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Abstract. The metallicity evolution and ionization history of the universe must leave its imprint on the Cosmic Microwave
Background through resonant scattering of CMB photons by atoms, ions and molecules. These transitions partially erase origi-
nal temperature anisotropies of the CMB, and also generate new fluctuations. In this paper we propose a method to determine
the abundance of these heavy species in low density (over-densities lessthafP )i 0ptically thin regions of the universe

by using the unprecedented sensitivity of current and future CMB experiments. In particular, we focus our analysis on the
sensitivity of the PLANCK HFI detectors in four spectral bands. We also present results=f@20 and 810 which are of

interest for balloon and ground-based instruments, like ACT, APEX and SPT. We use the fine-structure transitions of atoms and
ions as a source of frequency dependent optical depthThese transitions give filerent contributions to the power spectrum

of CMB in different observing channels. By comparing results from those channels, it is possibtédthe limit imposed by

the cosmic variance and to extract information about the abundance of corresponding species at the redshift of scattering. For
PLANCK HFI we will be able to get strong constraints (481072 solar fraction) on the abundances of neutral atoms like C,

O, Si, S, and Fe in the redshift range58D. Fine-structure transitions of ions like ClI, NIl or Olll set similar limits in the very
important redshift range-25 and can be used to probe the ionization history of the universe. Foregrounds and other frequency
dependent contaminants may set a serious limitation for this method.

Key words. cosmology: cosmic microwave background — cosmology: theory — intergalactic medium — atomic processes —
nuclear reactions, nucleosynthesis, abundances

1. Introduction for all those attempts to estimate, with extremely high preci-

) o ) ) ) .. sion, the key parameters of our universe using this sensitivity
High precision observations of CMB anisotropies are giving {Bond et al. 1997; Einsestein et al. 1999; Prunet et al. 2000).
unique information about the angular distribution of CMB flucf, yeed  after the first 12 months of operation, the WMAP team
tuations, as well as their spectral dependence in a very br?s"‘ijecovering the first multipoles of the CMB power spectrum

frequency range. HFI and LFI detectors of P_LANCb’pace- with an accuracy of a few percent (Hinshaw et al. 2003).
craft will provide unprecedented sensitivity in 9 broad band

(Av/v ~ 20-30%) channels, uniformly distributed in the In this paper we are presenting an additional use of the
spectral region of the CMB where contribution offdrent tremendous sensitivity of PLANCK and CMBpol, and ground-
foregrounds are expected to be at a minimum. CMBpol ahk@sed experiments like ACT, APEX and SPT. We propose to
other proposed missions are expected to reach noise leVegk for or to place upper limits on the abundances of heavy el-
20-100 times lower than that of PLANCK HFI with technol-ements present in the inter galactic medium/anth optically
ogy already available (Church 2002). The WMABatellite thin clouds of gas everywhere in the redshift range5ao0].
was designed to provide measurements of the CMB temp¥fe shall focus on the fine-structure lines of neutral (Cl, OI, Sil,
ature anisotropies in the whole sky with an average sensitiel, ...) and ionized (ClII, NII, Olll, ...) atoms, which might pro-
ity of 35 uK per 0.3° x 0.3° pixel at the end of the mission Vide information about the epoch of first star formation and ion-
(Bennett et al. 2002; Page et al. 2002). Once such sensitivgtion history of the universe. Limits on abundances of heavy
limit is reached, the WMAP data will be the first real-life tesatoms and ions can be obtained by utilizing the frequency de-
pendent opacity that will be generated by scattering of back-
Send gfprint requests toK. Basu, ground photons by these species; giving rise féedentsC,-s
e-mail:kaustuv@mpa-garching.mpg.de in in different observing bands of the experiments. Although
1 PLANCK URL site:http://astro.estec.esa.nl/Planck/ Planck HFI is expected to detect the combined signal from the
2 WMAP URL site:http://map.gsfc.nasa.gov/ strongest lines, like Ol 63y, Cll 157.7 u and Olll 884 , fu-
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ture multichannel broadband CMB anisotropy experiments lillee temperature of electrons should be lower than the tempera-
CMBpol might permit to detect contributions from these lineture of CMB due to dierent adiabatic indices of radiation and
separately from the epoch when dark ages were terminatingtter (see Zel'dovich et al. 1968). Suginohara et al. (1999)
universe became partially ionized and heavy element prodpcebed the possibility of detecting excess flux due to emis-
tion begun. It is important that the polarization signal arisingjon in these lines coming from very over-dense regions in
due to resonance scattering depends strongly on the propettiesuniverse. Recently Loeb (2001) and Zaldarriaga & Loeb
of the transition (Sazonov et al. 2002), and together with tii2002) (hereafter ZL02) computed the distortions connected
temperature signal will permit us to separate contributions with the recombination of primordial Lithium and scattering
different species. in the Lithium resonant doublet line. Unfortunately the wave-
. . . length of fine-structure 2P-2S transition of Lithium atoms is
The observed primordial acoustic peaks and angular flyc- .
: ._100 short and will be unobservable by PLANCK and balloon
tuations should not depend on the frequency at all. This.IS

connected with the nature of Thomson scattering which pr!(r)l_struments. On the very low frequency domain, future exper-

duces these fluctuations both in the time of recombination'(r)q!ents like SKA and LOFAR might detect signal from neu-

hydrogen in the universe (Peebles & Yu 1970 Sunyaev t&al hydrogen 21 cm line, which also carry important ioforma-

Zel'dovich 1970) and during the secondary ionization of th%?glfrfg?)?;g\?v;egjrlsf;[je(rsbue%\?ve%f Zr(ca)ludn?j\ilsctgtle%‘i?nsé-g?fgﬁre
universe (Sunyaev 1977; Ostriker & Vishniac 1986; Vishnigt ) 9

1987; and more recently Gruzinov & Hu 1998; da Silva et %ioog hSVT]\?gvsillfiTerr]iféiV\Ilgrl;gv:t;/:;?\?gé?;vx(l)i{htgi :ﬁjér( of
2000: Seljak et al. 2000; Springel et al. 2001; Gnedin &Ja M, princip

2001). In this context, WMAP polarization measurements h gnd CMBpol if they are presentin the redshift range300].

. . . The problem of overcoming their extremely small optical depth
recently shown strong evidence favouring an early reionization ~ " . - .
comprises the main idea of this paper.

scenario, withg, = 20*2° (Kogut et al. 2003, 95% confidence). . i . . .
. 9 . . We will not discuss in detail the origin and ways of en-
But if any amount of chemical elements are present during th : ; .
ment of the inter-galactic gas by heavy elements. This

dark ages, then these species will be able to scatter the C : : . :

) L2 . ; . certainly requires existence of massive stars, supernova ex-
in their fine-structure lines. This scattering would not only Par sions. stellar and galactic winds. and even iets from disks
tially smooth out primordial CMB anisotropies, but in addi-p ' 9 ' J

: . ) ... ground young stars with cold molecular gas (Yu et al. 1999).
tion will generate new fluctuations through the Doppler shift . ; . .

. . : . -Jhe main goal of this paper is to show that the announced sensi-
the line associated with the motion of matter connected wi

h. . .
the growth of density perturbations. The maiffelience with Ewty of PLANCK detectors might permit us to set very strong
Thompson scattering is that the latter is giving us equal contlg-

pper limits to the time of enrichment of inter-galactic gas
bution over the whole CMB spectrum, whereas the discusste\{j heavy elements, the time of reionization, and maybe even
. : ; o 0
line scattering would give dierent contribution to dierent

detect the heavy elements in the inter-cluster medium. The
observing channels placed afférent parts of the Spectrum.census of baryons in the local universe (Fukugita et al. 1998)
Likewise, the contribution in this case would be restricted to'a

shows that most of the baryon remains unobserved, and the pro-
R : . L 0sed method might set way to detect its existence at high red-
very thin slice in the universe. Hence there is a possibility Shifts, when it had moderate or low temperature. These miss-

detect contribution from the lines with high transition proba-

o . . . Ing baryons are centainly out of stars, interstellar gas and in-
bilities, even though the typical optical depth we would find Itse?galac):/tic gasin clustersyand groups of galaxies. I—?owever we

P T
;;]erg S::;:' 8n<elg r)é(fslﬁﬁte E;Si?]/ l'gﬁézr?,zlﬂeoﬁwoﬂﬁrk .c::lyknow that such baryons should exist because they have been de:
g 9 ' 9 tected by WMAP at the last scattering surface at1100, and

wavelengths can give an upper limit to abundances éuint are also necessary to justify the observed abundance of deu-

species at dierent epochs. This method relies critically in th'teerium ancbLi in the early universe. Due to the wide range of

fact that intrinsic CMB temperature fluctuations are frequencr:-);(dshifts under study, and the uncertain degree of mixture and
independent. Therefore, in the absence of other frequen

dependent components, thefeience of two CMB maps ob- cpﬁmplness of our species in the interstellar and inter-galactic

tained at dFerent frequencies must be sensitive to thiedi medium, we shall assume that all elements are smoothly dis-

ence in abundance of resonant species at those redshifts préﬁbﬁted in the s}<y. In other words, in the present paper we She.l”
ress exclusively the homogeneous low density optically thin

. ! P
t.)y the freque_npy channels. Fc_)r this reason, this method is pgé_se, where féects related to strong over-density of gas and
ticularly sensitive to the possible presence of any frequenccy- .. o i
; : ollisional excitation are excluded and left as subject of an up-
dependent signal coming from foregrounds. . ) . )
coming work. Resonant scatterinfjexts will produce the dis-

The idea to use the line transitions of atoms and moleculasssed signal even if all the gas in the enriched plasma has over-
for modifying the CMB power spectrum is not new. Dubrovictiensity up to 18. Under thissmoothapproximation, we will
(1977, 1993) proposed the use of rotational lines of primordiféid that the &ect of resonant species on the CMB power spec-
molecules (LiH, HD etc.) as a source of creating new angtrum will be particularly simple, especially in the high multi-
lar fluctuations in the CMB, and there have been attemptsgole range. Indeed, in the small angular scales, we shall show
observe these molecules at high redshifts (de Bernardis ettladit the induced change in tl¥'s is given bysC, ~ -2 7%, C,
1993). Varshalovich et al. (1978) were trying to estimate thveherery, is the optical depth induced by the resonant scatter-
spectral distortions of CMB due to absorption in fine-structuieg of species< andC; is the primordial CMB power spectrum,
lines of oxygen and carbon at redshifts around-2EI0 where which is currently the main target of most CMB experiments.
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In Sect. 2 we describe the basic approach for computiegcitation temperature for them is comparable to the radiation
optical depths and corresponding deviations in the CMB powtemperature at high redshifts. Also theet of non-zero cos-
spectra due to scattering, and then show how we can put comelogical constant can not be neglected in the low redshift uni-
straints on abundances using the sensitivity of present and ¥arse of interest. Considering these facts, we obtain the follow-
ture CMB experiments. Section 3 presents our main resuiltg formula for optical depths:
for atoms and ions, and in Sect. 4 we discuss various possi-
ble ionization and enrichment scenarios of the universe aﬂg(z) - 17x10° (Xxi (Z))
the nature of predicted signal for each case. We will demon- 10-¢
strate in Appendix B that optically thin over-dense regions with S % fi
(ne) < 10-200 cn1? are contributing to theféect of resonant X (S(z: 10)) (100;1) (1&9) ’
scattering. Theféect of foreground emissions on our analysi : .
is discussed in Sect. 5, and we conclude in Sect. 6. Through%'ﬁ{ﬁ Xx@ 'S the. rat.|o between the numbgr den_sMxi (Z).

e atomic or ionic specieX under consideration, with

) 0
gzzrﬁgzz;v(vgngz ZISZ? ;%%g)aﬂqﬂf t:e?lf?(rms'gnsap@\f respect to the baryon number density at the same redshift:

_ 7 3 —3 i _
Q, = 0044 O, = 027,00, = 073, andry = 017 for Nb(2 = 2x 10" (1+2)° cm™. i.e.Xx (2 = Nx /Np presents

secondary reionizatiorly is the present-day value of mear¥he evolution of abundance of the given species due to ele-

CMB temperature, given bJ = 2.726 K (Mather et al, 1994). ment production, |o.n|zat|on.a_nd recombination processes. We
propose to constrain the minimum abundance that can be de-

tected at that redshift isolar units or [X]min = Xx (2)/Xo,
2. Basic approach where, for exampleX, = 3.7 x 107 for carbon.S(2) gives

. . - o redshift dependence of optical depth in@DM universe:
We now discuss the basic method of obtaining the deviatio ) = (1+ 23 [(1+ 221+ Qn?) — 22 + QA3 (see, .9,

in the CMB power spectrum by resonance scattering of ato %rgstrom 1998). and. is the wavelength in micron. The fi-

and ions, and using this deviation to constrain their abunda % term® accounts for the actual fraction of atéan present
during the dark ages. The interaction of CMB photons with oon p

stomsand ons il sty consist o esonent scaterg iy 1 540 561, 0 1 Sovernes skl b e tempere
either an atomic or a rotatiofaibrational transition, depend- 9 9-

ing on the species under study. In Appendix A we detail ho%vo-level system, this fraction is simply

we ir_1troduce the optical depth (_jue to the re_sonant transitign= [1+ (gu/g1) exp(=hvi/KTo(1 + z))]—l_ (5)

(tx,) in the CMBFAST code (Seljak & Zaldarriaga 1996). We

consider a particular resonant transitidar a given specieX, We also include here the correcting term for the induced emis-
with rest-frame resonant frequengy The total optical depth sion in the presence of the CMB and finite population of the
encountered by CMB photons on their way from the last scafPper level:

(4)

tering surface to us is then obtained by adding the contributions hy,
from all lines to the standard Thomson opacity: B=n x [1- eXp(—m) : (6)
B0
T=1T+ Z T - (1) The resonance scattering on ions and atoms in thermal equilib-
i

rium with black body radiation does not change its intensity.

In order to calculatey , we shall recur to the formula whichHowever, the observed CMB also has finite primordial angu-
gives the optical depth of a resonant transition in an expandiag fluctuations. Theféect of resonant scattering is to decrease
medium (Sobolev 1946), these angular fluctuations, and to bring the system more close

to thermodynamic equilibrium. Therefore resulting fluctuations
ﬁ Ain (Z)’ (2) observed on the frequency of the line shouldetifrom the sit-
mec H(2) uation on other frequencies which are far from the resonance.
where f; is the absorption oscillator strength of the resonant At low multipoles peculiar motions arising due to the
transition, 4; is the corresponding wavelength (in rest framegrowth of large scale density perturbations become important.
Ny (2) is number density oK species at redshift, andH(2) All ions or atoms are moving in the same direction and change
is the Hubble parameter at that epoch. The oscillator stren§tg frequency of CMB photons during resonant scattering. This
depends on;, the Einstein coféicient of the transitiom,, and eads to generation of new anisotropies of background.

TX; (Z) = fi

the degeneracy of the levels involved in it: We next give a simple description of the modification of
M ¢ the power spectrum of the CMB when it encounters a resonant

fi = 5 2e2—“ A (3) species. As mentioned in the Introduction, our first hypothesis
TE5 g1

will be that the species responsible for the scattering are homo-
A simple and elegant treatment following Gunn & Petersayeneous, isotropic and smoothly (i.e., not clumped) distributed
(1965) usings-function line profile, instead of thermally broad-in the Universe, at least during the epoch of interaction with
ened Gaussian for the same line, gives same value of optited CMB. One may argue that heavy species are located in ha-
depth. Further modifications are made to this formula to tal@s where the first stars are produced and that their distribution
into account the finite populations in the upper transition levelg,the sky can non be regardedsasooth In this case, the final
which is important for atomic fine-structure transitions, whemffect would depend on the typical angular size of the patches
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in which the species have been spread and on their total skigs will be equal t6:
coverage. This paper will observe the case where those scatter:
: . . . oT orT
ing patches percolate in the sky, giving rise to a smooth, he{( —(ny, z=0)- —(n,,z=0)}| =
mogeneous picture. The case of patchy distribution of emittin To To
sources will be addressed in a forthcoming work, where col-
L L . oT oT
lissional processes are studied in an extremely dense optically Tx|— 2 { =— (M, 2x) - — (N2, Zx,)
thick environment. To To

In the conformal Newtonian gauge, (also known as the lon- ST ST
gitudinal gauge), th&-mode of the photon temperature fluctu- + 2 <T_(n1’ zx,) - T
ation at current epoch is given by (Hu & Sugiyama 1994) 0 0

lin

(N, zxi)>) +ol%]|. @y

new

That is, the term linear irry, of A((%(nl,z = 0)- £(m,

770
At (k.10. 1) = fo d ékﬂ(n_%)[ﬂ’]) (Ao — iuvp) z = 0)>) is the sum of two dferent contributions: the sup-

- . pression of original fluctuations (which, as we shall see, dom-

A 'k“‘/’]' () inates at small angular scales), and the cross-correlation of

o ) the newly generated anisotropies with the intrinsic CMB field.
Here we have neglected the polarization term (which Cofpe first term (suppression) does not depend on the potential
tributes at most with a few percent of the temperature ampljz e|ocity fields during scattering, but only on the intrinsic
tude).n denotes the CO”fOfmf:‘]L“"i?‘? = 7(n) exp-(n) is the  cMmB anisotropy field. Moreover, we must remark that those
visibility function andz(n) = fn dy'7(n’) is the optical depth. contributions are evaluated scattering epoch Hence, if the
Aro accounts for the intrinsic temperature fluctuationsfor  resonant scattering takes pldmforereionization, the changes
the velocity of baryons anglandy are the scalar perturbationsp the correlation function (or in the power spectrum, as we
of the metric in this gauge. We have also neglected all tens®iow below) will be sensitive to the CMB anisotropy fidie-
perturbations. If we now introduce the optical depth associatggle being processed by the-ionized medium. In Appendix
to a resonant transition as a Dirac delta of amplitugelaced a we give a detailed computation of the change in the power

atn =1y, spectrum due to a resonant line. As we concentrate in the opti-
cally thin limit, it is possible to make a power expansion on the
dr(n) = orne(m)dn + 7x,6(n — 11x)dn, (8) optical depthr:

— X — . 2 3
we readily obtain that the original anisotropies have bedffl = Ci' = C1 = Tx - C1+ 7 Co+0(7%)- (12)

erased by a factor&i, whereas new anisotropies have be

generated at the same place: N this equationC;™ andC, refer to the angular power spectrum

multipoles in the presence and in the absence oKtlesonant
transition, respectively. For the limit of very smajl one can
At (Km0, 1) = € A7, (Koo 1) + AT, (K 17, 1) (9) retain only the linear order, and a direct identificationsef

with the abundanceX](2) is possible by means of Eq. (4): the
In real space, if we assume thg{ < 1, the Dirac delta ap- change induced in the CMB power spectrum will be propor-
proximation for the resonant transition (Eq. (8)) translates intinal to the abundance of the species responsible for the res-
onant scattering. In agreement with what has been established

Minz=0) = A=) () when studyingA (% (1, 2= 0)- §L(nz, 2= 0))), we find that
To To C1 changes sign at some multipdigess positive values of
ST ) 6C; imply generation of new anisotropiels € l¢rosd, Whereas
T, (nz¢) + O[Txi]- (10) anisotropies are suppressed for loss (S€€ Fig. 1 at very

new low I). In Appendix A we note that positive values&E (gen-

Here,n is the unitary vector denoting the observing directior?ratlon) are due to the non-zero correlation existing between

andsT/Tollh (n, 2,.) is the linear inry, term of the newly gen- anlsotroples generated during re_combmatmn and_tho;e gener-

! ¢ i . ated during the resonant scattering. This correlation is due to
erated anisotropiésWe remark again that we are assummg]e coupling ok modes of the initial metric perturbation field
that the species is homogeneously distributed, sorthatoes bing P

not depend on position. Let us now consider twiadent ob- in scales of the order or larger than the distance separating the

) S . two events (recombination at redshift 1100 and resonant scat-
serving frequencies: the first one corresponds to the scattertln hg at redshift 525), (Herrsndez-Monteagudo & Sunyaev
redshiftzx,, and the another corresponds to a scattering redskift 9 ! 9 yaev,

too high to expect any significant presence of the spe)éiesIn preparation).
If we compute the correlation functioé%(nl, z=0)- %(nz, 4 This type of manipulations of the correlation functipower spec-
7= 0)>, in both cases, we find that theffdirence of these quan-trum wk_uch avo_lds th(_a Cosmic Variance ]|m|§ is pc_)ssmle as Iong_as the
weak signal (signal induced by scattering in this case) hiisrdnt
spectral dependence than the CMB.
3 In what follows, our temporal coordinate will be denoted by red- ° The dependence on cosmic epoch of Egs. (10), (11) has been sim-
shift or conformal time; indiferently. plified. We again refer to Appendix A for a formal derivation.
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100000 - ook ]
Primary E 2=20 ]
Line = [ ]
10000 £ cosmicVar, 1 >
HFI Noise e 3
1000 {— =
(\‘x 100 | 7.‘7 0.01 L -
= 10 [ R
g o =10
~ 1F 7 —
3 g
= 01 1 £
0.01 ¢ E
Q.1 . .
0.001 E i 10 1;):)‘“;}0‘6 s 1000
0.0001 = ‘ : ‘ Fig. 2. For two lines placed at fferent redshifts,Z = 20 in the top,
10 _ 100 1000 z = 10 in the bottom), we plot the quantitiggsolid lines) andV (dot-
Multipole, | ted lines), defined a¥ = |C[¢°/C, — 1| andW = ||sC*°/6C|| - 1],

Fig. 1. The nature of temperature anisotropy that will be marginalfSPectively. In both cases, in the limit of higtthese quantities '[3end
detectable with Planck HFI 143 GHz channel, using6®I line. {0 2 Treio, Whererei, was taken to be.Q7. In both panels, = 107
Abundance is taken from the Table 1, a8 &% 10 solar at red-
shift 32. Here Primary denotes the measured temperature anisotrgpg M : )

. i i : t2. Measuring 6 C;’s and abundances
(upper ling, C" + 6C, ~ C/", and Line denotes the the newly gener- goti

ated anistropyloCy|, arising from line scatteringopttom, with filled Next we investigate the limits of detectability of the optical
square$. This [6Cj| is obtained by taking the flerence from the depth of atoms and ionss in current and future CMB mis-
100 GHz channel, and changes sign arourd 3. The correspond- sions, Our starting point is the expected uncertainty in the ob-

ing noise level is denoted by HFI noise. Also shown is the CosmfﬁinedCfs from any CMB experiment (Knox 1995):
variance limit ghort-dashed lingfor comparison. '
2
2

In this equationC, is the underlying CMB power spectrum,
fsky is the fraction of the sky covered by the experiment, and

. OO I sies A )
With respect to the high+ange, we find that the change in/S the pixel weight given by ™ = 0§ Qix, with o the noise

duced in the power spectrum takes a very simple form: amplitude for pixels of solid angl&x. B is the beam win-
dow function, and we shall approximate it by a Gaussian. We

are assuming that the noise is Gaussian, uniform and uncor-
6C = =21« C (13) related. The first term in parentheses of Eq. (14) reflects the

uncertainty associated to the cosmic variance. In the ideal case
whereC; is the intrinsic power spectrum. This dependence @ an experiment with no noise, this would be the unavoidable
identical to the ect of reionization on the power spectruntincertainty when identifying thebserved €s to theCy's cor-
at small angular scales. Indeed, in that scenario, if the oggsponding to a particular cosmological model. However, our
cal depth due to electron scattering during this epoch is giviaterest focuses on the comparison of power spectra measured
by Treio, then we have that fdr>> 1 the intrinsic CMB power in different frequency channels with respect toneasuredef-
spectrum generated at recombination is suppressed by a gi€nce power spectrum, (which is supposed to be free of any
tor 1 — exp(27reio), OF *—271ei0 If Treio < 1. SO in both (res- contaminingspecies of atoms afat ions). Under the assump-
onant and Thompson) scatterings, the shape of the indudied that the reference power spectrum contains only CMB and
change in the power spectrum is particularly simple and equiise components, we can write the following expression for
to 6C; ~ -2t C;, for a given optical depth and intrinsic power the uncertainty in the measured power spectruifiedince be-
spectrumC;. This simplifies considerably thefect of reion- tween grobechannel and the reference channel:
ization on thesCy’s induced by resonant transitions. Indeed, if
the symbolA"®° denotes the diierence of a given quantity eval-o gq =
uated in the presence and in the absence of reionization, then
we have that, for high, A™°(C)) = —27¢jo C; andA™°(6C;) = The indexeprob andref refer to theprobeandreferencechan-
—27ei0 (6C). This is shown in Fig. 2, where we plot the quannel respectively, and the first terdC” refers to the cosmic
tities V = |C[®°/C; — 1| andW = ||sC[*°/5Ci| - 1, that is, the variance associated to the temperature anisotropies generated
relative change of, andsC; due to the presence of reionizaby the resonant species.
tion. We have takenj, = 0.17. We see that, for high bothV Let us now assume that a CMB experiment is observing
andW approach the limiv =~ W ~ 2 1, i.€., the ffect of at a frequency for which it is expected to see tlffeas of a
reionization is identical in the two cases. resonant transition of a speci¥sat redshift 1+ zx, = vx, /vobs

(Cr+utg2). (14)

2.1. 6C;’s at small angular scales

b _ _ 2 _ _ 2
m [(5C|pr0 + wprlobBl,Srob) + (wrelf BI,rzef) ] -(15)
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One can then make use of Eg. (12) to relate the mininmym the universe optically thick in this line even when the neutral
observable with the sensitivity of the experiment: fraction of Hydrogen is only 1¢ atz = 6. However, the in-
o frared lines that we are discussing in this paper have much
6C . .
- (16) weaker oscillator strength and therefore neutral gas is trans-
C1 . . . ) .
parent in these lines up to very high redshifts, even if we as-

The factom expresses the-level necessary to claim a detecsume solar abundance. This fact permits us to consider the pos-
tion. For all the results presented in this paper, we have set #iisility that Planck and other future CMB experiments setting
detection threshold ato3 i.e.n = 3. Figure 1 shows how avery strong limits on abundance of neutral atoms in the early
very low optical depth sftices to generate changes in the poweiniverse.
spectrum (filled squares) which are big enough to overcome the The dfect of line emission to the thermal spectrum of CMB
combined noise of the two experiment channels being cogkn be estimated in a simple order-of-magnitude way by the
pared, (dotted line). Once this minimum optical depth is oBormulation given in Appendix B. If there were significantly
tained, we can easily find the corresponding minimum abugver-dense regions at high redshifts (ugte 20) which were
dance through Eq. (4), which is one of the main goals of odompletely ionized and enriched with metal ions (e.g, 8,
paper. In fact, this limit can be further improved by a factor ab++, Fe* etc.), then collisional excitation followed by radia-
~VAl if one computes band power spectra on some multipalge de-excitation will be a significant source of emission in
rangeAl. We shall address the details of these issues in the ngid same fine-structure lines. However, to make line emission
section, where we show that for PLANCK's HFI channels, valisible we need three factors: high abundance of the elements,
ues for the optical depth as low as'2010°" can be detected. high density of the electrons in the strongly over-dense re-

So far we are neglecting the problematic associated to fiens and large amount of over-dense regions in the volume
calibration between channels and the possible presence of feyRich we are investigating. Hence it is much more promising
grounds. Given the frequency dependent nature of the latterstudy angular distortions of the CMB generated by scatter-
the amplitudes and their characterization of thigedent galac- ing from the low density regions of the universe, rather than
tic and extragalactic contaminants are critical for our purposgsudying distortions in its thermal spectrum, for constraining
We return to these issues in Sect. 5, were we estimatefihe e heavy element abundances at high redshifts. Such low density
of foreground contamination on our analysis. inter-galactic gas is believed to contain most of the baryonic
mass of the universe, and possibly exists as viaotrgas with
10° < Te < 107 K today (Cen & Ostriker 1999). But at redshifts
z> 1 this inter-galactic gas should have moderate< 10* K)
Now we present the results for selected atoms and ions and tabw (T, ~ Tcws(2)) temperature, and the proposed method
can produce measurable distortions in the CMB spectrum. 4 observing angular fluctuations caused by scattering from
mentioned previously, the focus will be on the fine-structuigeutral or singly ionized atoms might set a direct way to de-
transitions for atoms and ions, as their frequencies fall in thect its existence.
far-infrared and microwave range and are therefore perfectly As mentioned above, the main contributors of opacities in
suited to our purpose. the relevant frequency range are oxygen, nitrogen, carbon, sul-

We divide this section into two parts: the first part showsr, silicon, and iron, along with minor contributions mainly
results for all the important atomic and ionic species. In segom phosphorus, aluminum, chlorine and nickel. The 63
ond part we briefly mention the contribution from the ovedengi@e-structure line of neutral oxygen gives strong constraint on
regions to the #ect considered. neutral species at high redshift, but early reionization makes
lines of CII, NIl and Olll even more important. All data relat-
ing to fine-structure lines have been taken from the ISO line-list
for far-IR spectroscopy (Lutz 1998), and the Atomic Data for
In this section we investigate the possibility of distorting thghe Analysis of Emission Lines by Pradhan & Peng (1995).
CMB power spectrum by scattering from neutral atoms like Olhen necessary, this compilation was supplemented by the
Ol, Sil, SI, Fel etc., as well as singly and doubly ionized speci@gely available NIST Atomic Databa%e
of heaVy 6|ementS, like C”, N”, SI”, Fe”, Olll etc. Thisis im- The basic idea of obtaining limits on abundances can be un-
portant for various reasons. The Gunn-Peterdtecepermits derstood from Fig. 1 and Table 1. Each broad-band channel of
us to prove that the universe was completely ionized as eaHy| acts in a specific range of redshifts for a particular line, and
as redshift 6, up to the position of most distant quasars know@ have tabulated the central redshift corresponding to the scat-
today. Recent results from WMAP satellite pushes the reionizaring for three most sensitive channels for several atomic and
tion redshift as far ag = 20, suggesting a complex ionizationonic fine-structure transitions. The lowest frequency channel
history (Kogut et al. 2003). There is extensive discussion ab@#t100 GHz is assumed to be “clean” from line scattering, and
the nature of reionization, and also on the possibility for unihus used as reference. We use a fixed abundancéga@r) to
verse being reionized twice (Cen 2003). In any case, before #ftain the optical depth in accordance with formula (4). Such
universe was ionized completely, there were regions of ionizgghall values of optical depths allow us to use the first-order

medium around first bright stars and quasars. It will f&alilt approximation, and so we finally obtain the minimum optical
to prove that the universe was partially ionized usingal ljre

because of its extremely high oscillator strength, which make8 http://physics.nist.gov/cgi-bin/AtData/lines_form

(Txi)min =n

3. Results and discussion

3.1. Scattering by atoms and ions of heavy elements
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Table 1. Minimum abundance of the most important atoms and ions that can be detected from Planck HFIl. We have used a fixed value of
abundance (1% solar) to obtain the optical depth in the fine-structure transitions of any given species, and because of the very low values of
optical depths, have used the linear relation from Eq. (16) to obtain the minimum detectable abundance for the sensitivity limit of Planck HFI.
The B factor is the correction term obtained from Eq. (6). In the last column we have further improved the sensitivity by averaging the
instrument noise in the multipole rangje= 10-20. The 100 GHz channel has been used as reference for all the cases. We present central
redshift for corresponding channel, however, in reality HFI will be able to give limits only for redshift intervals corresponding to the widths of
frequency channels.

Atonmy/  Wavelength Oscillator HFlfreq. Scattering 8 Opt. depth for Klmin for {[X]miny in
lon (in ) strength (GHz) redshift ~ factor 1®solar abundance | =10 | =10-20
Cl 609.70 133x 10°° 143 24 0.76 8 x 10°° 53x 1073 26x10°3

217 1.3 0.92 Dx10° 14x107? 6.8x 1073

353 0.4 0.99 Bx10° 21x10' 12x10?

370.37 908 x 10710 143 4.7 0.15 Dx10° 2.8x107? 1.3x 107

217 2.8 0.09 Fx107 16x 101 8.1x 1072

Cll 157.74 171x 10°° 143 12.3 0.79 Bx10° 2.7x107? 6.2x 1073
217 7.9 0.94 nx10° 7.7x10°3 3.0x 103

353 4.4 0.99 BHx10° 7.7%x 1072 3.6x107?

NI 205.30 392x 107° 143 9.2 0.76 nx10° 7.6x10°3 26x10°3
217 5.8 0.92 Bx10° 86x10° 38x10°

353 3.1 0.99 Hx10° 13x10t 6.8x102

121.80 274x 107° 143 16.2 0.16 Ax10° 13x 107 3.8x107?

217 10.5 0.09 @ x 107 34x101 11x101

N I 57.32 472x 10°° 143 35.6 0.79 B5x10° 23x10°3 7.4x 10"
217 234 0.94 Bx10° 6.1x10°3 20x10°3

Ol 63.18 320x 10°° 143 32.2 0.88 Dx10* 53x10* 17x10%
217 21.2 0.96 Bx10° 20x 103 6.4x 10

353 125 1.00 Ax10° 22x10t  49x107?

ol 88.36 916x 10°° 143 22.8 0.76 2x10* 35x10* 12x10*
217 14.8 0.92 Bx104 84x10° 18x10°%

353 8.6 0.99 Ax10° 12x102 44x10°

51.81 655x 107° 143 39.5 0.17 &x10° 14x10° 47x10*

217 26.0 0.10 Bx10° 6.5x10°3 22x10°°

Sil 129.68 624 x 107° 143 15.2 0.76 @& x10° 6.9 x 1072 1.8x 1072
217 9.8 0.92 2x10° 3.7x107? 12x107?

68.47 492x 10°° 143 29.7 0.19 Bx10° 31x102 10x107?

Sill 34.81 174x 10°° 217 39.2 0.94 Dx10° 48x10°3 16x 103
353 23.4 0.99 Dx10° 74x10°%  24x107?

Sl 25.25 803x 10°° 217 54.4 0.96 ®x10° 24x107? 74x10°3
Fel 24.04 169x 1078 143 86.4 0.83 2x10° 49x10°% 1.3x10°
217 57.2 0.95 Dx10° 7.7x10°3 23x10°3

353 34.4 0.99 Fx10° 7.5x 1072 25x 1072

34.71 206x 1078 143 59.5 0.02 2x107 11x101 34x107?

Fe ll 25.99 173x 10°8 217 529 0.95 Dx10° 7.1x10°3 22x10°3
353 317 0.99 Bx 107 74x102% 24x107?

Fe lll 22.93 309x 1078 353 36.1 0.99 Bx10° 42x102 14x 1072

depth, and hence the minimum abundarlast(column with  signal at such large angular scales due to the foregrounds. The
respect to solar value) from the sensitivity level of the detectbest angular range for Planck HFllis 10-30, and we can av-

(at 3r level). We have neglected signals below 5, especially erage it over a multipole rangd and improve the detectibility

at the quadrupole dr= 2 where noise level is minimum, dueby a factor of VAI. This result is shown in thiast column of

to the fact that it will be very dficult to observe the predictedour table.
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Figure 1 shows the expected behaviok6f-s when neu- same lines which contribute to ti&-s due to resonant scatter-
tral oxygen is marginally detectable with the 143 GHz channielg from extended low density regions, would also contribute to
of HFI, limiting the oxygen abundance as low as“elative the power spectrum at smaller angular scales due to emission
to solar at redshift 30. We show both the measured tempefram over-dense regions. But over-dense objects like damped
ture anisotropy andC;-s generated by line scattering in thidy-« absorbing systems and low density &elouds, together
plot. This line contribution touches the noise limit at aroundith stars, atomic and molecular gas in galaxies and hot gas
| ~ 10, showing the angular scale where best possible limit canclusters, contains only 20%40% of the baryons in the uni-
be obtained. We see that thiext always lies much below theverse (Fukugita et al. 1998; Penton et al. 2000; Valageas et al.
cosmic variance limit, but due to the frequency dependence2if01); meaning that resonance scattering from low density, op-
new anisotropies we are not constrained by this limit. tically thin gas with low temperature and moderaté@©-10°,

Part of the results of this paper are summarized in TableSE€ Appendix B) over-density will always create its own distor-
This lists all the atoms and ions on whose abundances we §8R in the CMB power spectrum alongside the emission gener-
put strong limits, and all these limits are computedai@vel. ated from denser regions. Botltects carry information about
With HFI we have the possibility to use more than one profige abundances of atoms and ions averaged over the volume
channel to show dierent upper limits for the same species &téfined by multipolel (or angular scale), and the frequency
different redshifts. This fact can be helpful to model the abufgsolution of the detector which gives us the thickness of the

dance history of the universe, and we present a general dis&ii§€ in redshift space along line of sight. Resonant scattering
sion in the next section. effect is sensitive only to the mean density of the scattering

speciegny;) in that volume, whereas the line radiatidfeet is
connected with collisions and therefore its contributio€ts
3.2. Contribution from over-dense regions depends okineny,) in the same volume. They are, thus, two in-
dependentfects that carry complementary information. This
Enrichment of primordial gas by heavy elements occurs duejfgier efect is sensitive to the most over-dense regions in the

supernova explosions of the first stars. High velocity stellar apdiverse, and will be discussed in detail in a subsequent work
galactic winds and low velocity jets from disks around forminggasy et al., in preparation).

stars, and objects of the type of SS 433 with baryonic jets carry
enriched matter to a large distance from the forming stars. The L ) .
observation of the most distant galaxies and quasars are shfw! e ionization history of the universe

ing that even most distant objects {¢ 5-6) have chemical petection of the OI, CIl and Olll lines of the two most abun-
abundance on the level of solar (Freudling et al. 2003; Dietrigfant elements will permit not only to trace the enrichment of
et al. 2003). At the same time there is a possibility that thge universe by heavy metals, but also might open the way to
low density matter, e.g. in future voids, will have extremelys|iow the ionization history of the universe. According to re-
low abundance of heavy elements. Observational method ¥ght models of stellar evolution very massive Pop Il stdis e
are proposing might permit us to observe ions and atoms @éntly produce heavy metals like oxygen, carbon, silicon and
heavy elements idiffuse matterwith over-density lower than gfyr (Heger & Woosley 2002). The CNO burning phase of
10°-10* atredshifts 1620, and up t& ~ 10°~10° atz~ 2-5. the stars appearing immediately afterwards will also produce
This means that even Ly-clouds are contributing to ouffect.  |3rge amount of nitrogen, and we can expect strong signal from
We should be careful only with the most dampedd-gystems, the jonized nitrogen 20 line, as the time of evolution of the
and with dense gaseous nebulae of the type of Orion and defysg stars is extremely short{0° years) in comparison with
giant molecular clouds. Buse gas in the galaxies and protote Hubble time even at redshift 25.
galaxies should also contribute to our signal. In Appendix Bwe The WMAP finding that universe has rather high optical
estimated the level of densities in the gas clouds, when the (Hé'pth due to secondary ionization at redshite 20ﬁ§° (Kogut
cussed #ect is diminished by 30% or 50% in comparison witlyt 1. 2003, 95% confidence) forced many theoretical groups to
the case of diuse inter-galactic space, and showed that 0v@gtyrn to the picture of early ionization due to Pop Ill stars (Cen
densities greater than 1@re needed at high redshifts beforepoa: Wyithe & Loeb 2003). One of the possible evolution sce-
collisional @fect begins to decrease amplitude of scattering sigario of abundances for the elements produced by these mas-
nal. To summarize, the proposed method might permit us to g&fe hot Pop 1l stars and intense star and galaxy formation is
signal from all difuse matter of the universe, excluding onlyiven in Fig. 3a. Here we consider two enrichment histories of
the extremely over-dense, or optically thick clouds. It is probgye universe, with lowA) and high B) metal abundances after
ble that the over-dense regions were the first to be enriched;B)ynization. The first phase of metal enrichment occurs during
heavy elements. Therefore it is important that the moderatghy epoch of Pop IlI stars, and at later epochs (redshif)3
over-dense regions of the universe are also contributing to {ifanse galaxy formation causes further rise in the metallicity.
resonance scattering signal in the CMB angular fluctuationsy ater in this section we consider a third enrichment history with
The simultaneousfiect of free-free, line and dust emis-ate reionization and metal injection.
sion from non-uniformly distributed over-dense regions at high In Figs. 3b and 3c, we sketch the relative ion fraction of the
redshifts, which are in non-linear stage of evolution and enténree most important atomic and ionic species under above-
ing the state of intense star formation, produces an independaettioned ionization history. We show twofidirent reioniza-
signal from the scatteringfiiect considered in this paper. Thdion scenario: one for relatively cold stars when production Olll
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Fig. 3. Top: a schematic diagram for the abundance history of the univajsehe upper panel shows the global pattern of metal abundances,
showing the two major epochs of enrichment of the IGM: first, during the peak of activity of massive Pop Il stars around redgbift 15
(shaded arep and second, during the peak of galaxy formation around redshtvghen global rate of star formation reaches maximum.

b) Middle panel shows the relative fraction of three major atomic and ionic species: Ol (or HI), Cll and Olll, normalized so that the total
abundance of all ions of a given element is close to unity at any redshift. The Ol abundance closely follows the neutral hydrogen fraction of the
universe because their almost similar ionization potential (see discussion in text). The redshift scale is clogéer &3 to emphasize the

redshift region 1630 of interest to this paper. At very low redshifis{ 0.7) the IGM gets heated to very high temperatufes-(10°-10" K)

causing even higher ionized species to exist, e.g. ©lIDVI. c) Lower panel shows another variation of relative ion fraction, where Pop I

stars ionize all the oxygen around redshift 15, so that Olll have higher abundance and correspondingly Ol and Cll have lower abundance.
Bottom: frequency dependence of optical depth in atomic and ionic fine-structure lines, in accordance with the abundance history sketched
above. Shown here are the contributions from the four most important lines: neutral oxygeddi®ly ionized oxygen 88, singly ionized

nitrogen 205 and singly ionized carbon 158 and their total contribution for each histories. History of NIl ion is taken as similar to that

of Cll ion.

is less dicient (case ), and the other for hot stars and quasarsot completely overlap or will be partially ionised everywhere
which are able to keep oxygen fully ionized at all intermed{we can not dinstinguish this two variants of ionization his-
ate redshifts¢ase 1). Line of Ol should give us an informationtory using large angle observations). Potential of Cl ionization
about creation of oxygen before Universe was strongly ionisddl.= 11.26 eV) is lower than that of HI. Therefore ClI fraction

Relative growth of CllI line (see Fig. 2b) will mark the timemight be higher than that of HIl and Oll in the beginning of sec-
when carbon will be ionised in large ionised regions which dundary ionization. At the same time Ol fraction should follow
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Fig. 4. Frequency dependence of temperature anisotropy generated by scattering from fine-structure lines. We take two ionization historie:
the high abundance case from Fig. 3, and show the contributionffefatit lines in dferent frequency range, for a fixed multipble 10. Four
different redshift ranges are marked for each species to emphasize the epochs where the dominant contribution from each lines are cc
The sensitivity limits of Planck HFI channels are marked by the crosses. The HFI limits have been improved by a féidpy#veraging
over in the multipole rangk= 7-16. The sensitivity limits are for 3 standard deviation detection, ang-#reorbarscorrespond to & error

in 30~ detection (we recall that = 3 /(ré (orobe)+ a'é (refy where the reference channel is fixed at HFI 100 GHz). xreerorbarscorresponds
to the wide bandwidth~25%) of Planck HFI channels.

each line, which highlights the fact that contributions from ClI
and NIl are higher because their signal is coming from lower
redshifts where abundance is higher according to our chosen
abundance history. In Fig. 5 we show the angular dependence
of the temperature anisotropy generated by resonant line scat-
tering for the three important HFI channels. The abundance
of Cll ion is kept fixed at 10% solar, so that the lower ob-
serving frequency (i.e. higher scattering redshift) has a higher
value of optical depth in the same line. The left-side of each
curve is dominated by Doppler generation of new anisotropy,
and hence are positive. The righ-side is dominated by suppres-
0 20 sion of primordial anisotropy and hené€,-s are negative,
multipole, | the discontinuity in each curve shows the interval whe@e
Fig. 5. Angular dependence of temperature anisotropy generatedcﬁlﬁnges sign. We see at low multipoles both gene_ratlon and
scattering from Cll 15§ fine-structure line. Shown here are thre§Uppression term tend to cancel each other. Especially due to
cases of6C)| as should be observed from Planck HFI 143 GHz (scéd€ adoption of WMAP reionization model with high optical
tering atz = 12), 217 GHz (scattering at= 8) and 353 GHz (scat- depth freic = 0.17) in our computations, lines which scatter
tering atz = 4) channels, (using 100 GHz channel as reference) f@MB photons at redshiftz < 18 encounter a high value of
10% abundance of Cll ions (with respect to solar) at all three regisibility function due to reionization, and therefore causes a
shifts. Also shown are the primary anisotro@y, the cosmic variance strong Doppler generation (but negative) in the multipole range
limit, and n_oise level for 217 GHz channel (with respect to 100 GHF)_ 20-100. This is the cause for higher amplitude of the sig-
for comparison. nal at 143 GHz. But at high multipolés- 100 the contribution
from Doppler generation is negligible, and the signal is simply
proportional to the primordiaC;-s, and the line optical depth,
videdr < 1. Hence using data from Table 1, and knowing
amplitude of primordial CMB signal, one can immediately
edict the amplitude of theffect at small angular scales using
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that of HI because ionization potentials are so cldse {3.62

and 13.60 eV correspondently). Pop Il stars should be ve‘ﬁp

hot, and therefore they are able to ionize helium early enou%‘e

Simultaneously Olll should become abundantion because i

ization potential of Oll [ = 35.12 eV) is higher than that of Hel ormula (13).

but smaller then that of Hell. Figure 6 summarizes our results for threfatient angular
Figure 4 shows the amplitude of the predicted signal asales. As explained above, at low multipoles tffect is not

a function of observing frequency, for a fixed angular scajgoportional toC, as can be seen from the two panels at top.

| = 10. The contributions from four most important lines, vizThese low multipole results are important for future satellite

CIl 158, NIl 205y, Ol 631 and Olll 88y, are shown, along missions like Planck and CMBPol. In the middle, results for

with their sum. We also show fourfiérent redshift ranges for| = 220 are shown, wherdfect is already proportional tG;.
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Fig. 6. Temperature anisotropy generated by atomic and ionic fine structure lineesnli frequencies in the case of three angular scales

of observation. The figures deft are for Case | of Fig. 3, which is for reionization by stars unable to ionize Oll. Figuregibhare for

Case Il, which is for reionization by hot stars and quasars and hence have high Olll fraction. Each figure gives the total contribution for both
history A and history B. However, the separate contributions froffemint lines are given for history A only. We present results for three
angular scales:= 10 (top), | = 220 (first Doppler peak, imiddlg), andl = 810 (third Doppler peak, dtotton). The scattering-generaté@,;-s

are proportional to the intrinsiC;-s for higher multipoles, but magnitude is slightly less at the position of third peak because of the reduced
power in primary spectrum frotn= 220 tol = 810.

The amplitude of the signal is highest here due to the largéthe absence of metals at high redshift, but long-wavelength
amplitude for theC; at the first Doppler peak. At the bottomlines of Cll and NIl still can generate strong signal from low
we give results for the third Doppler peak, loe 810, where redshifts £ < 8). The HFI sensitivities in this figure have again
signal drops by a factor of 2 from that bf= 220. However, been improved by averaging the noise in a multipole range of
these angular scaleg ¢ 13) are particularly suitable for fu- Al = 10 around = 10. As discussed before, the signal for
ture balloon and ground-based experiments with multi-chanhet 220 andl = 810 are proportional to the optical depths in
narrow-band recievers. these lines and the primordi@l-s.

Finally, in Fig. 7, we present an alternative ionization and Due to relatively small scattering cross-sections of the
enrichment history of the universe, when there were no proddicie-structure transitions under discussion, such observations
tion of heavy elements before~ 12. This is very interesting are sensitive to significant abundances of the atoms and ions
because, even for such late reionization, if there is moderate @or example when given species contributes from 10% up
richment of the IGM around redshift%, we have the possibil- to 100% of the corresponding element abundance), whereas the
ity to detect our signal with Planck HFIl arouhd 10. The con- Gunn-Petersonfiect gives optical depth of the order of unity
tributions from high energy oxygen lines are reduced becawsdeeady when abundance of neutral hydrogen is of the order
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Fig. 7. Late ionization and enrichment history of the univergep, left: sketch for the abundance history with late reionization, where first
metals are produced aroumd~ 10-12. Top, right: temperature anisotropy for this abundance history generatee: 0. Also shown are
the Planck HFI sensitivity, where the noise levels have again been improvedbyn the multipole range 1620. Bottom left and right:
temperature anisotropy for= 220 and = 810, respectively.

of 107°-107. Hence even if the universe is completely opaquipoles, dfect is directly proportional to the optical depths in
to Ly-a photons at redshiftz > 6, ionic fine-structure lines lines and the primordial CMB anisotropy. Hence using the data
like CII 157.7 u can probe the very first stages of patchy reiorirom Table 1 and Fig. 3 (bottom), and the simple analytic re-
ization process. Detection of all three broad spectral featutaion 6C, ~ -2 7, Clp“mary, one can immediately give the ef-
connected with strongly redshifted OI, Cll and Olll microwavéect in a first approximation. The high signal-to-noise ratio of
lines will open the possibility to trace the complete reionizatiathe primordialC,-s around the first three Doppler peaks will
history of the Universe. In addition Olll line will proof the ex-correspondingly give rise to strong signals in scattering, and
istence of extremely hot stars at that epoch. might become accessible through the tremendous sensitivity
The published level of noise of the Planck HFI shows thg{omiseq from the forthcoming balloon and ground-based tele-
the three low frequency channels of HFI are almost an ord4OPes like Boomerang, ACT, APEX and SPT.
of magnitude more sensitive than signal coming from cases | CBI, VSA and BIMA interferometrs are studying success-
& Il of history B. Even in the case of late reionization hisfully CNB angular fluctuations at low frequencies 30 GHz,
tory (case C, Fig. 7), Planck is about 4-times more sensititieere are plans to continue observations on 45, 70 GHz, 90,
than predicted signal. However, to be able to find contrib@®0 and 150 GHZ. Cl lines with lambda 609 and 370 micron
tion from at least three lines simultaneously we need highewsming from high redshifts 015 might contribute to the ob-
amount of frequency channels than Planck HFI will have. served signal at low frequencies.
h.igher amount of frequeqcy chanqels woqld certainly be pos- Beginning of the end of 60-ties theorists are discussing
sible for the next generation experiments like CMBPol even jf

- arly star formation due to isothermal perturbations, mak-
they are based on already existing technology (Church 200% g possible production of heavy elements at redshifts well

There is the possibility that balloon and ground-based exbove 100. This makes interesting the lines with much shorter
periments will be able to check the level of enrichment afavelengths, like 18 u Ne 1l line and many others, which
the universe by heavy elements even before Planck, obsenight be contributing to the Planck HFI spectral bands even
ing atl = 220 andl = 810, for instance. At these high mul-from redshifts~100.
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HFI Planck: 143 GHz — 100 GHz (a) HFI Planck: 143 GHz — 100 GHz (b)
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Fig. 8. a) Example of optical depth due to a resonant transition which can be detected by the HFI 100 GHz and HFI 143 GHz PLANCK
channels in the absence of foregrounds. The upper thick solid line gives the reference model CMB power spectrum. Diamonds show the
expected dference in the power spectrum from both channels due to the resonant scattering ptagezbawith = 1 x 10°°. b) Presence

of foreground contamination after subtracting HFI 100 GHz channel from HFI 143 GHz channel. The refe@®keCMB power spectrum

is shown in thick solid line, whereas the instrumental noise after the map subtraction is shown in solid intermediate-thickness line. All thin
lines refer to the foreground model as quoted as in TOO: vibrating dust emission is shown by a dashed line, whereas free-free and synchrotron
are given by a dotted and a solid thin line respectively. t8&ct associated to filaments and superclusters is given by the triple-dot-dashed
line. Rotating dust gives negligible contribution at these frequencies. Rayleigh scattering introduces some frequency-dependent variations in
the C’s, but well below the noise level (thick dashed line at the bottom right corner). Diamonds show the amplitude of the change in the
CMB power spectra induced by resonant species placed &5 andr = 3x 1074,

5. Effect of foregrounds is well known in the non-relativistic regime. All details about
this modeling can be found at TOO. We are neglecting the con-
Before WMAP, the amplitude and spatial and frequency scalifigoution from the SZ #ect generated in resolved clusters of
of foregrounds had not been firmly established, and its modghlaxies which can be removed from the map. We are also
ing was merely in a preliminary phase. After their first missiogssuming that all resolved point sources are excised from the
year, WMAP’s team have come up with a foreground modgiap, and that the contribution from the remaining unresolved
which is claimed to reproduce with a few percent accuracy tpeint sourcesdps in Eq. (10) of TO0) can be lowered down to
observed foreground emission (Bennett et al. 2003b). This a@@ighly the noise level. This may require the presence of an
other future studies of foregrounds may provide a characteriggternal point-source catalogue.
tion of the_sg- c_ontamlnants such that théfee_t on our m_ethod Figure 8a shows the expected precision level when fore-
can be minimized. We next proceed to estimate the 'mpaCtg%und contaminations can be neglected, and Fig. 8b shows
these contaminants on our method by the use of current fofigs grect of foregrounds in our fferential method to de-
grounds models. tect the presence of resonant species. Together with the power
We have adopted thaiddle-of-the-roadnodel of Tegmark spectrum of our StandardCDM model, (thick solid line at
et al. 2000 (hereafter T0O0). This model studies separately the top), we show the contribution from residuals of all fore-
contribution coming from dferent components, giving similargrounds components under consideration, obtained after sub-
amplitudes for those which are also modelled by the WMAPtgacting the HFI 100 GHz channel power spectra from the
team, (Bennett et al. 2003b). In this model, we will consider ti#1 143 GHz one. The thin solid line corresponds to syn-
contribution of five foreground sources, namely synchrotron relarotron emission, free-free emission is given by the dotted
diation, free-free emission, dust emission, t$#&e (Sunyaev line; the dashed line gives the contribution of dust through vi-
& Zel'dovich 1972) associated to filaments and superclustdisational transitions. The tSZ associated to filaments is shown
of galaxies, and Rayleigh scattering. Thdependence of the by the triple-dot-dashed line, and the contribution from the
power spectra was approximated by a power law for all foreembined noise of both channels is shown by the solid line
ground components, (except for tSZ, for which the model wa$intermediate thickness which crosses the plot from the bot-
slightly more sophisticated). The frequency dependence abm left to (almost) the top right corners. At these frequencies,
served the physical mechanism behind each contaminant: sihe contribution of rotating dust is negligible, and the most
ple power laws were adopted for free-free and synchrotrdimiting foreground is dust emission by means of vibrational
whereas a modified black body spectrum was used for dustnsitions. Finally, the last frequency dependent contribution
For tSZ, the frequency dependence of temperature anisotropies we have considered corresponds to Rayleigh scattering.
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As shown in Yu et al. 2001, hereafter YSO, Rayleigh scattageneration of new anisotropies in the intermediate and high
ing of CMB photons with neutral Hydrogen atoms introducenultipole rangel(> 20).
frequency dependent temperature fluctuations. However, pro-These changes in the CMB are of very small amplitude
vided thatrrayieigh o v*, this process is onlyfeective at high (0.01-0.3 xK), and could be distinguished from the CMB com-
frequencies« > 300 GHz), causing deviations of measuredonent by means of their frequency dependence. Indeed, a
power spectrum from the mod€|’s of the order of a few per- comparison with respect to eeferencechannel containing
cent. YSO characterized the Rayleigh scattering by introdwsily non-frequency dependent temperature fluctuations could
ing in the CMBFAST code a frequency dependédfaaive op- be used to quantify the amount of angular power introduced by
tical depth and a frequency integrated drag force exerted thie resonant species. However, this would only be feasible if ei-
the baryons. This last modification, which was neglected whérer the other frequency-dependent components are negligible
considering resonant scattering, couples the evolution of thiecharacterized with extreme accuracy. The possible presence
different temperature multipoled(,) for different frequen- of foregrounds, galactic of extragalactic, whose amplitude and
cies. However, this coupling is exclusively due to the dipolepectral behavior is still under characterization, is a serious as-
term Ar s, which, at the light of their results, is very simi-pect to be taken into account. Other technical challenges, such
lar for all frequencies. Taking the same dipole term for evens the calibration of dierent channels and the enormous sen-
frequency allows us evolving a separate system fi€dintial sitivity required, should be accessible from the next generation
equation for each frequency. The frequency dependent changfedetector technology.
in the angular power spectrunad /C,(v)), obtained under this We have obtained limits for abundances of heavy elements
approximation are almost identical to those in YSO. For eaelhen complete foreground removal is possible, but also have
channel pair under consideration, we computed the residuashown values when all foregrounds are present in the sky map.
the power spectrum fference due to these frequency depe®ur analyses have particularly focused on PLANCK HFI chan-
dence temperature anisotropies. We checked thatfteistevas nels, whose very low noise levels give extremely strong lim-
always subdominant. In Fig. 8b, the impact of Rayleigh scats on abundances. It is easiest to observe the propdied e
tering is shown by a middle thick dashed line at the bottorith HFI at angular scales af ~ 20° or | ~ 10 because of
right corner of the panel, for the particular comparison of thee very low noise of the first three HFI channels at these mul-
100 GHz and 143 GHz channels. tipoles. Using the 143 & 217 GHz channels of HFI, with the
The addition of all contaminants (foregroundsioise) is 100 GHz channel as reference, limits as low as°1Q0* so-
given by squares. Diamonds show the change in the povar abundance were obtained for atoms and ions of the most
spectrum associated to a resonant transition placed=a5 important elements like carbon, nitrogen and oxygen in the
for optical depthr = 3 x 107, After comparing with Fig. 8a redshift range [530]. At higher multipoles|I( > 200), we
we can appreciate how the presence of foregroufidsta our have shown that future balloon and ground-based experiments
method in two diferent waysa) it increases the minimurm like ACT, APEX and SPT can put similar constraint on abun-
to which the method is sensitive by about two orders of madances, where the predicted signal is stronger because of the
nitude, b) it changes the range of multipoles to look at, dukigher amplitude of the primordial CMB signal, andiezt will
mainly to the large typical angular size of dust clouds. In thee directly proportinal to the optical depths in lines. The pres-
particular case of HFl 100 GHA43 GHz channels, one shouldence of foregrounds makes all these limits about a factor df 10
focus on the rangke [100-200] once the dust component isvorse, but that must be considered as the most pessimistic
included rather than ihe [3—10] for the foreground-free case.scenario.
Recurring again to the linear dependence @érsus the abun- In this paper we have considered scattering of CMB pho-
dance, Eq. (4), we see that this model of foregrounds increat®ss by low density gas everywhere in the universe, where op-
by about two orders of magnitude the minimum abundance tical depths in the relevant atomic or molecular lines are very
which future CMB missions will be able to put constraints. low and resonant scatteringfect dominates over line emis-
sion. The &ect connected with scattering from atomic and
ionic fine-structure transitions depends on the amount of of
atomgions in the ground state, which is determined by the ex-
In this paper, we have computed thieet of heavy elements citation temperature. In Appendix B we showed that even up to
on the Cosmic Microwave Background. We have selected thogsry high over-density of the plasma, the change in excitation
species which might leave a greater signature in the CMBmperature from the CMB temperature is negligible, and our
power spectrum, and analyzed the possibility of constrainisgnple approximation is valid. The clustering of heavy atoms
their abundances by the use of forthcoming CMB data. and molecules in clouds should change the predictions on the
Under the approximation of negligible drag force, we havaodifications of the CMB power spectrum at smaller angular
computed what are the changes in the CMB angular povasales, and will be discussed in a subsequent work.

SpeCtra introduced by resonant Sp_ECieS placed at rF"ds}l{%ﬁnowledgementsThe authors thank M. Zaldarriaga, J. A.
Wh'Ch are dependent on the observing anc_l resonant f'_’eqU‘IsGBiﬁo-Marn’n and J. Chluba for useful comments, and especially
cies. The overall ect can be decomposed into a damping Qr page for discussing the possibility to detect thieet at highl-s
suppression of the original CMB temperature fluctuations, agth the tremendous sensitivity of forthcomikgacama Cosmology

a generation of new anisotropies. For the optically thin limit tpelescope KB is grateful to Dr. D. Lutz of Max-Planck-Institute
which we have restricted ourselves, damping dominates of@r Extraterrestrial Physics for giving access to the 1SO line list.
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Appendix A At(K, o, 1) = f oy utr=rmo)
0
A.1. Method of computation X [T(n) (Ato — ipe) + ¢ + v — ikuy|.  (A.4)

Our approach to model the coupling between these heavi proceed now to characterize the change in the radiation
species and CMB photons will be similar to that outlined igower spectrum. In Eq. (A.4), the terms in the angle k-n
Zaldarriaga & Loeb (2002, ZL02). In their paper they discan be eliminated after integrating by parts and neglecting the

cussed modifications of CMB spectrum by presence of pgontribution of boundary terms, (Seljak & Zaldarriaga 1996).
mordial Lithium atoms. Here we extend their analysis to othghis gives:

atoms and ions. We also discuss the necessary changes that are o
enforced while extending this method to all resonant species\; = dy &l g(k, ), (A.5)
As a first step, we describe the modifications introduced in 0

the CMBFast code in order to compute thiéeet of resonant where the source ter®(k, ») is defined as
transitions. We consider a given resonant transitioina given :
speciesX, with a resonant frequenay, . For a fixed observing S(k, ) = e* (¢ + l//) +7 (ATO +U+ v—;’) + 7 (v—;’) (A.6)
frequencyvps, the redshift at which that species interacts with
the CMB is 1+ z = vx, /vobs, @nd its opacity can be written, inFrom this source term, the angular power spectrum can be ex-
general, agy, = 7xP(), with a normalized profile function pressed as, (e.g. Seljak & Zaldarriaga 1996):

[ dn’P(') = 1. We shall model this profile with a Gaussian:

G = @ [aker, | [ oSt mii kimo - )]
exp(——(nz_"?)z) f ‘” ’fo

\ /2770'5(i

wherety is the optical depth for the specific transitioy,

2

TX;

=Tx

(Al) = (4n)? f dk P, () |araf*, (A7)

wherej; is the spherical Bessel function of ordeand P, (k)
_ | _ s is the initial scalar perturbation power spectrum. If at a given
is the conformal time corresponding to the redshift 2, = frequency the CMB interacts through the resonant transition

vx /vobs Where scattering takes place, angl is the width of the ¢ 5 speciex, the measured power spectrum wilkier from
Gaussian. For a fixed transition, this width should be given Bye reference one by an amount:

the thermal broadening of the line. For the sake of simplicity,
we shall takery, ~ 0.017y. 6C = Cf -G

Once the line optical depth has been characterized, (as ) 170 « _
shown in Sect. 2), the new opacity term with a Gaussian profile = (47) fdk kP, (K) ”fo dn S™(K,m)ji [K (70 — m)]
]

2

is added to the standard Thompson opacity,

_ ' fo " iy Sk n)i [KGro - )]

2
eXp(__('72 ‘:2:) ) ,
T=anor +ZTxile, (A.2) = (47T)2fdk kzpw(k)[ |A‘)I'<i|‘ — |AT,I|2}
i 2no- ’
7%
= (4 ZfdkkzP K)|2 A7) + 6AT)|6A A.8

and this in turn is used to compute the visibility functié(y), (4m) ut )[ ™ T’I] ™ (A.8)
defined as . . .

with At = [ dyp (S¥(k.n) - S(k.m)) ji [Kio - m)], and
Y(n) = 'T(,])e—f('l), (A.3) where the ternS*(k, ;) refers to the sources including the

speciesX. Note that the cross termZ&y, - At only arises af-
This scattering introduces a frequency dependent term in tee computing the dierence of the power spectra, i.e., it is not
evolution equation for the photon distribution function, whiclpresent if one computes the power spectrum of tifedince of
results in a frequency dependence drag-force. However, bated maps obtained at fierent frequencies. This cross term is
on the same arguments of ZL02, we can safely ignore this dragecisely the responsible of haviag@ linear inty, and hence
force as long as the characteristic time of drag exerted by thedso linear in the abundance of the specigsThis term also
species is far larger than the Hubble time, which is indeed thecounts for the correlation existing between the temperature
case due to the low optical depths under consideration. Thélsetuations generated during recombination and those gener-
are the modifications we introduced in the CMBFAST code @ted during the scattering with the specksThis non-zero
order to compute the CMB power spectrum under the presemoerelation is essentially due to thdsmodes corresponding to
of scattering by atoms and ions. lengths bigger than the distance separating the two events, i.e.,
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recombination and scattering wit) (Herrandez-Monteagudo The first one is the suppression induced by tte ¢erm, (thick

& Sunyaeyv, in preparation). Let us now model thé&etiential solid line in the figure), whereas the second contain the newly
opacity due to this transition ax = 7xP(n), where®P(n) is generated anisotropies, (thick dashed line). The latter term has
a profile function of area unityfo'70 dn’ P(') = 1. We write amonopoledfo + ¢, thin dashed line) and a velocity (thin dot-
the optical depth asi(n) = 7(n) + 7x,(17), where the last term ted line) contribution. We are plotting absolute values of all
refers to the optical depth due to the transitioftheX species. terms. As pointed out by ZL02, the monopole term decreases
It can be expressed ag (7)) = 7x A(n) = 7, fn’m dn’ P(’), with cosmictime and hence the velocity term becomes the most
with A(z) the area function of the profite(;7). We will assume important source of generation of new anisotropies. However,
that the profile peaks gt= nx, and that;_ andr, are such that this generation takes place at the transition epoch, and hence is
P(n) ~ 0 fory < n_ andy > n,. Hereafterpy will be referred shifted towards the low multipole range. It is easy to show that
to astransition epoctor line epoch If we add this new term to the maximum multipole below which generation becomes sig-
the opacity, and assume that < 1, then we can expand thenificant is roughly given byx, ~ 2x (10 —1x,) /1%, . We show

termdAr, in a power series ofy,. In this case, we obtain: that the suppression term is dominant for high multipoles, and
- only at very low multipoles suppression and generation tend to
OAT) = Tx - {—f dn ji [k(no — )] An) cancel each other. Only if higher orders in the power expansion
) 0 . are relevant, (i.e., ifx, ~ 1) the newly generated anisotropies
x[em(#+d)+ e (ATo fu+ %) become important.
: . k This cancellation of suppression and generation terms at
. .o\ U * . . : .
e’ (T+ Tz) ?b] +f dn ji Ko — )] P(n)e low multipoles can be_ better _understood v_vhen coming back
0 onto Eq. (A.4). If in this equation we substituteby 7 + 7,
[ Ub 1dp AL we find that the change in the temperature modes dug,to
X (ATOJ”W' E)"’ par Tk can be written as:
9 1 7]+ . 2 710 ik ) .
%3 L‘ dn ji [k (70 — )] A“(n) OAT = (7 = 1) f dn €47 7e7T (Aro — ipvp)
0
[ . . ) 770 i
x|e (¢ +y)+ 1€ (ATO +U+ UT:) +emms f dn 407y €77 (Aro — i), (A11)
L 0
+e” (% + '72) Yl fm dy ji k(o —n)] € where we have applied the definition of the visibility function,
k 0 Y(n) = (7)) €. However, recalling that the visibility func-
Up tion gives the probability of a photon being emitted at a giyen
X (ATO T+ E)ﬂ(’])P(’]) and takingry, = 7x6p(7—7x ), the last equation merely implies
;)b dp that
X9 (502(77) +An) (—d— - 2%)) } + 0(t%,) _
U OAT ~ Ty [ATO(UXi) — Ato(nrec) — ipt (Ub(ﬂxi) — vp(1rec))] > (A.12)
= TXi'Dl'FTf(i'DZ"'O(T?(i)- (Ag)

. _ . where we have taken into account thaf is much smaller
It is worth to note thatD; contains both the suppression ofyan unity, and approximated the exponentials to unity, as we
intrinsic CMB anisotropies, and the generation of new fluctugna|| focus on the very lovk range. That is, the change in
tions at Iin_e epoch. This expansion allows us writi@ as a tpe temperature mod&r (k, i, ) reflects the dference of the
power series ofy, as well, monopole A1g) and velocity terms when evaluated at recom-
bination and at the transition epochs. We can estimate how
6C; = 7x - (4n)° f dk kP, () [D1 24, ] this difference projects onto multipole space if we restrict our-
selves to the low multipole (large angle) range. For the scat-
+7%, - (47T)2fdk Py (K) [Dz 2AT) + Dg] +0(t%) tering redshifts under consideration( > a few), we can
5 3 safely neglect the term due to the Integrated Sachs-Wolfe ef-
7% - CL+ 7y C2 +O(7%). (A-10)  fect. "Then from Eq. (A.4), one finds that the time depen-
The result of this expansion is displayed in Fig. A.1: the chandgence of the monopole termro(7) can be approximated as
in the power spectrum induced by resonant transitions is cof(n7) =~ Ato(nrec) jo (K[17 — 1rec]), Where jo(X) is the spher-
puted for diferent redshifts, 25 (top panel) and 500 (bottonecal Bessel function of order zero. From this dependence, it
panel), and dferent amplitudes of the optical depth (solid line easy to see that at low multipoles, i.e., at small enddgh
correspond ta = 1.5x 10~* and dot-dashed lines to= 0.15).  Ato(re) andAro(n,,, ) will be roughly equal, and thus their dif-
Diamonds give the linear approximationdywhereas triangles ference in the equation above will tend to vanish. This can also
show the quadratic one. Both match the ex#gts fairly well  be seen in Fig. A.2, where the contribution of the monopole
for the lowr cases. Therefore, by means of Eq. (4), we can @sfm toC; (thin dashed line) has roughly the same amplitude at
tablish a linear relation betwee&; and the abundance of theredshifts 500 and 25 fdr< 10. This behaviour is the responsi-
species. ble for the cancellation of théC,’s at low!’s. In this situation,
In Fig. A.2, diamonds show the absolute valuetafver- the diference of the velocity terms will be of particular rele-
susl. As shown above, this term is the sum of two integralsance. The evolution of velocities can be approximated, after
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Fig. A.1. This figure shows the validity of the linear (diamonds) and quadratic (triangles) approximatiang/toen trying to describe the
changes induced in the power spectrum by a resonant transi@pe)( We see that both $iice to accurately match the theoretié@l’s for
redshifts 25 top pane) and 500 bottom panédland forr = 1.5 x 1074, (solid lines). However, whenis closer to one (dot-dashed lines), the
quadratic approximation performs remarkably better than the linear one.
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Fig. A.2. Study of the dfferent contributions t@; in Eq. (12). Diamonds giv€; versus multipole. We are plotting only absolute values. In

units of 7y, we plot the damping term in solid line. The term responsible for the generation of new anisotropies is plotted in thick dashed line.
Its two components, monopole{ + ¢)) and velocity, are also displayed in thin dashed and thin dotted lines respectively. As conformal time
goes by, the relative weight of the velocity term with respect the monopole term increases, and the sum of both at low multipoles approaches
the amplitude of the original CMB anisotropies, (solid line). Both generation and damping tend to cancel each other at a msltigole
dependent on the epoch of interactipn

integrating inu, asvp(7) = vp(1re)) D7)/ D(rec) j1 (K [7 — mrec]),  tribute forf k ~ 27r/nx., which corresponds to multipolég ~
with D(n) the linear growth factor. The growth of veloci-2r (0 — 1x) /nx, - Again, this can be checked by looking at the
ties will assure an increase of the Doppler-induced anisotropy :

We are assuming that, > nrc throughout the paper. However,

power. Finally, due to the fact thi(x) is maximum aix ~ 1, strictly speaking, one should consider thefalience of conformal

then we have that the Doppler term will predominantly Cort]i'mes of recombination and resonant scattering,k.e. 27t/ (17x, —1rec)-
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velocity term (dotted line) in Fig. A.2: the power is projected giroducing an additional and independent signal on the top of
lower multipoles at later epochs, scales at which the amplitutihe scattering signal.
grows with conformal time ab. In addition, collisions are decreasing the population of the
Therefore, the factors determining the cross-over gfound level in the transitions under consideration, dimishing
the 6C’s from (Doppler-induced) positive values at smialb  the optical depth due to scattering in the line. In what follows,
(absorption-induced) negative values at largee two:a) the we compute the deviation of the equilibrium excitation temper-
constant amplitude of the monopole at large scalespatioe ature of a two-level system from the background cosmic mi-
growth of peculiar velocities with cosmic time. The angulacrowave radiation temperature as a function of the over-density
scale at which such crossing takes place is roughly determiriddhe enriched region. we estimate the required over-density

by the time at scattering epocti, Ix, ~ 27 (0 — %) /1% - for causing a given amount (30% or 50%) decrease in the opti-
cal depth.

Appendix B We consider a two-level system (like CIl or NIl ion) for
simplicity, whose population ratio between the two levels is

B.1. Line emissivity determined by thexcitation temperaturelex, defined as

The volume emissivity for line emission due to collisional exty/n) = (gu/g1) exp [-hv/KTex] (B.5)

citation can be written as . . . .
wheren, andn, are the relative fraction of atorfigans inupper

(B.1) O lower levels, respectively, ang, andg, are the statistical
weights of each level. The equilibrium population ratio is ob-
tained by solving the statistical balance equation:

i h ,
Jtne = 4_V (N Ne) Yy ‘P(V )’
T

expressed in erg crAs ' Hz tstr! in the rest frame of the
emitter. Heren; is the number density of the atom or ion under gu Ju T
consideration, ana. is the number density of the colliding par-Nu (Au + BuJy + Neyu) = ny anJV + ane')’ule “|.(B.6)
ticle, and(n; nc) means averaging over the volume specified by

multipole |, corresponding to the angular size of observatiohlere Ay andBy are the Einstein cdgcients for spontaneous
and the thickness of the slice along the line-of-sight definé@d stimulated emission, anlj is the background radiation
by the frequency resolution of the experiment.is the en- field of CMB photonsJ, = (2hv®/c?)[exp(v/kTews) — 1]
ergy of the emitted photony, is the collision rate-caicient Tcwme is the radiation temperature at redshftdefined by
between between the two levels, ap@”) is the line-profile Tcms = To(l + 2), with To = 2726 K. ne is the elec-
function, which we can approximate bysafunction because tron density inside the object at redshift connected to its
experimental bandwidth is much larger than velocity or thepver-densitys by the following:ne(z) = ne(2) (1 + 6), where

mal broadening, ﬁe(Z) = 218 x 10—7(1 + Z)3 cm 3. Yul is the collisional de-
excitation rate (in crhs™t), andTk is the kinetic temperature of
o) =60V —v) = 1+z §(Z - 2), (B.2) theelectrons, which we assume to be roughly constant'a€10
4

Then from Eq. (B.5) we can express the over-density as a func-

wherez corresponds to the redshift under study. Equation (B.ign of excitation temperature:
is correct for the low density gas (« ng) that we are con- A, [ (1+ [)e-/KTex _ F]
cerned with in this paper. This emissivity produces a line flux,, 5 - _ !

written as following in an expanding universe (neglecting ab- Ne(2) yu [€M7KTk — ehv/KTex]
sorption because, <« 1)

(B.7)

wherel" = [exp(hv/kTems(2) — 1]71, and we have usel, =
Fline _ iv d (8.3) (c.2(2hv.3)Au|. Equation (B.7) is exact, which can be further sim-
v T ) @+ ' plified in the limit of low redshifts, when the line is in the Wien

part of the CMB spectrunilicms(2) < Tex < hv)

where the integration is along the line-of-sight. This cre-
ates a distortion in the thermal spectrum of the background Ay [e—hv/kTEX _ e—hv/kTCMB(z)]
CMB photons s | -
p Ne(2) yul [1 - khTVK - e—hv/kTEX]
AT ex : 1 FV - . . .
T = e B  Wherexs= . — (B-4) At ne < Ay/yu collisions do notinfluence the population of the
Y v )

ground level because radiative transitions are faster than exci-

with T, as the mean temperature of CMB photons, Bpnleing tations due to collisions. If density is higher, population of the
the Planck function. ground level decreases and optical depth due to resonance scat
tering drops correspondingly, diminishing thffext we have
discussed in this paper.

Obviously, a very large over-density is needed in or-
In this subchapter, we consider the impact of collisions in oder to produce any significant amount of deviation from the
study. Collisions with electrons (or neutral atoms in the case @MB equilibrium, as can be seen from Fig. B.1 for the case of
neutral gas) cause emission from the same atomic and io@i¢ 158 4 and NIl 57 u transitions. These two transitions are
fine-structure lines and hence change the obsef@e by picked as they both arise from two-level fine-structure splitting,

B.2. Effect of over-density
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