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ABSTRACT

Context. The rotational lines of carbon monoxide and the fine strieclines of Cll and of the most abundant metals, emitted during
the epoch of enhanced star formation in the universe, aghifted in the frequency channels where the present-dajuame CMB
experiments are sensitive.

Aims. We estimate the contribution to the CMB angular power spettby the emission in such lines in merging star-forming
galaxies.

Methods. We used the Lacey-Cole approach to characterize the disbibof the merging halos, together with a parametrizafiton
the star formation rate in each of them. Using observatidatd from a sample of local, low-redshift, and high-redsbiifects, we
calibrated the luminosity in each line as a function of ttae &trmation rate.

Results. We show that the correlation term arising from CO line enoisss a significant source of foreground for CMB in a broad
range of frequencies (in particular in the 20 GHz band) and for 1008 | < 8000, corresponding to angular scales smaller than
10 arcminutes. Moreover, we demonstrate that observinly different spectral resolutions will give the possibility of ieasing
the amplitude of the signal up to two orders of magnitudé€irand will help separate the line contribution from practicalll
other foreground sources and from the primary fluctuatibesnselves, since these show no significant dependence spebeal

resolution.

Conclusions. We propose to perform observations with varying spectradbadths (16° < Av/veps < 107Y) as a new tool to
construct a tomography of the universe, by probin@edent redshift slices with varying thickness. This shoutld/new constraints
on the regions responsible for the metal enrichment in theetge and on their clustering pattern and will lead to nemtshabout the
reionization epoch and the cosmological parameters, dintdorg.

Key words. Cosmology: cosmic microwave background - Cosmology: the@alaxies: intergalactic medium

1. Introduction from other foregrounds generated by continuum emissiost{du
o ) ) radio sources, SZfkects in clusters of galaxies, and the pri-
The nucleosynthesis in the first generation of stars jgorgial fluctuations themselves) does not depend on the spec
able to produce significant amounts of carbon and oxygga| resolution of the observations. Observations of the:gyo
(Heger & Woosley 2002; Yoshida et'al. 2006). This bring OWpectrum of CO line emission with high spectral resolutibn a
attention to the ca_lrbon mon_OX|de rotatlona_ll lines origmat |qw narrow slices of the universe to be probed dfedent red-
from the star-forming halos in the early universe. _Recent Othfts, with a thicknesaz/z ~ Av/veps Performing our compu-
servations show that these lines are very bright in the mQgtions for diferent spectral resolutions and proving the strength
distant quasars and radiogalaxies at redshift 4 (see e.9. of this method, we recognized that an analogous approach is
Greve et al. 2005) and also in the star-forming galaxies in oyseq in demonstrating the results of numerical simulatiains
vicinity (Gao et al! 2001; Weif3 et el. 2005b; Bayet et al. 200@ne |arge-scale structure of the universe. In that case tst ef-
Baan et al. 2008). They are also the brightest radio linesim Gective contrast is achieved using slices with a very snhdkt
Galaxy (Wright et al. 1991; Fixsen et/al. 1999). ness ¢ 15 Mpc) compared to the huge dimensions of the box
In this paper we are making an attempt to compute the anqu-Gpdl). The observations in the CO lines can use comparable
lar power spectrum of the foreground fluctuations due to €mi&y /v,,sto increase the amplitude of the signal and to separate it
sion in such lines from merging star-forming galaxies. Tk@m from other continuum sources.
difficulty of this task is related to the presence of the contin- |t s rather dificult, at present, to obtain a reliable theo-
uum emission of dust at the same frequencies. To separateifeal estimate of the luminosity of fiierent CO lines in the
line contribution, we propose observing in several spéb&ads  star-forming halos/(Silk & Spaaris 1997, Combes ét al. 1999;
with resolutions in the rangév/veps = 107 — 10°. We demon- [Greve & Sommer-Larsén 2008), and for this reason we use ex-
strate that with this technique it will be possible to in@ea jsting observational data to calibrate our model. We candint
the amplitude of the signal due to the lines emission signiéal merging galaxies and luminous infrared galaxies, togyet
icantly (over one order of magnitude), while the contribati with a sample of high-redshift, sub-millimeter galaxieq- o
served ak ~ 2 — 4. Using these samples, we calibrate the lumi-

Send offprint requests to: C. Hernandez-Monteagudo,
e-mail: chm@mpa-garching.mpg.de 1 http://www.mpa-garching.mpg.de/galform/millennium/



http://arXiv.org/abs/0805.2174v2
http://www.mpa-garching.mpg.de/galform/millennium/

2 M. Righi et al.: Carbon monoxide line emission as a CMB fooegd

nosity of the dfferent lines on the star formation rate of the obkeies, the dominant contribution comes from the Cll 1568line,
ject, assuming a linear scaling. We follow the same appraachwhile other atomic lines are much weaker. Here, however, we
outlined in our previous paper (Righi etlal. 2008), where wee p are interested not in the absolute luminosity of the lineg, b
sented a model for computing the fluctuations due to dust-emiis their ratio to the primordial fluctuation and to dust conti
sion in merging star-forming halos. This model, based on tlhim emission for the same angular scales, in the same dpectra
extended Press-Schechter formalism (EEPS, Lacey &|Cole)1998and and with a givenv/vqps. This argument makes the first two
allowed us to obtain a statistical description of the disttion of CO transitions more important than the (more luminous) éigh
the halos as a function of their star formation rate. Wittséhievo  transitions, given their contribution to the power speatif an-
independentingredients, we can compute the power spectfrungular fluctuations relative to the primordial CMB signal and
angular fluctuations arising from the emission in the COdjnethe foreground from extragalactic sources emitting in thie-s
at any frequency and for any spectral resolution. This agghro millimeter band due to the presence of large amounts of dust.
will allow the integral properties of the population of westlar- There are no galactic foregrounds that can mimic a similar de
forming merging galaxies to be measured in a broad redstpindence on the spectral resolution to the signal from C@. Th
range: by calibrating with observational data obtainedfdif- first CO transitions are usually saturated, and their ratiloWs
ferent galaxy samples, we can describe the history of faamat the same Rayleigh-Jeans law of the CMB at low frequencies. At
of giant molecular clouds and model the subsequent prodesdhe same time, the dust particles have very low opacity afiew
CO enrichment of the IGM throughout cosmic history. guencies making theirfkect weaker with decreasing frequency,
The beauty and the strength of the proposed method agfmpared with CO (1-0) and (2-1) transitions.
observing the angular fluctuations in the narrow line eroissi We use the EPS formalism because it is relatively simple
is connected to the fact that, for a given line at a fixed oland permits us to demonstrate the key results of the proposed
serving frequency, we detect the radiation from a slice ef thmethod. The deviations that the EPS introduces with regpect
universe with givemz The data on the cosmic star formationhe predictions of numerical simulation (Cole etlal. 2008) a
history (the so-calledMadau plot, Madau et al! 1996, 1998; still smaller than the uncertainties in the observatiomahgle
Hopkins & Beacom 2006) shows that the bulk of the star formenat we use for the calibration of the CO line luminositiesci$
tion activity in the universe takes place in a very broad hiftls uncertainties are mainly due to the data for the star foonati
range. Here we are considering the star-forming objectbeén trates: in the low-redshift sample we use only the IRAS data,
range 0s z < 10, corresponding te ~ 10— 115 GHz for the combined with the Kennicutt relation, to estimate the stamia-
first CO transition. This is close to the WMAP and PLANCKiion rate. The galaxies in the high-redshift sample, on therm
LFI's detectors [(Bennett etial. 2003; Bersanelli & Mandblesiand, often harbor an AGN and this is a source of further uncer
2000). Future ground-based experiments operating in tignty. An additional diiculty comes from the diierent angular
centimeter band and able to perform observations in magasolution of the CO and infrared observations.
relatively narrow spectral channels @0< Av/vops < ,1(71) Future observations with fierent bandwidths will measure
might open the possibility of separating the contributiéfie  ne dependence of the CO contribution on spectral resolutio
emission from any other continuum source using the meth@fhre precise numerical models can refine the predictionsinf o
proposed in this paper. More accurate semi-analytical "30d§imple model. In our view, it is important to propose a new
(see e.c. Granato etial. 2004; Lacey et al. 2008; Colelet@8;20method of directly measuring the rate of enrichment of thie un
Reed et al. 2008) might allow the predictions to be extended\jgrse with CO not in the very rare and extremely bright olsject
even higher redshifts and to correspondingly lower fregiem (as QSO and radiogalaxieszat 4-6), but in the most abundant

) N ) ) and less bright objects, which cannot be detected indiVliua
Higher CO transitions are still bright up te 350 GHz

and are therefore interesting for the PLANCK HFI's bands
(Lamarre et gl. 2003), as well as for ACT and SPT (Kosowsk )
2006; Ruhl et al. 2004). The same spectral band can cover dif-Star formation model

ferent slices of the universe, and from this point of view wikt w

see that the 1040 GHz region is the most interesting one for thgglrlgévgg%:2:‘\5(?30%is‘gta;?ggogz)'nW%urrn%:jegI'?hu:SVtV;rrroon 'gh_e in-
CO emission, because only the first one or two transitiond (a Y o ’ onaf

the corresponding redshift slices) contribute signifitata the amerger episode and characterize the distribution of thiging:

Ci’s in this band. We present, however, the frequency (and relﬂs—ing the EPS formalism (Lacey & Cile 1993). In a very recent
shitt) distribution for all the CO fransitions up e 7,)\//v(hich papen Neistein & Dekel (2008) improve the EPS formalismt, bu

will permit recognition of the redshift range that gives thein the|r| nfew esrt:matesl of tfhe merger rzls\tefs orrl]ly deviates signifi
contribution o the signal. cantly from the results of Lacey & Cole for the minor mergers.

. . For the merging mass ratios considered in our approachl(@),1-
. According to the same model, we als_o compute ke cin- the discrepancy in the two models is only 20%. In the follayvin
tial source counts curve for the emission in every line. Timaw-

: . . e briefly outline the main equation of our star formation relod
lated signal from many weak sources might contribute more to . . . .
the power spectrum due to the clustering. Therefore, intimaidi N ©ach merging episode, a given amount of gas is converted

to the simple Poisson fluctuations, we computed the coelat N0 Stars. Considering two halos of maés and M,, merging
signal taking into account the regions of higher mergingvact {0 Yiéld a halo of masM = M + My, a given amount of the halo
ity, corresponding to the positions where the future chssed MasS is converted into stellar mass
super-clusters of galaxies will appear.

From the same sample of objects that we used to calibrgje _ Q Mz

- < nMy——. (1)

our model, we see that the emission from the CN, HCN, HNC, Qm M/2
and HCO molecules, with resonant frequency close to the CO
ones (within~ 20%), do not add more than 10% to the am¥fhe amount of stellar mass formed from the hisllpis therefore
plitude of the CO signal (Baan etlal. 2008). At higher frequemproportional to its mass and to the mass of the merging kialo
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Fig. 1. The distribution of theR = L/M ratios as a function of the upper rotational quantum numbdéne CO transitions (the
corresponding frequency is shown in the upper axis in GHhye& diferent samples are considered: low-redshift IRAS galax-
ies (blue points), high-redshift sub-millimeter galax{esd points), and high-redshift radiogalaxies and Q$OgV&et al. 2005;
Solomon & Vanden Bolit 2005,green points). M82 and the Arderare shown in black. Our Galaxy (Wright et al. 1991;/Cox 2000
is represented with the cyan triangles. See Tdlles Tlandd&fails. The black solid line is SED for M82, for which we halaa

for the full set of lines. Dashed lines represent the uppdiawer limits forR in the sample.

if this is suficiently massive. In the same way, for the seconthe total stellar mass produced in this merging episodeeis th

halo, the sum
Qp, Mp-M;
M*=M1+M3=4Q—mn Y )
The parameten is the star formation feciency. We take this
M2 Qp M1 to be 5%, in order to match the observations of the cosmic star

* = Qnm 1 M2 M2’ (2)  formation history|(Hopkins & Beacdm 2006).



4 M. Righi et al.: Carbon monoxide line emission as a CMB fooegd

Table 1. Luminosities ancR ratios (in boldface) of the CO lines for the local and lowskit sample of galaxies.

Object name Type  d. SFR CO (1-0) CO (2-) CO (32) CO (4-3) CO (5-4) CO (6:5) COJ/-6
1153 GHz 2305 GHz 3458 GHz 4610 GHz 5763 GHz 6915 GHz 8067 GHz
[Mpc]  [Mo/yr] [Lo] [Lo] [Lo] [Lo] [Lo] [Lo] [Lo]
M82 SB 3.63 10.1 Ix10%a 28x 1P a 71x1Pa 98x10a 97x10Pa 96x1CPa 90x 1% a
3.7x10° 2.8x10* 7.0x 10* 9.7 x 10* 9.6 x 10* 9.5x 10* 8.9x 10*
M82 Lgust/ Lco ratio: 0005 Q009 Q02 Q05 012 024
Antennae SB 21.8 11.8 8x10°b
1.5x 10*
Milky Way - 3.0 85x10* ¢ 12x10° ¢ 13x10°¢ 95x10% ¢
2.8x10* 40x10* 43x10* 3.2x10*
IRAS 01077-1707 145 72.9 2x10°d
40x10°
IRAS 01364-1042 207 98.4 2x10°d
23x10°
IRAS 04454-4838 220 105 ax10°d
1.5x 108
IRAS 08520-6850 205 98.4 Ax10°d
1.3x10°
IRAS 09111-1007 243 171 8x10°d
22x10°
IRAS 14348-1447 SB 388 341 Bx 10°d
2.0x10°
IRAS 14378-3651 315 242 2x10°d
1.1x10°
IRAS 18293-3413 80.6 110 Bx10°d 22x10°d
48x10° 2.0x10*
IRAS 19115-2124 216 127 Bx10°d
40x10°
IRAS 20550-1656 136 127 Irx10°d 48x10° d
1.3x 108 3.8x10°
IRAS 22491-1808 SB 350 220 Bx10°d
1.4x10°

References: (a) Weil3 etlal. (2005b),I(b) Gao et al. (200))Wiaaht et al. (1991), (d) Baan etlal. (2008).

The lifetime of the starburst phase is then introduce®l Line luminosities from a sample of objects
following the results of the several numerical simulations

available in literature (e.g. _Mihos & Hernquist 1994, 199y, the previous section we introduced a simple relation betw
Springel & Hernquist_2005;_Robertson et al. 2006). There afigs star formation rate and the luminosity in a given liney-si
two star formation bursts, corresponding to the first Clog®-p jj5r 1 the existing relations in fierent bands (sée Kennidutt
sage of one galaxy around the other and to the final coalesceiggg for a review). The constant factor connecting the tuang
with a typical duration of- 300 ands 100 Myr, respectively. jities depends on several parameters, and it is not easyéo de
A third phase, identified as the star formation activity alt  mine it To get a rough estimate of its value foffeent lines,

present in the two galaxy before the interaction, is notidell e consider a sample of objects and retrieve data on their lin
in the model, since it is not directly trigger by the mergimbis luminosity from the literature.

simple parametrization allows us to derive a statisticacd®- For the CO transitions. we consider both a low- and a high-

tion of the merging events as a function of their star foromti e yshift sample. The first is derived from the list of Baanlet a
rates. (2008), which contains more than a hundred sources, oliberve
Comparing the typical timescale of the bright phaselP0  with different instruments. We selected in this list only the galax-
Myr) with the characteristic evolution time for old starshieh is  jes with optical size smaller than the beam size of the olaserv
about 1 Myr, one can easily prove that these objects arelyapigdlon. This is to avoid an underestimate of the flux due to incom
enriched with metals already at high redshift. This is thénmaplete coverage of the source. More detailed studies have bee
argument that motivates the work presented in this paper.  done on well-known local objects like M82 (WeiR etlal. 2005b)
The next step is then to connect the star formation rate waind NGC40389 (also known as The Antennae, Gao et al.
the luminosity in a given band. In our previous work, we were i 12001; Bayet et al. 2006). These are, however, extendede®urc
terested in describing a population of far-infrared sosiyse we S0 one has to be very careful with the observational resiftse
used the Kennicutt relation for that band (Kennicutt 198&)e they depend on the actual region covered by the instrument. |
we aim to describe the luminosity in the line for a set of malec the case of M82, Weil? etlal. (2005b) present an accurate model
lar and atomic transitions that occur in the observing bdrideo  of the CO emission from this galaxy, which takes both the cen-
CMB experiments. We assume that line luminosity scales witfal and the outer regions into account. The combined earissi
the star formation rate is a reliable estimate of what would be observed if M82 was
shifted to cosmological distances, therefore we will ustit
. calibrate theRr ratio in our model. The relatively low mass of
Line[Le] = R - My [Mo/yr]. (4)  M82 (M ~ 10'°M,, Mayya et al 2006) is typical of the objects
that contribute to the bulk of the correlation term estirddtere
The constanR will be calibrated in the next section, taking M = 10° — 10** M,, for redshiftz = 3 — 5). The data of the
sample of objects of flierent nature into account both at low andow-redshift sample are presented in Td0le 1: the star fooma
high redshifts, along with their observed value of the lupsity rates are obtained applying the Kennicutt (1998) relatiothe
in each line. far-infrared (8- 1000um) luminosity given in théRASrevised
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Table 2. Luminosities ancR ratios (in boldface) of the CO lines for the high-redshifingde of galaxies.

Object name Type z SFR CO (1-0) CO (2-1) CO (3-2) CO (4-3) CO (5-4) CO (6-5) COJ)7-6
1153 GHz 2305 GHz 3458 GHz 4610 GHz 5763 GHz 6915 GHz 8067 GHz
[Mo/yr] [Lo] [Lol [Lol [Lo] [Lo] [Lo] [Lo]
SMM J16359 SB 2.52 500 a ®x 10° b-d 11x10"b 17x10"b 16x10"b 14x10'b
12x10* 22x10* 34x10* 3.2x10* 2.8x10*
SMM J02396« AGN 1.06 975e Px1Pf
8.1x10%
SMM J13120 AGN 3.41 810g ax10' g 17x 10 f
1.2x 10 2.1x10°
SMM J16366 SB 2.45 1455 7x 10 f,h 33x10°h
53x10* 23x10°
SMM J16371 SBAGN 2.38 877i 40x 10 f
46x10*
SMM J22174 SB 3.10 1800 e 51x 10" f
28x10*
SMM J0443% SB+AGN  2.51 450 e 14x10 h,j 24x10" h
3.1x10* 53x10*
SMM J0943%k SB+AGN  3.35 1200g <25x10°g 89x 10" h,j
<21x108 7.4%10*
SMM J16368 SBAGN 2.38 897i 9.3x 10" h,j 37x 10 h,j
1.0x10° 41x10°
SMM J02399 SB+AGN  2.80 500 k 6.6x 107 k,I
13x10°
SMM J1401% SB 2.56 360 e 2x10° I,m 6.9x 10" m
6.7x10* 1.9x 10°
SMM J123549 SBAGN  2.20 1163 n 56x10"h 16x10°h
48x10* 14x10°
ERO J16450 SB 1.44 15390 .2« 10°0 15x10°d 3.6x10"p
21x10° 9.7x 10° 2.3x10*
GOODS J123634 SB 1.22 950 q 6X10°q
28x10*
MS 1512« LBG 2.73 15e 59x10°r
40x10*
Q 095%& Qso 141 900 e Bx10Ps
85x 10°
IRAS F10214« QSO 2.29 540 e 2x10 t-w 42x10"v
40x10* 7,7x 10
CLOVERLEAFx QSO 2.56 810e 8x 107 x-aa 12x 108z 17x10° 2z 46x 10z
59x10* 15x 10° 2.1x10° 5.7x10°
RX JO911 Qso 2.80 345e 7.1x 10 ab
21x10*
SMM J04135 Qso 2.84 3600 e 3x 10 ab
6.4x10*
MG 0751x Qso 3.20 435e 3.2x 10" ac
7.2x10*
PSS J2322 QSO 4.11 1800 e Bx10° ad 25x 10" ad 23x10° ae 25x 10° ae
1.4x10° 1.4 x10* 1.3x10° 1.4x10°
BRI 0952« QSO 4.43 360 e 4.3x 10 af
15x 10°
B3 J2330 HzRG 3.09 1950 e 11x 10 ag
5.6x 10*
TN JO121 HzRG 3.52 1050 e 1.3x 10 ah
1.2x10°
6C 1909 HzRG 3.54 1470 e 17x 10 ai
12x10°

* lensed source.

References: (a) Kneib etlal. (2004), (b) Weil etlal. (200&3)Sheth et &l. (2004), (d) Kneib et al. (2005),l(e) Solomo¥asaden Bout/(2005), () Greve etlal. (2005), (a) Hainlinelet a
(2006), (h)_Tacconi et al. (2006), (i) Kovacs et al. (200§)Neri et al. (2008), (k) Genzel etial. (2003), () Frayem&t(1999), (m) Downes & Solombh (2003), (n) Takata etlalog0
(0)IGreve et gl (2003), (h) Andreani ef al. (2000),/(q) Fraateal. (2008), (r) Baker et Al. (2004), (s) Planesas let 899, (t).Brown & Vanden Bout (1991), (u) Solomon et al. (1892
(v)!Solomon et &l (1992a), (W) Downes et al. (1995)/ (x) Bams et al.[(1994), (y) Wilner et Al. (1995), (z) Barvainisaé (1997), (ad) Weil3 et al. (2003), (ab) Hainline etlal02)p (ac)
Barvainis et al.[(2002), (ad) Carilli etlal. (2002), (ae) Gaal. (2002), (af) Guilloteau etlal. (1999), (ag) De Breuthle(2003a), (ah) De Breuck etlal. (2003b), (ai) Papadapoet al.
(2000).

bright galaxies sample (Sanders et al. 2003). Distances are fronm Table[1, the ratio of dust-to-CO-line emission grows virt
the same catalog: conversion from proper to luminosityadis¢ quency; therefore, the first CO transitions are mdreative and
has been computed using the cosmology-corrected redshifshould be favored from the point of view of their ratio to thestd
the Nasa Extragalactic Database (NED). For our Galaxy we usantinuum.

the value of star formation rate givenlby Cox (2000). i i i .
g - ) ) The high-redshift sample contains many sub-millimeter

In the same table, we also present the ratio between dgataxies. These are very massive and luminous systems, pow-
and line luminosities in M82, using the spectrum given iered by intense starburst god AGN, and they emit the bulk
Lagache et al. (2005) and the model of Weil3 etlal. (2005b). ¢ their radiation in the infrared band. This activity isgigiered
our previous paper_(Righietigl. 2008), we demonstrated that merging episodes that provide large amount of gas and re-
dust emission from merging galaxies is the mostimportagti-hi sults in high values of the star formation rate. We retrievech
frequency extragalactic foreground, therefore itis vergortant the literature the line luminosity for several objects,lirting
to compare with it. As we can see from the corresponding lif@SOs and radiogalaxies. These are reported in Tdble 2: lumi-
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nosities of the lensed sources (marked withare corrected Comoving width of the slice
with the magnification factors given in_Greve et al. (2005) an [ \ o \ \ \ \
Solomon & Vanden Bout (2005). Where more than one obser- 1ppo
vation were available we assumed an average between them.
These observations were carried out with interferomegtitit

nique; therefore, they are more sensitive to bright smailtsp 100
and not to the continuum emission. Comparing the avefage

of this sample with the one obtained for M82, we see that there

is no big diterence, though the CO spectral energy distribution—
for the high-redshift objects tends to peak at higher vatdéise 2&
rotational quantum numbér This may derive from dierences =

in the temperature and in the density of the gas. Furtherritore 5
the high redshift objects, the presence of the non-nedgigis>
diation field of the CMB contributes to increasing the exiita

level of the CO molecule.

We summarize all these observational data in Hig. 1, where
we plot theR = L/M ratio as a function of the upper rotational
quantum number of the transition. A higher valuefotorre-
sponds to a higher luminosity of the galaxy per unit star for-
mation rate, hence to a higher amplitude in the fluctuatioves.
present the two samples of objects described above: local ob
jects, low-redshift IRAS galaxies, high-redshift subdimkter
galaxies, QSO and radiogalaxies. The spectral energyluistr
tion of M82, for which we have the full set of lines, is overplo . ) . , .
ted. We show here also the values for our Galaxy, as obserVdg 2- The actual comoving width of the slice (in Mpc) as a
by COBEFIRAS (Wright et all 19¢1), assuming a star formatunction of redshift, probed by fferent values of the spectral
tion rate of 3Mo/yr (Cox[2000). From this dataset we extract€SOIUtionAy/vops
an estimate of the lower and upper valuefofn every transi-
tion. Notice that local merging objects, which are intraadly - o : -
weaker than the QSO, are close to the upper limit, meanirtg t%%?trmésh? Egggﬂ%nﬁgﬁgggg?&m higher transitians @),
they have a higher luminosity per unit star formation rat&2m
and the Antennae, for example, are extremely bright in tise fir
two transitions, compared with the other objects. Theratisar 4. The angular power spectrum
large scatter in the distribution of these points #itedentJ. This ) ) o
might be due to the uncertainties in the CO properties or mdfethe AppendiX A we present a detailed derivation of the ex-
probably in the value ok measured in these objects. pressions we used for the angular power spectrum genenated b

The observations of bright distant quasars and galaxies shi®€ emission in these lines. Here we briefly outline the mein r
that they often have carbon and oxygen abundance close t¢@lS: First of all, we should note that the measured sigita)
even higher than the solar valde (Fan 2006). It is clear tat!§ actually a convolution of the underlying sigriglr = rf) with
the average abundance of metals is much lower in the high! experimental window functiafi(r):
redshift universe than in the regions with intense star &drom,
where it can increase extremely rapidly. The Magellaniadi® 1,(r) = fdr’B(r =) L(r). (5)
(LMC and SMC) have significantly lower chemical abundance
than our Galaxy; nevertheless, the luminosities of the @@sli This window functions simply accounts for the finite angular
are comparable (Cohen ef al. 1988; Caldwell & Kutner 199@nd spectral resolutions of the observing device. The neeiaf

This problem is of particular interest for the first line 0tB@O,  the signal can be expressed as a function of the measured powe
since it is heavily saturated and therefore its brightnegedds spectrum |q”vk|2)

weakly on chemical abundance. On the other hand, higher-

lines are usually optically thin and therefore their brigigs -, dk -~ dk 2 =

strongly depends on the chemical abundance. This depeuﬂde(rllc> = f@ Il kl"= f@ 1Bk I” Ps(K) 11,17, (6)
might be non-linear, with an index close tbt 2, leading to .

lower CO emission in metal-poor systems. This is also comherel, denotes the volume weighted intensity amplitude for
nected with the low dust abundance and a consequently lessaefiiven source, anBs(k) is the power spectrum describing the
ficient shielding from the ultraviolet radiation, which deys spatial distribution of the sources. This integral reflébtscon-
CO molecules (Combes, priv. comm.). However, in this papgibution of anisotropy (given by the power spectrifyg(k)) to

we are dealing with star forming regions, in which rapidlplevy  eachk scale range, and this depends on the size and distribu-
ing massive starsfigciently enrich the medium with significanttion of the sources. If these are randomly (Poisson) digteithin
amounts of metals. M82, which is the object used to calibradpace, the¢(k) = 1/n, with n the average source number den-
most of the results presented here, has a metallicity 1 &stitme  sity. This means thadll scales contribute with the same amount
solar valuel(Galliano et al. 2008). of anisotropy (as given by thkrindependent power spectrum
The saturation of the first two CO lines might lead to a noedin Ps), down to a minimal linear scale (maximukjh correspond-
dependence of the line luminosity with the star formatiate ra ing to either the size of the source or the resolution elernént
This was shown by Narayanan et al. (2007): using a radiatitree instrument. If the source size is taken as arbitrarilalsm
transfer model combined with numerical simulations theyiid and we fix the angular resolution, then the variance or medsur

©
=
=

ol

© v
[aV)
N
(&)
@
—
(@}
—
N
—
S
—
(&)
—
@
D
(@]



M. Righi et al.: Carbon monoxide line emission as a CMB fooemd 7

Differential counts — 30 GHz — Av/v_, =102 Differential counts — 70 GHz — Av/v_, =102 Differential counts — 100 GHz — Av/v, =107
107! prrm
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Fig. 3. The predicted dierential source counts for the CO lines at 30, 70, and 100 @ida,spectral resolutiofty/vops = 1073. The

vertical line is the expected sensitivity of ALMA to the lieenission, computed for the same spectral resolution anadtegration
time of 3 hours.

- Background temperature scale, then further improving such resolution will make 1o d
T T ‘ T T T T T ‘

ference. This can be rephrased in Fourier space as folldws. |
sources are distributed such that their power spectrunojsqpr

€0 1-0 tional to that of the underlying density fieldP{(k) « Pn(K)),
o 32 1 then for some larg& the contribution of the power spectrum
10 Fco 4-3 | to the integral of Eq.[{6) will be negligible (since for large
F E we have thaP,(k) — 0). In this scenario, increasing the spec-
F co 6-5 1 tral resolution will not change the integral owy(k). These two

distinct regimes will be addressed in detail below.

g €O sum After projecting the power spectrum on the sphere, we find
= expressions for the Poissoﬁtl"() and correlation ((:,C) angular

e power spectra (see Appendix). We recall that their relatiche
angular correlation function reads as

oL 1 dmnay = Y 2 e cf) P o, 0
C ] |
r ] with Py(A; - fiz) the Legendre polynomia of ordérin this ap-
1 proach the resolution is expressed in terms of a comovinghwid
10-2 ol Ar probed at a given redshift by a certain/vops. It is straight-
10 100 forward to derive the relation
Vobs [GHz]

Ar Az cHyt A
= Av=—=0 =2 ®)
Az Ay E(Z) Yobs
Fig.4. The contribution to the cosmic microwave backgroun@ihere Av/vqys refers to the observing frequency aff7) =
radiation (in temperature units) from theffiérent CO lines and [Q,,(1 + 2)3 + QA]Y2. From this equation, it is clear that, for
of their sum (black line), compared with the signal from dus fixed spectral resolution, the actual comoving width deses
(orange). with increasing redshift, as it is shown in Fig. 2.

anisotropy will increase if the instrument is sensitivencedier 5. Results for the CO lines
and smaller scalei the radial direction; i.e., it will scale as
Kmax ~ 1/(A2) ~ 1/(Av)inst, With zdenoting the linear scale along
the radial direction. More generally, if sources are Paisdis- In Fig.[3 we present the fierential source counts in the CO
tributed, any improvement in the specteaigular resolution that lines, predicted by our model at 30, 70, and 100 GHz, for a
makes the experiment sensitive to smaller scales (thattidire spectral resolutiomv/veps = 1072 and using M82 to calibrate
larger that the typical source size) will yield an increaséhie the R ratio. The vertical lines in each plot show the sensitivity
measured power. of ALMA to line emission (% value, for 3 hours integration.
However, we know that, in the universe, sources tend to [Barenghi & Wilson 2005): this value is approximately consta
clustered in regions df; ~ 15-25h~! Mpc (comoving size) that at these frequencies. The flux in the line is computed as
eventually will become superclusters of galaxies. Theriist
tion of these regions will introduce more anisotropy, buyam f dVobs¢.nstr
scales that are actually larger thea If the frequencyangular r2(1+ 2) f dv Looithy
. ¥ . . . v obs¢|nstr
resolution of the experiment is at some point able to resibiige [ dvobgpinsts anr2(l+2)

5.1. Source counts and background intensity
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CO lines — Av/v, =0.2 — 30 GHz CO lines — Av/v, =02 — 44 GHz CO lines — Av/v_, =0.2 — 70 GHz
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Fig.5. The correlation signal for the CO emission lines at the LEbfrencies and for a spectral resolutioryveps = 0.2, using
theR ratio from M82. The black line is the primordial signal of t6&B divided by 1000, the orange line is the signal from dusty
merging star-forming galaxies. Other colors identifieslithes as indicated by the labels.
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Fig. 6. The change in amplitude of the correlation (solid line) anéig. 7. The dependence of the amplitude of the correlation signal
Poisson (dashed line) signal for the CO (1-0) line fdfatent on the spectral resolution of the observing instrumentstHe
values of the spectral resolutiaxv/vqps, at 30 GHz. The red CO (1-0) line at 30 GHz and for several value of the multipole
and cyan lines are almost superimposed, meaning that,dsethindex|.

resolutions, the signal has already reached a constarg. vEthe

Poisson term, on the other hand, grows linearly with dedngas

values of the spectral resolution. The primordial signddk Given the source number counts, we can compute the contri-
solid line) has been divided by 1000. bution of each line to the cosmic microwave background tempe

ature (Fig[#). The total emission of the CO lines is pratlica
constant with frequency in the very broad 2@00 GHz range.
) Its value is close to LK, and it is thousand times weaker than
the present day uncertainties in the temperature of moegmsl|
. cording to COBHFIRAS results|(Fixsen & Mather 2002). The
wherel, = Lpoi/v, Lool is the bolometric luminosity of the line first CO line peaks at frequeney 15— 20 GHz, corresponding
andr the comoving distance. This expression shows the explititan emission redshift~ 5 - 7. The dust emission from merg-
dependence of the measured flux on the spectral resolutthe ofing galaxies contributes two or three times more at freqgigsnc
instrument. The amount of sources at a given frequency @s alround 15- 20 GHz, increasing then to a value of 108 at
dependent on the spectral resolution, just because inogetae 200 GHz.
value of Av/vgps cOrresponds to probing larger volumes of the At 30 GHz, most of the contribution to the background in the
universe. first CO transition is due to low-flux sourceS,(= 10 — 1072

_ 1 Lo L, (Av\™
- 47Tr2(1+ Z) (Ay)instr - 471'['2 Yobs ’
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Frequency dependence — Av/v_, _=1073
10-1 T T

CO 1-0

obs

sample that we have selected, so we were only able to retrieve
the full data set for M82. We use this object to calibrate ghe
ratio in our computations (see Talle 1 for details), but wansh
also the expected upper and lower limits in the amplitudé&ef t
signal, according to the value presented in Eig. 1. The taiioa
terms of the angular power spectrum for each CO line are shown
in Fig.[8 at the three frequencies of PLANCK's LFI instrument
and for the corresponding spectral resolutidyvoeps = 0.2.

As expected, the signal at low frequencies is dominated by th
lines corresponding to the first two transitions{2 and 1- 0),
while higher states are important only at higher frequendibis
might appear paradoxical, since the SED of CO peaks at higher
J. One has to bear in mind, however, that the power spectra
are presented in temperature units and normalized to the CMB
blackbody.

Another interesting aspect is that the emission from the firs
two transitions of the CO might be slightly amplified by thaeo
tribution from CN, HCN, HNC, and HCQ These molecules
formin the same environment of CO and has a very similar struc
ture. Their resonant frequencies are very close (within0%)

10 , 50 100 to the 115 and 230 GHz transitions of CO. Their signal is then
Observing frequency [GHz] summed to the CO, with a slight shift in frequency and redshif
which leads to a smoothindfect. The luminosity of such lines
. ) ) . o in nearby objects is typically 10% of the CO lines (Baan etlal.
Fig.8. The ratio of the correlation signal from CO emission t®008).
the primordial CMB signal dt= 2000 as a function of frequency  Aswe have seen, in the literature there are also severat-obse
and for a spectral resolutiofiv/voss = 107°. The black solid vations of high-redshift sub-millimeter galaxies. Thesgeots
line is the sum of the correlation from the first seven CO linegre thought to be the result of very massive and gas-richengrg
computed by assuming th® ratio for M82. The blue short- with very high star formation rates, on the order of 10, /yr.
dashed line is obtained with the model based on simple Preagrording td Alexander et al. (2005a,b) around 40% of the-sum
Schechter distribution. The black long-dashed line is thea  millimeter galaxies (SMG) population hosts an AGN, but thes
from CIl 158 um line. The contribution from dust emission ingnly contribute to 10-20% of the total energy output in the fa
merging galaxies is shown with the orange line. The graytoimfrared (Pope et #l. 2008). In Talile 1 and Table 2 we summariz
is the Poisson at 33 GHz from radio sources, estimated frem e data about CO emission in these objects collected frem th
de Zotti et al.(2005) model, assuming a diitf 0.1 mJy. The jiterature. We note that the line luminosity in these objéstex-
frequency dependence of this signal (gray line) has been cammely high, even for the higher transitions, but also given
puted assumin@, o v~ with o = 0.4 (Toffolatti et al. 2005). the high value of the star formation rates, the resulftdoes
The shaded region around the curve for the first CO line repigst change too much. In addition, these very luminous object
sents the range of uncertainties in the correlation sigrabord- are also very rare and therefore do not contribute signifizam

ing to the diferent values oR for the sample of objects in Figl 1 the correlation term, which is due mainly to the most abundan
and Table§]1 and 2. The first CO line is especially suitable fRfinter objects.

observations of higher redshifts because, at higher frezjas,

we simultaneously observe the contributions from two oe¢hr _
slices of the universe. 5.2.1. Dependence on the spectral resolution
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As shown in Sed 14, the spectral resolution of the instrument

. : : . is extremely relevant in determining the amplitude of thgs s
mJy), which cannotbe detected directly. But since theiton- o “hiq is ‘one of the most interesting results of this wovk:

tion to the correlated angular fluctuations is high, obsioua of : ;
theC,’s with different spectral resolution provide us with a powdemonstrate analytically (Appendii A) that the amplitudehe

. . X ) correlation term is expected to grow for lower value\ofvqps
erful tool for studying the properties of the high-redsiilip- ', me threshold value, beyond which it reaches a conveegen
ulation of CO-emitting galaxies and its evolution in timeeW

level and stays constant for even lower/vopsS. This can be

discuss this in the next section. easily seen in Fid.]6 for the CO (1-0) line: the amplitude & th
correlation term gains more than one order of magnitudeas th
5.2. Power spectrum of angular fluctuations relative spectral width is decreased to3,ut shows practically

) ) ) no change if this value is further reduced to4.00n the other

In this section we present the angular power spectra arfising hand, the Poisson term grows linearly with decreasing alue
the line emission of CO in the star-forming regions. Such @k Ay/v,s therefore, the relative importance of the two terms
power spectrum is the sum of a Poisson tefhand a corre- changes as a function of the spectral resolution.
lation termCIC. We should keep in mind, however, that the actual amplitude

The emission lines from carbon monoxide are associatefithe Poisson term strongly depends on the ability of the ob-
with the rotational transitions betweerfférent statesl. Their serving instruments to isolate and remove the bright iridisl
emission rest frequencies lie in the range @00 GHz making sources. The bulk of the power in the amplitude of the Poisson
them of particular interest for the low-frequency expenitse term, in fact, is generated by rare and bright sources. Such
Unfortunately, there are few observations of this moleautbe sources can be removed from the maps observing the same re-
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Table 3. Contribution to the amplitude of the correlation and Radio source — Av/v,,, =107 — 33 GHz

Poisson terms of the CO (1-0) line fromfidirent intervals of AL IR

flux. The observing frequency is 30 GHz and the spectral reso- RADIO (de Zotti et al. 2005)
L 3 4 -C0 1-0 B

lution is 10°°.

S, [mJy] % ofCC % ofCl

S, <107 9 0 22

10%<S, <103 23 1 %L

10°%<S, <1072 30 4 =

102<S,< 10! 26 25 G

10t<S, <1 11 53 E 0

S, >1 1 17 N

%

gion with high enough angular resolution. This has pratiyice = 2

effect on the amplitude of the correlation term, which is gener-
ated by the abundant low-flux sources. This is clear fromé@bl

where we compute the contribution®y andC/” of the CO (1- —— 10 mly

0) line at 30 GHz from dferent flux decades; with a 1-mJy flux -4 ----1lmly
cut-off, one can drastically decrease the Poisson amplitude of < LT O"l mJy
70%, while decreasing the correlation of only 10%. 10 100 1000

The amplitude of the correlation term as a function of the multipole ¢

spectral resolution is explored in more detail in Figy. 7 foe t
same line. Here we plot the value of the correlation termfat di

ferent multipoles (in the rangé = 70— 8000, corresponding 1o g4 9 The contribution of the radio sources to the power spec-
angular scaleg ~ 2.5° — 1). The signal grows un:;formly and {1ym at 33 GHz (red), compared with the CO (1-0) line (blue).
then reaches a plateau around a valugvops ~ 10™°. The Po- pifrerent flux cutdfs S, are applied: 10 mJy (solid lines), 1 mJy
sition of this convergence point depends both on the retshif (ja5heq lines) and D mJy (dotted lines). The signal due to ra-
the line and on the multipoleIn general larger scales (smaller i sourees is very sensitive to this value, while the powehé
and higher redshift lines seem to converge earlier, i.ehifgher g js much lessfiected, being generated by sources with fluxes

value ofAv/vobs, much lower thar
This can be explained as follows. T@¢s for the correlation out

term can be expressed as an integral in the line-of-sighpoem

nent of the Fourier moddk{) over the halo power spectrum, Observing in narrow spectral channels increases the sensi-

omax gk tivity and observing time requirements. In the future, heere
CF f —ZPn(kL, ky) (W(k)[?, (10) it will be possible to combine CMB measurements carried but a
21 similar frequencies but with ffierent spectral resolutions. For in-
whereW(k,) is the Fourier window function along the radial di-Stance, future Planck LFI's channel at 30 GHz will scan alsimi

rection, related to the spectral resolution of the expeninithe ~SPectral range to CBI (Padin et al. 2002) or VSA (Watson et al.
symbolk, represents the Fourier model included in the plane g£03), but with a broader frequency responsetvops = 0.2 for

the sky, and it is related to tHeangular multipole vig, = I/r, Planck, buthy/veps = 0.05 for VSA andAy/vops ~ 0.03 for CBI.
with r the comoving distance to the observed redshift. The witherefore, by studying theflierence in the power spectra of the
dow functionW(k,) is such thak, — 0, W(k,) — 1, but for commonareas, it will already be possible to establish caimis

k, > 27/Ler (With Lsr = CH™2Av/vinstr the length associated to©ON the CO abundance. At 30 GHz we would simultaneously ob-
the spectral resolution), thati(k,) — 0. In practice, theféectof S€rve two dierent slices of the universeat- 28 andz ~ 6.7.
this window function is therefore to change the upper lifithe  But at lower frequency we have the opportunity to observea si
integral in Eq.[(ID) byker = 27/Ls.. Let us assume that the halodle slice (i.e. a ~ 4.8 for 20 GHz). Unfortunately, these limits
power spectrun®,(K) is proportional to the linear matter powervould only be imposed up to a maximum _multlpolel?f 500,
spectrumPp(K), with k = (k2 + k2)Y/2. For our choice of and due to the relatively poor angular resolution of LFI's 30 GHz
observing frequency (or redshift), lat = 0 the power spectrum channel. Future ground-based experiments with arraystetede

is already being evaluated Es comparable to or larger thantors should be much more sensitive and with high enough spec-
~ 0.01h~1 Mpc for which it shows its maximum. That meandral resolution could make such observations possible.

that, as long ak, << K, Ph(K) ~ Pn(k.) and wherk, becomes  In Appendix[B we discuss a simple technique for separat-
comparable to or larger th&n, thenPn(k) — 0, since the power ing the line signal from the continuum, usingferent spectral
spectrum drops very fast (k%) when probing scales that enteredesolutions.

the horizon during the radiation-dominated era. On theakesc

there should be strong non-linear corrections to the popet-s ;

trum, which do not, however, significantly change the scptif 5-2.2. Dependence on the observing channel

the integral in Eq.[(T0). This integral can be approximatgd bn this section we explore the amplitude of the signal iffied

Ci o« Ksr Pr(kL) o vops/(Av) Pr(k,) for largewidthsAv/veps, Un-  ent observing frequencies. We consider the range of frexyuen
til it reaches glateau for lower values ofAv/vqps. Thisplateau 5 — 300 GHz, which will be covered by several future experi-
will be reached later (that is, for higher valueskgf or lower ments like SKA, PLANCK, ACT, SPT, and ALMA. In Fid.]8
values of the spectral width) for correspondingly highduga we plot the ratio of the correlation signal to the primordialB

k, (orl). signal at the fixed multipole = 2000: here it is very clear how
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the low-frequency rangey(< 100 GHz) is dominated by the emitting in CO lines. This allows us to obtain a parallel con-
CO emission, while at a higher frequency, the signal front dustrain to compare with the estimates of our merging model, in
is much stronger and dominates the signal from the CII 458 particular at the lower frequencies corresponding to thydri
line. The sum from the CO lines is computed by assuming thatdshifts.

the cross-terms are negligible. This shows that in the saqu Let us assume first that the star formation rate in halos sdttle
range 30- 60 GHz, the contribution from the first two CO linestheir mass
might be the most important extragalactic foreground ferdh-

servations of the primordial angular fluctuations by présty M, =C(@@- M, (11)
and future experiments. The region aroundthe curve caresp 5 the factoc(?) is obtained by normalizing to the cosmic star
ing to the first transition encloses the range of possibleesfor  t5rmation rate density, (2)

the signal in this line. The upper limit of this curve is caiite

on the Antennae. This local merging has a very bright CO (1-0),_, _ dn
and a star formation rate comparable to M82. This results irfé(z) - fdMWC(Z)M' (12)
higher value of theR ratio and in a higher amplitude of the sig- _ . -
nal. As a lower limit, we used the IRAS 14378 galaxy. Similaf N€ intégration must be limited to the halos that are actu-
ranges of uncertainty can be drawn around the other lines, glly abl_e to form stars. We use the fit @i, proposed by_
cording to the limits presented in FIg. 1. F!ernqu_lst & Springel (2_003), Wh|_ch uses a set of c_osmoldglca
The contribution from dust emission in star-forming gal simulations up to very h'g? redshifts. These simulationexsr-
ies falls rapidly towards lower frequencies, where the C rmed with a value Ob—s. = 0.9, which is noticeably higher
signal seems to dominate. However, in this range, the fordan the value adopted in this papeg" = 0.74). Therefore,
grounds from compact radio sources (including AGN, quasa folr(_e corrr:_pu(;[ng the n(_)rmahzatlon mSEE_KlZ% we rescmyh_
BL Lac objects, afterglows of gamma ray bursts, etc., see erli’eta Ing this ff_ere?ce Into account. Starting from Eq. (19) in
de Zotti et all 2005) is very relevant. Unfortunately, thestér- (mquist & Springel (2003), this rescaling can be written a
ing properties of such sources are very poorly known, thou%-g old_7) oold 1 5 2 0ld \2
several authors showed that the Poisson power is likely to be 8 ** "8 __[L) _( 8 ) (13)
largely dominant over the correlation ofe fiidatti et al/ 1998; o(c5*".2)  og™" 2\ D)9 og"
Gonzalez-Nuevo et l. 2005). The Poisson power, howeaaer, ¢ , ) .
be strongly reduced if the bright sources are excised fram tyhereos = o(Ms) andMy is the mass corresponding to a virial
map according to some flux cdfoWe show this in Fig.9: here temperature of 1‘DI_<. This fit is accurate to better than 20
we consider the radio source counts at 33 GHz, from the mod@” for the redshifts corresponding to the peak of the signal
of [de Zotti et al. [(2005). Integrating the counts we can estim and becomes even more precise at higher redshift. In eiéise; ¢
the Poisson contribution to the power spectrum. We computd}€ error is much less than the other uncertainties of theeinod
for several values of the flux cufoand we find that the signal F19-18 shows the result for the first CO transition obtainddgis
from the radio sources can be reduced to the level of the CO [3iS simple model: the estimate is a factor of a few below the
0) line emission if 8Sey ~ 0.1 — 1 mJy is applied. The same®N€ ob'galn_ed with the merging approach. The dependence_.'sof th
cut does notfiect the CO contribution significantly, since at thiglormalization on the actual value o might open interesting
frequency both its Poisson and correlation term are gestst poss[blhtles of estimating the value of such a parametnfithe
much weaker sources. There are two important caveats that h@MPplitude of the signal.
to be considered here. First, the main limitation to suclrcle
ing procedure is the confusion noise. To reduce the radio sig Angular fluctuations from fine-structure lines of
nal to the CO level, we need to apply a flux cfiiton the order t di
of 0.1 — 1 mJy. According to the counts curve|of de Zotti et al. atom and ions
(2005), this corresponds to a density -of 20 — 200 sources As mentioned in the introduction, the first generation ofssta
per square degree. Therefore the confusion noise shouldenoknriched the interstellar medium with significant amourits o
an issue, even at very low fluxes. Second, as mentioned abawetals, mainly carbon, oxygen, and nitrogen. The fine-girec
the correlation term of the radio sources is consideredigieg! transitions of these species are characterized by highenaat
ble compared to the Poisson power. This is true, howevdreif tirequencies with respect to the CO molecule. Thereforer the
sources are not subtracted down to very low values of the flgmission lines are more relevant for the high-frequenciyuns
(Toffolatti et al. 1998). In this case the contribution of cortiela ments, like PLANCK HFI, SPT, ACT, and ALMA.
from weak, unresolved objects might become important, &and i In an earlier papet, Suginohara et al. (1999) presented es-
is necessary to have an accurate modeling of their clugterin timations of the collisional emission in fine structure knef
The galactic foregrounds are also independent of the spétese species. Assuming a fraction of4€he solar abundance
tral resolution, so they can in principle be separated frbm tof those species, and assuming that roughly half of them are
CO emission lines. Moreover, their angular power spectrem dn environments with super-critical densities, they findttthis
creases rapidly towards the higher multipoles discussed hemission should introduce an average distortion at thd Efve
(Tegmark et al. 2000), especially at high galactic latisidehe 1076, whereas on scales ofit*Mpc, the relative intensity fluc-
contribution from rotating dust is also characterized byoa-c tuations should be a factor of 10 larger.
tinuum spectrum_(Draine & Lazarian 1998) and shows a peak In this section we compute the signal due to the clustering
around 26-30 GHz in our galaxyi (de Oliveira-Costa etlal. 2002of the sources responsible for the line emission. We repeat t
Finkbeiner et al. 2004), which will be shifted towards lovire- approach used for the CO lines. To calibrate gheatio for the
quencies in higher-redshift objects. fine-structure transitions of atoms and ions, we use thdtsesu
To conclude this section, we recompute the correlation terwfilMalhotra et al.[(2001), who observed 60 star-forming gala
for the CO (1-0) line using an alternative approach, based ms with ISO-LWS. They especially selected the objects &ith
a simple Press-Schechter distribution of the star-fornhialps smaller angular size than the instrument beam, thereferkrtéa
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=0.33 — 353 GHz

Atomic lines — Av/v

obs

Table 4. AverageR for the 7 transitions of the sample from
Malhotra et al.|(2001).

* \d/\m Species Wavelengtiufn] AverageR
F ] Cll 158 6.0 x 10°
Ol 145 3.3x10°

5 |_CIT 158 _ NI 122 7.9x 10°
NII 122 ol 88 2.3x 106

L i Ol 63 3.8x 10°
OllI 88 NI 57 2.4x10°

L Olll 52 3.0x 10°

fluxes presented in their paper refers to the total line d@ariss
from such galaxies. As for the low-redshift sample of COdine
we obtain the FIR luminosities of these objects from tRAS
revised bright galaxies sample (Sanders et al. 2003). For each of
the 7 species presented in their work, we computed the geomet
ric average of th& ratio in the sample as

iy

The resulting numbers are listed in Table 4.
Fig.10. The correlation signal of the most significant atomic In Fig.[I0 we show the correlation signal of these lines at
emission lines, for a spectral resolutidw/vops = 0.33 at 353 GHz and for a spectral resolutidwy/veps = 0.33, close
353 GHz, corresponding to one of the PLANCK HFI's detector the performance of one of PLANCK HFI's channels. In
The black line is the primordial signal of the CMB, the orangthe same figure we also show the correlation term from star-
line the signal from dusty merging star-forming galaxiethg forming merging dusty galaxies computed in our previousepap
colors identify the lines as indicated by the labels. Sedeldb (Righi et al. 2008); it is clear that this signal is still therdi-
for details. nant one. Also in this case, however, it is possible to irswea
the amplitude of the correlation term by using very good spec
tral resolutions. We show this in Fig.J11, for a spectral heso

log[i(i+1)/2m CJ [(uK)?]

1/N

1000

Lol ‘
10 100
multipole ¢

(14)

Frequency dependence — Av/v_, =103

10?2

10!

Clime /Cprim (1"=2000)

1073

104

CIl 158
NIT 122

OIIl 88

NIIT 57

V4 |

—_
o
o

200

300 400

Observing frequency [GHz]

500

tion Av/veps = 1073: the relative contribution of the Cll 158

line increases with frequency when compared with the centin
uum emission from dust in merging star-forming galaxietigdt
lines, plotted in the same figure, have a much lower amplitude
and are therefore negligible.

6.1. Comparison with similar works

An estimate of the fluctuations arising from atomic line esida
was presented hy Suginohara etlal. (1999). When lookingeat th
Cll line atz = 10, we find that our results predict emission am-
plitudes that are significantly (a factor ©f10?) less than theirs.
Most of this disagreement is due to the higher value adoted f
the density of ions emitting in the line (which depends on the
assumed metallicity and ionizati@xcitation fractions), while
having a dfferent set of cosmological parameters introduces an
offset of a factor of a few. In our work, the actual abundance of
ions in the upper state is provided by the calibration of oadel
with observational data.

Basu et al.[(2004) analyzed th&ext on the CMB primordial
spectrum induced by the resonant scattering of heavy elesrimen
the intergalactic gas, expelled by supernova explosicalactic
winds, and jets. They demonstrate that tHieet is the sum of a

Fig. 11. The ratio of the correlation signal from atomic and ionigiamping of the original fluctuations plus the generation@fn
line emission to the primordial CMB signal &t= 2000 as a anjsotropy. They obtained a very simple analytical expoass

function of frequency and for a spectral resolutidn/vops

for the change induced in the angular power spectrum on small

10-3. The orange line is the signal from dust emission in mergingg|es

galaxies. The Cll line clearly dominates the other spetiesis

below the dust signal even at this spectral resolution.

0C) = —275caCi, (15)

whererscqtis the scattering optical depth of the line. The linear
scaling of6C; with the optical depth produces quite strortget
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CO lines scattering — 70 GHz — Av/v_, =10"3

obs

the 20- 60 GHz frequency range, although we have also consid-
ered the collisional emission of lines corresponding tocise
like ClII, Ol, NII, and OlIl.

If the star formation activity follows the halo merging his-
tory, then the spatial distribution of molecules and meghtsuld
closely resemble that of the halos where they were produced;
therefore the emission pattern generated by these moteante
metals should show a similar clustering pattern. The adwpnt
of looking at the emission of particular lines is that eachark-
ing frequency probes a given redshift shell, whose widtteted
mined by the experimental spectral resolutiag/ ~ Av/vops).

The anisotropy introduced by the clustering of the sourcés w
be optimally measured if both the angular and the spectsalre
lutions of the observing experiment are able to spatiakiphee
those scales corresponding to the clusterind%—25h~1 Mpc,
in comoving units). On top of these clustering-induced fiaet
tions, we have to add the fluctuations associated to the d?piss
-4 / _ nature of the sources, which contribute down to much smaller
\\\\H‘ 1 \\\HH‘

log[i(i+1)/2m CJ [(uK)?]

scales (the typical source size) and for which further impro

n s e ‘1‘(‘)‘00 ‘ ments omv/v result in a larger amount of measured anisotropy.

multipole ¢

In this context, all other signals that contribute in sim#ipectral
ranges (dust IR emission, synchrotron radiation, intci3i1B,
etc.) show a very dierent behavior with changing spectral reso-
, i ) lution, because they merely remain constant. This will ffea
Fig.12. The efect of the scattering of the CO (3-2) line alyowerful tool for distinguishing between the fluctuatiohaiac-
70 GHz (squares), according to the model of Basu et al. (200¢Hized in this paper from all the remtd an dficient way to per-
same transition, for a spectral resolutid vops = 10°°. Due to the large number of uncertainties when building
a theoretical model for the collisional emission on molacul
atomic, and ionic lines, we used existing measurementsaat lo
and high redshift to calibrate our model. Our approach is-sim
lar to|Righi et al.|(2008), where our halo merging history mlod
igns a value of the the star formation rate to a given bbjec
and where this rate is assumed to follow a linear scaling with
the luminosity under study (in this case, the luminosityhe t
"Various lines considered). For the CO rotational lines, we ¢

even for a low value of. In Fig.[12 we plot the&C, for the third
transition of CO and compare it with the correlation sigrfdhe
emission from the same line. For 1% solar abundance, the s
tering optical depth of this line at 70 GHz4ds., = 1.94x107%. It

therefore introduces a change in the primordial power spect
on the order of~ 4 x 10~*. This term, however, dominates o

large scales, while it drops towards higher multipoledpfoing  |octeq a sample of local and high-redshift objects dfedent

the decrease in the primordial spectrum, where the coioalatg o (including local mergings, bright infrared sourcé&N,

signal dominates. SOs, and radiogalaxies) to calibrate Re= L/M ratio. We
More recently, Hernandez-Monteagudo et al. (2007, 2008), e « g ) / '

. ; . ve considered, for each transition, a broad range of fgessi
considered the pumpingfect of the ultraviolet background ony5),e5 to give an upper and lower limit estimate of the exgbct
the Ol 63um line and the resulting distortion on the CMB. The}étmplitude of the fluctuations.
compute the corr(_elatlon. signal assouatgd with the. Clm&ﬁ Our results show that CO emission is already stronger than
the first star-forming objects. The amplitude they find is lo@ t dust emission in the frequency range-¥0 GHz ifAv/v = 10°3
level of 10 (uK)?, and it is therefore lower than the signal deg;oreover. if one makes use of thefidirent behavior of the
scnbe(_j hzre.4l6|8W(;\(/)%r,6t|r_1||§)fect ‘ﬁ’oqlg.Shl_?W up at hllgher fre- CO signai with the observing spectral resolution, then dusth
quenciesy ~ — z), well within the spectral coverag ; ; - ; : ;
of ALMA, whose sensitivity should be able to put constraims be possible to project out continuum signals like CMB, radio

. . . i nd dust emission with greater confidence. In particularfrig
this dfect. We notice that the physical environments where bozr&ency interval ranging from 30 up to 50 GHz is of special in-

the coII|S|0_na_I emission and the UV-induced emission tdaee terest for the first three CO rotational lines, since theyoprthe
are very similar, and therefore botlffects constitute dierent redshift range ~ 6 — 10, crucial for our understanding of reion-

probes for the same scenarios. ization. Atomic and ionic emission lines are more importaint
higher frequency, but only the CII 1%8n gives a non-negligible
contribution to the amplitude.

This brings us to the conclusion that the emission on CO
The same star-forming activity that causes reionizatiothef and ClI lines studied in this paper provides a new window into
IGM atz ~ 10 leaves an imprint on the CMB by means of severationization, constituting a bridge between the low-fresey
mechanisms (e.g., Thomson scattering on the ionized gas,dBservations pursuing the HI 21 cm fluctuations in the radio
emission from dust particles that reprocess UV radiatiesps range, and the high-frequency observations targeting fine-s
nant scattering on metals produced by the first stars, &#id¢his ture lines in metals and ions like ClI, Ol, or Olll (Basu et al.
work, we have focused on the impact that emission on mole@004;| Hernandez-Monteagudo etlal. 2007, 2008). These thre
lar and atomic and ionic lines have on the angular power sp&gnhdows should allow tomography of the same cosmological
trum of the CMB. We put particular emphasis on the emissi@poch to be performed, but should beated, in general, by
of CO rotational lines, since theiffect is particularly strong in very different contaminants and systematics. Therefore, the com-

7. Conclusions
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bination of these three perspectives should provide a stemdi

M. Righi et al.: Carbon monoxide line emission as a CMB dooeind

Lagache, G., Puget, J.-L., & Dole, H. 2005, ARA&A, 43, 727

picture of an epoch that, to date, has remained hidden ta-obg@marre, J.-M., Puget, J. L., Piat, M., et al. 2003, in Preekat the Society of

vations.
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Appendix A: The induced angular power spectrum
A.1l. The measured intensity

In this section we compute the angular power spectrum irdiuce
on the CMB by the emission of these lines. We follow the
line of sight approach (los) already outlined in Appendix A o
Righi et al. (2008) and in Hernandez-Monteagudo et al. £00
although here we place more emphasis on particular aspects r
lated to the observing frequency resolution. B£f, i) be the
PSF of the observing beam on the sphere unit vettarhile
pointing alongh. Letvypsalso be the observing frequency of the
experiment that measures the emission of a line of rest éregyu

v and therefore probes the universe at a redshiftzl= v/vops
The spectral intensity introduced by such line reads

AIV = fdrfdﬁ B(ﬁ, ﬁ,)fdv, ¢v’,instr X

dn :
f dy dLv,(ﬂﬁiW(y ~)jyam &

A.l
dL, (142 (A1)
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Here, ¢, .inst IS the frequency response of the experimenif, the instrument is not sensitive to small scales (due to @ po
and dn/dL, (1,5 the luminosity function of halos hosting theangularor spectral resolution), then at largethe 8y will van-
metafionic species responsible for the line emission under stuggh, suppressing the contribution B,f(1+z)(k) at the samex’s.
The emissivity on the line at the center of the halo is given bphis is also reflected in thefiierence scaling of the power spec-
jw(+z), whichis diluted by cubic power of the scale factoiThe tra versus the spectral resolution of the experiment. lddie

functionW(y —r’) provides the profile of the density distributionwe compute the power spectrum &F,(r) in terms of the halo
of the species in the halo. The vectdiis determined byt and  power spectrum, we obtain

the frequency’ providing the &ective distance to the observer: ~ )

r’ = r’(v') A’. At this point, all spatial coordinates are physical. 2 2 sy Lras dn

As shown in Righi et al! (2008), the convolution in Hg, (A.Ahc \AIV»H < 1BkI” Pa(k) | cH™ () 4r dlyasy) (A-8)
be rewritten in terms of the source luminosity with dn/dL, the average number density of halos per unit lu-

N a A , minosity. If the halos are Poisson-distributed, thigg(k) o

Al, = fdr fdn B(A, A )fd" Prinstr X 1/(dn/dL, (1.) up to very largek-s, and the highk integral is

dR(r) a® L actually limited by the window functios (as long ak corre-

deV,(m) Ar’) (147 (A.2) spondsto scales larger than the source size). In confraatps

dLy @y 47 are clustered so that their power spectrum is proportiante

i o . linear matter density power spectrupg(k), then we find that
The ntﬁwdnumberl dens'tgn/dl‘v’él.“) Its Jtl;]St tthg prler\]n(l)us I(z)ne m(K) — 0 for some largé, and the increase in specfaigular
Smoothed on scales corresponding to the typical Nalo Si2€. Loq4)tion of the experiment will not make anyfdrence at this

spectral luminosity can be expressed as a product of the b ; : ;
metric luminosity on the line and the emission spectral tﬂrpfiqjl?gh k range. Therefore, improving the spectral resolution helps

L Lot We approximate this profile as a top h or increasing the Poisson contribution, but does not change
v(1+2) = Lbol¥v'(1+2)- - ]
function of the thermal width of the lineg(ey = 1/(AV)n he contribution from the clustering term beyond some large

if |V’(1 + Z) - < (AV)thi wV/(1+Z) =0 OtherWise), and aSSUmekC = 2n/Le, with Lc thetyp|ca| ClUSte”ng scale.
that this width will be much smaller than the instrumenta¢on
((AV)in/v < (AV)instr/vobs). This enables the replacement of thed.2. The angular power spectrum

\ ol o
integral along” by cH™(2)(Av)w/, yielding Our starting point is Eq[(Al4) above, which can easily be-con

) , verted in comoving units by absorbing thé factor within the
Al, = fdn B(A, A )fd" Py instr X definition of comoving number density. Amfactor must then
be added for the line elemedt, but this cancels out with the

’ 37
dev,(m) dn(r’) & Lvax cH (2, (A.3) @& for the profile. To compute the angular power spectrum,
dlyasy  4r we have to characterize the clustering properties of thétiei
halos. We recall that

wherel, = Ly /v. This cancels any dependence am),. Note

that the halo number density is evaluated’aand that the in- dn = fdM dn G(M, L, (142), (A.9)
tegral along the line of sight is carried out under the fremye dLv@+2) dM
response of the instrument: where the functiot&(M, L,.(1,,) provides the fraction of halos
present in the mass intervallf M + dM] (given by the mass
Al, = fdr’ Pr—r") fdﬁ B(A,A") x functiondn/dM) that have recently experienced a major merger
. (see Righi et all (2008)), and hence given rise to signifieams-
dL dn(r’) @ Ly cHLD) (A4) sion in the line(s) of interest. The spatial correlationdiion of
v/(1+2) Al 47 : ' halos in the mass rang®1[ M + dM], nn(M, x) reads

The productP(r — ') = 8v'/(r’) ¢y inst CONstitutes the radial (n,(My, x;) np(M2, X2)) = E(Ml, X1) E(Mz, X>)

profile of the los integration. We next attempt to show the im- dm dM

pact that the shape of the radial (and angular) responsé of t dn
+ _—

experiment have on the measured intensity. If we coriverto (M1, X1) 63(X1 = X2) 6p(M1 — M2)

the transversal spatial component by introduaifig Eq. [A.2) ZM q
i i n n
reads like a convolution + W(Ml’ Xl)W(MZ: X2)
AlL(r) = fdr’ B(r —r’) Ly (r), (A.5) x b(My, ZX1]) b(Ma, Z Xo]) Em(X1 — X2). (A.10)

; ey = _ /2 The symbolsp stands for Dirac delta ara{M, z) is the mass and
with B(r —r’) = #(r —r)/r™ and redshift dependent bias factor that relates the halo anchétier
- , i as |_~V,(1+Z) dfi(r’) linear correlation functioi, (Mo & White2002). The first term
Iz (r’) = cH™ (29 dew(m) i g (A.6)  on the righthand side accounts for the Poissonian fluctusiio

vV (1+2Z)

the number counts, whereas the second term accounts for the
Here, B(r — r’) represents the 3D window function of the independence of the halo number density on the environment.
strumental response and is responsible for some smootting o Having this present, just as in Appendix A lof Righi et al.
the original signal’, (1., (r"). This becomes more obvious if we(2008), it is possible to write the angular correlation ftioie of
rewrite the convolution in Fourier space the intensity fluctuations as

20+1

Al(r) = f % exp ik - 1) By T (K). (A7) <A'v(ﬁl)A'v(ﬁ2)>=Z 2 (CF+CO)Pif-fa),  (ALD)
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with Py(A; - Aiz) the Legendre polynomia of ordérmand where An optimal estimate for the line-emission amplitude can be
ClP and ClC are the Poissonian and the correlation terms of tledtained by minimizing the quantity
I-th angular power spectrum multipole. The:rf, can easily be
found to be X = [y - a(F) - F67)] Mt x
., iLIm )
cP - [rz (Av)msn} 8 [dim — & (F(5)) — F6m)] . (B.3)

|
Yobs i.e., by finding the value of that satisfie®y?/0a = 0. The co-

L -~ . - . . . .
de ey CH™ 1(2)( (1+z)) dn . (A1) Variance matrix of the combined channel noise is giveMjym.

Ar dL, (142 The minimization yields
On the other hand, the correlation term can be expressed._in Yijimdij .,|m(f(5l) f(0m))
terms of ak-space integral of the initial scalar metric powef® = £(60) - £(6; (1) - F(6m) (B.4)
spe_ctrude,(k) tjmes a squared transfer function, just as in me( (6) - f( )) |J|m (@) = f(om)
Seliak & Zaldarriaga (1996), with a formal error
2
== f K2k Py (K) |A (K12, (A13) o2 = 1 (B.5)

Sijam (168 = £(67)) Nijh (F(81) = F(6m)
with the transfer function, (k) given by

Ai(K) = f dr ji(kr) $(r) [S(r) 64] - (A.14)

In this equation,j;(x) is the spherical Bessel function of or-

derl, P(r) is the instrumental profile function as defined after
Eqg. (A4), 5k is thek-mode of the dark matter density contrast,
and the functiors(r) is defined by

S(r) = dey/(lJrZ) dM G(M, Lv’(l+z))

ﬂ I:V/(l+z)
dM  4n

cH™Y(2) b(M, Ar]). (A.15)

Appendix B: Observational method

In this Appendix we propose a simple method for extractirgg th
line-induced signal from a continuum at a given frequengy, b
the use of observations atfiirent spectral resolutions.

Our model for the measured signal (in either real or Fourier
space) is given by an array of channels at dierent spectral
resolutions §j = (Av)i/v,i = 1,N):

& = af(6) +C+ N (B.1)

The vectow; should sweep the relevant spectral resolution range
shown in Fig[V, § € [0.1,5 x 1074]). The value ofa provides

the amplitude of the line-induced emission, whereas thetfon

f(6i) contains its dependence with respect to the spectraluesol
tion. A priori, this function can be characterized if the redshift of
the line-induced emission is known. Sigi@refers to all com-
ponents that do not show an explicit dependence of speesal r
olution (e.g., intrinsic CMB, dust, synchrotron, etc.) amdose
value should remain constant (at least down to a few percent)
in every channel. Finallyl\; refers to the instrumental noise in
each channel, and its covariance matrix is assumed to be char
acterized. With this in hand, it is convenient to tak&etiences
between measurements infdrent channels having distinct val-
ues forf(v),

dj=5-35 =a(f@)- f(5))+Nij, (B.2)

whereN;; denotes a combination of the noise from both chan-
nels.
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