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HyRec: A fast and highly accurate primordial hydrogen and helium recombination code
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We present a state-of-the-art primordial recombination code, HYREC, including all the physical effects
that have been shown to significantly affect recombination. The computation of helium recombination
includes simple analytic treatments of hydrogen continuum opacity in the He 1 2! P — 11S line, the He I]
23P° — 1S line, and treats feedback between these lines within the on-the-spot approximation. Hydrogen
recombination is computed using the effective multilevel atom method, virtually accounting for an infinite
number of excited states. We account for two-photon transitions from 2s and higher levels as well as
frequency diffusion in Lyman-« with a full radiative transfer calculation. We present a new method to
evolve the radiation field simultaneously with the level populations and the free electron fraction. These
computations are sped up by taking advantage of the particular sparseness pattern of the equations
describing the radiative transfer. The computation time for a full recombination history is ~2 seconds.
This makes our code well suited for inclusion in Monte Carlo Markov chains for cosmological parameter
estimation from upcoming high-precision cosmic microwave background anisotropy measurements.
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I. INTRODUCTION

Until recently, primordial recombination was considered
one of the few solved problems in astrophysics and cos-
mology. The seminal works of Peebles [1] and Zeldovich
et al. [2] in the 1960s established that hydrogen recombi-
nation did not proceed in Saha equilibrium, and that two-
photon decays from 2s are critical to the recombination
dynamics because of the very low escape rate of Lyman-«
photons. They provided a simple effective three-level atom
model to compute primordial hydrogen recombination
histories. With the advent of high-precision cosmic micro-
wave background (CMB) experiments such as WMAP [3]
and Planck [4], it has become clear that these early calcu-
lations are not sufficiently accurate for an unbiased esti-
mate of cosmological parameters [5—7]. Uncertainties in
the recombination history indeed propagate to the visibility
function and ultimately to the predicted CMB temperature
and polarization anisotropies.

These considerations have motivated Seager et al. [8,9]
to extend Peebles’ effective three-level atom model to a
multilevel atom calculation. They showed that accounting
for excited states of hydrogen leads to a speed up of
recombination at late times. Their commonly used recom-
bination code RECFAST approximately reproduces these
results by solving an effective three-level atom model
with an artificially enhanced recombination coefficient.
While this model is sufficiently accurate for current
CMB data analysis, it does not meet the ~0.1% accuracy
target for Planck.

Several physical effects have since then been shown to
significantly affect hydrogen and helium recombination.
First, the multilevel computations of Seager et al. assumed
statistical equilibrium among the angular momentum sub-
states of a given energy shell of hydrogen. At late times,
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this assumption breaks down, and an accurate multilevel
atom computation should resolve the angular momentum
substates [10,11]. Whereas it is a straightforward concep-
tual generalization of previous works, this problem can be
computationally challenging. Several works have tackled
the “‘high-n problem”, including increasingly larger num-
bers of excited states of hydrogen to reach sufficient accu-
racy [10-13]. The “standard” multilevel atom (MLA)
method used in these works requires solving for the abun-
dances of all the excited states at every time step, which
makes the computation very time-consuming. In a recent
paper (Ref. [14], hereafter ““Paper I"’), we have introduced
a new method of solution for the multilevel atom problem,
which allows to only solve for the populations of a few
excited states (typically, 2s and the low-lying p states),
provided one uses precomputed effective bound-bound and
bound-free transition rates, which contain all the informa-
tion about the highly excited states of hydrogen. This
method alleviates the computational difficulty associated
with the highly excited states of hydrogen and is key to the
speed of the recombination code presented here.

Another important aspect of the recombination problem
is that of radiative transfer in the vicinity of the Lyman-«
line. In its early stages, hydrogen recombination is mostly
controlled by the slow escape (via redshifting) of photons
from the Lyman-« line and the rate of two-photon decays
from the 2s state. Accurate values for these rates require
treatments of the radiation field that go beyond the simple
Sobolev approximation [8,15]. Important corrections in-
clude feedback from higher-order lines [16,17], time-
dependent effects in Ly — a [18], and frequency diffusion
due to resonant scattering [19-21]. An accurate 2s — 1s
two-photon decay rate also requires following the radiation
field to account for stimulated decays [22] and absorption
of nonthermal photons [23,24]. Dubrovich & Grachev [25]
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suggested that two-photon transitions from higher levels
may have a significant effect on the recombination history.
Later computations confirmed this idea [26], and provided
an accurate treatment of radiative transfer in the presence
of two-photon transitions, as well as a solution for the
double-counting problem (which arises for resonant two-
photon transitions, already included in the one-photon
treatment as ‘1 + 17’ transitions) [24,27].

The accuracy requirement is less stringent for primordial
helium recombination, as it is completed by z ~ 1700,
much earlier than the peak of the visibility function.
Corrections at the percent level are still important, and
several works have been devoted to the problem
[5,8,25,28-35]. The most important effect is continuum
opacity in the He I 2! P° — 11§ line due to photoionization
of neutral hydrogen, which requires a detailed line +
continuum radiative transfer analysis [30,31,34]. The in-
clusion of the intercombination line He 1] 23P° — 11§ is
also significant.

Several other processes have been investigated and
shown not to be significant for CMB anisotropies, for
example, the effects of the isotopes D and *He
[15,17,33], lithium recombination [36], quadrupole
transitions [12], high-order Lyman line overlap [15], and
Thomson scattering [15,21]. Collisional processes are
negligible for helium recombination [33]; for hydrogen
recombination, collisional corrections appear to be small
[37], but whether they are truly negligible is still under
investigation.

Previous works have all concentrated on one or a
few aspects of the primordial recombination problem.
Producing a complete and fast recombination code has so
far been hindered by the computational burden previously
associated with the high-n problem. Given that this prob-
lem is now solved, and that it seems that the main radiative
transfer effects have now all been identified, it is timely to
deliver a single code that computes an accurate hydrogen
and helium recombination history and incorporates all the
relevant physics. The purpose of this paper is to introduce
our new recombination code, HYREC, which is publicly
available,' and can compute a highly accurate recombina-
tion history (with errors at the level of a few times 103 for
helium recombination and a few times 10~ for hydrogen
recombination) in only ~2 seconds on a standard laptop.
Our code does not account for collisional transitions in
hydrogen, as their rates are poorly known. When accurate
rates are available and if collisional transitions are shown
to significantly impact recombination, we will update our
code with the appropriate effective rates.

Recently, a similar work has been carried out by Chluba
& Thomas [38], also relying on the effective MLA method
presented in Paper 1. The code they present includes the

"HYREC is available for download at the following url: http://
www.tapir.caltech.edu/~yacine/hyrec/hyrec.html.
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same physics as ours. The main difference is the treatment
of radiative transfer. In Ref. [38], an “order zero” recom-
bination history is first computed, with a simple treatment
of radiative transfer. The radiative transfer equation is then
solved, given this order zero history. Corrections to the net
decay rates to the ground state are then evaluated, and used
to compute a corrected recombination history. This proce-
dure can in principle be iterated, but because the correc-
tions are small, it is essentially converged after one
iteration. Our solution, on the other hand, is nonperturba-
tive, in the sense that we solve simultaneously for the
radiation field and the recombination history. A detailed
code comparison is in progress, and a full error budget will
be presented once it is completed.

This paper is organized as follows. In Sec. II, we review
the effective three-level atom model and discuss its limi-
tations. We then review the standard MLA computation
and describe the effective MLA method in Sec. III. We
show that weak transitions to the ground state from excited
states with n = 3 can in fact be accounted for almost
exactly with an effective four-level atom model. Two-
photon processes and frequency diffusion are formally
described in Sec. I'V. In Sec. V, we present our numerical
solution for the radiative transfer equation. We use a new
method of solution, extending that of Ref. [24] to account
for frequency diffusion, that allows to solve for the atomic
populations and the radiation field simultaneously. We
describe our treatment of helium recombination in
Sec. VI. We conclude in Sec. VII. Appendix A demon-
strates some relations satisfied by the effective rates,
Appendix B describes how we extrapolate the effective
rates to an infinite number of excited states, Appendix C
describes our ordinary differential equation (ODE) inte-
grator, and Appendix D derives an analytic expression for
the post-Saha expansion used at early times in hydrogen
recombination.

Throughout this paper we use a flat background ACDM
cosmology with T, = 2.728 K, Q,h> = 0.022, Q,,h*> =
0.13, Q7% = 0.343, Yy, = 0.24 and N, .y = 3.04.

II. HYDROGEN RECOMBINATION: OVERVIEW

A. The effective three-level atom model

The basic process of primordial hydrogen recombina-
tion was already well understood in the late sixties. The
seminal papers by Peebles [1] and Zeldovich et al. [2]
established the following picture. Direct recombinations
to the ground state are highly inefficient, as they produce
photons that can immediately ionize another hydrogen
atom. Electrons and protons can therefore recombine effi-
ciently only to the excited states of hydrogen. This situ-
ation is familiar in the study of the interstellar medium: it is
referred to as “‘case-B”” recombination (see e.g. Ref. [39]).
Once they have recombined to one of the excited states of
hydrogen, electrons ‘““cascade down’ to the n = 2 shell, on
a much shorter time scale than the overall recombination
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time scale. Denoting ny the total number density of
hydrogen, x, = n,/ny the free electron fraction and
Xy = ny(y—2)/np the fraction of hydrogen in the excited
state, the effective rate of recombinations to n = 2 shell
can be written as

_xe = on%aB(Tm) - XZBB(Tr): (1)

where T, is the matter temperature, locked to the radiation
temperature 7, by Thomson scattering at most times during
recombination, ap is the case-B recombination coefficient,
and Bg is the corresponding photoionization rate, which
can be obtained from ap by the principle of detailed
balance:

x2|rec =

By(T,) = %eEz/TrnHaB(Tm =T), 2)

where we have defined

_ Qmp, 1) 3
e Wy 3)
where w, is the reduced mass of the electron-proton
system.

Once they have reached the n = 2 shell, electrons can
reach the ground state by emitting a Lyman-« photon from
the 2p state. Because of the very high optical depth of the
Lyman-« transition, emitted photons will however almost
certainly be reabsorbed by another atom. The way out of
this bottleneck is for photons to redshift below the Ly«
resonant frequency due to cosmological expansion. The net
rate of decays to the ground state from the 2p state is then
just the rate at which photons redshift across the line and
escape reabsorption:

xllep = _x2plls = RLya(-XZp - 3-xlseiE21/Tr)) (4)

where x;, is the fraction of hydrogen in the ground state
and the second term accounts for Lya absorptions and is
obtained by detailed balance. The rate of escape of Ly«
photons is given by

87H
Riyoa =55 &)

3 -
3onls ALya

Equations (4) and (5) can be derived in the Sobolev ap-
proximation, in the limit of large Sobolev optical depth
(see, for example, Ref. [15]).

The escape rate of Lya photons is comparable to the
rate of the slow two-photon decays from the 2s state,
Apg 1y = 822 s~!, and the latter process must therefore
be accounted for. The net rate of two-photon decays from
the 2s state is

X ls|2s = _x2s|ls = A2s,ls(x2s - xlseiEzj/Tr), (6)

where the second term accounts for two-photon absorp-
tions and can be obtained by a detailed balance argument.
Because of the strong thermal radiation bath, the excited
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states of hydrogen are near Boltzmann equilibrium with
each other, x,, = 3x,, = (3/4)x,. The rate of change of
the population of the n =2 shell due to decays to the
ground state is therefore

3 1
Kol = <_RLya + ZAZS,Is)(Ll'xlseiEﬂ/Tr —x). (7

4

The last step is to realize that the atomic rates, even for
the slow 2s — 1s decays or the slow escape out of the
Ly« resonance, are many orders of magnitude larger than
the overall recombination rate, which is of the order of
(10 times) the Hubble expansion rate, that is ~10713 —
107'2 s~!. The population of the n = 2 shell can therefore
be obtained to high accuracy in the steady state approxi-
mation, i.e., assuming that the rate of recombinations to the
n = 2 shell equals the rate of transitions to the ground
state:

XZ :lerec+x2|1s ~ 0. (8)
We can therefore solve for x, and obtain

2 —E,; /T,
_ nyXe,apg + (3RLya + AZs,ls)xlse 2/Tr

Xy =
3 1
B + 3 Riya T3 Mo 1

€))

From Eq. (1) we then obtain the rate of change of the free
electron fraction:

&, = —Clnyxlag — 4x;,Bge /T, (10)
where the Peebles C factor is given by
3 1
C= TRLya T 3 M0 15 (11

BB + %RLya + %AZS,ls .

As noted by Peebles, this factor represents the probability
that an atom initially the n = 2 shell reaches the ground
state before being photoionized. Note that we could have
obtained the same equation starting from X, = —X;; =
—(X15lpp + Xi15lay) (this is because we have set X, = 0).

At all relevant times during the epoch of hydrogen
recombination, x, < 1, and therefore x;, =1 — x,. If
matter and radiation temperatures are set to be equal,
Eq. (10) is therefore a simple ordinary differential equation
for x,, that can be easily integrated. A simple improve-
ment is to also explicitly follow the matter temperature
evolution, which is determined by the Compton evolution
equation:

SO-TarT?xe(Tr - Tm)
31 + flge + x,)m,c

Tw=—2HT, + , (12
where o is the Thomson cross section, a, is the radiation
constant, m, is the electron mass and fy, is the He:H ratio
by number of nuclei.

The simple yet insightful picture presented here is
known as the effective three-level atom model. It provides
a good approximation for the recombination problem.
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It is however not sufficiently accurate for high-precision
cosmology.

B. Hydrogen recombination phenomenology

We show in Fig. 1 the evolution of the Peebles C factor
and the population of the n = 2 shell relative to its value
in Saha equilibrium with the continuum, as a function of
redshift, for a standard recombination history. We can see
that there are two distinct regimes.

At early times (z = 1000), electrons in the n = 2 shell
have a high probability of being photoionized, and the C
factor is much smaller than unity, C << 1. As a conse-
quence, the population of the n = 2 shell is very close to
Saha equilibrium with the continuum

4
. — —E,/T, 2
Xy = Xplsaha = —€ 2/ " X

e

13)

The rate of change of the free electron fraction is then

approximately equal to the rate of decays from the n = 2
shell:

xe(z = 1000) = x2|15(x2 = x2|Saha)~ (14)

During that period, the recombination rate is therefore
virtually independent of the exact value of the recombina-
tion coefficient, but is strongly dependent on the small net
decay rate from the n = 2 shell to the ground state. This is
usually referred to as the “n = 2 bottleneck” and has
motivated abundant work on radiative transfer in the
vicinity of the Lyman transitions [15-18,20-24,26,27].
The result from this series of papers is that to the level of
accuracy required by Planck, Lyman transitions up to
Lyy must be included, properly accounting for feedback
between them. In addition, the radiation field must be
solved for with a radiative transfer calculation, accounting
for two-photon transitions and frequency diffusion in
the Lyman-« line. We consider all these effects in
Sec. IVand V.

At late times (z = 700), C = 1, and the n = 2 shell is no
longer in Saha equilibrium with the continuum (note that it

1.000 RS —
F Peebles C-factor 3
---- Xo/X,(Saha) / ]

7
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FIG. 1. Peebles C factor [Eq. (11)] and ratio of the population
of the n =2 shell to its value in Saha equilibrium with the
continuum, as a function of redshift.
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is not in Boltzmann equilibrium with the ground state
either, as the rate of recombinations to the n = 2 shell
dominates over the net rate of two-photon or Ly — «
absorptions from the ground state). The free electron frac-
tion is many orders of magnitude above the value it would
have in Saha equilibrium because of the slow recombina-
tion rate. In that case, the second term in Eq. (10) is
negligible and the evolution of the free electron fraction
becomes

x,(z =700) = —ngxlag. (15)

As we can see, the evolution of the free electron fraction is
then virtually independent of the rate of decays to the
ground state from the n = 2 shell, but is highly sensitive
to the exact value of the effective recombination coeffi-
cient. Moreover, the assumption that the excited states
are in Boltzmann equilibrium with each other breaks
down at late times because of the decrease in the radiation
temperature. An accurate recombination rate at late
times can only be obtained in a full multilevel atom cal-
culation, that accounts for (possibly stimulated) bound-
bound and bound-free transitions between all—at least,
a large number of—the excited states of hydrogen
[8,11-13]. We will review the multilevel atom calculations
in Sec. III.

Of course, at intermediate redshits 700 < z < 1000
both the exact recombination rate and the rate of decays
to the ground state are important and should be carefully
accounted for.

III. THE MULTILEVEL ATOM

In this section we first present the “‘standard” multilevel
atom (MLA) method [8], then review the effective MLA
(hereafter EMLA) method of solution that we presented in
Paper I and that allows for a fast computation of recombi-
nation histories.

A. The standard multilevel atom method

The effective three-level atom equations may be easily
generalized to account for an arbitrarily large number of
excited states of hydrogen (in practice, one must of course
impose a cutoff). We denote x,,; the fractional abundance
of hydrogen atoms in the excited state with principal
quantum number # and angular momentum quantum num-
ber /. The generalization of Eq. (1) is then, for n = 2:

xnllrec = on%a/nl(Tmr Tr) - xnIIBnZ(Tr)’ (16)

where a,,;(Ty, T,) is the recombination coefficient to the
excited state nl/, including stimulated recombinations, and
B,.:(T,) is rate of photoionizations from n/ by blackbody
photons.

The effective three-level atom model does not account
for bound-bound transitions between excited states (except
for instantaneous spontaneous decays that ultimately lead
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to the n = 2 shell). Transitions between the nl and n'l’
states (with n, n’ = 2) change their populations at the rate

xnlln’l/ = _xn’l’lnl = xn’l’Rn’l’,nl(Tr) - xanrLl,n’l’(Tr):
(17)

where the bound-bound transition rate from nl to n'l,
R, y(T}), is the rate of absorptions of blackbody photons
resonant with the transition if n < n’ and the rate of spon-
taneous and stimulated decays if n > n’. We give explicit
expressions of the bound-bound and bound-free rates and
explain how we compute them in Paper L.

Finally, the rate of decays to the ground state from the 2s
state are given by Eq. (6) (we will see how to make this rate
more accurate in Sec. IVA). In the Sobolev approximation,
the net decay rate from the np states to the ground state is
given by a generalization of Eq. (4), accounting for feed-
back between optically thick Lyman lines:

xlslnp = _xnplls = RLyn[xnp - 3xlsf2—p]’ (18)

where Ry y, = (ALya/ALy,) Ry, is the rate at which pho-
tons redshift out of the Lyman-n line (with the convention
that Ly — 2 is Lya), and f,J{p is the photon occupation
number incoming on the blue side of the Ly — n transition.
If no radiative processes affect the radiation field between
neighboring Lyman lines, then

fap(@) = fii1,(@), (19)
where the earlier redshift z’ is given by
ALyn
=" 1+ -1 (20)

/\Ly(n +1)

In the optically thick limit which is valid here, the photon
occupation number on the red side of the Ly — n line is
given by f;p = xnp/(3xls)-

For excited states n/ other than 2s and np, not radia-
tively connected to the ground state, we have x,,|;, = 0.

The recombination history can then be computed by
evolving simultaneously the system of differential equa-
tions:

X = xnllrec + Z xnlln/l/ + xnllls (21
n'=2,l'
Xe= Xy = XZSlls + anplly (22)

n=2

where in the last equation we used x, = 1 — xy,, valid as
the fractional abundance of hydrogen in the excited states
is always much less than unity. The atomic transition rates
are many orders of magnitude larger than the overall
recombination rate (of the order of the Hubble rate). A
highly accurate approximation therefore consists in first
solving for the populations of the excited states in the
steady state approximation. This first step amounts to
solving a large system of linear algebraic equations. The
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populations x,, x,,, can then be used in Eq. (22) to evolve
the free electron fraction.

This generalization of the three-level atom model is
relatively straightforward conceptually. Its practical imple-
mentation is, however, very time-consuming. It requires
solving a very large system of algebraic equations at
each time step (or evolving the same number of stiff
differential equations). If one accounts for excited states
up to principal quantum number n,,,,, then the number
of equations is N = np,(nn. + 1)/2, which, for n,,, =
100, exceeds several thousands. Furthermore, the computa-
tional cost of an exact linear system solution scales as
O(N?), although this can be significantly sped up by using
the sparseness of the system due to selection rules [12] and
iterative solution techniques [37]. In the following section,
we review the much more efficient yet exactly equivalent
effective MLA method.

B. The effective multilevel atom method
1. General description

The effective multilevel atom method, described in
Paper I, relies on three aspects of the primordial recombi-
nation problem. First, the time scales for transitions out of
the excited states are much shorter than the overall recom-
bination time scale—this property is used when solving for
the populations of the excited states in the steady state
approximation in the standard ML A method. This allows
us to factor all the nearly instantaneous transitions involv-
ing the “interior” excited states (which are not radiatively
connected to the ground state) into effective transitions
into and out of the smaller set of “interface” states which
are radiatively connected to the ground state. Second, all
bound-bound and bound-free transitions for which the
lower state is an excited state are optically thin, and there-
fore do not distort the ambient blackbody radiation field in
the vicinity of the corresponding frequencies. All the tran-
sition rates between ‘“‘interior’ states therefore only de-
pend on the radiation temperature 7, (as well as atomic
physics constants). This translates into a simple depen-
dence for the effective rates, which are functions of the
matter (through recombinations of thermal electrons and
protons) and radiation temperatures only. If collisional
transitions are included, they will depend additionally on
the free electron (of equivalently the free proton) abun-
dance. Finally, the set of “interface” states that need to be
considered is small. In principle, 2s and all the p states
need to be considered as “‘interface” states; however, in
practice only the lowest order Lyman transitions signifi-
cantly affect the recombination rate, explicitly only Ly«,
LypB and Lyvy [14,15]. In addition, when considering two-
photon transitions from higher levels, one should in prin-
ciple add the ns and nd states as “‘interface” states.
However, only two-photon transitions from 2s, 3s and
3d, are important (and 4s, 4d at the level of a few 1074
[24,27]. This means that one needs to pretabulate only a
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few functions of temperature that fully account for the
multilevel structure of hydrogen. These tabulated effective
rates can then be interpolated when computing a recombi-
nation history with an effective few-level atom model. As
we will show in Sec. III B 2, we can in fact further simplify
the problem to an effective four-level atom model with
virtually no loss of accuracy.

Following Paper I, we denote A (T, T,) the effective
recombination coefficient to the “interface” state i, B;(T,)
the effective photoionization rate from this state, and
R, ;(T}) the transfer rate from the interface state i to the
interface state j (the dependences are valid in the purely
radiative case; when collisions are included, all effective
rates depend on T}, T,, n,). They are obtained as follows:
for the effective recombination coefficients,

A =a; + > agPy; (23)
K

for the effective ionization coefficient,

i = Bi+ DR xPy: (24)
K

and for the effective interstate transition rates,

R ij == Ri,j + ZRi,KPjI;' (25)
K

Here K is a general index for ““interior” states, PfK is the
probability that an electron initially in the “‘interior” state
K ultimately reaches the “‘interface” state i, and P% is
the probability that an atom initially in the state K
ultimately gets photoionized. These probabilities are the
solutions of the linear systems [14]:

RKI

Pi. = ZMF (26)
L'k
and
Py = ZRFKKL Pi + ?l’; @7)
where
I'x = ;RK,L + ZRK,i + Bk (28)

is the inverse lifetime of the state K.

The net decay rate from the interface state i to the
ground state can always be expressed as a linear function
of x;:

X5l = =%ilis = xRi15 — X15R 50 (29)

where we emphasize with this notation that in general the
net decay rates may depend in a complicated way on the
current and past values of the free electron fraction, as
well as on cosmological parameters—see, for example,
Egs. (18) and (5) for the net np — s decay rate. This
contrasts with the bound-bound rates between excited
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states, which only depend on atomic constants and the
radiation temperature.

Once the effective bound-bound and bound-free rates for
the interface states are tabulated, the recombination history
can be computed by evolving the small set of ordinary
differential equations:

) 5
X; = xenHlei + Z'ijj,i + xlSRls,i

J#Fi
—x(fB + >R, +Rm) (30)
J#Ei
and
to=—> (mxtA; - x;B) 31)

xiki,ls)’ (32)

= Z(Xlxﬁls,i -

i

= X

where Egs. (31) and (32) are equivalent as the fractional
abundance of excited hydrogen is very small. In practice,
the population of the effective states can once again be
solved in the steady state approximation. Equation (30)
becomes a system of a few algebraic linear equations, and
in that case Eqgs. (31) and (32) are mathematically equiva-
lent since we set X; = 0 [this can be seen by summing
Eq. (30) over i].

Equations (30) and (31), along with the definitions for
the effective coefficients Eqs. (23)—(28), are strictly
equivalent to the standard MLA equations presented in
the previous section, as was derived in Paper I [Eq. (31)
was not derived in that paper and we give a proof in
Appendix A 2]. The advantage of the new method is that
the system of equations that need to be solved at each time
step is much smaller, as only the low-lying s, p, d states
need to be followed. In the following section we show that
we can actually further reduce the problem to an effective
four-level atom model.

2. Further simplification: the effective four-level atom

If we wish to follow n, ‘“‘interface” states, then the
system of Eqgs. (30), in the steady state approximation, is
a n, X n, system. Moreover, one needs to interpolate 7,
functions of 2 variables (the effective recombination co-
efficients—the effective photoionization rates are obtained
by detailed balance), and n,(n, — 1)/2 functions of 1
variable (half of the effective bound-bound rates, the other
half being obtained by detailed balance). Here we show
how this system can be further reduced to a 2 X 2 system
involving only 2s and 2p, requiring only 2 functions of
2 variables and 2n. — 3 functions of one variable, with
virtually no loss of accuracy.

From now on we use the general index K for all states
with principal quantum number n = 3. Even if some of the
states with n = 3 are radiatively connected to the ground
state, one can still formally define the effective transition
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rates Egs. (23)—(25) for the 25 and 2p states because of the
near-instantaneity of transitions out of the excited states.
However, these coefficients do not have a simple tempera-
ture dependence anymore, and are therefore not well suited
for fast interpolation. Indeed, the probabilities Pi and P,
where i = 2s, 2p, are still defined by Egs. (26) and (27),
but the inverse lifetime of the state K, Eq. (28), should now
account for the net downward transition rate to the ground
state, and one should make the replacement:

Iy — Dy =T(T,) + Ry 15 (33)

where we define I'g(T,) is the inverse lifetime of the K-th
interface state when transitions to the ground state are not
included. In addition, we need to define additional effective
transition rates with the ground state. For i = 2s, 2p, we
define

Ry =R, + ZRi,Kﬁ}(S (34)
K

and

R =Ry + Zkls,KPi , (35)
K

where the probabilities P} must satisfy the self-

consistency relations

(36)
L 1—‘K K

The standard MLA equations, in the steady state approxi-
mation for the excited states with n = 3, can then be shown
to be exactly equivalent to the following set of equations:
for the net rate of production of 2s,

. 2 T
X = xenHﬂZS + x2pR2p,2s + xlsRls,Zs

= X25(Bys + Ry + Rty 37)
for the net rate of production of 2p,
Xy = x2ny Ay, + x3, R0, + xlszls,zp
— x2,(By, + Ry + ﬁ'Zp,lx); (38)

and for either the net recombination rate or the net rate of
generation of H(1s),

X, = Z [x;B; — xiny A (39)
i=2s2p
= z I:xlsj{ls,i - xi,j{i,ls:l' (40)

i=2s,2p

The proof of equivalence is a simple generalization of
that of Paper I and we do not reproduce it here. Note that
we use the same notation for the effective rates indepen-
dently of the number of “interface” states considered, but
they obviously have a different meaning that should be
clear from the context.
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The coefficients in the above system are in principle not
simple functions of temperature anymore if one wishes to
account for the transitions to the ground state from excited
states with n = 3. We can nevertheless simplify their ex-
pressions with some minimal approximations. We start by
noticing that for excited states nl/ with n = 3, the rate of
spontaneous decays to the n’, [ = 1 states with 1 <n/ <n
is much larger than the net decay rate to the ground
state. For the 3p state, for example, we find that in the
Sobolev approximation for LyS decays, I§3p, ls /A3p,2X <
8 X 107° for 200 < z < 1600, where A3z, 1s the Einstein
A-coefficient of the 3p — 2s transition. Therefore, to an
excellent accuracy (with relative errors of order R x15s/T'k),
one can neglect Ry |, in Eq. (33), and simply use I'x(T})
instead of I'y wherever the latter appears. With this ap-
proximation, the rate coefficients A,/ ,, By, and
R, are simply the usual effective rates computed in
the case that only 2s and 2p are considered as interface
states, and depend only on matter and radiation tempera-
tures. We explain in Appendix B how we obtain effective
rates extrapolated to n,,,, = oo.

We show in Appendix A 3 that using I'x = I'x(T}) in
Eq. (36), we can rewrite Eq. (34) as

- ~ 8k _ .
Rty =Ry + D Ry =Ee Be/TPI(T,),  (41)
K

8i

where gg, g; are the statistical weights of the states K, i and
Ex, = Ex — E, is the energy difference between the state
K and the n = 2 shell.

In addition, the populations of the “weak” interface
states Xg are sometimes required—for example the photon
occupation number depends on the populations of the s and
d states, see Sec. V B. We show in Appendix A 4 that the
following relation is verified for T, = T,:

2

8Kk _
Xklr, =1 = cKe Ex/Te pe(T,)x2
e
+ Y BK e /T pi(T)x,.
i=25.2p 8i

(42)

In fact, T,, < T, and the coefficient of x2 in the above
equation should be slightly higher. In practice though,
|T./T, — 1| < 1% for z = 500, and for lower redshifts
P% < 1 and transitions to the ground state are unimportant
anyway, so the above equation is very accurate.

We therefore only need to tabulate the additional
2(n, — 2) functions P%(T,) and Pip (T.) to account for
n, —2 “weak” interface states in addition to 2s and 2p
(note that P§, = 1 — P¥ — PY).

In practice, we can further reduce the computational
load by simply using P2 = P2, = P%f; =0,PF = Piz =
P2, = 1. This amounts to assuming that for n =3, ns
and nd states are in Boltzmann equilibrium with 2p,
whereas np states are in Boltzmann equilibrium with
2s—see Eq. (42), and rewriting transitions from n = 3
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states as transitions from the n = 2 state to which they are
tightly coupled. This is extremely accurate at all times
when two-photon transitions significantly affect recombi-
nation. The validity of this statement is somewhat weaker
for the n = 4 states, which are somewhat in between
equilibrium with the 2s state and the 2p state (because
allowed transitions connect them to both states). However,
as decays from 4p, 4s and 4d only marginally affect
recombination anyway (at the level of a few 10™%), and
2s and 2p are very close to equilibrium at the relevant
times, this approximation is still very accurate. We explic-
itly checked that using the approximate values for the P%
instead of their exact values in Egs. (35), (41), and (42)
leads to maximum errors on the recombination history
|[Ax,|/x, <3 X107,

We illustrate the formulation adopted in this paper sche-
matically in Fig. 2.

The system of Egs. (37)—(39) is just the extension of
Peebles effective three-level atom to an effective four-level
atom, properly accounting for the nonzero radiation field,
the nearly instantaneous multiple transitions between ex-
cited states, the fact that 2s and 2p are out of Boltzmann
equilibrium, and possibly additional radiative transfer ef-
fects and decays from higher shells through the appropriate
coefficients R. Making the usual steady state assumption
for the excited states, we can first solve for x,, and x,,
and then evolve x,. When using the simple 2p < 1s and
2s « 1s transition rates of Sec. II A, the system is simple
enough that we may write the function X, explicitly as an
illustration:

.= 2 _ —E» /T,
Xe = C2s(one‘/,Zl2s XISste 21/ ')

- C2p(}’le%‘/,Zl2p - 3x1s'sze*E21/Tf), (43)

where the C factors are given by

“interior” states

. iinterface”;

Aom 3d i states
t/iinterface” states

FIG. 2. Schematic representation of the hydrogen atom, with
the nomenclature used in this paper. Slow transitions from the
“weak interface” states to the ground state are counted as
transitions from the n = 2 state with which they are in equilib-
rium.
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Ry
A2s, ls + RZs—Qp -

I
G = o e
F2s - RZS—>2[7 T,,
and
A S, 185
o RLya + R2p—>2s 132; 4
2 Rosp’ ( 5)

1—‘2p - RZ[)—»ZS T,
and where we have used the effective inverse lifetimes

F2s = BZS + RZs,Zp + A25,1s and
F2p = sz + R2p,2s + RLya' (46)

In Fig. 3 we show the changes to the recombination history
resulting from an accurate effective multilevel computa-
tion, as compared to the effective three-level atom compu-
tation, using in both cases the simple decay rates to the
ground state described in Sec. II A. For comparison,
we also show the resulting changes when using an effective
three-level atom model with a fudge factor F = 1.14 as in
the code RECFAST [9]. We checked that it is not possible to
reproduce the correct effective MLA computation with a
constant fudge factor in an effective three-level atom. We
find that the best fitting fudge factor would be F' = 1.126,
with relative errors reaching 0.2%. In any case, the effec-
tive MLA computation is so simple and computationally
efficient that the need for nonphysical fudge factors does
not arise.

In Fig. 4 we show the effect of adding higher-order
Lyman transitions and feedback between them. It is suffi-
cient to include Lyman transitions up to Ly, as neglecting
higher transitions leads to relative changes of 1073 only
[15]. This initially speeds up recombination by adding
more decay paths to the ground state, then slows it down
due to delayed reabsorptions of Lyf photons in the Ly«
line. Our results are similar to those of Ref. [17].

0.00

-0.02

-0.04

-0.06

A X /X

-0.08

ML B B B B

EMLA (2s-2p) vs Peebles
RecFast vs Peebles -

-0.10

sl b b b by

042k ‘ ‘ ‘ ‘ ‘ ‘
200 400 600 800 1000 1200 1400 1600
z

FIG. 3. Fractional changes in the ionization history relative to
the effective three-level atom model. The ‘“RecFast” model is an
effective three-level atom with the case-B recombination coef-
ficient multiplied by a fudge factor F = 1.14. The same pre-
scription for the evolution of the matter temperature is used in all
cases, see Sec. VE.
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0.0025 [

Lya, B + feedback

0.0020 F Lyo, B, v + feedback

0.0015 F

A X /X,

0.0010 [
0.0005 [

0.0000

sl b b b b

-0.0005 £ . . .
200 400 600 800

1200 1400 1600

1000
z

FIG. 4. Fractional changes in the ionization history when in-
cluding higher-order Lyman transitions and feedback between
them, compared to the effective multilevel atom model with 2s
and 2p only.

For now on, our ‘“base” model will be the effective
multilevel atom model with Lyman-«, 8 and vy transitions
and feedback between them (assuming a blackbody radia-
tion field incoming on Lyvy). In the next sections we graft
two-photon processes onto this base model.

IV. TWO-PHOTON PROCESSES:
FORMAL DESCRIPTION

A. Overview

It is well known since the first works on primordial
recombination that 2s — 1s two-photon decays signifi-
cantly contribute to the recombination dynamics [1,2].
Even with a relatively low decay rate, the forbidden
25 — ls decays are indeed comparable in efficiency to
the highly self-absorbed Lyman-« transition; in fact,
more than half of hydrogen atoms have formed through
the 25 — 1s channel [40]. This process was traditionally
accounted for with the total 2s — 1s decay rate in a
vacuum, A, ;; = 8.22 s~!, with a two-photon absorption
rate obtained by detailed balance considerations. For the
level of accuracy required for future CMB experiments,
one needs to account for stimulated two-photon decays
[22] and nonthermal absorptions [23,24].

Recently, it was suggested that two-photon decays from
higher lying ns and nd states may also lead to percent level
corrections to the recombination history [25]. Inclusion of
such decays presents an additional conceptual difficulty
which was not present for the 2s — 15 decays: the problem
of double-counting. Indeed, there is no fundamental dif-
ference between a sequence of two allowed one-photon
transitions nl — n'p, n'p — 1s, with 1 <n' <n, and
a two-photon decay from the nl state near resonance
(i.e., where the energy of the two photons are near E,,,,
and E,, respectively). Approximate solutions were pre-
sented in Refs. [25,26,41] (for a review, see Ref. [24]). The
double-counting problem as well as the reabsorption prob-
lem were resolved with a numerical approach, solving
the radiative transfer equations for the photon field in
Ref. [24], which also provided analytic approximations
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to check the validity of the numerical result. In this work,
we will use the same numerical method as in Ref. [24],
which we then extend to account for frequency diffusion
near the Ly« line. In this section, we review the formalism
presented in Ref. [24] and how to solve the double-
counting problem. In Sec. V we will describe our numeri-
cal method for solving simultaneously the radiative trans-
fer equation and the evolution of the atomic level
populations.

B. Two-photon decays and Raman scattering

We start by defining the coefficient:
6,33

dAnl — afsV 4

=_%"Y M)
dv 108(21+1)E§| @)

(47)
where the matrix element M(v) is given by Eq. (BS) of
Ref. [24], and ¥/ = |v — v,,|, where v, is the frequency
of the Ly — n transition. For v <w,;, dA,;/dv is the
rate of spontaneous two-photon decays from nl per fre-
quency interval. For v > v,;, dA,;/dv X f, (where f, is
the photon occupation number at frequency v) is the
rate of spontaneous Raman scatterings per frequency in-
terval per atom initially in n/ (in the notation of Ref. [24],
dA\,;/dv = dK,;/dv for v > v,,). The function dA,,;/dv
is continuous across ¥ = v,;, where it vanishes.

We can now write the net rate of n/ < 1s two-photon
transitions per frequency interval per hydrogen atom, for
which the highest energy photon has frequency v < v,;:

dA
Arzl(lj<ynl)= nl
dv

I:xnl(l +fv’)(1 +fy) _@xlsfv’fv]'
81s
(48)

For v > v,,;, the appropriate rate is that of Raman scatter-
ing events:

dA\, n
Anl(V>Vn1): d ll:xnlfu’(l+fu)_&xls(1+fv/)fui|r
v 81s

(49)

In both cases, we can assume that the photon occupation
number for the low-energy photons is that of a blackbody,
since the optical depth for two-photon absorption of the
low-energy photons is tiny (for a discussion, see Ref. [24]).
We therefore set f, = (e"”/T — 1)~'. Moreover, the
photon occupation number for frequencies v > VLya/ 2 is
much smaller than unity: f, << 1. This means that we can
neglect stimulated emission by the high-energy photons in
Egs. (48) and (49). Given these considerations, the net rate
of two-photon transitions can be written in the following
form, valid for both » < v,; and v > v,;:
dA

Ay (v) = a,—an|€3h("7"“‘)/Tr -1

< I:xnl — @xlseh(r/*vnl)/ﬂfy]_ (50)
81s
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C. Resonant scattering in Lyman-«

We now consider pure scattering events:
H(ls) + v — H(ls) + v. (5D

In the low-frequency limit this corresponds to the familiar
Rayleigh scattering phenomenon; the cross section how-
ever has resonances at the Lyman-series lines, which cor-
respond to resonant Rayleigh scattering.

Rayleigh scattering events conserve the photon fre-
quency in the atom’s rest frame. In the comoving frame
(frame in which the CMB appears isotropic), the frequency
of the scattered photon appears shifted due to the thermal
motions of the scatterers. The frequencies of the incoming
and outgoing photons are however statistically correlated.
Mathematically, there is a definite probability distribution
p(v, V'), such that p(v, v')dv' is the probability that the
outgoing photon has frequency in [v/, ¥/ + dv'] given that
the incoming photon had frequency v, and this function
generally depends on both v and ¢'. For T,, < hv, which
is the case near the Lyman lines, the variance of the
frequency shifts imparted by thermally moving atoms is
given by

2T
— 2 (52)
C

(61 = f(v’ —v)?p(y, V)dv' =
my
The rate of injection of photons per frequency interval
at frequency v, due to resonant Rayleigh scattering in
Ly — a, can be written in the general form (neglecting
stimulated scatterings):

8w = [ [ forw v = [ 7R a0 ]
(53)

where R(v, V') = %p(v, V') is the differential rate of
scatterings per hydrogen atom in the ground state, per
unit frequency interval for both the incoming and outgoing
photons (it has units of s~! Hz 2). The scattering kernel
must respect detailed balance:

R(v, v/)e /Tn = R(V!, v)e="""/Tn, (54)

To be fully general one should compute the scattering
kernel from first principles. However, simplifications can
be easily made in various regimes.

Far from any resonance, the rate of redshifting due to the
Hubble expansion is much larger than the rate of frequency
diffusion due to scattering (see, for example, the discussion
in Ref. [15]). We can neglect Rayleigh scattering there, and
set A (v) = 0.

Near Lyman resonances, we have

%(V = an) = 3Anp,lspglc¢V,n(V)» (55)

dv
where p{. = A,, /T, is the scattering probability in
the Lyman-n line (the complementary events being
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two-photon absorptions and two-photon photoionizations),
and ¢y ,(v) is the Voigt profile for the Ly — n line. In the
Doppler core, we can approximate the partial redistribution
induced by scattering events by a complete redistribution,
i.e., approximate p(v, V)= ¢y ,(v) = ¢p,(v), where
¢p is the Doppler profile. This approximation is valid
because in the Doppler core, complete redistribution re-
covers the correct rms frequency shift during scattering
events, Eq. (52) (if one averages over the frequencies of
absorbed photons).

In the damping wings of Lyman resonances above Ly«,
the rate of scatterings is of the same order as the rate of
two-photon absorptions. Each scattering event shifts the
photon frequency by a very small amount compared to
the width over which the radiation field varies (6 v, /v ~
2.5 X 107). Partial redistribution is therefore essentially
coherent in the comoving frame, i.e., p(v, V') = 6(v' — v),
which implies A () = 0. For a more quantitative argu-
ment, see Ref. [15].

The only frequency regime where Rayleigh scattering
affects the radiation field in a nontrivial way is in the
damping wings of Lyea. In this line, indeed, scattering
events are much more frequent than two-photon absorption
events (by a factor of ~10%). Resonant scattering therefore
leads to a significant diffusion in frequency. Because
the frequency shifts are small compared to the width over
which the radiation field varies, the integral scattering
operator can be approximated by a second order differen-
tial operator—a Fokker-Planck operator [20,21,42,43]. For
the purpose of numerical implementation, the relevant
properties are (i) the fact that this operator is nearly local
(it only connects neighboring bins in frequency) (ii) it must
respect detailed balance and (iii) the diffusion rate must be
correct. We will explain our numerical method for the
implementation of Lyman-« diffusion in Sec. VA.

We note that a number of analytic treatments of
Lyman-a scattering in the recombination epoch have
been proposed in the past [43—47]. However, since two-
photon emission and absorption act on the same region of
frequency space, and since both processes involve high
optical depth, an accurate recombination history can only
be obtained by considering all processes simultaneously.

D. The radiative transfer equation

The radiative transfer equation for the photon occupa-
tion number is

af, Ho af, _ c3nH I: Z A, (v)+ A]y(”)], (56)

2
ot ov  8mr L 53,

where the left-hand-side is the derivative of the photon
occupation number along a photon trajectory in the ex-
panding universe, and the prefactor on the right-hand-side
converts the number of photons per unit frequency per
hydrogen atom to the photon occupation number.
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E. Inclusion in the effective multilevel atom
rate equations

1. Formal two-photon decay rates

As mentioned earlier, including two-photon decays
from states with n > 2 and Raman scattering events poses
a double-counting problem. In principle, to avoid this
double-counting issue, one should discard ““1 + 1 decays
(or decays following an absorption event, which is like a
Raman scattering event on resonance) altogether. If one
were to pursue this idea, one should not consider the p
states at all anymore (as they are formally only intermedi-
ate states in two-photon processes), but consider all s and d
states as “‘interface states” and allow for two-photon re-
combinations to the ground state. The two-photon nl < 1s
transition rates would then become

Qy) _ .2y ptotal  __ ptotal
nll - xlsln[ - xl‘\‘Rls,nl xan (57)

nl,1s’

where the formal transition rates are given by

dA
adly gnll hom=n)/Te — 1|71 f dv (58)

Rtovtz;l
tonl = dV 81s
and
_ dA
Ry = | =2ttt — 1" tdw, - (59)

where the integrals run from »,;/2 to v.. In principle
Eq. (57)—(59) can be included in a standard or effective
multilevel atom code, provided one solves simultaneously
for the radiation field, using the radiative transfer equation
Eq. (56).

2. Decomposition into 1 + 1” transitions
and nonresonant contributions

Two-photon decays from higher excited states consti-
tute, however, a correction to the recombination history
computed in the standard ““1 + 1”° picture, and we would
like to implement it as such. We start by formally separat-
ing the integrals in Egs. (58) and (59) in two contributions:
the resonant pieces, for v = v, and a nonresonant piece,
for frequencies far enough from any resonance. We there-
fore rewrite, formally,

Rt = SR+ Ru and

1s,nl
:1()ltals = ZRnl s + Rnl,ls’ (60)

~(n!
where the resonant contributions R(l';p and R,('} ") are de-

fined in a similar manner as in Eqgs. (58) and (59), but with
the integration being carried over a narrow range Av near
v,, and iéls,nl and I?,,,,ls are the nonresonant pieces re-
quired to complete the total rates. So far the separation is
just formal and we have not made any approximation.
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3. “1 + 1” Resonant contribution

We now notice that near a resonance v = v, the
two-photon differential decay rate dA,;/dv takes on the
following form (if n > n'):

dAnl ~ L Anl,n’pAn’p,ls
dv V=YL 4772 (V - Vn’l)z + (Fn’p/477)2
= Ay, s T 61
— Aaln'p T F d)L(V Vy'1s n’p)’ (61)
where I',/, is the total inverse lifetime of the state n’p, and

the Lorentzian profile is given by

r/(47?)
Av? + (T'/4m)*

For n <n/, the first coefficient in Eq. (61) should be
8n'p/ &ni X Ay instead of A, ,,,. When accounting for
the thermal motions of atoms, the Lorentzian profile should
be replaced by a Voigt profile. We can now approximate the
resonant pieces with the following expressions, valid for
both n < n' and n > n':

¢ (Av; 1) = (62)

Ry pni
RV = 3Aupail, (63)
n'p
and
Ay
RE:; fs) = Rnl,n’p 121? S’ (64)
n

where f, ,, 1s the photon occupation number averaged

over the Voigt profile near the resonance v = v,/.
Equations (63) and (64) are exactly what one would obtain
in the “1 + 1 picture after ‘““factoring out” the p states
(with a procedure similar to what is used to get rid of the
“interior” states in the EMLA method). Having these
resonant rates is exactly equivalent to having optically
thin one-photon transitions between the n/ and n’p states,
with rates R,;,,(T;) and R, ,/(T;), and optically thick
Lyman transitions, with net rate

xn’plls = _xlsln’p = An’p,ls(3x1sf1/”/p - xn/p)- (65)
To obtain the net decay rates in the Lyman transitions, one
then needs to solve for the radiation field in the immediate
vicinity of Lyman resonances. If the frequency region for
which two-photon transitions are considered as ‘“‘resonant”
is narrow enough, this can be done in the Sobolev approxi-
mation. Indeed, all the relevant conditions are met (see also
discussion in Ref. [24]; for more details on the Sobolev
approximation, see, for example, Ref. [15]):

First, the two-photon absorption and emission profiles
can both be approximated by the same resonance profile
Eq. (61). This relies on the assumption that the blackbody
radiation field varies little across the “‘resonant’” region,
and requires for its width to satisfy Av < T, /h.
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Second, we argued in Sec. IV C that one could assume
complete frequency redistribution for resonant scattering
near the Doppler core of Lyman resonances. The ‘“‘reso-
nant” region should therefore not exceed a few Doppler
widths.

Finally, if we consider regions in frequency narrow
enough around the resonances, we can use the steady state
approximation. This requires Av/v < 1.

We can see that considering the ‘“‘resonant” region
around each Lyman resonance to be a few Doppler widths
wide meets all the requirements.

An additional assumption required here is that excited
states are near Boltzmann equilibrium, which is very ac-
curate at redshifts for which two-photon processes are
important. In the Sobolev approximation, and in the
limit of large Sobolev optical depth, Eq. (65) becomes
the standard Lyman decay rate Eq. (18), where f, » 1s the
photon occupation number incoming on the resonance,
preprocessed by two-photon processes and diffusion in
the blue damping wing of the line.

The Sobolev approximation is probably the least accu-
rate for Lya decays where partial redistribution due to
resonant scattering is important. However, the large optical
depth to two-photon absorptions in the Lyman-a blue
damping wing, in conjunction with frequent scatterings,
drive the radiation field to the equilibrium value f, =
X/ (3xy,)e = rw))/Tw) gver several Doppler widths
(of the order of 40 Doppler widths, see Ref. [15]). As a
consequence the net decay rate in the core of the resonance
is very small anyway. We checked that in the presence of
two-photon transitions and frequency diffusion, even set-
ting X,,), |;; = O instead of the expression given by Eq. (65)
leads to relative changes to the recombination history of at
most 7 X 107%. Given that frequency diffusion leads to
corrections of a few percent at most to the decay rate in
Lya when radiative transfer is treated carefully even at
the line center [20], we can be confident that using the
Sobolev approximation for the resonant contributions of
two-photon decays is accurate to better than 1074,

4. “Pure two-photon” nonresonant contribution

In the previous section we discussed how two-photon
decays within a few Doppler widths of Lyman resonances
can in fact be accounted for in the standard “1 + 17
picture. To evaluate the nonresonant pieces, Iéls,n, and
an,ls, we need to solve the radiative transfer equation,
Eq. (56), to obtain the photon occupation number. The
subject of Sec. V is to describe our numerical method of
solution.

Note that choosing the “resonant” regions to be a few
Doppler widths has an additional advantage. Since a
Doppler width is ~10° times wider than the natural width
of Lyman lines, it is not necessary to account for the pole
displacements in the computation of the differential two-
photon decay rates in the nonresonant region. In addition,
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the fraction of two-photon decays that are considered non-
resonant will be small (of the order of I',,/ 4m?)/Av,
where Av is the width of the “resonant” region). For Av
of a few Doppler widths, this fraction is ~10~*. This
means that the “pure” two-photon decay rates R, |, are
much smaller than the total inverse lifetime of the n/ state,
I',,;, which is required to simplify the effective MLLA model
to an effective four-level atom model as we discussed in
Sec. III B 2.

As a final note, we want to emphasize why the final
result is independent of the exact boundary between ‘‘reso-
nant” and “‘nonresonant’ regions, so long as the resonant
regions are a few Doppler widths wide. If one were to
increase the width of the ‘“‘resonant” region, then the
“pure” two-photon transition rates Rn,’ls and Rls,nl would
decrease, mainly because of the change of the integration
region in the blue wings of the resonance—in the red wing,
the radiation field has reached near equilibrium with the
line and the net rate of decays immediately blueward of
line center is very small anyway. This decrease would be
nearly exactly compensated by the increase of what is
considered as ““1 + 17 decays, as the photon occupation
number incoming on the Lyman resonances, f, »» would be
decreased due to the smaller optical depth due to “pure”
two-photon absorptions in the blue wing. Hirata (2008)
checked the independence of the result form the exact
value chosen for the width of the “‘resonant” region, and
found that even changing this width by a factor of 9 lead to
relative changes of at most 4 X 10™* in the recombination
history.

V. NUMERICAL SOLUTION OF THE RADIATIVE
TRANSFER EQUATION

A. Discretization of the radiative transfer equation

To solve the radiative transfer equation [Eq. (56)]
numerically in the ‘“‘nonresonant” frequency region, we
follow the method of Hirata (2008), and extend it to also
account for frequency diffusion.

We will consider the radiation field in the vicinity of N
frequency “‘spikes’ v;, for b = 1,2, ... N. Each spike has
an associated width Aw, (which is just the separation
between consecutive spikes if they are linearly spaced,
for example).

We use the discretized differential two-photon rate

dA,,;
—n = > A,,0.(v— 1), 66
ol g_ 160e( b) (66)
where we use the coefficients
dA
Ay = [ Sota, 67)
AV;, v

where the integral is carried over the frequency region
associated with the spike Aw,. The function 6.(v — v;)
in Eq. (66) should be understood as a sharp profile centered
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at vy, which integrates to unity, and has support in
[v, — € v, + €]. The solution we derive is in the limit
€ — 0, for which 6, — &, the Dirac delta function. Doing
so, we are simply approximating the optical depth as
concentrated in discrete frequencies instead of being a
smooth function.

The main new contribution of the present work is the
discretization method for the scattering operator. We use
the discretized scattering kernel

ZRb b/5 (V

b,b’'

R(V, V used Vb)Be(V/ - Vb’)‘ (68)

We enforce detailed balance:

Ry e Hm/T) = Ry, el=hny)/Ta), (69)
Moreover, we use the diffusion approximation for resonant
scattering. This allows us to assume that the numerical
scattering kernel R}, ;y is nonvanishing only for neighboring
bins, b’ = b = 1. In order to obtain the correct diffusion
rate, we set

(Ppr1 = vp)*Ryps1 + (Wpoy — )" Ry

A%p,lx 2T,

_ m 2
=3 Ay, i Viyar (70)

47 (v — VLya)z

where we used the damping wing approximation for the
absorption profile (and approximate v = V%ya in the mul-
tiplicative factor).

As boundary conditions, we assume a vanishing photon
flux due to diffusion at the boundaries of our domain, i.e.,
formally, Ry = Ry y+1 = 0 (in fact we set these condi-
tions at the boundaries of the diffusion domain, smaller
than the entire frequency domain considered). Using
Eq. (70), we then obtain R ; and Ry y—;. Using iteratively
Egs. (69) and (70), we can then obtain all the coefficients of
the numerical diffusion kernel, starting from the bounda-
ries, and up to line center. Denoting b, the highest bin
below Ly — a and b; + 1 the first bin above Ly — «,
we obtain all coefficients up to Ry, b, ON the red side of
Ly — a, and up to Ry, b,+1 0N the blue side (we do not
follow the radiation field at the central bin by, but can still
define these coefficients). Note that with this method we
cannot ensure that the diffusion rate at the central bin is
correct. However, the exact value of the diffusion rate at
line center does not matter, as long as it is high enough to
ensure that the photon occupation number reaches the
equilibrium spectrum f,, o e((=7%)/Tw)

B. Solution of the discretized radiative
transfer equation

To simplify the notation, we define the following rate
coefficients:
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dA
R, = y nl |Vb|eh(mrun1)/Tr —1]"'Av, and
v
Ry = @eh(Vb_an)/Tarlyb‘ (71)
81s

This coefficients can be thought of as transition rates
between bound states and a set of “virtual” levels with
associated energies £, = hv, [24].

We define the total Sobolev optical depth in the b-th
frequency spike:

7 _C”HX“<ZR;,,,,+ D Rbb/) (72)

=b=*1

We also define the average photon occupation number
near v;:

— v,te

o= [ sv = w)fan (73)
Vv, —€

Finally, we define the equilibrium photon occupation num-

ber at the b-th frequency spike:

zxannlb + xlsz.fv /Rh’

e = . (74)
" X15(X Ry + ZRb b

nl

In the vicinity of v, the discretized radiative transfer
equation becomes

L af, _af,
Hv, ot ov

= ATb(SE(V - Vb)l—_f;c/(;i - fV] (75)

In the limit that the support of the delta function becomes
vanishingly small, e — 0, the discretized radiative transfer
equation can be solved in the steady state approximation,
and one can neglect the time derivative. This is similar to
the commonly used Sobolev approximation, except that we
are now making this approximation in the vicinity of an
artificially introduced spike (as opposed to a true resonance
line), for the purposes of numerical resolution. Another
conceptual difference is that the equilibrium photon occu-
pation number also depends on the averaged value of the
radiation field at neighboring bins, because of frequency
diffusion. Given the photon occupation number at the
blue edge of the b-th spike, f,, ., this equation has a
well-known solution f,. The quantities of interest for us
are the photon occupation number at the red edge of the
spike f,, . and the average photon occupation number in
the spike f »,- They are given by the following expressions
(for a derivation, see, for example, Refs. [15,24]):

fV;,—e = fvh+eeiATb + fffg(] - eiATb), (76)
and
f’/b = thv,,+e + (1 - h)fvb, 77)

where II, is the Sobolev escape probability from the
b-th spike:
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1 —e 4n
hn,=——-.: 78
b A, (78)

We now use the variables
Xp = xlsfv,,’ (79)

As explained in Ref. [24], x;, can be interpreted as the
population of the virtual level b. One should however keep
in mind that this is just a convenient rewording for the
radiation field intensity.

Using the definition of f3!, Eq. (74), we can rewrite
Eq. (77) in the form

Tb’bxb - an/Rn],b + Z xb’Rb’,b + Sb, (80)
nl b'=b*1

where we have defined

1
Tb,b = 1= H (ZRb,nl + Z Rb,b’) and
b\l b

1Zpe
sp = Hpxi5fo,+eThp (81)

We only follow two-photon decays in the damping
wings of resonances, but we should still account for fre-
quency diffusion between line center and the neighboring
bins. At the Lyman-a line center, the radiation field
is in equilibrium with the 2p/ls ratio: foe =
x5,/ (3xy5). If by is the highest frequency bin below
Ly — a, (and b; + 1 is the first bin above Ly — «), we
therefore define the transition rates with 2p:

1 1
=§RbLya,b1 and Ry, p 41 =Ry p+1- (82)

3
Provided that we set Ry , +1 = Ry, 115, = 0, Eq. (80)
remains valid for b = b, by + 1. Adding these transitions
with the central frequency bin will ensure that the photon
occupation number is driven to its equilibrium value near
line center, f3! = x,,/(3x;,)el A= 1))/ Tn),

We now use Eq. (42) for the populations x,; with n = 3.
We define the coefficients, for i = 2s, 2p:

Rop.p,

_ 8nl  — ;
Tyi=—Ryy— > e Be/lipl (T)R,, (83

n=3,1 &1
We define the new source vector:
Sp=s5, +2 Y St E/Lpe (T)R,,,  (84)
n=3,1 o€
We also define the coefficients
Typ+1 = —Rpx1p (85)

The discretized radiative transfer equation then takes the
final form:

b+1

Tbyzs.xZS + Tb,szzp + Z Tb,brxb/ == Sb~ (86)
b'=b—1
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C. Populations of the excited states

Given the radiation field, we can now compute the two-
photon transition rates. Using Egs. (58) and (59) limited to
the “‘nonresonant” frequency region, we obtain, after dis-
cretization,

Ry =DRyp and Ry =>F, Ry (87
b b

The effective transition rates from the i = 2s and 2 p states
to the ground state are therefore, according to the discus-
sion in Sec. III B 2, and using the definition of 7, ; Eq. (83),

n !

~ g _ .
Riy=-DTpi+> ;" Ryy,e E2/TePi (T,), (88)
b

where the first term accounts for two-photon transitions
and the second term for escape from Lyman lines (it is
understood that P%; = 0and Pgﬁ = 1). The effective tran-
sition rate for the reverse process is given by

Rigi= =D Tinfr, T 3D RigaPip(T) iy (89)
b n

where we have defined the coefficients, for i = 2s, 2p:

Ti,b = ﬁeh(Vb*Vzl)/TrTb’i. (90)
81s
For a given radiation field and free electron fraction,
we can now obtain an equation for the populations of the
excited states 2s, 2p. We do so in the steady state approxi-
mation, i.e., setting X; = 0 for i = 2s, 2p in Egs. (37) and
(38). We first define the 2 X 2 matrix of elements

Ti,i = Bi + Ri,j + j{i,ls and Ti,j = _Ri,j' (91)
We also define the source vector of elements
Si = nux A; + 33 Ruy Php(Tf e (92)

n=2

The steady state equation for each state i translates into the
linear equation:

Z T x; + ZTi,hxh =S,

Jj=2s2p b

i=2s2p. (93)

D. Evolution of the coupled system of level
populations and radiation field

We now have all the necessary pieces to evolve simul-
taneously the level populations and the radiation field,
and compute the free electron fraction. In this section
we summarize the procedure and recall the main equations.
We start with an initially thermal radiation field, f, =
e((=h7/T) " At each time step, we do the following compu-
tations:

(1) We obtain the photon occupation number incoming

on each bin b assuming free streaming between
frequency spikes:
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Eypii
E,

fo,re(2) = fm,fe(Z’ =(1+2) 1). 94)

We also obtain in the same way the incoming photon
occupation number at the Ly — n transitions, f, r

(2) We solve for the populations of the 2s and 2p
states and the average photon occupation number
at each frequency spike f v, = Xp/X15 simulta-
neously by solving the coupled linear system given
by Egs. (86) and (93). Even with a large number of
bins for the radiation field (N = 311 in our fiducial
case), this system is easily solved because the matrix
of coefficients T}, is tridiagonal and the overall
system has the particular sparsity pattern shown in
Fig. 5. Such a sparse system can be solved in O(N)
operations (specifically, we can solve the system in
~16N operations).

(3) We update the photon occupation number at the
red side of each spike, f, ., using Eq. (76). At
the red side of Lyman resonances, we use f,, =
X,,/(3x1,), valid in the optically thick limit, where
X, is given by Eq. (42) for n = 3.

(4) After step #2, we can obtain the function x,(z, x,)
through Eq. (39) or® (40). This allows us to evolve
the free electron fraction to the next time step.

E. Implementation, convergence tests and results

We evolve the free electron fraction during hydrogen
recombination in several phases. We use even steps in
Ina (where @ = (1 +z)~' is the scale factor), with
Alna = 8.5 X 107>, We describe our ODE integrator in
Appendix C.

(1) We checked that hydrogen and helium recombina-
tion never overlap and can be followed separately
(to an accuracy of a few times 10~%). We therefore
start computing the hydrogen recombination
history once helium is completely recombined.
Quantitatively, we start hydrogen recombination
once the fractional abundance of He™ ions is less
than 10~ relative to hydrogen. If this criterion is met
earlier than z = 1650 we only switch on the hydro-
gen recombination computation at z = 1650. We
checked that at this redshift the exact free electron
fraction differs from the Saha equilibrium value by
no more than a few times 10~% anyway.

(i1) In the first phases of hydrogen recombination,
we use the post-Saha expansion described in
Appendix D. We do so as long as the free electron

2Equation (39) contains near exact cancellations but Eq. (40)
contains a large number of terms for which numerical round-off
errors can add up. We checked that both equations give the same
result within numerical round-off errors. We use Eq. (39) in the
final code simply because it is more compact.
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FIG. 5. Sparsity pattern of the linear system solved for evolv-
ing simultaneously the level populations and the radiation field,
in the presence of two-photon transitions and frequency diffu-
sion.

fraction differs from the Saha value by Ax, <5 X
1073. We checked that explicitly integrating the
ODE for x, instead (with a much smaller time step
as the ODE is stiff at early times) leads to maximum
changes of Ax,/x, =3 X 1074,

(iii) From then on and until z = 700 we solve simulta-
neously for the level populations and radiative
transfer with two-photon processes and diffusion
as described in this section.

(iv) For z <700, we use the simple EMLA equations,
with simple decay rates from 2s and 2p only (i.e.,
not accounting for higher-order Lyman lines and
radiative transfer effects). We checked that moving
the last switch to z = 400 instead of 700 leads to
maximum changes |Ax,|/x, < 1074,

(v) For the matter temperature evolution, we use the
asymptotic solution of Hirata [24] [it can be ob-
tained by setting 7, = —HT,, in Eq. (12)] as long
as 1 — T,,/T. <5 X 107*. Depending on cosmol-
ogy, this corresponds to 750 < z < 950. After that
we switch to solving for x, and 7}, simultaneously
by using Eq. (12).

All the checks mentioned above were made for a wide

range of cosmological parameters.

Our fiducial parameters for the numerical solution of
radiative transfer are N = 311 frequency bins extending
from vy, /2 to Viyy, and a diffusion region with 80 bins
extending to Av/ vy, = *1.7 X 1072, The minimal spac-
ing between bins is min[ln(¥,,,/v,)] = 8.5 X 1077,
which sets the largest step in Ina that we can take (this is
also half of the width Av/v of the “resonant” region
around Lya). We checked (for the fiducial cosmology
only) that reducing the diffusion region to Av/vyy, =
+1X 1072 leads to changes [Ax,|/x, <6 X 1075,
Reducing the diffusion region to Av/ Viya = T3 X 1073
leads to changes |Ax,|/x, <4 X 107°. We checked that
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using a 10 times finer frequency grid in the diffusion region
(and a 10 times smaller time step) leads to maximum
changes |Ax,|/x, = 1.5 X 107* at z = 900.

We are therefore confident that our numerical treatment
is converged at the level of a few parts in 10*.

We show in Fig. 6 the changes in the recombination
history due to two-photon processes. We find that including
two-photon transitions from the initial states 2s, 3s, 3d, 4s
and 4d is sufficient for the level of accuracy required—we
checked that including two-photon transitions from 5s
and 5d leads to a maximum change Ax,/x, ~ 8 X 107>
at z ~ 1200 and can therefore be neglected. The effect of
frequency diffusion in the Ly« line is shown in Fig. 7.

We compared our results to the two-photon MLA code
of Hirata [24], as well as to the results of Hirata & Forbes
[20] for frequency diffusion. For this comparison, we
use 7, = 30. The result of the comparison is shown in
Fig. 8. The maximum difference between the codes for
700 < z <1600 is |[Ax,|/x, = 0.0005. The increase of the
relative difference at late times is most likely due to small
differences in the bound-free rates, which are computed
with different methods (we use the recursion relations of
Ref. [48] whereas Hirata (2008) directly integrates the
products of wave functions to compute matrix elements).
This difference remains even when switching off two-
photon processes. The ~3 X 107> kink at z ~ 1570 is a
startup transient due to switching from the post-Saha so-
lution to solving the full ODE. The kink at z = 1350 is
due to the Ly photons emitted at z = 1600 starting to
redshift into Lya. Overall, the agreement is excellent
(lAx,|/x, <10™* for z>900), even though the codes
use different methods to compute atomic rates and differ-
ent approaches for solving the MLLA problem and treating
Lya frequency diffusion.

0.02 T T T T T T

0.01

T T[T rTT

0.00

A Xg/Xq

001F —---- 2s

e 28, 38, 3d
—— 2s,3s,3d, 4s, 4d
-0.02 . . . . . .

200 400 600 800 1000 1200 1400 1600
z

IEETERENI ARRTRRETNE FRRERRTRNE RRRRET]

TTTT T[T

FIG. 6. Changes in the recombination history when including
two-photon decays and Raman scattering (no diffusion),
compared to our “base” model. The line labeled “2s”’shows
the changes in x, when one properly accounts for stimulated
2s — 1s decays, as well as absorptions of distortion photons and
Raman scattering form 2s. The other lines show the cumulative
correction when adding two-photon transitions from higher
levels.
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FIG. 7. Changes in the recombination history when including
frequency diffusion in Lyman-«, compared to a model with two-
photon transitions but no diffusion.

Comparison of HyRec to Previous Codes
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FIG. 8. Comparison of HYREC with the MLA + two-photon

code of Hirata (2008) and to the results of Hirata & Forbes
(2009) who account for Ly« diffusion. See text for comments.

VI. HELIUM RECOMBINATION

Roughly 14% of the electrons in the Universe are asso-
ciated with helium rather than hydrogen, so it is critical
to model helium recombination as well [5,33-35]. Because
the ionization energy of helium is greater than that of
hydrogen (E; = 24.6 eV for He I and E;, = 54.4 eV for
He II), helium recombines earlier than hydrogen, well
before the epoch of last scattering. Therefore, we do not
observe helium recombination directly: rather it affects the
diffusion of photons at early times and hence controls the
Silk damping length [5]. A faster helium recombination
(smaller x,) leads to a longer photon mean free path and
hence a larger damping length. The net effect is then to
reduce the high-£ multipoles of the CMB temperature and
polarization power spectra [33]. However, since most of
the Silk damping occurs at later times, we do not need
extraordinary accuracy in following helium recombina-
tion: the corrections identified by Refs. [31-33], which
changed x, by up to 3% at z = 1800, amounted to a
~1o correction for Planck and ~8c¢ for a hypothetical
cosmic variance limited experiment to <€ = 3000.
Therefore, a helium recombination code accurate to
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~0.3% should reduce any residual errors to the point of
being negligible for Planck. Here we describe our “‘fast”
helium recombination code.

Throughout the helium recombination process, we may
take a single temperature 7 = T,, = T,. We make several
other crude approximations, as detailed below. While
analytically motivated, their quantitative justification
rests on the comparison to the “full” version of our calcu-
lations [33]. For the equilibrium calculations, the He I
level energies and are obtained from the NIST database
(itself based on the compilation of Ref. [49]). The
bound-bound Einstein coefficients are obtained
from Ref. [50]: A[2'P° — 1'5]=1.7989 X 10° s~! and
A[23P° — 1'S] = 177.58 s™!. The bound-free rates are
not required here since the excited levels of He I remain
in equilibrium with the continuum (i.e., these rates may
simply be taken to be ‘““fast’).

A. He I1I — II recombination

The He III — II recombination has previously been
found to be in Saha equilibrium to high accuracy [31,34]
and is followed using the Saha equation

g+ fue @) _  _

_EIZ/T’
fHe - q

8. 95)

where ¢ = xyr and we assume that the rest of the helium
is singly ionized, xgor = fue — ¢, and all hydrogen is
ionized, x, = 1 + fy. + ¢. In Eq. (95), Ey, is the second
ionization energy of helium and g, is given by Eq. (3) but
using the appropriate reduced mass of the electron-He III
system. We first solve Eq. (95) for ¢:

2sfHe 4sfHe >_1 (96)

—_ e (g fp gy THe
1 1+fHe+s< \/ (1 + fre + 52

We then obtain
x, =1+ fge +q.

This equation is used to obtain x, until ¢ = Xy =
10~? (which corresponds to z ~ 4000).

the free electron fraction from

B. He I1 — I recombination: Near-equilibrium stage

In contrast to He III — II recombination, the He II — I
recombination is a highly nonequilibrium process (it oc-
curs at much lower density and in a weaker radiation field,
with a much slower 2y decay process, and the excited
levels of He I are much closer to the continuum as a
fraction of the ionization energy than those of He II).
Therefore, it must be followed in several stages.

The first is the near-equilibrium stage, before the main
He I resonance line (2'P° —1'S at 584 A) develops
sufficient optical depth to push helium recombination
out of equilibrium. In this stage, the free electron fraction
is close to the Saha solution x5% =1+ ¢, where
q = Xyenr Satisfies
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q(1+¢q) _

~E;, /T,
fHe - q

s =4g.e 97)
and we assume that all hydrogen is ionized and that the
helium is distributed between He? and He*. In Eq. (97),
E;, is the first ionization energy of Helium, and one should
use the appropriate reduced mass of the electron-He II
system in g,. The additional factor of 4 relative to
Eq. (95) is due to the lower spin degeneracy of He I
Again, we first solve Eq. (97) for ¢:

4sfHe —1
1+ S)z) '

from which we get x3%® = 1 + g. We then obtain the post-
Saha expansion for the free electron fraction x, = x5 +
Ax, as described in Appendix D. We do so until Ax,
reaches 5 X 1074, which corresponds to 2500 <z <
3000 depending on cosmology. We checked that using
the post-Saha expansion until Ax, = 107> instead and
then numerically integrating the ODE for x, (described
in the next section) leads to maximum changes of ~3 X
10~* in the free electron fraction.

1+ (98)

2SfHe<
= 1+
q 1+

C. He II — I recombination: Nonequilibrium stage

At lower redshifts, one must follow helium recombina-
tion carefully, via a Peebles-style ODE [1], i.e., an equation
of the form

¥o==Fx,zp) 99)
where p is the vector of cosmological parameters. Despite
the complicated radiative transfer physics in the helium
problem, a single ODE turns out to suffice because the
portion of the ultraviolet spectrum that is relevant is rela-
tively narrow and may be treated as in steady state (it
encompasses the 584 and 591 A lines). The construction
of the F function is however more complicated than the
Peebles ODE for hydrogen.

The excited levels of He I (n = 2) have been found to
remain in Saha equilibrium with the continuum throughout
the process since the strong CMB blackbody ionizes
them far faster than they can reach the ground state [31].
The significant processes for net decays to the ground state
are fourfold:

(i) The two-photon process, He(2'S) — He(1'S) +

v+ .
(i) Emission of photons via the main resonance line
2'po — 11§ with A = 584 A, followed by redshift-
ing out of the line (the He I analogue of the H I
Lyman-a escape process). .
(iii) The absorption of He I 584 A photons by
H(1s) atoms via photoionization, H(ls) + y —
H* + ¢~. The electron rapidly thermalizes its en-
ergy, leading to a loss of a resonance line photon
and a net decay of He L.
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(iv) Emission of photons in the intercombination line
He I] 23P° — 1'S with A = 591 A. This line has
Sobolev optical depth of order unity during He I
recombination so the full Sobolev escape probabil-
ity formula must be used.

In constructing the function F above, we take several
steps. First, we compute the abundance of the species H I,
H II, He I and He II. The formulas for the latter are xyg.; =
X, — 1+ xgr and xgo = fhe — Xgem» but these require
knowledge of the H I fraction. This cannot be completely
ignored, but it is small and so the Saha equation for H
(Eq. (D2)) suffices for this purpose.3

Next is the determination of the excited level (2'S
and 2!P) abundances assuming equilibrium with the
continuum,

1 -
e e/ Tx,(x, — 1) (100)
g

e

and x[Z'P] = 3)6[215] exp[—(E[zlp] - E[zls])/T]
Armed with this information, we proceed to investigate
each decay mechanism.

1. The two-photon process

The downward rate for the He I 2y decay is
A =50.94 s7! [51], so we find a downward decay rate

F®(x,, z;p) e EersErs) Ty ). (101)

= A(x[zls]

2. The 584 A line

The rate of emission of photons in the 584 A line is
complicated because photons in this line experience
multiple processes: (i) “true” absorption and emission,
(i) resonant scattering (which redistributes photons in
frequency since in the comoving frame the ingoing and
outgoing photons need not have the same frequency),
(iii)) H I photoionization opacity (which has absorption
and emission), and (iv) redshifting due to Hubble expan-
sion. We construct here a highly simplified model of these
processes; the “full” treatment can be found in Ref. [31].
Ref. [31] also showed that the resonant scatterings can be
neglected. It should be noted that in the case of the 584 A
line, the nontrivial physics takes place in the damping
wings: the line center is very optically thick, and the
reaction

He (2'P°) < He(1'S) + y (102)
reaches equilibrium there (analogous to the H I Lyman-«
line).

*Equation (D2) technically neglects the contribution of helium
to the electron abundance, but this correction is small in the very
latest stages of He recombination when the H I correction
becomes significant.
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In this situation, the radiative transfer equation for the
photon occupation number f, in the vicinity of the 584 A
line can be simplified to [Eq. (36) of Ref. [31], with
individual expressions substituted in]

fu

f,=Hv

+ HVTabng(V)Q%M )

where 7). is the H I opacity in units of absorption optical
depth per unit frequency (i.e., Hv7, is the absorption
optical depth per unit time), and f5g, = X1 poy/ (3xp15))
is the equilibrium photon occupation number in the
584 A line. In Eq. (103), the ="")/T) term corresponds
to emission from direct H I recombinations to the ground
state (i.e., the inverse process of photoionization); Ty 1s
the Sobolev optical depth to true absorption in the 584 A
line; ¢(v) is the 584 A line profile normalized by
f ¢(v)dv = 1. We neglect stimulated emission processes
at 584 A, since the photon phase space density is << 1. In
steady state, the left-hand side of Eq. (103) is approximated
as zero. The remaining contributions are as follows.

The H I continuum optical depth is, assuming an H I
abundance in Saha equilibrium with H IT (assumed to be
nearly all hydrogen, i.e., x, = 1),

+ Hyone(e ™/ = f,)

(103)

eP/T o piengx,

Ne = (104)

g, Hyv

[This comes from combining Eqgs. (27) and (28) of
Ref. [31].] Here oy, is the photoionization cross section
of HI at A =584 A and E, is the hydrogen ionization
energy.

The line profile is in principle a Voigt profile. However
near line center where ¢(v) becomes large, we have
f,— f§84 irrespective of the details in order to keep
Eq. (103) finite. Therefore, we approximate it by the damp-
ing wing approximation,

r

D) = (105)
where v is the central frequency of the line and I' is the
intrinsic width. The latter is the sum of the rates for all
processes that depopulate 2! P° (the width of the 1'S state
is negligible), i.e., we may write I' = Asgy + ' jer,» Where
Asg, is the contribution from 2! P? — 11§ and Ty, is the

contribution from all other states:

1— e_(E[21P0]_E[21S])/T

Z 8i 1[2 P°]
EEpipo)/T _ |’

(106)

where the first term corresponds to decays to 2'1S (sup-
plemented by stimulated transitions) and the second term
corresponds to absorptions from 2! P to a higher level i.
We include the levels n'S and n'D for 3=n=<5. In
principle we should include higher n and the continuum

1—‘other =

043513-18



HyRec: A FAST AND HIGHLY ACCURATE PRIMORDIAL ...

levels, but in practice the first few levels dominate the sum
because of the exponential factor.

We next need the optical depth to true absorption, which
is the Sobolev optical depth 74 times the fraction of photon
absorptions 1'S — 2! P? that are true absorptions (i.e., do
not immediately decay back to 11S, but rather visit another
level). This fraction is I'yye,/I". Thus

T ¢(1}) _ 1—‘other r r _ 7-Sl—‘other
abs r S4m2(v - vo)?  4m (v — vy)?
(107)

With these results, and neglecting the variation of the
blackbody function e(=m)/T) across the line, Eq. (103)
simplifies to

a_f,, = — e hwo/Ty 4 ﬂ _ req
81/ nc(fv e ) 4772(Ij _ ]}0)2 (fV f584 .
(108)

The next simplification of this equation occurs if we
rescale both the frequency and the phase space density
axes as

y=4m 20 (109)
7'Srother
and
fy — e*hVU/T
=" 110
£0) [T (110)
leading to
dé¢ E—1
& ST (111)
where
T 1—‘0 ernc
T, = %. (112)

For blackbody radiation entering the line, we have the
boundary condition &(+o00) = 0.

This reduces the radiative transfer equation to a single
ODE that depends on the single dimensionless parameter
7., which is (roughly speaking) the optical depth to H I
photoionization within the part of the line that is optically
thick to true absorption by He I 584 A. This parameter is
exponentially increasing in the early parts of helium re-
combination, and becomes of order unity at z = 2100.
It is the parameter that controls which process is a more
important sink for resonance line photons: H I continuum
opacity (7, >> 1) or escape via redshifting (7, < 1).

The net rate at which photons are emitted in the He I
line in photons per H nucleus per unit time is then obtained
by integrating the absorption/emission term in the rate
equation,

PHYSICAL REVIEW D 83, 043513 (2011)

2
s _ [ STV Hyra (S, — f)dv. (113)

I’IHC3
This integral can be converted into an integral over y and
f» can be replaced with £(y); making these substitutions
and approximating v = v in the prefactors gives

8mHv?
0(red _ _—hw)T
—3 Usga ™ € ¥/ )E,

F O3 = (114)

nHC3

where

£ = [1_75()})(1)) (115)

y

depends on the single parameter 7.. We note that without
the factor of &, Eq. (114) would be the standard decay rate
formula with escape probability P.,. = 1/7g (appropriate
in the high optical depth limit). Thus £ can be thought of as
a correction factor associated with the H I continuum
opacity.

Unfortunately, the integral in Eq. (115) is not amenable
to direct calculation, since the integrand is ill-conditioned
near y = (. We may obtain an alternative form by taking
the integral from y = —Y to y = +Y (we will take the
limit ¥ — o0), plugging in Eq. (111) into the integrand, and
then realizing that £(+Y) — 0 due to our boundary condi-
tion, we find

e=en [ e

Formally, for 7, > 0, we have &(—Y) — 0 for Y — oo, but
numerically one must keep the first term at small 7.
Equation (111) is stiff and can be solved by the backward
Euler method; however even this is too slow to use in a
“fast” recombination code. Therefore, we have con-
structed a fitting function for &, valid to within 0.8% for
all positive 7:

7.74r,
E(r,) = \/1 + 771 + T+ 70r.

Note that this has the correct limiting behavior £ — 1 for
7. — 0, and for positive 7. has £ > 1, as one would expect.
The full function £(7,) and the approximation of Eq. (117)
are shown in Fig. 9.

The use of Egs. (114) and (117) are sufficient to solve for
the behavior of the 584 A line.

(116)

(117)

3. The 591 A line

The intercombination line He I] 23P9 — 11§ at 591 A
can reach optical depths of order unity during helium
recombination. Therefore it must be considered carefully.
However, because the damping wings are optically thin, it
is only the line center that is of interest. Because there is
negligible H I continuum opacity in the core during helium
recombination, we use the Sobolev approximation for the
591 A line. If there were no 584 A line, then we would have
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FIG. 9. The function £(7.) (solid line) and our approximation
(dashed line).

blackbody radiation entering the line and could write the
net decay rate as

8mH Vg
3

nyc

(1 = emmo)(f5d, — e~ Ferm~Fna)/T),

(118)
where 7s59; is the optical depth of the 591 A line,
and f5g, = xpipoy/(Bxpps) is the equilibrium value of
the photon occupation number in the line. Based on the
ratio of Einstein coefficients [50], we take 759; = 1.023 X
1077 75g4.

However, the 591 A line can also absorb photons that
redshlfted out of the 584 A line. We treat this problem by
an “on-the-spot” approximation: we assume that for each
photon emitted in the 584 A line, there is a probability that
the photon is reabsorbed of

Preans = € TEtr Epap)/h( — o= 7sa), (119)

where the first factor is the probability that the photon can
redshift from 584 A to 591 A without being destroyed by H
I continuum opacity, and the second factor is the probabil-
ity that, once it reaches the 591 A line, the photon is indeed
absorbed. Thus the 591 A line has two effects: first, it
contributes to the net formation of the He I ground state
in accordance with Eq. (1 18) and second it reduces the net
formation from the 584 A line by a factor of 1 — P -
Thus we write

3
j_‘(59l) — 87TH3VO (1 _ 67759])
nyc

X (fS9l — [23,,0 115])/7) —

}'(584).
(120)

4. Hydrogen recombination corrections

As a final step, we include in our rate equation the
contribution to the ionization fraction due to changes in
the hydrogen Saha equilibrium:
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FIG. 10. A comparison of the HYREC He II — I recombination
history to that computed by the ““full physics” code of Switzer &
Hirata [33]. The maximum deviation is 0.3%.

d)CH]
dt Saha’

F® = — (121)
which is obtained by two-sided finite differencing with
Az = £0.5. This contribution to x, is necessary for full
accuracy at the very last stages of He recombination.

5. Integration details

We may now construct the overall electron fraction
evolution, F = F@ 4 F684 4 FG& 4 FH) — The
equation is stiff at early times, which is why we do not
turn it on until the free electron fraction given by the post-
Saha expansion differs from the Saha equilibrium value
by more than 5 X 10”4, We then use the ODE integrator
described in Appendix C.

The treatment of helium is turned off once the abun-
dance of He™ ions is less than 10™* per hydrogen atom,
after which we switch to following hydrogen recombina-
tion (we checked that hydrogen and helium recombination
never overlap and can be followed separately).

D. Comparison to detailed calculations

The ultimate test of the sweeping approximations
made in this section is their comparison against more de-
tailed computations of the He I recombination history. We
compare against Switzer & Hirata [33] in Fig. 10. The
maximum error is 0.3%, which is roughly equal to the
stated theoretical uncertainty in the Switzer & Hirata
calculation.

VII. CONCLUSIONS

We have presented a complete treatment of primordial
hydrogen and helium recombination, including all the
effects that have been shown to be important so far.
Our computation accounts for the multilevel character of
hydrogen and the nonequilibrium of angular momentum

043513-20



HyRec: A FAST AND HIGHLY ACCURATE PRIMORDIAL ...

substates, radiative feedbacks, two-photon transitions, and
frequency diffusion in Ly« for hydrogen recombination.
For helium recombination, we account for HI continuum
opacity in the He I 2! P> — 1'§ line, decays in the 23P° —
1'S intercombination line, and feedback between these
lines. We have implemented all these effects in a single
recombination code, HYREC, which can compute a
recombination history in ~2 seconds on a standard laptop
for a given set of cosmological parameters. Provided colli-
sional transitions can be neglected (which remains to be
established), we estimate the errors of our computation to
be a few times 10™3 during helium recombination and a
few times 10~* during hydrogen recombination, including
both numerical errors and errors due to the assumptions
and approximations made for physical effects. If colli-
sional transitions are shown to have a significant effect
on recombination, our code can be easily updated to ac-
count for them with very little loss of computational
efficiency.

It has been argued that corrections to the recombination
history due to radiative transfer effects are relatively inde-
pendent of cosmology [52], and that one could therefore
compute them once and use the resulting correction func-
tion to account for them for any given cosmology.
Alternatively, one might run a grid of recombination his-
tories for different cosmologies and construct a fitting
function [6,53]. Our point of view here is that the physics
of primordial recombination is simple enough, and an
exact calculation from first principles is now fast enough
that there should be no reason to use fudge factors and
approximate correction functions. This is especially rele-
vant if one wishes to extend the standard recombination
calculation by introducing ‘“‘exotic”” new physics. We
would like to emphasize that the fast computation pre-
sented here, using the EMLA method, is very well adapted
for the computation of the recombination history, but that
the standard MLA approach and fast interpolation methods
may still be useful for the computation of the recombina-
tion spectrum.

We believe our code is accurate enough (aside from
neglecting collisional transitions) and has a sufficiently
small runtime to be incorporated in Monte Carlo Markov
chains for upcoming CMB data analysis from the Planck
mission.
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APPENDIX A: PROOF OF SOME RELATIONS
INVOLVING EFFECTIVE RATES

1. Preliminaries
Here we use the same notation as in Paper L
Capital indices K, L refer to “interior” excited states,
and lowercase indices i, i refer to “interface” excited
states. We define the rate matrix M with coefficients:

My = 6k Tx — (1 — 8k )Rk ;- (AD)

In Paper I, we have shown that the populations of the
interface states are given by

Xk = Z(Mil)LK[nHXECVL + inRi,L:I- (A2)
L i

We also showed that the probabilities Pi and P¢ are
given by

Pl =Y (M Vg Ry (A3)
L

and

P =Y (M g, By (A4)
L

In Appendix C of Paper I, we showed that M satisfies the
following detailed balance relation:

OxM Vg =0, (M), (A5)

where Qg = gge("Ex)/T) s the contribution of individual
states to the partition function and g is the degeneracy of
the state K.

2. Rate of change of the free electron fraction

In this section we derive Eq. (31), which was not derived
in Paper 1. In the standard MLA formulation, the rate of
change of the free electron fraction can be written as

X, = —Z[ongaK — Xk Bkl — Z[”ngai —x;Bil
X i
(A6)

This formula is never used in standard MLA codes, as it
requires a summation over a large number of nearly can-
celling terms, and MLA codes use instead x, = —X;, to
compute the rate of change of the free electron fraction.
Equation (A6) remains however formally correct. Using
Eqgs. (A2) and (A4), we rewrite
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ZXKIBK ZBK(M )LKI:”HX ap + ZX RtL:I

= ZPZI:onZaL + inRi,L]
= Zon a; — ngx; ZZaLP
+ Zx ZR, L Pe,

where in the last equality we have used the complemen-
tarity relation Y ,Pi + P% = 1. Inserting this result
into Eq. (A6), and using the definitions of the effective
recombination coefficients and photoionization rates
Egs. (23) and (24), we immediately recover Eq. (31).

(A7)

3. Proof of Eq. (41)

Consider Eq. (36) with [y = T'x(T,). The formal solu-
tion for the P¥ is given by

Py= Z(M_I)KLRL,U- (A8)
L
Therefore one may rewrite Eq. (34), for i = 2s, 2p:
R = (A9)

Ri,ls + Z)li,K(Tr)RK,IS!
K
where we have defined
Aig(T,) = ZRIL(M Dk = ZRIL (M Dkr

Ok
=S5R, .
; "o

1Yy = ‘(gg—’fe“*’fm)/ﬂ) PL(T,),

(A10)

where in the second line we used Eq. (A5), in the third line
we used the detailed balance relation verified by R;; and
R; ;. and in the last line we used the formal solution for Pj(,
Eq. (A3). We therefore obtain Eq. (41).

4. Expression of X in terms of x;, x, and effective rates

Taking T,, = T, and using the detailed balance relation
g.npa; = Qp B, we rewrite Eq. (A2) as follows:

Xg =g 2ZQL(M kB + ZX Z(M I)LK

=g, 'x QKZ(M kLB + ZX Z(M kLR

(A11)
where in the last equality we have used Eq. (A5). Using the

formal solutions for the probabilities Eqs. (A3) and (A4),
we see that we recover Eq. (42).
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APPENDIX B: EXTRAPOLATION OF THE
EFFECTIVE RATES TO n,,,, = c

We have tabulated the effective rates A, (T, T.),
Ay, (T, T;) and R,,(T}), including all excited states
up to the principal quantum number n,,,, for several
values of np,,, up to 600, over the temperature range
0.004 eV =T,=<0.4¢eV, 01 =T,/T, = 1. This range
of temperatures corresponds to 20 <z <1650 for a
wide range of cosmologies. For every pair (T, T;), we
have fitted the effective rates by the following functional
form:

ﬂ i (Tm Tr ﬂi (Trn

: — T, 00)(1— L) Bl

) o)1 ) ®D
and similarly for R, ,,, where « and y depend on T}, and
T, as well as on the coefficient being fitted. This allows us
to extrapolate the effective rates to n,,, — 0. Of course,
this is only a formal extrapolation, as for n larger than a few
thousands, the excited states of hydrogen are no more well
defined (see Ref. [54] for a discussion). The extrapolated
rates are still more accurate than those computed with a
finite number of states. The residuals of the fit have a
maximum relative amplitude of 5 X 10™* over the whole
range of temperature considered, for 200 = n,,, = 600,
and more than an order of magnitude smaller on the
restricted range T, = 0.04 eV, T,,,/T, = 0.8 which corre-
sponds to z = 200 (note that neglecting the overlap of the
high-lying Lyman lines leads to errors in the effective
rates of similar amplitude [15]). For reference, the maxi-
mum relative difference between the effective rates
computed with n., = 600 and their extrapolation at
Nmax = 1S 0.05 over the whole range of temperature
considered, and 0.002 over the restricted range correspond-
ing to z = 200. We checked that our method recovers
the correct case-B recombination coefficient az(7T,,) =
Yi=252p Ai(Tr, T, = 0;00). Our extrapolated ap agrees
with the fit of Ref. [55] to better that 0.2% for
T > 40 K, which is the accuracy claimed by the authors
of Ref. [55].

APPENDIX C: NUMERICAL ODE INTEGRATOR

For the sake of computational efficiency, we use a
second order ODE integrator that uses derivatives com-
puted at previous time steps. This allows us to evaluate
derivatives only once at each time step. Explicitly, to
numerically solve the equation y'(x) = f(x, y), we use
evenly spaced steps Ax, and obtain the solution at the
(i + 1)th step as follows:

Yir1 = Yi T Ay, Ay, = Ax[1.25y§ - 0-25)’§—2]’

(CD)
where y} = f(x;, y;) is stored at each time step for later

use. For the case of interest, we have x = Ina, y = x, and
f=x,/H.
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APPENDIX D: POST-SAHA EXPANSION
AT EARLY PHASES OF HYDROGEN
AND HE II — I RECOMBINATIONS

As explained in Appendix D of Paper I, the ODE de-
scribing hydrogen recombination is stiff at z = 1500 and
so is the ODE describing He II — I recombination at
7 = 2800. We therefore use an expansion around the
Saha equilibrium solution:

dx3) Jox
S e e
X, = X, + ——

¢ ¢ dt Jax,

) (D1)

X

where x5 is the Saha equilibrium value of the free electron
fraction.

1. Hydrogen recombination

The Saha equilibrium value of the free electron fraction
is the solution of the following equation:

(D2)
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where g, was given in Eq. (3) and T = T,, = T, at early
times. The numerator in Eq. (D1) can be obtained analyti-
cally by differentiating Eq. (D2):

dis) _ _ HEG—Hx)

D3
dt 2x§ + 5 (D3)

For the denominator in Eq. (D1), we numerically differ-
entiate the derivative X, obtained when accounting for two-
photon processes and diffusion, using a two-sided finite
difference with Ax, = =0.01(1 — x3).

2. He I1 — I recombination

In that case the free electron fraction in Saha equilibrium
is given by x5 = 1 + ¢, where g can be obtained from
Eq. (97). As in the hydrogen case, differentiation of
Eq. (97) gives us an analytic expression for the numerator
in Eq. (D1). We numerically differentiate the derivative x,
given by Eq. (99) using a two-sided finite difference with
Ax, = £0.01(1 + fy. — x5).
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