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0.1 Contents of the package
0.1.1 Source code files
hyrectools.c, hyrectools.h: array creation and interpolation routines.

helium.c, helium.h: helium recombination routines.

hydrogen.c, hydrogen.h: hydrogen recombination routines. New default mode (SWIFT) is added
in HYREC-2.

history.c, history.h: integration routines.

energy_injection.c, energy injection.h: energy injection routines (DM annihilation, PBH,
etc). Any other general energy injections can be added easily.

hyrec.c: main recombination program.

0.1.2 Data files

fit_swift.dat: table of correction function A and its first derivatives w.r.t Wep = wep (Tg IRAS /T)3,
on = wp(1 — Yige) (T3 TRAS /T))3, Neg as a function of radiation temperature at fiducial cosmology.

Columns are:
T,, A(Tr) IA  OA and [oJAN

’ OWep? Owg? ONegt*

Alpha_inf.dat: table of effective recombination coefficients for hydrogen.

Aos(Tr, T;) and Asy(Trn, Tr) (in cm3s™1) for 0.004 < T, < 0.4eV and 0.1 < Tyati0 < 1, where
Tratio = min(Tp /Ty, Ty /Tin).

Columns are:

AQS(Tm <17, Tr)a A2p(Tm <7, T'r), A2S(Tm > T, Tr)a and A2p(Tm > T, Tr)

R_inf.dat: table of effective 2p — 2s transfer rate for hydrogen.
Ropas(Tr) (ins™1) for 0.004 < T < 0.4eV.
[Effective rates are extrapolated to an infinite number of excited states of hydrogen, npax — 00.]

two_photon_tables.dat: table of two-photon transition rates. Columns are:
Ey (in eV), 3A2p,1s¢Lya(V)AVb (in S_l), dA25713/dI/AVb (in S_l), (dA35715/dI/ + 5dA3d’1s/dV)AI/b (in
s7Y), (dAugrs/dv + 5dAyg1s/dv) Avy (in s71).

input.dat: example input file for cosmological parameters. See the comments in the file for the
explanation of each parameter.

0.2 How to run HYREC-2

0.2.1 Compiling the code

Open a terminal session, enter the HyRec folder, and type at the command line, if gcc is your C
compiler (-O3 is an optimizing option, it makes the code run a little faster):



gcc -1m -03 hyrectools.c helium.c hydrogen.c history.c energy_injection.c hyrec.c -o
hyrec

0.2.2 Computing a recombination history

Once you have compiled the code, simply type at the command line:
./hyrec < input.dat

The code will compute the recombination history and print three columns or seven columns in
output_xe.dat depending on the flag for recombination spectrum related quantities (PRINT_SPEC
in history.h). The first three columns are always:

z, Te, and T, (in K).

0.3 Reference

If you use HYREC-2, please cite the companion papers:

N. Lee & Y. Ali-Haimoud, Phys. Rev. D 102 8, 083517 (2020)
Y. Ali-Haimoud & C. M. Hirata, Phys. Rev. D 83, 043513 (2011)

You may also refer to the following papers, on which this work relies substantially:

Y. Ali-Haimoud & C. M. Hirata, Phys. Rev. D 82, 063521 (2010)
C. M. Hirata, Phys. Rev. D 78, 023001 (2008)
E. R. Switzer & C. M. Hirata, Phys. Rev. D 77, 083008 (2008)

0.4 Switchs

HYREC-2 computes by default what we believe is the most accurate and fast recombination history.
If you would like to see yourself what the difference is with previous physical models, or what
impact various new effects have on recombination, we have left some switches to play with (for
hydrogen recombination only):

In history.h, you can choose to use the fastest and accurate full recombination calculation (which
is the default), in which case leave the following line unchanged: #define MODEL SWIFT

You can choose to use the full recombination calculation (which was the default of HYREC), in
which case you should change the above line to: #define MODEL FULL

You can also choose to use Peebles’ effective three-level atom model, in which case you should
change the above line to: #define MODEL PEEBLES

or an effective three-level atom model for hydrogen with a fudge factor F = 1.14, similar to the
first version of RECFAST, in which case change the line to: #define MODEL RECFAST

You can also use the correct effective four-level atom model, but with Lya only (treated in the
Sobolev approximation) and 2s—1s two-photon decays (treated with a simple total decay rate), no
feedback or other radiative transfer effects, with: #define MODEL EMLA2s2p

When using the FULL calculation, you can, if you wish, switch on and off two-photon processes


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.083517
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.83.043513
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.82.063521
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.78.023001
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.77.083008

and diffusion. Various switches are available in hydrogen.h. By default, all switches should be on
(value = 1). You can switch them off (value = 0) if you wish. All switches set to zero corresponds
to an effective four-level atom model with Lya, LyS and Ly~ treated in the Sobolev approximation
and feedback between them. The available switches are EFFECT_A (correct handling of 2s-1s
decays and absorptions, both in the radiative transfer and to compute the total 2s—1s decay rate),
EFFECT B (sub-Lya two- photon transitions), EFFECT_C (super-Lya two-photon transitions),
EFFECT_D (Raman scattering), and DIFFUSION (frequency diffusion in Lya).

0.5 Varying the fine-structure constant and the electron mass

The user can now easily input a different fine-structure constant or electron mass at recombination
than today’s value (they are however assumed to be constant during recombination). This can be
done by providing a(rec)/a(today) and me(rec)/me(today) as input parameters in input.dat.

0.6 Revision history

For the detailed revision history, check the preamble of each code.

The code is available at https://github.com/nanoomlee/ HYREC-2
Last updated March 2021.


https://github.com/nanoomlee/HYREC-2.git
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