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ABSTRACT

The main goal of this work is to calculate the contributiomstte cosmological recombination spectrum due to bounabdransi-
tions of helium. We show that due to the presence of heliunhénetarly Universe unique features appear in the total casyivall
recombination spectrum. These may provide a unique oltsmmeh possibility to determine the relative abundance ridnprdial
helium, well before the formation of first stars. We inclutle &fect of the tiny fraction of neutral hydrogen atoms on the dyica of
He1r — Hel recombination at redshifts~ 2500. As discussed recently, this process significantlglacates Het — He1 recombi-
nation, resulting in rather narrow and distinct featureth@associated recombination spectrum. In addition tlisg®s induces some
emission within the hydrogen Lymantine, before the actual epoch of hydrogen recombinationdau~ 1100-1500. We also show
that some of the fine structure transitions of neutral helammpear in absorption, again leaving unique traces in thenieddicrowave
Background blackbody spectrum, which may allow to confirmunderstanding of the early Universe and detailed atomysipk.
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1. Introduction Chluba & Sunyaev|(2007b)) and to obtain some additional
h binati f hell ically d infl information about the other key cosmological parameters,
The recombination of helium practically does not influencg,qing diterent degeneracies and observational challenges.
the Cosmic Microwave Background (CMB) angular fluctua- Obviously, direct evidence for the emission of extra5
tions, as measured with great success hyaW(Bennett et al. photons per recombining hydrogen atom (Chluba & Suryaev

2003), since it occurred well before the Thomson visibiiityic- Ly onrt :
tion defined by hydrogen recombination (Sunyaev & Zeldovic%OOGa) will be arunique proof for the completeness of our un-

1970) reaches its maximum. However, similar to the releagoi rstanding of the processes occurring at redshifts 1400,

, . .6. before the CMB angular fluctuations were actually fodme
of photons during the epoch of cosmological hydrogen ré- ' . . . . . .
combination [(Rubifio-Martin et al.2006; Chluba €t al. 7!'ooérom this point of view an observation of lines emitted dgrin

ﬁ — .~ Herimt — Herir close toz ~ 6000, and Het — Her around

Chluba & Sunyaev 2006a), one does expect some emlssmg ng 2500 will be an even more impressive confirmation of
the predictions within the standard hot big bang model of the

Universe, realising that nowadays exact computationgubie

full strength of atomic physics, kinetics and radiativenster in
rinciple should allow a prediction of the cosmologicalase

late the contributions to the cosmological recombinatipecs
trum due to bound-bound transitions of helium.

In our recent papers we computed the detailed cos
logical recombination spectrum of hydrogen resulting from. . : : i
bound-bound (Rubifc-Mariin et &l 2006; Chiuba etal. 700" "a10" SPectrum from both epochs with very high precision
and bound-free (Chluba & Sunyaev 2006a) transitions batwee € nrst attempt {o estimate the_emission ansing rom

atomic levels, including up to 100 shells, also taking irtocunt fg‘grp rHecombmatloln was g‘atd(.al gy Dubr_owlch&Sto!{yiti_rov
the evolution of individual energetically degenerate dagu (1997)- However, only now detailed numerical computations

momentum sub-states. We followed the ideas and suggestia becoming feaS|b]e, also due to the fapt that atomic physi
of earlier investigations (Zeldovich etial. 1968; Peebl68&: Cists began to pubhsfaccu_rf\te and user-frlgndly transition
Dubrovich[ 1975] Bernshtein et/dl. 1977: Beigman & Sunyad@tes (Drake & Morton 2007; Beigman & Vainshtein 2007) for
1978; [Rybicki & dell’Antonio [1993;| Dubrovich & Stolyarov neutral h_ellum, including smg_let-t_rlplet trar_13|t|onshwh very
1995; [Burgin [ 2003; | Dubrovich & Shakhvorostova 2004§tr0ngly mfluence the recombmaﬂon of helium. . )
Kholupenko et &l 2005; Wong etlal. 2006). Observations of According to the computations of nuclear reactions in the
these recombinational lines might provide an additional ufarly Universe (Olive & Steigman 1995; Cyburt 2004), therabu
biased way todirectly determine the baryon density of thedance of heliumis close to 8% percent of the number of hydro-
Universe (e.g. seé Dubrovich (1975) ahd Bernshteinlet §€n atoms, so naively only small additional distortions Hu t
(1977), or more recently_ Kholupenko et all(2005) an§MB blackbody spectrum due to helium recombination are ex-
' ) pected. However, for helium there dweo epochs of recombina-
Send offprint requests to: J. A. Rubifio-Martin or J. Chiuba, tion, a fact that at least doubles the possible amount otiaddi
e-mail: jose.alberto.rubino@iac.es photons. Furthermore, Ha — Heil recombination is very fast,
e-mail: jchluba@mpa-garching.mpg.de in particular because there is a large quasi-constant anudun
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free electrons belonging to hydrogen (Dubrovich & Stolyarowill be presented in a separate paper (Chluba et al. 2007, in
1997). This implies that photons are emitted in a much shorfgreparation). One can then obtain df®iently accurate descrip-
period, so that more narrow features are prodiideis also very tion of the real dynamics bigidging the escape probability using
impressive that the Het — He1r recombination lines practi- the “no redistribution” case mentioned above with a ceffiaire-
cally coincide and therefore amplify the correspondingrbgén tion that can be obtained by comparison with the full nunadric
line (see Fig1l). This is because théelience in the redshifts of computations. Our final results for the escape probabitityim
the two recombinations is close 4.3, when on the other handvery good agreement with those obtained by Switzer & Hirata
the energy of similar transitions scaleszfs= 4 for Heir, such (20074) (see discussion in Sédt. 3).
that the two &ects practically compensate eachother. Interestingly, the hydrogen continuum process leaves-addi
The spectral distortion due to He— He1 recombination tional distinct trace in the cosmological recombinatiorsp
should have a completelyfé&rent character. First, for small trum, because the continuum absorption of ther idbotons
neutral helium has a much more complicated spectrum than fsads to significant early emission in tha Hy-a transition at
drogenic atoms (e.g. highly probable fine-structure ttaors). v ~ 1300 GHz, well separated from the kyline originating
In addition, the ratio of the energies for the second anddhietl during hydrogen recombination at> 1500 GHz, and contain-
is ~ 2.1 times higher than for hydrogenic atoms, while the errg about 7% of all photons that were released in the hydrogen
ergies of the highly excited levels are very close to hydnige 2p-1s transition. The amplitude and width of this featureois-
Since the transitions from the second to the first shell anerob  pletely determined by the conditions under which the abaoge p
ling helium recombination, this leads to the situation tbatn cess occurs.
for transitions among highly excited levels the correspogd The main result of this paper are the bound-bound spectra
An = 1-lines do not coincide with those emitted during hydrogesf Hen and Ha from the epoch of cosmological recombina-
or Herir — Heir recombination. tion (see Fig[ll). The strongest additions to the cosmodgic
Also it will be shown below (Seck]5), that in the recombihydrogen recombination spectrum due to the presence afrheli
national spectrum some fine-structure lines become veghbrilines reach values up to 30-40% in several frequency bards. T
and that two of them are actually appearinglisorption. These strongly exceeds (roughly by a factor of four) the relatibera
features lead to additional non-uniformities in the spaatari- dance ratio of helium to hydrogen, raising hopes that thése d
ability structure of theotal CMB spectral distortion from re- tortions will be found once the recombinational lines wi#-b
combination, where some of the maxima are amplified and otteme observable.
ers are diminished. This may open an unique possibilitypase  Itis important to note that for the computations in this pape
rate the contributions of helium and hydrogen, theralbgwing  (see Fig[1L), we do not include the impact of feedback presess
to measure the pre-stellar abundance of heliumin the Universe.  on the computed recombinational lines. Among all the pdssib
Until now not even onelirect method for such a measurement iseedback mechanisms, the most relevant for the recombireti
known. spectrum is the pure continuum absorption (far away from the
For the computations of the recombinational helium spetesonances) of the remaining H&P; — 11S; intercombination-
trum we are crucially dependent in the recombination hystoline and Ha 2'P; — 11'S, photons. Due to this process, these pho-
of helium and additional processes thé&eat the standard pic- tons will be finally absorbed, and the corresponding featore
ture strongly. In this context, probably the most importaimys- the final spectrum will disappear, producing additionaltohs
ical mechanism is connected with the continuum absorptitimat will emerge mainly through the byline in the hydrogen
of the permitted 584 A and intercombinational 591 A line bgpectrum.
a very small amount of neutral hydrogen present in ioniza-
tional equilibrium during the time of He — Her recombina-
tion (Hu et al! 1995; Switzer & Hirafa 2007a; Kholupenko et al. Basic equations. The Helium atom
2007)..Switzer & Hiratal (2007a) and Kholupenko €t al. (200
recently made the first detailed analysis of this problerd,ian
cluded it for the computations of the kie— He1recombination
history, showing that the recombination of neutral helisrsig-

Q description of the basic formalism and equations to calcu-
late the time-evolution of the populations forfigrent atomic
species (hydrogen or helium) within a multi-level code dgri

nificantly faster. Here we reanalyse this process, and slisitu the epoch of cosmological recombination (8802 < 7000)

: : : an be found in_Seager et al. (2000). In this paper, we follow
dEta”- sonéellphysmal aspects of the escape problem in tlneafcfhe same approach and notation thazt was usepd F;n our previous
mentioned lines.

We first consider two “extreme” cases for the escape pro\[e)/orks for the computation of the hydrogen recombinatiorcspe

lem, which can be treated analytically: (i) where line e um (Rubifio-Martin et_al. 2006; Chluba etlal. 2007). dees
Ieaois tocomplete redistribution of photohs over the line profile, used f(_)r the computations presented h.ere were obgamed as an
and (i) where there iso redistributiorfd. Moreover, we develop extension of the existing ones, by mcludmg the equationtife
an useful 1D integral approximation for the esc’ape protgbil population of the Helevels. As in our previous works, we devel-

. ; ) . oped two independent implementations in order to doubéskch
which permit us to treat any of these two cases without Irered || our results
ing the comput_atio_n time significa_ntl_y. Our fin_al reSL.mS. foe For all thé results presented in this paper we use the same
escape probability in the more realistic caspantial redistribu- alues of the cosmological parameters which were adopted in
tion (or equivalently for coherent scattering in the rest frarhe g 9 b P

: : : ur previous works, namely (Bennett etlal. 2003):= 0.0444,
the atom) are based on detailed numerical computationshwh ot = 1, QO = 0.2678,Q5 = 0.7322,Y, = 0.24 anch = 0.71.

1 As we will demonstrate here, even the scattering of photgrisse
electrons cannot change this conclusion (see Bett. 5.5). 2.1. Het model atom

2 In this case line scattering is totally coherent in the ladnfe. ] ] ) )
During recombination this is a very good approximation ie trery In our computations we follow in detail the evolution of tlesé
distant wings of the line. populations within neutral helium, including up g = 30
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HI, Hel and Hell (bound—bound) recombination spectra
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Fig. 1. Full helium and hydrogen (bound-bound) recombination spedhe following cases are shown: (a) theiHe» Her
recombination spectrum (black solid line), which has beletained including up tonmax = 30 shells, and considering all the J-
resolved transitions up to = 10. In this case, there are two negative features, whichhemers (in absolute value) as dotted lines;
(b) the Hair — He1r recombination spectrum (red solid line), where we inclaggx = 100 shells, resolving all the angular
momentum sub-levels and including th&eet of Doppler broadening due to scatterinfjfoee electrons; (c) the Hrecombination
spectrum, where we plot the result from Chluba etial. (20@Aonn.x = 100. The H Lyman+ line arising in the epoch of He
recombination is also added to the hydrogen spectrum (gefedtiure around = 1300 GHz). In all three cases, the two-photon
decay continuum of the = 2 shell was also incorporated. Feedback processes for theabig Ha recombinations are not taken
into account. Blue line shows the total recombination spect

shells. For all levels, we distinguish between “singled”£ 0) missing. In order to fill this table up tomax = 30, we proceed
and “triplet” (S = 1) states. Up tm = 10, we follow sepa- as follows. We use the formulae for quantum defects|(seeeDrak
rately all levels with diferent total angular momentuth This 11996, Chap. 11) to compute the energies of all terms withé
permits us to investigate in detail the fine structure linps aandn > 10. For all other levels, we adopt hydrogenic values
pearing from cosmological recombination. Abave= 10, we for the energies, usingRy/n?, with Ry ~ 13.6 eV. Note that
do not resolve inJ quantum number, and only LS-coupling isn this last case, the energy levels will be degenerate and
considered. Each individual level is quoted using the steshd J. However, this approximation is known to produce very good
“term symbols” asn®>*L;, and the spectroscopic notation igesults [(Beigman & Vainshtein 2007). A summary of the final
used. When considering J-resolved levels, the degeneaaey £nergies adopted for each particular level in our hedel atom
tor is given byg; = (2J + 1), while in opposite case we wouldis shown in Figur€l2, both for the singlet and triplet states.
haveg; = (2S + 1)(2L + 1).

To complgtely define our model atom, we need to s.,pecigfllzl Photoionization cross-sections
for each level = {n,L,S, J}, the energyE;, and photoioniza-
tion cross-sectiongic(v), as a function of frequency, which isFor n < 10, the Ep;fjlotoionization cross-sections¢(v), are
important in order to take into account thffeet of stimulated taken from TOPbagealatabase (Cunto etal. 1993). We note that
recombination to high levels. Finally, a table with the E@iis this database does not contdimesolved information and only
codficients,Ai_,j, and the corresponding wavelengths for all theross-sections fot < 3 can be found. To obtaid-resolved
allowed transitions has to be given. cross-section we assume that the cross-section for eadbseib

is identical, i.e.

2.1.1. Energies TinLsI-c(V) = onLsi-c(v)-

There are two important issues that we would like to stress.

The energies for the fierent levels up ta = 10 are taken from First of all, there are large gaps in the tables from TOPbase.

Drake & Morton (2007). However, this table is not absolutel
complete, and some of the high L sub-states for outer shalls a ® At http://vizier.u-strashg.ftopbasgopbase.html
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Up ton = 5, we computed the missing cross-sections using Finally, we note that once the energies of all levels are ob-
the expressions from Smits (1996) and Benjamin et al. (1998jned, the wavelengths for all transitions are calculated-
for the spontaneous photorecombination rates to infer tiwe p sistently using the respective uppé&i) and lower E|) energy
toionization ratefRc. With this procedure it is not possible tolevels asy, = (E, — E;)/h. This is important in order to guar-
include the &ect of stimulated recombination self-consistentlyantee that we recover the correct local thermodynamic ibguil
We estimated the errors due to thifeet using the replacementrium solution at high redshifts (see discussion in Sec.1302.
Ric = R X [1 + npp(vc)], wherenpp(ve) is the blackbody pho- [Rubifio-Martin et al. 2006).

ton occupation number at the ionization threshold of thellev

and found changes of the order of 16920%. For all other i .

levels we follon Bauman et al._(2005) and adopt re-scaled hg-1-4- Two-photon decay and non-dipole transitions

drogenic cross-section. This is done using our cOmputs@in apart from the aforementioned transitions, we also inclirde
oic(v) for the hydrogen atom (ba_se_d on Karzas & Latter 1964, computations the two photon decays of th&2and 2S,
Storey & Hummet 1991), and shifting the threshold frequengy,eis We adopt the valuég:s, 11, = 5135 andAgs, 15, =

accgrdlnggll- d like 10 boint ot that th tio/09% 10°° s* (Drake et al 1969).
econdly, we would Tike to point out that the Cross-sections - i 3| spectrum also contains the contribution of thé,2

provided in TOP_base are sparsely sampled. For exam_ple f\pv%-photon decay spectrum, which is computed like for the hy
power-law behaviour up to twice the threshold frequencsis-u

ally given by~ 10 points. Furthermore, due to auto-ionizatio
several resonances exist at large distances above thationiz
threshold, and many of these extremely narrow featuresegre r
resented by 1 point. Fortunately, because of the exponentia
off from the blackbody spectrum these resonances doffestta
R significantly. Still we estimate the error budget using the
cross-section to be 10%.

A summary of the final values adopted for each particulax2. He1r model atom
level in our Het model atom is also shown in Figurk 2. We finally
note that, in order to speed up our computations, we tabtilate For singly ionized helium we use hydrogenic formulae (sge e.
photoionization rate during the initialization state of @ades, Rubifio-Martin et al. 2006) with re-scaled transitiorgfuencies
which involves one-dimensional integral over the (blaakgo (see also_Switzer & Hirata 2007a). The 2s two-photon decay
ambient photon field, and we interpolate over this functibrew profile is modelled using the one for hydrogen, adopting the (
needed. At every particular redshift, the correspondingqie- scaled) value oA, = 5265s™.
combinationrate is computed using the detailed balanatoal
which is satisfied with high precision due to the fact thatat t
redshifts of interest, the electron temperature and thatiad 3. Inclusion of the hydrogen continuum opacity
temperature practically do noftér.

drogen case (see e.g. Eqg. 3.in Rubifio-Martin &t al.l200® fit
to the profile function[(Drake 1986) for this transition ikeéa
from[Switzer & Hirata|(2007a).

We also included some additional low probability non-déeol
transitions|(tach & Pachucki 2001), but in agreement wité-pr
é/ious studies found them to be negligible.

In order to include theféect of absorption of photons close to

the optically thick resonant transitions of helium duringiH—
2.1.3. Transition probabilities He1 recombination due to the presence of neutral hydrogen, one
has to study in detail how the photons escape in the helium
lines. This problem has been solved by two of us using a dif-
Susion code, and the results will be presented in a sepasaterp
(Chluba & Sunyaev 2008, in preparation).

For the purposes of this paper, the important conclusion
is that the results obtained using thisfdsion code are in
rather good agreement with those presented in Switzer &#lira
20074a), showing that for the interaction of photons with¢bn-
idered resonances, the hypothesisanfipl ete redistribution of

e photons over the Voigt profilg(x) (see AppendikA for def-
initions), isnot correct, and may lead to significantfiierences,
for the Her 21P; — 11S, transition. However, that is not the case
for the Her 23P; — 1S, intercombination line, where the real
dynamics is very close to the full redistribution case.

Our basic database for the transition probabilities isndkem
Drake & Morton (20017), which is practically complete for th
first 10 shells, and includes 937 transitions between Jvedo
states. This database does also contains spin-forbiddesi-tr
tions (i.e. singlet-triplet and triplet-singlet), whichkie into ac-
count the mixing of singlet and triplet wave functions.
However, there are some transitions missing in these tabl
which involve lower levels witm > 8 andL > 7 for the sin-
glet, andn > 7 andL > 6 for the triplet states. These gaps ar
filled using re-scaled hydrogenic values as follows: for\aegi
transition{n,L,S,J} — {n’,L’,S’, J}, we first obtain the non
J-resolved transition probabilitﬁ'n*f_m,l_, scaling by the ratio
of the transition frequencies to the third power. Wheneler
resolved information for the level energies is available,also
compute the weighted mean transition frequency. Howeler, t
corresponding corrections are small. To obtain the finahede 3.1, The escape probability in the Hel lines

for the J-resolved value, we assume that ) o
For the computations of the He— He1 spectrum in this paper,

He 3 (2Y +1) He 1) e make an ansatz about the shape of the escape probability in
L=l = oL 1 1)(287 + 1) 1) these lines, which is described below. This hypothesis ftersn
to efficiently compute the escape probability in our codes, with-

These expressions are also used to include all transitions/  out reducing the computational time significantly. This ans
ing levels withn,n’ > 10, and for those between> 10 and has been tested against the full results (Chluba & Sunya@®,20
n’ < 10 states, adopting the corresponding average deard in preparation), and is found to produce accurate resuttthio
J'. For the case ofinax = 30, our final model contains 80,297spectrum. To present it, we first describe two particulaniti
bound-bound transitions. ing” cases for the escape problem: ttemplete redistribution
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He | (S=0)
n>10 | o/H | o/H | Q/H | Q/H | Q/H | Q/H | Q/H Hydrogenic ‘
10| D/T | D/H | D/H | D/H | D/H | D/H | D/H | H/H | H/H H/H‘
9| o/T|0/T|0/T|D/H | D/H | D/H | D/H | D/H | H/H
8| o/T|0/T|0/T | D/H | D/H | D/H | D/H | D/H
7| 0/T|0/T|D/T|D/H|D/H|D/H | D/MH
6| 0/T|D/T|D/T | D/H | D/H | D/H
5| 0/T|0/T|D/T|D/S|D/S
4| o/T|0/T | 0/T | D/S
3| 0/T|0/T | O/T
2| o/T | o/7
1| o/7
0 1 2 3 4 6 7 8 g > 10

5
He | (S=1)
n>10 | Q/H | Q/H | Q/H | Q/H | Q/H | Q/H | Q/H Hydrogenic ‘
10 | o/T | D/H | D/H | D/H | D/H | D/H | D/H | H/H | H/H H/H‘
S | o/T | D/H | D/T | D/H | D/H | D/H | D/H | D/H | H/H
B | /T | o/m | o/T | o/m | D/H | 0/k | B/H | D/H
7 | o/T | o/m | o/T | o/ | ok | o/ | o/
6 | o/T | o/m | o/ | o | o/e | o/n
5| 0/T|o/s | o/ |0/s | 0/s
4| o/m | o/s | o/ |oss
5| o/7 | o/ | o/m
2| o/T | D/T
0 1 2 3 4 5 6 7 8 9 > 10
L

Fig.2. Graphical representation of the values adopted for theg@®wand photoionization cross-sections of oun Redel. For
each level, two letters are given, which refer to the energ/tae photoionization cross section of that level, respelgt For the
energies, the letters refer to: “0": Drake & Morion (2007R™ quantum defect expansions Drake (1996); and “H”: hyerug

approximation. For the photoionization cross-sectidms)étters refer to: “T”: TOPbase; “S”:

and “H": re-scaled hydrogenic values.

(or incoherent scattering), and the redistribution case (or co-
herent scattering in the lab frame). The realistic caseheilte-

Smits (1996); Benjarat al. (1999);

wherev(X) = v+ xAvp, NiLis the number density of hydrogen
atoms in the 1s—state,?s(v) is the photoionization cross section

ferred agpartial redistribution in the line (or coherent scatteringof the hydrogen ground stats, is the Hubble expansion factor,

in the rest frame of the atom).

andvge is the transition frequency of the considered helium res-

~ For these two particular cases, we follow the procedure oghance. The Doppler widtidvp, of the line due to the motion
lined inlSwitzer & Hirata/(2007a). It is based on the assuampti of helium atoms is defined in Appendix A.

that within the considered range of frequencies around engiv

resonance a solution of the photon field, including resoseat:

The computational details about the numerical integratfon
Eq.[2, as well as the derivation of a one-dimensional integra

tering and hydrogen continuum absorption, can be obtained approximation to the full 2-dimensional integral are dissed in

derquasi-stationary conditions. Within+1% — 10% of the line
center (or roughly=10° — 10* Doppler width), this approxima-
tion should be possitfle

3.1.1. Complete redistribution (or incoherent scattering)

One finds that in this case, the corresponding correcti®as,
to the standard Sobolev escape probabify= [1 — €75] /75,
is given by:

MPasc= 09 ax [ rs00) 01— ] ax. (2)
—00 X

Herer (X, X) = ts[x(X') —x(X)] is the optical depth with respect

to line scattering fi the resonance, whetg is the Sobolev opti-
cal depth ang/(x) = f_’; #(y) dy is the normalizedy(+c0) = 1)
integral over the Voigt-profile. Furthermore we introdudbd
hydrogen continuum optical depth

CNH v(X') . dy
)=t [ O T (32)
V(X
CN'l-lso-Ts(V) v v3
Sy Xé[l"(V)}’ (30)

4 In addition, the used approximati@ghvN, ~ vyd,N,, wherev, is
the transition frequency of the considered resonanceNgnd 1, /hy,
demands that the obtained solution is only consideréttgntly close
to the line center. For this reason the term connected witlsstom of
photon due to the recombination of hydrogen (see definitfoh- an
Switzer & Hirata (2007a)) should be neglected, since in fhiiscess
practically all photons are emitted very close to the iotiarefrequency

V! < v, of hydrogen.

AppendiXB.

3.1.2. No redistribution (or coherent scattering in the lab
frame)

This case corresponds to a situation in which every photon
coming through the line is emitted again with the same fre-
guency. During recombination this is a very good approxima-
tion in the very distant damping wings of the resonance. &tpr
tise, this case can be treated using the formalism desciibed
Switzer & Hirata (2007a). For every transition— |, we need

to define the following quantity

ut
-l

Ausi+ R

whereR%", is the sum of the rates of all the possible ways of
leaving the upper level but excluding the considered resoma
i.e. Rﬁi‘, = Rusc + iz Rusi. In this equation, we have intro-
duced the (bound-bound) rates, which are computed as

Rui = {Au—>i[1 +Mop(vui)],  Ei < Ey
7T ASu(@/90nes(ie),  Ei > Ey

and the photoionization ratB,_,c. This quantity,f,_,, gives the
fractional contribution to the overall width of the uppewdé
of all possible transitions leaving the upper level excepte
resonance. In other word§,_,; represents the branching frac-
tion for absorption of a line photon to result in incohererdts
tering. During helium recombinatiofy_,, ~ 1072 for the Her
2P, — 1S, transition and close to unity for H3P; — 11S,
intercombination line.

(4)

fu~>| =

()
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. 2'P = 1'S line 3.1.3. Partial redistribution case. Our ansatz
10” e e
T R 0 mtegretion, fudget) The detailed treatment of the problem withrtial redistribu-
,,,,,, o (10 et et o ey ] tion is computationally demanding. Our results are based on a

107° P.. (1D integration, no red.)
o
AN U — AP.. (Kholupenko et al.
AP... (Kholupenko et al. 2007)
3 P (Switzer & Hirata 2007)

diffusion code (Chluba & Sunyaev 2008, in preparation), which
requires~ 1 day on a single 3 GHz processor to treat one cos-
mology. The other approach of this problem, based on a Monte
Carlo method. (Switzer & Hirata 2007a) is equally demanding.
For the computations of this paper, we propose and test an
ansatz which permit us to comput&ieiently the escape proba-
: | bility. Our basic assumption is thtkte ratio of the escape proba-
N7 E bility in the complete problem (partial redistribution case) to the
1 escape probability in the problemwith no redistributionisa con-
T stant number for a given redshift, or equivalently, it has a very
2800 3000 small dependence on the recombination history. In that case, we
can use this function (the ratio of those two casedldige the
2P — 1'S line real escape probability in our code in a very fast way. The im-
VoL T T T o] portant thing is that we only need to compute a single satutio
o, L 20 tegrtin, 235 777777 qf the complete problem in order to tabulate the .fud_ge func-
osl N\ T R ae(20) (il red) tion. Moreover, the reference case (the no redistributiasey
\ AP, (Kholupenko et al. 2007) —-—-— - . . . . . .
: P (Switzer & Hroto 2007) o 1 is fully analytic, and using our 1D integral approximatioe-d
i 1 scribed in AppendiXB, it is obtained very fast. Summarising
0.6 / this scheme permit us to compute the escape probability with
i \ - 1 high accuracy in our codes, without the need of interpoiatis
i N F - 1 ing pre-computed tables.
0.4 oo T n In practise, we use the solution for the recombination his-
F-o N | tory which was obtained within the no redistribution appnoa-
NN 1 tion, and we compute the corresponding escape probaluility f
N | given cosmology. If we make a further iteration, by recont
the new recombination history using the new escape prababil
we find that the result practically does not change. For the He
23P; — 1'S; intercombination-line escape probability is always
Fig.3. Contributions to the escape probability of the IHeclose to the full redistribution case, so for this line weedity

21p, — 115, transition (upper panel) and the H&P; — 115, consider this approximation for the computations.

intercombination-line (lower panelPs denotes the standard

Sobolev escape probability. The correction to the escape-pr3 2. Results for APesc

ability due to the hydrogen continuum opacity is shown in-sev

eral approaches: (a) full redistribution case: the fulli@Eegral, In this paper, we only consider the corrections to the escape

APp, as given by EqL{2), and the 1D approximatia®,p, ob- probability for the He 2'P; - 1'S transition and He23P; - 1'S,

tained with Eq.[[B:B); (b) no redistribution case: the 1Dmpp intercombination-line. In principle, all the othetP; — 1'Sy and

imation P1p; and (c) partial redistribution case: the fudged espin-forbidden transitions are als@ected, by the presence of

cape probability based on the 1D integration of the no rebist neutral hydrogen, but theffect is smaller, and we omit these

tion case. For comparison we show the simple analytic appr@éditional corrections for the moment.

imations of_ Kholupenko et all (2007), and the points exedct  In Fig.[3 we show dferent contributions to the escape prob-

from Fig. 11 of_ Switzer & Hiratal (2007a) for the case labelledbility of the two considered transitions, computed witbift

as coherent (which is the equivalent to our partial redigtibn ferent approximations discussed in the last subsectiooum

case) for the upper panel, and the points extracted fromdfofl. computations, for the He2'P; — 1'S, transition the #ect of hy-

Switzer & Hirata (2007b). drogen is starting to become important belbw 2400- 2500,
whereas in the case of the H23P; — 1S, intercombination-
line the escape probability is strongly modified only zatg

Once we have obtained this quantity for the considered trahf800— 1900. One can also clearly see, as illustrated for the
sition, the corresponding escape probability in the cadalyf complete redistribution approach, that in both cases the 1D

Escape probability
=)
&
I

107 &

1078

P B
1600 1800

. . I
2000

M P B
2200 2400
z

- . I
2600

Escape probability

1600 1800 2000 2200 2400

coherent scattering is given by approximation works extremely well at nearly all relevaed+
shifts. In particular, the dlierences are small where the devia-
fuI P tions between the inner integrand in E¢. 2, and its analytic a
Pesc= 1-(1- fo)P (6) proximation deduced from Eq.(B.3) are small (see[Eigl Batl, a
the discussion in AppendixIB).
where For the Ha 2'P,-11S; transition, the departure of the escape
P = Ps(fuiTs) + APesd fusiTs, 7o) (7) Probability with respect to the full redistribution casevesy im-

portant, being at least one order of magnitud@edent at red-
where Pg(fy_7s) means that the Sobolev escape probab#hifts belowz ~ 2200. Moreover, the full redistribution case be-
ity is evaluated atf,_,7s instead of atrs; and obtaining comesimportant at earlier redshiftis§ 2600 2700), thus pro-
APgsd fu_17s, 7c) reduces to the use of equatidn 2, but evaluattucing a recombination dynamics which would be much closer
ing it at f,_,;7s instead of ats, while 7. remains unchanged. to the Saha solution. In other words, the assumption of cetapl
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redistribution significantly overestimates the escape odpho-
tons from the He 2'P; — 11, transition, and thus would artifi-
cially accelerate Ha — Her recombination. The final (fudged)
solution is in reality much more close to the “no redistribot 1.06
case, although the filerences with respect to this later case are

still significant (roughly a factor of 2 a ~ 1730). Comparing

our results with other recent computations, we find that o fi 1.04
(fudged) solution is very close to the Switzer & Hirata (26p7
computation, which was based on a Monte Carlo analysis of the
escape problem. There are still smalffeiences around red-
shifts z ~ 2200- 2400, which could be probably due to the

1.08

fact that we do not include the modified escape for higher lev-  1.00

els. However the formula givenlin Kholupenko et al. (20071yon 7 st & wots Goo7)

works at very low redshifts. 008 / ‘ o
For the Ha 23P; — 1!, intercombination-transition, the sit- Teoo 000 os00 3000

uation is diferent. The computations, based on th&udion z

code, show that for this line one can approximate the escape

probability using complete redistribution at the levekofl0%. Fig. 4. The ionization history during the epoch of He— Hel
Therefore, for the computations in this paper, we adoptahis recombination for dferent approaches.

proximation for this particular transition. The lower paié

Fig.[3 also shows the comparison between our escape pritpabil

and those obtained in other recent publications. The agrrenof the additional electrons indeed take more indirect route
with the[Switzer & Hiratal(2007a) result is again very remarkhe hydrogen 1s-level.

able, except for the redshift region arouné 1900. However, With these additions to our multi-level code it is possible
we have checked that thisffirence is mainly due to the assumpto obtain both the ionization history and the helium and bydr
tion of using the full redistribution solution for this linand that gen recombination spectrum including ttEeet of the hydrogen
this difference implies only small changes in the final recombgontinuum opacity as outlined in this Section.

nation spectrum. For this transition the actual correctidue to
electron scattering, which we neglected so far, are laFgeally . L .
we note that, although in this case there is an apparent-agr 'eThe helium recombination history

ment at low redshifts with the Kholupenko et al. (2007) rgsulThe main goal of this paper is to compute the spectral distust
their computation corresponds to the quantiBese Thus, when  resulting from the bound-bound transitions of helium. Hoere
adding the contribution of the Sobolev escape, they havéu@ vasince we are discussing several approximations to inclbde t
of the probability which exceeds unity. hydrogen absorption during the epoch ofiles Her recombi-
nation, we here shortly discuss the correspondifigidinces in
the ionization fraction.

Figurd4 shows our results for the redshift-dependencesof th
In order to account for thefiect of the hydrogen continuumfree electron fractione = ne/ny during Hett — Her recom-
opacity during Her — Her1 recombination into our multi-level bination, using the three approximations for the escapé&-pro
code several changes are necessary. The first and most sbvalility in the Her lines, as discussed above. Qualitatively, all
modification is the replacement of the Sobolev escape pilsbathree results (i.e. full redistribution, no redistributiand par-
ity Ps — Ps+APggscfor the Her 2'P; — 1'S; and Ha 2°P; - 1'S,  tial redistribution) agree with those found in some eastedies
intercombination-transition. Due to the above replacemene (Kholupenko et al. 2007; Switzer & Hirata 2007a), showinatth
electrons are reaching the ground state of neutral heliutmd the inclusion of the hydrogen continuum opacity in the compu
additional helium photons are released. Therefore in the compation significantly speeds up recombination, making iselto
tation of the helium spectrum the increase in the photoreyescthe Saha solution. Our (fudged) solution for the case ofigdart
rate byAPgsc shouldnot be included. redistribution of photons in the resonance is in good agezgm

Given the usuahet radiative transition ratPs x AR 15 from  with theSwitzer & Hiratal(2007a), except for the smalffeli-
leveli to the helium ground state, the increase in the net transiace arounad ~ 2200. As pointed out in the last section, these
tion rate due to the presence of neutral hydrogen atomséngiare likely due to the fact that we did not include the contimuu
by AR;”‘ESS = APesc X ARi115. Since the corresponding photon®pacity correction for higher transitions.

3.3. Inclusion into the multi-level code

associated with this transition are ionizing hydrogen atame It is important to note that the incorrect hypothesis of full
has to add the ra'r&eRi?Ss to the electron equation and subtract itedistribution in the He 2'P; — 1'S, -resonance has a strong

from the hydrogen is—equation. Although it is clear thategi impact on the recombination history. In that case, tfiect of
this small addition of electrons to the continuum, the hg@émo continuum opacity on the escape probability becomes of impo
ground state population will re-adjust within a very shord, it  tance at earlier times, shifting the redshift at whichstarts to

is still possible that the corresponding electrons willcleghe depart from the solution without continuum opacity conside
ground state via various decay channels, including a cascadbly. In addition, the period during whick, is very close to
from highly excited levels, which may even end in the 2s lgvalnity, i.e. just before hydrogen recombination starts,obees
yielding two photons in the two-photon decay transitiorstéad considerably longer. Therefore, it is very important foregadled

of assuming thatll electrons connected with the increase of thenalysis of the recombination history to treat properlydbeape
net transition rate;Rf‘ltiS , are leading to the emission of a hydroprobability in this line.

gen Lymane photonon?y (as done in_Kholupenko etlal. 2007), So far we did not consider theffect of feedback in our
this approach is more consistent. We shall see below thatta peomputations and as shown lin_Switzer & Hirata (2007a) one
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does expect some additional delay of tHe— Her recom- We now discuss in detail some particular aspects of the recom
bination aroundz ~ 2400. However, looking at Fig. 12 in bination spectra.
Switzer & Hirata ((2007a), this process is not expected teralt
the results by more than 109%20%.

Finally, we also mention that for computations of the ele
tron fraction during the epoch of He— He1 recombination, it

is not necessary to include a very large number of shells. Unlikg Fig.[§ we show the comparison between ther ldpectrum
in the case of hydrogen recombination, the exponentialofail in three cases, namely the cagi¢h hydrogen continuum opac-
Hetr — Her recombination, which potentially is the most senity assuming full redistribution of photons in the resonartbe
sitive to the completeness of the atomic model, is entiraljgtdl  casewith hydrogen continuum opacity assuming partial redistri-
by the large number of free electrons from hydrogen. In &t bution; and the caseithout the inclusion of the hydrogen con-
practically no ionized helium atoms remain after recombam  tinuum opacity in the computation.
although in the case of hydrogen a small residual fractien re The width of the lines, which is directly connected with the
mains. This is because there are significantly more elegpen duration of the recombination process, is significantly kena
helium atom than for hydrogen, such that freeze-out foruneli when including the ect of hydrogen continuum opacity. In ad-
occurs at an exponentially lower level. dition, the peaks of the lines are shifted towards lowerdeeg
Our results suggest that for le— He1 recombination the cies (i.e. higher redshifts). As a consequence, the spadias
inclusion of 5 shells is already enough to capture the eiif  a richer structure as compared to the case of hydrogen, giace
Xe during this epoch with precision better than 0.1 %. This preverlap of lines is smaller.
cision is sificient if one is interested in cosmological parameter The full redistribution and partial redistribution spectre
estimation from the angular power spect€a’§) of the CMB.  very similar in the low frequency/(s 30 GHz) region. However,
However, still rather significant modifications of the redina- gt higher frequencies, severaffdrences appear. In particular,
tion history can be expected in particular from the feedbezick for the full redistribution computation there aiferee negative
Heri-photons and probably other physical processes that wegatures instead of two. The spectrum for the case withamt co
omitted here (e.g. see Switzer & Hirata 2007a). tinuum opacity is much smoother than the previous two, and
presents onlyne negative feature. In addition, in this frequency
regime (and specially for the strong featurevat 2000 GHz)
is seen that, due to theftirent speeds of the recombination

In Fig.[I we present the main result of this paper, namely tiRgocess, the lines appear displaced towards lower freqeenc
complete bound-bound helium recombination spectrumipayis (higher redshifts) as we move from the lower to the upper bane
both during the epoch of Her — Herr (50005 z < 7000), and ~ For the high frequency regior (> 100 GHz), we present
Herr — Her recombination (160G z < 3000). For compari- & more detailed direct comparison in Hig. 6 between the cases
son, we also included the results obtained in our previous-coOf partial redistribution and the one without continuum cipa
putations for the H bound-bound recombinatioh (Chluba et alln this figure, a linear scale in the vertical axis is used iteor
2007), and added the additional line appearing as a consequd® emphasise the existence of the negative features. Orseean

of the re-processing of Hephotons in the continuum of hydro-that the relative contribution of theftirent lines is strongly al-
gen, as described below (see SECT 5.2). Also the 2s twaphotered. In general, all emission appearing abeve 500 GHz is

decay continua for all cases are shown. There are two importguppressed, while at lower frequencies, some lines areeatla
issues to be mentioned here: We can understand these changes as follows: the contrilsutio

appearing at > 500 GHz correspond to théP; — 11Sy-series

(i) First, the helium spectral features (both foridend Hea) are  of neutral helium, the spin-forbidden transitions dirgatbn-
significantly narrower than those of the hydrogen recombinaecting to the ground state’P; - 1'Sp), and the two-photon
tion spectrum. This is due to the fact that foriHeecombina- decay of the 25, singlet-state. The first two series contribute
tion occurs significantly faster due to the inclusion of tlye h most to the strong feature at: 2000 (see Fid.]7 for some more
drogen continuum opacity, and in the case ofulibecause detail), while the broad two-photon continuum dominates th
its recombination occurs much more close to Saha condpectrum in the vicinity of ~ 1000 GHz. When the hydrogen
tions in the first place. Even the inclusion of Doppler broadsontinuum opacity is included, in our current implemeraibf
ening due to electron scattering, as described in Sedtis5.5the problem, only the He2'P; — 1'S, and Ha 2°P; - 1'S,
unable to change this aspect. As a consequence, both recortercombination-transition amirectly affected, i.e. via the in-
bination spectra contain clear features in the low frequenclusion of APes, Whereas all the other lines are modified only
domain ¢ ~ 1 GHz), where the Hspectrum is practically indirectly because of to the change in tteeombination dynam-
featureless. This increase in the amplitude of variabdity icsand the relative importance offtérent escape channels.
the recombinational radiation at low frequencies mighphel Figure 8 of Wong & Scatt (2007) shows that without the hy-
to detect these features in the future. drogen continuum opacity the H@'P; — 1'S; channel defines

(i) Secondly, the Herecombination spectrum displatygo neg- the rate of recombination at > 2400, while atz < 2400 the
ative features, at positionsy ~ 145 and 270 GHz. This is 2°P;—1'S, spin-forbidden and, to a smaller extent, tA&2two-
qualitatively diferent from the case of the hydrogen andiHe photon decay channel dominate. They computed that of @l ele
spectra, where the net bound-bound spectra appear in ertrisns that reach the ground state of heliun®389 go through the
sion. As we will discuss below, the reason for these featureler 2'P; — 1'S; transition, 428% pass through the’R; — 1'S,
is directly connected with the dynamics of recombinatiospin-forbidden transition and only 136 take the route via the
They are associated with transitions in which the loweesta?2'S, two-photon decay channel.
is effectively “blocked” for all downward transitions, such  In our computations including the hydrogen continuum
that faster channels to thé$, level are provided through opacity we have to keep in mind that there is a fraction of-elec
energetically higher levels. trons that reach the helium ground due to continuum absorpti

cﬁ.l. Importance of the hydrogen continuum opacity for the
bound-bound He spectrum

5. Bound-Bound helium recombination spectra
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Hel (bound—bound) recombination spectrum

With continuum opacity (full redistribution)

With continuum opacity (partial red., fudged)

MMMLMMMML

Without continuum opacity

0.1 1.0 10.0 100.0 1000.0
v [GHZ]

Fig.5. A comparison of the Herecombination spectrum foy,.x = 30 with (top and middle panels) and without (bottom panel)
the inclusion of the #ect of hydrogen continuum opacity. Upper panel corresptmtise case of full redistribution of photons in
the Her 2'P; — 11S, -resonance, while the middle panel corresponds to our findjed) computation for the partial redistribution
case (see text for details). Ordered in this way, from topotibdon we have progressively a slower recombination, stalféatures
become broader. In all three cases, a solid line indicatiéiy®sgalues, while a dot-dashed line indicates negativesomwo-photon
decay continuum®%, - 1'S; is also included as dotted line in both panels.

by hydrogen, which then lead to the emission of additionalph5.2. Importance of the hydrogen continuum opacity for the
tons in the H recombination spectrum. Direct integration of the  bound-bound H1 spectrum

total number of photons in the neutral helium spectrum adoun .~ _ L
y ~ 2000 GHz yieldN, = 4z/c [ dvAl,/(hv) ~ 0.46Npe, while " F'gd "(‘j’ebShOW ho"‘]{ :Ee h)égrtqgenl ;ecomlb'”ta“on spectrum
for the 2S, two-photon decay spectrum we have0.16Nye 'S modiied because ot Ie additional Iree e'ectrons appgar

h M h b foh due to the absorption of Hehotons in the hydrogen contin-
ph otonsl. oreovera%nz can Ci”?PUtEt elzznum §L0| P Otot?%'@m absorption. Most of them recombine after a very short
the newly generated hydrogend-yine (see Figurii9 below), 0b- ime through the main channel of hydrogen recombination at

tainingN,(Lya) ~ 0.44Nke. These numbers show that90% of high redshifts, which is the Ly-transition (e.g. see Fig. 10 in
all electrons that reach the ground state of helium passighro iz, i, _Martin et . 2006), producing a “new” hydrogendy
the Her 2°Py — 1°Sp and He 2°P, - 1'S mtercombmoatlon- feature az ~ 1870. In Fig[® we show the shape of that line
transition. The 25 two-pho_ton channoel only allows 8% of separately. However, as explained in SEcil 3.3, the smdit ad
alllFt'el"iT atorgs?tg recﬁmb'n?d'faﬁk%g’ go through the other oy of electrons to the continuum also produces changessin t
NPy - 1"S and 2P, - 1°S, spin-forbidden transitions. rest of the hydrogen spectrum, as shown in Figure 8. In some
- ) cases (see e.g. the high-frequency wing of the Paschers)erie
We note that the modification of the dynamics ofiecom-  the changes are important at the level of 10 percent. Thiarea
bination is influencing the relative amplitude of other Bnsuch is due to the new H feature. On average, the new bound-bound
as the 3D - 2'P (6680 A) transition, which is strongly ampli-H1 spectrum is slightly higher in amplitude, as a consequence
fied, or the 8D — 23P (5877 A) transition, which now appears irof the additional photons appearing in this process. Bexthes
absorption. We will discuss these transitions in detaibtel re-processing of Hephotons occurs at high redshifts (above
z = 1800), the two-photon continuum line is practically un-

To end this subsection, we remind again that those featuf@&nged.
in the vicinity of v ~ 2000 GHz arising from the He2'P; —
1'S, and Hea _23P1 - 11S; intercombination-transitions will not 5 5 Negative features in the He 1 spectrum.
be observed in the real spectrum, because of feedback pesces
connected with HI continuum absorption at lower redshifils w One of the most interesting results of our computationsa st
take away these photons and will produce additional distast istence of twonegative features in the Herecombination spec-
in the HI spectrum. trum. In order to identify the transitions which contributest to
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HI (bound—bound) recombination spectrum (Np=10)
10*267 T T T T T T T T T T T T

N With cont. opacity (partial redistr.) Hao Lya
I — = -~ Without continuum opacity

Hel (bound—bound) recombination spectrum

5x107° E
E With cont. opacity (partial redistr.) E

Without continuum opacity — — -

Lya from Hel

4x1072F Pa
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2s decay

2x1072F 10777
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Fig.6. A comparison of the Herecombination spectrum for Fig.8. A comparison of the W recombination spectrum for
Nmax = 30 close to the He2'P; — 1S, line, with (solid curve) nma = 10 at high frequencies, with (solid curve) and without
and without (dashed curve) théfect of hydrogen continuum (dashed curve) the hydrogen continuum opacity was inclided
opacity. The case with continuum opacity correspondstpéne the treatment of the Heatom. The 2s two-photon decay contin-
tial redistribution (fudged) computation. The two-phottecay uum is also shown in both cases.

continuum 2S, - 1S, is also included in the spectra.

1T R
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3.0x107%® O 2PN, (584.3A line) 7] :
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v [ore] Fig.9. Hydrogen Lye recombinational line. When including

Fig. 7. Transitions in He atom from then = 2 shell to the ground the efect of continuum opacity and solving simultaneously the
state, in particular the He2!P; — 11, and He 23P; - 1S, evolution of hydrogen and helium recc_)mblnauon, most of the
intercombination-lines. This figure was obtained using ur €lectrons which are taken from the helium by neutral hydnoge
sults for thenmax = 20 computation, including theffect of atoms re-appear as a hydrogendujine atv ~ 1320 GHz ¢ ~
hydrogen continuum opacity in the partial redistributicase 1870).

(fudged solution).

this line to the total spectrum in that region. Although théstic-

those features, in Tadlé 1 we provide a list with the positind  Ular line is negative, the overall spectrum in the regiorosifve

amplitudes of all the individual lines which are found to leggn due to the added contribution of other lines.

ative at an amplitude smaller tha x 1072°Jnr?stHz tsrt

from OUr Nimax = 20 compgtatiqn. To heIp. i_n the discuss_ion, W& 3 1. First negative feature (v ~ 145GHz).

also provide in Tablg]2 a list with the position and amplitsidé

all the positive individual lines which are found to have an amAs Fig.[10 indicates, the largest negative contributiorising

plitude larger than k 10°2° Jnr2s 1 Hz 1sr ! from the same from one of the 10830 A fine-structure lines. The appearance

computation. of this feature in absorption can be understand as follows. T
We now discuss in detail each one of these two negatigbannel connecting the’s; triplet level with the singlet ground

features. Figures 10 aid]11 present them separately, @getiate via the two-photon decay is extremely slewdg 1079 s1),

with the main contributors according to the list of trarits in  and therefore renders this transition a “bottleneck” fovstn

Table[1 and Tablg]2. For completeness, we also discuss in thisctrons recombining through théSQ triplet state. Since the

subsection the feature which is associated to ##® 2> 2'P; electrons in the 3P, triplet level can reach the'$, level via

singlet-singlet transition. Figute112 presents the cbation of the much faster{ 177 st) Her 23P; — 1'S, intercombination-
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Table 1. Positions and amplitudes of all the negative lines in the
Her recombination spectrum fog,,x = 20 with peak intensities 1.0x10°2[ ‘
smaller than-1x 1072° Jnr2s 1 Hz  sr 1. We show the corre- i
sponding terms for the lower and upper states, the peaksityen 5A0xwo’29§
at the minimum, the central frequenoy) as observed today,

the redshift £min) at the minimum, and the wavelength for that

Fine structure Hel T0830A line (2°P—2°S)
: —

transition in the rest framelfesy). :: 7
T _soxio®|
Lower Upper Al, at minimum Vo Zenin Arest Y f
[Im2stHzsrl] [GHZz] [A] & ool
2'Sy 2P, -1.1x102%® 78 1855 20590 = [
FD, 4F; -11x10% 86 1875 18690  ~ P S ,
PD;  4F, ~15x 102 86 1875 18690 B i . / ]
¥D, 5'F -1.2x 102 125 1875 12790 F———— Sum (Net 2P-2%9) K ]
#D, 5, ~12x10% 40 1875 40380 ~2.0x1070 T Tl (Bownabond) speetn s ]
28s, 2P, —21x 1028 145 1905 10830 o 0 o 6o
2P, 3D, -16x 102 273 1870 5877 v [GHz]
3 3 29
53522 23232 _igi ﬁ:zg 28762 %g;g 158867970 Fig.10. First negative feature in the Hepectrum. The largest
#D, 4F, _1.4x% 102 86 1875 18690 negative contribution is coming from the 10830 A fine-stanet
4D, 5 -11x102% 40 1875 40380 line. Note that the upper level has fine structure, so we ptese

all three possible values df This figure was obtained using our
results for thenmax = 20 computation, including theffect of

Table 2. Positions and amplitudes of all the positive lines in thﬁydrogen continuum opacity

Her recombination spectrum fog,,x = 20 with peak intensities
greater than % 102° Jnt?s*Hz *sr. We show the corre-
sponding terms for the lower and upper states, the peaksityen He | 3P—2D transitions
at the maximum, the central frequengyas observed today, and Fr T T T

T — T
/
/

the wavelength for that transition in the rest framgd). P 3 /// “ (;igj oo g;g;gﬁ e S
g /,’// ’To(o\ bound—bound) spectrum ]
Lower Upper Al, at maximum Vo Zmax Arest — Mo%é ///,
[Im2stHztsrY] [GHz] [A] b g /!
11S, 2P, 15x10%8 2011 2550 584.3 E Mo,zgé /!
1's, 2%p 16x 1028 2430 2085 5914 - i [
2's, 3P 75%x10% 317 1885 5017 : J
2's, 4P, 22x102° 401 1885 3966 N o
2Py 3's 24x102° 218 1885 7283 =
2Py 3D, 46x1028 239 1880 6680 =
2P, 4'D, 8.0x 102 323 1885 4923
2'p, 5D, 3.0x10% 362 1885 4389 —1x107E
3D, 4'Fs 17x10728 85 1875 18700
3D, 5'F; 31x102% 125 1880 12790 150 200 250 300 350 400
3D, 43F; 15x 1028 85 1875 18700 v [GHz]
1 3 29
431182 glEz giz igzg 1:,)295 %ggg igﬁg Fig.11. Second negative feature in the Hel spectrum. The
#F, 5, 23% 102 39 1885 40490 Ia_rgest negative con_trlbutlon is produged by t_he 3D-2pl@ti
235, 28p, 3.2 % 10°2° 146 1890 10830 triplet) transition. This figure was obtained using our itssfor
233, 23p, 8.4 % 10°2° 142 1950 10830 thenmax = 20 computation, including theffect of hydrogen
23S, 3P, 25x10%° 408 1890 3890 continuum opacity.

transition, this provides a more viable route. On the otleerch higher F-level exists, again permitting electrons to pass to the
the 2P, and 2P, do not have a direct path to the singlet grounginglet-ground level because of singlet-triplet mixingisithen
state. But as one can see from Table 2 this restriction candjgo contributes to the close-by emission feature via tranch
avoided by taking the route®®y, — 235, — 23P; — 11S,. 2°P1 - 3°D; - 4%F; — 3'D; — 2'Py.

The relative amplitude of these lines seen in Eid. 10 alse sug

gests this interpretation. 5.3.3. The spectrum in the vicinity of v ~ 80 GHz.

Fig.[I2 shows that in this spectral region, there is a clear lo
intensity feature in the overall spectrum, which is prodlce
The second overall negative feature in the bound-bound Hey the 2S; — 2'P; singlet-singlet transition, that contributes
recombination spectrum is mainly due to the superposition as a negative line. Comparing théSg two-photon decay rate
the negative 5877 A and positive 6680 A-lines (see Fig. 11f\xs,-1:5,), With the transition rate to the'R;, shows that at
Here it is interesting that in Tablg 2 no strong positivel&ip z~ 2500 the latter is a factor of210* larger. Therefore, when-
singlet transition appear, which actually starts witrPB3state. ever escape in the H'P; — 1'S; line substantially controls the
However, as Tablgl 1 shows a strong flow from tAB3state to rate of helium recombination, thé &) — 2'P; singlet-singlet

5.3.2. Second negative feature (v ~ 270GHz).
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Fig.12. The Her recombination spectrum in the vicinity of the

20590 A line. This figure was obtained using our results fer tiFig,. 13. Influence of electron scattering on an initially narrow

Nmax = 20 computation, including thefiect of hydrogen contin- Jine for different emission redshifts. The vertical lines indicate

uum opacity. the epochs of recombination at which most of photons are-emit
ted.

f[ransition appears in abs_orption. AS explaine_d_above,mtteo history and recombination spectra arising from the chamges
:g%;ﬁ?ég%mgmgfn continuum absorption this is the casd at the escape of photons from the optically thick resonanadgs, b
portance. . . . these are expected to be rather small.

However, the situation is a bit more involved, smfe SeV- | Fig.[I3 we show the comparison of the Doppler broad-
eral otherltranséglons Cogt“b“t?gﬁ the ”egg“"md* 4Fs. ening and recoil term for éierent redshift. During the epoch
3Ds - 45, 3°D; ; 4°Fs and 3Ds — 4°Fs) and positive ¢,y 4rogen recombination Doppler broadening is less than 1
(4°Fs > 3'D2 and 4F; — 3'D) centered av ~ 85 GHz. \pije it exceeds- 2% during Har — Her recombination, and
The superposition of these lines t_hen yields an oscﬂlateay_ _reaches- 7% at the beginning of Hel — Herr recombina-
ture between 80 and 90 GHz, which although always positiVg,, "we also show the strength of the recoil termsfpre 1 and
still shows the clear signature from the 20590 A line. Herg — 40. The latter case provides an estimate for the equivalent
it is important to reallze_z that several trlplet-smgletnsﬁlqns of the Lymane line of the corresponding atomic species. One
are involved, allowing triplet atoms to decay further to 8- 5 see that during hydrogen recombination the recoil term i
glet ground state. This emphasises the importance sitigd&t  ompletely negligible. During He — Her recombination the
mixing for the spectrum, and in particular well-mixed levéke g, 21p, — 1'S, line is shifted bys 1% and only for the He
the low nF-states and beyond (mixing angle45°, see Table Ly-a line the recoil shift is comparable with the broadening due
11.12in Drake|(1996)) provide very attractive routes. to the Doppler term. We therefore shall neglect the recoihte
for the hydrogen and He — Her recombination spectrum.

Figure[14 shows the importance of the Doppler and recoil
term for the Hair — Her1r bound-bound recombination spec-
The recombination history of Her is the one which is most trum. At low frequencies Doppler broadening strongly losver
close to the Saha-solution (e.g. see Fig. 15 in Switzer &telirathe contrast of the quasi-periodic intensity pattern, /i ex-
2007b). Therefore the release of photons occurs duringréeshopected the recoil term is not important at there. Similaithg
period than in the case of iHand Heir recombination. In com- high frequency features are slightly smoothed out due to the
parison to hydrogen the release of terecombination pho- Doppler dfect, but the recoil term only becomes important for
ton happens at roughly 4 times higher redshift and temperatthe Hen Lyman- and Balmer-series photons. However, since in
(roughly 1400 for hydrogen as compared with 6000 fomble  this work we have not yet included the re-processing ofiHe

As Fig.[d shows, the high frequency feature always appgarotons in the continuum of Heand also the feedback absorp-
on the red wing of the corresponding hydrogen lines. Howevion by hydrogen, we shall not consider the corrections & th
at low frequencies the oscillatory feature drop out of phaite He1ir-recombination spectrum due to the recoil term any further.
the hydrogen lines. It is also interesting to see that thelded A more complete treatment of this problem will be left for som
Her1 bound-bound spectra showenstructive (at v > 10 GHz) future work. Also, given the overall uncertainty in our mbdé
and alsodestructive (v ~ 2 — 5GHz) interference. As men- the neutral helium atom we did not include tHeeet of Doppler
tioned above, this fact strongly increases the probakilitgb- broadening for the He-recombination spectrum.
serve these features in the future.

5.4. The Heli-recombination spectrum

6. Discussion

5.5. Changes of the spectra due to electron scatterin . . . .
9 # 9 In this Section we now critically discuss the results présen

The procedure to approximately include thffeets of pho- in this paper for the helium recombination spectrum. We ex-
ton scattering f¥ free electron is outlined in the AppendiX C.pect that an overall 10%— 30% uncertainty is associated with
However, here we neglect the corrections to the recomlsinatiour modelling of neutral helium, while neglected physical-p
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- of the bound-bound He spectrum, for which we already in-

Doppler broadening) 1 cludedl-resolved 100-shells, the results are probably converged
with similar accuracy as the one for hydrogen (see Chlubé et a
(2007) for discussion).

We also have not considered quadrupole transitions in our
computations. However, from the typical values of the destmt
strengths (see elg. Cann & Thakkar 2002), one would expaict th
their inclusion should produce small changes.

—— Hell - spectrum (no electron scattering)
—— Hell - spectrum

[J m? st Hz! sr]

v

Al

6.1.2. Photoionization cross-sections

The next large uncertainty is due to the use of re-scaled hy-
drogenic approximations for the highphotoionization cross-
sections. We expect flierences at a level of 10% 20% due

to these. Here in particular the exact frequency dependeice

01 1 o 10 100 the cross-section may influence the importance of stimdiliage
— ; — L ‘Z]‘ —— combinations, which become important for excited leveigeriE
[ e E”D%g{,?g}'g,"ogg";‘;?n'gg) 1  for n = 5 there are notable fierences, when using hydrogenic

————— Hell - spectrum

recoll effect ‘ formulae instead of the fits by Smiits (1996) and Benjamin et al
/ (1999). Moreover, we find typical flerences of the order of 5-

10% (and in some lines 20%) between these fits and the pho-
toionization cross-sections obtained from the TOPbasthdae
(Cunto et al. 1993).

Furthermore, as shown in Fig. 1lof Chluba etial. (2007) for
hydrogen, due to the strong dependence of the Gaunt-fattor o
- for largen most of the recombinations actually go via levels with
1 smalll. In particular the S and P states of neutral helium should
still have significant non-hydrogenic contribution for> 10,
which we did not account for in our model, again yielding a
rather large uncertainty for He — He1 recombination. Due to
the full hydrogenic character for the wave functions of treaH

B atom, there is no significant uncertainty due to the crostieses

2000 3000 for Hermr — Her recombination.

10—29 L L | I I |
70 100 300 600 1000
v [GHz]
Fig. 14. Influence of electron scattering on the Hie— Hen
bound-bound recombination spectrum. The upper panel sh

the changes at low frequencies, where recoil is negligihe. |, terms of level energies and transition rates, our modéhef
lower panel illustrates the importance of the recoil termth® e tral helium atom is probably accurate on a level of-186%.
Hen Lyman- and Balmer-series. The main uncertainty is connected with the neglect of single
triplet mixing forn > 10. As Table 11.12 in Drake (1996) shows,
for n = 10 the P and D states are still nearly orthogonal, while
cesses are expected to lead to modification of the resulgéng the F states are reasonably mixed, and mixing is practicahy-
lium bound-bound spectra by 10%— 20%. plete for all the other levels. However, there are reasonsthik
We would like to mention that in addition to the aspects dignay not be of so extreme importance: the highly excited tevel
cussed below another30 - 40% rather smooth contribution to(n > 10) are already very close to the continuum. Therefore the
the total recombination emission can be expected from e fr route via the continuum leads to a quasi-mixing of the high le
bound components of hydrogén (Chluba & Sunj/aev 2006a) a#lg- In addition, the cascade of electrons to lower levelsre

helium, possibly with stronger signatures at high freqiesic ~ mixing is fully included, is very fast, such that no signifita
blocking of electrons in the higher levels is expected. Hamve

o ) ) the emission of low frequency photons probably will be under
6.1. Uncertainties in our mOde”lng of the helium atom estimated. Here, a more rigorous ana|ysis is required_

6.1.1. Completeness of the atomic model

OQNJS.S. Energies and transition rates

The probably largest uncertainty is connected with our rhod®?- Additional physics missing in our computation

of neutral helium. First of all, for our final bound-bound He g 5 1 H 1 continuum opacity

spectrum (see Fid.]1) we only included levels with< 30.

As is known from computation of the hydrogen recombinas discussed in Sedil 3, the hypothesisarinplete redistribu-

tion spectrum [(Rubifio-Martin etldl. 2006; Chluba & Suryadion is not valid for the He 2'P; — 1'S; line. This assumption
2006a;] Chluba et &l. 2007) at low frequencies the level obemivas usually very good in the context of hydrogen lines (Gesich
sion strongly depends on the completeness of the atomiclmod®89;| Rybicki & dell’Antonio| 1994), in particular due to the
Therefore we expect rather significant modifications of tiee H presence of a huge amount of CMB blackbody photons, which
spectrum at frequencies below a few GHz. Computationsdacluallow electrons to pass to higher levels while they are ugaler
ing up to 100-shells or more are probably necessary. In tbe céng a resonant scattering event. However, it is not the case h
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because of the additional continuum opacity due to smaiea in the He n'P; — 1'Sy-series (see Switzer & Hirata (2007a) and

of neutral hydrogen during helium recombination. alsol Chluba & Sunyaev (2007a) for more detail) and similarly
In order to dficiently compute the escape probability in théor Heir, should lead to some modifications. However, these are

Her 2'P; — 11, line, we make an ansatz about its redshift deexpected to be rather small.

pendence. This means that we fudge tioeredistribution so-

lution to the escape probability with a certain factor whish

obtained from a dfusion code which treats in detail the escap%‘2'4' Two-photon decays

problem. Although this simplification may introduce errams The simplest addition to the two-photon processes is the
the frequency spectrum of the order of few percent, we censidnciysion of stimulated emission as suggested earlier for
it acceptable given t_he uncertainty that we have in the aIO”Hydrogen (Chluba & Sunyaev 2006b) and also included by
model and the photoionization cross-sections. Hirata & Switzer (2007) for helium. These should modify the

We also made the simplification of assuming the vas two-photon continua at the percent level. However, we hav
lidity of complete redistribution for the Her 2°P; — 1'Sy  shown that when accounting for théect of hydrogen contin-
intercombination-line. The exact treatment of the escdpho-  yum absorption on He — Her recombination, only 8% of all
tons in this line may lead also toftérences in the spectrumhelium atoms reach the ground state via this channel. Hamee o
of the order of ten percent. In agreement with Switzer & Hiraldoes not expect large changes in thertlecombination spec-
(2007b) our more detailed computations (Chluba et al. 2008, trum.
preparation) show that here electrons scattering playsitan-i For the epoch of Har — He1l recombination this may be a
esting role. bit different, since electrons in higher levels will feel the change

Finally, we stress that in this paper, we only considergf the support of the levels from below, because at that time
the detailed computation of the deviations of the escapb-prahe two-photon decay channel is more important. In our com-
ability with respect to the Sobolev approximation for therHeputations~ 44% of all electrons reach the ground-state ofiHe
2'P, - 1'S, transition and He 2°P, — 1'S; intercombination- via the two-photon channel, and the rest passes trough the He
line. Inclusion of all the othen'P; — 1'S; and spin-forbidden | yman-series. In addition one should include the re-akizm p
transitions may lead to corrections of the orderdf0 % aswell. of escaped helium Lymaa-photons by the two-photon process
as discussed hy Kholupenko & lvandhik (2006) for the case of
hydrogen.

Also one could think about the two-photon decays
The absorption of Ha Lyman-« photons by the small fraction from higher levels|(Switzer & Hirata 2007a; Chluba & Sunyaev
of neutral helium atoms during Ha — He1r recombination 2007¢), but both in terms of additional photons and incredise
will lead to the appearance of additional Hghotons, just like the overall rate of recombination one expects correctiars a
in the case of hydrogen (see Séctl]5.2). But since the numissel less than 1%.
of photons emitted in the He Lyman- line is comparable to
the total number of helium nuclei, this will be a notable ajp@n
Most obviously the Her Lyman- line will nearly disappear.

In_ad_dmc_m this will accelerate Her — I_—|e11—recomb|nat|on, In the computations for this paper, collisional processemot
bringing it even closer to the Saha-solution. been taken into account. As discussed in Chlubalet al. (607)
the case of the hydrogen recombination spectrum, becatise of
large entropy of the Universe, collisional processes onbgdm
ify the populations of the hydrogen levels for very high &hel
As mentioned in Seck] 4, for He — Hei-recombination one In that paper it is shown thdtchanging collisions need to be
of the probably most important processes that we negleatedricluded only for shells above 2 30 — 40, while n-changing
our computations so far feedback. As we have seen in SeEl. 5collisions can be neglected even for shells as high-ad.00.

(e.g. Fig.[T), the total number of photons emitted in thet He Inthe case of helium recombination, the same qualitative be
2P, — 1'S, transition is comparable with those coming fronhaviour is expected. Although in this case there are more ele
the spin-forbidden #; — 1'S, line. The former has an en-trons and protons per helium atom than in the case of hydrogen
ergy that is larger byAv/v ~ 1%. Therefore one expects thewe still expect a small féect of collisions, and which mainly
Her 2'P; — 1'S; photons to interact with the HE23P; — 1'S;  would afect the higha shells, i.e. it would only have an impact
intercombination-resonance after a very short period of reon the low frequency tail of the recombination spectrum pre-
shifting. The maximum of the He2'P; — 1!S, line appears at sented in Figurgl1. A detailed consideration of the impansaof

z ~ 2550 (see Tablg 2), such that the bulk of these photons regdiiisions on the results will be left for a future work.

the spin-forbidden transition @ ~ 2520. At this redshift the

optical depth in the spin-forbidden line 451, so that this feed-

back will not be complete. Still one should check this Preces conclusion

more carefully.

As mentioned above, there is som&e continuum absorp- We have presented detailed computations of the contrifsitio
tion, far away from the resonances where resonance soattetb the cosmological recombination spectrum due to bound-
can be neglected, which is not included into our programs THiound transitions in primordial helium. The re-processiig
process should also lead to the re-processing of the remgainHer 21P; — 11S; and Ha 23P; — 1S, intercombination-photons
Her 2'P; — 1'Sy and Her Lyman- photon, such that practi- by neutral hydrogen has been taken into account, yielding-a s
cally only the hydrogen Lymaialine will survive at the end, but nificant acceleration of He — He1 and hence much more nar-
potentially with interesting traces of the recombinatiastdéry row features than without the inclusion of this process.dn a
from earlier epochs. Also the feedback due to photons emnittdition, some hydrogen photons are released prior to theahctu

6.2.2. Hert continuum opacity

6.2.5. Collisional processes

6.2.3. Feedback processes
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epoch of hydrogen recombination around 1100- 1500, with
distinct traces due to the hydrogen ytransition (see Fid.]1).
Probably the most interesting result is the presence of two ;xio=
negative features in the He— He1 recombinational spectrum.
This is qualitatively diferent from any of the other spectra dis-  ¢«i0>
cussed so far (Hand Hei). One of those negative features is
associated to fine-structure transitions in neutral helium
As illustrated in FiglL, théotal cosmological recombination
spectrum contains non-trivial signatures of all recombama & 410
epochs. We emphasize this fact in Figlre 15, were we present
a detailed view, using linear intensity scale, of threeargiin = 5.0~
the recombination spectrum covering the low, intermediaie

8x107%

5x107%

T Hz T s

El

high frequency domain. Although the relative number ofinali 2x10°7
to hydrogen nuclei is rather small 8%), constructive and de-
structive interference of the oscillatory emission paiseat low 1x107

frequencies, and strong non-overlapping lines at highufeeg
cies may provide a unique opportunity to determine someef th
key cosmological parameters, and to confront our curresit pi 20x10™?
ture of recombination with experimental evidence. Intengdy
the signatures due to helium may allow a direct determinatfo
its relative abundance, much before the first appearandarst s
and as pointed out [n Sunyaev & Chluba (2007), these measurer ..o~
ments do not siier from limitations set by cosmic variance. ~ *

As we outlined in Secf]6, several neglected processes have
to be studied in connection with helium recombination, idesr
to obtain definite predictions, possibly with additionalistons.
Nevertheless, all the results presented here stronglyndiepe
our understanding of atomic physiesd the processes in the
early Universe. Currently in particular the data for nellra:
lium may still not be sfficient. Here help from atomic physicist
is required in order to increase the availability of more ptete 5.0x107
accurate anduser-friendly atomic data, in particular for the pho-
toionization cross-sections and transition rates.

All the numerical predictions for the recombinational
lines obtained in this paper, which were used to produce
all the figures in this paper, can be downloaded from sxio*
http://www.iac.es/galeria/jalberto/recomb.

3
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Appendix A: Voigt-profile -

Evaluations involving the well-knowkoigt-profile (e.g. se2 Mihalas 1978):

0 e—tz

e [
732Avp Jowo @+ (X—1)2  Avp’

(A.1a)

are usually extremely time-consuming. However, converapproximations can Fig. 15. Relative contribution of the H. Her and Hear bound-
daound recombination spectra to the total spectrum at higp)(
intermediate- (middle) and low- frequencies (low). Heliuea

be given in the very distant wings and also close to the caitére line. In Eq.

(B x = 2 denotes the dimensionless frequency variable, and thet-\oi

parameter and Doppler-width of the line are defined by

10

P

Hi+Hel+Hell bound—bound
W — — = — Hi+Hell bound-bound
HI bound—bound
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v [GHz]

— HI+Hel+Hell bound—bound
— — — — Hl+Hell bound—bound
—— HI bound—bound

v [GHz]

HI+Hel+Hell bound—bound
Hi+Hell bound—bound
HI bound—bound

o b b Gy S
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15

combination spectra (both Hand Hen ) modify the shapes of

21py-1lsg _
_ P L g 0| @ra)
ArAvp ' 2500
Avp 2KTe s+ 2
% _ ~17x 107 A.1c
Vo Mhec? % 2500 (A1c)

respectively. Herey is transition frequency anédy; the Einstein coicient for
spontaneous emission for the considered resonange~ 4m, is the mass of

the helium atom. Note that for the spin-forbidde?P2 — 1S, transition the For|x| < 30 we use the approximation based on the Dawson integral up to

the existing hydrogen features, shift the peaks positiolsiia
(A.1b) troduce new features which represent changes of 30-40%cesp
to the Hi recombination spectrum alone.

\Voigt-parameter is- 170 times smaller than for the H&'P; — 11S, transition.  sixth order as described[in Mihglas (1978, Sect. 9.2, p..2@%e distant wings
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of the line (X > 30) we apply the Taylor expansion 2'P — 1'S line

a

3-2a% 15-20a% 105(1-2a%)
Pwings ~ e + +

1
e o 8

. (A.2)

For the Ha 21P; — 11Sy and spin-forbidden 3P, — 11S, transition we checked
that the Voigt function is represented with relative accyrbetter than 1€ in 107
the whole range of frequencies and redshifts. Usind Egd. @nZhe red side of
the resonance one can approximate the intaglaellf_x00 o(X)dx by:

Integrand
=)
A

a

3-2a% 3-4a2 15(1-2a%)
—Xl+ +

6x2 T T e

Xwings = — (A.3) 1o~

as long as< < —30. Sincea ~ 1073, this shows that the distant wings only a very

-12
small fraction of photons is emitted. Using the symmetryhefYoigt-profile one 10
findsy(x) = 1 - x(-X), such that Eq_AI3 is also applicable for 30. .
107 . I I . I .
—-4000 —2000 0 2000 4000
Appendix B: Computation of the  APegc *

In this appendix, we focus on some numerical issues whichedegant for the
evaluation of the integral in EQ] 2, which gives the escapbability in the case
of complete redistribution of the photons in the resonance.

10°

B.1. Analytical approximation of APeggc 107°+

For the Ha n'P; — 11Sg-series photonss > 1 at epochs important for helium
recombination. In particular, for these one can also exthettr, > 7 at the
relevant redshifts. Therefore the integrand of Eg. (2) wittof exponentially
due to the factoe ™™, while the term 1- e ¢ does not change extremely fast.
For the spin-forbidden transitions this condition is ndfified.

Using x(X) as variable one can rewrite the integfdl (2) as

Integrand

1 1y ’ ’
APesc = fo dy fo g M [1- el | dAy, (B.2) 10-1°

with Ay’ = ¥’ — x. The problem now is the computationaf(y, Ay’). From Eq.
@BD) for [' —v]/v < 1it follows

(X X) = ()Y —v] = ne(v)Avp[X - ], B2 ) _

o Fig.B.1. Inner integrand ofAPgs, as defined by Eq[(Bl4), for
with ¢ = CN%Z“(V) Assuming that\x = X' — x is sufficiently small one may the Her 2P, — 11_5_0 line (upper panel) and the Spln-fOFbldde_n
write AX ~ Ay’ /¢(x). It is easy to estimate that this approximation is alway23P; — 1'Sy transition (lower panel). For all redshifts, the solid
very good within the Doppler core, while it is rather crudefie distant wings. |ine corresponds to the full numerical integral, while tha-d

Insertlr_lg th|s .|nto Eq[{BI1) it is possible to carry out theer integral analyti- dashed line represents the 1D approximation, as deduced fro
cally, yielding:
Eq. (B3).
1 ~
APLD ~ f d {1 &S00 _ () [1 - eTrs+FelA-n]) (8.3)

0 such that\Pesc = [ F(X) dx. For the Ha n'Py — 11Sp-series one always has
with Zc(x) = 1c(v) Avp/$(X) and(x) = 5. Where bothy andx are func-  rg > 1, such that the exponential facter *X) = e~™sM’ js dominating the
tions of y. Numerically this integral is much easier to take than tHeZD-  behaviour of the integrand. For giverwe numerically determined the frequency
integral given by EqL{2). As we will show below this approxition works very  x’ such thate ™ (X) < ¢, typically with e ~ 1076. This turned out to be rather
well at low redshift. time-consuming, but we found that even within the Dopplereca sificient

estimate forx’ could be obtained using the wing expansion of the Voigt-fgofi

yielding the condition
B.2. Numerical evaluation of APggc

< —. (B.5)

To carry out the 2-dimension integrgl (2) is a cumbersonie & used dierent X —x=—
integrators from the NfJ and Grea8-library and only after several independent
attempts finally rea(;hed agreement. It_ is extre;mely impd)_lttainclude the full However, here we typically choge~ 10-25, in order to achieve agreement with
domain of frequencies, extending the integration to thg estant wings of the - the more rigorous treatment. For the spin-forbidden ttams this simplification
resonance. However, due to the extrentéedences in the Sobolev escape probis ot possible, since none of the exponential factorsyesslturate. The full
abilities of the He n'Py — 1'Sp-series s ~ 10') and intercombination lines range of frequencies < x had to be considered in this case. In practise we
(rs ~ 1) different numerical schemes are required. In order to assur@reon pever went beyond FtDoppler width.
gence of our numerical integrator we made sure that we caressfully repro- In Fig. [B.1 we showF(x) for the Her 2LP; — 1'Sy line and the He
duce several limiting cases, for which analytical apprations can be found. 23p, — 115, intercombination-transition. For the HalP; — 11, line the inner
In particular, we reproduced the approximation given ingtevious paragraph. integrand becomes very broad at high redshifts, with sigauifi contributions to

In order to understand the behaviour of the integrand in Blqwe define  Ap, out to several thousand Doppler width, while it becomeserattarrow at

the inner integral low redshifts. However, we found that the outer integral A% nearly always
- has to be carried out within a very large range round the kamtes. One can also

F(X) = 75 f #(%) ¢(x')e-TL(X~X')[1_ e-Tc(X»X’)J ax’, (B.4) see that the approximation &%(x) following from Eq. [B:3) works extremely
X well at low redshifts. For the He23P; — 1S, intercombination-transition the

: - . main contributions ta\Pesc always come from within the Doppler core and the
See httpj/www.nag.co.ufnumeri¢ wing contribution is~ 10°8 — 10~/ times smaller. For the full numerical integra-
6 Download available al: httpwww.feynarts.dgeubd tion it therefore is possible to restrict the outer integoedh few hundred Doppler


http://www.nag.co.uk/numeric/
http://www.feynarts.de/cuba/
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width. In Fig.[B:1 one can again see that at low redshift thgaxmation from  Cyburt, R. H. 2004, Phys. Rev. D, 70, 023505
Eq. [B:3) works very well. Drake, G. W. F. 1986, Phys. Rev. A, 34, 2871
Drake, G. W. F. 1996, Atomic, Molecular and Optical Physiantbook (ed
G.W.F. Drake (Woodbury: AlIP) —c1996)

Appendix C: Inclusion of line broadening due to Drake, G. W. F. & Morton, D. C. 2007, ApJS, 170, 251
. Drake, G. W. F., Victor, G. A., & Dalgarno, A. 1969, PhysicahRew, 180, 25
electron scattering Dubrovich, V. K. 1975, Soviet Astronomy Letters, 1, 196

Dubrovich, V. K. & Shakhvorostova, N. N. 2004, Astronomy tees, 30, 509
Dubrovich, V. K. & Stolyarov, V. A. 1995, A&A, 302, 635

Dubrovich, V. K. & Stolyarov, V. A. 1997, Astronomy Letterd3, 565
Grachev, S. |. 1989, Astrophysics, 30, 211

Hahn, T. 2004, ArXiv High Energy Physics e-prints

Hirata, C. M. & Switzer, E. R. 2007, ArXiv Astrophysics e-pi$

Hu, W., Scott, D., Sugiyama, N., & White, M. 1995, Phys. Rey5R, 5498
Karzas, W. J. & Latter, R. 1961, ApJS, 6, 167

Kholupenko, E. E. & Ivanchik, A. V. 2006, Astronomy Lette82, 795

The photons released in the process of recombination scapeatedly & mov-
ing electrons. In the low temperature limit this process bardescribed using
the Kompaneets-equation. Neglecting the smdtiedénce in the photons and
electron temperature at redshiftg 500 and introducing the dimensionless fre-
quency variablex, = hv/KT,, neglecting inducedfiects and theecoil term for
an initially narrow line, centered at, o and released a.m, one can find the
solution (Zeldovich & Sunyaéev 1969: Sunyaev & Titarahuk 0P8

(Inxy+3ye-In xy70)2

x§ Al(X0.Zem) € % Kholupenko, E. E., lvanchik, A. V., & Varshalovich, D. A. 2B0Gravitation and
Al(%y,z= O)|Doppler: & X , (C.1) Cosmology, 11, 161
.0 VAnye %y.0 Kholupenko, E. E., Ivanchik, A. V., & Varshalovich, D. A. 2DOMNRAS, 378,
L39

whereAl (X, 0, Zem) denotes the spectral distortion at frequemgy and redshift  } ach, G. & Pachucki, K. 2001, Phys. Rev. A, 64, 042510
Zem Without the inclusion of electrons scattering, and the Climg-parameter Mihalas, D. 1978, Stellar atmosphere@nd editioi (San Francisco,

is given by W. H. Freeman and Co., 1978. 650 p.)
. Olive, K. A. & Steigman, G. 1995, ApJS, 97, 49
Ye(2) = f Kle _ cNeor (C2) Peebles, P.J.E. 1968, ApJ, 153, 1
0 Mec® H(Z)(1+7) Pozdniakov, L. A., Sobol, I. M., & Sunyaev, R. A. 1979, A&A, 7514

Rubifio-Martin, J. A., Chluba, J., & Sunyaev, R. A. 2006, RIAS, 371, 1939
Note thatAl (xy,0, zenﬂ/xg_o o ANn(Xy,0,2), whereAn is the diference of the pho- Rybicki, G. B. & dell’Antonio, I. P. 1993, in Astronomical Siety of the Pacific

ton occupation number from a pure blackbody, is independénedshift. As Conference Series, Vol. 51, Observational Cosmology, ed.. Ghincarini,
Eq. [C) show due to the Doppleffect the line broadens by (compare also A. lovino, T. Maccacaro, & D. Maccagni, 548—
Pozdniakov et al. 1979) Rybicki, G. B. & dell'’Antonio, |. P. 1994, ApJ, 427, 603
Seager, S., Sasselov, D. D., & Scott, D. 2000, ApJS, 128, 407
Av — Smits, D. P. 1996, MNRAS, 278, 683
v DoppbrN 2VYe In2. (C3) Storey, P. J. & Hummer, D. G. 1991, Computer Physics Comnatinits, 66,
129

and shifts towards higher frequencies by a faef¥t. Sunyaev, R. A. & Chluba, J. 2007, ArXiv e-prints, 710

Also including the recoil term, to our knowledge, no analolution to the Sunyaev, R. A. & Titarchuk, L. G. 1980, A&A, 86, 121 )
Kompaneets equation has been given in the literature. Hewey estimate the Sunyaev, R. A. & Zeldovich, Y. B. 1970, Astrophysics and $p&cience, 7, 3
effect on the spectrum one can neglect théudion term and finds that the line Switzer, E. R. & Hirata, C. M. 2007a, ArXiv Astrophysics eifis

shifts by Switzer, E. R. & Hirata, C. M. 2007b, ArXiv Astrophysics eifts
Wong, W. Y. & Scott, D. 2007, MNRAS, 375, 1441
Ay Wong, W. Y., Seager, S., & Scott, D. 2006, MNRAS, 367, 1666
3 lrecoil —YeXy0 (C.4)  Zeldovich, Y. B., Kurt, V. G., & Syunyaev, R. A. 1968, Zhurriksperimental

noi i Teoreticheskoi Fiziki, 55, 278
towards lower frequencies. There is also some line broaderonnected with Zeldovich, Y. B. & Sunyaev, R. A. 1969, Ap&SS, 4, 301
the recoil éfect, but it is completely negligible in comparison with thegipler
broadening. From Eq_{Q.4) is it clear that the high freqyeimes will be af-
fected most. Note that in contrast to the recoil term Dopbteadening is inde-
pendent of the initial photon frequency.
To account for the féect of Doppler broadening on the final spectrum one
only has to integrate Eq_(Q.1) for fixed over all possiblex, o for a given
transition. The emission redshifty, of the contribution can be found withy/v =
1+ Zem. Afterwards in addition the sum over all transitions haseaérried out,
yielding the final results. To estimate the influence of theoileeffect one can
simply add the recoil shift of each line to the frequency befsumming over all
possible transitions.
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