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A B S T R A C T 

The formation of the first galaxies during cosmic dawn and reionization (at redshifts z = 5–30), triggered the last major phase 
transition of our universe, as hydrogen evolved from cold and neutral to hot and ionized. The 21-cm line of neutral hydrogen will 
soon allow us to map these cosmic milestones and study the galaxies that dro v e them. To aid in interpreting these observations, we 
upgrade the publicly available code 21cmFAST . We introduce a new, flexible parametrization of the additive feedback from: an 

inhomogeneous, H 2 -dissociating (Lyman–Werner; LW) background; and dark matter – baryon relative velocities; which recovers 
results from recent, small-scale hydrodynamical simulations with both effects. We perform a large, ‘best-guess’ simulation as the 
2021 installment of the Evolution of 21-cm Structure (EOS) project. This impro v es the previous release with a galaxy model that 
reproduces the observed UV luminosity functions (UVLFs), and by including a population of molecular-cooling galaxies. The 
resulting 21-cm global signal and power spectrum are significantly weaker, primarily due to a more rapid evolution of the star 
formation rate density required to match the UVLFs. Nevertheless, we forecast high signal-to-noise detections for both HERA 

and the SKA. We demonstrate how the stellar-to-halo mass relation of the unseen, first galaxies can be inferred from the 21-cm 

e volution. Finally, we sho w that the spatial modulation of X-ray heating due to relative velocities provides a unique acoustic 
signature that is detectable at z ≈ 10–15 in our fiducial model. Ours are the first public simulations with joint inhomogeneous 
LW and relativ e-v elocity feedback across the entire cosmic dawn and reionization, and we make them available at this link 

https:// scholar.harvard.edu/ julianbmunoz/eos-21 . 

Key words: galaxies: high-redshift – intergalactic medium – cosmology: theory – dark ages, reionization, first stars – diffuse 
radiation. 
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 I N T RO D U C T I O N  

he epoch of reionization (EoR) and the cosmic dawn (CD) represent 
undamental milestones in the history of our universe, and are rapidly 
ecoming the next frontier in astrophysics. These two eras witnessed 
he last major phase change of our universe, as the intergalactic 

edium (IGM) evolved from being cold and neutral following 
ecombination, to being hot and ionized due to the radiation emitted 
y the first galaxies. At present we only hold some pieces of
his cosmic puzzle (e.g. Loeb & Furlanetto 2013 ; Mesinger 2016 ).
ev ertheless, the ne xt few years will see the advent of different
bservations targeting these cosmic eras (Mellema et al. 2013 ; 
eardsley et al. 2016 ; DeBoer et al. 2017 ; Bowman et al. 2018 ;
reig et al. 2020b ; Mertens et al. 2020 ), which will open a window

o the astrophysics of the early universe. 
While the stellar content of low- z galaxies is relatively well 

nderstood (see e.g. Wechsler & Tinker 2018 for a re vie w), much
ess is known about the first galaxies that started the CD. Given the
 E-mail: julianmunoz@cfa.harvard.edu 
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ierarchical paradigm of structure formation, we expect the first (Pop 
II) stars to form in small molecular-cooling galaxies (MCGs) at z ∼
0–30 (Tegmark et al. 1997 ; Abel, Bryan & Norman 2002 ; Bromm &
arson 2004 ; Haiman & Bryan 2006 ; Trenti 2010 ), residing in haloes
ith virial temperatures T vir � 10 4 K (which corresponds to total halo
asses M h � 10 8 M � during the EoR and CD). Feedback eventually

uenches star formation in these MCGs, and hierarchical evolution 
shers in the era of heavier, atomically cooled galaxies (ACGs; 
 h � 10 8 M �). With most ACGs forming out of pre-enriched MCG

uilding blocks, it is likely that second-generation (Pop II) stars dro v e
he bulk of cosmic reionization at z ∼ 5–10 ( e.g. Greig, Mesinger &
a ̃ nados 2019 ; Mason et al. 2019a ; Aghanim et al. 2020 ; Choudhury,
aranjape & Bosman 2021 ; Qin et al. 2021b ). 
Current data, from ultraviolet (UV) luminosity functions (UVLFs; 

ouwens et al. 2014 , 2015 , 2021 ; Atek et al. 2015 , 2018 ; Livermore,
inkelstein & Lotz 2017 ; Ishigaki et al. 2018 ; Oesch et al. 2018 ),

he Lyman α forest (Becker et al. 2015 ; Bosman et al. 2018 ; Qin
t al. 2021b ), and the evolution of the volume-averaged hydrogen
eutral fraction ( ̄x HI ; Mason et al. 2019b ; Aghanim et al. 2020 ),
rovide some constraints (Park et al. 2019 ; Naidu et al. 2020 ) on
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he halo–galaxy connection for ACGs at z � 10. Ho we v er, v ery
ittle is known about MCGs or the z > 10 universe. The brightest
alaxies in this regime will be reached by the James Webb Space
elescope (JWST) and the Nancy Grace Roman Space Telescope
 Roman ). Unfortunately, the bulk of ACGs and MCGs are too faint
o be seen with these telescopes, and must be studied indirectly with
1-cm observatories. These include both global-signal efforts like
he Experiment to Detect the Global EoR Signature (EDGES), the
haped Antenna measurement of the background Radio Spectrum
SARAS), the Large-aperture Experiment to Detect the Dark Ages
LEDA), as well as interferometers like the Low-Frequency Array
LOFAR), the Murchison Widefield Array (MWA), the Hydrogen
poch of Reionization Array (HERA) and the Square Kilometre
rray (SKA). Therefore, it is of paramount importance to develop
exible and robust models of the astrophysics of the CD and the EoR

o compare against these upcoming data. In this work we build upon
he public 21cmFAST code to include MCGs with all of the rele v ant
ources of feedback. 

Stellar formation in MCGs is easily disrupted by different
rocesses, given their shallow potential wells. In addition to feedback
rom photoheating and supernovae (Draine & Bertoldi 1996 ; Barkana
 Loeb 1999 ; Wise & Abel 2008 ; Sobacchi & Mesinger 2013 , which

lso affects stellar formation in ACGs), MCGs suffer from two dis-
inct sources of feedback. The first is driven by Lyman–Werner (LW)
adiation, composed of photons in the 11.2–13.6 eV band, which
fficiently photodissociate molecular hydrogen (H 2 ), hampering gas
ooling, and subsequent star formation in MCGs (Machacek, Bryan
 Abel 2001 ; Johnson, Greif & Bromm 2007 ; O’Shea & Norman

008 ; Safranek-Shrader et al. 2012 ; Visbal et al. 2014 ; Schauer
t al. 2017 ; Skinner & Wise 2020 ). The second are driven by the
ark matter (DM)-baryon streaming velocities ( v cb ), which impede
as from efficiently accreting and cooling on to DM haloes, thus
lowing the formation of the first stars (Tseliakhovich & Hirata
010 ; Greif et al. 2011 ; O’Leary & McQuinn 2012 ; Naoz, Yoshida
 Gnedin 2013 ; Hirano et al. 2018 ; Schauer et al. 2019 ). Until

ecently it was not clear how these two feedback channels interacted.
 clearer picture has emerged from the small-scale hydrodynamical

imulations of Pop III star formation in Schauer et al. ( 2021 ) and
ulkarni, Visbal & Bryan ( 2021 ). In this picture, the two sources of

eedback are additive, enhancing the minimum mass that an MCG
ught to have to be able to form stars. We synthesize the results from
hese simulations into a flexible fitting formula that jointly includes
oth LW and v cb feedback. Along with a calibration for this formula,
e assume MCGs host Pop III stars with a simple stellar-to-halo
ass relation (SHMR), distinct from that of ACGs hosting Pop II

tars. 
We include these results into the seminumeric simulation code
1cmFAST 1 (Mesinger & Furlanetto 2007 ; Mesinger, Furlanetto &
en 2011 ; Murray et al. 2020 ). This builds upon the implementation
f the streaming velocities in 21-cmvFAST by Mu ̃ noz ( 2019a , b ,
hough in that work it was assumed MCGs and ACGs shared the
ame SHMR and that LW feedback was isotropic), and the first
mplementation of MCGs with inhomogeneous LW feedback in
1cmFAST by Qin et al. ( 2020a , 2021a , though there relative
elocities were not considered and the old LW prescription from
achacek et al. 2001 was used). This code is now able to self-

onsistently evolve the anisotropic LW background, the streaming
elocities, as well as the X-ray, ionizing, and non-ionizing UV
ackgrounds, necessary to predict the 21-cm signal. 
NRAS 511, 3657–3681 (2022) 

 Publicly available at https:// github.com/21cmfast/ 21cmFAST . 2
We run a large simulation suite (1.5 Gpc comoving on a side, with
000 3 cells), as the 2021 installment of the Evolution Of 21-cm Struc-
ure (EOS) project, updating those in Mesinger, Greig & Sobacchi
 2016 ). This represents our state of knowledge about cosmic dawn
nd reionization. We dub this EOS simulation AllGalaxies , and we
ake its most rele v ant light-cones public. 2 This simulation goes

eyond the previous FaintGalaxies model, both by including Pop
II-hosting MCGs as well as including an SHMR that fits current
VLFs. As a consequence, we predict a slower evolution of the
1-cm signal, and 21-cm fluctuations that are nearly an order of
agnitude smaller (see also Mirocha, Furlanetto & Sun 2017 ; Park

t al. 2019 ). Our AllGalaxies (EOS2021) simulation represents the
urrent state-of-knowledge of the evolution of cosmic radiation fields
uring the first billion years. 
Furthermore, we explore how parameters governing star formation

nd feedback in MCGs impact the 21-cm signal and other observ-
bles. We find that MCGs likely dominate the star formation rate den-
ity (SFRD) at z � 12, implying they are important for the timing of
he CD but not the EoR (see e.g. Qin et al. 2020a ; Wu et al. 2021 ). We
lso search for the velocity-induced acoustic oscillations (VAOs) that
ppear due to the acoustic nature of the streaming velocities (Dalal,
en & Seljak 2010 ; McQuinn & O’Leary 2012 ; Visbal et al. 2012 ;
ialkov et al. 2013 ; Mu ̃ noz 2019a ), and for the first time identify
AOs in a full 21-cm light-cone, as opposed to a co-e v al (i.e. fixed-
) box. We predict significant VAOs for redshifts as low as z = 10–15,
hich act as a standard ruler to the cosmic dawn (Mu ̃ noz 2019b ). 
This paper is structured as follows. In Section 2, we introduce

ur model for the first galaxies, both atomic and molecular cooling,
hich we use in Section 3 to predict how the epochs of cosmic
awn and reionization unfold. Sections 4 and 5 explore how the first
alaxies shape the 21-cm signal, where in the former we vary the
CG parameters in our simulations, and in the latter we study the

AOs. Finally, we conclude in Section 6. In this work we fix the
osmological parameters to the best fit from Planck 2018 data (TT,
E, EE + lowE + lensing + BAO in Aghanim et al. 2020 ), and all
istances are comoving unless specified otherwise. 

 M O D E L L I N G  T H E  FIRST  G A L A X I E S  

e begin by describing our model for the first galaxies. As our
eminumerical 21-cmFAST simulations do not keep track of the
etallicity and accretion history of each galaxy, we use population-

veraged quantities to relate stellar properties to host halo masses.
lthough these relations can allow for mixed stellar populations, we
ill make the simplifying assumption (consistent with simulations

nd merger-tree models; e.g. Xu et al. 2016a ; Mebane, Mirocha
 Furlanetto 2018 ) that on average Pop III stars form in (first

eneration, unpolluted) MCGs, whereas Pop II stars form in (second
eneration, polluted) A CGs. A CGs are hosted by haloes with virial
emperatures of T vir � 10 4 K (Oh & Haiman 2002 , corresponding
o halo masses M h � M atom 

( z) ∼ 10 8 M � at the rele v ant redshifts),
hereas MCGs reside in minihaloes with 10 3 K � T vir � 10 4 K

Tegmark & Zaldarriaga 2009 , and thus M mol < M h < M atom 

, with
 mol ( z) ∼ 10 6 M � during cosmic dawn). As larger haloes form in

he universe, star formation transitions from being dominated by
op III stars to being dominated by Pop II stars (e.g. Schneider et al.
002 ). We now describe how these galaxy populations are modelled
nd the feedback processes that affect them. 
 EOS light-cones can be downloaded at this link. 

https://github.com/21cmfast/21cmFAST
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.1 Pop II star formation in atomic-cooling galaxies 

or the better-understood Pop II stars forming in ACGs we follow 

he model from Park et al. ( 2019 ), which we now briefly review. 
The key ingredient that enters our calculations is the (spatially 

arying) star formation rate density (SFRD), which for ACGs we 
alculate as 

FRD 

(II) = 

∫ 

d M h 
d n 

d M h 
Ṁ 

(II) 
∗ f 

(II) 
duty , (1) 

here d n /d M h is the conditional halo mass function (HMF; e.g.
arkana & Loeb 2004 ), f (II) duty is a duty cycle (i.e. halo occupation

raction) described below, and Ṁ ∗ is the star formation rate (SFR). 
he superscripts (II) denote that a quantity refers to Pop II-dominated 
CGs. 
For both ACGs and MCGs, we assume that the SFR is propor-

ional (on average) to the stellar mass divided by a characteristic 
ime-scale: 

˙
 

( i) 
∗ = 

M 

( i) 
∗

t ∗H 

−1 ( z) 
, (2) 

here H is the Hubble expansion rate, and t ∗ is a free parameter,
hich for simplicity we fix to t ∗ = 0.5 (as it will be degenerate with

he normalization of the stellar fraction). 
The SHMR is modelled as a simple power law: 

 

(II) 
∗ = f 

(II) 
∗, 10 

�b 

�m 

(
M h 

10 10 M �

)α
(II) 
∗

M h , (3) 

here �b/m 

are the baryon and matter densities. This SHMR is 
o v erned by two parameters, the normalization f (II) ∗, 10 (defined at a
haracteristic scale M h = 10 10 M �), and a power-law index α(II) 

∗ ,
hich controls its mass dependence. 3 The value of this index could 
e set by supernovae (SNe) feedback, which is thought to regulate 
tar formation inside these small galaxies (e.g. Wyithe & Loeb 2013 ;
ayal et al. 2014 ; Yung et al. 2019 ). 
This model, without any additional redshift dependence, provides 

n excellent fit to current EoR observations at 5 � z � 10, including
he Lyman- α forest opacity fluctuations (Qin et al. 2021b ) and 
he faint-end UVLFs (Park et al. 2019 ; Rudako vsk yi et al. 2021 )
or the entire luminosity range if a high-mass turno v er is added
o characterize AGN-induced feedback in rare, bright galaxies; e.g. 
abti, Mu ̃ noz & Blas 2021c ). 
The final part of equation (1) is the duty fraction, 

 

(II) 
duty = exp 

(
−M 

(II) 
turn /M h 

)
, (4) 

hich accounts for inefficient star formation below a characteristic 
cale M 

(II) 
turn . Haloes below M 

(II) 
turn are exponentially less likely to 

ost an ACGs, due to inefficient atomic cooling and/or feedback, 
s discussed below. 

.1.1 Feedback on ACGs 

s in previous work (e.g. Qin et al. 2020a ), we consider two sources
f feedback in ACGs: photoheating and supernovae. 
Radiation during cosmic reionization heats the gas around low- 
ass galaxies (both atomic and molecular cooling), delaying its 
 We note that we could rephrase the galaxy–halo connection in terms of ˜ f ∗ = 

˙
 ∗/ Ṁ h rather than f ∗, and assume a halo-accretion rate Ṁ h , as in Mason, 

renti & Treu ( 2015 ), Tacchella et al. ( 2018 ), and Mirocha, La Plante & Liu 
 2021 ). For an exponential accretion rate Ṁ h = M h /t ∗ (which provides a good 
t to simulations; Schneider, Giri & Mirocha 2021 ) these two formulations 
re identical. 

w

4

2
t
T
W

ollapse and subsequent star formation (e.g. Thoul & Weinberg 1996 ; 
oh & McQuinn 2014 ). We use the 1D collapse-simulation results

rom Sobacchi & Mesinger ( 2014 ) to calculate the (local) critical
alo mass below which star formation becomes inefficient due to 
hotoheating (see also Hui & Gnedin 1997 ; Okamoto, Gao & Theuns
008 ; Katz et al. 2020 ; Ocvirk et al. 2020 ): 

M 

ion 
crit 

2 . 8 ×10 9 M �
= 

(
� ion 

10 −12 s −1 

)0 . 17 ( 10 

1 + z 

)2 . 1 
[ 

1 −
(

1 + z 

1 + z ion 

)2 
] 2 . 5 

, 

(5) 

here � ion is the local ionizing background, and z ion is the reioniza-
ion redshift of the simulation cell. 

Therefore, for ACGs the turn-o v er mass is 

 

(II) 
turn = max 

(
M 

ion 
crit , M atom 

)
, (6) 

here M atom 

= 3 . 3 × 10 7 M �[(1 + z) / 21] −3 / 2 during the epoch of
nterest for our fiducial cosmology. 

We additionally include feedback from supernovae (SNe) or 
adiative processes by assuming a smaller fraction of gas is available
o form stars inside smaller-mass haloes. Such ‘feedback-limited’ 
odels result in a (positive) power-law scaling of the SHMR, c.f.

he power-law index α(II) 
∗ introduced in equation (3) (e.g. Wyithe & 

oeb 2013 ). We fix this parameter to α(II) 
∗ = 0 . 5 in this work, as it

ro vides an e xcellent fit to UV LFs at z = 6–10 (Qin et al. 2021b ).
ifferent authors infer somewhat different values of α(II) 

∗ , as they can
epend on the assumed star formation histories (e.g. Tacchella et al.
018 ; Behroozi et al. 2019 ). Although α(II) 

∗ could also evolve with
ime, z = 2–10 LFs are consistent with a constant value (e.g. Mason
t al. 2015 ; Tacchella et al. 2018 ; Mirocha et al. 2021 ). Our
mplementation also allows for the possibility that SNe feedback 
esults in an additional characteristic mass scale [ef fecti vely adding
 SNe to the RHS of equation (6); c.f. Qin et al. 2020a ]. Ho we ver,
e do not consider that possibility in our fiducial model (setting
 SNe < max [ M 

ion 
crit , M atom 

]); this is supported by z = 0 data that
eems to show no cutoff for haloes down to M h ≈ 10 9 M � (Nadler
t al. 2020 ) roughly at the M atom 

threshold (which ho we ver are likely
ot actively star forming at z = 0). 

.2 Pop III star formation in molecular-cooling galaxies 

he star formation and feedback mechanisms in the first MCG 

alaxies are still not fully understood. For simplicity, we will assume
heir SHMR has the same, generic power law form as ACGs, with
 few modifications (see Qin et al. 2020a for further details of the
mplementation in 21cmFAST ). We take the Pop III SFRD 

4 to be 

FRD 

(III) = 

∫ 

d M h 
d n 

d M h 
Ṁ 

(III) 
∗ f 

(III) 
duty . (7) 

he changes with respect to equation (1) are in the SFR and the duty
 ycle. F or the former, we assume the same relation between Ṁ ∗ and
 ∗ as equation (3), though we allow MCGs to have a unique SHMR: 

 

(III) 
∗ = f 

(III) 
∗, 7 

�b 

�m 

(
M h 

10 7 M �

)α
(III) 
∗

M h , (8) 

hich has two new free parameters, f (III) ∗, 7 , and α(III) 
∗ . 
MNRAS 511, 3657–3681 (2022) 

 We introduce an approximation to analytically calculate the SFRD within 
1-cm FAST . This dramatically speeds up the calculation of the SFRD 

ables, reducing that computational cost by nearly two orders of magnitude. 
his option can be turned on by setting FAST FCOLL TABLES = True . 
e encourage the reader to visit Appendix B for details. 
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Figure 1. Feedback factor f LW 

describing how the turno v er (minimum) mass 
for a molecular-cooling halo to form stars grows due to LW feedback, as a 
function of the LW intensity J 21 in units of 10 −21 erg s −1 cm 

−2 sr −1 Hz −1 . 
The data points are reduced from simulation data in Kulkarni et al. ( 2021 , 
green) and Schauer et al. ( 2021 , red). Our fit, which sits in the middle in solid 
black, follows equation (13) with A LW 

= 2 and βLW 

= 0.5. The parameters 
of equation (13) can be modified to closely follow each simulation, as the 
red and green lines are obtained with different parameter combinations. The 
dashed brown line is the fit from Machacek et al. ( 2001 ), which did not 
include self-shielding. 
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The other difference is the MCG duty cycle 

 

(III) 
duty = exp ( −M 

(III) 
turn /M h ) exp ( −M h /M atom 

) , (9) 

hich follows our previous assumption that there is a smooth
ransition from MCGs (below M atom 

) forming Pop III stars to ACGs
abo v e that mass) forming Pop II stars. Further, there is a lower mass
utoff M 

(III) 
turn for MCG stellar formation, set by different feedback

rocesses as detailed below. Our comprehensive treatment of M 

(III) 
turn 

 epr esents the main modelling improvement of this work. 

.1.1 Feedback on MCGs 

CGs reside in haloes with shallow gravitational potentials, which
akes them highly sensitive to different effects that disrupt their gas

istrib ution, ab undance, or H 2 content. In addition to the previously
entioned feedback, MCGs are also sensitive to: (i) Lyman–Werner

hotons, and (ii) the DM-baryon relative velocities. As we did for
CGs, we set the turno v er mass to be 

 

(III) 
turn = max 

(
M 

ion 
crit , M mol 

)
, (10) 

here the first term accounts for photoionization feedback, and the
econd accounts for the additional impact of LW and v cb . 

Both the LW and v cb feedback effects impede stellar formation,
nd the simulations from Schauer et al. ( 2021 ) and Kulkarni et al.
 2021 ) show that their joint impact is cumulative. We model the
olecular-cooling turno v er mass as a product of three factors: 

 mol = M 0 ( z) f v cb ( v cb ) f LW 

( J 21 ) , (11) 

here J 21 is the LW intensity in units of 10 −21 erg s −1 cm 

−2 Hz −1 

r −1 , and M 0 ( z) = 

˜ M 0 × (1 + z) −3 / 2 is the (no-feedback) molecular-
ooling threshold, with ˜ M 0 = 3 . 3 × 10 7 M � (corresponding to T vir 

 10 3 K; Tegmark et al. 1997 ). The two factors f LW 

and f v cb encode
he two new sources of feedback, and our chosen functional form
ssumes that they add coherently (as assumed previously in Fialkov
t al. 2013 and Mu ̃ noz 2019a ) and are redshift independent. This was
hown to be the case in Schauer et al. ( 2021 ) for values of J 21 ≤ 0.1,
s well as in Kulkarni et al. ( 2021 ) for J 21 = 1. For larger values,
 21 ≥ 10, ho we v er, the simulations of K ulkarni et al. ( 2021 ) show
 deviation from this form (towards less suppression). This large-
 21 regime only occurs at z � 6 in our simulations, at which point
CGs completely dominate the global SFRD, making MCGs (and

hus their feedback mechanisms) largely irrele v ant when computing
adiation backgrounds. 

.2.2 Lyman–Werner feedback 

hotons in the LW band (11.2–13.6 eV) can photodissociate H 2 

olecules, thus impeding the ability of gas to cool on to MCGs
Tegmark et al. 1997 ; Abel et al. 2002 ; Bromm & Larson 2004 ;
aiman & Bryan 2006 ; Trenti 2010 ). Machacek et al. ( 2001 ) showed

hat the minimum halo mass for star formation in MCGs has a
ower-law dependence on J 21 . This result has been the standard
n studies of CD and the EoR (see e.g. Fialkov et al. 2013 ; Visbal
t al. 2014 ; Mirocha et al. 2018 ; Mu ̃ noz 2019a ; Qin et al. 2021a ,
020a ). Ho we v er, recent simulations hav e shown that self-shielding
an be important, which reduces the suppression produced by a
iven LW background. We include these improved results in our
nalysis. 

In particular, we use the results from Kulkarni et al. ( 2021 ) and
chauer et al. ( 2021 , see also Skinner & Wise 2020 for similar
onclusions), which have independently tackled the issue of jointly
NRAS 511, 3657–3681 (2022) 
imulating the effects of LW (including self-shielding) and relative-
elocity feedback (which we will explore later) on the first stars.
rom equation (11) we can separate the LW feedback factor 

 LW 

= 

M mol ( J 21 ) 

M mol (0) 
, (12) 

nd calculate it from simulation results, which factors out differences
n the zero-point mass (i.e. on the mass M 0 in the absence of
eedback). We show the simulation results for f LW 

in Fig. 1 , where it
s clear that the Kulkarni et al. ( 2021 ) results are below the Schauer
t al. ( 2021 ) ones, even for larger values of J 21 . Ho we ver, a direct
omparison of their results is difficult due to differences in the
ssumed LW intensities: Kulkarni et al. ( 2021 ) considered J 21 ≥
 (or zero), whereas Schauer et al. ( 2021 ) considered J 21 ≤ 0.1. 
Rather than use a fit to f LW 

from either group, we use a flexible
arametrization inspired by Visbal et al. ( 2014 ): 

 LW 

= 1 + A LW 

( J 21 ) 
βLW , (13) 

ith A LW 

and βLW 

as free parameters that can be varied within
1cmFAST . The Kulkarni et al. ( 2021 ) simulation results can be well
t setting { A LW 

, βLW 

} = { 0.8, 0.9 } , whereas the Schauer et al. ( 2021 )
nes require { A LW 

, βLW 

} = { 3.0, 0.5 } , which indicates stronger
eedback, though a weaker dependence with J 21 . Both of these fits
re shown in Fig. 1 . Instead of choosing between these two, we use
he flexibility of equation (13) to propose a joint fit, which lands in
etween both simulation results, with A LW 

= 2 and βLW 

= 0.6 (where
he round numbers are purposefully chosen to a v oid conv e ying more
greement than the simulations provide). These will be our fiducial
arameters for this work. For reference, the old work of Machacek
t al. ( 2001 ), which did not account for self-shielding, had { A LW 

,
LW 

} = { 22, 0.47 } , producing a correction that was nearly a factor
f 10 larger (also shown in Fig. 1 ). We emphasize that we assume
hat the LW feedback factor only depends on J 21 , and not on z or any
alo property, as a simplifying assumption, which could ho we ver be
evisited if required by further simulations. 
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the two references. The brown dashed line shows the formula from Fialkov 
et al. ( 2012 ), which underpredicts the star formation suppression from relative 
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.2.3 Relative-velocity feedback 

he DM-baryon relative velocities impede the formation of stars in 
he first galaxies in two main ways. The first one, pointed out in
seliakhovich & Hirata ( 2010 , see also Naoz, Yoshida & Gnedin
012 ), is that regions of large velocity show suppressed matter 
uctuations at small scales, as the baryons there contribute less to the
rowth of structure. As a consequence, the abundance of small-mass 
aloes is modulated by relative velocities: fewer collapsed haloes 
eside in regions with large streaming motions. This effect is difficult 
o include in our seminumerical simulations, as it would require 
ltering the power spectrum at each cell. 5 Instead, we include this
ffect on average by modifying the power spectrum in all cells. We
olve for the evolution of the baryon and DM o v erdensities following

u ̃ noz ( 2019a , based on Tseliakhovich & Hirata 2010 ), and find that
he impact of v bc on the power spectrum at a wavenumber k is well
aptured by 

P m 

( k, z; v cb ) 

P m 

( k, z; 0) 
= 1 − A p exp 

[ 

− ( log [ k/k p ]) 2 

2 σ 2 
p 

, 

] 

(14) 

here the three free parameters, A p , k p , and σ p depend on v cb ,
nd mildly on z. Here, we fix to the values at z = 20 and at the
oot mean square (rms) relative velocity ( v cb = v rms ), which are
 p = 0.24, k p = 300 Mpc −1 , and σ p = 0.9. This is conserv ati ve,

n that it will yield no VAOs (as these quantities do not spatially
uctuate) and will suppress MCGs by roughly the average amount. 
e encourage the interested reader to visit Appendix A for details 

f how this fit is obtained, as well as to find the fit as a func-
ion of z and v cb . This matter-fluctuation suppression also affects 
CGs, and therefore should be included even when MCGs are 
ot. Ho we ver, we find this to be a subdominant effect to the one
e will discuss next, and thus our average treatment will suffice. 
e leave for future work implementing the fluctuations on this 

uppression. 
The second – and largest – effect of the velocities is to suppress

tar formation in MCGs (Dalal et al. 2010 ; Tseliakhovich, Barkana 
 Hirata 2011 ). Small haloes in regions with large relativ e v elocities

ave difficulties in accreeting gas, as well as cooling gas into 
tars (e.g. Greif et al. 2011 ; Naoz et al. 2013 ; Schauer et al.
019 ). 
The small-scale ( ∼Mpc) hydrosimulations of Schauer et al. ( 2021 )

nd Kulkarni et al. ( 2021 ) were the first to investigate the impact
f streaming velocities together with LW feedback. Both groups 
ccount for the relativ e v elocities in a similar fashion, and solve
or the evolution of gas inside MCGs to find if the conditions for
tar formation are met. Both works find that the streaming motions 
mpede star formation in the smallest galaxies, raising the minimum 

ass M mol required for star formation (in the absence of photoheating 
eedback). Analogously to f LW 

, we define a feedback factor also 
or v cb : 

 v cb = 

M mol ( v cb ) 

M mol (0) 
. (15) 

e calculate this factor for the different simulation outputs of the two
roups, and plot it in Fig. 2 , which shows the excellent agreement
etween the two simulation suites. 
 We note that the relative velocities are coherent on scales below 3 Mpc (Tseli- 
khovich & Hirata 2010 ), and thus can be taken to be constant within each of 
ur cells. 

a  

d
≈  

c
>  

w

We fit f v cb as a z-independent function, following the functional 
orm in Kulkarni et al. ( 2021 ): 

 v cb = 

(
1 + A v cb 

v cb 

v rms 

)βv cb 

, (16) 

here v rms ≈ 30 km s −1 is the rms velocity, and we use A v cb = 1, and
v cb = 1 . 8, very similar to the values in Kulkarni et al. ( 2021 ). We
ompare this fit with the previous formula from Fialkov et al. ( 2012 ),
here it was assumed that the halo virial velocity at the suppression

cale follows: 

 mol = 

[
V 

2 
0 + α2 

cb v cb 
2 ( z) 

]1 / 2 
, (17) 

here V 0 = 4 km s −1 is the virial velocity of molecular-cooling
aloes in the absence of any feedback, and they find αcb = 4. This
ranslates into a scaling f v cb = ( V mol ( v cb ) /V 0 ) 3 , shown in Fig. 2 ,
hich underpredicts the impact of the relative velocities by roughly 
 factor of 2. 

With a prescription for both sources of feedback, we can e v aluate
 mol in equation (11). We show this turno v er mass at z = 20 in

ig. 3 for different values of v cb (in units of its rms value v rms ,
hich is close to its median) and J 21 (we mark the values expected

t z = 20 for two of our fiducial parameter sets: EOS and OPT,
ee T able 1 ). W e predict M mol ≈ 10 6 M � at z = 20, though clearly
his quantity depends strongly on v cb . This dependence will imprint
 mol – and thus the SFRD – with the fluctuations of v cb , giving

ise to velocity-induced acoustic oscillations, which we study in 
ection 5. 
We find that M mol depends less strongly on J 21 . In particular, for J 21 

 10 −1 the effect of LW feedback is rather weak, and v cb feedback
ominates. The situation is reversed for J 21 > 10 0.5 , though we
aution that the two feedback schemes may not add coherently in such 
 high LW flux re gime (K ulkarni et al. 2021 ). Luckily, this regime
oes not have a large impact on observables, as it produces M mol 

M atom 

, so Pop III star formation in MCGs would be subdominant
ompared to Pop II in ACGs. Moreo v er, as we will see, values of J 21 

 10 0.5 only appear at very late times ( z � 10) in our simulations,
here Pop II star formation far dominates. 
MNRAS 511, 3657–3681 (2022) 
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Figure 3. Value of the minimum-mass M mol for a molecular-cooling halo to 
host Pop III stellar formation at z = 20, as a function of the LW flux ( J 21 

in the customary units of 10 −21 erg s −1 Hz −1 cm 

−2 sr −1 ) and the streaming 
velocity ( v cb divided by its rms value v rms ), following equation (11). We 
assume negligible photoionization feedback at this redshift. Marked green 
points represent the expected fluxes J 21 for our two fiducial simulation sets 
presented in Table 1 . The black solid line shows M atom 

, abo v e where there is 
no Pop III stellar formation (see Section 2.2). 

Table 1. Summary of our choices for some of the main free 
parameters related to the SFRD (top part), ionizations (middle), and 
X-ray emission (bottom). The EOS 2021 (EOS) fiducial model is used 
throughout the te xt, e xcept in the last two sections (4 and 5) where 
we use OPT. Other parameters are fixed to the values motivated in the 
text. 

Parameter Fiducial (EOS2021) Optimistic (OPT) 

log 10 f 
(II) 
∗, 10 − 1 .25 − 1 .50 

log 10 f 
(III) 
∗, 7 − 2 .5 − 1 .75 

α
(II) 
∗ 0 .5 0 .5 

α
(III) 
∗ 0 0 

log 10 f 
(II) 
esc , 10 − 1 .35 − 1 .20 

log 10 f 
(III) 
esc , 7 − 1 .35 − 2 .25 

α
(II) 
esc = α

(III) 
esc − 0 .3 − 0 .3 

L 

(II) 
X = L 

(III) 
X 40 .5 40 .5 

E 0 [keV] 0 .5 0 .2 

2

A  

P  

(  

f  

t
 

i  

s

Figure 4. The fraction of galactic mass in stars, av eraged o v er all haloes of 
a given mass, 〈 f ∗〉 M h 

, for our fiducial (EOS2021) simulation. In thick purple 
lines, we show our model for Pop II-forming ACGs and in thin black lines 
for Pop III-forming MCGs. The solid lines show this SHMR 〈 f ∗〉 M h 

during 
cosmic dawn ( z = 25), whereas dashed are at the EoR ( z = 7). Vertical 
dotted lines represent the turno v er mass to form stars for MCGs (black, 
including feedback) and for ACGs (purple), both at z = 25. Both SHMRs are 
parametrized via power laws with indices αi ∗, which vary the tilt as indicated 
by the orange arrows, and amplitudes f i ∗ , which scale them up and down as 
per the blue arrows. This relation is expected to turn o v er at much higher 
masses ( M h � 10 11 –10 12 M �), which we do not consider as such objects are 
too rare to appreciably contribute to cosmic radiation fields during these eras. 

w

α

T  

(  

t  

a  

l  

f  

P  

t  

t  

&
p

 

P  

t  

s  

t  

W  

W  

S  

w  

t  

w  

t  

t  

t  

t ∗  

6 https:// github.com/21cmfast/ 21CMMC 

7 ht tps://github.com/charlot tenosam/21cmfish 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3657/6521455 by Luisa Ferrini user on 18 M
arch 2022
.3 Comparison: Pop II versus Pop III 

rmed with our two stellar populations (Pop II residing in ACGs, and
op III in MCGs), and the feedback processes that can affect them
LW and relativ e v elocities for MCGs, and stellar and photoheating
eedback for both), we can now compare their relative contribution
o different cosmic epochs. 

We choose a set of fiducial parameters, which we dub EOS (later
n Sections 4 and 5 we will study parameter variations), where the
tellar fractions of ACGs and MCGs are set to 

log 10 f 
(II) 
∗, 10 = −1 . 25 

log 10 f 
(III) 
∗, 7 = −2 . 5 , 
NRAS 511, 3657–3681 (2022) 
ith SHMR power-law indices given by 

α(II) 
∗ = 0 . 5 

(III) 
∗ = 0 . 

he ACG parameters are very similar to the maximum a posteriori
MAP) from Qin et al. ( 2021b ), which reproduces observations of
he UVLFs, the cosmic-microwave background (CMB) optical depth,
nd the high- z Lyman α forest opacity fluctuations. Our choice of
og 10 f 

(III) 
∗, 7 = −2 . 5 is rather conserv ati ve (though slightly larger than

ound in the simulations of Skinner & Wise 2020 ), but it still allows
op III stars to dominate the SFRD at early enough times. Given that

he Pop III parameters are entirely unknown, we will focus on varying
he latter in this work, though we note that the 21cmMC (Greig
 Mesinger 2015 ) 6 and 21cmFish (Mason, Munoz & Others) 7 

ackages allow the user to vary all parameters simultaneously. 
We begin by showing the SHMR ( f ∗ = M ∗/ M h ) of Pop II- and

op III-hosting galaxies in Fig. 4 at z = 25 and 7. The impact of
he four free parameters is as follows: each index αi 

∗ changes the
lope of the corresponding SHMR, whereas the f i ∗ factors re-scale
hem up and down. Unlike at lower redshifts (see e.g. Behroozi,

echsler & Conroy 2013 ; Mason et al. 2015 ; Tacchella et al. 2018 ;
echsler & Tinker 2018 ; Yung et al. 2019 ; Rudako vsk yi et al. 2021 ;

abti, Mu ̃ noz & Blas 2021a , b ; Sabti et al. 2021c ), for the EoR/CD
e are only interested in very low mass haloes ( M h � 10 11 M �), as

hose dominate the photon budget compared to the brighter galaxies,
hich are rare at the redshifts of interest. Therefore, we can ignore

he turno v er in the SHMR at M h � 10 11 −12 M � commonly attributed
o AGN feedback (Qin et al. 2017 ), and focus on the fainter end of
he ACGs that is well characterized by a single power law. Despite
heir relati vely lo w f (III) , MCGs are abundant enough to dominate
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Figure 5. We sho w dif ferent turno v er halo mass scales, which enter the 
SFRDs of Pop II stars in equation (1) and Pop III stars in equation (7). Haloes 
abo v e the purple line can efficiently cool gas through atomic-line transitions, 
and we assume they host ACGs forming Pop II stars. The dotted purple line 
is the prediction from T vir = 10 4 K, whereas the solid line is the simulation 
result that includes photoheating (PH) feedback (which is efficient during 
reionization, to the left of the red line). The dashed brown line represents 
the theoretical limit abo v e which haloes hosting MCGs can form Pop III 
stars (through molecular cooling) in the absence of feedback. To illustrate 
the strength of different sources of feedback, we include them one at a time. 
First, in green we add only LW, and in blue only the streaming velocities 
( v cb ). The relativ e v elocities hav e a bigger impact at high z, whereas LW 

feedback dominates at later times. We show their product as the black-dotted 
line, which represents their total feedback from equation (11). The solid 
black line is the result from the simulation, which again rises sharply during 
reionization due to photoheating feedback. 
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Figure 6. Star formation rate density (SFRD) as a function of z in an average- 
density region of the universe. The purple and black lines show our prediction 
for Pop II and Pop III stars hosted in ACGs and MCGs, respectively, and the 
grey thick line is their sum. The green-dashed line shows the result for Pop 
III stars if the Machacek et al. ( 2001 ) LW feedback prescription was utilized 
(given the same LW flux), whereas the blue dash–dotted line represents the 
Pop III result in the absence of relativ e v elocities. The red data-points are 
the result of extrapolating the Bouwens et al. ( 2021 ) UVLFs to M UV, min = 

−13, corresponding to M h ≈ 10 M atom 

(or M h = 10 9 −10 M �) in our model. 
We also show, as black triangles, the result when only integrating down to 
M UV, min = −17, where we have displaced each triangle by �z = + 0.3 for 
better visualization (as well as the lowest- z circle for the same reason). 
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he SFRD at early times ( z � 15), as we quantify below. In our
odel, MCGs only form stars for a narrow band of halo masses,
hich varies with z depending on the dominant feedback process. 
s a consequence of this narrow mass range, the main parameter 

hat controls Pop III star formation in MCGs is f (III) ∗ , rather than the
ower-la w inde x α(III) 

∗ . 
At later times ( z = 7), feedback severely suppresses MCG

tar formation. Furthermore, the evolution of the HMF means 
hat their relative abundance (compared to ACGs) decreases. As 
 result of these two effects, the contribution of MCGs to cosmic
adiation fields becomes subdominant by z ∼ 7 in our fiducial 
odel. 
In order to understand how feedback evolv es o v er time, we show

he different characteristic mass scales in Fig. 5 . Going from lowest
o highest, we first show the mass for molecular cooling of gas in the
bsence of feedback, M 0 ( z) in equation (11), which grows simply
s (1 + z) −3/2 . We then include the impact of relative velocities
through f v cb ), and LW feedback (through f LW 

, with the J 21 flux self-
onsistently and inhomogeneously computed in our simulation box) 
ndividually, as well as jointly. 

The impact of v cb is notable at high redshifts, increasing the 
urno v er mass by nearly an order of magnitude, to M 

(III) 
turn ≈ 10 6 M �

t z = 25. At lower redshifts ( z � 12 for our fiducial parameters),
W radiation dominates o v er v cb in setting the MCGs turno v er mass.
t even later times (below z ∼ 8), photoheating feedback from 

eionization steeply increases M 

(III) 
turn , so by the end of our simulations

t z = 5 there is essentially no star formation in MCGs. We remind
he reader that in our model Pop II stars form abo v e the atomic-
ooling threshold, also shown in Fig. 5 , and those are also affected
y photoheating feedback. 
Given our fiducial choices, we can compute the SFRD for both
op II and Pop III on a representative (i.e. average-density) patch
f the universe (Madau et al. 1996 ). We do so in Fig. 6 , where
e show the individual Pop II and Pop III contributions, as well

s their sum. As is clear from this figure, Pop III star formation in
CGs dominates o v er ACGs at higher redshifts, and for our fiducial

arameters this transition takes place at z ≈ 15. We also show two
lternative scenarios of Pop III star formation to illustrate the impact
f feedback. In one, we turn-off the relativ e-v elocity ( v cb ) effect,
nd as a result we would o v erestimate the SFRD of Pop III stars by
0 per cent . In the other, we use the previous feedback formula from
achacek et al. ( 2001 , corresponding to A LW 

= 22 in equation 13),
hich did not include self-shielding. In that case the SFRD is reduced
y roughly an order of magnitude, with the discrepancy increasing 
t lower z, where J 21 is larger (though we note that we use the same
 21 flux as in the fiducial simulation). 

Additionally, we compare our predicted SFRDs with data, ob- 
ained by extrapolating the recent measurements from Bouwens et al. 
 2021 ). We convert our SFRD to UV luminosities using a constant
= 1 . 15 × 10 −28 M � s yr −1 erg −1 (Sun & Furlanetto 2016 ; Oesch

t al. 2018 ), and extrapolate the Schechter fit from Bouwens et al.
 2021 , with errors inherited from the uncertainty in the Schechter
arameters) to a minimum UV magnitude M UV, min = −13 (Park 
t al. 2019 ), which corresponds to haloes with M h = 10 9 −10 M � for
he redshifts of interest. As expected, ACGs fit all the current ( z �
0) data well on their own, as observations cannot reach the fainter
CGs (see for instance Sun et al. 2021 for a SPHEREx forecast). 

.4 Cosmic radiation fields 

sing the (inhomogeous) ACG and MCG SFRDs from equations (1) 
nd (7), we compute the corresponding cosmic radiation fields that 
re rele v ant for the thermal and ionization evolution of the IGM:
oft UV (LW and Lyman series), ionizing and X-ray. 21cmFAST
alculates the radiation field incident on each simulation cell through 
MNRAS 511, 3657–3681 (2022) 
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 combination of excursion-set photon-counting (for ionizing pho-
ons) and light-cone integration (for soft UV and X-rays), accounting
lso for IGM attenuation/absorption. These procedures are described
n detail in, e.g. Mesinger et al. ( 2011 ), Mesinger, Ferrara &
piegel ( 2013 ), Sobacchi & Mesinger ( 2014 ), and we encourage

he interested reader to consult these works for further details. Here,
e only summarize the free parameters that are the most rele v ant for
ur analysis. 
We assume the emissivity for all of the abo v e radiation fields scales

ith the SFR (equations 1 and 7). To calculate UV emission, we take
op II/Pop III SEDs from Barkana & Loeb ( 2005 ), normalized to
ave N 

( i) 
γ /b = 5000 and 44 000 ionizing photons per stellar baryon

or Pop II and III, respectively. We assume only a fraction f esc of
onizing photons that are produced manage to escape the host galaxy
nd ionize the IGM. We take a power-law relation for the typical f esc 

s a function of halo mass (Park et al. 2019 ): 

 

( i) 
esc = f ( i) esc ,m i 

(
M h 

M i 

)α
( i) 
esc 

(18) 

or both stellar populations ( i = { II, III } ), with M i = { 10 10 , 10 7 }
 � and m i = log 10 ( M i ) as before. 8 We choose fiducial parameters

n broad accordance with the best fits from the latest observations in
in et al. ( 2021b ), setting 

log 10 f 
(II) 
esc , 10 = log 10 f 

(III) 
esc , 7 = −1 . 35 , 

o the escape fractions from MCGs and ACGs are comparable at their
ivot points. We have lowered the ACG escape fraction normalization
 f 

(II) 
esc , 10 ) by −0.15 with respect to Qin et al. ( 2021b ), in order to

llow for an increased (though o v erall small) MCG contribution to
eionization. We assume the same scaling with mass 

(II) 
esc = α(III) 

esc = −0 . 3 

or both populations, as these agree with Lyman α forest + CMB
ata (Qin et al. 2021b ). Under these assumptions, we find that ACG-
osted Pop II stars dominate the ionizing photon budget at z ≤ 15.
his is to be expected, as MCGs are subdominant at lower z, and we
gnostically set a (relatively) low value of f (III) esc for Pop III stars. 

To calculate X-ray emission we assume a power-law SED with a
pectral energy index, αX , and a low-energy cutoff E 0 . X-ray photons
ith energies below E 0 are absorbed within the host galaxies and do
ot contribute to ionizing and heating the IGM. This was shown to
e an excellent characterization of the X-ray SED from either the hot
nterstellar medium (ISM) or high-mass X-ray binaries (HMXBs),
hen emerging from simulated, metal-poor, high-redshift galaxies

Fragos et al. 2013 ; Pacucci et al. 2014 ; Das et al. 2017 ). Both αX 

nd E 0 control the hardness of the emerging X-ray spectrum, and
hus the patchiness of IGM heating. Here, we fix αX = 1, and vary
 0 . For our fiducial value, we choose E 0 = 0.5 keV, based on the

SM simulations of Das et al. ( 2017 ), though we also explore a more
ptimistic model with a softer SED. The normalization of the X-ray
ED is determined by the soft-band (with energies less than 2 keV) 9 

-ray luminosity to SFR parameter, L X,< 2keV / SFR . Consistent with
imulations of HMXBs in metal-poor environments (Fragos et al.
NRAS 511, 3657–3681 (2022) 

 While there is no consensus on how the ionizing escape fraction depends on 
alaxy properties, simulations suggest that a generic power law captures the 
ass behaviour of the population-averaged f esc (e.g. Paardek ooper, Khochf ar 
 Dalla Vecchia 2015 ; Kimm et al. 2017 ; Lewis et al. 2020 ). 
 Only the soft-band X-ray emission efficiently heats the IGM, as X-rays with 
 � 1.5–2 keV have mean free paths longer than the size of the universe at 

he redshifts of interest. 
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013 ), here we take log 10 ( L X,< 2keV / SFR ) ≈ 40 . 5 erg s −1 per unit
FR (M � yr −1 ) for both ACGs and MCGs. Such high values are
urther supported by recent 21-cm power spectrum upper limits at z
 8 from HERA The HERA Collaboration ( 2022 ). 

 OBSERVABLES  D U R I N G  T H E  C D  A N D  E O R  

e now use the models for ACGs and MCGs outlined abo v e to
redict the evolution of the thermal and ionization state of the IGM
t high redshifts. We focus on the contribution of Pop III star-forming
CGs, as their corresponding feedback is the main impro v ement of

his work. 
We use two sets of galaxy parameters, Fiducial (EOS) and

ptimistic (OPT) , summarized in Table 1 . The fiducial (EOS) uses
he same ACG parameters as in Qin et al. ( 2021b ), where such a
odel was shown to reproduce EoR observables (at redshifts z � 10
hen the MCG contribution is negligible). Ho we ver, we do lower

he escape fraction of ACGs slightly ( � log f (II) esc , 10 = −0 . 15), so as
o allow for a modest contribution of MCGs to the high-redshift tail
f the EoR (as could be slightly preferred by the CMB EE PS at l ∼
0–30; e.g. Qin et al. 2020b ; Ahn & Shapiro 2021 ; Wu et al. 2021 ). 
Our Optimistic (OPT) parameter set was chosen in order to

nhance the relative contribution of MCGs to the SFRD. Although the
ctual parameter values are fairly arbitrary (given the lack of MCG
onstraints), we tuned the OPT model to reproduce the timing of the
utative EDGES global 21-cm detection at z ∼ 17 (Bowman et al.
018 ). This is mainly done by increasing the SFRD of minihaloes
through f (III) ∗, 7 ) as well as the softness of the X-ray SED emerging
rom galaxies (through E 0 ). 

In this section, we introduce the main high-redshift observables
sing our Fiducial (EOS) model. We will show the impact of Pop
II stars and present the 2021 installment of the Evolution Of 21-
m Structure (EOS) project, whose goal is to show the state of
nowledge of the astrophysics of cosmic dawn and reionization.
ater in Sections 4 and 5, when we study parameter variations and
AOs, we will mainly focus on the optimistic (OPT) model. 

.1 UV luminosity functions 

he first observable we show are UVLFs. Although limited to
omparably brighter galaxies during the EoR/CD, UVLFs detected
ith the HST provided invaluable insights into galaxy formation and

volution at z ≤ 10. 
We follow Park et al. ( 2019 ), where the 1500 Å luminosity is

btained from the SFR with a conversion factor of κ = 1 . 15 ×
0 −28 M � s yr −1 erg −1 (Sun & Furlanetto 2016 ; Oesch et al. 2018 ),
nd for simplicity we take κ to be the same for both Pop II and Pop
II populations. Detailed population-synthesis models suggest that
here could be a factor of ∼2 variation in this conversion, based on
he IMF, metalicity, and star formation history (e.g. Wilkins, Lo v ell
 Stanway 2019 ). 
We show the predicted UVLFs for our fiducial (EOS2021) pa-

ameters in Fig. 7 , which matches very well the observational data
rom Bouwens et al. ( 2015 , 2016 ) and Oesch et al. ( 2018 ). This is
y construction, as our parameters are moti v ated by the maximum
 posteriori (MAP) model from Qin et al. ( 2021b ), which included
VLFs (in addition to other EoR observables) in the likelihood. 
We note that the atomic-cooling threshold M atom 

= 2 × 10 8 M � at
 = 6 corresponds to M UV ≈ −9 in our model, making it difficult to
irectly observe the even fainter MCGs. This is clear in our Fig. 7 ,
here MCGs only dominate at fainter magnitudes, beyond the reach
f even JWST . We note that previous work (e.g. O’Shea et al. 2015 ;
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Figure 7. UVLFs at five redshifts for our EOS fiducial parameters, where the 
solid and dashed lines represent the ACG and MCG contribution, respectively. 
The data points are from Bouwens et al. ( 2015 , 2016 ) and Oesch et al. ( 2018 ), 
where only galaxies with M UV ≥ −20 are shown as these dominate the cosmic 
radiation backgrounds at the high redshifts of interest. The top panel shows z 
= 6–8, where the data co v ers a broader magnitude range, whereas the bottom 

panel focuses on earlier epochs, where only some data are available at z = 

10. The vertical dotted line shows the magnitude expected of a halo with M h 

= M atom 

at z = 6, illustrating that in our model MCGs are far too faint to be 
directly detectable through the UVLF. Nevertheless, these data allow us to 
constrain the SHMR of ACGs, and thus isolate the contribution of MCGs to 
cosmic radiation fields using 21-cm observations. 
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dashed curve shows the result of a simulation with no v cb feedback, which 
produces larger stellar formation at earlier times, and would be abo v e the 1 σ
measurement of τCMB with Planck data (de Belsunce et al. 2021 ), shown as 
the green band. 
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u et al. 2016b ; Qin et al. 2021a ), found a turno v er for MCGs at even
ainter magnitudes ( M UV � −7 – −6). This difference is due to our
eedback prescriptions, including relativ e v elocities that dominate at 
arly times (c.f. Fig. 5 ). As a consequence, the UVLF for MCGs is
l w ays below (or comparable to) that of ACGs in Fig. 7 . We stress that
ven though we are unlikely to observe such ultrafaint magnitudes, 
VLFs provide an invaluable data set by allowing us to anchor the
HMR scaling relations at the brighter end that is well probed by
bservations ( −20 � M UV � −15). 
Through the rest of this section we will study how the inclusion

f Pop III-hosting MCGs – and the v cb feedback on them – affects 
eionization and the 21-cm signal. We will do so by comparing our
est-guess EOS fiducial simulation to one without MCGs, as well as
ne with both ACGs and MCGs but no relative velocities (similar to
in et al. ( 2020a ) though with an updated LW feedback prescription).

.2 EoR history 

e show the evolution of the EoR from our Fiducial model 
EOS2021) in Fig. 8 . We plot both x̄ HI and the optical depth
CMB of the CMB due to reionization, as a function of z. Given
ur fiducial parameters, MCGs only make a small contribution to 
osmic reionization, and chiefly at high z. The o v erall evolution
f x H I agrees broadly with current measurements from McGreer, 
esinger & D’Odorico ( 2015 ), Greig et al. ( 2017 , 2019 ), Mason
t al. ( 2019a ), Whitler et al. ( 2020 ), Wang et al. ( 2020 ), and Planck
018 temperature and polarization (reanalysed in de Belsunce et al. 
021 ). This is mostly by design, as our ACG (Pop II) parameters were
hosen to be consistent with Qin et al. ( 2021b ), who used various
oR observables to constrain the EoR history. In particular, the final
 v erlap stages of reionization are constrained by observations of the
yman α opacity fluctuations. Qin et al. ( 2021b ) found that the latest
orest spectra require a late end to reionization at z ∼ 5.5 (see also
.g. Kulkarni et al. 2019 ; Keating et al. 2020 ; Nasir & D’Aloisio
020 ; Choudhury et al. 2021 ). 
The contribution of MCGs would ho we ver be largest during the

arliest stages of the EoR. In our fiducial model Pop III-hosting
CGs drive a modest increase of the CMB optical depth: �τCMB ≈

.015 (though the precise value is sensitive to our fairly arbitrarily
hosen MCG parameters). As seen from the figure, this contribution 
s mostly sourced at z ∼ 8–12, with the very high- z tail only
ontributing τ ( z = 15–30) = 2 × 10 −3 , well below the limit of 0.02
rom Planck 2018 (Millea & Bouchet 2018 ; Heinrich & Hu 2021 ).

hile further data from CMB experiments will more precisely pin- 
oint τCMB (Abazajian et al. 2016 ; Ade et al. 2019 ), it will be difficult
o isolate the high- z contribution that could be caused by MCGs (Wu
t al. 2021 ). We note that ignoring v cb feedback roughly doubles
he contribution of MCGs to reionization, for our fiducial parameter 
hoices. 

In Fig. 9 , we compare our fiducial, EOS2021 EoR history to that
f the EOS2016 release (Mesinger et al. 2016 ). The 2016 release was
omprised of two models, FaintGalaxies and BrightGalaxies , both 
f which only included Pop II-hosting ACGs but assumed different 
urno v er mass scales for SNe feedback. In this work, we assume
Ne feedback does not induce a turno v er, and include also Pop III-
osting MCGs with the associated LW and v bc feedback followed 
elf-consistently. To make this distinction explicit, we denote our 
OS2021 model as AllGalaxies in the figure. 
MNRAS 511, 3657–3681 (2022) 
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Figure 9. Global neutral-hydrogen fraction for our new 2021 EOS ( All- 
Galaxies ) simulation in black, compared against the 2016 EOS simulations of 
Mesinger et al. ( 2016 , Bright and FaintGalaxies in blue and red, respectively). 
The ̄x HI datapoints are the same as in Fig. 8 , and we write the integrated optical 
depth τCMB for each simulation. 
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All EOS releases are ‘tuned’ to reproduce the current state of
nowledge. In 2016, our estimate of τ e and forest data suggested an
arlier middle/end of reionization, as is reflected in this comparison
lot. The shapes of the EoR histories are also notably different. By
ncluding MCGs, AllGalaxies (EOS2021) produce a more extended
ail to higher redshifts, with percent level ionization up to z ∼ 20.
espite this earlier start, the ACG-driven mid and late stages of reion-

zation occur more rapidly in AllGalaxies than in FaintGalaxies . This
s because both EOS2016 models assumed a constant mass-to-light
atio ( α(II) 

∗ = 0). This assumption, albeit common, is inconsistent
ith the latest UVLF observations and o v erestimates star formation

n small galaxies, thus resulting in a slower evolution of the SFRD
nd associated cosmic epochs (see also Mirocha et al. 2017 ; Park
t al. 2019 ). This figure highlights the importance of using the latest
bservations to guide our models of the early universe. 

.3 The 21-cm line during the cosmic dawn 

he biggest impact from MCGs will be to the cosmic-dawn epoch,
hich we mainly observe through the 21-cm line of neutral hydrogen.
e now explore this observable. 
We first show our definitions, and refer the reader to Furlanetto, Oh
 Briggs ( 2006 ) and Pritchard & Loeb ( 2012 ) for detailed re vie ws

f the physics of the 21-cm line. We use the full expression for the
1-cm brightness temperature (Barkana & Loeb 2001 ) 

 21 = 

T S − T CMB 

1 + z 

(
1 − e −τ21 

)
, (19) 

here T CMB is the temperature of the CMB (which acts as the radio
ack light), T S is the spin temperature of the IGM, and 

21 = (1 + δ) x H I 
T 0 

T S 

H ( z) 

∂ r v r 
(1 + z) , (20) 

here ∂ r v r is the line-of-sight gradient of the velocity. We have
efined a normalization factor 

 0 = 34 mK 

(
1 + z 

16 

)1 / 2 

×
(

�b h 

2 

0 . 022 

) (
�m 

h 

2 

0 . 14 

)−1 / 2 

(21) 

nchored at our Planck 2018 cosmology. 
The spin temperature of hydrogen, which determines whether 21-

m photons are absorbed from the CMB (if T S < T CMB ) or emitted
NRAS 511, 3657–3681 (2022) 
for T S > T CMB ), is set by competing couplings to the CMB and to
he gas kinetic temperature T K , and can be found through 

 

−1 
S = 

T −1 
CMB + x αT 

−1 
α + x c T 

−1 
K 

1 + x α + x c 
, (22) 

here T α is the colour temperature (which is closely related to
 K , Hirata 2006 ), and x i are the couplings to T K due to Lyman
photons ( x α) through the Wouthuysen–Field effect (Wouthuysen

952 ; Field 1959 ) and through collisions ( x c , which are only rele v ant
n the IGM at z � 30, Loeb & Zaldarriaga 2004 ). 

There are two main avenues for measuring the 21-cm signal. The
rst is by through its monopole against the CMB, usually termed the
lobal signal (GS hereafter). The second is through the fluctuations
f the signal, commonly simplified into the Fourier-space two-point
unction or power spectrum (PS hereafter). We now explore each in
urn. 

.3.1 Global Signal 

he 21-cm GS (denoted by T 21 ) is currently targeted by experiments
uch as EDGES (Bowman et al. 2018 ), LEDA (Price et al. 2018 ),
ARAS (Singh et al. 2018 ), Sci-Hi (Voytek et al. 2014 ), and
rizm (Philip et al. 2019 ). We note ho we ver that the lack of angular

nformation makes the GS especially difficult to disentangle from
oregrounds, which can be several orders of magnitude stronger than
he cosmic signal. 

We show our predictions for the 21-cm GS in Fig. 10 . The 21-
m signal is characterized three well-known eras at high z. First,
here is the epoch of coupling (EoC, z ∼ 15–25 for our EOS
arameters), where the GS T 21 becomes more ne gativ e due to
he Wouthuysen–Field (WF) coupling sourced by the Lyman-series
hotons from the first galaxies (Wouthuysen 1952 ; Field 1959 ).
hen, there is the epoch of X-ray heating (EoH), where X-rays
mitted by galaxies heat up the IGM, slowly increasing T 21 until
t is abo v e zero. Finally, during the EoR T 21 is driven towards zero
ollowing x HI . 

The difference between models with Pop II only and with
op III stars is dramatic, as shown in the top panel of Fig. 10 .
his is to be expected, as the high- z SFRD is dominated by

he smaller (and thus more abundant) MCGs. Ignoring Pop III-
ominated MCGs delays the minimum in the GS from z ≈ 15
o z ≈ 12.5, and results in a more rapid evolution of all epochs
EoC, EoH, and EoR). The top panel of Fig. 10 also shows that
eglecting v cb feedback shifts the EoC and EoH earlier by �z ≈
 2, which highlights the importance of this effect during the cosmic

awn. 
We also compare the GS of the fiducial EOS2021 simulation

gainst the previous two models of EOS2016. The most striking
istinction between these three simulations is that the depth for the
ew EOS2021 ( AllGalaxies ) model is a factor of 2 shallower than for
oth EOS 2016 simulations, only reaching values of T 21 ≈ −70 mK.
s already discussed, the emissivity in the 2016 simulations did not

ollow the SHMR implied by UVLFs but was instead proportional
o the collapsed-fraction (equi v alent to a constant f ∗ in Fig. 4 ). As
 consequence, the SFRD in those models evolved more rapidly,
roducing more distinct EoC and EoH epochs, whereas in the realistic
llGalaxies model these o v erlap (see also Mirocha et al. 2017 ; Park
t al. 2019 ; Qin et al. 2020a ). 

Such a shallower absorption trough also has implications for
xotic cosmic explanations of the recent EDGES detection (Bowman
t al. 2018 ); though we caution that a cosmological interpretation of
he detected signal remains very controversial (Hills et al. 2018 ;
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Figure 10. Evolution of the 21-cm signal, as a function of redshift z, across 
the entire CD and the EoR, for different models. The top panel shows the 
21-cm global signal (GS), the whereas the middle and bottom panels show 

the 21-cm power spectrum (PS) at two different wavenumbers: k = 0 . 15 and 
1 . 0 Mpc −1 , respectively. As before, the black line shows our fiducial EOS 
model with Pop II and Pop III stars with all feedback considered, whereas 
the blue dash–dotted line does not consider feedback due to the streaming 
velocities v cb , and the purple dashed line only has Pop II stars. The Pop 
II-only case shows a markedly delayed 21-cm evolution, as the GS in the 
top panel does not turn into absorption until z ∼ 15, whereas the case with 
Pop III stars begins its descent around z ∼ 22, reaching a minimum at z ≈
15. The no- v cb case has much faster evolution, especially at higher z, due 
to the absence of v cb -induced feedback on the first galaxies. The 21-cm PS 
at large scales ( k = 0 . 15 Mpc −1 ) and small scales ( k = 1 . 0 Mpc −1 ) follow a 
similar pattern, though the large-scale one close to vanishes at the minima 
and maxima of the GS (Mu ̃ noz & Cyr-Racine 2021 ). 
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ims & Pober 2020 ). The lowest point of our trough ( T 21 ≈ −70
K) is roughly a factor of 7 shallower than claimed by EDGES

 T 21 ≈ −500 mK), requiring either stronger dark matter electric 
harges (e.g. Barkana 2018 ; Mu ̃ noz & Loeb 2018 ), or a brighter
xtra radio background (e.g. Ewall-Wice et al. 2018 ; Pospelov et al.
018 ) than previously assumed. However in terms of timing, our 
ducial EOS model (with Pop III stars) peaks at z ∼ 15, only slightly

ater than the timing of the first claimed EDGES detection (at z 
17). We will study a different set (OPT) of MCG parameters 

n Sections 4 and 5, which give rise to an absorption trough at an
arlier z ≈ 17. 
.3.2 Power spectrum 

e now study the 21-cm fluctuations. For simplicity, we will focus
n the spherically averaged PS summary statistic, defined through 〈
δT 21 ( k ) δT 21 ( k 

′ ) 
〉 = (2 π ) 3 δD 

( k + k 

′ ) P 21 ( k ) , (23) 

lthough in practice we will employ the reduced power spec- 
rum � 

2 
21 = k 3 P 21 ( k) / (2 π2 ), with units of mK 

2 , for convenience.
nterferometers can measure many 21-cm modes at each z, and 
hus the PS (and other spatially dependent statistics) can provide 

ore detailed insights into the early universe, compared to the 
S (Pritchard & Furlanetto 2007 ; Parsons et al. 2012 ; Pober et al.
013b ; Fialkov & Barkana 2014 ; Cohen, Fialkov & Barkana 2018 ;
u ̃ noz, Dvorkin & Cyr-Racine 2020 ; Jones et al. 2021 ). Experiments

uch as HERA (DeBoer et al. 2017 ), LOFAR (van Haarlem et al.
013 ), MWA (Tingay et al. 2013 ), LWA (Eastwood et al. 2019 ), and
he SKA (Koopmans et al. 2015 ) are aiming to measure the 21-cm
S. 
We show the evolution of the 21-cm PS at two different Fourier-

pace wavenumbers k in Fig. 10 (along with the GS for visual
id). The large-scale ( k = 0 . 15 Mpc −1 ) power has three bumps,
orresponding to the three eras outlined abo v e, when fluctuations in
he Lyman α background, IGM temperature, and ionization fractions 
ominate the 21-cm PS, respectively. Between these, the ne gativ e
ontribution of the cross power between these fields gives rise 
o relative troughs in the PS (Pritchard & Furlanetto 2007 ; Lidz
t al. 2008 ; Mesinger et al. 2013 ) (and as a result � 

2 
21 ∝ d T 21 / d z

n large scales Mu ̃ noz & Cyr-Racine 2021 ). At smaller scales
 k = 1 . 0 Mpc −1 ), ho we ver, this cancellation does not take place,
nd the power is larger o v erall. The power is larger for the Pop
I-only model at both large and small scales, as the smaller-mass

CGs that host Pop III stars are less biased, producing smaller
1-cm fluctuations. The absence of v cb feedback shifts all curves 
owards earlier times. Moreo v er, as we will see in Section 5, the v cb 

uctuations become imprinted on to the 21-cm PS (Dalal et al. 2010 ;
isbal et al. 2012 ; Mu ̃ noz 2019a ), giving rise to sizable wiggles on

he 21-cm power spectrum. 
In Fig. 12 , we compare the PS from our fiducial EOS2021 model

 AllGalaxies ), to the previous EOS2016 models ( BrightGalaxies 
nd FaintGalaxies ). The newer AllGalaxies model shows signifi- 
antly smaller power during the cosmic dawn than both EOS 2016
MNRAS 511, 3657–3681 (2022) 
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Figure 12. The 21-cm power spectrum at two wavenumbers k = 0 . 2 and 
1.0 Mpc −1 for all EOS simulations, with the same colour coding as Fig. 11 . 
We additionally show the expected noise from HERA in different z bands 
(all corresponding to a bandwidth of B = 8 MHz), where we assume 180 d 
of observation, moderate foregrounds, and �k = 0 . 1 Mpc −1 . We have taken 
AllGalaxies as the fiducial for the cosmic-variance noise, and find a total SNR 

= 183 added in quadrature o v er k and z. 
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Table 2. SNR for the two interferometers we consider, under a 
regular system-noise assumption, given by equation (24), and a 
pessimistic one, from equation (25). The three epochs co v er the 
ranges of z ≤ 10 for the EoR, 10 < z < 15 for the EoH, and z ≥
15 for the EoC. 

SNR for EOS2021 Total EoR EoH EoC 

HERA 186 183 34 9 
HERA (pess.) 87 86 8 1 

SKA 164 157 41 22 
SKA (pess.) 85 84 12 4 

Figure 13. Power spectrum of 21-cm fluctuations as a function of wavenum- 
ber k for our AllGalaxies (EOS2021) simulation. The four redshifts are chosen 
to be during the EoC ( z = 16), halfway through the EoH ( z = 13), in the 
transition between the EoH and the EoR ( z = 9), and finally during the EoR ( z 
= 6). The small error bars come from the Poisson noise in our box, which is 1.5 
Gpc comoving in size. The lines represent a fit (using k = 0 . 02 –0 . 5 Mpc −1 ) 
to a smooth polynomial added to the wiggles from the VAOs (sourced by the 
streaming velocities v cb ), as we will explain in Section 5. 

f  

b  

S  

u  

p  

S  

S  

w  

w
f  

d  

l  

fi  

S  

b  

A  

b  

e  

G  

e  

w
 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3657/6521455 by Luisa Ferrini user on 18 M
arch 2022
redictions. That is because of both the shallower absorption – and
lo wer e volution – of the 21-cm global signal. This reduction reaches
n order of magnitude at z ≥ 10, and will hinder the observation of
he 21-cm power spectrum with interferometers. 

Nevertheless, our AllGalaxies 21-cm power spectrum is still
ignificantly abo v e the thermal noise lev el forecasted for upcoming
nterferometers like HERA and SKA. We show in Fig. 12 the
xpected noise after 1 yr (1080 h) of integration with HERA,
alculated with 21cmSense 10 (Pober et al. 2013a ; Pober et al.
014 ) under the moderate-foreground assumption with a buffer
 = 0 . 1 h Mpc −1 abo v e the horizon. We assume a fixed bandwidth
f 8 MHz (corresponding to �z = 0.7 at z = 10), spherical bins of
k = 0 . 1 Mpc −1 , and a system temperature (DeBoer et al. 2017 ) 

 sys ( ν) = 100 K + 120 K ×
( ν

150 MHz 

)−2 . 55 
. (24) 

his results in a noise that is below the signal up to z ≈ 20 at large
cales, and comparable to the signal at small scales. At low k , the
oise is dominated by cosmic variance, which tracks the amplitude
f the PS, whereas for at high k it is largely thermal. 
We further quantify the detectability of our EOS 2021 model

 AllGalaxies ), by computing the signal-to-noise ratio (SNR). We
alculate this quantity for each wavenumber k and redshift bin z
onsidered, and add them in quadrature. We consider two values for
 sys , that of equation (24) and a more pessimistic one of 

 

pess . 
sys ( ν) = 100 K + 400 K ×

( ν )−2 . 55 
, (25) 
NRAS 511, 3657–3681 (2022) 

150 MHz 

0 https:// github.com/jpober/ 21cmSense 

r  

d  

a  
ollo wing De wdney et al. ( 2016 ), which results in a noise larger
y a factor of ∼3 at the redshifts of interest. We also calculate the
NR for the fiducial SKA-LOW 1 design Dewdney et al. ( 2016 )
sing a tracked observing strategy . Specifically , we assume a 6 h
er-night tracked scan for a total of 1000 h. Table 2 shows the
NRs for the different setups, where using equation (24) we find
NR = 186 for HERA and SNR = 164 for the SKA, both of
hich would provide detections at high significance. These SNRs
ould be reduced by a factor of ∼2–3 for the pessimistic T sys 

rom equation (25). Divided into epochs, the SNR is significantly
ominated by the EoR, with the EoH contributing a factor of ∼5
ess, and the EoC only showing SNR ∼10. Interestingly, for our
ducial ‘narrow and deep’ SKA surv e y, the SKA can reach larger
NR at high z where thermal noise dominates, while HERA performs
etter at lower z where cosmic variance can be dominate the noise.
ssuming different SKA observing strategies can shift the balance
etween cosmic-variance and thermal-noise errors by considering
ither larger observing volumes or deeper integration times (see e.g
reig, Mesinger & Koopmans 2020a ). We will explore in Mason

t al. (in preparation) the range of constraints that such a detection
ould provide for astrophysical and cosmological parameters. 
Finally, we show the scale dependence of the 21-cm PS at four

edshifts in Fig. 13 . These are chosen to illustrate the power spectrum
uring each of the three epochs of interest (EoR, EoH, and EoC),
s well as in the transition between the EoR and EoH. The power is
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Figure 14. Light-cone from a simulation with the EOS 2021 parameters from Table 1 . The slices are 750 Mpc in height (half of the full simulation, for better 
visualization of small scales), and 1.5 Mpc in depth. The top panel shows the density field, in lognormal scale around unity. The second panel is the LW flux 
J 21 , in the customary units of 10 −21 erg s −1 Hz −1 cm 

−2 sr −1 , which dissociates molecular hydrogen and halts Pop III stellar formation on MCGs. The third 
panel is the neutral-hydrogen fraction x H I , which shows the o v erall evolution of reionization, as well as the large-scale neutral patches at z ∼ 6 that can explain 
opacity fluctuations seen in the Lyman α forest. Finally, the bottom panel is the 21-cm signal T 21 in mK, where the absorption (blue) trough occurs at z ∼ 15, 
the transition to emission (red) at z ∼ 10, and the signal disappears (white) due to reionization by the end of the simulation. 
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elatively flat with k except in the transition case ( z = 9), where the
arge-scale power drops dramatically due to the ne gativ e contribution 
f the cross-terms (Pritchard & Furlanetto 2007 ; Lidz et al. 2008 ;
esinger et al. 2013 ; Mu ̃ noz & Cyr-Racine 2021 ). Interestingly, at z
 13 the power peaks at k = 0 . 1 Mpc −1 , where there are wiggles in

he 21-cm power spectrum. These are due to the streaming velocities 
 cb , which have acoustic oscillations that become imprinted on to 
he SFRD (through the feedback described in Section 2), and thus on
he 21-cm signal. We will describe these velocity-induced acoustic 
scillations (VAOs) in detail in Section 5. 

.4 Visualizations 

e end this section with some visualizations of our EOS 2021 
imulation. These consist of slices through various light-cones and 
imulation cubes. 
We begin with Fig. 14 , which shows 2D slices through cosmic
ight-cones from our fiducial EOS 2021 simulations. The horizontal 
xis shows evolution with cosmic time, while the vertical axis 
orresponds to a fixed comoving length (here taken to be half
f the full EOS size in order to more easily identify small-scale
eatures). While we only track a fe w v ariables in that figure, we
ote that 21cmFAST can output other rele v ant quantities such as the
ocal recombination rate, the intensity of the UV, X-ray, Lyman α
ackgrounds, the velocity fields, and kinetic and spin temperatures. 
e describe each of the panels in turn. 

(i) The top panel shows the matter o v er/underdensities, which 
row due to gravity as the universe evolves, forming the cosmic web
hat we see today. 

(ii) The second panel of Fig. 14 shows the LW flux, which
issociates H 2 molecules and thus impedes star formation in MCGs. 
MNRAS 511, 3657–3681 (2022) 
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Figure 15. Slice through the 21-cm temperature in our AllGalaxies simulation (with the EOS 2021 parameters of Table 1 ) at z = 11. The left-hand panel shows 
the entire simulation (1.5 Gpc comoving in side), whereas the two right panels represent successive zoom-ins of each of the highlighted re gions. F or reference, 
state-of-the-art radiative-transfer hydrodynamical simulations of reionization that resolve ACGs (e.g. Garaldi et al. 2021 ; Kannan et al. 2021 ; Smith et al. 2021 ) 
can typically co v er volumes � (100 Mpc) 3 , shown as the black dashed square on the bottom left. Red and blue corresponds to 21-cm emission and absorption, 
as in Fig. 14 , and all slices are 1.5 Mpc in thickness. At this redshift our model is transitioning from the EoH to the EoR. We see that these two eras o v erlap, 
causing the centres of heated regions ( T 21 > 0, red), which have the highest densities of galaxies, to show no signal ( T 21 = 0, white). 
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he o v erall LW flux J 21 grows rapidly o v er time (roughly following
he SFRD), with notable spatial fluctuations. The LW flux is largest
n regions corresponding to the largest matter o v erdensities, which
ost the first generations of (highly biased) galaxies. Therefore these
nisotropies result in a stronger suppression of Pop III star formation,
han would be expected assuming a homogeneous background, and
mprint structure in the 21-cm signal. 

(iii) The third and fourth panels of Fig. 14 show the evolution of the
wo quantities most directly observable: the neutral hydrogen fraction
 H I and the 21-cm brightness temperature T 21 . The neutral fraction
 H I is homogeneously close to unity until z ∼ 10, as chiefly MCGs
orm at those early times, which are not very efficient at reionizing
ydrogen. The EoR takes place during z = 5–10, accelerating at
ater times. This panel reveals large-scale neutral patches at z ∼
.5–6, as required by recent Lyman α data (Becker et al. 2015 ;
osman et al. 2018 ). These last neutral regions trace underdense
nvironments. 

(iv) The 21-cm signal T 21 , in the last panel, shows a dramatic
volution during cosmic da wn, be ginning with absorption at z ∼
5–20 due to the Wouthuysen–Field ef fect, follo wed by a transition
o emission at z ∼ 12 as the IGM is heated by X-rays from the
rst galaxies, and finishing with a slow decay towards zero as
eionization takes place. The late-time ( z � 10) behaviour of the
1-cm signal is dominated by the reionization bubbles, as the x H I and
 21 fields are clearly correlated. The early-time ( z � 10) behaviour,
o we ver, is related to the UV and X-ray flux from the first galaxies,
hich depends on the densities δ in a non-linear and non-local
ay. 
NRAS 511, 3657–3681 (2022) 
In Fig. 15 , we show a zoom-in slice through the 21-cm map at z =
1. This redshift corresponds roughly to the transition between the
oH and the EoR. It is clear that there is a large o v erlap between

hese two eras, as the o v erdense heated re gions (with T 21 > 0, shown
n red), are beginning the process of reionization from the inside
producing T 21 → 0, in white). We note that the underdense regions,
xposed to a smaller X-ray flux, are remain colder than the CMB at
his redshift ( T 21 < 0, in blue). 

Fig. 15 also shows the dynamic range of our simulations, which
an resolve structure as large as the simulation box (1.5 Gpc) and
own to the cell size (1.5 Mpc). A zoom-in animation of the entire
osmic dawn and EoR evolution is provided at this url. 

 L E A R N I N G  A B O U T  T H E  FIRST  G A L A X I E S  

n the previous sections we have demonstrated that MCGs drive the
1-cm signal from the early cosmic da wn, giv en our fiducial set of
arameters. As a consequence, 21-cm studies are a promising avenue
o learn about the properties of the first Pop III stars and their host
alaxies. Here, we perform a brief exploratory study of how the
1-cm signal varies as a function of the different MCG stellar and
eedback parameters in our model. 

Throughout this section, we will vary parameters around a more
ptimistic set of galaxy properties, labelled OPT in Table 1 . This set
llows for a more significant contribution from MCGs compared to
OS, making it easier to learn about these first galaxies. In particular,
e increase the stellar efficiency of MCGs by � log 10 f 

(II) 
∗, 10 = −0 . 75
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Figure 16. Predictions for the evolution of the 21-cm GS (top), PS (middle), 
and the LW flux (bottom) across CD and the EoR, when varying the slope of 
the SHMR of MCGs. We consider a range of power-law indices α(III) 

∗ of the 
SHMR, as defined in equation (7), from α

(III) 
∗ = 0 (our fiducial, in black) to 

0.5 (red to blue lines), as well as α(III) 
∗ = −0 . 2 (in pink, corresponding to a 

reversed SHMR). Steeper α(III) 
∗ indices produce less star formation at early 

times, delaying the onset of cosmic dawn (top two panels). Ho we ver, this also 
produces less LW radiation, as shown in the bottom panel, dissociating H 2 

more weakly. 
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roughly a factor of ≈5), and decrease it for ACGs by � log 10 f 
(II) 
∗, 10 =

0 . 25, in both cases compensating their f esc to keep a similar EoR
v olution. This higher MCG contrib ution pushes the trough of the
1-cm GS to an earlier z ∼ 17 (in line with the central redshift
laimed by EDGES in Bowman et al. 2018 ), rather than the z ∼
5 of our EOS parameters. We also find that in OPT, Pop III stars
ominate the SFRD for z � 10, thus dictating the evolution of the
ntirety of cosmic dawn. 

We begin by studying the slope of the SHMR, here parametrized 
ith the α(III) 

∗ parameter. The SHMR slope likely holds clues about 
Ne and other galactic feedback mechanisms. For example, assuming 
tar formation is regulated by SNe-dri ven outflo ws with a constant
nergy coupling efficiency, can result in α∗ ∼ 2/3 (e.g. Wyithe & Loeb 
013 ). This is remarkably close to the empirically determined value 
rom z � 6 UVLFs of α(II) 

∗ ∼ 0 . 5 (for ACGs hosting Pop II stars). 
As discussed previously, ACGs are too faint to allow us to directly
easure α(III) 

∗ from UVLFs. Although it is tempting to assume the 
ame SHMR slope for ACGs and MCGs, this could be incorrect 
ue to, e.g. their different IMFs and associated SNe energies. For
 xample, a fix ed mass of stars forming in each MCG (e.g. Kulkarni
t al. 2019 ) would result in α(III) 

∗ < 0, which would be very different
rom the α(II) 

∗ ∼ 0 . 5 that is empirically determined from z � 6
VLFs. 
In Fig. 16 , we show the impact of varying the power-law index α(III) 

∗
n the 21-cm CD signal (global and power spectrum evolution). We 
onsider α(III) 

∗ in the −0.2–0.5 range. It is clear that the 21-cm signal
oes not vary dramatically o v er this range of SHMR slopes. Steeper
ndices (larger α(III) 

∗ ) ef fecti vely result in steeper SFRD evolutions at
ery high redshifts. Although initially there are fewer Pop III stars
n those models, delaying the 21-cm signal, subsequently the cosmic 
volution accelerates. 

Interestingly, all models in Fig. 16 agree at z ≈ 15, when the
ontribution from ACGs starts being rele v ant. Ho we ver, we do see
hat the J 21 evolution of some models crosses-o v er around this
edshift (c.f. the green curve). This is due to LW feedback: models
hat initially have a larger J 21 are subsequently able to more strongly
uench MCG star formation, thus resulting in a weaker J 21 at z < 15.
We now study the impact of the other parameters regulating the 

V and X-ray emissivities of MCGs. Specifically, in Fig. 17 we show
ow the 21-cm GS and PS (at k = 0 . 15 Mpc −1 ) vary with: (i) A LW 

, the
mplitude of LW feedback; (ii) f (III) ∗, 7 , the normalization of the SHMR;

iii) f (III) esc , 7 , the ionizing escape fraction; and (iv) L 

(III) 
X,< 2keV / SFR , the X-

ay luminosity to SFR relation. Unlike for α(III) 
∗ discussed abo v e, the

ncertainty on these parameters is better sampled in log space. There- 
ore in Fig. 17 we show results when increasing or decreasing each
arameter by a factor of three around the OPT values from Table 1 . 
The first panel of Fig. 17 shows that stronger LW feedback (larger

 LW 

) translates into a delayed 21-cm GS and PS, especially at high
. The larger impact of other feedback sources, chiefly the relative 
elocities, makes the signal depend only weakly on A LW 

, though 
his parameter can still delay the cosmic-dawn milestones by �z ≈
 within the range of values we study. 
Changing f (III) esc , 7 also has a modest impact, as MCGs are generally 

egligible contributors to the EoR in our models. Ho we ver, the largest
alues of the escape fraction shown here do result in an earlier start to
he EoR (driven by MCGs), but with a similar end (driven by ACGs).

On the other hand, varying the stellar fraction f (III) ∗, 7 (second panel) 

r L 

(III) 
X,< 2keV / SFR (fourth panel) notably changes the signal during 

he two CD epochs driven by MCGs: the EoH and EoC. Changing
he stellar fraction impacts both epochs, as star formation drives all 
f the cosmic radiation fields in our models. Higher stellar fractions
hifts the CD to earlier times, resulting in a higher ef fecti ve bias of
he sources driving each epoch, and thus a higher 21-cm PS on large
cales. 

Changing L 

(III) 
X,< 2keV / SFR only impacts the relative timing of the 

oH. Increasing the X-ray luminosity of the first galaxies results in a
arger o v erlap of the EoH and EoC, as the coupling is not completed
efore the IGM is heated. Consequently, the GS absorption trough 
s shallower, and the large-scale power decreases from the increased 
e gativ e contribution of the cross-power in these two fields (e.g.
ritchard & Furlanetto 2007 ; Mesinger et al. 2013 ; Schneider et al.
021 ). 
Each of the parameters impacts the signal differently as a function

f redshift and scale, which may allow us to distinguish between
hem. Ho we ver, in order to forecast parameter uncertainties, one has
o capture the correlations between them, for instance through an 

CMC (Greig & Mesinger 2015 ) or Fisher matrix (Mason et al., in
reparation). We leave this question for future work. We note that
he expected SNRs for the OPT model are similar to the EOS ones
eported in Section 3. That is because the OPT model shows slightly
MNRAS 511, 3657–3681 (2022) 
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Figure 17. The effect of varying four Pop III parameters on the 21-cm global signal (top) and power spectrum (bottom, at k = 0 . 23 Mpc −1 ). These parameters 
encode the strength of LW feedback ( A LW 

), the stellar efficiency ( f (III) ∗ ) and escape fraction ( f (III) esc ) of MCGs, as well as the X-ray luminosity L 

(III) 
X per unit SFR 

of Pop III stars. Black dashed lines show our OPT fiducial model, and in each panel we indicate the parameter we vary, increasing (decreasing) it threefold in 
red (blue). 

Table 3. Same as Table 2 but for the OPT parameters. 

SNR for OPT Total EoR EoH EoC 

HERA 206 193 66 31 
HERA (pess.) 94 93 16 6 

SKA 195 178 69 37 
SKA (pess.) 99 95 25 11 
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arger fluctuations, though at lower frequencies where noise is larger.
able 3 contains our forecasted SNRs for the OPT parameters under
ach of the assumptions considered. 

 VELOCITY- INDUCED  AC OUSTIC  

SCILLATION S  

he last study we perform is on the unique signature of the DM-
aryon relative velocities on the 21-cm fluctuations. We quantify
o what extent the streaming velocities produce velocity-induced
coustic oscillations (VAOs) on the 21-cm signal in our simulations,
or the first time jointly including inhomogeneous LW feedback
ith self-shielding. Throughout this section we will assume astro-
hysical parameters from the Optimistic (OPT) set, unless otherwise
pecified. 

.1 VAOs across cosmic dawn 

he interactions between baryons and photons give rise to the well-
nown baryon acoustic oscillations (BAOs), which at low z are ob-
erved in the matter distribution as an excess correlation at the baryon
coustic scale (here used interchangeably with the baryon drag scale
 drag ; Eisenstein & Hu 1998 ). The dark matter, ho we ver, does not
artake in these BAOs, which gives it different initial conditions than
aryons at recombination. This produces a relative (or streaming)
elocity between dark matter and baryons, which fluctuates spatially
ith the same r drag scale, due to their acoustic origin (Tseliakhovich
 Hirata 2010 ). In Fourier space, the power spectrum of v cb presents

arge wiggles, which are inherited by the radiation fields, as regions
f large relative velocity suppress the formation of the first stars
chiefly PopIII, see Section 2.2). Consequently, the 21-cm signal
NRAS 511, 3657–3681 (2022) 
ecomes modulated by these streaming velocities during cosmic
awn, giving rise to velocity-induced acoustic oscillations (VAOs;
alal et al. 2010 ; Visbal et al. 2012 ; Fialkov et al. 2013 ; Mu ̃ noz
019a ), with the same acoustic origin as the BAOs, though sourced
y velocity – rather than density – fluctuations. Mu ̃ noz ( 2019b )
howed that these VAOs provide us with a standard ruler to measure
hysical cosmology during cosmic dawn, independently of galaxy
strophysics. 

Until recently it was not known how the feedback from v cb 

nteracted with the LW dissociation of molecular hydrogen. As we
howed in Section 2, however, recent hydrodynamical simulations
rom Kulkarni et al. ( 2021 ) and Schauer et al. ( 2021 ) indicate that for
he regime of interest ( J 21 ≤ 1) these two processes act coherently.
urthermore, self-shielding in the first galaxies produces weaker LW
eedback, and thus a larger impact of the relative velocities. Together,
hese two effects give rise to sizable VAOs, as we now show. 

.1.1. Slices 

e begin by showing the impact of v cb directly on the 21-cm maps.
or that we compare a standard simulation (with OPT parameters)
gainst one with no fluctuating v cb (achieved by setting FIX VAVG
 True in 21-cm FAST ). The latter simulation just uses a

omogeneous value of v cb = v avg ≈ 26 km s −1 , corresponding to
he mean of its distribution. The reason for this choice, rather than
etting v cb = 0, is that the background evolution in the latter case
ould be significantly different (see e.g. Fig. 10 ), making it difficult

o compare results at a fixed redshift. 
We plot slices (1.5 Mpc thick) through our simulations at z = 11

during the EoH) in Fig. 18 . The slice through the relativ e-v elocity
eld clearly shows large-scale acoustic structure, with islands of

arge v cb separated by roughly r drag ≈ 150 Mpc. In contrast, the
atter field ( δ) has power on all visible scales, down to our cell size.
e also show the 21-cm map resulting from our two simulations
ith and without fluctuating v cb (but with otherwise identical OPT
arameters). Regions of large v cb have a colder IGM, as they form
ewer stars, and thus emit fewer X-rays. In order to illustrate this
ffect, we zoom into a patch 100 Mpc in size near a region of large v cb ,
here the full-physics simulation clearly presents deeper absorption

orrelated with the velocity map. 
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Figure 18. Effect of relative velocities on the 21-cm signal with our OPT parameters and the most up-to-date feedback prescriptions. We show a slice through 
our simulations, 1.5-Mpc deep and 600 Mpc on a side, at z = 11, where different panels show different quantities. Top left shows the matter density, and bottom 

left the DM-baryon relative velocity. The two central panels plot the 21-cm brightness temperature, on the top without fluctuating relative velocities (i.e. v cb = 

v avg ), and in the bottom with the full v cb effect. We also show a zoom-in (100 by 100 Mpc) region of large relative velocity on the right, where the suppressive 
effect of v cb on the first galaxies – and thus on T 21 – is readily apparent. 
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11 This is not true for all scenarios, as for instance the sharp cutoffs in the 
primordial-black hole accretion model of Jensen & Ali-Ha ̈ımoud ( 2021 ) do 
not al w ays follow the VAO shape. 
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We now mo v e on to study the effect of v cb during other cosmic
ras. In Fig. 19 , we show a 100 Mpc zoom-in of our simulations, at the
ame location as in Fig. 18 . Rather than showing maps of δT 21 with
nd without VAOs, we plot the difference (Diff ≡ δT full 

21 − δT no VAO 
21 )

etween the two cases, which allows for a closer comparison, at three
edshift snapshots. The first is at z = 7, during the EoR, where the
ffect of the relativ e v elocities is rather small, affecting the signal
t the ∼1–2 mK level. The second is at z = 15, at the peak of
eating, and shows a large impact of v cb , causing Diff ≈±5 mK,
ith the largest differences taking place in the lowest- v cb regions, 
hich heated more slowly. The last snapshot is at z = 20, which is
uring the EoC and where v cb impacts the signal moderately, but in
he opposite direction (as fewer photons produces less coupling, and 
hus more positive δT 21 ). As is clear from Fig. 18 , the profile of the
elativ e v elocity (left-hand panel) is smeared when observ ed in the
1-cm signal, due to photon propagation. This is especially true in 
he z = 20 panel, where the difference has a homogeneous value of
+ 2 mK in the entire (100 Mpc) zoom-in region. This is because

he photons just redward of Lyman β that drive WF coupling have 
ean free paths comparable to the 100-Mpc scale of these zoom- 

ns. Below we provide a simple analytical expression for the 21-cm 

S including VAOs and accounting for such photon diffusion via 
indow functions. 

.1.2. Power spectrum 

he simulation slices studied abo v e giv e us an idea of the impact
f the relative velocities on the 21-cm signal at different epochs. 
e now calculate the 21-cm PS as a function of k , quantifying the
bservable signature of the VAOs. We plot this observable from 

ur simulations in Fig. 20 at the same redshifts as were shown in
igs 18 and 19 . The amplitude of those power spectra trace the
 v erall redshift evolution that we studied in Section 3. Ho we ver,
ore interestingly from the point of view of VAOs is the shape of

he PS with k . The simulation data points show marked acoustic
scillations (i.e. wiggles) at k = 0 . 05 –0 . 5 Mpc −1 , inherited from the
 cb fluctuations. These VAOs are most pronounced during the X-ray 
eating era, increasing the power spectrum by an O(1) factor both at
 = 11 and z = 15. They also appear during the EoC, at z = 20, and to
 much lesser degree in the EoR at z = 7 (though we do not consider
he effect of v cb on ionizing sinks, as described in Cain et al. ( 2020 )
nd Park et al. ( 2021 ), which may enhance the late-time VAOs). 

The relative velocity v cb is a vector field, so due to isotropy it can
nly affect observables through v 2 cb to first order. We define the VAO
hape � 

2 
v cb 

to be the power spectrum of 

v = 

√ 

3 

2 

(
v 2 cb 

v 2 rms 

− 1 

)
. (26) 

his quantity has unit variance, zero mean, and is redshift indepen-
ent. In Mu ̃ noz ( 2019a ), we showed that the shape of the VAOs is
naltered by the complex astrophysics of cosmic dawn, 11 although 
MNRAS 511, 3657–3681 (2022) 
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Figure 19. Zoom-in slice, 100 Mpc on a side and 1.5 Mpc in depth, from the same region as Fig. 18 . We show the zoomed-in density δ and relativ e v elocity v cb 

at z = 11 in the left two panels. The rest of top panels show the 21-cm fluctuations δT 21 for no VAOs ( v cb = v avg ), whereas the bottom panels show its difference 
with the full (i.e. with VAO) case, defined as Diff = δT full 

21 − δT no VAO 
21 . The effect of VAOs is subtle during the EoR ( z = 7, second column), as differences are 

at the � 2 mK level, but more noticeable during the EoH ( z = 15, third column) and the EoC ( z = 20, fourth column). 

Figure 20. The 21-cm power spectrum as a function of wavenumber k at four 
redshifts z. The data-points show our simulation results (and Poisson noise) 
for the OPT parameters, and the lines present fits obtained using equation (27). 
The solid line contains VAOs, whereas the dashed line does not (i.e. it has 
b v cb = 0), which has lower power at large scales and no wiggles. Simulation 
data-points in the grey shaded re gions hav e not been included in the fit. The 
VAOs are most obvious during the EoH ( z ≈ 10–15), are somewhat visible 
during the EoC ( z � 15, though suppressed at high k ), and very small during 
the EoR z � 10. 
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ts amplitude is damped if the X-ray or UV photons that affect the
1-cm signal travel significant distances (comparable to 1/ k ). Thus,
ot only does the amplitude of the VAOs change between eras, but
lso the k range where they are visible. This is clear from Fig. 20 , as
he z = 15 power spectrum has ∼3–4 visible wiggles, whereas at z =
NRAS 511, 3657–3681 (2022) 
0 only 2 can be distinguished. That is because during the EoC the
ean-free path of the rele v ant Lyman band photons is rather large

 ∼100 Mpc; Dalal et al. 2010 ), whereas during the X-ray heating
ra it is much shorter for realistic SEDs (Pacucci et al. 2014 ; Das
t al. 2017 ). This is especially true for our OPT set of parameters,
hich has an optimistic value of E 0 = 0.2 keV and thus X-rays travel

horter distances. For the EOS parameter set on the other hand, we
et E 0 = 0.5 keV (see Das et al. 2017 ), resulting in longer X-ray
ean free path and thus more damped VAOs (c.f. Fig. 13 , where

nly 2–3 wiggles are apparent). 
In order to analytically model the VAOs we follow the approach

f Mu ̃ noz ( 2019a , b , see also Hotinli et al. 2021 ), and use the fact that
ensity- and v cb -sourced fluctuations are uncorrelated to first order
o write 

 

2 
21 = P nw ( k) + b 2 v cb 

W 

2 
i ( k) � 

2 
v cb 

( k) , (27) 

here � 

2 
v cb 

is the power spectrum of δv in equation (26) and contains
he VAO shape, b v cb is a bias factor that determines its amplitude,
nd W i is a window function that accounts for photon propagation.
he P nw ( k) ‘no-wiggle’ term, instead, accounts for the usual density-
ourced 21-cm fluctuations, and we model it as a simple 4th order
olynomial, 

log P nw ( k) = 

4 ∑ 

j= 0 

c j 
[
log ( k) 

]j 
, (28) 

hich suffices to capture its behaviour in the region of interest ( k =
 . 02 –0 . 5 Mpc −1 ). 
For the ‘wiggle’ VAO part we know � 

2 
v cb 

, but need to find both
he window function W i that accounts for damping of VAOs, and the
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Figure 21. Relativ e-v elocity power spectrum, from equation (26), in the 
case that it is not modulated by any window function (grey dotted), as well 
as damped by the mean free path of X-rays with a cutoff at 0.2 keV (purple), 
0.5 keV (teal), and of the UV photons that produce WF coupling upon re- 
entering the Lyman α transition (red). For these three cases, dashed lines 
show the numeric result from Mu ̃ noz ( 2019a ), whereas the solid lines follow 

the simpler fit presented in equation (29). 
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Figure 22. Size of the VAOs under different assumptions. As before, the 
black dashed line shows our fiducial SHMR for MCGs, with an index α(III) 

∗ = 

0, whereas the red-blue and pink lines represent dif ferent v alues of that 
index, following the same convention as Fig. 16 . The top panel shows the 
velocity bias b v cb , defined in equation (27), where the shaded brown region 
is the result of fitting a simulation with no VAOs (fixing v cb = v avg ), and 
can be taken as an error estimate of the fitting procedure. The purple dash–
dotted line shows the results for the EOS parameters, rather than OPT. The 
bottom panel shows the VAO-only power spectrum at k = 0 . 15 Mpc −1 , in 
the range observable by HERA (whose noise is shown in green for k = 

0 . 05 –0 . 15 Mpc −1 ). We additionally show the power in our fiducial ( α(III) 
∗ = 0) 

case at k = 0 . 05 Mpc −1 , as a dashed grey line, which grows significantly for 
the EoC ( z > 17) as VAOs are less damped at smaller k during that epoch. 
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ias b v cb that parametrizes their amplitudes. Let us begin with the 
indow function. 
We follow the approach of Mu ̃ noz ( 2019a ) and define separate

indow functions W i ( k ) for the EoC ( i = α) and the EoH ( i = X ).
ather than computing them numerically, as is done in Dalal et al.
 2010 ) and Mu ̃ noz ( 2019a ), here we use a parametrized form that
rovides a good fit across the entire range of interest. We write 

 i ( k) = 

[
1 

1 + ( k/k cut ,i ) βi 

]1 /βi 

, (29) 

hich has two free parameters ( β i and k cut, i ) for each era, fitted to
he results of Mu ̃ noz ( 2019a ) but kept independent of z otherwise.

e find that for Lyman α photons βa = 2 and k cut ,a = 0 . 015 Mpc −1 

ro vide an e xcellent fit. F or X-rays, the damping depends on the
ssumed energy cutoff scale (i.e. the minimum X-ray energy E 0 

scaping the ISM of host galaxies). First, for E 0 = 0.2 keV (as
et in our OPT parameters), a good fit is provided by βX = 1 and
 cut ,X = 0 . 3 Mpc −1 . Secondly, when setting E 0 = 0.5 keV (for the
OS fiducial) the X-rays have longer mean free paths, and we find βX 

 1.5 and k cut ,X = 0 . 04 Mpc −1 . We show the VAO power spectrum in
ig. 21 multiplied by each of these window functions, together with 

he numerical result from Mu ̃ noz ( 2019a ), finding good agreement.
his figure also shows that, as expected, longer travel distances 
ield more suppression of VAO amplitudes. The Lyman α VAOs 
re more damped than X-rays with E 0 = 0.5 keV, which in turn
re more damped than X-rays with a lower energy cutoff at E 0 =
.2 keV. Numerically, at z = 15 the distance a Lyman β photon
ravels until entering the Lyman α resonance is roughly 300 Mpc 
omoving, whereas the mean-free path of X-rays is a significantly 
horter 30 Mpc for E 0 = 0.5 keV, or 3 Mpc for 0.2 keV (McQuinn
012 ). As a consequence, these latter cases have higher k cut, i , and a
hallower suppression index β i . We emphasize that the parameters 
f this fit would technically vary with z, and have not been fit to
igh precision, but instead to round numbers, as that suffices for our
urposes of studying the detectability of VAOs and their extraction 
rom simulated power spectrum data. 

The amplitude of the VAOs, parametrized in our analytical PS 

xpression through the bias b v cb , depends on the astrophysics driving 
he 21-cm signal at any given epoch. Star formation feedback from
treaming velocities preferentially impacts smaller scales, and thus 
CGs are more affected than ACGs (though see Section 2 for

heir impact on ACGs). As a consequence, b v cb is larger (i.e. with
ore prominent VAOs) for models in which the SFRD is driven

y the smallest haloes. In Fig. 20 , we assume the optimistic (OPT)
arameters for the MCG SFR from Table 1 , and thus VAOs are
vident during both the EoH and EoC. 

We fit for the bias parameter b v cb for each redshift independently 
 v er the k -ranges shown in white in Fig. 20 . The results are shown
n Fig. 22 . The amplitude of VAOs has two peaks, corresponding
o the EoC (at z ∼ 20 for our OPT parameters) and the EoH ( z ∼
5), and all but vanishes in the transition between the two, as the
ffect of v cb goes in opposite directions between these two eras,
roducing less coupling at earlier times (and thus higher T 21 ), and
ess heating at late times (lower T 21 ). We also show b v cb for our
OS fiducial ( AllGalaxies ) simulation in that Figure, which shows
omewhat smaller VAOs, delayed to later times; as well as a null
est b v cb for a simulation with no VAOs as an error-bar estimation
f our fitting procedure. For comparison, the HERA Collaboration 
 2022 ) found that b v cb < { 50 , 180 } mK at 95 per cent CL, using their
hase-1 limits at z = { 8, 10 } . These data only co v er lower redshifts,
here VAOs are not expected to be important (c.f. Fig. 22 ), but they
ighlight the need for further sensitivity to reach the level of VAOs
 b v cb ≈ 10 mK) predicted in our models. 

In the bottom panel of Fig. 22 , we plot the v cb -only component of
he 21-cm power spectrum, defined as � 

2 
21 , v cb 

= b 2 v cb 
W 

2 
i ( k) � 

2 
v cb 

( k),
t a scale k = 0 . 15 Mpc −1 (roughly corresponding to a ‘sweet
pot’ in terms of foreground contamination and thermal noise for 
nterferometers; e.g. Greig et al. 2020a ; The HERA Collaboration 
022 ; Tingay et al. 2013 ; van Haarlem et al. 2013 ). This VAO
ower is relatively high during the EoH, reaching � 

2 
21 , v cb 

≈ 10 
K 

2 . During the EoC, ho we ver, it only has v alues � 

2 
21 , v cb 

≈ 0 . 5
K 

2 , as the photon propagation in the latter strongly suppresses
arge- k fluctuations. To illustrate this point, we also plot the
MNRAS 511, 3657–3681 (2022) 
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Figure 23. Power spectra in the light-cone (i.e. including LoS effects) at four 
bins marked by the central redshift, where each bin has an LoS comoving 
width of 383 Mpc, as well as their fits using equation (27). This figure shows 
that VAOs are still present in the light-cone (LC) power spectra. 
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AO-only power for k = 0 . 05 Mpc −1 (where the deepest LOFAR
imits lie Mertens et al. 2020 ) in that Figure, which grows by nearly
wo orders of magnitude during the EoC (and one during the EoH),
howing that reaching lower k by careful foreground cleaning is
deal for detecting acoustic wiggles in the high- z 21-cm signal.

e predict a smaller VAO power across all of cosmic dawn than
ur previous work. In Mu ̃ noz ( 2019a ) we had found � 

2 
21 , v cb 

≈ 50
K 

2 during the EoH, a factor of a few larger. Part of the reason
s the inclusion of inhomogeneous LW feedback, which tends to
uppress VAOs (Fialkov et al. 2013 ). The largest factor, ho we ver, is
he new parametrization of the SFRD (see equations 1,7). In Mu ̃ noz
 2019a ), we considered a mass-independent SHMR shared for PopII
nd PopIII stars (i.e. α( i) 

∗ = 0 for i = II and III), which produces
 much faster evolution of CD and larger 21-cm fluctuations (see
iscussion in Section 3). With the more-realistic SHMR considered
ere both the o v erall 21-cm PS and the VAOs are smaller, so VAOs
re still an O(1) component of the large-scale 21-cm power spectrum
n Fig. 20 . 

.2 VAOs and the SHMR of PopIII hosts 

o far we have shown VAOs in simulations with either our OPT
nd EOS parameter sets. Given our lack of knowledge about
osmic dawn, ho we ver, the first galaxies could have much different
arameters than we expected. We now perform a brief exploratory
tudy of how the amplitude of the VAOs can be used to learn about
he astrophysics of cosmic dawn. 

We focus on the slope of the SHMR for MCGs, parametrized with
(III) 
∗ , which we showed in the previous section has a very modest

mpact on the redshift dependence of the PS (at fixed k ) and the GS.
ere, we study its impact on the VAO component of the PS, shown in
ig. 22 for the same values of α(III) 

∗ as in Fig. 16 . We see that steeper
HMRs (larger α(III) 

∗ ) suppress the VAO amplitude, especially at high
. This is understandable since steeper SHMRs decrease the relative
ontribution of the smallest haloes to the SFRD, and these smallest
aloes are the most sensitive to the streaming velocities. Interestingly,
he impact of α(III) 

∗ on the VAOs component of the power appears
ore noticeable than in the o v erall 21-cm power spectrum or global

ignal (c.f. Fig. 16 ). Therefore, the amplitude of VAOs can provide
 cleaner view of the halo–galaxy connection of MCGs. 

We also study variations of the amplitude A LW 

of the LW feedback.
e find that increasing or decreasing A LW 

by a factor of up to 3 does
ot change the amplitude of the VAOs, only its z dependence. This is
ecause the LW and v cb feedback effects multiply coherently, so they
re rather independent. Given that the 21-cm GS and the complete PS
mplitude are also insensitive to A LW 

(see Fig. 17 ), the best avenue for
tudying this parameter may be further hydrodynamical simulations,
nstead of inferring it from 21-cm data. 

.3 Detectability 

he VAOs that we study here have been shown to be a robust
tandard ruler during cosmic dawn, allowing 21-cm interferometers
o measure the cosmic expansion rate at z ∼ 10–20 (Mu ̃ noz 2019b ).
o we ver, we would first need to detect them. 
As opposed to Section 3, where we considered the entire 21-cm

ower spectrum, here we forecast SNRs for the � 

2 
21 , v cb 

component.
or that we use the same noise as before, which includes the cosmic
ariance from the full � 

2 
21 signal. This noise is shown in Fig. 22 along

ith the VAO-only power spectrum. We find a SNR = 5 for the EOS
arameters assuming 1080 h of HERA data at moderate foregrounds.
or the OPT parameters, instead, we find more optimistic estimates,
NRAS 511, 3657–3681 (2022) 
ith SNR = 9. In both cases, the SNR is only abo v e unity o v er the
ange z ≈ 10–15, showing that the EoH is the most promising epoch
o detect VAOs, and thus to measure H ( z) (Mu ̃ noz 2019b ). 

.4 VAOs in the lightcone 

ll work on VAOs thus far has been on co-e v al boxes (i.e. at fixed z).
n reality, ho we ver, 21-cm fluctuations are measured in the light-cone,
s the fluctuations along the line-of-sight (LoS) direction evolve with
. This is particularly important for using VAOs as a standard ruler,
s mainly LoS modes are observed by interferometers, which are
hen used to measure H ( z). 

It is expected that LoS effects slightly change the large-scale 21-
m power (Datta et al. 2012 ; La Plante et al. 2014 ; Ghara, Datta
 Choudhury 2015 ; Greig & Mesinger 2018 ). In order to include

hese effects we divide our light-cone, which is 600 Mpc on a side
nd 3830 Mpc in length, into 10 blocks (each 383 Mpc along the
oS), and compute the power spectrum in each of them. We show

he resulting full-light-cone 21-cm power spectra in Fig. 23 , where
he VAOs are still clearly apparent (with larger Poisson noise from
he simulations as each z box corresponds to a smaller comoving
olume). While a full comparison of light-cone and co-e v al boxes is
eyond the scope of this work, we find that during the EoH the bias
 v cb is reduced by 20 per cent, showing a small but not negligible
oS effect on the amplitude of VAOs, though not on their shape. This

s an important cross-check for using VAOs as a standard ruler. For a
rief study of how to measure VAOs without Poisson variance from
he simulations we encourage the reader to visit Appendix C. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

he first generation of PopIII stars heralded the transition from the
ark ages to the cosmic dawn. In this work, we have improved the
reatment of these stars in the public code 21cmFAST , including
he combined impact on star formation from baryon-DM streaming
elocities ( v cb ) and the inhomogeneous LW background. In our
odel, PopIII stars are hosted in molecular-cooling galaxies (MCGs,
ith halo masses M h < M atom 

∼ 10 7 −8 M �), whereas PopII stars
orm in atomic-cooling galaxies (ACGs, with masses abo v e M atom 

).
hus, PopIII stars dominate the photon budget in the early universe,
nd are expected to set the timing of the cosmic-dawn 21-cm signal
t z ∼ 10–20. Later on, ho we ver, feedback and the natural apearence
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Table 4. Table with the simulations that we make publicly available. The EOS fiducial has a more conserv ati ve SHMR for 
MCGs compared to ACGs, as opposed to our Optimistic (OPT) fiducial (see Table 1 for parameter values). All simulations 
have a resolution of 1.5 Mpc per cell, and an asterisk denotes that we make full light-cones available, in addition to global 
quantities and power spectra. 

Name PopII parameters PopIII parameters Size (Mpc) 

EOS2021 ∗ (AllGalaxies) EOS 2021 (EOS) EOS 1500 
600 EOS EOS EOS 600 
600 novel EOS EOS ( A v vcb = 0) 600 
600 noMINI EOS None 600 
600ptX Optimistic (OPT) OPT ( α(III) 

∗ = X, for −0.2–0.5) 600 
600alwY OPT OPT ( A LW 

= Y ) 600 
400 i hi ∗ OPT OPT ( θ i × 3) 400 
400 i lo ∗ OPT OPT ( θ i /3) 400 
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f heavier haloes will make MCGs subdominant, and PopII stars are 
xpected to drive cosmic reionization, at z ∼ 5–10. 

Many questions remain about the formation of the first galaxies. 
s such, here we implement flexible models that account for two 
istinct (PopII and III) stellar populations with different SHMRs, 
uilding upon Park et al. ( 2019 ), Mu ̃ noz ( 2019a ), and Qin et al.
 2020a ). We provide generic fitting formulae for the impact of LW
nd v cb feedback (in Section 2), and calibrate them with results
rom state-of-the-art hydrodynamical simulations. This allows us to 
enerate a new EOS 2021 model co v ering the evolution of the 21-
m signal across cosmic dawn and reionization, which encapsulates 
ur current knowledge of these epochs. We have dubbed this model 
llGalaxies , and it enhances the previously available Bright and 
aintGalaxies (from EOS 2016) by including PopIII-hosting MCGs. 
he parameters of this AllGalaxies model are chosen to give rise to

ate reionization (finishing at z ≈ 5.5, as expected from recent Lyman 
forest data), and its CMB optical depth is τCMB = 0.063, in line
ith recent determinations from Planck . The 21-cm signal in our 
llGalaxies simulation is shallower (only reaching T 21 ≈ −75 mK 

uring cosmic dawn) than in the previous EOS models. This is due to
oth the inclusion of MCGs and a steeper SHMR for ACGs, the later
eing required to match UVLF observations. As a consequence, both 
he expected 21-cm global signal and its fluctuations will be more 
ifficult to detect (see also Mirocha et al. 2017 ; Park et al. 2019 ).
ev ertheless, we e xpect both the HERA and SKA interferometers 

o reach a 21-cm power spectrum detection of this model at an SNR
200 with 1000 h of integration. We make public the detailed light-

ones of this model, as well as associated visualizations. 
We also performed an exploratory study of how PopIII stars affect 

he cosmological 21-cm signal. We have found that for the redshifts
f interest for MCGs ( z � 12), v cb feedback likely dominates o v er LW
eedback (cf. Fig. 5 ). As a consequence, the amplitude A LW 

of LW
eedback only has a modest impact on the 21-cm signal. Similarly, 
he signal is not sensitive to the escape fraction f (III) esc of ionizing
hotons from MCGs, as MCGs do not significantly contribute to 
eionization in our model. On the other hand, the star formation 
fficiency and the X-ray luminosities of MCGs do impact the 21-cm 

ignal significantly. 
The streaming velocities v cb fluctuate spatially with an acoustic 

ignature inherited from recombination. As a consequence, the 
istribution of the first galaxies (and thus the 21-cm signal) shows
elocity-induced acoustic oscillations (VAOs): large wiggles in their 
ower spectrum at k � 0.1 Mpc −1 . We showed that VAOs are present
nd detectable even when including inhomogeneous LW feedback, 
nd considering light-cone effects. This will allow us to use the 
1-cm power spectrum as a standard ruler during cosmic dawn. 
oreo v er, the amplitude of the 21-cm VAO oscillations can be used
o study the SHMR of MCGs. The slope of the SHMR can provide
nsight about the stellar content of MCGs and the associated feedback
echanisms; without VAOs, this important quantity would be very 

ifficult to detect. 
Our results and public simulations can be used to guide 21-cm

bserving strategies and data pipelines. With our current state of 
nowledge we expect the 21-cm power spectrum to be detected at
igh significance by upcoming interferometric observations. Such 
 detection will provide us with a new window on the stellar and
nergy content of our cosmos at unprecedented early times. 
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ATA  AVAI LABI LI TY  

ll the simulations presented in this work are freely available for
ownload (see footnote 2). We make light-cones from the AllGalaxies 
imulation (initial conditions, perturbed densities, relativ e v elocities, 
pin and kinetic temperatures, ionization fractions, and 21-cm bright- 
ess temperatures) publicly available. In addition to the AllGalaxies 
imulation (1.5 Gpc in size), we share the output of the simulations
sed in Section 3 (which are either 600 or 400 Mpc in size, at the
ame resolution). We compile the names of the simulations, and their
arameters, in Table 4 . 
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PPENDI X  A :  STREAMI NG-VELOCI TY  

UPPRESSION  O N  T H E  MATTER  POWER  

PECTRUM  

n this appendix we show a simple but accurate fit to the suppression
n the small-scale matter power spectrum induced by the relative 
elocities. 

F ollowing Tseliakho vich & Hirata ( 2010 ) and Mu ̃ noz ( 2019a ),
e solve for the evolution of the DM and baryon densities for
if ferent initial v alues of v cb and its inner-product cosine μ with
ach wavenumber k , in order to compute the density fluctuations
f baryons and DM at each z and k . From there, we can calculate
he matter power spectrum as a function of v cb by averaging over
, to find P 

2 
m 

( k, z, v cb ) (Tseliakhovich & Hirata 2010 ). We show in
ig. A1 the ratio of this quantity to its no-velocity counterpart 

 m 

= 

P m 

( k, z; v cb ) 

P m 

( k, z; 0) 
(A1) 

s well as the fit defined in equation (14). The main feature of these
urves is that larger values of v cb produce a bigger drop in the power
pectrum, as the larger relative velocity puts DM and baryons out of
hase (or equi v alently, it does not allow baryons to collapse to DM
 v erdensities, slo wing gro wth at small scales). Ho we ver, at much
maller scales the baryonic fluctuations are damped due to the Jeans
ressure, dri ving δb do wn for k > k J ≈ 500 Mpc −1 , and reco v ering
he DM-only fluctuations regardless of v cb . Put together, these two
ffect produce a dip at k ≈ 300 Mpc −1 in Fig. A1 , which turns back
o unity at larger k . 

We have used equation (14) to fit this dip as a Gaussian with three
arameters (as described in Section 2 of the main text), where 

 m 

( v cb ) = 1 − A p exp 

[ 

− ( log [ k/k p ]) 2 

2 σ 2 
p 

, 

] 

, (A2) 
MNRAS 511, 3657–3681 (2022) 

http://dx.doi.org/10.21105/joss.02582
http://dx.doi.org/10.3847/1538-4357/ab846a
http://dx.doi.org/10.3847/1538-4357/ab7cc9
http://dx.doi.org/10.1088/0004-637X/747/2/128
http://dx.doi.org/10.1088/0004-637X/763/1/27
http://dx.doi.org/10.1093/mnras/staa894
http://dx.doi.org/10.1093/mnras/stu1412
http://dx.doi.org/10.1088/0004-637X/760/1/4
http://dx.doi.org/10.1086/524006
http://dx.doi.org/10.1088/2041-8205/807/1/L12
http://dx.doi.org/10.1093/mnras/staa1266
http://dx.doi.org/10.3847/1538-4357/aab03f
http://dx.doi.org/10.1086/339393
http://dx.doi.org/10.1111/j.1365-2966.2008.13830.x
http://dx.doi.org/10.1093/mnras/stv1114
http://dx.doi.org/10.1093/mnras/stu1240
http://dx.doi.org/10.1093/mnras/stz032
http://dx.doi.org/10.3847/1538-4357/abd7f4
http://dx.doi.org/10.1088/0004-637X/756/2/165
http://dx.doi.org/10.1142/S2251171719500041
http://dx.doi.org/10.1088/0004-6256/145/3/65
http://dx.doi.org/10.1088/2041-8205/768/2/L36
http://dx.doi.org/10.1088/0004-637X/782/2/66, 10.1088/0004-637X/788/1/96
http://dx.doi.org/10.1103/PhysRevLett.121.031103
http://dx.doi.org/10.1093/mnras/sty1244
http://dx.doi.org/10.1111/j.1365-2966.2007.11519.x
http://dx.doi.org/10.1088/0034-4885/75/8/086901
http://dx.doi.org/10.1093/mnras/stx1909
http://dx.doi.org/10.1093/mnras/stab1833
http://dx.doi.org/10.1093/mnras/staa3408
http://dx.doi.org/10.1093/mnras/staa1131
http://dx.doi.org/10.1093/mnras/staa2797
http://dx.doi.org/10.1093/mnras/stab2333
http://arxiv.org/abs/2110.13168
http://arxiv.org/abs/2110.13161
http://dx.doi.org/10.1088/1475-7516/2021/01/010
http://dx.doi.org/10.1111/j.1365-2966.2012.21852.x
http://dx.doi.org/10.1093/mnras/stx264
http://dx.doi.org/10.1093/mnras/stz013
http://dx.doi.org/10.1093/mnras/stab1953
http://dx.doi.org/10.1086/339917
http://dx.doi.org/10.1103/PhysRevD.103.083025
http://dx.doi.org/10.1093/mnras/stz3388
http://dx.doi.org/10.1007/s10686-018-9584-3
http://dx.doi.org/10.1093/mnras/staa139
http://arxiv.org/abs/2110.02966
http://dx.doi.org/10.1093/mnras/stt693
http://dx.doi.org/10.1093/mnras/stu377
http://dx.doi.org/10.1093/mnras/stw980
http://dx.doi.org/10.1093/mnras/stab2697
http://dx.doi.org/10.3847/1538-4357/aae8e0
http://dx.doi.org/10.1103/PhysRevD.79.083530
http://dx.doi.org/10.1086/303434
http://dx.doi.org/10.1017/pasa.2012.007
http://dx.doi.org/10.1063/1.3518841
http://dx.doi.org/10.1103/PhysRevD.82.083520
http://dx.doi.org/10.1111/j.1365-2966.2011.19541.x
http://dx.doi.org/10.1051/0004-6361/201220873
http://dx.doi.org/10.1038/nature11177
http://dx.doi.org/10.1093/mnras/stu1710
http://dx.doi.org/10.1088/2041-8205/782/1/L9
http://dx.doi.org/10.3847/1538-4357/ab8c45
http://dx.doi.org/10.1146/annurev-astro-081817-051756
http://dx.doi.org/10.1093/mnras/staa1178
http://dx.doi.org/10.1093/mnras/stz2894
http://dx.doi.org/10.1086/590417
http://dx.doi.org/10.1086/106661
http://dx.doi.org/10.1093/mnras/stab2815
http://dx.doi.org/10.1093/mnras/sts242
http://dx.doi.org/10.3847/0004-637X/823/2/140
http://dx.doi.org/10.3847/1538-4357/833/1/84
http://dx.doi.org/10.1093/mnras/sty3241


3680 J. B. Mu ̃

 noz et al. 

M

Figure A1. Transfer ratio of matter fluctuations at small scales due to the 
effect of the DM-baryon relative velocities v cb , defined in equation (A1). 
The solid lines show the exact result from solving the ODEs (as in Mu ̃ noz 
2019a ), whereas the dashed lines show our Gaussian approximation from 

equation (A3). The red and green lines are e v aluated at z = 30, whereas the 
orange and purple are at z = 15. Upper (red and orange) lines have v cb = 

v rms , whereas lower (purple and green) ones have v cb = 2 × v rms . In the main 
text we use the z = 20 result, described in equation (14). 

Figure A2. Top: Relation between the halo mass M h and the rms fluctuation 
σ ( M h ) at their scales. The red line is the result using the full power spectrum, 
whereas the black dashed line is the broken power law from equation (B7). 
Note that we need to go to low M values (large σ ) since in some cells δR ≈
δcrit , which corresponds to ν → 0 (or σ � 1). All σ are linearly extrapolated 
to z = 0. Bottom: Light-cone power spectra with the FAST FCOLL TABLES 
turned on (points with errors) and off (solid line) at three redshifts, for our OPT 

parameters. The difference between the two is negligible at high redshifts, 
and below 10 per cent at low redshifts. The global signal is identical to the 
percent level between the two cases. 

a

A

f
=  

n  

r  

t  

fi

A

T  

e  

S  

g  

m  

r  

n  

c  

t  

h  

s  

o
 

c  

t
 

X  

w

S

f  

i  

t  

Figure B1. Difference between the full relativ e-v elocity case and one with 
fix ed v cb = v a vg ( FIX VAVG in the code), in solid blue at z = 15 and red 
at z = 20. These two cases have a similar background, but the VAOs are 
absent on the average case, as the velocities do not fluctuate. The dashed 
lines correspond to the fit from equation (27), with the biases and window 

functions from that section. We do not show error-bars on the simulation 
results here as it is the difference of two runs with the same initial conditions. 
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nd we find the following fits 

 p ( v cb , z) = 0 . 24 × [(1 + z) / 21] −1 / 6 ( v cb / v rms ) 
αp , 

k p ( v cb ) = 300 Mpc −1 exp [ −0 . 2 ( v cb / v rms − 1 ) ] , 

σp ( v cb ) = 0 . 8( v cb / v rms ) 
1 / 3 , (A3) 

or the Planck 2018 cosmology, where αp = 1 for v cb ≤ v rms and αp 

 0.5 otherwise. This heuristic fit was calibrated at z = 20, and while
either k p nor σ p depend on z we see it provides a good fit during the
ele v ant z at cosmic dawn. To illustrate this point, we show the real
ransfer function T m 

( v cb ) in Fig. A1 at z = 15 and 30, as well as our
t, where the two are in good agreement. 

PPENDI X  B:  FA ST  SFRD  TA BLES  

he excursion-set algorithm in 21-cmFAST takes advantage of the
xtended Press–Schechter approach (Bond et al. 1991 ) to find the
FRD (and its derived quantities such as the ionizating flux) at a
iven scale and overdensity. This requires tabulating the SFRD for
any values of the overdensity δR and variance σ R for different

adii R , so as to not compute it in every cell at every z. This is
ot extremely computationally expensive for runs with only atomic-
ooling galaxies (ACGs, taking approximately ∼2 min to generate
he tables down to z = 6), though it is for runs with minihaloes
osting molecular-cooling galaxies (MCGs, taking ∼4 h for the same
ettings), as the tables ought to be generated for many different values
f M 

(III) 
turn . 

Here, we show an analytical approximation that allows us to
ompute those tables much faster, cutting the generation time of
ables by a factor of ≈30. 

In 21-cmFAST the SFRD (and derived quantities such as UV and
-ray emissivities) is modulated using extended PS theory, where
e have 

FRD 

EPS ( R, x ) ∝ 

∫ 

d M h 
d n 

d M h 
( x ) Ṁ ∗( M h ) f duty ( M h ) , (B1) 

or each cell at x and radius R around it (which will enter an
nte gral o v er previous times). The HMF depends on position through
he o v erdensity δR ( x ) and the variance σ R , and the pre-factor is

art/stac185_fA1.eps
art/stac185_fA2.eps
art/stac185_fB1.eps
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osition-independent so it cancels out when dividing by the average 
 v er all cells. Our assumption is that feedback produces a power-law
HMR, equations (1), (7), so 

˙
 ∗( M h ) ∝ M h × ( M h / 10 10 M �) α (B2) 

or a power-law index α (which we can identify with α∗ for X-ray 
nd non-ionzing UV fluxes, but for ionizations is α = α∗ + αesc ).
n these calculations the HMF d n /d M is given by the standard old
S formula, as that is the only one for which the EPS formalism has
een properly tested. 

We will speed up the computation by using an approximate analyt- 
cal solution. We know how to compute the integral in equation (B1)
nalytically for the case of α = 0 (so Ṁ ∗( M h ) ∝ M h ) with a sharp
utoff (i.e. a Heaviside rather than exponential functional form for 
 duty ( M h )). In that case we can use the variable ν = δ2 

crit /σ
2 to re-write

he integral as 

FRD 

EPS ( x , z)∝ 

∫ ∞ 

νmin 

d ν√ 

ν
e −ν/ 2 = 

√ 

2 πerfc 

(√ 

νmin 

2 

)
, (B3) 

here erfc is the complementary error function, and we have defined 

min = δ2 
crit /σ ( M turn ) 

2 . (B4) 

he EPS formalism (Bond et al. 1991 ) shows that for regions of radius
 that are o v erdense by δR , giv en a variance of matter fluctuations of
2 
R , then all the ν are corrected to be ˜ ν, defined as 

˜ = 

˜ δ2 
crit / ̃  σ

2 , (B5) 

ith ˜ δcrit = δcrit − δR , and ˜ σ 2 = σ 2 − σ 2 
R . This allows us to compute 

he SFRD at an arbitrary point through a simple erfc, as in equa-
ion (B3). This expression is exact, and extremely fast to e v aluate
compared to performing many numerical integrals). So, while it 
annot be used directly in our tables (as we do not have a Heaviside
 duty or α = 0 al w ays), it gives us a good scaffolding upon which to
uild our analytical solution. 

First, we will use a Heaviside f duty in our EPS, though we keep the
sual (exponential) duty factor in the average result that normalizes 
t each z. 

Secondly, we can use the following analytic integral, ∫ ∞ 

νmin 

d ν√ 

ν
e −ν/ 2 νβ = 2 β+ 1 / 2 � ( β + 1 / 2 , νmin / 2 ) , (B6) 

hich is a generalization of equation (B3) adding a power-law νβ . 
hen, the trick is to approximate the function 

( M h ) /σp = ( M h /M p ) 
1 /γ , (B7) 

or some power-law index γ and pivot scale M p (for which σ ( M p ) ≡
p ). In practice, this can only be done o v er a small range of variances
(or halo masses M h ), as otherwise the functional form does not

ork. For LCDM models, and the mass range of interest, a good fit
s a broken power law, with γ = 9 for masses below a first pivot ( M h 

 M p 1 = 5.3 × 10 5 M �), γ = 21 for masses abo v e the second pivot
 M h > M p 2 = 1.5 × 10 9 M �), and where the index between the two
ivots is set to γ = 13.6 by continuity. This approximates σ ( M h ) as
 broken power law of M h to ∼10 per cent precision, as shown in

ig. A2 which suffices for our purposes. For each of the power-law
ndices, we take β = α × γ /2 in equation (B6). 

A subtletly is that for regions of radius R we will not just have a
ower law, but instead, following equation (B5) we will have 

FRD 

EPS ∝ 

∫ ∞ 

˜ νmin 

d ̃ ν√ 

˜ ν
e −˜ ν/ 2 

(
ν/νp 

)β

(
1 

1 + ν/νp 

)β

, (B8) 

ith νp = 

˜ δ2 /σ 2 (notice the lack of tilde on the σ 2 here). A further
pproximation is to break (1 + ν/ νp ) −β into the two regimes of 1 and
 ν/ νp ) −β for ν < νp and ν > νp , respectively. Therefore, for ν � νp 

he power laws cancel (recovering an erfc), whereas below it follows
quation (B6). This allows us to write the collapsed fraction through
his broken power law as a sum of � functions. 

The code allows the user to turn on this functionality with the flag
AST FCOLL TABLES . By default they are not used for ACGs, as

he speed boost is only ∼×2, but for MCGs it can reach × 30, so it
s recommended. The calculation for the ionization tables proceeds 
dentically, with α = α∗ + αesc . We show an example of how the
FRD compares to the exact calculation in Fig. A2 , which for the
CG regime of interest agrees to ≈ 10 per cent , and ≈ few per cent

or α = 0, which is the MCG-assumed value. The agreement is even
loser in practice, since we only use these tables for the EPS part
f the calculation, so an o v erall offset is cancelled out, and only the
behaviour remains. We note that we are not explicitly enforcing 

 ∗ or f esc to be less than unity in these approximations. Although
odels that violate that condition are disfa v oured by observations,
e caution the reader to set off the FAST FCOLL TABLES when

xploring a wide parameter space of extreme models. 

PPENDI X  C :  VAO S  W I T H O U T  POISSON  

OI SE  

ere, we show a simple check that the VAOs can be reco v ered
rom our simulations with small Poisson variance. Our goal is to
how that one need not run very large 21-cm boxes to obtain the
arge-scale VAOs, if two simulations are compared: one with full 
elativ e v elocities and one with a fix ed v cb = v avg . These two cases
hare a similar background ev olution b ut ha ve different large-scale
ower spectrum, as the v cb anisotropies become imprinted on to the
1-cm fluctuations. We show the difference in the power spectra 
uring the EoH and EoC in Fig. B1 , as well as the fit we found
n Section 5, which provides a reasonable approximation to this 
ifference. Notice that the high- k part of the power spectrum still
eviates in the two cases, as the background matching is not perfect
or the av erage-v elocity case. Subtracting these two cases severely
educes the simulation Poisson error (as the two simulations share 
nitial conditions), though it does not fully cancel it, as clear from
he data variation in Fig. B1 . This helps extracting VAOs from more

odestly sized simulations. 
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