil 9.3) is thus legiéinfadr 0.8 . ARASTO0um ClBxlensing B
simplicity, we perform this analyses only with model C, whic 0.6 \ CIBXCIB = = = = ]
provides the best agreement with the data. 04 3 \ ]
; AN
Few models are able to reproduce both the number counts 02 N o
from mid-infrared to the millimeter wavelengths and CIB 0.0 ==
0.8 Planck857GHz B

anisotropies from the far-infrared to the millimeter regsn
/Addison et al.[(2012) proposed a fully empirical model based
the evolution of the luminosity function and the bias of géta.
This approach is asflecient as ours when it comes to fitting
counts, but provides very little insight into the physicabkeition

of galaxiesmll (2011.3) — an updated and extendedoversi : ]
of models presented (n_Lapi etal. (2011) and Xia etlal. (2012) 08F Planck545GHz 3

models — is also veryficient at reproducing all these observ- T o6k 3
ables, despite too low a level of the CIB anisotropies below &~ "t ===

350um. However, their approach has many free parameters (32 g 04F / N 7]
for the evolution of the luminosity function of the various-z 2 4o L Y \ 3

. . . — =N Yy .
galaxy populations, ten for the physically-modeled popoita S ook N
. _ _ . . - o B —
of high-z proto-spheroidal galaxies, and four for the ausig S 8E  Planck3s3GHz ]

of galaxies), and uses a description of the clustering based

an HOD standard that is not coupled to the physical model ﬁ 0.6F A\ 3
L . . . . L s

describing the evolution of their protospheroidal galaxi&he 3 oak - = \ 3

strength of our approach is to propose a set of 18 parameters © ' - \ ]

for the evolution of galaxies, which are all constrainedhgsi 02F N E

external constraints (measurements of the evolution of the 0.0k == ]

sSFR and the SMF, mean SEDs measured by stacking, etc.), 0.8F Planck217GHz 3
and a formalism to compute the clustering without any free E ]

parameters, allowing a consistent description of the catiop 06 : 7 \ \ ]
of dark-matter halos by infrared galaxies. 04F == \ 7
02F g NN 7

However, some limitations of this model have to be kept in 0.0 i ]
mind. First, the SED of infrared galaxies at high redslaft (2) 0.8F Planck143GHz e
was not measured and it is not clear if the dust temperature wi o6k , ]
increase or decrease at high redshift, because of the amcert F 7 \\ ]
ties on the mass-metallicity and mass-attenuation relatsodis- 04F = 3
cussed in_Magdis et al. (2012). The good agreement between ook 2 D E
the model and the CIB anisotropies at long wavelengths sigge 0'0 . N — ]

that our hypothesis of nonevolution is reasonable. The SED o
low-mass galaxiesM, < 10'°M,) is not well constrained, but
the contribution of these low-mass galaxies to the CIB islsma
making this scenario hard to test. Second, the specific atar f
mation rate and the SMF of star-forming galaxies at very high
redshift ¢ > 3) are also uncertain, but th&ects ofz > 3 galax-

ies on the CIB are pretty small, and these data thus cannot ac-
curately constrain the evolution of infrared galaxies ay\egh ) 1 2 3 4 5
redshift. Finally, we assumed an universal relation beivatel- .

lar mass and UV attenuation, but this relation could alsakre

at very high redshift, where the amount of metals is smatier aFig- 14.  Comparison between the predicted redshift distributidns o
galaxies could thus contain less dust. For all these reagiums C!BXCIB and CIBXCMB lensing signal in various IRABlanck bands.
predictions of the models at> 2 must be interpreted with Cau—S’O“d red line: Redshift distribution of the cross-correlation between

0.8F Planck100GHz =

CIB and CMB lensing at#+1000 in various bandsDashed blue line:

tion. Redshift distribution of CIB auto power spectrum.
8.1. Redshift distribution of CIB mean level and anisotropies
8. Where do the CIB and its anisotropies come The CIB SED can be predicted directly from the Béthermin kt al
from? (20124) count model. Figurell2 (upper left panel) shows the

spectral energy distribution of the CIB and its decompositi
In this section, we discuss the predictions of the model eonc per redshift slice. Compared to the Béthermin étlal. (2011)
ing the redshift distribution of the various signals we &dd model, this new model has a slightly higher contribution of
(CIB auto-spectra, CIB cross-spectra, CIBXCMB lensinge WL < z < 2 sources. This new model agrees well with both
base our analysis on the model C as justified in Séct. 7. absolute measurements and the total contribution of iedrar
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Fig. 12. Predicted redshift distribution of the CIB and its anisptes. Upper left panel: CIB SED and contribution per redshift slice
(colored solid lines).black squares: total extrapolated CIB from deep number counts (TeplizléR011 ] Béthermin et &, 2010a; Berta et al.
2011; Béthermin et al. 2012c; Zemcov et al. 2010yan solid line: Absolute CIB spectrum measured BYDBE/FIRAS (Lagache et al. 2000).
Green triangles: absolute CIB measurements performedd®BE/DIRBE at 10Qum, 140um, and 24Q:m (updated ifi Dole et &I, 2006Yellow
diamond: absolute measurements_of Pénin étal. (2012a) aufB®ith Spitzer/MIPS. Orange arrows: upper limits derived from opacity of the
Universe to TeV photons_(Mazin & Raue 200T)ower |eft panel: Normalized redshift distribution of the mean level (updisdon anisotropies
(middle), large scale anisotropiesfatl000 (bottom). Various colors correspond to various baRitght panel: Contribution of various redshifts
to the CIB (solid line) and comparison with lower limits desil by stacking frorh Berta etlal. (2011) at 168,[Jauzac et al_(2011) at 1660 and
Béthermin et al.| (2012c) at 250n, 350um, and 50um (arrows). The dashed lines are the model predictionsdakie selection used to derive
the lower limits into account. The flux density cuts are thmsas previously (see Sddt. 6 and Elg. 7).

galaxies extrapolated from the number counts. allow an easier comparison between bands, we normalized the
redshift distributions in order to havﬁd(vlv)/dzdz = 1 and

The three lower lefthand panels of Higl 12 show the redsh{tdcf/dzdz = 1. Between 10Qm (3000 GHz) and 856m

distribution of the intensity of the CIB (top), but also o§it (353 GHz), the redshift distribution evolves strongly towa
anisotropies on small (middle) and large scales (bottong.
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Fig. 13. Predicted redshift distribution of auto and cross powecspeat large { = 1000, left) and small scale (Poisson level). We focus on
three frequencies: 857 GHz (3pf), 545 GHz (55@im), and 217 GHz (1382m) to illustrate the dference between cross spectrum between two
distant wavelengths and the auto-spectrum at an intermeagi@elength. The flux density cuts are the same as preyi¢sest Seck]6 and Fid. 7).

Table 1. Predicted correlationCIlYV'/ Cy x C") of CIB anisotropies between bands on small (Poisson leysder part) and large scales
(I=1000, lower part).

Correlation between bands on small scales (Poisson)
3000GHz 857GHz 545GHz 353GHz 217GHz 143GHz 100GHz

3000 GHz 1.000

857 GHz 0.599 1.000

545GHz 0.407 0.916 1.000

353GHz 0.310 0.830 0.962 1.000

217GHz 0.277 0.785 0.920 0.968 1.000

143 GHz 0.279 0.745 0.894 0.963 0.958 1.000

100GHz 0.333 0.743 0.881 0.940 0.921 0.988 1.000

Correlation between bands on large scatd (100)
3000GHz 857GHz 545GHz 353GHz 217GHz 143GHz 100GHz

3000 GHz 1.000

857 GHz 0.766 1.000

545GHz 0.636 0.971 1.000

353GHz 0.555 0.925 0.988 1.000

217GHz 0.529 0.902 0.975 0.997 1.000

143 GHz 0.538 0.904 0.975 0.996 0.999 1.000

100GHz 0.575 0.919 0.981 0.996 0.997 0.999 1.000

higher redshift. At longer wavelengths, there is almost ferta et al.[(2011) at 1Q@n,[Jauzac et &l. (20111) at 166 and
evolution, because all the sources belbw 7 are seen in the |[Béthermin et al.[(2012c) at 2%@n, 350um, and 50:m, which
Rayleigh-Jeans regime and the color is roughly the samd ateajree well with our model. We used our model to simulate
redshifts. This trend is seen for both intensity and anigiés, the selection corresponding to these various works anddfoun
regardless of scale. There are, however, smdliedinces good overall agreement below2.5. At higher redshift and
between these three quantities. For instance, the redss$tift  for a 24um selection, these predictions are underestimated.
bution of the Poisson le\@ht 100um is dominated by < 0.5 This is expected because our SED templates only take the
sources, when a significant fraction 6f= 1000 anisotropies dust emission into account, when the < 8um rest-frame

is caused by galaxies at-2. This is because the Poissoremission is significantlyféected by stellar emissions. We thus
anisotropies are dominated by a small number of low-z briglmhderestimate the number of 2¢h detections and consequently
galaxies just below the flux cut. Anisotropies on large stalalso their contribution to the CIB.

are dominated by normal star-forming galaxies afl avhich

dominate the background and the two-halo term of anisagopi

Finally, we checked that the redshift distributions préstic 8.2. Redshift distribution of CIB cross-correlation between
by our model agree with the lower limits derived by stackifigo  bands
24um sources. We compare them with the lower limits from
Cross power spectra between bands provide complementary
5 We used the same flux cuts as in Sect. 6 information to the auto-spectra. Figliré 13 shows the réwshi
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distribution of a selection of cross and auto-spectra. Oih bayuantity only takes the star-forming galaxies into accouiie
large ¢ = 1000, left) and small scales (Poisson), the redshédiso use both the instantaneous halo mass (left panelshand t
distribution of the cross-spectra between two distant bded)., halo mass atz0. The conversion between instantaneous halo
857 and 217 GHz here) is fairly close to the redshift distidou mass and halo mass atQis performed assuming an accretion
for an intermediate band (e.g., 545GHz here), except forfalowing the fits of_ Fakhouri & Mal(2010) to their own numer-
difference in Poisson level at very low z caused bifedent flux ical simulations of dark matter:

cuts. Considering the quite fine spectral coverage of ouwa,dat M 11

\r/vaengé? cannot claim that cross-spectra proliiedint redshift (M) = 46.1 x M@/yrl(lolZRA@) x (1+1.112)

A/ 3
In contrast, the correlationC{”'/,/C)” x C/') between X V(L +2)° + Q. (34)

bands provides a useful test of the validity of the mod (Z=0) ,\ : :
(especially their SEDs and redshift distributions). Thisre- el,sne Wass at ioh(Mhé.Z) - ft(.Z:Z) éMh)dtl ). 'S af conven.:e:t
lation varies with scale. We thus focused on Poisson levetl afilantity to use when discussing the evolution of structun

¢ = 1000. The results are summarized in Téble 1. The level YPe-

correlation is also important for cosmic microwave backg . L .
(CVB)experments o now whether he I3 at g requency 1, 1202, o 11 1ares Lnomy o 2 el o
Is a good [;]roxy forlthg CIbB emission at low freguency. I:d| normalization varies strongly. For the same Halo rﬁass
|(r)1. 2?2 (;ﬁ’f t:elé:gcr)febittloonnIyeé\./;%eporiiZGpHOizssa:)r:] |e%,t:ﬁ Grhziﬁrared luminosity is much more intense at high redshittisT
correlation is predicted to rise to 0.996 between 353 GHz afﬁfu'tsdwl'” b.e mt_erp(;eted further in I(SIGIE?F At IOW Pﬁ
143 GHz (0.963 for the Poisson level). According to our modéﬁ1 rared luminosity decreases quickly. This is mainly eedis

, . ; 5
the CIB at 353 GHz th id d for CIB iRY the quickly dropping M-M; relation atMy, < 102 M, (see
thg CMBachannels? US provices a very good proxy tor I ig.[d), while the sSFR is roughly the same at all stellar msass

(sSFR<M%2). This break is slightly amplified by the fact that a
smaller fraction of UV light from young stars is reprocessed
infrared emission at lower masses (Ed. 10). At high mass, we
8.3. Redshift distribution of CIBXCMB lensing signal found a sublinear relation, even if we consider only objects
, . . the main sequence. This behavior is also driven by the shfape o
The cross-correlation between CIB and lensing provideplsdp the M, -M, relation. which is sublinear at M>102M,. This

mentary information probing a slightly fiérent redshift range. . . , : 22
: : ) rend is stronger if we consider the mean infrared lumiyosit
Figurd14 shows a comparison between the predicted redshﬁ take thegquenched galaxies into account. AL ztr?:

ggtwte):ﬂogf;fa;zecc&% Eli::](;'if]peg rruvrgr%r:](i tﬁgng?ss'v\)srﬂf?tt infrared luminosity decreases when halo mass becomesrhighe
9 : rW“lan 163M,, so our model predicts a very weak star formation

redshift distribution of the auto-spectrum evolves stigrige- . L .

tween 100 (3000GHz) and 8n (353 GHz), this evolution is 1 & eree SVIORTIS at o fedsinit, 1n SgreBment Win

weaker for the cross-correlation with CMB lensing that riyiinsay : : ). This trend is caused by the large
fraction of quenched galaxies at high stellar mass (sedlJrig.

probes the = 1 - 2 redshift range. CIBXCMB lensing is thus a@ - o . .
: P e contribution of satellites is small except in massivieo$ia
good probe of the mean SED of galaxies contributing to the C 3 o .
at this epoch. However, apart from the 100 band, the redshift k> 10*Mo), where the central is irfcient in forming stars.
range probed by CIBXCMB lensing is relatively similar to tha . . .
of the CIB power spectrum, but it is an independent and moye The infrared luminosity as a function of halo mass at
z=0 exhibits strong downsizing. The progenitors of-4d,

direct probe of the link between dark matter and Star'fom'ri]rlﬂtially host a very intense star formation rate (ULIRG ireg,

objects, because the lensing of the CMB by the large scqlgi2 3 . : . .
. ; < Lir < 10%L,) at high redshift (25), which continues
structures is a very well known and modeled physical process grow 'Sp to %2, G)Then,gthe infrare(d Il)Jminosity decreases

because star formation is lesfligient in massive halos (see
Sect[9.B). The less massive halos need more time to ignite
9. Star formation and dark matter halos intense star formation. Dark matter halos similar to that of
MilkyWay (~10*M,, at z=0) host significant infrared emission
In this section, we discuss the prediction of our model in thghly below z1.
context of our current understanding of galaxy formatione W
use model C, as discussed in Sgkt. 7. We can compare the predictions of our model with es-
timates based on clustering of various samples of galaxies.
Submillimeter galaxies (defined here to h&#g, > 3mJy) are
essentially ULIRGs at#2.4 (e.gl Chapman etlal. 2003) and the
B12 model predicts that these objects generally lie on thiea ma
The infrared-light-to-halo-mass ratio is a key ingrediehbur sequencemlmozl) show that the correlationtieng
CIB model. Figur&5 shows this relation for various hypette of SMGs is compatible with typical host halos of 30/,
We consider two dferent definitions of the infrared luminositywhich is consistent with our model prediction of an infrared
inside the halos: the infrared luminosity of a central gglgx  luminosity of 4 x 10'?L, for a main-sequence galaxy in a
ing exactly at the core of the main-sequence (top panels) @&rft#*M,, halo at =2.4 (see Fig.15). We can also check the
the mean infrared luminosity of central galaxies (lowerglaj consistency of our results with measurements baseSpiirer
hosted by halos of a given mass. This second quantity tak@s iR4um observations. |_Magliocchetti et/al._(2008) measured
account that a fraction of galaxies are passive, while tis fithe clustering of two samples of sources w@h, > 400uJy

9.1. Evolution of infrared-light-to-mass ratio with redshift
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Fig. 15. Relation between infrared luminosity of galaxies and thalb mass. Theop panels correspond to the infrared luminosity for a central
galaxy exactly on the main sequence. Todom panels shows the mean infrared luminosity of the centrabges. Thdeft panels show results
as the instantaneous halo mass egtit panel as a function of halo mass at@. The dashed lines correspond to the limit between norniakiges
(i.e. < 10" Ly), LIRGs (10 < Lig < 10'%L,), ULIRGs (102 < Lig < 10L,), and HyLIRGs ¢ 10'3L,).

with a mean redshift of 0.79 and 2.02, respectively. This flukhe results of this analysis are presented in [Ei.16. If we
selection corresponds, at the mean redshift of each samplmsider instantaneous halo mass (left panels), the bulk of
to an infrared luminosity of B x 10! L, and 26 x 10*?L,, the star formation is hosted by halos betweed*1M, and
respectively for a main-sequence SED. For an object exact§*>° M, regardless of the redshift, suggesting the existence
on the main sequence, this corresponds to an instantanemfua characteristic mass which favors star formation. The
halo mass of Z x 10?M,, and 12 x 10**M,, in agreement fractional contribution of each mass slice is inferred twena
with the minimal mass found by Magliocchetti et al. (2008pvolved slowly with redshift, except at> 3. However, there
of 0.8°23 x 10”M, and 06'55 x 10™M,, respectively. are significant uncertainties in the behavior of the gakie
Farrah et dl.[(2006) measured the halo mass oft®.8RAC high redshift, and these results should be taken with cautio
peakers with 24m detections and found arlrange for logMp)
of 13.7-14.1. This population of massive star-forming geda Because of the growth of dark matter halos, the same
has a mean redshift of 2.017 and a mean infrared luminosityrflo mass at various redshifts corresponds to progenitors
8.9+0.6 L, (Fiolet et al[ 2010), which is associated in our mode)f different types of halos. To take this into account, we
to log(Mn)=14.1. also considered slices of=@ halo mass (right panels).
The star formation rate density is predicted to have been
successively dominated by progenitors of massive clusters
(M, > 10"*°M,) atz > 4.7, small clusters and large group
9.2. Contribution of various halo masses to star formation (10'3° < My < 10"°M,) at 28 < z < 4.7, small groups
history (10'2° < My < 10"°M,) at 05 < z < 2.8, and Milky Way-like
halos (18'° < My < 10'°M) atz < 0.5. Star formation
The total star-formation rate of both central and satefjaéax- thus initially occurs in the progenitor of the most massive
ies hosted by a given halo can be derived from our model. halos before becoming lesdfieient and then propagating to
combination with the halo mass function, we can then compuéss massive halos. This strong downsizing explains why the
the contribution of each halo mass to the star formation. ragtar formation rate densities at redshifts 1 and 2 are simila
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Fig. 16. Contribution of various halo mass to the star formationdnistUpper panels shows the contribution of each slice to star formation
density andower panels their fractional contribution. We use slice of instantame®alo mass in thksft panels and mass at=0 in theright
panels.

z> 2 infrared luminosity density is dominated by a low densitgfrom 8 x 10'*M,, at z=0 to 3x 10'>M,, at z=2). At z=5, this
(~ 3x103Mpc ) of ULIRGs andz ~ 1 is dominated by higher maximal dficiency is lower, and the halo mass where it occurs
density ¢ 3 x 10°3Mpc~2) of LIRGs (e.g.I. is higher. The increase in the mass of maximufficency
2011). could be due to a delay in the ignition of star-formation\tj
because the BAR ir10>M,, halos is higher at high redshift.
However, large uncertainties exist at high redshift wheee w
have few constraints on star-forming galaxies. For inganc
9.3. Efficiency of star formation as a function of halo mass if we use model A (flat sSSFR & > 2.5) instead of model C
and redshift (rising sSFR) to perform our calculations thifest is much
smaller (dashed line in FigL7). In our framework, this f&su
To conclude, we derive an estimate of the instantaneous $tag consequence of the combined evolution of the sSFR, the
formation ficiency (ISFE) in diferent halos by computing theM,-My, relation, and the specific halo growth. We can also try
ratio between SFR and baryonic accretion rate (BAR). Het, interpret this evolution physically. Below the mass scai
we assume the BAR to be the total matter accretion as giwshich peak éiciency is reached, the gravitational potential
by |Fakhouri & Ma (2010) multiplied by the universal baryoniof the halo is lower and supernova feedback is probabffy-su
faction (BAR = (Mp) x Qp/Qm with (M) defined in Eq_34). ciently strong to remove gas from the galaxy (¢.9./Silk 2003;
This simplified definition neglects that the gas is not tra 5). At higher masses, the slow decreadein t
formed instantaneously into stars and that large gas raiservstar formation ficiency could be caused by the transition from
are present in (e.g., Daddi et al. 2010; T: ni 20m8) acold streams below, ~ 10'2M,, to isotropic cooling above
around|[(Cantalupo et'al. 2012) high-z galaxies. Figure bvsh this mass (e.d. Dekel & Birnbolin 2006; Faucher-Giguérelet al
predictions for the variation in thisfieciency as a function 2011). At high mass, the cooling time of gas becomes much
of halo mass at various redshifts. Star-formatidiiceency in longer than the free fall time because of the hot atmospere i
main-sequence galaxies as a function of instantaneoustals the massive halos (elg. Keres el al. 2005; Birnboimlét al7200
(upper left panel) slowly evolves betweeazand z2 with a Unlike the ISFE in main sequence galaxies, the mean ISFE
slight increase in the mass of maximuffiéency with redshift (lower left panel), that considers that a fraction of gataxare
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Fig. 17. Instantaneous star formatioffieiency (defined here as SRR, where BAR is the baryonic accretion rate) as a functibhajo
mass at various redshift predicted by our model. The priedistfrom model C are plotted with a solid line. At 5 model A predicts a dlierent
efficiency distribution and is represented by a dashed ligper panels shows this #iciency only for main-sequence galaxies doder panels
for mean diciency. We use slice of instantaneous halo mass itefhpanels and mass at=20 in theright panels.

quenched, exhibits a strong breakMd > 10'°Mg atz = 0 between sSSFR and sHG is

and a moderate break at the same mass=atl. This break oo

could be caused by a suppression of isotropic gas cooliﬁm - Mb/Mn - %

by energy injection in the halo atmosphere by active galactiMn/Mn M. /Mn M.
06; Somerville €PADS;

nuclei activity (e.g. Cattaneo et/al. 20 ; . o -
Ostriker et al. 2010). wherey is the instantaneous star formatidti@ency (SFRMp),

and My, the baryonic accretion into the halo. The ratio between
sSFR and sHG can thus be much higher than unity in halos of
Regardless of the redshift and halo mass, the SFR in main10*?M,, because even if is lower than 1, the ratio between
sequence galaxies is always lower than the BAR onto the dédryonic mass and stellar mass~¢ (e.g.,[Leauthaud etlal.
matter halos (see Fig.L7). For a Chabrier (2003) IMF, the-m ), because of the lowfieiency of conversion of baryons
imal efficiency is ~0.7. AppendiXC discusses the case of ito stars in the past (when the halos had a lower mass and thus
5) IMF. This is consistent with the standard aslower ISFE).
sumption that main-sequence galaxies host secular staafor
tion. This is not the case for episodic starbursts, whichvn a  We can also discuss how théieiency varies as a function
erage forms four times more stars for the same halo mass tbéz=0 halo mass (right panels). We predict a strong evolution
main-sequence galaxies and thus transform much more gas oftthe typical halos where the ISFE is maximal. The progesito
stars than they receive from cosmic accretion. They thud tesf massive halos form stars veryfieiently at high redshift,
to exhaust their gas reservoir rapidly. The main-sequealzxg while Milky-Way-like halos are very inficient. The opposite
ies do not need to store gas to fuel their star formation. Thiend is expected at low redshift. This picture is consistégth
could seem to contradicts the fact that the specific halo tirowthe strong downsizing of the star-forming galaxy populatio
(sHG) is larger by a factor of two than the sSSFR arourd 2, discussed in the previous sections, but also with the work of

as pointed out by Weinmann et dl. (2011). However, the raBehrooziet al. [(2013b). Their analysis was based only on
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the evolution of the SMF, and SFR were derived assuming lower mass at all redshifts. We found that more than 90% of
a single galaxy population. Our approach is based on the the star formation is hosted by halos with masses between
infrared observations that directly probe the SFR in galsxi 10'*° and 13°°M,, at all redshifts. The progenitors of
and which take the diversity of galaxies into account using clusters Win(z = 0) > 1035 M,) host the bulk of the star
three distinct populations: secularly star-forming gaax formation atz >3. Star formation activity then propagates
on the main-sequence, episodic, merger-driven starbursts to groups (18*° < My(z = 0) < 10"*°M,) at 05 <z < 3
and passive elliptical galaxies. Compared to Behrooziletal and Milky Way-like halos (16> < My(z = 0) < 10*25 M,)
m%i), our mean ISFE is much lower in local massive atz < 0.5. We also found that there is a characteristic halo
halos, which almost exclusively host quenched galaxies, bu mass ¢ 10'2My) where the star formationficiency is
we agree with their estimate if we take only a main-sequence maximal 70% at all redshift). The large filérence of
population (more consistent with their single galaxy pagioh). SFR in galaxies dominating the background at low and high
redshift would thus be driven by aftBrence of accretion
Normal spiral galaxies &= 0, LIRGs atz = 1, and ULIRGs rate in the halos close to this mass.
atz = 2 dominate the star-formation density at these redshift and
are essentially main sequence galaxies (Sargent et al).281.2 _ _ _ o _
of these are hosted by halos of similar mass, which are clearac ~ OUr simple modeling framework is veryfiient in explain-
ized by a very #icient conversion of accreted baryons into star$!9 the current observations of the infrared Universe. Heame
The huge dierence between their star formation rate can thflure large submillimeter surveys (e.g. NIKA, CCAT) will
be explained by the accretion, which is stronger at hightiiéds resolve the bulk of the CIB into individual sources and will

These objects can thus be viewed afetént facets of the sameProbably improve measurements of the clustering propedie
universal process of secular star formation. infrared galaxies. We expect that deviation from our mod#l w

appear on small scales, where environmerttalots could have
a strong impact, thereby revealing a more complex and varied
10. Conclusion infrared Universe.
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Table A.1. Conversion between wavenumber, multipole, and angle

Multipole  Wavenumber Angle
{ k 0
arcmirrt degree
1 0.00005 180.00000
2 0.00009 90.00000
5 0.00023 36.00000
10 0.00046 18.00000
20 0.00093 9.00000
50 0.00231 3.60000
100 0.00463 1.80000
200 0.00926 0.90000
500 0.02315 0.36000
1000 0.04630 0.18000
2000 0.09259 0.09000
5000 0.23148 0.03600
10000 0.46296 0.01800
20000 0.92593 0.00900
50000 2.31481 0.00360
100000 4.62963 0.00180

Table A.2. Conversion between wavelength and frequency for various
passbands used in this paper

Wavelength  Frequency

um GHz
24 12500
100 3000
160 1875
250 1200
350 857
500 600
550 545
850 353
1100 272
1382 217
2097 143
3000 100

Appendix A: Conversions tables
Appendix A.1: Wavenumber, multipole, and angle

On small scalesSpitzer, Herschel), where curvature of the sky

is negligible, people generally use wavenumber (K) in threda-
surements of the CIB power spectrum. This is not the case for
large-scale measurements (SPT, A@Tanck) for which peo-

ple used mutlitpoled). The conversion between the two is just

¢ = 2nk. This also corresponds to a characteristic angular scale
0 = n/¢. TabldA.l provides conversion for the range of values
used in this paper.

Appendix A.2: From wavelengths to frequencies

Infrared astronomers use wavelengthain, the CMB commu-
nity frequencies in GHz. For quick reference, we provide the
conversion between these two conventions for the passloigsids
cussed in this paper in Talile’A.2.
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Appendix B: Computation of the cross-Poisson
term

The number of sources per steradian with an infrared lu-
minosity in the interval [ir;, Liri + ALr;] and a redshift in
[z, zj + Azj] is

av d?N

Nij=—

IR ALRiAZ. B.1
dz  digdy < AHRIAY (B.1)

We also need to separate the galaxies by mode of star formatio
(main-sequence or starburst) afd) parameter. The number of
main-sequence or starburst galaxiff§ ' >®in the same.ir and

z bins and with(U ) in [{U )k, (U )k + AU)] is

n_MSorSB: d_V % dZN
ik dz dL|RdV

X ALiRjAZj; X pmsorsa({U)) x AU .
(B.2)

Since we assume Poisson statistics, the variance on the num-
ber of galaxies in this bin equaig>* " For the covariance
between the fluxes at the two frequencies caused by this pubpo
ulation we have

MSorSB _ 12 SorSB SorSB -
oe Sk =Sy XSy X Nijk = Lk s x S X Nijk, (B.3)

because the fluxes in the two bands are perfectly correlated f
sources with the same SED. Finally, we sum over the entire pop
ulation (allLig, z, and{U)) to compute the level of the Poisson
term:

Cpoi

AR S SN (B.4)

{(MS,SB} Liri zj (Uk

which in integral limit becomes

i dv R (DX
0
o Pusorss((U)12)
z 0z MS.sBy VW) Lir=0
d’Nusorss

LZSS0rSB(U), 2) x S5 TSB(U), 2) dLir d(U) dz
(B.5)

dLirdV

Appendix C: Star formation efficiency in the case of
a Salpeter IMF

In Sect[3.B, we computed the SFE assumihg a Chabrierl(2003)
IMF. The results are slightly éferent if we assume ter
(1955) IMF (see Fig.BJ1). In this case, the galaxies close to
the mass of maximum ISFE form more stars than they accrete
baryons, and large gas reservoirs are required to allow the
secular star formation in these objects. These reservoirklc
have been replenished during the phase of low star-formatio
efficiency, when the halo was less massive.
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Fig. B.1. Same figure g517 but assumirlg a Salpéter {1955) IMF. The thstied line corresponds to an SFE of 1.
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