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ABSTRACT

Recent studies have revealed a strong correlation between the star formation rate (SFR) and stellar mass of the majority of star-forming
galaxies, the so-called star-forming main sequence. An empirical modeling approach (the 2-SFM framework) that distinguishes be-
tween the main sequence and rarer starburst galaxies is capable of reproducing most statistical properties of infrared galaxies, such as
number counts, luminosity functions, and redshift distributions. In this paper, we extend this approach by establishing a connection
between stellar mass and halo mass with the technique of abundance matching. Based on a few simple assumptions and a physically
motivated formalism, our model successfully predicts the (cross-)power spectra of the cosmic infrared background (CIB), the cross-
correlation between CIB and cosmic microwave background (CMB) lensing, and the correlation functions of bright, resolved infrared
galaxies measured by Herschel, Planck, ACT, and SPT. We use this model to infer the redshift distribution of CIB-anisotropies and
of the CIB x CMB lensing signal, as well as the level of correlation between CIB-anisotropies at different wavelengths. We study the
link between dark matter halos and star-forming galaxies in the framework of our model. We predict that more than 90% of cosmic
star formation activity occurs in halos with masses between 10''” and 10'3° M, If taking subsequent mass growth of halos into
account, this implies that the majority of stars were initially (at z > 3) formed in the progenitors of clusters (My(z = 0) > 10'*3 M),
then in groups (10'>° < My (z = 0) < 10'3° M,) at 0.5 < z < 3, and finally in Milky-Way-like halos (10" < M;(z = 0) < 10'>° M)
at z < 0.5. At all redshifts, the dominant contribution to the SFR density stems from halos of mass ~10'> M, in which the instanta-
neous star formation efficiency — defined here as the ratio between SFR and baryonic accretion rate — is maximal (~70%). The strong
redshift-evolution of SFR in the galaxies that dominate the CIB is thus plausibly driven by increased accretion from the cosmic web
onto halos of this characteristic mass scale. Material (effective spectral energy distributions, differential emissivities of halos, relations
between M}, and SFR) associated to this model is available at http://irfu.cea. fr/Sap/Phocea/Page/index.php?id=537.
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1. Introduction

A detailed understanding of galaxy formation in the cosmo-
logical context is one of the main problems of modern astro-
physics. The star formation rate (SFR) of galaxies across cosmic
time is one of the key observables to understand their evolution.
However, measurements of SFR are difficult, because most of
the UV light emitted by young massive stars is absorbed by in-
terstellar dust. This light is reradiated in the infrared between
6 ym and 1 mm. The cosmic infrared background (CIB), de-
tected for the first time in FIRAS data (Puget et al. 1996; Fixsen
et al. 1998; Hauser et al. 1998), is the relic of all dust emis-
sions since the recombination. It is the strongest background af-
ter the cosmic microwave background (CMB), and it contains
half of the energy emitted after recombination (Hauser & Dwek
2001; Dole et al. 2006). Identifying the sources responsible for

* The effective SEDs are only available at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/557/A66
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this background and their physical properties is thus crucial
to understanding the star formation history in the Universe.
Unfortunately, because of the confusion caused by the limited
resolution of the current infrared/millimeter facilities (Condon
1974; Dole et al. 2004), only a small fraction of this background
can be directly resolved into individual sources at wavelengths
longer than 250 um (Oliver et al. 2010; Béthermin et al. 2012c),
where the CIB becomes dominated by z > 1 sources (Lagache
et al. 2003, 2005; Béthermin et al. 2011, 2012¢). We thus have
to study the statistical properties of the unresolved background,
if we want to unveil the infrared properties of galaxies that host
the bulk of the obscured star formation at high redshift.

We can use statistical tools to measure the photometric prop-
erties of galaxies emitting the CIB. P(D) analysis (Condon 1974;
Patanchon et al. 2009) is a method measuring the flux distribu-
tion of sources below the confusion limit by considering only
the pixel histogram of an infrared/millimeter map. Glenn et al.
(2010) has managed to measure the number counts (flux dis-
tribution) of SPIRE sources down to one order of magnitude
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below the confusion limit using P(D), and they resolve about
two-thirds of the CIB into individual sources. Strong constraints
on contributions to the CIB were also derived by stacking analy-
ses (Dole et al. 2006; Marsden et al. 2009). This method allows
measuring the mean flux of a population individually detected
at a shorter wavelengthl, but not in the far-infrared/millimeter,
by stacking cutout images centered on short-wavelength detec-
tions. Number counts below the confusion limit were measured
with a method based on stacking (Béthermin et al. 2010a,b). In
addition to this, Béthermin et al. (2012c¢) also measured counts
per redshift slice using an input catalog containing both 24 ym
fluxes and redshifts and a complex reconstruction of the counts
based on stacking. These analyses provided constraints on the
CIB redshift distribution. Nevertheless, an empirical model is
still needed to deduce the obscured star formation history from
number counts at various wavelengths (e.g. Le Borgne et al.
2009; Valiante et al. 2009; Franceschini et al. 2010; Béthermin
et al. 2011; Marsden et al. 2011; Rahmati & van der Werf 2011;
Lapi et al. 2011; Gruppioni et al. 2011).

Large-scale CIB anisotropies measured by Spitzer (Lagache
et al. 2007; Grossan & Smoot 2007; Pénin et al. 2012b), BLAST
(Viero et al. 2009), the South Pole Telescope (SPT, Hall et al.
2010), Herschel (Amblard et al. 2011; Viero et al. 2013), and
Planck (Planck Collaboration 2011) also provide degenerate
constraints on the evolution of infrared-galaxy emissivities and
the link between infrared galaxies and dark matter halos. This
degeneracy can be broken by combining anisotropy information
with infrared number counts (see above). The first generation
of models used to predict/interpret CIB anisotropies was based
on a combination of an evolutionary model of emissivities of
infrared galaxies and a linear bias or a halo occupation distribu-
tion (HOD) model describing the spatial distribution of galax-
ies (Knox et al. 2001; Lagache et al. 2007; Amblard & Cooray
2007; Viero et al. 2009; Hall et al. 2010; Planck Collaboration
2011; Amblard et al. 2011; Pénin et al. 2012a; Xia et al. 2012).
The emissivities are deduced from a model of galaxy evolution
(e.g. Béthermin et al. 2011; Lapi et al. 2011) or represented by
a simple parametric function (Hall et al. 2010; Amblard et al.
2011). However, these models assume that there is no depen-
dency between clustering and luminosity and in general a single
HOD or linear bias for all redshifts. Consequently, these mod-
els have difficulty fitting all wavelengths simultaneously. Shang
etal. (2012) propose a new approach assuming an infrared-light-
to-mass ratio that varies with halo mass and redshift (see also
the De Bernardis & Cooray 2012 approach, which focused on
250 pm). This new model is also able to roughly reproduce the
number counts (LFs respectively), though their description of
infrared galaxies is simplistic (a single SED for all galaxies at
all redshifts, no scatter on the mass-to-light ratio). Another ap-
proach was proposed by Addison et al. (2012), who combine
a backward-evolution counts model that is very similar to the
Béthermin et al. (2011) approach and a scale-dependent effec-
tive bias of infrared galaxies to predict the CIB power spectrum.
This simplified approach is very efficient in fitting the data, but is
purely descriptive and provides little information on the physical
link between galaxies and dark matter halos.

In this paper, we propose a new approach to modeling both
CIB anisotropies and galaxy number counts based on the ob-
served relation between physical properties in galaxies and their
evolution with redshift. We use the stellar mass (M,) as a

' 24 um is often used because ~80% of the background is resolved
into sources at this wavelength (Papovich et al. 2004; Béthermin et al.
2010a).

A66, page 2 of 22

gateway to link the halo mass (M) and SFR. The stochastic
link between SFR and M, is modeled following the Béthermin
et al. (2012a) model (hereafter B12), which is based on the
observed main sequence (MS) of star-forming galaxies (i.e., a
strong correlation between stellar mass and SFR evolving with
redshift, Noeske et al. 2007; Elbaz et al. 2007; Daddi et al.
2007; Rodighiero et al. 2011) and provides one of the best fits
of mid-infrared-to-radio number counts. It contains two types
of star-forming galaxies with different spectral energy distribu-
tions (SEDs): secularly star-forming MS galaxies and a pop-
ulation of episodic, probably merger-driven starbursts with a
strong excess of SFR compared to the main sequence follow-
ing the two-star-formation-mode (2SFM) formalism introduced
in Sargent et al. (2012). The relation between stellar and halo
mass is derived by abundance matching (Vale & Ostriker 2004;
Conroy & Wechsler 2009; Behroozi et al. 2010) and assuming
a monotonic relation without scatter between these quantities.
Béthermin et al. (2012b) used this technique to connect SFR
and M, for MS galaxies in a qualitative way (see also Wang
et al. 2013). This paper improves and extends the approach of
Béthermin et al. (2012b) in order to predict the anisotropy of the
CIB and the clustering of infrared galaxies. This new formalism
also permits us to describe the quenching of star formation in
massive galaxies and their satellites in a phenomenological way
and involves a refined treatment of subhalos.

In Sect. 2, we present the philosophy of our approach. In
Sect. 3, we explain the ideas on which our model is based, es-
pecially how we assign infrared properties to galaxies hosted by
a dark matter halo. In Sects. 4 and 5, we describe the formal-
ism used to compute the power spectrum of CIB anisotropies
and angular correlation functions of infrared galaxies, respec-
tively. In Sect. 6, we present the results of our modeling and an
extensive comparison with observations. In Sect. 7, we discuss
the successes, but also the limitations, of our model. In Sect. 8,
we describe the properties of the CIB predicted a posteriori by
our model, such as redshift distribution or correlation between
bands. In Sect. 9, we discuss how the history of star formation
history proceeds depending on the mass of dark matter halos.
We conclude in Sect. 10. In Appendix A, we provide tables of
conversion from multipole ¢ to angle 6 and from frequencies to
wavelengths, since we use both conventions interchangeably in
the paper.

In this paper, we assume a WMAP-7 cosmology (Larson
et al. 2011) and a Chabrier (2003) initial mass function.

2. Philosophy of our approach

The majority of previous CIB models were purely phenomeno-
logical, and they describe the emissivity and clustering of in-
frared galaxies using a large set of free parameters. This ap-
proach is useful for deriving quantities, such the mass where
star formation is most efficient. However, it is sometimes hard
to test the validity of these models since a good fit can be ob-
tained easily considering their number of free parameters. Kim
et al. (2012) proposes a physical approach based on a semi-
analytical galaxy formation model, which unfortunately has sub-
stantial discrepancies with the data. We propose an alternative
phenomenological approach, which represents an intermediate
solution between a fully empirical and a physical model. We
minimize the number of free parameters and build our analysis
on the observed relation between physical quantities (e.g., the
specific SFR in main-sequence galaxies calibrated from optical,
near-infrared, far-infrared, and radio data). We thus do not aim
to fine tune the various parameters of the model, but rather to
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test whether the scaling laws measured from external datasets
(measurements on small samples extrapolated to all galaxies,
optical/near-infrared measurements of stellar mass, or SFR) are
compatible with the data under different scenarios. For this
reason, we chose an approach based on 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 properties and stellar mass.

3. Connecting star formation and halo mass
by abundance matching

In this section, we describe how we stochastically assign prop-
erties of star formation to galaxies as a function of the host
halo mass by combining prescriptions from previous models. In
Sects. 3.1 and 3.2, we present the halo and stellar mass func-
tions used in this paper. We then describe how we connect stellar
and halo mass by abundance matching in Sect. 3.3. Section 3.4
describes how we stochastically attribute a SFR from the stellar
mass using recipes based on the B12 model. Finally, we describe
how we deduce infrared properties of the galaxies from their
physical properties in Sect. 3.5 using the B12 model.

3.1. Halo mass function

In our analysis, we used the halo mass function (HMF) of
Tinker et al. (2008) (in our notation dlogd(z%). We chose halo
mass (My) to be defined by an overdensity of A = 200 (often
called M»(). 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. The one we
adopt here comes from Tinker & Wetzel (2010), and provides the
mass distribution of subhalos in a parent halo of total mass Mj:

-0.7
dN Mgub
sublMp) = 030 X [ ——
dlog () x In(10) oM (Mh)
2.5
Xexp(—9.9(%f) ] (1)

where mygy, is the subhalo mass. In our analysis we neglect sub-
structures inside subhalos. The mass function of subhalos is thus

d®N (o) =
dlog (mep)dV o =
My 4N d*N
S B = My|My) X ————dlog My, (2
j(; dlog(msub)(mSUb hlMh) dlog (My)dV og My, (2)

we also introduce a pseudo “total” mass function, given by the
sum of the mass functions of halos and subhalos:

d’N d®N
dlog (Mh)dV(Mh) ~ dlog (Mh)dV(Mh = My
d®N
+m(msub = My). 3)

Here M; may stand for either the total mass of a halo (M)
for a main structure or the mass of the subhalo for a substruc-
ture (mgyp). This function will be useful for our abundance-
matching procedure presented Sect. 3.3, because we assume that
the properties of galaxies are linked with M. However, this is
not exactly a mass function, because subhalos are counted twice,
namely both in the total mass function and in the subhalo mass
function. Figure 1 (lefthand column) shows the contribution of

main and subhalos at z ~ 0.5. The majority of high-mass halos
are main halos, while a large fraction of low-mass halos are sub-
structures of more massive halos. At My = 10'> My, ~1/3 of
halos are subhalos of more massive halos.

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 model, which
is used to link the stellar mass to the infrared properties (see
Sect. 3.4). This mass function is parametrized by an evolving
Schechter (1976) function:

dN

= Tlog(Mpyav

M\~
= ¢p(2) X (ﬁb)

M M
X exp (_ﬁ:) X ﬁ:m(m), 4)

with a redshift-invariant characteristic mass M,;, and faint-end
slope ayp. The characteristic density ¢y is constant between
z=0and z = 1 but decreases at z > 1 as

log (¢v) = log (¢p)(z < 1) + yseme(l = 2). &)

The various parameters were chosen to reproduce the observed
evolution of the mass function of star-forming galaxies. Their
values are given in B12. We checked that our results are not
modified significantly if we use the double-Schechter fits of the
measured SMF of Ilbert et al. (2013) instead of this simplified
parametric form.

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 essentially red,
passively-evolving, elliptical galaxies below the main sequence.
Star formation activity in these objects is weak, and this popula-
tion was thus ignored in the B12 model because of their negli-
gible infrared emission. These galaxies do, however, contribute
significantly to the mass function at high mass (e.g. Ilbert et al.
2013, see Fig. 1 upper righthand panel) and thus are generally
the kind of galaxy that is encountered in massive halos. We
used the mass function of quiescent galaxies from Ilbert et al.
(2010) at z < 2 and Ilbert et al. (2013) at z > 2, fitted by a
Schechter (1976) function. log (¢y), log (M), and « are interpo-
lated between the center of each redshift bins and extrapolated
at z > 3. The total mass function (showed Fig. 1 upper right
panel) is the sum of the contribution of both quenched and star-
forming galaxies. The fraction of quenched galaxies at a given
stellar mass and redshift is called g(M, z). The upper righthand
panel of Fig. 1 shows the mass function and its decomposition
into quenched and star-forming galaxies. The lower right panel
shows the fraction of quenched galaxies as a function of stellar
mass. At high mass (M, > 10'" M) and low redshift (z < 1),
the majority of galaxies are quenched, when the other regimes
are dominated by star-forming galaxies.

3.3. Connecting stellar mass and halo mass through
abundance matching

The abundance-matching technique is based on the hypothesis
of a monotonic link between two quantites. This is a fair as-
sumption for the link between the stellar and halo mass of a cen-
tral galaxy at any given redshift (More et al. 2009; Moster et al.
2010; Behroozi et al. 2010). In this work, we follow Behroozi
et al. (2010) and Watson & Conroy (2013) by assuming that sub-
halos and main halos follow the same M,-M, relation. Under
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Fig. 1. Ilustration of the method used to connect various quantities by abundance matching as described in Sect. 3.3. The dashed line illustrates
the connection between various quantities. We arbitrarily chose to plot results at z = 0.5. Upper left panel: integral HMF and contribution of main
halos (dotted orange line) and subhalos (dot-dashed purple line). Upper right panel: integral SMF and contribution of star-forming (long-dashed
blue line) and quenched (three-dot-dashed red line). Lower left panel: variation with halo mass of the fraction of halos that are subhalos. Lower

right panel: fraction of quenched galaxies as a function of stellar mass.

this assumption, we associate halo mass to a stellar mass by
putting the nth most massive galaxy (in term of stellar mass) into
the nth most massive halo. In practice, we do not use catalogs,
but rather analytic mass functions. The nonparametric function
linking stellar and halo mass (M, = f(My)) is thus the solution
of the implicit equation

ny, (>f(My) = My) = np,, (6)

where ny, (>M,) is the number density (in comoving units) of
galaxies more massive than M, (i.e., the integral of the mass
function), and ny,, the equivalent for halo mass. We can thus
associate halo mass to stellar mass by taking the halo mass at
which the number density of galaxies and halos are the same,
as illustrated by Fig. 1 (upper panels). Figure 2 shows the re-
sulting M, - M, relation, which evolves little with redshift and
displays a break at M, ~ 10'2 My, as classically found in
the literature (e.g., Moster et al. 2010; Behroozi et al. 2010;
Leauthaud et al. 2012).
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In this approach, we neglect the effect of the scatter on the
stellar-to-halo-mass ratio, which would further complicate our
analysis of CIB anisotropies. This induces a bias on the esti-
mation of f. However, this effect is smaller than the statistical
uncertainties for My, > 10'*> M, (Behroozi et al. 2010), which
host mainly passive galaxies (see Fig. 1). The scatter around f
could also induce a bias on the estimate of the observables as
the CIB anisotropies. However, the large-scale anisotropies are
sensitive to the mean emissivity of galaxies and are not affected
by the scatter. The small-scale Poisson term can be computed
directly from a count model without assumptions on the dark
matter (see Sect. 4). The angular correlation of bright resolved
galaxies can be affected by the scatter on halo mass, but the scat-
ter between stellar and halo mass (~0.15 dex) has the same or-
der of magnitude as the scatter between stellar mass and SFR,
which is taken into account by our model (~0.15-0.2 dex). The
impact of the scatter of the stellar mass-halo mass relation on the
correlation function is thus expected to be relatively small.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321688&pdf_id=1

M. Béthermin et al.: Distribution of star formation among dark matter halos

1013§ T T T
12 I

10°F

11

M. [M.,]

10k

10°[ . .
10" 10" 10
M, [M,,.]

13

Fig. 2. Relation between the halo mass and the stellar mass at vari-
ous redshifts found by our abundance matching procedure described
in Sect. 3.3.

3.4. Connecting star formation rate to stellar mass

In the previous section, we explained how we can assign a stel-
lar mass to a galaxy knowing its halo mass. Unfortunately, we
cannot link SFR to stellar mass by abundance matching by as-
suming a monotonic relation. This hypothesis is only valid for
main-sequence galaxies, but not for quenched ones, for which
SSFR < sSFRys, and starburst galaxies, for which sSFR >
sSFRyis, where sSFR is the specific SFR; i.e., SFR/M,, and
sSFRys is the typical value of this parameter in main-sequence
galaxies. For quenched galaxies, we neglect the star formation
and thus take S FR = 0 Mg, yr~! for simplicity. For star-forming
galaxies (main-sequence and starburst), we assume that SFR fol-
lows a double log-normal distribution at fixed redshift and stellar
mass (Sargent et al. 2012, B12):

p (log (SFR)|M4, z) < pums + PsB

(log (SFR) — log (sSFRus X My))?
o expl| - =
OMs

log (SFR)—1 FR M,)—Bsg)
re xexp( (log (SFR)—log (sS L Ms X My )—Bsg) ) e
ZO'SB

The first term describes the sSFR distribution of main-sequence
galaxies (pms), and the second one that of starbursts (psg). Star
formation in starburst is boosted on average by a factor Bsp?,
and oys and osp are the dispersions around the central values.
The evolution of the main-sequence is parametrized as in B12:

M, Pus
sSFRwis(z, M) = sSFRus.0 % (m)
X (1 + min (2, Zeyo))™ . (®)

The starburst ratio rsg (i.€., the relative normalization of the two
log-normal distributions) is also provided by the B12 model:

rsg(z) = rspo X (1 + min (z, zsg))”* , where zsg = 1. )

The values of the parameters in our base model (model A)
are the ones provided in B123. We also used a second version

2 A detailed discussion of the SFR-enhancements of starbursts and
their description in the 2-SFM framework is provided in Sargent et al.
(2013).

3 Parameters provided in B12 are given assuming a Salpeter (1955)
IMF when this paper assumes a Chabrier (2003) IMF. A correction of
0.24 dex thus has to be applied to some of the parameters to take this
difference in IMF into account.
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10.0F = — 3
b _ ;
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o 10*F
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10°

10° . , .
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Fig.3. Upper panel: evolution of sSFR in main-sequence galaxies
of 5 x 10° M. Lower panel: evolution of the characteristic density ¢y,
of the mass function with redshift. Both panels: model A (B12 model)
is represented with a solid line and model B (modified version with
higher sSFR and lower density at high redshift) with a long-dashed line.
We use the compilation of data points of Sargent et al. (2012).

of the model (model B) for which the high redshift trend was
slightly modified, following the findings of a slowly increas-
ing sSFR at high redshift (Stark et al. 2013; de Barros et al.
2012; Gonzalez et al. 2012). These higher values are the con-
sequence of an improved modeling of the contribution of nebu-
lar line emissions to flux in near-infrared broad-band filters. For
this modified version, we assume an evolution of SSFR at z > 2.5
in (1 + z). To avoid overpredicting bright millimeter counts, we
compensate this increase of sSFR by a quicker decrease in the
characteristic density of the stellar mass function in the same
redshift range ((1 +2)™%% instead of (1 +z)~%#), thus keeping the
same number of bright objects. As shown in Fig. 3, both these
scenarios are compatible with the data, because of the large scat-
ter on the measurements. In Sects. 6 and 7, we discuss which
scenario is actually favored by infrared observations.

3.5. Infrared outputs of galaxies

In massive galaxies, the bulk of the UV light coming from young
stars is absorbed by dust and re-emitted in the infrared. We can
thus assume that the bolometric infrared (8—1000 ym) luminos-
ity Lig is proportional to SFR (Kennicutt 1998, the conversion
factoris K = SFR/Lir = 1 x 1071 Mg yr™! L' if we assume
a Chabrier 2003, IMF). In low-mass galaxies, a significant part
of the UV light escapes from the galaxy and infrared emission
is no longer proportional to SFR. Star formation rates can then
be estimated from an uncorrected UV and an infrared compo-
nent (SFR = SFRyv + SFRr). The infrared luminosity is then
given by
SFRr  SFR
Lir = =—

K K

1007w SFR

X 1+ 100»4><"UV = K Xg(M*),

(10)
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where ryy is the ratio between obscured and unobscured star
formation. We use the ryy-M, relation of Pannella et al. (2009)
to compute g(M,):

SFRR
SFRyv

g(M,) tends to O at low mass and 1 at high mass. The UV light
from young stars thus totally escapes the low-mass galaxies, but
is fully reprocessed and emitted as infrared radiation in mas-
sive galaxies. This is due to a larger amount of dust in massive
galaxies, which causes a greater attenuation.

We used the same SED templates as B12, based on Magdis
et al. (2012). There are different templates for main-sequence
and starburst galaxies, both of which are assumed to evolve with
redshift. We did not adopt a single template for a given type of
galaxy at a given redshift, but assumed a scatter on the mean
interstellar radiation field (U ), following B12. These SEDs were
calibrated using z < 2 data, which show a rise in the (rest-frame)
dust temperature with redshift. At higher redshift, we assume no
evolution. This assumption is discussed in Sect. 7. In this paper,
we neglect the contribution of active galactic nuclei, which is
only significant in the mid-infrared (B12).

(1)

ruv = 2.5 10g (
[0}

M
) = 4.07 x log (F*) -39.32.

4. Computing CIB power spectrum

We aim to compare the CIB anisotropies predicted by our
model to observations in order to test its validity. This section
presents the formalism used to derive the power spectrum (cross-
spectrum) of the CIB at a given waveband (between two wave-
bands, respectively). One of the key benefits of the relation we
established between SFR and My is that we can then rely on
the well-known clustering properties of dark matter halos to pre-
dict the clustering of star-forming galaxies, and thus of CIB
anisotropies. We use a method similar to Shang et al. (2012).
However, we modified their formalism to obtain a more natu-
ral notation and avoid renormalization of all terms by the total
emissivity of infrared galaxies at a given redshift.

4.1. Mean infrared emissivities of dark matter halos

One of the key ingredients to compute is the mean emissivities
of the halos. Classical CIB models assume that clustering and
emissivity are independent, so they compute the total emissivity
of galaxies at a given redshift. This approximation is not exact,
and both emissivity and clustering vary with halo mass (see e.g.
Béthermin et al. 2012b). We thus introduce the differential emis-
sivity dj,/dlog(My) of dark matter halos as a function of halo
mass. This differential emissivity is the sum of the contribution
of central galaxy and satellite galaxies:
il djv (Mh,Z) — djv,c djv,sub
og (My) dlog (My) dlog (M)
The contribution of central galaxies to the differential emissivity

is computed from mean infrared flux of galaxies hosted by a halo
of mass M;, and the HMF:

(Mh, 2) + (Mh, 2). (12)

dje __ @ 2
m(Mh,Z) = leg(W X Dc(l +2)
SFRyvs(M, = f(Mp),
5 Ms( f(My), 2) X g(My = f(My),z)

K
xs8(2) x (1 = qg(My = f (My),2)),
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vL /L, [normalized]
o
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1
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Fig. 4. Effective SEDs of infrared galaxies used in our model at various
redshifts. The upper panel shows the SEDs in vL, units normalized at
Lig =1 Ly as a function of rest-frame wavelength. The lower panel
shows the ratio between the observed flux density and L as a function
of observed wavelength.

where D, is the comoving distance and s¢(z) is the effective
SED of infrared galaxies at a given redshift; i.e., the mean flux
density received from a population of star-forming galaxies with
a mass corresponding to a mean infrared luminosity of 1 Ly
(see Fig. 4), and g (M, = f (My), 2) is the fraction of quenched
galaxies (i.e. non-star-forming galaxies) as defined in Sect. 3.2.
Because the shape of sSFR distribution is invariant with mass
in our model, the mean flux density coming from a more mas-
sive population can thus be obtained just by rescaling this SED
and taking the attenuation (g(M,) defined in Eq. (10)) and the
SFR-M, relation into account. The effective SED is thus the
mean of each type of SED weighted by their contributions to
the background (provided by Eq. (7)):

sT(2) = f [ pvis x (sY'5) + psp x (s3P)] dsSFR, (14)

where
(shisorsB) = prSOrss (U)|2) x s¥S°SB ((U), 2) x d(U) (15)

where (U) is the intensity of the radiation field (strongly linked
to dust temperature), p ((U)|z) its probability distribution (this
encodes the information on the scatter of dust temperatures), and
sMSorSB the flux density received from an Lig = 1 L, main-
sequence or starburst source with a radiation field (U) at red-
shift z. The average SED of all MS or SB galaxies at any given
redshift (sMS°rSB) takes the scatter on (U) into account. The in-
frared luminosity of these effective templates is slightly larger
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Fig.5. Differential emissivities at 100 gm (3000 GHz) and 1.38 mm
(217 GHz) as a function of halo mass at various redshifts predicted by
model C. The solid lines are the contributions of all the galaxies to the
infrared flux of a main halo, when the dotted lines indicate only the
contribution of central galaxies.

than 1 L because of the asymmetry of sSFR distribution caused
by starburst. The effective SEDs* from Eq. (14) used in this work
are available at the CDS.

The contribution of satellite galaxies to differential emissiv-
ity is the sum of the contribution of all galaxies in subhalos of a
main halo of mass Mj,. It depends on the mass function of main
halos, the mass function of subhalos in main halos of this mass,
and the mean flux density of galaxies hosted by subhalos:

djv sub dZN 2
_Jer M s = — X D 1
dlog (M) 9 = Tiog aav <P )
. dN SFRys(My = f(mgyp), 2)
off MS *
y f 55"00) o Gy (Ml M) X =

Xg(My = f(mgw), 2) X (1=q (M, = f (msup) , 2)) d 1log (mgub).(16)

In this formula, we assume that the quenching of satellite galax-
ies only depends on their stellar mass (or subhalo mass). We
also propose an alternative scenario where quenching depends
on the mass of the main halo and not on the mass of the subhalo.
In this scenario, satellite galaxies become quenched at the same
time as the central galaxy in the same parent halo. In practice,
we replace mgy, by My, in the last factor of Eq. (16), which can
then be moved outside the integral. This scenario is motivated
by the tendency for the fraction of quenched satellite galaxies
to be higher in dense environments (e.g. Park et al. 2007). This
phenomenon is often called environmental quenching. The mod-
ified version of model B where this modification was performed
is called model C.

In our computation, the flux densities are not the monochro-
matic flux densities at the center of the passband filters of each

4 http://irfu.cea.fr/Sap/Phocea/Page/index.php?id=537

instrument, but are computed by taking the real filter profiles into
account. Figure 5 illustrates the variation in differential emissiv-
ities with halo mass, redshift, and wavelength. The shape of the
SEDs implies that long wavelengths have stronger emissivities
at high redshift. The halo mass dominating the emissivities is al-
ways ~10'? My, in agreement with previous works (e.g. Conroy
& Wechsler 2009; Béthermin et al. 2012b; Wang et al. 2013;
Behroozi et al. 2013a).

4.2. Power spectrum

The CIB power spectrum can be represented as the sum of
three contributions (Amblard & Cooray 2007; Viero et al. 2009;
Planck Collaboration 2011; Amblard et al. 2011; Pénin et al.
2012a; Shang et al. 2012):

— two-halo term: correlated anisotropies between galaxies in
different halos, which dominates on scales larger than a few
arcminutes;

— one-halo term: correlated anisotropies of galaxies inside the
same main halo, which have a significant impact on scales of
a few arcminutes;

— Poisson term: non correlated Poisson anisotropies, also
called shot noise, which dominate on small scales.

The cross power spectrum of CIB C;,,  between two frequency
bands (v and V') is thus:
+ch o

vy L'

2h
Cf,vv’ =C

vy

7)

The two-halo and one-halo terms, which correspond to large-
and intermediate-scale anisotropies, respectively, are computed
from the mean emissivities of galaxies and are not affected by
the stochasticity of the connexions between galaxies and halos.
The computation of the anisotropies caused by the Poisson fluc-
tuations of the number of galaxies in a line of sight requires no
assumption regarding the link between dark matter halos and
galaxies. They are deduced from the B12 model. Each term
is calculated independently, but based on the same consistent
model.

4.2.1. Two-halo term

The two-halo term is computed from the following formula,
summing on redshift, but also over all cross-correlation between
halos of various masses:

d] v,sub

C2h djv,c
dlog (M)

3 dD. [ a 2
e ‘fff e (3) (dlog o ©*

X (2)u(k, My, z))

djv’,c
X
dlog (M)

djv',sub
dlog (M])

(o) + (Qulk, My, z)) b (My,2)b (M, 7)

X Plin (k = DL’Z) dlog Mydlog M]dz. (18)
C
This formula assumes the Limber (1953) flat-sky approxima-
tion. The first factor is geometrical. The next two factors con-
tain differential emissivities. The factor u(k, My, z) is the Fourier
transform of the halo profile assumed here to be NFW (Navarro
et al. 1997). In contrast to Shang et al. (2012), this term is
only placed in front the subhalo-emissivity term, assuming that
subhalos are distributed following the NFW profile. The cen-
tral galaxy is assumed to be at the center of the halo. The

clustering term (b(Mh)b(M}’l)Pnn) is the cross power spectrum
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between halo of mass My and M|, under the assumption that
P(k, My, M) = b(Myp)b(M] )Py, (Cooray & Sheth 2002). Here,
Py, is the linear matter power spectrum computed with the trans-
fer function of Eisenstein & Hu (1999). Equation (18) can be
significantly simplified by introducing

djvc djvsub
= M ' ’ M, M,
JV(Z7 k) fb( > Z) (dlog (Mh) + d log (Mh) u(k» hs Z)) d hs
(19)

which is an emissivity weighted by the bias corresponding to
each halo mass. We can then simplify Eq. (18):

(20)

2
dD. [ a l
2h c ’
, = — | Iz )z, k) Pk = —, 7)dz.
Com f dz (DC) @ Bz )Piind D. 2)dz

This way of computing Ci}:,v, reduces the number of integrals,
because J, can be calculated only once per frequency channel
and then can be used to derive all the cross-spectra. In addition,
J, can also be used to compute the cross-correlation between
CIB and CMB lensing (see Sect. 4.3).

4.2.2. One-halo term

The one-halo term is computed with

dD. [ a \ dj djy sub
Clh o ff e[ a % v,c V',sul k,M,
Lo dz \D. dlog (My) dlog (Mh)u( )
d 'Vq d 'V’
Jv,sub Jv ¢ u(k, Mh,Z)
dlog (My) dlog (Mp)
djv sub djv’ sub 2
> > k, M,
dlog (M) leg(Mh)u M)
N
x|————| dzdlog M. 21
(dlog (Mh)dV) ceoe M ey

The first factor describes geometry. The second one represents
the various (cross-)correlations between satellite and central
galaxies. There is only a factor u for (cross-)correlation between
satellites and central, because the central is assumed to be at
the center of the halo and the satellites follow the NFW profile,
and u? for satellite-satellite combinations. Finally, we have to
renormalize by the inverse of the mass function, because the two
dj/dlog (M) 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 by j, as in
Shang et al. (2012).

4.2.3. Poisson term

The Poisson term is independent of large-scale halo and only
depends on the flux distribution of galaxies (number counts).
These Poisson anisotropies for the auto power spectrum can be
computed from (Lagache et al. 2003):

S
» v o dN
= f §2—dSs,.
= ds,

Here dN/dS, are the differential number counts (see e.g. B12
for the computational details) and S,y is the flux cut at which
sources are removed from the maps. The Poisson term of the
cross-spectrum is slightly more complex to compute:

S e S 2
. v.cut Vv cut d N
= f f S,S,———ds,dS’,
Ly 0 0 v dS y dS(, v
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(22)

(23)

where d’?N/dS,dS,  are the multivariate counts (i.e. number of
sources with a flux between S, and S, +dS, in one band and S,
and S, + dS, in the other).

In practice, multivariate counts are hard to compute, and
summing the contribution of various redshift, types of galaxies,
infrared luminosity, and radiation field is easier (the derivation
of this formula is presented in Appendix B):

LS orSB (1))

i dv
= 2 f Pusarss (U)]2)
2 % isse YO

d’N,
Ly LS, 9 x Y TE(U), 2) AL KU d
IR

Lir=0

(24)

where LMS or SB

IR oot (U),z) is the infrared luminosity where the
source is detected in at least one of the bands (depends on red-
shift, type of galaxy and radiation field), and d®Nus orsg/dLig dV
is the infrared luminosity function (main-sequence or starburst

contribution).

4.3. Cross-correlation between CIB and CMB lensing

In addition to cross-correlations between the CIB in various
bands, we can also test the predictive power of our model for
correlation between the CIB and the reconstructed gravitational
potential derived from distortions of the CMB due to gravita-
tional lensing by large scale halos at z ~ 1-3 (e.g. Hanson et al.
2009). This correlation is a direct probe of the link between the
gravitational potential of dark matter halos and infrared emission
from star-forming galaxies.

Because the CMB lensing signal is due to dark matter halo,
this signal can be modeled with a two-halo term replacing the
term of emissivity by a term linked to the gravitational potential
(adapted from Planck Collaboration 2013):

dD. [ a l
Croy = — | J, (2, O)D(z, k) Piin(k = —, 2)dz, 25
7 f « (Dc) (2, OYD(z, k) Prin( D. 2)dz (25)
D(z, ¢) is given by (Challinor & Lewis 2005)
3 Hy 2 D, DSMB _ D.(z)
here ®(z, ) = 2O (—) Pele ~ 200 26
where O(z, £) pm(—) - DB % D) (26)

where H is the Hubble constant, Q) the matter density in units
of the critical density, and DSM® the comoving distance between
CMB and us. The impact of subhalos on CMB lensing (1-halo)
is quite small and can be neglected for this work.

5. Computation of angular correlation function
of resolved infrared galaxies

In addition to the anisotropies of the faint infrared sources re-
sponsible for the unresolved background, our model also pro-
vides predictions of the angular correlations of the individually
detected bright sources. A formalism taking the selection func-
tion of the resolved sources into account has to be employed so
we cannot use the same formalism as for the power spectrum. In
this paper, we only consider samples selected using a flux thresh-
old (S,cu) at a given wavelength for simplicity. In this section,
we first explain how we compute the HOD (i.e. the mean num-
ber of central and satellite galaxies as a function of halo mass
and redshift) for a given selection of resolved sources and then
how we derive the correlation function from the HODs.
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Fig. 6. Halo occupation distribution, i.e. mean number of detected galaxies in a halo, including its substructures, as a function of its total mass My,
of S160 > 5 mly (left) and Sgso > 3 mly (right) sources at z = 0.1 (fop) and z = 2 (bottom) for central (solid line) and satellite (dashed line)
galaxies predicted by the model. The HOD of central galaxies is the same for all versions of the models and represented in black. Satellite HODs

are plotted in blue (red) for model A/B (C).

5.1. Halo occupation distribution

The mean number of central galaxies in a given halo of total
mass M, is

(Ne)(Mn,2) = (1 = q (M = f (Mn) , 2)) X Z fssm f(U)

type
H (sYSSB(U), 2) X Lik (M = f (My) ,SSFR) > S eu)
d(U) dsSFR, @7

where g (M, = f (My),z) is the fraction of quenched objects,
and H is a function having a value of 1 if the condition is true
and 0 otherwise. This condition is only true if the source is suffi-
ciently bright to be detected (S, > S cu). This depends on halo
mass, type of galaxy (MS or SB), sSFR, and (U).

The number of satellites depends on the total mass of the
parent halo My, and is connected to the subhalo via

dN
(Nsup)(Mp, 2) = f

————(Mgup| Mp){Ne)(M5up, 2)dmgyp.
M d log (Mmsup)

(28)

This formula works only when we assume the same infrared
luminosity versus halo mass relation for main and subhalos
(models A and B), and consequently the HOD of the satel-
lite in a given subhalo of mass myg,, is the same as for
the central in a main halo of identical mass M; = mgyp.
For model C (satellites quenched at the same time as the
centrals), the factor (N:)(mgp,z) has to be multiplied by
(I =gMy = f(My),2)) /(1 = q(My = f (map) , 2)) to take into
account that in this version of the model the quenching is linked
to the mass of the central and not the satellite.

Figure 6 shows the HOD of S |59 > 5 mJy (sources detected
by the deepest PACS surveys) and Sgso > 3 mly (typical sub-
millimeter galaxies) sources at low (z = 0.1) and high (z = 2)
redshift. The number of central galaxies decreases very quickly
at low mass. This sharp cut is due to the selection in infrared flux
and the rather tight correlation between infrared luminosity and
halo mass for central galaxies. At low redshift, the probability to
detect an infrared galaxy in a massive halo is fairly low because
the vast majority of central galaxies are quenched and thus have
little infrared emission. The HOD of the satellites strongly de-
pends on the version of the model. If the quenching of satellites
is decorrelated from the quenching of the centrals (models A
and B), the number of the detected satellite increases quickly
with the halo mass. This is not the case for model C, for which
the satellites are quenched at the same time as the centrals.

5.2. Angular auto-correlation function

The angular correlation function (ACF) can be compute from
the HOD of galaxies and their redshift distribution (see Cooray
& Sheth 2002 for a review):

[ (%)2 Ji 37 Pest, DJo(kDe6) dz dk

(f 2 ar)’

where Jj is the zeroth order Bessel function, and dN/dz the
redshift distribution of galaxies, which can be computed from
counts per redshift slice following Béthermin et al. (2011). The
value Py, is the sum of two terms corresponding to the clustering
of galaxies in two different halos and inside the same halo:

w(f) = ; (29)

Pyg(k,2) = Pa(k, 2) + Pya(k, 2). (30)
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Following the standard conventions, we write the two-halo
term as

d2N <Nal> 2
Pk, =f b(My)~—2dM,y, | Pio(k, 2), (31
2k, 2) [ .. Tog (iay MW= “dMh | Ptk 2), B

where (Nga1) = (N¢) + (Ngup). The one-halo term is

Pk.z) =

2 2 S S “u? M,
f PN AN Naw) + N M2
u, dlog (Mp)dV Mgal
where

d>N

o [— N N sam 33
Figa fdlog(Mh)dV< gal)d My (33)

6. Comparison with the observations
6.1. CIB power spectrum and number counts

We compared the predictions of our model with the CIB power
spectrum measured with IRAS (100 um, Pénin et al. 2012b),
Spitzer (160 um, Lagache et al. 2007; Pénin et al. 2012b),
Herschel (250, 350, and 500 um, Viero et al. 2013), Planck (350,
550, 850, and 1380 um, Planck Collaboration 2011), and SPT
(1380 um, Hall et al. 2010) measurements in Fig. 7 (left and
center). The level of the Poisson anisotropies is significantly af-
fected by the flux cut used to mask bright sources, and their level
increases with the chosen flux cut. The correlated anisotropies
(1-halo and 2-halo) are less affected by the flux cut. When we
compare several datasets at the same wavelength, we thus com-
pute the model predictions for the flux cut of the experiment,
which is the most sensitive on small scales. The flux cuts used to
compute the model predictions are thus 1 Jy at 100 um, 100 mJy
at 160 um, 0.3 mJy at 250 um, 350 um, and 500 um, 0.54 Jy at
550 um (545 GHz), 0.325 Jy at 850 um (353 GHz), 20 mlJy at
1.38 mm (217 GHz). The overall agreement with the data is very
good for a model not fitted on the data. However, some tensions
between models A and B and data at short and large wavelengths
provide interesting information.

The anisotropies at 100 um are dominated by galaxies at low
redshift (see Sect. 8) and are thus not affected by the evolution of
galaxies at z > 2.5. Consequently, there is no difference between
models A and B. In contrast, model C (with quenching of satel-
lite around massive quenched central) predicts a lower level of
anisotropies at £ < 5000, which is in better agreement with the
data, especially around ¢ = 2000. The “environmental quench-
ing” in model C reduces the one-halo term compared to model B
(by a factor of 4 at £ = 2000), but does not significantly affect the
two-halo term (~15%) and does not change the Poisson level at
all. However, the former difference is not very significant (~20),
and CIB anisotropies are obviously not the best probe of such
environmental effects.

The interpretation of Spitzer/MIPS 160 um data is trickier.
While our model agrees with the measurements of Lagache et al.
(2007) (crosses) and Pénin et al. (2012b) (asterisks) at £ > 2000,
they are a factor 3—10 higher than our model on larger scales.
Such a large difference is hard to explain especially when consid-
ering that the model agrees well with the data at 100 and 250 um.
This could be caused by problems in cirrus subtraction. In addi-
tion, MIPS suffers from strong 1/f noise and is probably not the
best instrument for measuring large-scale anisotropies.

Between 250 and 550 um, our model agrees nicely with
Planck and Herschel measurements. At longer wavelengths
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(850 um and 1.4 mm), model A overpredicts anisotropies on
large scales by a factor 2 at 1.4 mm, while models B and C
agree with the data, except for a 20 tension at 1.4 mm in the two
lowest multipole bins. However, measuring the CIB at 217 GHz
is difficult because it strongly relies on the correct subtraction
of the CMB. Future analyses will either confirm or refute the
presence of this discrepancy. The three models agree with the
number counts at 850 yum and 1.1 mm. The difference between
models A and B/C is the sSFR at z > 2.5 and the characteristic
density of the mass function of star-forming galaxies. Model A
assumes a flat sSSFR at z > 2.5, while models B and C assume
rising sSFR at z > 2.5 compensated for by a decrease in the char-
acteristic density of the mass function to preserve the agreement
with the number counts. In these two versions, the number of
bright objects is thus the same, but the number of faint objects
is different (see e.g. number counts around 1 mJy at 1.1 mm).
Model A overpredicts the CIB anisotropies because of too high
emissivity of high-redshift faint galaxies.

In the case of model C (which includes satellite-quenching),
the one-halo term never dominates the anisotropies regardless
of wavelength or scale. Concerning models A and B (with-
out satellite-quenching), the one-halo term contributes to the
CIB anisotropies by a similar amount as do the two-halo and
Poisson terms at £ ~ 2000 at 100 ym, 160 um, and 250 ym. On
other scales and wavelengths, it represents a minor contribution.
This result contradicts models assuming no mass-luminosity de-
pendence (e.g. Planck Collaboration 2011; Pénin et al. 2012a),
but is consistent with the approaches assuming a dependence
(e.g. Shang et al. 2012). This reduction of the one-halo term is
caused by the satellites being hosted by low mass subhalos and
thus having low infrared luminosities.

6.2. CIB cross-power spectrum

In addition to auto power spectra, we can compare the predic-
tions of our model with cross power spectra. They are useful for
verifying that the level of correlation between bands is correct.
This also is an indirect test of whether SED libraries and red-
shift distributions used in the model are correct. We compared
our models with measurements of Viero et al. (2013) between
SPIRE bands (see Fig. 8). All versions of our model agree with
the data, except a systematic 20 tension for the point at £ = 700
in the three bands, which could be due to cosmic variance (one
20 outlier for 18 points is statistically expected). The trends of
Hajian et al. (2012) (see Fig. 9) are also reproduced well, but
our model is systematically lower than the data at £ = 1500.
However, the stability of BLAST on large scales is not as good
as for SPIRE. A future analysis of the cross-correlation between
SPIRE and ACT and/or between Planck bands will thus be use-
ful for further investigating of this discrepancy.

6.3. Cross correlation between CIB and CMB lensing

In Fig. 10, we compare the predictions of the cross-correlation
between CIB and CMB lensing with the measurements from
Planck Collaboration (2013) and Holder et al. (2013). In the
former work, both CMB lensing and CIB fluctuations are mea-
sured from Planck data. In the latter, the CMB lensing is esti-
mated from SPT data, and the CIB is measured using Herschel.
At € >1000, all versions of the model agree well with the data.
At ¢ <1000, the various versions of the model tend to be be
systematically higher than the data. Models B and C (with mod-
ified evolution at high redshift) are closer to the data, but slightly
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Fig.8. Cross-power spectrum between SPIRE bands measured by Viero et al. (2013) and comparison with our model. Models A, B, and C are
represented by a long green dash, a short blue dash, and a solid red line, respectively.
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are represented by a long green dash, a short blue dash, and a solid red line, respectively.

overpredict the cross-correlation by ~10 at 857 GHz, 545 GHz,
and 353 GHz. Future work will investigate this tension.

6.4. Clustering of resolved galaxies

The clustering of bright resolved infrared sources is also an
important test of our model. Figure 11 shows the comparison
between the clustering measurements of various flux-selected
samples and our model predictions. At 100 and 160 um, our
model agrees well with the Herschel/PACS measurements of
Magliocchetti et al. (2011). In Herschel/SPIRE bands, the com-
parison is trickier. There are strong disagreements between the
measurements of Cooray et al. (2010) and Maddox et al. (2010).
In fact, measuring the correlation function of SPIRE sources
(250, 350, and 500 um) is very difficult because these data
are strongly confusion-limited (Nguyen et al. 2010). The back-
ground is thus hard to estimate, and the completeness of the cat-
alog can vary depending on the local source density. We agree
with Maddox et al. (2010) on scales larger than 0.1 deg, but
not on smaller scales at 250 ym and 350 um, where system-
atics could be due to background subtraction. Our model dis-
agrees with the measurements of Cooray et al. (2010), which are
systematically higher. More reliable measurements of the cor-
relation function of SPIRE sources, controlling the systematic
effects, are thus needed to check the validity of our model
accurately.

7. Successes and limitations of our model

In the previous sections, we presented a natural way of extend-
ing the B12 model of infrared galaxies by linking their proper-
ties to their host halo. We tested the validity of this approach
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by comparing the prediction of this extended model to the mea-
sured spatial distribution of both individually detected infrared
galaxies (where the measurements are reliable) and the unre-
solved background. This comparison shows the good predictive
power of our approach, suggesting that our assumptions are fair.
Using this model to interpret both the origin of CIB anisotropies
(Sect. 8) and the link between star-forming galaxies and dark
matter halos (Sect. 9.3) is thus legitimate. For simplicity, we per-
form this analyses only with model C, which provides the best
agreement with the data.

Few models are able to reproduce both the number
counts from mid-infrared to the millimeter wavelengths and
CIB anisotropies from the far-infrared to the millimeter regimes.
Addison et al. (2012) proposed a fully empirical model based on
the evolution of the luminosity function and the bias of galax-
ies. This approach is as efficient as ours when it comes to fitting
counts, but provides very little insight into the physical evolu-
tion of galaxies. Cai et al. (2013) — an updated and extended
version of models presented in Lapi et al. (2011) and Xia et al.
(2012) models — is also very efficient at reproducing all these
observables, despite too low a level of the CIB anisotropies be-
low 350 um. However, their approach has many free parame-
ters (32 for the evolution of the luminosity function of the var-
ious low-z galaxy populations, ten for the physically-modeled
population of high-z proto-spheroidal galaxies, and four for the
clustering of galaxies), and uses a description of the clustering
based on an HOD standard that is not coupled to the physical
model describing the evolution of their protospheroidal galax-
ies. The strength of our approach is to propose a set of 18 pa-
rameters for the evolution of galaxies, which are all constrained
using external constraints (measurements of the evolution of the
sSFR and the SMF, mean SEDs measured by stacking, etc.),
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Fig.10. Comparison between the cross power spectrum between CIB
and CMB lensing predicted by our model and the measurements by
Planck Collaboration (2013) (diamonds) and Holder et al. (2013) with
SPT and Herschel (triangles). Models A, B, and C are represented by a
long green dash, a short blue dash, and a solid red line, respectively.

and a formalism to compute the clustering without any free pa-
rameters, allowing a consistent description of the occupation of
dark-matter halos by infrared galaxies.

However, some limitations of this model have to be kept in
mind. First, the SED of infrared galaxies at high redshift (z > 2)
was not measured and it is not clear if the dust temperature will
increase or decrease at high redshift, because of the uncertainties
on the mass-metallicity and mass-attenuation relation as dis-
cussed in Magdis et al. (2012). The good agreement between
the model and the CIB anisotropies at long wavelengths sug-
gests that our hypothesis of nonevolution is reasonable. The SED
of low-mass galaxies (M, < 10'© My) is not well constrained,
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Fig.11. Auto-correlation function of various flux-selected sample of
infrared galaxies and comparison with our model (same color coding as
in Fig. 7). The data come from Magliocchetti et al. (2011) at 100 um
and 160 um and Cooray et al. (2010) and Maddox et al. (2010) at 250,
350, and 500 pum. We used the same flux cuts as Magliocchetti et al.
(2011) and Cooray et al. (2010). Models A, B, and C are represented by
a long green dash, a short blue dash, and a solid red line, respectively.

but the contribution of these low-mass galaxies to the CIB is
small making this scenario hard to test. Second, the sSFR and
the SMF of star-forming galaxies at very high redshift (z > 3)
are also uncertain, but the effects of z > 3 galaxies on the CIB
are pretty small, and these data thus cannot accurately constrain
the evolution of infrared galaxies at very high redshift. Finally,
we assumed an universal relation between stellar mass and UV
attenuation, but this relation could also break at very high red-
shift, where the amount of metals is smaller and galaxies could
thus contain less dust. For all these reasons, the predictions of
the models at z > 2 must be interpreted with caution.
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Fig. 12. Predicted redshift distribution of the CIB and its anisotropies. Upper left panel: CIB SED and contribution per redshift slice (colored solid
lines). Black squares: total extrapolated CIB from deep number counts (Teplitz et al. 2011; Béthermin et al. 2010a; Berta et al. 2011; Béthermin
et al. 2012¢; Zemcov et al. 2010). Cyan solid line: absolute CIB spectrum measured by COBE/FIRAS (Lagache et al. 2000). Green triangles:
absolute CIB measurements performed by COBE/DIRBE at 100 yum, 140 pum, and 240 um (updated in Dole et al. 2006). Yellow diamond: absolute
measurements of Pénin et al. (2012a) at 160 um with Spitzer/MIPS. Orange arrows: upper limits derived from opacity of the Universe to TeV
photons (Mazin & Raue 2007). Lower left panel: normalized redshift distribution of the mean level (up), Poisson anisotropies (middle), large scale
anisotropies at £ = 1000 (bottom). Various colors correspond to various bands. Right panel: contribution of various redshifts to the CIB (solid
line) and comparison with lower limits derived by stacking from Berta et al. (2011) at 100 um, Jauzac et al. (2011) at 160 um and Béthermin et al.
(2012c¢) at 250 pm, 350 pm, and 500 um (arrows). The dashed lines are the model predictions taking the selection used to derive the lower limits
into account. The flux density cuts are the same as previously (see Sect. 6 and Fig. 7).

8. Where do the CIB and its anisotropies come
from?

In this section, we discuss the predictions of the model concern-
ing the redshift distribution of the various signals we studied
(CIB auto-spectra, CIB cross-spectra, CIB x CMB lensing). We
base our analysis on the model C as justified in Sect. 7.

8.1. Redshift distribution of CIB mean level and anisotropies

The CIB SED can be predicted directly from the Béthermin
et al. (2012a) count model. Figure 12 (upper left panel) shows
the SED of the CIB and its decomposition per redshift slice.
Compared to the Béthermin et al. (2011) model, this new model
has a slightly higher contribution of 1 < z < 2 sources. This
new model agrees well with both absolute measurements and
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the total contribution of infrared galaxies extrapolated from the
number counts.

The three lower lefthand panels of Fig. 12 show the red-
shift distribution of the intensity of the CIB (top), but also of
its anisotropies on small (middle) and large scales (bottom).
To allow an easier comparison between bands, we normal-
ized the redshift distributions in order to have f d(vl,)/dzdz =

1 and de[/dde = 1. Between 100 um (3000 GHz) and
850 um (353 GHz), the redshift distribution evolves strongly
toward higher redshift. At longer wavelengths, there is almost
no evolution, because all the sources below z ~ 7 are seen
in the Rayleigh-Jeans regime and the color is roughly the
same at all redshifts. This trend is seen for both intensity and
anisotropies, regardless of scale. There are, however, small dif-
ferences between these three quantities. For instance, the redshift
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Table 1. Predicted correlation (C;V// \CP % C;’V’) of CIB anisotropies between bands on small (Poisson level, upper part) and large scales

(I = 1000, lower part).

Correlation between bands on small scales (Poisson)

3000 GHz 857 GHz 545GHz 353 GHz 217GHz 143 GHz 100 GHz
3000 GHz 1.000
857 GHz 0.599 1.000
545 GHz 0.407 0.916 1.000
353 GHz 0.310 0.830 0.962 1.000
217 GHz 0.277 0.785 0.920 0.968 1.000
143 GHz 0.279 0.745 0.894 0.963 0.958 1.000
100 GHz 0.333 0.743 0.881 0.940 0.921 0.988 1.000
Correlation between bands on large scale (/ = 1000)
3000 GHz 857GHz 545GHz 353 GHz 217GHz 143 GHz 100 GHz
3000 GHz 1.000
857 GHz 0.766 1.000
545 GHz 0.636 0.971 1.000
353 GHz 0.555 0.925 0.988 1.000
217 GHz 0.529 0.902 0.975 0.997 1.000
143 GHz 0.538 0.904 0.975 0.996 0.999 1.000
100 GHz 0.575 0.919 0.981 0.996 0.997 0.999 1.000

distribution of the Poisson level® at 100 um is dominated by
z < 0.5 sources, when a significant fraction of ¢ = 1000
anisotropies is caused by galaxies at z ~ 1. This is because
the Poisson anisotropies are dominated by a small number of
low-z bright galaxies just below the flux cut. Anisotropies on
large scales are dominated by normal star-forming galaxies at
z ~ 1 which dominate the background and the two-halo term of
anisotropies.

Finally, we checked that the redshift distributions predicted
by our model agree with the lower limits derived by stacking
of 24 um sources. We compare them with the lower limits from
Berta et al. (2011) at 100 um, Jauzac et al. (2011) at 160 um and
Béthermin et al. (2012c¢) at 250 um, 350 um, and 500 um, which
agree well with our model. We used our model to simulate the
selection corresponding to these various works and found good
overall agreement below z ~ 2.5. At higher redshift and for a
24 um selection, these predictions are underestimated. This is
expected because our SED templates only take the dust emis-
sion into account, when the 4 < 8 um rest-frame emission is
significantly affected by stellar emissions. We thus underesti-
mate the number of 24 um detections and consequently also their
contribution to the CIB.

> We used the same flux cuts as in Sect. 6.

8.2. Redshift distribution of CIB cross-correlation between
bands

Cross power spectra between bands provide complementary
information to the auto-spectra. Figure 13 shows the redshift
distribution of a selection of cross and auto-spectra. On both
large (¢ = 1000, left) and small scales (Poisson), the redshift
distribution of the cross-spectra between two distant bands (e.g.,
857 and 217 GHz here) is fairly close to the redshift distribution
for an intermediate band (e.g., 545 GHz here), except for a dif-
ference in Poisson level at very low z caused by different flux
cuts. Considering the quite fine spectral coverage of our data,
we thus cannot claim that cross-spectra probe different redshift
ranges.

In contrast, the correlation (C}”/\/C}” x C}”") between

bands provides a useful test of the validity of the models (es-
pecially their SEDs and redshift distributions). This correla-
tion varies with scale. We thus focused on Poisson level and
¢ = 1000. The results are summarized in Table 1. The level
of correlation is also important for CMB experiments to know
whether the CIB at high frequency is a good proxy for the CIB
emission at low frequency. For instance, the correlation between
857 GHz and 143 GHz is 0.904 at ¢ = 1000, but only 0.75 for
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the Poisson level. This correlation is predicted to rise to 0.996
between 353 GHz and 143 GHz (0.963 for the Poisson level).
According to our model, the CIB at 353 GHz thus provides a
very good proxy for CIB in the CMB channels.

8.3. Redshift distribution of CIB x CMB lensing signal

The cross-correlation between CIB and lensing provides supple-
mentary information probing a slightly different redshift range.
Figure 14 shows a comparison between the predicted redshift
distributions of the CIB auto-spectrum and the cross-spectrum
between CIB and CMB lensing for various bands. While the
redshift distribution of the auto-spectrum evolves strongly be-
tween 100 (3000 GHz) and 850 um (353 GHz), this evolution is
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weaker for the cross-correlation with CMB lensing that mainly
probes the z = 1-2 redshift range. CIB x CMB lensing is thus a
good probe of the mean SED of galaxies contributing to the CIB
at this epoch. However, apart from the 100 um band, the redshift
range probed by CIB x CMB lensing is relatively similar to that
of the CIB power spectrum, but it is an independent and more
direct probe of the link between dark matter and star-forming
objects, because the lensing of the CMB by the large scale struc-
tures is a very well known and modeled physical process.

9. Star formation and dark matter halos

In this section, we discuss the prediction of our model in the
context of our current understanding of galaxy formation. We
use model C, as discussed in Sect. 7.

9.1. Evolution of infrared-light-to-mass ratio with redshift

The infrared-light-to-halo-mass ratio is a key ingredient of our
CIB model. Figure 15 shows this relation for various hypotheses.
We consider two different definitions of the infrared luminosity
inside the halos: the infrared luminosity of a central galaxy ly-
ing exactly at the core of the main-sequence (top panels) and
the mean infrared luminosity of central galaxies (lower panels)
hosted by halos of a given mass. This second quantity takes into
account that a fraction of galaxies are passive, while the first
quantity only takes the star-forming galaxies into account. We
also use both the instantaneous halo mass (left panels) and the
halo mass at z = 0. The conversion between instantaneous halo
mass and halo mass at z = 0 is performed assuming an accre-
tion following the fits of Fakhouri & Ma (2010) to their own
numerical simulations of dark matter:

1.1
. M, :
(Mp) = 46.1 X My /yr™! (W) X (1+1.11z)
)

X AVQm(1 +2)3 + Qa-

The mass at z = 0 (My(z) + ft (ISZ_Z?)(Mh) dr) is a convenient quan-
tity to use when discussing the evolution of structures with time.

The shape of the infrared luminosity as a function of in-
stantaneous halo mass evolves little with redshift. However, its
normalization varies strongly. For the same halo mass, infrared
luminosity is much more intense at high redshift. This results
will be interpreted further in Sect. 9.3. At low mass, the in-
frared luminosity decreases quickly. This is mainly caused by
the quickly dropping M,-M relation at My, < 10'? My(see
Fig. 2), while the sSFR is roughly the same at all stellar masses
(sS FR o M;%?). This break is slightly amplified by the fact that
a smaller fraction of UV light from young stars is reprocessed
into infrared emission at lower masses (Eq. (10)). At high mass,
we found a sublinear relation, even if we consider only objects
on the main sequence. This behavior is also driven by the shape
of the M,-My relation, which is sublinear at M; > 10'> M.
This trend is stronger if we consider the mean infrared luminos-
ity and take the quenched galaxies into account. At z < 1, the
infrared luminosity decreases when halo mass becomes higher
than 10" My, so our model predicts a very weak star formation
in a dense environment at low redshift, in agreement with, say
Feruglio et al. (2010). This trend is caused by the large fraction
of quenched galaxies at high stellar mass (see Fig. 1). The contri-
bution of satellites is small except in massive halos (>10"3 M),
where the central is inefficient in forming stars.

(34)
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The infrared luminosity as a function of halo mass at z = 0
exhibits strong downsizing. The progenitors of 10'* M, initially
host a very intense SFR (ULIRG regime, 10'? < Lz < 103 L)
at high redshift (z = 5), which continues to grow up to z ~ 2.
Then, the infrared luminosity decreases because star formation
is less efficient in massive halos (see Sect. 9.3). The less massive
halos need more time to ignite intense star formation. Dark mat-
ter halos similar to that of MilkyWay (~10'> M, at z = 0) host
significant infrared emission only below z = 1.

We can compare the predictions of our model with es-
timates based on clustering of various samples of galaxies.
Submillimeter galaxies (defined here to have Sgso > 3 mly) are
essentially ULIRGs at z ~ 2.4 (e.g. Chapman et al. 2003) and the
B12 model predicts that these objects generally lie on the main
sequence. Blain et al. (2004) show that the correlation length of
SMGs is compatible with typical host halos of 10'3 M, which
is consistent with our model prediction of an infrared luminosity
of 4 x 10'? L, for a main-sequence galaxy in a 10" M halo
at z = 2.4 (see Fig. 15). We can also check the consistency of
our results with measurements based on Spitzer 24 um obser-
vations. Magliocchetti et al. (2008) measured the clustering of
two samples of sources with S,4 > 400 pJy with a mean redshift
of 0.79 and 2.02, respectively. This flux selection corresponds,
at the mean redshift of each sample, to an infrared luminosity
of 2.6 x 10" Ly and 2.6 x 10'? Ly, respectively for a main-
sequence SED. For an object exactly on the main sequence, this
corresponds to an instantaneous halo mass of 2.7 x 10'> M, and
1.2 x 103 Mo, in agreement with the minimal mass found by
Magliocchetti et al. (2008) of 0.8*33 x 10'> M and 0.6*5% x
103 Mo, respectively. Farrah et al. (2006) measured the halo

mass of 5.8 um IRAC peakers with 24 ym detections and found
a lo range for log (My) of 13.7—14.1. This population of massive
star-forming galaxies has a mean redshift of 2.017 and a mean
infrared luminosity of 8.9 + 0.6 L, (Fiolet et al. 2010), which is
associated in our model to log (My) = 14.1.

9.2. Contribution of various halo masses to star formation
history

The total SFR of both central and satellite galaxies hosted by a
given halo can be derived from our model. In combination with
the halo mass function, we can then compute the contribution
of each halo mass to the SFR. The results of this analysis are
presented in Fig. 16. If we consider instantaneous halo mass (left
panels), the bulk of the star formation is hosted by halos between
10" My and 103> M, regardless of the redshift, suggesting the
existence of a characteristic mass which favors star formation.
The fractional contribution of each mass slice is inferred to have
evolved slowly with redshift, except at z > 3. However, there are
significant uncertainties in the behavior of the galaxies at high
redshift, and these results should be taken with caution.
Because of the growth of dark matter halos, the same halo
mass at various redshifts corresponds to progenitors of different
types of halos. To take this into account, we also considered
slices of z = 0 halo mass (right panels). The SFR density is
predicted to have been successively dominated by progenitors
of massive clusters (M, > 10'*3 M,) at z > 4.7, small clusters
and large group (10'3° < My < 103 M) at 2.8 < z < 4.7,
small groups (10'%% < M, < 1035 My) at 0.5 < z < 2.8,
and Milky Way-like halos (10" < My, < 10'>5 M) at z < 0.5.
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Fig. 16. Contribution of various halo mass to the star formation history. Upper panels shows the contribution of each slice to star formation density
and lower panels their fractional contribution. We use slice of instantaneous halo mass in the left panels and mass at z = 0 in the right panels.
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Fig. 17. Instantaneous star formation efficiency (defined here as SFR/BAR, where BAR is the baryonic accretion rate) as a function of halo mass
at various redshift predicted by our model. The predictions from model C are plotted with a solid line. At z = 5 model A predicts a different
efficiency distribution and is represented by a dashed line. Upper panels shows this efficiency only for main-sequence galaxies and lower panels
for mean efficiency. We use slice of instantaneous halo mass in the left panels and mass at z = 0 in the right panels.
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Star formation thus initially occurs in the progenitor of the
most massive halos before becoming less efficient and then
propagating to less massive halos. This strong downsizing ex-
plains why the SFR densities at redshifts 1 and 2 are similar:
z > 2 infrared luminosity density is dominated by a low density
(~3 %1073 Mpc™) of ULIRGs and z ~ 1 is dominated by higher
density (~3x1073 Mpc~3) of LIRGs (e.g. Béthermin et al. 2011).

9.3. Efficiency of star formation as a function of halo mass
and redshift

To conclude, we derive an estimate of the instantaneous star for-
mation efficiency (ISFE) in different halos by computing the ra-
tio between SFR and baryonic accretion rate (BAR). Here, we
assume the BAR to be the total matter accretion as given by
Fakhouri & Ma (2010) multiplied by the universal baryonic fac-
tion (BAR = (M) X Q,/Q,, with (M) defined in Eq. (34)). This
simplified definition neglects that the gas is not transformed in-
stantaneously into stars and that large gas reservoirs are present
in (e.g., Daddi et al. 2010; Tacconi et al. 2013) and around
(Cantalupo et al. 2012) high-z galaxies. Figure 17 shows predic-
tions for the variation in this efficiency as a function of halo mass
at various redshifts. Star-formation efficiency in main-sequence
galaxies as a function of instantaneous halo mass (upper left
panel) slowly evolves between z = 0 and z = 2 with a slight
increase in the mass of maximum efficiency with redshift (from
8 x 101 My atz = 0to3x 102 My atz = 2). Atz = 5,
this maximal efficiency is lower, and the halo mass where it oc-
curs is higher. The increase in the mass of maximum efficiency
could be due to a delay in the ignition of star-formation activ-
ity, because the BAR in ~10'2 M, halos is higher at high red-
shift. However, large uncertainties exist at high redshift where
we have few constraints on star-forming galaxies. For instance,
if we use model A (flat sSSFR at z > 2.5) instead of model C (ris-
ing sSFR) to perform our calculations this effect is much smaller
(dashed line in Fig. 17). In our framework, this results is a con-
sequence of the combined evolution of the sSFR, the M,-My
relation, and the specific halo growth. We can also try to inter-
pret this evolution physically. Below the mass scale at which
peak efficiency is reached, the gravitational potential of the halo
is lower and supernova feedback is probably sufficiently strong
to remove gas from the galaxy (e.g. Silk 2003; Bertone et al.
2005). At higher masses, the slow decrease in the star formation
efficiency could be caused by the transition from cold streams
below M;, ~ 10'2 M to isotropic cooling above this mass (e.g.
Dekel & Birnboim 2006; Faucher-Giguere et al. 2011). At high
mass, the cooling time of gas becomes much longer than the
free fall time because of the hot atmosphere in the massive halos
(e.g. Keres et al. 2005; Birnboim et al. 2007). Unlike the ISFE
in main sequence galaxies, the mean ISFE (lower left panel),
that considers that a fraction of galaxies are quenched, exhibits
a strong break at M;, > 10'> Mg at z = 0 and a moderate break
at the same mass at z = 1. This break could be caused by a sup-
pression of isotropic gas cooling by energy injection in the halo
atmosphere by active galactic nuclei activity (e.g. Cattaneo et al.
2006; Somerville et al. 2008; Ostriker et al. 2010).

Regardless of the redshift and halo mass, the SFR in main-
sequence galaxies is always lower than the BAR onto the dark
matter halos (see Fig. 17). For a Chabrier (2003) IMF, the max-
imal efficiency is ~0.7. Appendix C discusses the case of a
Salpeter (1955) IMF. This is consistent with the standard as-
sumption that main-sequence galaxies host secular star forma-
tion. This is not the case for episodic starbursts, which on av-
erage forms four times more stars for the same halo mass than

main-sequence galaxies and thus transform much more gas into
stars than they receive from cosmic accretion. They thus tend to
exhaust their gas reservoir rapidly. The main-sequence galaxies
do not need to store gas to fuel their star formation. This could
seem to contradicts the fact that the specific halo growth (sHG) is
larger by a factor of two than the sSFR around z = 2, as pointed
out by Weinmann et al. (2011). However, the ratio between sSFR
and sHG is

SFRIM, _ nblo/My My
MMy MMy M

where 7 is the instantaneous star formation efficiency (SFR/My),
and M, the baryonic accretion into the halo. The ratio between
sSFR and sHG can thus be much higher than unity in halos
of ~10'2 M, because even if n is lower than 1, the ratio between
baryonic mass and stellar mass is ~4 (e.g., Leauthaud et al.
2012), because of the low efficiency of conversion of baryons
into stars in the past (when the halos had a lower mass and thus
a lower ISFE).

We can also discuss how the efficiency varies as a func-
tion of z = 0 halo mass (right panels). We predict a strong
evolution of the typical halos where the ISFE is maximal. The
progenitors of massive halos form stars very efficiently at high
redshift, while Milky-Way-like halos are very inefficient. The
opposite trend is expected at low redshift. This picture is con-
sistent with the strong downsizing of the star-forming galaxy
population discussed in the previous sections, but also with the
work of Behroozi et al. (2013b). Their analysis was based only
on the evolution of the SMF, and SFR were derived assuming
a single galaxy population. Our approach is based on the in-
frared observations that directly probe the SFR in galaxies and
which take the diversity of galaxies into account using three dis-
tinct populations: secularly star-forming galaxies on the main-
sequence, episodic, merger-driven starbursts, and passive ellip-
tical galaxies. Compared to Behroozi et al. (2013a), our mean
ISFE is much lower in local massive halos, which almost exclu-
sively host quenched galaxies, but we agree with their estimate if
we take only a main-sequence population (more consistent with
their single galaxy population).

Normal spiral galaxies at z = 0, LIRGs at z = 1, and ULIRGs
at z = 2 dominate the star-formation density at these redshift and
are essentially main sequence galaxies (Sargent et al. 2012). All
of these are hosted by halos of similar mass, which are character-
ized by a very efficient conversion of accreted baryons into stars.
The huge difference between their SFR can thus be explained
by the accretion, which is stronger at high redshift. These ob-
jects can thus be viewed as different facets of the same universal
process of secular star formation.

(35)

10. Conclusion

We have studied the connection between star formation and
dark matter halos focusing on infrared observations. We devel-
oped a new modeling approach based on the 2SFM framework,
which was already able to successfully reproduce the infrared
luminosity function and number counts (Sargent et al. 2012,
B12). This framework links stellar mass with star formation and
infrared properties, when assuming two different modes of star
formation in secularly star-forming galaxies and episodic star-
bursts. We extended this formalism to the connection between
stellar mass and halo mass using the technique of abundance
matching. Our formalism accounts for the facts that a signifi-
cant fraction of massive galaxies are passive and do not form
stars (especially at low redshift).
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— We developed a method of computing the CIB anisotropies
(including power-spectra between different frequencies), the
cross-correlation between CIB and CMB lensing, and auto-
correlation functions of bright resolved galaxies using the
prescription of the 2SFM formalism. To perform this compu-
tation, we produced effective SEDs of all galaxies at a given
redshift, and these are available online®.

— We find that a slowly rising sSFR at z > 2.5 and a quenching
of satellite of massive passive galaxies at low redshift (our
model C) matches the infrared data reasonably well suggest-
ing that this model is a valid description of the link between
infrared galaxies and dark matter halos. The other versions
of the model with flat sSSFR and no quenching of satellites
show some small discrepancies with the power-spectra, but
cannot be conclusively ruled out.

— Our model is able to predict the redshift distribution of CIB
anisotropies. We found that the mean redshift where the
CIB is emitted varies strongly between 100 ym and 850 um
but only a little at longer wavelengths. Consequently, the
CIB anisotropies in the various bands above 850 um are
strongly correlated (>0.9).

— We found a quick rise in the far-infrared-light-to-mass ratio
with redshift in M, > 10'> Mg halos and a strong break at
lower mass at all redshifts. We found that more than 90% of
the star formation is hosted by halos with masses between
103 and 10'3 My, at all redshifts. The progenitors of clus-
ters (Mp(z = 0) > 1035 M,) host the bulk of the star for-
mation at z >3. Star formation activity then propagates to
groups (10'*% < Mp(z = 0) < 103° My)at05 <z < 3
and Milky Way-like halos (10" < My, (z = 0) < 10'?° M,)
at z < 0.5. We also found that there is a characteristic halo
mass (~10'2 M) where the star formation efficiency is max-
imal (~70% at all redshift). The large difference of SFR in
galaxies dominating the background at low and high redshift
would thus be driven by a difference of accretion rate in the
halos close to this mass.

Our simple modeling framework is very efficient in explaining
the current observations of the infrared Universe. However, fu-
ture large submillimeter surveys (e.g. NIKA, CCAT) will resolve
the bulk of the CIB into individual sources and will probably
improve measurements of the clustering properties of infrared
galaxies. We expect that deviation from our model will appear
on small scales, where environmental effects could have a strong
impact, thereby revealing a more complex and varied infrared
Universe.

Acknowledgements. We thank Steve Maddox for providing data and discussion
about clustering measurements, Marco Viero and Amir Hajian for providing
data, Paolo Serra for useful discussion, and the anonymous referee for very con-
structive comments. M.B., E.D., and M.S. acknowledge the support provided by
the grants ERC-StG UPGAL 240039 and ANR-08-JCJC-0008. L.W. acknowl-
edges support from an ERC StG grant (DEGAS-259586). This research was car-
ried out in part at the Jet Propulsion Laboratory, run by the California Institute
of Technology under a contract from NASA.

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

On small scales (Spitzer, Herschel), where curvature of the sky
is negligible, people generally use wavenumber (k) in their mea-
surements of the CIB power spectrum. This is not the case for
large-scale measurements (SPT, ACT, Planck) for which peo-
ple used mutlitpole (€). The conversion between the two is just

6 http://irfu.cea.fr/Sap/Phocea/Page/index.php?id=537
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Table A.1. Conversion between wavenumber, multipole, and angle.

Multipole ~ Wavenumber Angle
l k 0
arcmin™! 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
100 000 4.62963 0.00180

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

Wavelength  Frequency

pum 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

¢ = 2nk. This also corresponds to a characteristic angular scale
0 = n/¢. Table A.1 provides conversion for the range of values
used in this paper.

A.2. From wavelengths to frequencies

Infrared astronomers use wavelengths in ym, the CMB commu-
nity frequencies in GHz. For quick reference, we provide the
conversion between these two conventions for the passbands dis-
cussed in this paper in Table A.2.

Appendix B: Computation of the cross-Poisson
term
The number of sources per steradian n;; with an infrared lu-

minosity in the interval [Lir, i, Lir,i + AL, ] and a redshift
in [Zj,Zj + AZJ'] is

d’N
dLirdV

_w
T dz

nij X X AL[RJ'AZ]‘. (Bl)

We also need to separate the galaxies by mode of star formation
(main-sequence or starburst) and (U) parameter. The number of
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Fig.B.1. Same figure as 17 but assuming a Salpeter (1955) IMF. The black dashed line corresponds to an SFE of 1.

MSorSB

main-sequence or starburst galaxies n in the same Ljg and

ijk
z bins and with (U) in [{(U)r, (Ui + AU )] is
dv.  d’N
MS or SB
v = — X —— X ALR;Az; X U)) XA .
ik & X dlmdv IR,iAZj X pmsorsB((U)) XA(U)y

(B.2)

Since we assume Poisson statistics, the variance on the num-
ber of galaxies in this bin equals n};>°">®. For the covariance
between the fluxes at the two frequencies caused by this
subpopulation we have

2 MS or SB

MSorSB_ S, xS, X Njjk = LlR,isv

MS or SB
S,S,.ijk X 8, X nj,(B.3)

because the fluxes in the two bands are perfectly correlated for
sources with the same SED. Finally, we sum over the entire pop-
ulation (all Lr, z, and (U)) to compute the level of the Poisson

term:
poi _ MSor SB
= > Y s, (B4)

{MS,SB} Lir;i zj (U

which in integral limit becomes

Z f DPusorse (U)]2)
(MS,sB} V(U)

MSorSB
le‘cul

v «(U).2)

Cpoi v
: dz

IR
Lir=0

dzNMS orSB
dLirdV

2 MSorSB

L s (UY,2) x M SBUY, 7) dLig d(U) dz.

(B.5)

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

In Sect. 9.3, we computed the SFE assuming a Chabrier (2003)
IMF. The results are slightly different if we assume a Salpeter
(1955) IMF (see Fig. B.1). 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 reservoirs could have been
replenished during the phase of low star-formation efficiency,
when the halo was less massive.
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