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ABSTRACT

Context. Future observations of CMB anisotropies will be able to prbigh multipole regions of the angular power spectrum,esponding
to a resolution of a few arcminutes. Dust emission from nmgydialoes is one of the foregrounds that wiflegt such very small scales.

Aims. We estimate the contribution to CMB angular fluctuationsrfrobjects that are bright in the sub-millimeter band due terige star
formation bursts following merging episodes.

Methods. We base our approach on the Lacey-Cole merger model and dfetimgicutt relation which connects the star formation rate i
galaxies with their infrared luminosity. We set the freegmaeters of the model in order to not exceed the SCUBA sourgetspothe Madau
plot of star formation rate in the universe and CGBIRAS data on the intensity of the sub-millimeter cosmickamound radiation.

Results. We show that the angular power spectrum arising from theilligton of such star-forming haloes will be one of the maghgicant
foregrounds in the high frequency channels of future CMBegixpents, such as PLANCK, ACT and SPT. The correlation telue, to the
clustering of multiple haloes at redshift- 2 — 6, is dominant in the broad range of angular scales200s 3000. Poisson fluctuations due
to bright sub-millimeter sources are more important at éighbut since they are generated from the bright sources, sarhilsution could
be strongly reduced if bright sources are excised from thyenskps. The contribution of the correlation term to the aagpbwer spectrum
depends strongly on the redshift evolution of the escamidrmof UV photons and the resulting temperature of the.dts¢ measurement of
this signal will therefore give important information alidhie sub-millimeter emission and the escape fraction of bgtpns from galaxies,
in the early stage of their evolution.

Key words. Cosmology: cosmic microwave background — Cosmology: thedgalaxies: intergalactic medium — Infrared: galaxies

1. Introduction ies, observable with the thermal and kinetic SZ ef-
fects (Sunyaev & Zeldovich 1972, 1980; Komatsu & Kitayama

Three very important CMB experiments are due to operateiggg_ Hernandez-Monteagudo et Al._2006), SCUBA galax-
the next two years: the PLANCK surveyor spacecraft (TaubFrS w,’Scott & White 1909)" and bright im,‘rared galaxies

2004) and two ground based experiments, ACT (Kosows ¥ — ] E. ‘ ;
1 r Y ; ) anders & Mirabel 1996; Lagache etial. 2005) are predicted t
2006) and SPTL(Ruhl etal. 2004). They will cover the [150 contribute significantly to th€, measured by the instruments

350] GHz frequency range with a resolution of a few arcmi nentioned above. It is relevant that these foregrounds aire n
only considered as fliculties impeding the study of primor-

utes ( = 10° - 10% and with unprecedented sensitivity. A lot o

¥v0rk has l()jeen mves]:tedtlrr]w the Ialsttyezla\rshl_n I:[]hg'atg?y of ples§| ial angular fluctuations, but that they might also provide u

oreground sources lor tnese refatively hig FEQUERCt it extremely useful information on the statistical projes
objects like clusters of galaxies and compact sub-mdtien

The galactic dust radiation is obviously the most wenv
éurces, and about the history of enrichment by heavy ele-

known foreground source (Schlegel et al. 1998; Tegmark et
2000) ;)n tg&éargs and _|ntermbed|a_te _angular _scales Ments (Basu et al. 2004). There are several projects, iimgud
evant for observations, but It is very Importanhpey (Gisten et al. 2006), ASTE (KoHho 2005) and CCAT

to also look for foreground sources that have signi (Sebring et al. 2006), which also plan to observe the skyen th
cant power at small angular scales (~ 10° - 10°). _ ilimeter band

Several well studied foregrounds, like clusters of galax- ) ) )
In this work, we will study the consequences of a sim-

Send offprint requests to: M. Righi, ple model in which haloes become bright in sub-millimeter
e-mail: righi@mpa-garching.mpg.de wavelengths due to intense star formation resulting fromgme



http://arXiv.org/abs/0707.0288v2

2 M. Righi et al.: The clustering of merging star-forming ¢es: CMB foreground

ers and the corresponding supply of fresh gas. We use papulation of sub-millimeter sources, since at the seutsiti
Lacey & Cole (1993) approach, based on the extended Prdesgels of these instruments, up t0 50% of all detected ob-
Schechter formulation, to obtain the space density of theelsa jects should be merging galaxies. This population showe ha
in the universe. Knowing the space density of merging objec different redshift distribution than the SCUBA objects. Much
as a function of final mass and of the progenitor mass, we thadgeper surveys with ALMA could also be dominated by sub-
introduce the lifetimes of the bright star formation phase anillimeter objects connected with merging galaxies, deppen
derived from numerical simulations of merging gas-richkdisng on the properties of SCUBA sources, whose exact physical
galaxies. Using the Kennicutt relation between star foimmat nature is still a matter of debate. Ongoing observationk wit
rate and infrared luminosity (Kennicutt 1998) and takintpin SPITZER and the future results of Herschel will give addi-
account that the bulk of infrared luminosity of the galaxietional clues about the merging population in the infrared ob
with intense star formation peaks in the sub-millimeterdarservations.
atd ~ 100um, we obtain the luminosity function of the merg-  The merging model is able to produce a rather good fit to
ing sub-millimeter objects. The emission spectrum of gilyc the SCUBA source counts if the dust temperature is close to
thin dust is a strongly increasing function of frequency$el 25 K, but this value is not in agreement with the numbers pre-
to v2*, with g = 1.5,|Hildebrand 1983). Therefore distant obsented in the SCUBA papers. Additional energy coming from
jects are observed at a rest-frame frequency closer to tile peelatively weak AGN inside the merging objects could insea
of their spectrum. At frequencies below 1000 GHz, there ike flux from individual sources and mimic the source counts
strong K-correction and the flux from galaxiezat 1 remains curve of SCUBA.
approximately constant with increasing redshift (Blaimket The results of our computations show that the dust emis-
2002). sion of the merging objects should be one of the key foregitoun
Recent observations of quasars at very high redshift§) sources for primordial fluctuations of CMB, in the very broad
and of extremely massive galaxies at> 4 show that the range of angular scalés 107 — 10*. Our model demonstrates
chemical abundance of the gas (including dust) in the make importance of the correlation term in providing the fluc-
dense parts of star-forming galaxies is close to or exceadations due to haloes at high redshift£ 2 — 6) and that
the solar value (Fan 2006). Therefore it is natural to assumeecontribution exceeds the predictions for the Poissarttilu
that the dust radiation spectrum does not change dramgticakions in the number of star forming haloes. In this way we
with the redshift of the merging objects. This is the weakesbnfirm earlier conclusions of Haiman & Knox (2000), about
assumption of the paper, which might lead to some changkre importance of the correlation signal, which were based o
in the dust emission spectrum at very high redshift when thadifferent model of sub-millimeter sources and on fiedent
abundance of heavy elements in gas and dust will drop beletistical characterization of the population (numbenaibes
1072 — 1072 of the solar value. Nevertheless, observations pfstead of number of mergers).
the Magellanic Clouds indicate that absorption and emissfo  The correlation term from the relatively small mass%20
dust remains similar to that in the Milky Way, when the abunto!! My) but numerous merging objects gives a contribution
dance of chemical elements is changing by one order of magat samples the typical comoving correlation length oséhe
nitude (Li & Draine 2002). objects € 10h~*Mpc). This signal probes the most overdense
Our simple approach permits us to obtain several prediegions in the universe at high redshift, that eventuallygie
tions that can be compared with the experimental results:  rise to clusters and superclusters of galaxies. The Poteson

1. the star formation rate density in the universe as functi&® Smaller than the correlation term up ito~ 3000, but be-
of redshift (i.e. theiadau plot, Madau et il 1996, 1998; COMes more important at higherACT and SPT will be so
Hopking 2004; Hopkins & Beacdm 2006); ' sensitive that they will be able to perform successful seurc

2. the upper limit on the intensity of the infrared backgrduncoumS in their high fr_equency spectra_l band_s Wh'c_h willpier
set by COBEFIRAS observations (Fixsen et al. 1998); the removal of the brightest sources (including mainly SGUB

3. the source counts of sub-millimeter sources performed ggHTces) from the resulting maps at lower frequency, deerea

SCUBA (Coppin et al. 2006); ing the contribution of the Poisson noise to the power speactr
4. the redshift distributions of the brightest SCUBA sosrcé! the background. This procedure will be unablefiee sig-
(Chapman et &l. 2005). nificantly the correlation term, which arises mainly frone th

numerous low-flux sources.
This model permits us to explain all but two of the above \we model here the sub-millimeter emission arising after vi-
experiments. It demonstrates a deficiency of the brightegént starburst episodes, with large populations of youagss
sources in Comparison with the SCUBA data, but much m%ﬁpearing on very short timescales (Of the order 61:4_0_08

importantly it shows that the redshift distribution of theght-  years). The level of the predicted correlated signal depend
est objects is also significantly fierent. We are then forcedstrongly on the assumptions about:

to make the simplest conclusion that SCUBA is observing ob-
jects of a diferent nature. In this paper we are looking for thel. the escape fraction of UV radiation from merging star-

answer to the following questiomhereisthefamily of the sub- forming galaxies and its evolution with redshift;
millimeter sources associated with galaxy mergingsand why it 2. the properties of the dust emitting in the sub-millimeter
is not detected yet in the direct source counts? Forthcoming band (its &ective temperature at high redshift and the

SPT and ACT deep surveys will be able to find an additional emissivity indexs);
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3. the redshift dependence of heavy elements and dust abun- Major merger of two disks

d . 700 T T T T T T
ance;
4. the amount of gas inside merging haloes.
600
All these parameters are interconnected. Observatiohgivwél
some hints about them and we will discuss below the informa- PHASE 3
: . : . 500
tion that could be obtained by precise observations of the an M, = 60%

gular power spectrum atftierent frequencies. t5 = 50 h™iMyr

Throughout the paper we use the recent WMAP3 £, 400

v b b b b

cosmological parameters for standandCDM cosmology §

(Spergel et al. 2007). ; 100

2. Halo distribution model 200 PHASE 1 = 3
quiescent SF

To characterize the halo population we will use the standard

Press-Schechter approach (Press & Schechter 1974) inthe ex 100 E

tended formulation of Lacey & Cole (1993), which also in-

cludes a prescription for the halo mergers. 0 0‘2 0‘4 0‘6 0‘8 =

o
—_

Fraction of the dynamical time

2.1. Star formation from halo mergers

onic mass that is accreted per unit time into new haloes.  (\ ~ 1012h-1M,) used for the computations in this paper and
According tol Lacey & Colel(1993), the merger rate of Based on the results of numerical simulations, cited inghe t
halo of massM1 with another of mas#/; in a final halo of pijfrerent colours identify dierent phases of star formation ac-

massM = Mj + My is given by tivity.
dN 21|dIndg||do| 6
ng;g(Ml - M,t) = \/;Y ‘ ain t°’ aM (r(l\c/rl)z such objects is close to the solar value, therefore thisceppr
1 imation is valid at least to this redshift. For even moreatist
X 5 5373 objects the value of the metallicity is expected to be lowat,
[1 - a(M)?/r(M1)?] we will see that such objects will not contribute signifidgmd
2 1 1 the dfects that we are aiming to model. The cooling time sets a
exp|-=< - . . . ) -
X p[ > (o-(M)2 (r(Ml)Z)]’ limit for the star formation, since only haloes witfyo < thup

can cool within the cosmological time. This excludes theyver
(1) massive haloes and the haloes with a mass corresponding to a
Hirial temperature lower thafi; ~ 10* K.
Let us now consider two haloes of mads andM,, merg-
i&g to yield a halo of masM = M; + Ma. In each episode a
iven amount of the halo mass is converted into stellar mass.
e parametrize this in the following way

Qp My

where 6. is the critical density for spherical collapse an
a(M)? is the variance of the linear density field.

As pointed out by Benson etlal. (2005), the merger model
consistent only if the ratio between the masses of the mgrg
haloes is not larger than 10 — 100. Therefore in the follow-
ing analysis we will include onlynajor mergers, i.e. such that M= oo M2 3)
0.1 5 My/M; < 10. * T on T M2

In each merging episode a given amount of gas is convertggh, o yqunt of stellar mass formed from the higis there-

into stgrs. We must take into accoynt the cooling t_ime Whicﬂ)re proportional to its mass and to the mass of the merging
for a given temperature and metallicityZ, can be written as halo My, if this is suficiently massive. In the same way, for the

3 pgaskT second halo
teool( T, 2) = > ——e . ) o M
2/1A(T, Z) nH Mi = Q—mT]Mz—M/lZ (4)

i ; ; ; ; che !
whereA(T, Z) is the cooling function (in units of erg ) The total stellar mass produced in this merging episodesis th
andy is the mean molecular weight of the gas. The temperatyfg, sym

of the gas is assumed to be equal to the virial temperatuee. Th O MM
cooling functions are tabulated forfiéirent values off and M, = M! + M2 =42, 2L 2 (5)

Z by|Sutherland & Dopite (1993). For our estimate of the cool- Om M

ing time we choose a valug= Z;: observations of quasars andrhe parametey is the star formationféciency. We take this
galaxies arz ~ 6 by/Fan|(2006) show that the metal content db be 5%, in order to match the observations of the cosmic star
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Luminosity function

formation history, which will be presented in Section|4.3.

Using this simple parametrization we are able to derivetle s

lar mass produced in a merger process between two haloes of
given mass.

1 g T T T T T T T T T T T T TTTTT

7

10-t

102
2.2. Lifetime of the starburst phase f

a
The approach described above allows us to compute therstell§ 107

mass produced in each merger episode. Since we are intbresfe
in deriving the rate at which gas is converted into stars had t
connecting it to the luminosity of the sources, we introdace
characteristic timescale for star formation.

10

10-8

dn/dLgg

Several numerical simulations of merging disk galaxies & 2=
(Mihos & Hernguist 1994, 1996; Springel & Hernquist 2005; 107 ¢~
Robertson et al. 2006) show that the star formation proteds t 7
occurs during a merger consists of multiple starburst elgiso 107
Tidal interactions between merging galaxies can triggar st
formation in the two disks before the final coalescence, al- 10-8 ol ol vl ol o ol
108 10® 10t0 1on 102 101

though this usually coincides with the strongest burst. écua
rate analytical description of such a process is complicatel
thus numerical techniques must be used to find a solution. In
the following, we will introduce a phenomenological préser g o The shape of the far-infrared luminosity function of the
tion for the star formr_mon in the merging hgloes, based en tl%erging haloes at fierent redshifts.
results of the numerical simulations mentioned above. &hes
works studied the merging of two equal mass gas-rich gadaxie
and predicted an evolution of the star formation rate witheti @ @ @
characterized by several phases, as displayed in Figure 1: ~ We therefore havél, = M;™ + M, with My = 0.40M,
and M(f) = 0.60M.,. The percentages of stellar mass formed in
1. along underlying phase (red), with a low and constant sgach event are based on an average of the results presented in
formation rate, which is independent of the major mergirifje literature and mentioned at the beginning of this sactio
process and is the sum of the quiescent star formation ralieisoducing the active time of each phat, it is easy to de-
in each disk prior to the encounter; rive the corresponding star formation rate
2. a second, more active phase (green), which corresponds
to the first close passage of one galaxy around the other Mﬂ) )
when the tidal deformation experienced by each disk el = t(_') =23 (6)
ates shocks and compression of the gas. This triggers a act
moderate burst of activity of about 2 r, with a dura-
tion of the order of 3¢ 10§’years; 00:/y wheret@ = 25x 18 h-lyr andt®, = 5x 107 h-1yr.
3. a strong starburst phase (blue), which occurs when the two
galaxies finally merge, with a star formation rate higher 3. Infrared luminosity of the haloes

than 600M,/yr over a very short timescale, lower than
10° years. The star formation rate given ihl(6) is strongly correlatéthw

the infrared luminosity of the source, through the Kenrtioe#t

We will take this model to be representative of the star fermbation (Kennicutt 1998)
tion process during mergers of massive gas-rich objects. Th
bulk of the objects that contribute to the merging activity at M, [Mo/yr] = 1.71x 107 Lig [Lo], (7)
rather high redshiftz 0.3-0.5), where the fraction of spirals
and irregulars is higher than in our vicinity, where ellgatis where IR indicates the [8 1000]um band. The bulk of emis-
are already a significant part of the total. sion in this band peaks at about 1@@ and around 80% of it is

As we have seen in Sectibn P.1, each merger between e to low temperature dust (Lagache et al. 2005). Therafore
haloesM; and M, produces a certain amount of stellar massur estimate we can directly use this relation and applyétto
M« (M1, M, 2). Such stellar mass will be created in the two a¢ain the luminosity due to low temperature dust in star-fioign
tive phases identified in Figufé 1 in green and blue, accomhlaxies.
ing to the parameters summarized in the same plot. The fif$te number density of such bright objects for each populatio
phase does not involve the stellar mass produced by the mexga be derived with the aforementioned model as
and hence will not be included in the model. Nevertheless, in
Sectiod 5]l we will estimate the contribution of this stagthe  dN{

bright , - dN i
correlation term of the angular power spectrum. d\r/lg My, 2) = ﬁ;{g(M, 2 tg?:p (8)

L [Lo]
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Effects of the temperature evolution different cosmic epochs. These sources will be located in the

10t

T RRE highest density regions in the universe, and their spalties-c
3 ] tering properties are well determined for a given cosmalalgi
102 L E B scenario. Since most of the contribution comes from sources
F R E located at high redshift, their clustering properties tout
Fo ] to be particularly relevant at angular scales of a few aremin
109 - utes. The shot noise associated with the Poissonian ckaract
— E 3 of the source distribution will be relevant only at smallaga-
e i 1 lar scales.
o 107 \5 In AppendiX A we provide a detailed computation of the statis
; i / ‘ tical properties of the angular intensity fluctuations gared
L s 7 by the population of star-forming objects at high redsiiie
10 08l find that, when probing dsficiently large scales, the change of
F g 06 ] brightness can be written, to linear order in the pertudvesti
10-6 B 48 T o4l 1] as an integral along the line of sight
g & 0o “‘1‘(‘)‘00 EETY : rLss y
Y Vrear [GHz] ] Al, = const + f ar | " a(r) n(r) Loy 422 19ustr)
10-7 A L 0 c 4r c
100 1000 10¢ iss
... [GHZ] + | draen() % a¥(r) + 0(s?),

(11)

Fig. 3. The @fect of the correction in Equation(IL3) on the SPeG herer is the comoving distanca(r) the scale factor ana(r)

trum of.srﬁjr formlngbhe:jloes Trt: ;O:Jhehsoc:'(ﬁ Im? |sr;[he SPEC"the number density of sources. The first term in the rhs is con-
trum with dust greybody only, the dashed line Is the spectrul, , o4 introduces no anisotropy. The first integral dogta

yvhen includipg the correction due to the CMI_'D" In the b?“‘”{he Doppler contribution, due to the peculiar veloaitgf the
!nsgrt the ratio between the two spectra dfedrent r(_adshn_‘ts sources, and the Integrated Sachs Wolfe (ISW) blueshi&, du
IS dlsplayed to stress the Importance of the correction inith to time-varying potentiap, that the emitted photons experience
creasing redsh|_ft. The top_msert ShOW.S the dust and CMB teg)s'they travel towards the observer. These two contribsibos
perature evolution according to Equatigni(12). found to be negligible when compared to the second integral,
N which provides the contribution introduced by the varyipgs
where 4’ (M1, M, 2) is the number density of mergers petial distribution of sources. This term can be separatedhén t
unit time, which can be obtained weighting Equatibh (1) ovebntribution from the so-calle@oisson term, accounting for

the mass function of the merging haloes the Poissonian nature of the objects, and fromatreel ation
deerg(M 2 = fdM fdM dn dNmerg © terrtnh, acco_untlngf(irddepgtndence of the source number gensit
avar M2 = 1 aM; amdt’ on the environment density.

remembering that! = M; + M, and thatM,, depends on both
the masses of the merging haloes.

The total number of bright objects at a given redshift witith A significant fraction of the stellar radiation emitted bylaye

3. A model for dust emission

be obtained by summing over the populations ies is reprocessed by dust and reradiated in the infrared and

AN dN® NIE) sub-millimeter band. The dust in star-forming galaxies &as
b”gh‘(M*,z) = b”gh‘(M*,z) n b”gh‘(M*,z) (10) Vvery complicated distribution in space and a broad range of
dv dv dv temperatures, depending on the proximity of dust grains to

Equation[(ID) is a dierential number density of bright objectghe sources of ionizing, optical and short-wavelengthairgd

in the universe. This is a crucial quantity, especially if ®e radiation. The emissivity of the dust depends strongly en it
placeM, with the infrared luminosity by taking advantage otomposition and on the size distribution of grains. We do not
the Kennicutt relation. In this way we obtain a statisticeled- have enough observational data to construct a reliabldeibta
mination of the sources responsible for dust emissionaile: model connecting the sub-millimeter spectra of the gataate
minosity function for these objects, which is shown in FelBr redshiftz > 2 with the star formation inside them. Several ob-
The sharp cutb at Lg ~ 10'3L, is due to the cooling time, servations (Blain 1999; Blain et lal. 2002; Chapman &t al5200
which prevents the formation of the most massive (most lungsihow that in the majority of the brightest extragalacticanéd
nous) objects. objects and in particular in SCUBA galaxies, the observed
spectrum in the [100-300@jm band is well fitted by a single-
temperature modified blackbod¥B,(Tqus) With a tempera-
ture Tqust = 30— 50 K and an emissivity index in the range
The angular distribution of the emission of these star-fogn 1 < B8 < 2; there is little change in the properties of dust along
sources will be characterised by their spatial distributad the Hubble sequence, thus we can expect this fit to be valid in-

2.4. Angular fluctuations from the star-forming objects
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Integral counts @ 353 GHz Differential counts @ 353 GHz
108 0 T T T AL R B 0 L L e AL AL
E merger model 3
F ® SCUBA results ] 104 = E
100 b } i 4 r ]
E E | 3 — F 1
F . | 1 v L A~ 1
i \ % } ‘ | gﬂ I vf', ' -
10* & = o el
W E 3 g £
& F ] 21000 4 H =
e t [ N g r N i ]
108 = = r C % ]
w F 2 E 0 [ s g 3 ]
Z F ; ] 3 i 54 A, |
[ 8 | Z Sz \M
102 ? i 75 ko] = .; " o
g p E R ¥s
i § ] 2100 | s F =
i P ! 1 F $ g ]
10! E <« = g‘ — E S e N
E = =i =3 E r ;s & -
Cc - O O 1 L - & -
r < nln 0 | > &
L i il = s B
&
L | Ll Ll oo™l ol el il ol il
0.01 0.1 1 10 10 10+ 1073 10® 107t 1 10t 10% 103 10*
S [mJy] S [mly]

Fig.4. Testing our model with the SCUBA results. fi2rent colours refer to the populations generated by the wvet$ of
star formation, as shown in Figuré 1 (green and blue). Batbsgssumd .5t = 30 K (with the CMB correction discussed in
Sectio 3.11)3 = 1.5 and a mass-dependent escape fraction, which will be diedlis Sectiof 4.2 1.¢ft: the integral counts
predicted by our model (black solid line) at 353 GHz (8a@), compared with the compilation of Coppin el al. (2006) for
SCUBA sources (dots). The vertical lines represents thsitsaty limits of SCUBA (Coppin et all. 2006; Knudsen et aD@5),
SPT and ALMA (expected ir 3 hours integration; Ruhl et al. 2004; Tarenghi & Wilson Zp®%ght: the diferential counts at
353 GHz. We see that the short active phase is the most inmp@ntd dominates the source counts at the high-flux limithat t
low fluxes the contribution from the two bursts is praticayual.

dependently of the Hubble type. As it is obvious from the disemperature dust emission will not be accurate, since irmebs
cussions in the papers|of Reach etlal. (1995) and Schlegel evations of the local bright objects the region of wavelesgth
(1998), a fit withg significantly smaller than 2 is attributableshorter than 10@m shows that the decline in flux has a power-
to multi-temperature dust or afférence in chemical composi-law behaviour, rather than the exponential ¢bitd the single-
tion. temperature model. This demonstrates that the dust irtyreali
For galaxies at high-redshift having similar rates of dusias a broad distribution of temperatures which makes the cut
heating, the increase in the temperature of the cosmic roff after the peak much less steep.
crowave background willféect the dust temperature. Therefore

i the dust temperaturein an objecizat\o IS Tauss for a similar 3.1. Dust emission in the CMB thermal bath at high
object at redshifz it would increase as (Blain 1999) redshift

4 4 1/(4+p)
Tausl(2 = [lefﬁ Tc;ﬁ((lJf 2" 1)] ’ (12) The fit by a modified blackbody spectrum considered above

whereTem, = 2.725 K is the temperature of the backgrounE? valid u_nd_er th_e further assumption that the influence ef th
today. CMB radiation field on dust grains can be neglected. Such an
We consider the observations by PLANCK, SPT and AC3PProximation is good at low redshift, when the background
at fixed frequencies, namely 147, 217, 274 and 353 GHz; figgnperature is low, but as the redshift increases the iityens
peak of the SED for the majority of the brightest SCUBA anff this rgdlatlon becomes n_on-r_1egI|g|bIe. Therefore itases-
infrared galaxies is around 3000 GHz. This means that the fR&"Y 10 introduce a correction in the assumed spectral gnerg
quencies higher than the peak will begin to dominate thedistribution of infrared sources
qbserving channels at reds_hifztsz_19, 13, 10 r_:md 8, reSPEC o B [B,(Taus) — By(Temb)] (13)
tively, so the flux observed in a given band will correspond to
the flux emitted at a frequency higher than the peak. This hakere the diference in square brackets represents the correc-
two consequencies. First, the contribution from high rétishtion due to the presence of the CMB thermal bath. In the low
objects will begin to decrease in the highest frequency bafd frequency limit fiv <« kTgus) the luminosity is proportional
PLANCK, ACT and SPT. But in moderate frequency channels the diference between the grain temperature and the
(147 and 217 GHz) these experiments continue to be sensitemperature of the CMB. As a result, for the same optical and
to the first merging galaxies in the universe. Furthermare, fultraviolet energy absorbed by the grain, its radiationhia t
the high frequency channels the approximation of hot singleigh frequency band will increase due to the existence of the
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CMB thermal bath and correspondingly will decrease in treame flux range [2, 17.4] mJy at 353 GHz. The two distribu-
low frequency part of the spectrum. This is plotted in FigBretions are significantly dierent, in particular our model predicts
for an object az = 10 with infrared luminosity.gr = 10'°L,.  a peak around ~ 1.5 while optical identifications of SCUBA
sources give a peak at- 2.5. This is an intrinsic limitation of
the merging models, which predicts the formation of the most
massive (and thus brightest) objects at redshifts lower tha
4. Three observational tests redshift range of SCUBA sources. The short burst phase (blue

We identified the merger formalism presented in Sedfion 2 IInse n the_plot) pla_ys the most important role, since it ato
. . S ) . (heé detection of bright sources at much greater distandes. T
the main process leading to star formation in galaxies. W/ith .

the framework provided by the standat@MD Cosmology, right panfel sd?fows silveral redshift distributions at theestrer

this approach constitutes a model for the IR emission in tﬁgency, or diterent flux ranges.

Universe that can be compared with thre&atent observa- Note, however, that the source number counts predicted by

tional constraints, as we show below. our model are slightly biased downwards when compared with
The model is particularly sensitive to the two spectral p&CUBA low flux data inferred from lensing measurements. We

rameters, the emissivity indgkand the temperatur€y,s; of have found that, for the small sky area surveyed by SCUBA

dust, which convert the bolometric luminosity into the spe@nd the typical angular correlation scales for sub-miltiene

tral luminosity and hence fix the distribution of the infrdresources, the source counts should show a typical dispersion

sources. Another important quantity, which will be disaess much greater than the Poissonian estimate. In particular, w

in this section, is the escape fraction of ionizing photertich have found that typical fluctuations of the order of225% of

determines the fraction of ultraviolet radiation absorbgdust thereal underlying number source count should be given when

and hence sets the relation between the star formationméte tiying to estimate this quantity in areas comparable to¢bet

the infrared luminosity. We will see that the introductioh oered by SCUBA.

such a parameter is necessary to satisfy the limits on tha-nt

sity of the infrared background set by the COBIRAS data.

Several observational tests can be performed to calibhate

free parameters of the model.

Observations and source counts in the submillimeter band
have been also obtained by the MAMBQO_(Bertoldi et al.
2007) and BOLOCAM |(Laurent et al. 2005) teams at 1.2 mm
(250 GHz) and 1.1 mm (273 GHz), respectively. We compared
their data with our predictions in Figuté 5: we rescaled the
4.1. SCUBA source counts BOLOCAM points to 250 GHz using the greybody spectrum

assumed in this paper. The total sky area covered by these two

Our merging halo model provides the source counts for the Syby - ments is comparable to that of SCUBA. The data of these
millimeter sources. Comparison of our counts with SCUBee experiments are all consistent with each other.

observations (Coppin etlal. 2006) at 8a® (353 GHz) shows

that, in the region above the SCUBA sensitivity limit at 0.2 Most of the present and future experiments have a limited
mJy, the curve is rather sensitive to the dust emission sgec@ngular resolution (around 1 arcmin), which will not perthi
parameters. In the left panel of Figure 4 we plot the sourggsolution of two merging galaxies. The characteristicgats/
counts resulting from our model. We will show in Section] 6.3eparation of two objects at their first passage is of therafde
the variation of the curves for fierent values of the temper-100 kpc (corresponding to 12 arcseczat 2) and of 10 kpc
ature and emissivity index: the closest result to the SCUBMuring the final coalescence (1.2 arcsec). But the impressiv
counts is obtained foFqust = 30 K andB = 1.5. These spectral sensitivity and angular resolution of ALMA, which is expedt
parameters are consistent with those found from the obserigreach a value lower than 1 arcsec in the frequency bands
tions both in the local (Dunne & Eales 2001) and in the higiscussed here (Tarenghi & Wilson 2005), should enable both

redshift universel (Chapman et al. 2005), so we will use thghe identification of merging galaxies as double or asymmet-
hereafter. ric sources and the distinction between the two phases of sta

The r|ght pane| of F|gurE]4 shows thefférential source formation aCtIVIty Furthermore, ALMA will be able to demon
counts predicted by the model. As in the plot of integral aeunStrate the dference between the typical merging starburst ac-
we show in diferent colours the contributions of the two activity and the strong nuclear brightening due to the preseric
tive phases of star formation, presented in Figlire 1. Fraseh & hidden AGN.
plots, it is evident that the short burst phase (blue) dotema
the number counts, in particular at the highest fluxes, since
it involves a comparable amount of stellar mass over a muék2. Intensity of the cosmic infrared background and
shorter characteristic time. The rapid decrease of tfferéin- comparison with COBE/FIRAS results
tial counts curve in the range [£040] mJy reflects the rapid
change in the merging rate occuringat 0.7 and possibly has Another test that can be performed to calibrate this model is
the same nature as the rapid cosmological evolution of AGNio compute the mean brightness of the cosmic infrared back-

As an additional test of these fits, we plot in Fighie 6 thground (CIB) due to the point sources and to compare it with
distribution of the sources with redshift. In the left pamed the observations at the same frequency. Fixsen et al.|(1888)
compare with the observations of Chapman et al. (2005) gin tthe basis of the observations with COBERAS,
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Fig.6. Left: The redshift distribution of the sources at 353 GHz aceagydd our model (solid line) for the same flux range
of IChapman et all (2005) and compared with their sample irirtbert. Green and blue curves represent, as in Figure 4, the
contribution of the two star formation phases: also in thisecthe short phase is dominating and can be detected at ngien h
redshift.Right: the redshift distribution of the sources at the same fraquéor different flux ranges: the [B— 10] mJy interval
(long-dashed line) could be relevant for SPT observatitiressources in the range [0~ 1071] mJy (dotted line) contributes
30% of the sub-millimeter background intensity at 353 GHz.

Integral counts @ 250 GHz

T T T T T T 1T
NI \

whereB, is the Planck function ang corresponds to 1Q@m.
g In our model we estimate the contribution of merging galsxie

merger model J . . .
N e  MAMBO results to the infrared background integrating the source coungs ov

10° & BOLOCAM results 3 the flux
i ] dN
I 1 IS8 = f S,—=ds,. 15
i 1 v ds. (15)
5 10°E E We predict a large number of sources even at very small fluxes
& F ] (S3s3 ~ 107° mJy) and the slope of theftiérential counts in the
E " 1 range [10° — 10°] mJy is so steep that these sources do not
A I i contribute much to the infrared background intensity. Tk b
Z 1o Y of it comes from the sources with flux in the range {30 10]

mJy. However this is strongly related to the assumed value of
the escape fraction of photons which strongly diminishes th
contribution of less massive objects.

4.2.1. Escape fraction

1 10 There is a natural process that decreases the contribution o
§ [miy] star-forming galaxies to the intensity of the sub-millieret
background, namely the escape fraction of ionizing photons

: . . . Dust inside the haloes absorbes UV and optical photons and
Fig.5. The integral co.unts predicted by the merging mpdel en re-emits them in the infrared band. However, assuming
250 GHz compared with the results of MAMBQ (Bertoldi el althat all the ionizing radiation produced inside the galaxe

2007) and BOL_OCAM (Laurent et al._ 2.005) at the same freabsorbed by the medium (i.e. by dust), so that the escape frac
quency. The points for BOLOCAM, originally presented at 1't1ron is close to zero, is not completely correct, expecigly

mm (273 GHz), have been rescaled t0 250 GHz. less massive objects, for which the escape fraction could be
greater than zero.
We model the escape fraction as a function of the halo mass

presented the following fit for the intensity of the far-iafed
background in the spectral range [150-2400] GHz

—M/Ms
ICB — (1.3+ 0.4)x 10°5(v/vo)*%*#012B (185 + 1.2 K), (14) les{M) =08, (16)
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Fig.7. The spectrum of the cosmic infrared background pré&ig. 8. The evolution of the star formation rate according to the

dicted by our model with a mass-dependent escape fraterger model (solid line), compared with the compilation of

tion (blue), Equation[(16), compared with the fit to th#lopkins & Beacoml (2006) of numerous observations fiedi

COBEFIRAS observations (black) by Fixsen et al. (1998gnt wavelengths (dots).

Equation [(T4): dashed and dotted lines aretfie- and +20

uncertainty levels, respectively. Red, green and orangsli

corresponds to three alternative parametrizations foeslsape known to correlate very well with stellar mass, as shown by

fraction, see Sectidn 8.3 for details. Tremonti et al. (2004) and Erb etlal. (2006) for the local and
the high-redshift universe, respectively. In the mergedeto

_ ) ) _ presented here stellar mass inside every halo is diredtjea
whereMs is the scaling mass, allowing an escape fraction gf the mass of the halo itself. Then it is natural to expect a

up to 80% for small-mass objects. To satisfy the limits ing#bs higher metallicity in more massive systems and therefcse al

by the m(t)en?ty of the infrared background we require a&aly |ower escape fraction. These simple arguments demamstrat

Ms = 10°h™*Mo. that modelling this quantity as a function of mass is, attleas
The idea of a mass-dependent escape fraction was ug@giitatively, well justified.

in_the works ofl Ricotti & Shull |(2000) and Kitayama etal.  as mentioned before, the Kennicutt relation implicitly as-

we are more concerned with the presence of dust which gy ng stars are absorbed and reradiated by dust in thedrfrar
sorbs ultraviolet photons and then influences the calimaif ¢ thatf,..= 0. When considering non-zero valuesfed, we

the Kennicutt relation, which assumes that almost all p®toneed to introduce a correction in the Kennicutt relation
produced by young stars are absorbed by dust and re-emitted

in the infrared band. In this sense, we need to compare the I{W [Mo/y1] =
frared and ultraviolet luminosities of observed galax@sie- ' ° yr=
rive an estimate of the escape fraction in these objects.
For example, very recent observations by Buat et al. (2067) dn this way, less massive objects are unable to retain ait the
ing SPITZER and GALEX allow us to estimate an escape fral@nizing radiation, dust absorption will be lesieient and this

tion of the order of 1- 2% for bright galaxies in the local results in a lower infrared luminosity for a given star fotioa
universe. A very tight correlation between ther/Lruy ra- rate. We wiII_return to this. poi.nt in Sectign 6.3, discussiey-

tid] and metallicity has been found by Cortese etlal. (2006) §i@! alternative parametrizations and thefieet on the CMB

a sample of nearby normal star-forming galaxies: the iettarfluctuations. _ _ o

to ultraviolet ratio increases with metallicity, thus léegito a AS shown in Figurél7, with such a correction, our prediction
higher escape fraction for low metallicity objects. Eartu- for the intensity of the cosmic infrared background is withi
servations by Heckman et/al. (1998) seem to confirm this trefit§ 1o~ limits of the fit in Equation[(I4). On the other hand,
even for starburst galaxies, with escape fractions of taeror With an escape fraction independent of mass and redshift and

of 30— 50% for very metal poor objects. The metallicity is alsglose to the 2% value of Buat et &l. (2007), our model predicts
an intensity for the sub-millimeter background which exdze

the COBEFIRAS value but remains within thes2errorbars.

1.71x 10710

Lir [Ls].
Tt iR [Lol

17)

! TIR indicates the [+ 1000]um band
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About 30% of the background intensity at 353 GHz comes Star-forming haloes
from sources in the flux rang®ss3 = [0.01 - 0.1] mJy. The rrrT CrTTTT T T
redshift distribution of such sources is displayed by thitedb
line in the right panel of Figurel 6 and it is characterized by a
broad peak arounzl~ 2.5 - 3.

PRIMARY
103

4.3. The Madau plot for cosmic star formation history

The very simple parametrization which we use to model the
star formation process within the framework of the halo niode
can be verified computing the cosmic star formation density a
a function of redshift (i.e. thiMadau plot, IMadau et al. 1996,
1998;| Hopkins 2004; Hopkins & Beacam 2006) and compar-
ing it with the observations.

We average the star formation rate over all haldgsvhich 10!
are merging with other haloes to produce a final mdss

102

W+1)/2m C, [(kK)?]

. deerg dn , ,
Z) = dM dM —M M,M’Z, 18 A WAREEAl Al /
P+ f lf dMdt dM, «(M1, M2, 2) (18) 10 100 1000

ANmerg ; . . . . multipole ¢
wheret is defined in Equatio {1) ard, (M1, M2, 2) is the

number of stars produced in each merger episode.

The evolution of cosmic star formation rate density igjg 9 The Poisson (blue dashed line) and correlation (blue
compared with recent observations, obtained atetBnt ggjiq jine) term of dust emission inside star-forming haloe
wavelengths, in FigurEl 8. It is clear that our model S"gh“(\fompared with the primary signal (black), at the four fre-
overestimates the cosmic star formation rate, eSpeCia”yq%encies of the future CMB experiments (PLANCK, SPT and
higher redshift£ = 5), where our points are outside the ObseKCT): 353, 274, 217 and 147 GHz. Sources brighter than 100

vational errprbars. This <_:ou|d be due again to the limitatio mJy at 353 GHz have been removed in the computation of
of the merging model which, though very accurate at the Iowgfisson term.

redshifts, fails to reproduce the merger trees at high iitdsh

Using a compromise model that is consistent with the measure The power spectra generated according to Equalioh (20)
ments of the cosmic star formation rate that does not excewifl by [A.22) for the correlation term are shown in Fidure 9 at
the SCUBA number counts and that is close to theliinit the four diferent frequencies of the future CMB experiments.
of the sub-millimeter background provided by COBERAS, The correlation term peaks in a broad rahge[200 - 3000].

we can make predictions for the fluctuations in the CMB coiVe notice that the Poisson signal is smaller than the cdivela
nected with the foreground sub-millimeter emission froar stone forl < 3000 and becomes dominant only at the very large
forming galaxies. multipoles. Such multipoles, corresponding to angulalesoaf

the order of a arcminute, are within the resolution limit&\QfT

and SPT. This plot shows that even at 147 GHz the fluctuations
due to the dust emission in merging galaxies are one of thé mos
In this section we present the angular power spectrum megultimportant detectable extragalactic foregrounds. At highe

from the distribution of dusty sources in the universe. Aemsh quencies it becomes dominant and at 353 GHz it should exceed
in AppendiXA, such a power spectrum is the sum of two termthie contribution from higher peaks (beginning from the thur

5. Results

the PoissorC]” and the correlatio@ As is well known, at 217 GHz the signal of the SZ clusters is
o+ 1 negligibly small and this makes it much easier to observe the
(Al (n)Al,(no)) = Z o (C,P + Clc) Pi(n - np), (19) contribution from star-forming haloes.
[

Since Poisson power is generated mainly by very bright
wherel is the multipole index ané, is the Legendre polyno- sources$ 2 1 mJy), future experiments should be able to de-
mial of orderl. tect such sources in the maps and eventually to remove timem. |
The Poisson contribution to the angular power spectrum eantbis way the correlation term can be detected also at veryi sma
obtained from the source number counts (2.g. Scott & Whigeales, since it is slightlyfiected by rare bright sources and

1999) obtains the bulk of its power from the more abundant and less

Sat N bright sources. We estimate this in Figlré 10 at the 345 GHz

Cl() = f S\%Edsv (20) SPT channel. This instrument is expected to have a sensitiv-
0 v

ity of about 0.3 mJy, and this should allow one to excise the
where all the sources brighter 8 are supposed to be re-brightest sources and hence increase the weight of thel@orre
moved. We present the results fg,; = 100 mJy at 353 GHz, tion term versus the Poissonian one. In the same plot we also
unless otherwise specified. compare the predictions of our model with the result thatldiou
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Predictions for SPT and SCUBA
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Fig. 10. The angular power spectrum of star-forming haloes Btg. 11. The dfect of foregrounds according to the model of
345 GHz: the red line is the predicted level of the fluctuagioiTegmark et al.[(2000), at 217 GHz: the long-dashed line sefer
after the removal of the sources brighter tha@.3 mJy (corre- to vibrating dust, free-free emission is plotted with theteld-
sponding to SPT sensitivity, Ruhl et al. 2004): comparedhwitine and synchrotron radiation with the short-dashed lirtee
the model (blue) the Poisson term is reduced by more than ameertainty on the noise level at 217 GHz for PLANCK is the
order of magnitude and the correlation term, which is muekd solid line, for a sky coveragex, = 85%. Solid and dashed
less dependent on bright sources, dominates up to higher ninlile curves represent our results for star-forming halties,
tipoles. The green line is the predicted power spectrum caiotted curve is the correlation term from spiral galaxie=(s
sidering only the sources detectable by SCUBA (with lensir@gctiori 5.11).
technique) at 353 GHz (i.e. with flux greater than 0.2 mJy9: th
contribution of such sources to the correlation term is fprac I ; .
R : ; 5.1. Contribution from normal spiral galaxies
cally insignificant, while they make all the Poisson power.
Another contribution comes from the infrared emission afno
mal spiral galaxies, like the Milky Way. We decribe the distr
bution of such objects in space with the Press-Schechtes mas
function, weighted with the halo occupation number which

gives the number of (blue) galaxies in a halo of given mass.

be obtained if only the sources detectable by SCUBA were cfjeth & Diaferib[(2001) propose the following form for such a
sidered. The Poisson term would be at the same level, sirsce lﬁuantity

generated mainly by the bright objects. The correlationldiou
be strongly reduced, since SCUBA is not able to detect ssurge (M) =
with flux lower than 0.2 mJy, missing the abundant dim source$®
which contribute significantly to the correlation power.

M a
(%) +05 exp{—4 ['091O(M/101175)]2} @)

) ] o ] whereM is the mass of the halo and wikflys = 7x10"h"tM,,
The analysis of the dierential contribution to the signal 304, — 09, This fit is calibrated on the results of semi-

from sources at dierent redshift reveals that the bulk of theanalytical models and does not take into account the depen-
correlation is generated by star forming haloes in the riﬁdsrhence on redshift

rangez ~ 2 - 4, with a slight dependence on the multipble g correlation term resulting from this simple estimate is

Finally, following lInoue & Kamaya|(2004), we estimateshown in Figuré_1l1 (dotted curve) and turns out to be more
the amount of intergalactic dust expelled from galaxies lfyan two orders of magnitude smaller than the signal dueeto th
strong winds and AGN. This dust is heated by the ultravétar-forming haloes.
olet background and by the CMB. As shown by Basu et al.

(2004), its éfect on the CMB angular power spectrum will b
6C) =~ —214us(v)C; (highl), whereC, is the primary signal and
Tqust iS the absorption optical depth. This turns out to be thrée Figure [11 we present the well-known model of
orders of magnitude below the signature of the dusty mergifggmark et al. |(2000) for the main galactic foregrounds
haloes discussed in this paper. at 217 GHz (since at this frequency the contribution from

%.2. Comparison with galactic foregrounds sources
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Emissivity index dependence @ 353 GHz Dust temperature dependence @ 353 GHz
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Fig.12. Sensitivity of the results for the integral source count838 GHz to the choice of the spectral parameters: emissivity
index (eft, for fixed value of the dust temperature, 30 K) and dust teatpes ¢ight, for fixed value of the emissivity index,
1.5). Grey dots are the SCUBA observations, as in Filire 4.cthves in blue represent the choice which we use for all the
results presented in the paper. The plausible range of dogidratures derived from the observations (Dunne & Ealé4;20
Chapman et al. 2005) is 30-50 K.

Emissivity index dependence @ 217 GHz Dust temperature dependence @ 217 GHz
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Fig. 13. Sensitivity of the Poisson and correlation term at 217 GHthéochoice of the free parameters for the dust spectrum:
emissivity indexs (left, for fixed value of the dust temperature, 30 K) and dust teatpes T, (right, for fixed value of the
emissivity index, 1.5). The curves in blue represent theashithat we use for all the results presented in the paper.

the thermal SZ is zero): the most intensive signal comstar-forming regions.

from the dust emission in our galaxy (long-dashed line), bufe also include the expected uncertainty of the noise level
it decreases rapidly at largér where our &ect becomes for the PLANCK HFI detectors. At 217 GHz the expected
dominant. The contribution from free-free emission (dwtteresolution is 5 arcmin, with a sensitiviyT /T = 4.8 x 107,

line) and synchrotron radiation (short-dashed line) ha¥CT and SPT telescopes are expected to give even better
similar dependence dnbut with much less power and shouldralues of both resolution and sensitivity and hence a much
not dfect the detection of the correlation term of dust in
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lower level of noise. This should allow the detection of the Frequency dependence

dusty sources in the power spectrum.

5000 f=1.5 T

T

5.3. Comparison with previous works

: 1000
An estimate of the expected angular power spectrum of the cos 353 GHz

mic infrared background was givenlpy Haiman & Khox (2000). °9°
The model that they were using isfliirent from the one pre- g
sented here: it assumes a Press-Schechter distributetbpopn
tion of sources with a mass and redshift dependent dustieontg.
and temperature related to the stellar field. Our modeladsteg 50
considers the distribution eferging objects, derived from the 517 GHz
Lacey & Cole (1993) approach, and thus directly probes the
star forming haloes. Given thesdfdrent approaches, we com- 10
pare our result at 353 GHz with their “hot dust” model and find 5
a rather good agreement: our correlation terrh-at1000 is a

factor~ 1.4 (in AT) lower than their estimate.

Song et al. [(2003) performed detailed computations for 1
the FIR background, modelling the dust emission from star-
forming galaxies within the framework of the halo model, but
not considering merging. They presented the angular power

spectra for the 545 GHz channel of PLANCK assuming @g. 14. The ratio of the correlation signal atftéirent frequen-

sky coverage corresponding to the cleanest 10% and inclygks to the signal at 100 GHz, forfBrent values of the dust
ing the unsubtracted Galactic dust. Their results are &agn temperature.
in agreement with Haiman & Knox (2000).
More recently,| Gonzalez-Nuevo et al. (2005) presented
their predictions for the angular power spectrum of extr%—

X . . ould be derived if estimates are obtained about the actual
galactic point sources, based on the theoretical model or

: . . alue of the escape fraction, since these two quantities are
Granato et al| (2004). Comparing with their result at 353 GI—Yz : P : .
. related. Multifrequency observations will permit one tgpse

we fmd that ail = 1000 their correlation and. Poisson termgrate the contribution of distant dusty haloes from othekba
are higher by a factor 2.8 and~ 1.6, respectively, than our

e groundforeground sources due to their characteristic spectrum,
predictions.

- . and could lead to a more precise estimate of the spectrat pro
Toffolatti et al. (2005) presented an estimate of the pow P P prop

&fties of dust emission, in particular the temperature. &he
spectrum of ACBAR sources at 150 GHz. Our estimate for t D P

. .tremely high resolution of ALMA will make it possible even
P?;(?SO” term at the same frequency (and for the same ﬂ,ux.“%'ﬁndividually detect very distant objects and to provideat
Syt = 24 mJy) is roughly a factor 1.6 lower; we have aSImIIa:Sbout their dust emission, in particular if information abo

deficit when comparlng.wnh S_C_UBA observations. .. their redshift is also retrieved (by observing, for instanihe
From these comparisons, itis clear that the contribution foissjon in the fine-structure lines of the most abundarg ion

the background fluctuations from the sub-millimeter soSIrcg ich were detected by COBERAS in the sub-millimeter

in our model is lower than predicted by other authors, but e crym of our galaxy and which were discusséd in Basu et al.

general their results are confirmed. (2004)). Measuring the spectrum of the additional fluctursgi

in the CMB at diferent multipoles may also set constraints on

the star formation scenario and confirm that the star fonati

at high redshift begins in strongly overdense regions winiitih

eventually evolve into clusters and superclusters of gedsat

z~ 0.5- 0.7 and that the first star-forming haloes very rapidly

The model presented in this paper is sensitive to several fErate a high abundance of metals and dust.

rameters. As we pointed out in Sectdn 4, it may be feasible fthis section we will explore the parameter space and ptese
calibrate these parameters with the existing observatibims s_everal results for the angular power spectrum as a funofion
main purpose of this work is to make predictions for the levéjfferent parameters.

of foreground of dusty sources in the universe and to shotv tha

this signal W.i|| be important for upcoming experir_ngnts. 6.1. Spectral parameters

However, this component should open an additional way to

study the population of the most distant star-forming galsx The shape of the correlation term is fixed once the merger
which are already enriched by dust. The amplitude of the sigrodel is established, since it determines the distribudfcatar-
nal could provide a very useful tool to understand the phy®rming haloes as a function of their luminosity. Howevée t
ical nature of the objects. For example, the amount of duskerger model is connected only to the total infrared luminos

|

//

100 274 GHz

147 GHz

10 100 1000

multipole (

6. Sensitivity to the parameters: can we learn
something about the physical nature of the
sources?
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Fig. 15. Left: the dependence of the correlation (solid) and Poisson édddkrm on dierent parametrization for the escape
fraction with redshift (ight) at 353 GHz: low and constant (red), low and redshift depet@geen), high and redshift dependent
(orange); blue lines correspond to the mass-dependenpee$action adopted in the compromise model and show constan
redshift evolution for given mass.

ity through the Kennicutt relation. To obtain the value o thdistant objects, whose emissivity at these frequencies isd-
anisotropy in a specific frequency channel, one has to asswoad the peak, on the Wien tail of the spectrum.

some kind of spectral distribution for the sources. In $&f8 The level of such a decrease at higher frequencies is somewha
we assumed a greybody distribution depending on the emissemperature dependent. Higher dust temperatures shiftathe

ity indexg and on the dust temperaturg,s: Based on the com- sition of the peak in the spectrum towards higher frequencie
parison with the SCUBA source counts (Figlré 12), we choaad shift the position of the sources beyond the peak towards
B = 15 andTgst = 30 K. These values are in agreement withigher redshift. This#ect could be useful to measure the dust
the observational constraints, which give a wide range bf véemperature of extremely distant objects, breaking theedeg
ues both for the emissivity index. (< 8 < 2.0) and the dust eracy betweefs and T, pointed out above, since the value of
temperature (30 K Tqust < 50 K). As shown in FigurEZ13, the 8 has no influence on the position of the peak in the spectrum.
amplitudes of the correlation and Poisson term are seagiiv

the choice of the spectral parameters and display a variatio )

over one order of magnitude in the range of possible valaes8}3- Escape fraction

Is clear, from these plots, that the two spe ctral parametens As we mentioned in Sectién 4.2.1, we introduce an escape frac
a degeneracy. Multifrequency observations may ‘T’IHOW onetF8n for the ionizing photons in order to satisfy the limité o
_reduce the extent of such degeneracy, as shown in the fOII%BE/FIRAS on the intensity of the infrared background. In

ing. the compromise model, which provides all the main results of
this work, the escape fraction is modelled as a function ef th
6.2. Frequency dependence halo mass (Equatidn 1L6). Here we present some other pessibil

ities and show how these woulff@ct our results on the fluctu-
As explained in Sectiofl3, the contribution from high redations.
shift objects in the highest frequency bands of future expeGALEX and SPITZER recently obtained several estimates for
ments is expected to be low, due to the shift at wavelengtih® escape fraction in nearby luminous galaxigg & 10 Lo,
shorter than the 100m peak in the emission spectrum. On theee e.g. Buat et al. 2007). The published data do not give pre-
other hand, moderate frequency channels will be very sensise information about the value of the escape fractiongtt hi
tive even to extremely distant objects, since their emisgiil  redshift ¢ ~ 3 — 5) from where most of the contribution to the
occur at wavelengths longer than the peak. This is showndarrelation term comes. Similarly, up to now there is no clea
Figure[14, where the correlation term, normalized to the siglea about the dependence of the escape fraction on galaxy
nal at 100 GHz, is compared forftBrent frequencies: while mass. We present here three further parametrizations: a con
this ratio stays almost constant at 147, 217 and 274 GHzsiant and low escape fraction of 2%, an escape fraction grow-
decreases at 353 GHz, towards the higher multipoles, corireg with redshift from 2% ar = 0 to 40% atz = 4 and another
sponding to the smallest angular scales and hence to the noos from 2% to 97%.
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The correlation and Poisson terms at 353 GHz, correspoagireement with available data: the Madau plot for cosmic sta
ing to these parametrizations are plotted in the left pamel fermation history and the source counts measured by SCUBA.
Figure[I%: the blue line is the compromise model with thieurthermore, we are within the limits imposed by FIRAS ob-
mass dependent escape fraction, the red line is the conssemvations of the Cosmic Infrared Background.
fesc = 0.02: the correlation term in this case in much stronger In spite of these promising results, our model can be im-
because the luminosity of the sources is weakly limited lproved in several aspects. In particular, the merger rate ap
the correction. The two Poisson terms are, on the other hapthach is known not to be accurate when compared-tidy
very similar, since in the mass-dependent model the most msisnulations. Our results depend crucially on several patara
sive (and bright) objects that build up the Poisson power gthe escape fraction of ionizing photons, the dust tempegat
also weakly &ected by the correction. The green and oranged emissivity index) which might be constrained very pre-
lines are the two models with redshift dependent escape fraisely through observations of the angular fluctationsjfé¢d
tions: the correlation term is strongly reduced in the case ent frequencies and angular scales, by future observaiiéms
fesdz = 4) = 0.97, while the Poisson term, which is generateare confirming that the dust emission in merging star-fogmin
mainly by low redshift sources, is lesfected. galaxies is a powerful foreground for the high frequencyreha
nels of PLANCK, ACT and SPT.
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of new stars. As explained in Sectibnl2.1, so far we have @&omputations of the power spectra have been performed tising
sumed that all the baryons inside the haloes are in gas foVBFAST code.

This approximation is good at high redshift, when the number
of stars is small, but it breaks down as more and more bary%@ferences
are locked into stars. A simple way to describe tHig& is to

write the gas fraction at each redshift as Basu, K., Hernandez-Monteagudo, C., & Sunyaev, R. A. 2004,
@ . A&A, 416, 447 _ _ -
p«(2 b pxdt Benson, A. J., Kamionkowski, M., & Hassani, S. H. 2005,
fad2) = 1-°"" 7 =1~ (22)  MNRAS, 357, 847

Pu(2) & (Mingm’ : o
m Bertoldi, F., Carilli, C., Aravena, M., et al. 2007, ApJS,217

where pp is the density of cold baryons inside haloes (the 132
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Fig. 16. The dependence of our results on the gas fraction. Solid lieter to the model predictions witlg.s = 1, dashed lines
correspond to the correction in Equatiénl(22), displayettiéninsert in the left panel.
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50/ 7) = exp| - (v —v)? (A2) The Fourier modes of the halo density and the windoare
’ 202 ' given byny andV, respectively. Using our model for the PSF
The integral over the PSF and the spectral response will-be ?Qd the frequency response, the latter can be written, tr ea
garded as a normalization factar: r,as
2 7% Ky )?
N = fdn B(n) dv' ¢(v/,v) = Vi = (\/Zo-br) Ver(r/v)yo,e T e 2 . (A.8)
The Fourier modes of the halo density will depend on the halo
= (V2r01)? V210, = QpeamAv. A3 : . : :
(_\/_(Tb) \{_0 _ beam V_ _ (A-3) clustering properties, and will be characterised below.céfe
The brightness intensity fluctuations introduced by thet duatroduce the expression faf into Equation[[AY), and this
emission in haloes can be then written as will remove the dependence on the normalization fastor
1 fLss rLss
- = ’ ’ I—v
Al, Nj(; drdnB(n)dv' ¢(v', v) Al, = dr (:rz[r]) ag(r)
. O 71-
X Z Jv(@+2r) W(Xi - as(r)’ (A.4) dk R Ry —ikr A9
- _ 2 2
] X PE Ny € e e, (A.9)

wherer denotes the physical distance from the observer and ) ) , )

the indexj sweeps over all star forming haloes in the universgUrther. if we are interested in scales larger than the bezem s
x; being their positionsj,.) denotes the emissivity at thel® 1atter expression can be further simplified to

center of the halo placed at, andW(x; — r) is the dust profile ss Lyt 3

and accounts for the dilution of the emissivity as the distelo  2'v = f dr —7 —a()n(r), (A.10)
the halo center increases. Note that due to expansionédduc = = ) o )
redshift, the experiment will be sensitive to the emisgigita Which is simply an integral of the halo luminosity weighted b
frequencyv(1 + Zr]). Finally, a(r) = 1/(1 + Zr]) is the scale _the halo density along the line _of sight. Fr(_)m thls_exprefs.sto
factor at the epoch given iy and thea® factor accounts for the IS €28y to see that the correlation propertiealowill depend
dilution of the intensity as the universe expands. We cakaoep ©" the correlation properties of the star forming haloes.

the sum ovejj by a volume integral over the star-forming hald N€ré are, however, two more aspects that need to be taken
densityn(x): into account, namely the peculiar velocities of the stamfiog

1 (s regions and the gravitational redshift imprinted on thetesdi

Al, = = f drdnB(n) dv’ ¢(v', v) photons on the way to the observer. The former can be observed
N Jo by simply imtroducing a Doppler term (containing the peauli
% fdx N(X) Jywery WX - 1) a3(r). (A.5) velocity of the sources) in the integrand of Equat[on (4, 1102

latter by explicitely writing the time-varying potentialittua-

Next we integrate im andy, in order to obtain the contributiontions in such integral.

of all sources within the volume probed by the PSF and tHéus, we rewrite Equatiod (A.10) as

frequency response of the instrument. The vector sweehisg t

: : o fLss V- L 3
volume will bey: we use the relatiody’ = (v/r)dy, and the Al, = dr (1+ —)— a*(ryn(r)
. . . 0 C 4

spectral respongebecomes a function gf with the maximum e v L )
aty=r. o +2 (f dr’ (1 +— n) —dr) a’(r’) n(r’)) @} .
With this in mind, the argument of the functid is nowx -y, r c 4n c
resulting in (A.11)
Al, = 1 erss drfdx n(x) (l) rZdndy (Y, r) juezr) In this new expression, the tergyc accounts for the time

N Jo r derivative of the potential, whereas the dot produch pro-

xW(x - y)a’(r) = vides the component of the source peculiar velocity aloeg th

line of sight. If we now argue that we are interested in scales
1 (Tiss v\ Lz s Whe.re perturbat.ions are still in the Iingar regimg, then vesgy m
=N fo dr (r_s) 4 2 n retain only the first order of the potential, velocity and sign
fluctuations that give rise tal,:

X | dxn(x)V(x —r). A.6
f GV ) (A-6) Al, = const
In this case, the window functiov(x — r) corresponds to the ss [ven_, Lyt 3 ) Tus
cosmological volume sampled by the finite size of the PSF and + o dr ¢ n(r) a8 () + ZE I45r)
the frequency response. The integrabocorresponds to a con- riss Ly s )
volution that allows us to rewrite the last equation as * ], dr 6n(r)T a’(r) + 0(s), (A.12)
1 [Tss v\ L _
Al, = N f dr (r—g) % a(r) where the average dust intensifyf(r) is defined as
0

. fLss
X f—(;ﬂk)s Vi ek (A.7) Eiust(r) - f dr' Lyweqr) as(r/) A(r). (A.13)
r
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This equation shows that, to the first order, source pecutiar environment.

locities and potential fluctuations will couple to the aygra Having this present, one easily finds that the angular catiosl
source number density(r), and the correlation properties offunction of the intensity fluctuations can be written as

the measured intensities will be ruled by the correlatiarcfu o4+ 1
tions of each of the three quantities: gravitational pagdsit (Al,(n;) Al,(ny)) = Z
peculiar velocities and source number overdens#igs). \We [
shall find, however, that the latter will be dominant over t
first two.

(CP+C)Pn-np).  (A18)

h\‘/?/ith Pi(ny - ny) the Legendre polynomia of ordeand where
CP andC are the Poissonian and the correlation terms of the
I-th angular power spectrum multipo@f is given by

A.2. Correlation of the measured intensity fluctuations

2
2 fLss . w/n 2
We first rewrite the change in brightness intensity in terrs G,P =— fdkk2 f dra(r) ji(kr) 4£ (A.19)
an integral of quantities expressed with respect to congpvin d 0 d
coordinates with
I ss ) _ L, y d

Al, = const + f dr [V 2 agry gy @A, ¢ 19ty ng?= dev—an. (A.20)

0 c An c dL,

+ erSS dr a(r) sn(r) LV(Z:M) a%(r) + 0(6?). In practice, this expression is equivalent to
0
(A.14) CF = f dsy%\'sf (A.21)

The comoving number density absorbs #fg)® factor, and a
newa(r) factor appears from the line element. Note that pecy:
liar velocities areproper velocities. Next, we express the starz
forming halo number density as an integral over a luminosi
distribution function

wheredN/dS, is the angular number density of sources per
spectral flux unit. Due to its simplicity, we preferred to use
quation[[A.Z21) in our computations.

e correlation term can be expressed in termslegpace in-
tegral of the initial scalar metric power spectréayp(k) times a

A(xX) = fdl—v(lJrz[x]) T _ (A.15) squared transfer function, as.in Seljak & Zaldarriaga ()996
Y(1+20) c 2, ,
Finally, we decomposen/dL,u.4x) as an integral over the =z fk dk Py (K) 1A (KT, (A.22)

haloes of diferent masses contributing to the same IuminOSi\%th the transfer function (k) given by
|

interval
dn dn flss dSa(r) v/c
—— = [ dM —G(M, L, . A.16) AiK) = f dr ji(kr) [Sl(r)ék + -
dL(1+20%) f am EM- L) (A-16) 0 dar Kk
. . . . k/C2 lﬁ + ¢ _dust
In this equation, the functio®(M, L,(1.+2)) provides the frac- + So(r) —— c I (A.23)

tion of haloes present in the mass intervd| M + dM] (given

by the Press-Schechter mass functimdM) that have re- |n this equationjj(x) is the spherical Bessel function of order

cently experienced a major merger, and hence have givetorisg 5, is thek-mode of the dark matter density contragtis the

significant star forming activity (see Sectidn 2). We theitevr k-Fourier mode of the peculiar velocity field of the emitting

the spatial correlation function of haloes in the mass ranggurces ang and¢ are the two scalar potentials perturbing the

[M, M + dM], nh(M, X), FRW metric (in the conformal Newtonian gauge). The func-
tions Sy (r) andS;(r) are defined by

(M(My, X1) Nh(Mz, X2)) = (Ml, X1) (Mz, X2)
Su(r) = f dLy@a+zr) AM G(M, Ly (147r))
n
+ —— (Mg, X1) 65 (X1 — X2) 6p(M1 = M L,
dM( 1, X1) 6p (X1 — X2) 6p(M1 — M) A AL oM. 21]) (A24)
dMm Ar
(Ml, X1) (Mz, X2) and

x b(My, Zx4]) B(Ma, Z[%2]) ém(X1 — Xo). (A17) So(r) = f dLy(1+4r) AM G(M, Lya+2r)))

The symbolsp stands for Dirac delta anio{M, 2) is the mass x dn M,
and redshift dependent bias factor that relates the haldhend dm An
matter linear correlation functiofy, (Mo & White [1996). The respectively.

first term on the right hand side accounts for the Poissonian

fluctuations in the number counts, whereas the second term ac

counts for the dependence of the halo humber density on the

(A.25)
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