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ABSTRACT

In this paper we consider thdfects ofresonance and electron scattering on the escape of Lymam photons during cosmological
hydrogen recombination. We pay particular attention toittilence ofatomic recoil, Doppler boosting and Doppler broadening
using a Fokker-Planck approximation of the redistributienction describing the scattering of photons on the Lymaesonance
of moving hydrogen atoms. We extend the computations of ecent paper on the influence of the/3st1s two-photon channels
on the dynamics of hydrogen recombination, simultaneoinslyiding the fulltime-dependence of the problem, thehermodynamic
corrections factor, leading to a frequency-dependent asymmetry between tligsiem and absorption profile, and thjgantum-
mechanical corrections related to the two-photon nature of the/3st1s emission and absorption process on the ekape of the
Lymana emission profile. We show here that due to the redistribusfquhotons over frequency hydrogen recombination is sped up
by ANeg/Ne ~ —0.6% atz ~ 900. For the CMB temperature and polarization power spébisaresults iNnAC;/Cj| ~ 0.5% — 1% at

| > 1500, and therefore will be important for the analysis ofifatCMB data in the context of tha.Rick Surveyor, 8r and At. The
main contribution to this correction is coming from the atomecoil efect (ANe/Ne ~ —1.2% atz ~ 900), while Doppler boosting
and Doppler broadening partially cancel this correctigaia slowing hydrogen recombination down di¥e/Ne ~ 0.6% atz ~ 900.
The influence of electron scattering close to the maximunh@flthomson visibility function at ~ 1100 can be neglected. We also
give the cumulative results when in addition including tineet-dependent correction, the thermodynamic factor aeddhrect shape
of the emission profile. This amountsAiNg/Ne ~ —1.8% atz ~ 1160 andAC,/C| ~ 1% — 3% atl > 1500.
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1. Introduction this epoch. In our previous work we neglected this aspedief t

, , ) problem, although in the standard textbook formulationeblas
';’ALOtlvatesdur\?gyotrhesgrgr?é zpesfgcgrn;ﬂng;%SepnedC;t ertgu;gﬁ] a Fokker-Planck expansion of the frequency redistiiputi

ANCK yol, ot T unction (RybicKi 2006) we obtained these results alreanyes

(e.9. [ Dubrovich & Grachev_2005; _Chluba &,Sun\/iaﬁooq;me ago. Here we explain the main results of these comjpuisti
Kholupenko & Ivanchik [2006; [ Rubifio-Martin et/al_2006hich we also partly used elsewhere (Rubifio-Martin 2@08;
Switzer & Hirata 2008t Wong & Scolt 2007) have investigategihjupa & Sunyadl 2008), and also refine our computations in-
details in the physics of cosmological recombination ar@rth ¢, ging the 3d-1s and 3s-1s two-photon corrections.
impact on the theoretical predictions for the cosmic miaesy
background (CMB) temperature and polarization power spect |t js well known (e.g. see Rybicki & dellAntonlio 1994) that
The declared goal for our theoretical understar%gitg{ th6r the conditions in our Universe (practically no collisg) the
ionization history is the- 0.1% accuracy level (e.g. s alfrequency redistribution function for photons scatterfignov-
11995 Seljak et al. 2003) close to the maximum of the Thoms@{yy atoms is given by the so called type-Il redistributiordas
visibility function (Sunyaev & Zeldovich 1970) at ~ 1100 fined in [(1962). The main physical processes which are
(e.g. see Sunyaev & Chluba 2008; Fendt et al. 2008, for a m@fg:ounted for in the Fokker-Planck expansion of this fregye
detailed overview of the dierent previously neglected physicakedistribution function are due to (@omic recoil, (ii) Doppler
processes that are important at this level of accuracy). boosting, and (iii) Doppler broadening. All three physical pro-

This paper is a continuation of our recent work on cosmeesses are also well-known in connection with the Kompaneet
logical recombination, in which we studied thfeets of 3d-1s equation which describes the repeated scattering of phdign
and 3s-1s two-photon processes on the dynamics of hydregerfree electrons. Atomic recoil leads to a systematic drifplob-
combination|(Chluba & Sunyaev 2009a). Here we now wish tens towards lower frequencies after each resonance sogtte
give the results for the changes in the Lymaascape probabil- This allows some additional photons to escape from the Lyman
ity and free electron fraction when in addition accountiogthe  « resonance and thereby speeds hydrogen recombination up, as
effectspartial frequency redistribution related to resonance scat-already demonstrated earlier by Grachev & Dubrdvich (2008)
tering of moving neutral atoms aredlectron scattering during We found very similar results for this process some time ago
(e.g. see footnote 10 |n Chluba & Sunylaev 2009b), which here
Send offpprint requests to: J. Chluba, we shall present in detail and also refine including addéion
e-mail: jchluba@mpa-garching.mpg.de corrections simultaneously.
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However, in the analysis bf Grachev & Dubrovich (2008) thblackbody spectrum witfi, = T, should not be altered by these
effect due to (ii) and (iii) were not taken into account. Likgrocesses. Within the Fokker-Planck formulation of ther&or
atomic recoil Doppler boosting leads to a systematic moti@ponding processes these requirements are directlyddilfill
of photons, but this time towards higher frequencies. Tioege
it is expected to slow recombination down. In contrast t@ thi .

Doppler broadening can lead to both an increase or a decreéde Lyman- resonance scattering

in the escape probability depending on where the photon iRine contribution to the collision term due to redistributiof

tially is emitted. As we explain here, if the photons arei@ly 010 by resonance scattering moving atoms can be written
emitted in the vicinity of the Doppler core linefflision helps ;¢ (e.g. see Rybidki 2006)
to bring some of them towards the red wing, before they actu- * =

ally die (mainly due to two-photon absorption to the third shell).

Similarly, for photons emitted on the blue side of the resmea CIN,I; = fya(v, VIN,(1+n,)dv

line broadening allows some finite number of them to ﬁanm/er

the Doppler core. In the no line scattering approximatitms _ / /

would not be possible, so that in both case the escape fnastio ROLINAL+N A, (1)

increased. In contrast to this, for photons emitted on tHesige

of the resonance thefect of Doppler broadening decreases th@here R(v, ) is the frequency redistribution function for the
escape fraction, since even up+td 00 Doppler width below the scattering atom, which for conditions in the Universe (ficadly
line center a significant fraction of the photons still resiclose no electron or proton collisions!) is purely due to the Dagjaif-

to the Doppler core, where they difieiently. As we show here, fect (type-Il redistribution as definedm@&).

the combination of Doppler boosting and Doppler broadeiing  As shown irl Rybicki[(2006), within a Fokker-Planck formu-

total leads to an additional decrease in the escape prabatsl |ation for the case of Doppler redistribution EG] (1) can hstc
compared to the no line scattering approximation. into the form

For the expected correction due to electron scattering very

similar arguments apply. However, there are some impodiént AV2
ferences: (i) electron scattering is expected to beconseiies CINJ]Ir = pég 0 Nps—2>
portant at lower redshifts, since the free electron fractie- 2
creases with time; (i) in contrast to resonance scattefamg 9 V2¢V(V)[ oN L&( CZNv)] @
Lymanea photons the electron scattering cross secticachso- v Iy v2 KT v? 22 )|’
matic; and (iii) due to the smaller mass of the electron the recoll
gffect iS~ 200(|J3 larger. Nlevertheless, it turns ogt that :jurigg NYihere o = % % denotes the resonant scattering cross

rogen recombination electron scattering can be negléct : s :
ana?ysis of future CMB data. This is beczguse of its mguch sarnaIFeCtlon andAvp the Doppler width of the Lymanr reso-

cross section in comparison with line scattering and theedee nance. The first term in brackets (,n,) describes the com-
= , Oy A
ing number density of free electrons (see S&dl, 2.2). bined efect of Doppler boosting (it is of the order V?/c?,

i N : . . whereV is the velocity of the atom) and Doppler broadening
We would I|I_<e to menponthat .Wh'le this paperwas in prepa(-N V/c), while the second termeq( n,[1 + n,]) accounts for
ration another 'T(\’Z%%gat_'l%n of th'lf prgtblgem dWath?‘”'e”&@'%g atomic recoil ¢ hy/myc?) and stimulated scatterings. Following
obei d )'t .Et’h“taﬁu SO alnet (Ijnh EIr wormse Rybicki & dell’Antonid (1994) we have used thefflision coef-
0 bein good agreement wi 0S€ presented here. ficientD o« ¢y(v), wheregy(v) is the normal Voigt-profile. We

will neglect corrections due to non-resonant contribgiéeg.
.g-

2. Additions to the kinetic equation for the photons se f5) in the stijatterindg crosfs sectionf, whichh woald le
. . to a diferent frequency dependence far away from the resonance
In the vicinity of the Lyman & resonance (e.g. Rayleigh scattering in the distant red wing (Jadk€98)).

Here we give the additional terms for the photon radiative It is important to note that Eql}(2) simultaneously includes
transfer equation which are necessary to describe ffeste the dfects ofline diffusion, atomic recoild andstimulated scat-

of resonance and electron scattering in the Lymasscape terindd. In this formulation it therefore preserves a Planckian
problem during cosmological hydrogen recombination. W wiphoton distributionN?! with T, = Te. This can be easily

use the same notation as [in_Chluba & Sunyaev (2009b) 2vnéjrifi ed when realizing thag NP! b NP (1+ N\ Also

Chluba & Sunyaév (200Ba), also introducing the dimensisl _ _ 7= TR 27 ) _
frequency variable = v/(1 + 2) and photon distributiony, = ©one can easily verify that in the Fokker-Planck formulation

Ne/(1+2)° = N,/(1+2)2 with N, = I,/hv, wherel, is thephys- [ C[N,]|; dv = 0.

ical specific intensity of the ambient radiation field. The photon In Eq. (2) we also took into account the fact that not ev-
occypation number then is, = I,/2hv3. Note that with this ery scattering leads to the reappearance of the photore parc
choice of varlabtles tht? r?ldsthllitmg' C}(f phOtonr?X?ﬁlije to thet(ijikub scattering the fraction-1pz’ of photons disappear in other chan-
expansion Is automatically taken Into acCoUnXfior more de-  nels j e to higher levels and the continuum. Hpgis thesin-
tails see Chluba & Sunyaev 2009b). gle scattering albedo which in our formulation is equivalent to

Itis clear that Lymanx line and electron scattering (both in-the one photon emission probabiliby’.. However. since is
cluding the Doppler-broadening, recoil and induced scatjs) alwavs vrcjer close to unit p(e sm}%oo%)
only lead to theedistribution of photons over frequency, but do y y Y (€.0. '

not change the total number of photons in each event. Alsg9® could also neglect this detall here.

1 In this approximation only true line emission and line apsion 2 This terms was first introduced by Bakko (1978, 1981)
and redshifting of photons are included in the computafidre redis- 2 For the escape of Lymanphotons during hydrogen recombination
tribution of photons over frequency is neglected. this term is not important.
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Fig. 1. Time evolution of the photon distribution for single (nasrine) injection at the line center. The death probabifity a
3-shell hydrogen atom was used and electron scatteringe®asrieglected. We use the time-variabte fCO'rNH dt.

The corresponding term in the variabbeandN, then reads quency space for resonant and electron scattering

- Av ~1.9x 10° (5a)
~ 1 D V|
CIN:|, = PehcriNis 22 péerers—i,E ¢v(v) Nis ov ()
J 8 Ny N[, Ny wings -8 Ne .o
il 21X X X ~ 21x10°(1+2) — x5, 5b
XaxX¢V(V)[axx2 tE (1 2x2) 3) 1+ (5b)

shows that at redshift ~ 1400 (whereNg/Nis ~ 4) in the line

khT”e and cr:enterlresonance scattering:in.le 10’ times more ilmpor;[jaﬂt
than electron scattering, and only|a| > 100 Doppler widt

v =X1+7. Note thaty> = x5, 7.5, wherexe = va1/[1+Zand  gjeciron scattering is able to compete with line scattering
my is the mass of the hydrogen atom. This term has to be addedpe to the changes iNe/Nys the ratio [) is a strong func-
to the radiative transfer equation which includes tfie of line  tjon of redshift. However, electron scattering is expedteih-
emission and absorption and can be found in Chluba & Suhyagience the evolution of photons close to the line centerifsign
(2009b) for the normal '+ 1’ photon formulation of the problem cantly only at redshifta > 2500, i.e. well before the main epoch
and in.Chluba & Sunyaev (2009a) for the two-photon formulgst hydrogen recombination. Therefore one expects thatrelec
tion. scattering has a small impact on the development of the pBoto
close to the center of the Lymantransition and hence on the
escape probability during hydrogen recombination.

where we have made the substitutions (1 + 2), ¢ =
A _ 2 Ke

2.2. Electron scattering

The contribution to the collision term due to scatterifyitee, - 3 ), syrative time-dependent solutions for different
non-relativistic electrons can be described with the K - o R
equation. Due to the similarity with EJ](2) (see d%ick initial photon distributions
i) it is straightforward to obtain the correspondingtefor |n, this Sect. we illustrate the main physicélets related to res-
our set of variables: onance scattering and electron scattering. For this we nume
) P PR N 2R ically so_Ived the radiatiye transfer equatior_1 injectingirgke
C[Nx]|C=LTT Ne 6 — x* [__; +& _2" (1 + ZX)] , (4) narrow-line at diferent distances from the line center. For the
x| Oxx X 2x computations we include the frequency redistribution ob-ph
) _ tons, redshifting and real absorption using the normal"jpho-
whereor ~ 6.65x 10?°cn¥ is the Thomson cross section andon picture (seé Chluba & Sunyéev 2009b). We neglect the ef-
fe = ks Te/mec”. Again one can clearly see that the electron scakcts due to two-photon corrections here. Furthermore had s
tering term preserves a Planckian photon spectruriifot Te, assume that the solution for the electron number density and
and thatf C[N,]I; dv =0. the 1s-population are given by the output of theigst code
(Seager et al. 1999). A few words about the PDE-solver can be
found in the AppendikA.

2.2.1. Relative importance of electron scattering

Since the line-profiley is a strong function of frequency, res-
onance scattering is most important close to the Lymadime
center, while in the very distant wings electron scattertngx- In Fig.[d we present the results for single injection of pimsto
pected to dominate. Comparing theéfdsion codicients in fre- at the Lymane line center. In practice we use a Gaussian ini-

3.1. Time-dependent solutions
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Fig. 2. Time evolution of the photon distribution for single (nakrdine) injection on the red side of the Lymanfesonance at
different distance from the line center. The death probabditaf3-shell hydrogen atom was used and electron scatteambéden

neglected. We use the time-variable fCO-rNH dt.
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Fig. 3. Time evolution of the photon distribution for single (nasrdine) injection atxp = +10. The death probability for a 3-shell
hydrogen atom was used and electron scattering has beeattezIWe use the time-variahle- fCO’rNH at.

tial photon distribution which is centered at the injective- some photons even reach far into the blue side of the Lyaan-
quencyxp,; and has a widthr®> ~ 5 x 1072, Furthermore, we resonance. Again only after the bulk of photons has reached a
re-normalized by a convenient factor such that indudéeces distance ofxp ~ —150 redshifting and absorption play the most
are negligible. We started our computation at injectiorshéfti important role for the evolution of the photon distribution
z = 1400, i.e. close to the time where the maximum of the Looking at the other two cases, it becomes clear that for in-
CMB spectral distortion due to the Lymantransition appears jection atxp; = —50 still a few photons do fluse back to the
(Rubifio-Martin et dl. 2006). At this redshift roughly 2@8fall line center, whereas fog; = —100, practically all photons re-
hydrogen atoms have already recombined and the death prahain belowxp ~ —50 at all times. Comparing the maxima of
bility for a 3-shell hydrogen atdfris py ~ 5.6x 10-* (see Fig. 1 the final photon distribution (at ~ 2.5 x 10') for all the dis-
in|Chluba & Sunyaev 2009b). cussed cases shows that as expectedfttwemcy of absorption

From Fig[1 one can see that after a short time the initial phdecreases when increasirygj;.
ton distribution has broadened significantly, bringing foins to Itis also interesting to look at cases when injecting phston
the wings of the Lymane transition. Afterr = [coy Nydt ~ on theblue side of the Lyman-resonance. In this case all pho-
10* the death of photons in the line center becomes importaltNs have to pass at least once through the resonance bedgre t -
owing to the fact thapy ~ 10* is so small. The solution remainsCan escape and one expects that many photons die during this
very symmetric untitt ~ few x 10%° and only then redshifting Passage. In Fid.13 we show the results for single injection at
due to the expansion of the Universe starts to become impiort¥p = +10. At the beginning the evolution of the spectrum looks
(as we will see line-recoil onlyfeects the photon distribution at Very similar (except for mirror-inversion) to the case géition
the level of few percent in addition). When the bulk of phatorf!Xo = —10. However, at late times one can see that the amount
reaches a distanog ~ —100 still a sizable amount of them re-0f photons reaching the red side of the Lymamesonance is
mains on the blue side of the Lymantine, and only when the S|gn|f|ca_n¥ly s_mallgr. Indeed this amount is comparablehi t
maximum of the photon distribution reaches~ —150 the evo- case of injection directly at the center.
lution starts to become dominated by redshifting and aligorp
EQLV' with very small changes because of frequency redistri 3 5 £scape probability for single narrow line injection

In Fig.[2 we present the results for single injection of phdsiven an initial photon distribution one can compute thaltot
tons at diferent distances to the line center. Again photons weg@mber of photons thaturvive the evolution over a period of
injected aiz, = 1400. Focusing on the casg; = —10, one can time for the given transfer problem. Here we assume that only
again observe the fast broadening of the initial photorritist  at timet = 0 fresh photons are appearing. Comparing the total
tion. However, now the characteristic time for line scatighas number of photons at the final stage with the initial numbenth
increased by a factor of 2.3 x 10° because frequency redis-yields thenumerical escape or survival probability for the given
tribution already takes place in the wings of the Voigt-geofit ~ diffusion problem
is important to note that due to line scattering photonssiso
diffuse back into the line center and thereby increase the possi- N, (%)
bility of being absorbed. Also one can see that due ffusion Pesdz, z) = N,(z)

[ Ng(@) dx
~ [Ry(z)dx’

1+z
1+z

(6)

4 The main contribution to the death of photons is due to the two . .
photon absorption to the 3d-state. Including more shelés dbath whereN,(2) = fNV(Z) dv is the number density of photons at

probability changes by less that 10% during hydrogen redoation.  redshiftz. The factors (1+ 2)° account for the changes in the
(Chluba & Sunyael 2000a). scale factor of the Universe between the initial and finashéftl
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Due to the expansion of the Universe photons redshift to- 1’

wards lower frequencies. Neglecting any redistributioocess,

with time this will increase the distance of the initial pbotdis- .

tribution to the line center and thereby decrease the pilityab 10

of real line absorption. Assuming that the initial photostdbu-

tion is given by as-function then with Eq.[{(6) one obtains

pg,sacbs — @ 72,2 7)

for this case. Here,ps is the absorption optical depth between
the initial redshiftz, andz

We now want to compare theftiérential escape probability
Eq. (@) with the numerical results obtained when also incigd 4
the redistribution of photons over frequency. The resuftdhe
the previous Section suggest the following:

T T
L

T
Ll

=
o,
S

T
Ll

10

T
il

Escape Probability

T
il

—— 2z =1100, absorption only
5 z,= 1300, absorption only

(i) For photons injected close to the line center th&udion 0 7=1100, wline scattering
due to resonance scatterihglps to bring photons towards Eoe 7 =1300, wline scattering  .................]
the wings. In comparison to the case with no scattering this | .
should increase the escape probability. 03 25 =20 15 -0 5 0 5 10
(ii) At intermediate distances on tired side of the line center o

(xo ~ -50 to —100 Doppler width) line dtusion brings
some photons back to the Doppler core and thereby should
decrease the escape probability in comparison to the case ...
without line scattering. ogF e n

(iii) Far in thered wing of the line &p < —100) the escape frac-
tion will depend mainly on the death probability and the ex-
pansion rate of the Universe. In this regime line scattering
does lead to some line broadening, but should ffecathe
escape probability significantly anymore.

(iv) The escape probability for injections on thieie side of the
resonance becomes nearly independent of the initial distan
to the line center and should be comparable to the one inside
the Doppler core.

bability

0.6

0.4

Escape Pro

It is easy to check these statements numerically. For this we  o.21- z = 1100, absorption only
z = 1300, absorption only

performed a sequence of computations injecting photong-at d [ —— 7z=1100, w line scattering 1
ferent distances from the line center and following theio-ev oo 7 = 1300, w line scattering 1
lution until the initial maximum of the photon distributidras N L L | 1
reachedy; = Xpj — Xps. We then computed the escape or sur- %00 -150 100 -50 0
vival probability as defined by EqL](6) for the givenfidision D

problem as a function of the injection frequengy,, injection  Fig 4. Escape probabilitPesd Xo, 7. z), for single (narrow line)
redshift,z, and termination redshift, which directly depenfls  injection at diferent distances from the line center and initial
onthe value okps. S _ redshiftsz = 1100 and 1300. The death probability for a 3-
_ Since the absorption cross section in wings of the line scalghe|| hydrogen atom was used and electron scattering has bee
like o 1/xp, even beyondo ~ ~10° still percent-level absorp- neglected. For the given curves we sgts = 10%, such that
tion can occur, which should be taken into account when COM (Xp, 7, z) ~ PesdXo, 7, 0). For compafison also the analytic
puting the total escape probability until redshift: 0. However, ¢ 1t p%2bs o s-function injection including only pure absorp-
the efect of resonance scattering becomes negligible at this (ﬁi%'n without line scattering is shown.
tance from the line center (see below) and the time evolution
in principle can be described fully analytically. For singfily
we neglected this additional complication and typicallps®  apove this behavior is expected since line scattering shoof
Xp.s ~ 10%, which ensured that the remaining absorption willirongly dfect the evolution of the line anymore. Atintermediate
only lead to modifications oAP/P < 10 to the obtained es- gistances from the line center the inclusion of line scattgin-
cape probability. Up to this level of accuracy, the obtaioedes  jeeq decreases the escape probability in comparison tases c
presented in this Section can be considered as the frequeng¥hout scattering. Looking in detail at the dependencaf
dependent total escape probability ugit 0. _ close to the center of the line shows that the presumptigns (i
In Fig.[4 we present some results for computations of th,q (i) also hold. Our computations clearly show that tieee
frequency-dependent escape probabilys{xo, z, z), for in-  non.vanishing escape probability for photons from the Iside
jection redshifts; = 1100 and 1300. For comparison we alsgf the line, which in the case of pure absorption is pradgcal

: : e eaab - ' nt \ .
give the corresponding escape probabiliti®ssc® = €7,  zerd. This probability is nearly constant extending even int th

Eq. (@), fors-function injection when neglecting line scatteringeore of the line and down 'y ~ —2.
At large distanceXp < —150) from the line centelPesc practi-

cally coincides WitrP‘é’;"‘chin all presented cases. As mentioned 6 There is a small dierence close to the line center due to the fact
that we useds-function injection for the computation d¥2> instead

5 For simplicity we used; = z[1 + XpAvp(Z)/v21]- of the Gaussian that was used in the numerical computatiowekker,
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Fig.5. Frequencyxp < 0 at which the modification due to line

scattering becomespercent. HerdP/P = [Psc - P3209/p32bs  Fig. 6. Relative diference in the escape probability for single
where forPS, line scattering was taken into account. The deaffi@rrow line) injection at dferent distances from the line center
probability for a 3-shell hydrogen atom was used and we s#fen including the gect of atomic recoil. Her&P/P = [Pesc—
Xos = 10 for all curves. Paec ¢/ Pesc'®¢, where forPg:"®° the term due to atomic recoil

' was neglected. The death probability for a 3-shell hydragem
was used and we sgh s = 10*
In order to understand up to which distance to the line cen-

ter the éfect of resonance scattering is important we compared

the results for the escape probability including line saty 4

with the analytic no-scattering solution, asking the goesat

which distance in the red wing the modification due to ling-sca 2

tering becomes percent. In Figlb we summarize the results LT

of such comparison. It is clear that at all redshifts of iagtr 0
line-scattering is only important foxp > —few x 107, but at
the percent-level in principle may be neglected below thes f
quency. We made use of this result already in some earlietsvor

(Chluba & Sunyaey 2008).

AP/P in %
A

3.2.1. Role of atomic-recoil

Every resonance scattering due to atomic-recoil leads to a

small shift of the photon energy towards lower frequencies. -8 j:i;gg -
The strength of the recoil due to the frequency-dependehce o _— 4':1300 A
the scattering cross section is a strong function of photen e 10k 7 =1400 i
ergy, peaking close to the Lymaniine center, and dropping Z::lsoo i
rather strongly in the damping wings. This is in stark cositta NS
electron-recaoil, for which the scattering cross sectiopriscti- M50 -100 « -50 0
cally independent of frequency. o

To understand the importance of the atomic reci¢e for Fig 7. Relative diference in the escape probability for single
the diferential escape probability we therefore performed segqarrow line) injection at dferent distances from the line cen-
eral computations of the frequency-dependentescapelpititha ter when including electron scattering. Hex®/P = [P, —
for injection of photons at dierent distances from the line cenp, ]/p.s, where forP,_ electron scattering was taken into ac-
ter explicitly neglecting theféect of atomic recoil. In Fid.J6 we count. The death probability for a 3-shell hydrogen atom was
present the correction to the escape probability whichligdue ysed and we set s = 10* for all curves.
to the atomic-recoil term. As expected, atomic recoil helps- '
tons to escape in the whole range of frequencies. However, du
to the decrease in the scattering cross-section the comdsym
correction becomes very small at distances betgw —100 to
—150. Also the amplitude of thefiect increases towards lower
redshifts, simply because more hydrogen atoms have become )
neutral. The largest correction is coming from the line eentand in practically constant over the whole Doppler core ded t
blue side of the resonance. We will see below that the total co
this will only make the transitiofP22 — 0 less steep, but otherwiserection to the Lymamr escape probability is very similar to the
will not change the main conclusion. value obtained for injections close to the line center (s 3).
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3.2.2. Role of electron scattering 10 ‘3‘Sh?"‘H3"dr99?"‘at?n7

T

In Fig.[4 we show the relative fierence in the escape probabil-
ity for single (narrow line) injection at dierent distances from
the line center when including electron scattering. As etga
electron scattering has a similaifect as resonance scattering,
helping photons to escape morgi@ently from the line cen-
ter, but bringing some photons from the wings back into the
Doppler-core, diminishing the probability of their suraly At
higher injection redshift the @fierences become larger, due to
the increase of the number of free electrons as compare@to th
number of neutral hydrogen atoms. Z\ts 1200 the relative dif-
ference becomes smaller thanl.2% in the whole considered
range of injection frequencies. Close to the maximum of ike v
ibility function z ~ 1100 one does not expect a large correction
due to electron scattering. In addition it is clear that tizéase

TTT

UL LA L LA LA N L L L B B BB |

——————— time-dependent correction (analyti
line recoil
electron scattering

Relative Change in the Escape Probability in %
o

II"I the escape |n the DOpp|er-Core Shou'd be partla”y Caubel —:LOi l,// 77777 Doppler boosting & broadening
by the decrease in the red wing. As we will see in 9dct. 4 the net L all corrections

. o 1200 Ll Ll P O R B .
effect of electron scattering on the Lymarescape probability 600 300 1000 1200 1400 1600 1800
during hydrogen recombination is alwaysl% atz < 1600. z

Fig. 8. Changes in the Lyman escape probability for the stan-
] N dard '1+1’ photon formulation. The dashed line shows the result
4. Changes in the Lyman « escape probability obtained in the no scattering approximation (Chluba & Sexya
during hydrogen recombination [20094).

In this Section we now present the results for the chang(_es in 3 shell Hydrogen atom
the Lymana escape probability during hydrogen recombination. 12 \ e A
Our approach here is very similar to the one used in our ear-¢ - time-dependent & (CS 2009)
lier, semi-analytical works (Chluba & Sunydev 2000b,a)eBi 10[- Ine recol atering
the solution for the populations of thefidirent hydrogen lev- - Doppler boosting & broadening
els we numerically solve the transfer equation for the Lyman all conreetions
a problem obtaining the spectral distortion in the vicinifytioe
Lymana resonance at tferent redshifts. From this we can com-
pute the &ective escape probability by convolving this distor-
tion with the corresponding Lymanabsorption profile. We also
followed a very similar approach in our previous computagio
of the radiative transfer problem during helium recomborat
where some of the results obtained in that case were alresadly u
in[Rubifio-Martin et &l (2008).

We will start by discussing the results in the standard 1
formulation (Sect["4]1). We then include thffeet due to the

T T

T T

Relative Change in the Escape Probability in %

thermodynamic correction factor f, (Sect[4.R), which was in- 2 5
troduced earlier (Chluba & Sunyalev 2009b,a) using the leetai - e 1
balance argument. Finally we shall also include the cooest '%60‘ T T I T T ‘1;300
to the 3d-1s and 3s-1s two-photon emission profile (§edx. 4.3 -

Fig.9. Changes in the Lymarnw escape probability due
4.1. Results in the standard "1 + 1’ photon formulation to the thermodynamic correction factor. The dashed line
In Figure we present the results for the escape probabing shows the result obtalne;) in the no scattering approximatio
the standard 'k 1’ photon formulation. In this case the emis-ﬂ > '
sion and absorption profile are given by the normal Voigt peofi
We also included the full time-dependence of the problernén t
computations of the line emission rate and the absorptitinap In Figure[8 we show the separate correction due to atomic
depth. In the no scattering approximation (Chluba & Sunyaegcoil (thin solid line). We obtained this curve by taking tif-
2009b) this leads to the dashed curve shown in[Hig. 8. ference of the escape probabilities for the case with alieer

As mentioned earlier_(Chluba & Sunyaev 2009b) the stations due to line and electron scattering included and ttesion
dard '1+ 1’ photon formulation has several discrepancies, i.ahich line recoil was switchedfb The importance of recoil in-
leading to an unphysicaklf-feedback of Lyman « photons at creases towards lower redshifts reaching the levaRyP ~ 6%
low redshifts ¢ < 800- 900). Nevertheless, one can study thatz ~ 600. If we look at the results presented in Fif. 6 for the
influence of the redistribution of photons by resonance d&xt e case of single narrow line injection, we can even see that the
tron scattering even in this approach and as we will see one tdital recoil correction seen in Figl. 8 is very close to therealb-
tains very similar results for theffect of resonance scattering intained for line center injection. This is expected, sineeléngest
comparison with the more complete formulation using the-twaontribution to the total value of the escape probabilityagls
photon picture (Sedf.4.3). comes from the Doppler core.



Chluba and Sunyaev: Cosmological Hydrogen Recombinaitiflmence of resonance and electron scattering 9

3 shell Hydrogen atom
12 T N R e B B S e ey
——————— time-dependent && @ (CS 2009)
-~ @- correction
@- correction (CS 2009)
numerical result all corrections

We can also see that th&ect of electron scattering (dotted
curve) is very small, leading to a correctign1% atz < 1800.
Close to the maximum of the Thomson visibility function tlie e
fect of electron scattering is negligible. This curve waspated
using the numerical results in which we switchefil @ectron
scattering and then compared it to the one where it was iedud

Finally, we also computed the contribution that can be at-
tributed to the &ect of Doppler boosting and Doppler broaden-
ing (dash-dotted curve). For this we computed the escagmpro
bility when neglecting electron scattering and atomic ilebot
only including the line diusion term. We then took thefter-
ence to result obtained in the no scattering approxima#tsn,
given earlier|(Chluba & Sunyaev 2009b). One can see that the
diffusion term results in a decrease of the escape probability at$
low redshifts. However, this decrease is about 3 times small
than the increase in the escape probability due to atomailrec g -
Therefore the netfiect due to resonance scattering is anincrease o= ]
in the escape probability, reaching?/P ~ +4% atz ~ 600. As e
explained in Secf_32, this shows that the decrease in the re ~ 6° 800 1000 1200 1400 1600 1800
wing escape probability due to the return of photons towards
the Doppler core by line diusion is more important than theFig. 10. Changes in the Lymaa escape probability due to the
increase of the escape fraction from within the Doppler coedape of the emission profile. The dashed line shows thetresul
caused by Doppler broadening. obtained in the no scattering approximation (Chluba & Sefxya

We would like to mention that the small variability in the dlif 20094).
fusion contribution az ~ 600 is likely due to some details in our
numerical treatment. However, we expect that the corredipgn
result is converged at the 10% level of the correction, which is
sufficient for our purposes here.

T T

10

T

Change in the Escape Probability in %

Relati

3 shell Hydrogen atom
12 T L R e B B S e ey
——————— time-dependent && @ (CS 2009)
------- frequency redistribution
cumulative result

T T

10
4.2. Effect of the thermodynamic corrections factor

If we now in addition include the frequency-dependent asym-
metry between the emission and absorption profile due to the
thermodynamic correction factor which was introducedieegr!
,a), we obtain the results presented
Fig.[Q. The dashed line again shows the correction in the as sc
tering approximatior (Chluba & Sunyaev 2009a). The main cor
rection do to the redistribution of photons over frequengsia
is due to the line recoil term (thin solid line). One can sex th
is practically the same as in the previous case (sed Fig.I8). A
the total correction due to electron scattering did not glearery
much. In both cases theftBrence was smaller than5% on the
correction. However, the correction due to the linudiion term 600 B0 Toos - aos 1400 Teo0 1800
seems to be slightly increased, suggesting enduced correc- z
tion to the correction that is not completely negligible.

Relative Change in the Escape Probability in %

Fig.11. Changes in the Lymamx escape probability due to

the diferent processes under discussion here. The dashed line

4.3. Corrections due to the shape of the emission profile shows the result obtained in the no scattering approximatio
(Chluba & Sunyaev 2000a).

Finally, we also ran the code including the correct shape of )

the 3d3s-1s emission and absorption profile (Chluba & Surlyaev

20098). The results of these computations are shown ifiBig. & corrections to the ionization history

The dashed line again shows the correction in the no scatter-

ing approximation[(Chluba & Sunyaev 2009a). The dotted lide this Section we now give the expected correction to thizin

in addition indicates the correction that was associateh thie tion history when including the processes discussed irptiyr.

effect of the emission profile in the no scattering approxinmatid=or this we modified the Rrast code (Seager etal. 1999), so

(Chluba & Sunyaél 2000a). We also computed the pure profiteat we can load the pre-computed change in the Sobolevesscap

correction using the numerical results obtained when gioly probability studied here.

the redistribution of photons and obtained the dash-datiece. In Fig.[11 we present the final curves #6P/P as obtained

As one can see theftierence to the no redistribution case is verfor the diferent processes discussed in this paper. In[Ed. 12

small. Therefore we did not compute the pure recoil coroecti we show the corresponding correction in the free electrac-fr

the line difusion correction or the correction due to electrotion computed with the modified version of&ast. The atomic

scattering, since they should also be very similar to theérdmr  recoil dfect alone (thin solid line) leads #tdNe/Ne ~ —1.2%

tions shown in Fig.P. at z ~ 900. This is in very good agreement with the result
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Fig.12. Changes in the free electron fraction due to the
different processes under discussion here. The dashed line
shows the result obtained in the no scattering approximatio

(Chluba & Sunyaey 2009a).
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of [Grachev & Dubrovich[(2008). We already quoted this results o
earlier (see footnote 10 In_Chluba & Sunyaev 2009b), howeveT;-
there we just estimated the change in the free electron frac¢® 05
tion using our full numerical result for the recoil corrextion
the Lymana escape probability, without running it trough the -1
Recrast code. Including electron scattering and all terms (line
recoil and the dtfusion term) for the redistribution of photons by  -15

the Lymana resonance we obtain the dotted line. Here the to- 2t v \
tal correction due to redistribution of photons now onlyatess -2f | | | | L
0 500 1000 15|00 2000 2500 3000

ANe/Ne ~ —0.6% atz ~ 900. As we have seen in Sefl. 4
this is due to the fact that theftlision term slow recombina-
tion down again, since photons from the red wing return clo§ég. 13. Changes in the CMB temperature and polarization
to the Doppler core, where they didfieiently again. Finally, power spectra. The upper panel shows the changes due te the re
the total correction including all theffects of photon redis- distribution of photons by line and electron scatteringyofihe
tribution and the correction due to the time-dependenas; thlower panel shows the cumulative result in addition inahggdi
modynamic factor and shape of the profile, which were dighe time-dependent correction, the thermodynamic factod,

cussed earlier (Chluba & Sunyaev 2009a), has a maximumtbe correction due to the shape of the emission profile, as dis
ANg/Ne ~ —1.8% atz ~ 1160. Here the main contribution iscussed earliet (Chluba & Suny&ev 2009a).

coming from the the time-dependent correction and thermody
namic factor as explainedin Chluba & Sunyiaev (2009a).

In Fig.[13 we finally show the changes in the CMB tempef;; o qening at dierent distances from the line center slows hy-
ature and polanzauqn power spectra. The correctiorsNig'Ne drogen recombination down byNe/Ne ~ +0.6% atz ~ 900.
related to the redistribution of photons over frequencpelfup-  5g explained in SecEl3, line fiusion (including both Doppler
per panel) results in changes too th% TT and EE power specigqgiing and Doppler broadening) increases the escagifrac
with peak to peak amplitude 0.5%-1%atl > 1500. When also ¢, hhotons that are emitted in the vicinity of the Dopplereim
including the processes d'SCUS_SeU'”Ch'!JM‘M?OO omparison with the value obtained in the no scattering@ppr
atl > 1500 we find a cumulative correctlé)n m?'/c” ~ 1% imation. In particular some small fraction of photons thet a
for the TT power spectrum andCi/C| ~ 2% - 3% for the EE gnitted on the blue side of the resonance can still escapee si
power spectrum. It will be important to take these changs iny e 1o Jine difusion they pass through the Doppler core faster
account in the analysis of future CMB data. than dying there. On the other hand, for photons that areteanit

at—fewx1(? < xp < —10 (i.e. in the red wing) it becomes harder

; to escape, since lineftlision brings some of these photons back
6. Conclusions close to the Doppler core, where they are absorlfgdiently.
In this paper we have considered tHeeet of frequency redis-  For photons that are emitted &% < —few x 107 the redistri-
tribution on the escape of Lymam photons during hydrogen bution over frequency can be neglected. We also showed that
recombination. We have shown that line recoil speeds hyairogelectron scattering has a mindfext on recombination dynam-
recombination up byANe/Ne ~ —1.2% atz ~ 900. On the other ics at redshiftz < 1400. In total the redistribution of photons
hand, the combinedfiect of Doppler boosting and Dopplerover frequency leads to a speed up of hydrogen recombination
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by ANe/Ne ~ —0.6% atz ~ 900 (cf. Fig[I2). This results in im- Sunyaev, R. A. & Zeldovich, Y. B. 1970, Astrophysics and p&cience, 7, 3
portant changes to the CMB temperature and polarizatiorepovpWwitzer, E. R. & Hirata, C. M. 2008, Phys. Rev. D, 77, 083006
spectra (see Fif_1L3 for details), which should be takendnto Wong. W. Y. &Scott, D. 2007, MNRAS, 375, 1441
count for the analysis of future CMB data.
In addition, we would like to mention that the cu-
mulative changes (including the processes discussed in
[Chluba & Sunyae\v (200Da) and those of this work) in the Lyman
a photon escape probability will be very important for precis
computations of the cosmological recombination spectreug. (
see_ Sunyaev & Chluba 2007, for review and references). Here
it is interesting that the changes in the shape of the reauenbi
tion lines connected with electrons passing through thedryam
channel are expected to bel0% atz ~ 1400 (in comparison to
~ 2% for Ne atz ~ 1200). Observing the cosmological recom-
bination lines and looking at their exact shape would thaeef
provide a more direct and 4 — 5 times more sensitive probe for
the physics of cosmological recombination than with the CMB
temperature anisotropies.

Appendix A: Computational details
A.1. Solver for the differential equations

In order to solve the photon transfer equation we used thesol
DO3PPF from the Nvd-Library. It provides possibilities for ex-
tensive error control and adaptive remeshing. In particida
computations with narrow initial spectra or low line scettg
efficiency this feature became very important. However, remesh
ing also leads to an additional loss of accuracy for longgrae
tions and therefore has to be applied with caution.

Typically we used~ 2500— 5000 grid-points for the repre-
sentation of the photon distribution and required relagiveura-
ciese ~ 10— 1075, We checked the convergence of the results
by varying the accuracy requirements and number of gridtpoi
and also by running several test problems for which anadgic
lutions exist.
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