Fast and accurate primordial
hydrogen recombination theory
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Motivations

The CMB:a powerful
probe of the geometry,
constituents and history

of the universe

20 6
i

Inflation
—

- 0

492w ».1ep 2|qisSO9

0Q

2

v'“v’m = 1
> ! N (&‘

—

! »)
Yoneipes saemodiw WSO

/i %jo
SJ‘)-’IGJ
a/ q,’SI A
. » 5 - | %

& 4 3 & D

S

.
ssf

~ |/
/
o / av
f Q
f Q

[ &
- NG

»

e
*
P

Particle Data Group, LBNL, © 2000, Supported by DOE and NSF




1(1+1)C,TT/2m [uK2)

Motivations
Planck: ~3 x resolution, ~5 x sensitivity of WMAP

WMAP seven-year Planck (simulation)

WMAP science team
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Multipole moment 1

WMAP 7-year:n; = 0.963 £ 0.014
With Planck: ns= 2?7 +£0.0037
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Forecasts of | and 20 contour
regions for WMAP and Planck when

the spectral index is allowed to run
The Planck collaboration 2006
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Motivations

® High-precision data requires a highly accurate theory
® Major uncertainty: recombination (Hu et al. [995)
+ Position and width of last scattering surface

+ Silk damping affects high-/ anisotropy
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Motivations

Rubino-Martin et al. 2010
R with comple 2.5 sigma bias in ns if using

recombinati RECFAST.1.4.2 (Seager et al. 1999,
Wong et al. 2008) with Planck data

We need < 0.1% error in Xxe(z)

200 400 600 800 1000 1200 1400 1600
z




The effective three-level atom
Peebles 1968, Zeldovich et al. 1968

+ Assumes excited states in
Boltzmann equilibrium with each
other

né + Effectively 3 states: 1s,n=2, e+p
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The effective three-level atom
Peebles 1968, Zeldovich et al. 1968
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4+ Direct recombinations to the
ground state are highly inefficient

+ Recombinations proceed to the
excited states, followed by a
“cascade” downton =2




The effective three-level atom
Peebles 1968, Zeldovich et al. 1968

J----------

+ Decays from 2p are highly
suppressed due to re-absorptions

+ Hubble expansion allows photons to
redshift and escape from resonance

+ Sobolev escape probability: |
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The effective three-level atom
Peebles 1968, Zeldovich et al. 1968

J B I I N N N N = = = 4+ The slow two-photon decays from

the 2s state are comparable in efficiency
to the slow escape of Lyx photons
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The effective three-level atom
Peebles 1968, Zeldovich et al. 1968

, , , , steady-state
I) L2 = xQ‘reC + 5’32|Lya T 5132‘2,y ~ () approximation:
atomic rates >> H(z)

w Solve for x2(xe, z; ()




Early times (z > 800-900)

I + Intense radiation field

= Excited atoms are much
more likely to be photoionized
than decay to s

= Recombination dynamics
governed by the slow decay rate
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Important radiative transfer effects

® 2s<|s:include stimulated decays (Chluba & Sunyaev 2006) and

non-thermal absorptions (Kholupenko & Ivanchik 2006)

® Feedback between Lyman lines

® Sobolev approximation breaks down for LyX decays:

+ Time-depen
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ent effects (Chluba & Sunyae

v 2009)
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Other radiative transfer effects
Ali-Haimoud, Grin & Hirata 2010 (arXiv:1009.4697)

® Thomson scattering in LyX

robability of Thomson scattering
within optically thick part of Lyx

Ratio of characteristic frequency shift to
characteristic width over which Lyx varies/

Kompaneets equation not
valid in this context




Other radiative transfer effects

® Thomson scattering in LyX

Thomson collision term with full scattering kernel:

NV‘T — TLGO'TC

Full scattering kernel
Kompaneets equation
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Other radiative transfer effects

® Overlap of the high lying Lyman lines

. = B6E8, T= 3000 K)

Ly-30

Ly-40 Ly-50

* For n > 40, Ly-n and Ly-(n+1)
are within | Doppler width of
each other

* For n > 200, Ly-n is within |
Doppler width of Ly-continuum.



Other radiative transfer effects

® Overlap of the high lying Lyman lines

np Overlap-induced
transitions:

Rn’p,np (Tm)

n’p

Is

°
\ ’ Overlap-induced
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Other radiative transfer effects

® |nteraction of hydrogen and deuterium Ly-X lines
® Masers

® Quadrupole transitions ns/nd < Is (Grin & Hirata 2010)




Late times (z < 800-900)
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= |ow rate of recombinations
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The multi-level atom (MLA)
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4+ Bound-free transitions:

+ Recombination coefficient
to n/ (including stimulated by

b




The multi-level atom (MLA)

J----------

T, ~ 4+ Bound-bound transitions:

! + Transition rate from n/ to
n’l’
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The standard MLA method

® Follow populations of all excited state, xu/, X2, X2p:
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The standard MLA method

® Seager et al. 1999,2000: MLA up to nmax = 300,
assuming statistical equilibrium of angular momentum

substates T = (20 +1)/n? X z,

Results fitted with a fudged effective three-level atom:

apg(used) = 1.14 X ap




The standard MLA method

® Fastest codes take hours to days for a single run.

Too slow for inclusion in Markov Chains for
cosmological parameter estimation

® Suggested solutions:
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The effective MLA approach

Ali-Haimoud & Hirata, PRD, 2010 (arXiv:1006.1355)

J----------

T (X3 C ’ N
,&JQ? > *. interior’” states: not
| directly connected to Is
+ Very fast optically thin
transitions. Depend only on T;
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The effective MLA approach

+ Instead of computing xni(xe, Z, 2),

=i e e consider the probabilities:

P(nl --+ 2s), P(nl --+ 2p), P(nl --+ ™ p)




The effective MLA approach

+ Instead of computing xni(xe, Z, 2),

=i e e consider the probabilities:

P(nl --+ 2s), P(nl --+ 2p), P(nl --+ ™ p)




The effective MLA approach

4+ Effective recombination
coefficient to the 2s state:

-’423 (Tma Tr) — (25 (Tma Tr)




The effective MLA approach

¢ Tabulate AZS (Tma T’r)a A2p (Tm7 Tr)v 7325,219 (T?“)

e Effective FOUR-level atom 1s, 2s, 2p, e+p (can be
extended to include LyP decays...)

059 =
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The effective MLA approach

* Exactly equivalent to the standard MLA method.
Proof involves #- M. -g=¢-M"'. 2%
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The effective MLA approach

This is just Peebles’ three-level atom with a twist
(Peebles 1968, Zeldovich et al. 1968):

Peebles: PN S SN VD T4 S AN 33
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Advertising time
HYREC

A code for primordial hydrogen and helium recombination
including radiative transfer

Ali-Haimoud & Hirata, arXiv:1011.3758

e Contains all the effects mentioned before + helium
correctlons (Sw:tzer & leata 2008)
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Conclusions

® TJo fully take advantage of Planck and other upcoming high-

precision CMB experiments, an accurate recombination
history is required

® We are starting to believe that all major radiative transfer
effects have now been addressed

® The “high-n” MLA problem now solved
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