
Tutorial and Exercise Session



Installation

Recfast++ 
> make                (unless you do not have g++)

CosmoRec 
• Need GSL (GNU Scientific Library) 
• Optionally add GRACE Lib (for movie generation) 

Steps: 
- Set path to GSL lib properly in Makefile.in 
- Set path to GRACE and activate in Makefile.in 

> make



Some useful commands

Execute Recfast++ like using CosmoRec 
./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

Execute Recfast++ itself 
./Recfact++ runfiles/parameters.ini (with detailed settings explained) 



Exercise 0: Checking Recfast++ out

• Have a look at the Recfast++ parameter file and play around a bit plotting cases     
(yes I am sure you can break Recfast++ ….)

Decaying particles should be good fun…



Exercise 1: Correction relative to Recfast
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CosmoRec vs Recfast++ (Recfast++ is reference)

JC & Thomas, MNRAS, 2010;

• Run Recfast++ in the original 
Recfast mode and with the 
correction function option 

• Plot the free electron fraction 
as a function of redshift 

• Can you explain why 
changes are so visible for  
helium but for HI you need a 
microscope? 

• Compute the correction 
function with respect to 
Recfast (original version) 
[should look like figure to the left]
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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
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Exercise 2: PMF heating effects

JC et al., 2015, arXiv:1503.04827

• Switch on turbulent decay 
only and compute the result 
for B0 = 3 nG and nB = -2.9 

• Compare Xe to the standard 
case 

• Add ambipolar diffusion. 
Where is it most relevant?  

• Can you switch T=Te and 
see what changes?          
[hint: either hack the ODE setup by 
hand or look at the setup in 
main_Recfast++.cpp] 

• Prepare a plot of Te(z) for the 
considered cases. Are you 
surprised? 

• Switch off collisional 
processes in 
evalode.Recfast++.cpp What 
happens to Xe and Te?



Exercise 3: Variation of fundamental constants

Luke Hart & JC, ArXiv:1705.03925

Variation of ↵EM and me 3

ify the obtained ionization history with a correction function to
represent the full recombination calculation of CosmoRec (Rubiño-
Martı́n et al. 2010b; Shaw & Chluba 2011). The required correction
function between Recfast++ and CosmoRec is obtained as

X
C
e (z) ⇡

 
1 +
�Xe(z)
XR

e (z)

!
X

R
e (z) = ftot(z) X

R
e (z), (2)

where ’C’ refers to CosmoRec, ’R’ to Recfast++. In the code, the
relative di↵erence, �Xe/XR

e = (XC
e � X

R
e )/XR

e , is stored for the stan-
dard cosmology and then interpolated to obtain ftot(z). The relative
di↵erence, �Xe/XR

e , is illustrated in Fig. 1. For the standard cos-
mology, Recfast++ naturally allows a quasi-exact representation
of the full calculation. For small variations around the standard cos-
mology, the correction-to-correction can be neglected so that this
approach remains accurate in CMB analysis (Shaw & Chluba 2011;
Planck Collaboration et al. 2015a).

All the modifications listed in Eq. (1) are readily incorporated
to the simple Recfast++ equations. However, we found that for
our purpose it was beneficial to treat the correction functions for
hydrogen and helium separately, since in the transition regime be-
tween hydrogen and helium recombination (z ' 1600) the free elec-
tron fraction departs from unity, which is physically not expected.
This generalizes Eq. (2) to

X
C
e (z) ⇡ fH(z) X

H,R
e (z) + fHe(z) X

He,R
e (z), (3)

where we multiply each correction function term with its respective
contribution to the total Xe = X

H
e + X

He
e . The individual correction

functions are again obtained using relative di↵erences with respect
to the standard cosmology, fi(z) = 1 + �X

i

e/X
i,R
e . This is illustrated

in Figure 1. At z ' 2500, the helium correction sharply drops to
�X

He
e /X

He,R
e ⇡ �100% (i.e. fHe ! 0), indicating that helium rapidly

recombines. This is related to hydrogen continuum absorption of
helium photons, which is not taken into account in the standard
treatment (Kholupenko et al. 2007; Switzer & Hirata 2008; Rubiño-
Martı́n et al. 2008). Since hydrogen recombination occurs at lower
redshifts, the hydrogen corrections tend to 0 at z & 1500, while
around z ' 1100 radiative transfer corrections become visible (e.g.,
Fendt et al. 2009; Rubiño-Martı́n et al. 2010b, for overview).

At z . 1500, ftot(z) ⇡ fH(z), while the features related to he-
lium recombination corrections around z ' 1700 are now repre-
sented directly by the helium correction function. Once added to
Recfast++, it more fairly weights the helium corrections than the
previous approach. In the code, one can chose between the two ver-
sions, but we find that when varying the fundamental constants, the
new approach works best. It is furthermore important to interpret
the correction functions as a function of temperature. This leads to
the remapping z ! z ⇥ (↵EM/↵EM,0)�2(me/me,0)�1, which captures
the leading order transformation of radiative transfer corrections.

2.1.2 Modifications to CosmoRec

The modifications to Recfast++ were relatively straightforward.
However, for CosmoRec this became a slightly bigger task.
CosmoRec is built up as a modular system that allows each mod-

ule to act as a plugin. In CosmoRec, the energies and transition
rates within the hydrogen and neutral helium atoms needed to be
rescaled with the previously mentioned scalings. These are repre-
sented by classes called Atom and HeI Atom, respectively, which
include all the properties of given atomic levels, the collection of
levels that form the atom and the ensemble of atoms around recom-
bination. These can also be used as independent coding modules
for atomic physics calculations. The neutral helium scalings with
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Figure 2. Ionization histories for di↵erent values of ↵EM. The dominant ef-
fect is caused by modifications of the ionization threshold, which implies
that for increased ↵EM recombination finishes earlier. The curves were com-
puted using Recfast++.

↵EM and me are modeled using hydrogenic expressions, which is
expected to be accurate at the ' 0.1% � 1% level but omits higher
order e↵ects to the energy levels or transition rates.

After the atomic initializations, the e↵ective transition rates
(see Ali-Haı̈moud & Hirata 2010, for details about the method) re-
lated to the multi-level atom need to be rescaled. In the code, these
a↵ect the e↵ective recombination rates,A(T�,Te), the photoioniza-
tion rates, B(T�) and the inter-state transition rates, R(T�). Changes
related to �T are again trivial to include.

During recombination, the processes occurring within the
atoms are influenced by the temporal evolution of the background
photon field. This complicates the recombination problem with the
need for partial di↵erential equations (PDEs) describing the radia-
tive transfer (e.g. Chluba & Sunyaev 2007; Grachev & Dubrovich
2008; Chluba & Sunyaev 2009b; Hirata 2008; Hirata & Forbes
2009; Chluba & Sunyaev 2009a). When the fundamental constants
are modified, one must again rescale the rates and energies required
for the computations of the photon field. Similarly, the two-photon
and Raman scattering profiles (Chluba & Sunyaev 2008; Hirata
2008; Chluba & Thomas 2011) have to be altered. We also care-
fully considered modifications to the neutral helium radiative trans-
fer (Chluba et al. 2012). These e↵ects can be separately activated
in the latest version of CosmoRec (i.e. version 3.0 or higher).

2.2 Relevance of di↵erent e↵ects for Xe

We now illustrate the importance of the individual e↵ects in Eq. (1),
for now assuming constant changes of ↵EM and me. This will be
generalized in Sect. 2.3. We shall start by focusing on changes
caused by varying ↵EM, parametrized as ↵EM = ↵EM,0(1 + �↵/↵).
When all the terms relevant to the recombination problem are in-
cluded, we obtain the ionization histories shown in Fig. 2 for di↵er-
ent values of �↵/↵. Increasing the fine structure constant shifts the
moment of recombination toward higher redshifts. This agrees with
the results found earlier in Kaplinghat et al. (1999), Battye et al.
(2001) and Rocha et al. (2004) and can intuitively be understood in
the following manner: �↵/↵ > 0 increases the transition energies
between di↵erent atomic levels and the continuum. This increases
the energy threshold at which recombination occurs, hence increas-

c� 2017 RAS, MNRAS 000, 1–12

• Consider a variation Δα/α ~ 
5% and switch on / off the 
different physical effects. What 
has the largest impact? Do 
you understand why? 

• Prepare a figure like to the left 
but for me variation. What is 
different from the α-case? 
Ideas why? 

• Also add time-dependent me 
using the implemented power-
law option. Compare to a 
variation in α. Is this 
expected? [hint: make sure not to 
do the power-law scaling for α and 
me  simultaneously…]



Exercise 4: EDGES result and recombination

Bowman et al., Nature, 2018

• Change the electron temperature 
equation to increase the Compton 
cooling term. This can be done by 
increasing the number of particles that 
couple to electrons. How much do you 
have to change to reduce the matter 
temperature at z~17 by a factor of 2? 

• Physically, another way to achieve this 
is to decrease Xe at low redshifts. Play 
with the standard fudge factor to do 
this. How much do you have to modify 
things? Is this still ok with the CMB?
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±   1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ = −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =   1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >   z >   15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s− 1 Mpc− 1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =   20, falling to 5.4 K at z =   15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =   2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >   26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


