
Overview of different recombination codes
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For the analysis of CMB data 
the ionization history has to be 
know to very high precision!



Hydrogen recombination 
• Two-photon decays from higher levels                               

(Dubrovich & Grachev, 2005, Astr. Lett., 31, 359; Wong & Scott, 2007; JC & Sunyaev, 2007; Hirata, 2008; JC & Sunyaev 2009)  

• Induced 2s two-photon decay for hydrogen                                      
(JC & Sunyaev, 2006, A&A, 446, 39; Hirata 2008) 

• Feedback of the Lyman-α distortion on the 1s-2s two-photon absorption rate    
(Kholupenko & Ivanchik, 2006, Astr. Lett.; Fendt et al. 2008; Hirata 2008) 

• Non-equilibrium effects in the angular momentum sub-states                    
(Rubiño-Martín, JC & Sunyaev, 2006, MNRAS; JC, Rubiño-Martín & Sunyaev, 2007, MNRAS; Grin & Hirata, 2009; JC, Vasil & Dursi, 2010)  

• Feedback of Lyman-series photons (Ly[n] à Ly[n-1])                                        
(JC & Sunyaev, 2007, A&A; Kholupenko et al. 2010; Haimoud, Grin & Hirata, 2010)  

• Lyman-α escape problem (atomic recoil, time-dependence, partial redistribution)                    
(Dubrovich & Grachev, 2008; JC & Sunyaev, 2008; Forbes & Hirata, 2009; JC & Sunyaev, 2009)  

• Collisions and Quadrupole lines                                                                                                     
(JC, Rubiño-Martín & Sunyaev, 2007;  Grin & Hirata, 2009; JC, Vasil & Dursi, 2010;                                                                                                                       
JC, Fung & Switzer, 2011) 

• Raman scattering                                                                                                     
(Hirata 2008; JC & Thomas , 2010; Haimoud & Hirata, 2010)

Helium recombination 
• Similar list of processes as for hydrogen                                                

(Switzer & Hirata, 2007a&b; Hirata & Switzer, 2007)  

• Spin forbidden 2p-1s triplet-singlet transitions                                             
(Dubrovich & Grachev, 2005, Astr. Lett.; Wong & Scott, 2007; Switzer & Hirata, 2007; Kholupenko, Ivanchik&Varshalovich, 2007)  

• Hydrogen continuum opacity during He I recombination                             
(Switzer & Hirata, 2007; Kholupenko, Ivanchik & Varshalovich, 2007; Rubiño-Martín, JC & Sunyaev, 2007; JC, Fung & Switzer, 2011) 

• Detailed feedback of helium photons                                                                               
(Switzer & Hirata, 2007a; JC & Sunyaev, 2009, MNRAS; JC, Fung & Switzer, 2011) ΔNe / Ne ~ 0.1 %

Getting the job done for Planck 



0 500 1000 1500 2000 2500 3000
l

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2
∆
N e / 

N e  i
n 

%

CosmoRec vs Recfast++ (Recfast++ is reference)

Cumulative Changes to the Ionization History

JC & Thomas, MNRAS, 2010; Shaw & JC, MNRAS, 2011

Acceleration of HeI 
recombination by HI 
continuum absorption

Change in the freeze 
out tail because of 
high-n recombinations 

Detailed Lyman-series 
transport for hydrogen

identical to Recfast

z

This is where it 
matters most!

              
Comparison with original version of RECFAST
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Cumulative Change in the CMB Power Spectra

 Comparison with original version of RECFAST           

• change in ‘tilt’ of CMB power 
spectra ↔ width of visibility 
function ↔ ns & Ωbh2 

• ‘wiggles’  ↔ change in 
position of last scattering 
surface ↔ Ωbh2 & H0

Shaw & JC, MNRAS, 2011



• Different codes 
agree very well! 

• largest biases 

    (CosmoRec ⟺ RECFAST) 

  

    (CosmoRec ⟺ HyRec) 

• Nothing to worry 
about at this point!

�ns ⇡ 0.03�

�ns ⇡ 0.15�

Differences for current recombination codes
CosmoRec  

HyRec  
RECFAST

Text

ln(1010As)

⌦bh
2 ⌦ch

2 H0 ⌧ ns

Planck TT,TE,EE + lowP + ext

Planck Collaboration, XIII 2015



Recombination code overview 
Code Recfast Recfast++ CosmoRec

Language Fortran 77/90 & C C++ C++

Requirements - - GNU Scientific Lib (GSL)

Solves for Xp, XHeI, Te Xp, XHeI, Te X1s, Xns, Xnp, Xnd, Te 

ODE-Solver explicit implicit (Gears method) implicit (Gears method)

PDE-Solver - - semi-implicit (Crank-Nicolson)

Approach derivative fudge correction function full physics

Simplicity rather simple simpler pretty big code

Flexibility limited quite flexible very flexible

Validity around standard cosmology around standard cosmology wide range of cosmologies

Tools - ODE Solver HI & He Atom, Solvers, 
Quadrature routines

Extras - DM annihilation, A2s1s
DM annihilation, high-𝝂 

distortion, A2s1s

Runtime 0.01 sec 0.08 sec 1.5 - 2 sec (faster now…)

Update for CosmoRec & Recfast++ soon to include effects of primordial 
magnetic fields, variation of fundamental constants & decaying particles



Recfast



Some Recfast facts  

• Standalone Fortran and C versions 
• C version not up to date (and buggy)  
• Many personal versions in the community 
• Part of CAMB and CLASS 
• Recombination corrections included by fudging derivatives 

• Today fudge function calibrated using CosmoRec 

• Derivatives done analytically (cumbersome…) 

• Download  http://www.astro.ubc.ca/people/scott/recfast.html

http://www.astro.ubc.ca/people/scott/recfast.html


Recfast Equations  

Seager et al, 1999

• Old expressions from 
Peebles 1969 

• second shell quasi-
stationary 

• recombination rates and 
escape probabilities fudged   

• spin-forbidden transition 
added to helium equation 
(Wong, Moss & Scott, 2009)



recfast.readme  

Execute code like./recfast < recfast.ini

write into recfast.ini

meaning of parameters



recfast.for  
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Figure 1. Effect of heating by decaying magnetic turbulence on the ion-
ization history (upper panel) and electron temperature (lower panel) for
B0 = 3 nG and nB = −2.9.

thus slightly overestimates the photorecombination rate to each
level, since for Tγ ≪ Te stimulated recombinations are overesti-
mated when assuming Tγ = Te. However, the difference is much
less important than the error caused by evaluating the photoioniza-
tion coefficient for T = Te.

2.1 Collisional ionization

The exponential dependence on the ionization potential suppresses
the effect of collisional ionization from the ground state, so that in
the standard computation they can be neglected (Chluba et al. 2007).
Since at low redshifts (z ! 800) the electron temperature can be
pushed quite significantly above the CMB photon temperature by
heating processes (lower panels in Figs 1 and 2), it is important to
check if collisional ionizations by electron impact2 become efficient
again. Using the fits of Bell et al. (1983)

dN1s,H I

dt
≈ −5.85 × 10−9T

1/2
4 e−TH/T cm3 s−1 N1s,H I Ne

dN1s,He I

dt
≈ −2.02 × 10−9T

1/2
4 e−THe/T cm3 s−1 N1s,He I Ne

2 Protons are heavier and thus slower, so that their effect is much smaller.

Figure 2. Effect of ambipolar diffusion on the ionization history (upper
panel) and electron temperature (lower panel) for B0 = 3 nG and nB = −2.9.
For comparison, we also show the case obtained with settings similar to Sethi
& Subramanian (2005).

with TH ≈ 1.58 × 105 K, THe ≈ 2.85 × 105 K and T4 = T/104 K,
where T ≡ Te, we confirm that this effect can usually be neglected.
We nevertheless add these rates to the calculation whenever heating
by PMF is activated and for very large heating (pushing the electron
temperature up to Te ≃ 104 K) they do become important in limiting
the maximal electron temperature. We also included the cooling of
electrons by the collisional ionization heating to ensure the correct
thermal balance.

2.2 Decaying magnetic turbulence

Using recfast++ with default setting, we are able to reproduce
the central panel in fig. 10 of KK14 for decaying magnetic turbu-
lence. One example, for B0 = 3 nG and nB = −2.9 is shown in
Fig. 1. We compare the standard recombination history (no extra
heating) with three cases obtained from recfast++ and the full
computation of CosmoRec. The effect of reionization at z ! 10 was
not included (see Kunze & Komatsu 2015, for some discussion),
as it does not affect our main discussion. The first agrees well with
the result of KK14, with a large change in the freeze-out tail of
the recombination history being found (dotted line). Modifying the
evaluation of the hydrogen photoionization rate to T = Tγ gives a

MNRAS 451, 2244–2250 (2015)
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Example of how things can go wrong with Recfast…

JC et al., 2015, arXiv:1503.04827

Dependence of rates on Tr and Te  
 not captured correctly…



Recfast++



Some Recfast++ facts  

• Standalone C++ version  

• Also part of cosmology object in CosmoRec (activated by runmode) 
• High flexibility with non-standard cases implemented  
• Uses correction function approach to represent the full calculation 

(introduced in Rubino-Martin et al, 2009) 
• Correction function can be updated very easily 
• Derivatives done numerically (super easy!!) 

• Download  www.Chluba.de/CosmoRec

XCR
e ⇡ XRF

e

✓
1 +

�Xe

Xe

◆

Computed for 
reference cosmology
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Comparison with original version of RECFAST

http://www.chluba.de/CosmoRec


Initialization for Recfast++ uses same file as CosmoRec 

Execute Recfast++ like 
./CosmoRec REC runfiles/parameters.dat    (equivalent to old recfast) 
./CosmoRec RECcf runfiles/parameters.dat   (recfast + correction function)

./runfiles/parameters.dat

main CosmoRec 
parameters

parameters for 
both Recfast++ & 
CosmoRec



CosmoRec 



New Cosmological Recombination Code: CosmoRec

• uses an effective multi-level approach (Haimoud & Hirata, 2010) 

• very accurate and fast (for ‘default’ setting ~1 sec per model!) 

• solves the detailed radiative transfer problem for Ly-n 

• no fudging (Recfast) or multi-dimensional interpolation (RICO) 

• different runmodes/accuracies implemented 

• easily extendable (effect of dark matter annihilation already included) 

• was already tested in a wide range of cosmologies  

• runs smoothly with CAMB/CosmoMC (Shaw & JC, 2011) 

• CosmoRec is available at: www.Chluba.de/CosmoRec

http://www.chluba.de/CosmoRec


Extended Effective Multi-level Atom

CosmoRec & HyRec 
• need to treat angular momentum sub-levels separately 

• Complexity of problem scales like ~ n2max  

• Full problem pretty demanding (500 shells ≃ 130000 equations!)  

         ⟹ effective multi-level approach (Ali-Haimoud & Hirata, 2010) 

• This allowed fast computation of the recombination problem!



CosmoRec specific parameters 
./runfiles/parameters.dat

Execute CosmoRec like 
./CosmoRec runfiles/parameters.dat



Annihilation and extra energy release 



Extra Sources of Ionizations or Excitations

Peebles, Seager & Hu, ApJ, 2000

• ,Hypothetical’ source of extra photons 
parametrized by εα & εi  

• Extra excitations ⇒ delay of Recombination

• Extra ionizations ⇒ affect ‘freeze out’ tail

• From WMAP ⇒ εα < 0.39 & εi < 0.058 at 
95% confidence level (Galli et al. 2008)

• Extra ionizations & excitations should 
also lead to additional photons in the 
recombination radiation!!! 

• This in principle should allow us to check 
for such sources at z~1000

• This affects the Thomson visibility function



Dark Matter Annihilation: Effect on Ionization History and 
the Recombination Spectrum 

• ‘Delay of recombination’ 
•  Affects Thomson visibility function 

•  Possibility of Sommerfeld-enhancement 
•  Clumpiness of matter at z<100

JC, 2009, arXiv:0910.3663compare also Padmanabhan & Finkbeiner, Phys. Rev. D, 2005

•  Additional photons at all frequencies 
•  Broadening of spectral features 

•  Shifts in the positions



Decaying particle during & after recombination

Chen & Kamionkowski, 2004

• Modify recombination 
history 

• this changes Thomson 
visibility function and thus 
the CMB temperature and 
polarization power spectra 

• ⇒ CMB anisotropies allow 
probing particles with 
lifetimes ≳ 1012 sec 

• CMB spectral distortions 
provide complementary 
probe! (more tomorrow)



Some useful commands

Execute Recfast++ like 
./CosmoRec REC runfiles/parameters.dat    (equivalent to old recfast) 
./CosmoRec RECcf runfiles/parameters.dat   (recfast + correction function)

Execute CosmoRec like 
./CosmoRec runfiles/parameters.dat    (full computation)

Making and cleaning 
> make 

> make clean 

> make tidy




