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ABSTRACT

We calculate the redshift evolution of the global 21 cm signal in the first billion years using an advanced semi-analytical galaxy
formation model DELPHI. Employing only two redshift- and mass-independent free parameters, our model predicts galaxy
populations in accord with data from both the JWST and the Atacama Large Millimetre Array (ALMA) at z ~ 5—12. In addition
to this ‘“fiducial’ model, which fully incorporates the impact of dust attenuation, we also explore an unphysical ‘maximal’ model
wherein galaxies can convert a 100 per cent of their gas into stars instantaneously (and supernova feedback is ignored) required
to explain JWST data at z > =13. We also explore a wide range of values for our 2/ ¢m parameters that include the impact
of X-ray heating (fxn = 0.02-2.0) and the escape fraction of Lyman Alpha photons (f, = 0.01-1.0). Our key findings are (i)
the fiducial model predicts a global 21 cm signal, which reaches a minimum brightness temperature of Tp pmin ~ —215 mK at
a redshift z,;, ~ 14; (ii) since the impact of dust on galaxy properties only becomes relevant at z < = 8, dust does not have a
sensible impact on the global 21 cm signal; (iii) the ‘maximal’ model predicts Ty min = —210 mK as early as zmin ~ 18; and (iv)
galaxy formation and 21 cm parameters have a degenerate impact on the global 21 cm signal. A combination of the minimum
temperature and its redshift will therefore be crucial in constraining galaxy formation parameters and their coupling to the 21

cm signal at these early epochs.

Key words: galaxies: high-redshift —intergalactic medium — cosmology: theory —dark ages, reionization, first stars.

1 INTRODUCTION

The sky-averaged 21 cm global signal, arising from the hyperfine
transition of neutral hydrogen, is an excellent probe of the era of
cosmic dawn (e.g. Pritchard & Loeb 2012; Mesinger 2019). The
redshift evolution and the depth of the absorption trough of this
signal can be used to infer the properties of the first generation of
stars (Chatterjee et al. 2020; Liu & Bromm 2020; Gessey-Jones
et al. 2022; Ventura et al. 2023), obtain constraints on the highly
uncertain astrophysical parameters used in seminumerical models
of the high-redshift Universe (Greig & Mesinger 2015, 2018; Kern
et al. 2017; Gillet et al. 2019; Chatterjee, Choudhury & Mitra 2021;
Ghara et al. 2021), and even obtain hints on the elusive nature of dark
matter (Boyarsky et al. 2019; Chatterjee et al. 2019; Flitter & Kovetz
2022; Giri & Schneider 2022), to name a few. In 2018, the EDGES
(Experiment to Detect the Global Epoch of Reionization Signature)
collaboration (Bowman et al. 2018) made the first detection (see
e.g. Hills et al. 2018; Bradley et al. 2019; Singh & Subrahmanyan
2019; Sims & Pober 2020) of this signal, which has recently been
ruled out at a 95.3 per cent confidence limit by the Shaped Antenna
Measurement of the Background Radio Spectrum 3 (SARAS-3;
Singh et al. 2022).

Understanding the emergence of the first sources, that can heat
up and ionize neutral hydrogen (for a review see e.g. Dayal &
Ferrara 2018), are therefore crucial in making realistic predictions
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regarding the shape and amplitude of the 21 cm signal during the
first billion years. We are currently in a golden era for the hunt for
such sources, driven by a combination of space- and ground-based
facilities, including the Hubble Space Telescope (HST), the UK Infra
Red Telescope (UKIRT), the Very Large Telescope (VLT), the Subaru
Telescope, and most recently, the JWST and the Atacama Large
Millimetre Array (ALMA). These have been used to calculate galaxy
properties, including their ultraviolet (UV) luminosities, stellar and
dust masses, and even morphologies well within the first billion years.
The JWST, in particular, is allowing unprecedented observations
of early galaxy formation, yielding a number of galaxy candidates
between z ~ 9 and 16.5 (Bradley et al. 2022; Naidu et al. 2022b;
Adams et al. 2023; Atek et al. 2023; Donnan et al. 2023) although
caution must be exerted at z 2> 12 where the redshift and nature
of the sources remain debated pending spectroscopic confirmations
(Naidu et al. 2022a; Adams et al. 2023; Arrabal Haro et al. 2023).
These observations are supplemented by ALMA programs yielding
dust masses for galaxies at redshifts as high as z ~ 5-7.5 (e.g.
Béthermin et al. 2020; Bouwens et al. 2022; Inami et al. 2022).
ALMA observations seem to indicate that as much as 30-60 per cent
of the star formation rate could be missed in the UV at z ~ 7 due to
dust attenuation in bright sources (Algera et al. 2023), rendering it
crucial to account for the impact of dust even at these early epochs.

Given its implications, a number of works have aimed at obtaining
the 21 cm global signal based on different underlying galaxy
formation models (Santos et al. 2010; Mesinger, Furlanetto & Cen
2011; Fialkov et al. 2014; Semelin et al. 2017; Ghara et al. 2018;
Hutter 2018; Eide et al. 2020; Yoshiura, Minoda & Takahashi 2023)
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with some beginning to use the latest JWST constraints (e.g. Hassan
et al. 2023). In this work, we improve on such previous calculations
by using galaxy populations that are fully base-lined against all
available galaxy data sets, including their dust attenuations and
masses, at z ~ 5-9 using only two redshift- and mass-independent
parameters (Dayal et al. 2022; Mauerhofer & Dayal 2023). The
key aim of this work is to predict a 21 cm global signal from this
realistic galaxy population, covering all of the physically plausible
free parameter space. This endeavour is crucial for instruments that
aim to observe the 21 cm global signal including SARAS-3 (Singh
et al. 2022), the Large-Aperture Experiment to Detect the Dark
Ages (Greenhill & Bernardi 2012), SCI-HI (Voytek et al. 2014),
the Broadband Instrument for Global Hydrogen Reionisation Signal
(Sokolowski et al. 2015), the Radio Experiment for the Analysis of
Cosmic Hydrogen (Cumner et al. 2022), and the Cosmic Twilight
Polarimeter (Nhan et al. 2018).

Throughout this paper, we adopt a ACDM model with dark energy,
dark matter, and baryonic densities in units of the critical density as
Qp = 0.691, 2, = 0.308, and 2, = 0.049, respectively, a Hubble
constant Hy = 100 hkms™! Mpc’l with & = 0.67, spectral index
n = 0.96, and normalization g = 0.81 (Planck Collaboration XLVI
2016).

2 THE THEORETICAL MODEL

The theoretical model used in this work combines results from a state-
of-the-art semi-analytical galaxy formation model with an analytic
formalism for calculating the global 21 cm signal, as detailed in what
follows.

2.1 The semi-analytical galaxy formation model

In order to model the high-redshift galaxy population, we use the
DELPHI semi-analytical model, which jointly tracks the assembly of
dark matter haloes and their baryonic components at z 2> 5; interested
readers are referred to our previous works (Dayal et al. 2014, 2022;
Mauerhofer & Dayal 2023) for complete details. We start by building
dark matter halo merger trees for 600 haloes at redshift z = 4.5
uniformly distributed (in log space) between log(M,/Mgy) = 8 — 14
using a binary merger tree algorithm (Parkinson, Cole & Helly 2008).
The assembly history of these haloes is then tracked up to a maximum
redshift of z ~ 40 with a time resolution of 30 Myr and a mass
resolution of 10% M.

In terms of baryonic physics, the gas mass (M, ) in starting haloes
(i.e. haloes that have no progenitors) is assumed to be proportional to
the dark matter mass following the cosmological ratio such that M, =
(Q2u/2m)My; for haloes that have progenitors, the total gas mass is
the sum of that brought in by merging progenitors and that smoothly
accreted from the intergalactic medium (IGM). The available gas
mass is assumed to form stars with an ‘effective efficiency’ of ff,
which is the minimum between the efficiency that produces enough
Type Il supernova (SNII) energy to eject the remainder of the gas ( f)
and an upper maximum (mass- and redshift- independent) threshold
(f,) ice. £ = min[ £, f.]. The upper limit (f,) is essentially driven
by observations of the evolving UV luminosity function at z ~ 5-
12 that seems to indicate a constant efficiency of star formation for
galaxies more massive than about 10°3 Mg in terms of halo mass
(see e.g. Dayal et al. 2014; Mauerhofer & Dayal 2023). The value
of £, naturally depends on the fraction of SNII energy that can
couple to the gas (f,,); we use this formalism to derive the gas mass
ejected at any time-step due to SNII feedback. At any time-step,
this results in a newly formed stellar mass of M, = f°%M, and an
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associated continuous star formation rate of v = M,/30 Myr. We
compute the intrinsic UV emission, L{ﬁ‘{,, using the BPASS (v2.2.1)
stellar population synthesis model (Eldridge, Izzard & Tout 2008;
Stanway, Eldridge & Becker 2016), which assumes a Kroupa IMF
(Kroupa 2001) between 0.1 and 100 Mg. As an example, a galaxy
with metallicity of 7.5 per cent Z¢, and ¥ = 1 Mg, yr~! has a value
of L%, = 1.23 x 10™%rg s~! A~" and an ionising photon production
rate of Noy = 2.83 x 1073571,

Assuming perfect mixing of gas, metals, and dust at each time-
step, we also include the key processes of dust and metal production,
astration (into star formation), destruction (of dust into metals),
ejection (of metal and dust), and dust grain growth in the interstellar
medium (ISM; that leads to a corresponding decrease in the metal
mass). While we use the latest mass- and metallicity-dependent
stellar metal yields between 1and 50 M (Kobayashi, Karakas &
Lugaro 2020), we assume each SNII to form 0.5 Mg of dust (Dayal
et al. 2022). We use a dust distribution radius (r4) that is equal to
the gas radius (rg,) that scales as ry = rgs = 0.18[(1 + 2)/7]ryir,
where r;, is the virial radius. After assuming a grain size of a = 0.05
wm and a material density of s = 2.25 g cm™2, the dust optical depth
is calculated as 7; = 3Md[4nrdzas]_'. The corresponding fraction
of UV photons that can escape the galaxy (the UV escape fraction)
is then calculated as f%Y = (1 — e ™)[zq]"!. The UV luminosity
that is ‘observed’, accounting for this dust attenuation, is then
L%b\i = feIsJyLil}{/

Matching to galaxy observations (including the evolving UV lumi-
nosity function, stellar mass function, and their derived quantities)
at z ~ 5-9 requires free parameter values of f, = 0.15 and f,, =
0.06 — this is the fiducial galaxy formation model used throughout
this work. As discussed in Mauerhofer & Dayal (2023), this model
yields observables that are in good accord with the data up to z ~ 12.

We start by showing a comparison of the UV luminosity density
obtained from the model with observations in Fig. 1. We use a conver-
sion factor of kyy = ¥/Lyy = 1.15 x 10728 [Mgyr~! /ergs~'Hz ']
to obtain a corresponding star formation rate density from the
UV luminosity density (Madau & Dickinson 2014), as shown in
the same figure. First, as a validation of the star formation rate
density of the model, we show that considering galaxies brighter
than Myy = —18, the fiducial model predicts a UV luminosity
density that is in excellent agreement with the observations (which
use luminosity limits ranging between Myy = —17 and —19) at
z < 13. Secondly, we find that considering all galaxies, the
UV luminosity density predicted by both the intrinsic (no dust
attenuation) and fiducial (including dust attenuation) models only
show a visible difference at z < 8 where the impact of dust
attenuation becomes important. As might be expected, these models
that include all galaxies predict significantly higher UV luminosity
densities as compared to the observations — by a factor 2 at z ~ 5
increasing to an order of magnitude by z ~ 13. Finally, we find
that the ‘solid’ and ‘possible’ data points inferred by Bouwens
et al. (2023) at z = 13 lie above the UV luminosity density
predicted by our model, even considering all galaxies. Although
spectroscopic confirmations will be crucial in validating the high-
redshift nature of these sources, we also calculate the ‘maximal’
star formation rates (and the associated UV luminosities) allowed
by our model at z 2 12, assuming no feedback (ie. f,, = 0)
and a star formation efficiency of £ = 1.0. Encompassing the
observations, this ‘maximal’ model provides an upper limit to
the theoretical UV luminosity density. We now use the fiducial,
intrinsic, and maximal models (summarized in Table 1), consid-
ering all galaxies, to calculate the global 21 cm signal in what
follows.
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Figure 1. The redshift evolution of the UV luminosity density and the
corresponding star formation rate density at z ~ 5-20. As marked, the
dashed (blue) and solid (red) lines show results for the intrinsic (no dust
attenuation) and the fiducial (with dust attenuation) models considering all
galaxies; the dot—dashed (red) line shows results for the fiducial model for
galaxies brighter than Myy = —18. Finally, the dotted (green) line shows the
results for the ‘maximal’ model. The points show observational results, as
marked, from Donnan et al. (2023, diamonds) who use a magnitude threshold
of Myy = —17, McLeod, McLure & Dunlop (2016, pentagons) who use a
magnitude threshold of Myy = —17.7, and Bouwens et al. (2023, squares;
black for fiducial, and green, magenta, and orange for ‘robust’, ‘solid’, and
‘possible’ literature detections, using a magnitude threshold of Myy = —19,
respectively).

Table 1. For the model in column 1, we note the free parameter values
including the effective star formation efficiency (column 2), the fraction of
SNII energy that couples to gas (column 3), whether the model includes
the impact of dust attenuation (column 4), the escape fraction of ionizing
photons (column 5), the impact of X-ray heating on the IGM (column 6), and
the escape fraction of Lyman « photons (column 7).

Model name :ff fw Dust Sese fXn fa
Fiducial 0.15 0.06 Yes 0.1 0.2 1.0
Intrinsic 0.15 0.06 No 0.1 0.2 1.0
Maximal 1.0 0.0 No 0.003 0.2 1.0

2.2 Calculating the 21 cm Global signal

‘We compute the redshift evolution of the globally averaged mean 21
cm differential brightness temperature (7}) at z ~ 6—20 following
the calculations outlined in previous works (Furlanetto, Oh &
Briggs 2006a; Pritchard & Loeb 2012; Chatterjee et al. 2020).
For the cosmological parameters considered in this paper (Planck
Collaboration XLVI 2016), at an observational frequency v, T;, can
be expressed as

Ty(v) = 10.1 mK xui(z) (1— TV(Z)) (1 +2)"2, 1)
Ts(z)

where Ts is the spin temperature of neutral hydrogen, 7, is the
cosmic microwave background (CMB) temperature, and xy; denotes
the neutral hydrogen fraction present in the IGM at z. The spin

MNRAS 525, 620-625 (2023)

temperature 7 is calculated as (Field 1958)

T 4 xa T, + x T
14+ x. 4+ xq

Tyl = , @
where x,, x. are the Ly and the collisional coupling coefficients,
respectively. The kinetic temperature of the IGM and the colour
temperature associated with the Ly background are denoted by Tk
and Ty, respectively. In the redshift range of interest, i.e. z = 20—5,
the collisional coefficient is not expected to play a significant role
(Pritchard & Loeb 2012). Moreover, the high optical depth values
for Lya photons in this redshift range results in 7y = T,, (Pritchard &
Loeb 2012). Under these assumption the above equation simplifies
to (Chatterjee et al. 2021)

_ Ty_l +xaT1Zl
- 14 x4 ’

—1
S

3)

The redshift evolution of the IGM kinetic temperature (7x) is
primarily' determined by the two key processes i.e. adiabatic cooling
due to the expansion of the Universe and the X-ray heating of the
IGM. The X-ray heating can be obtained from the X-ray emissivity
as (Mineo, Gilfanov & Sunyaev 2012)

€x(2)

4
J s~ Mpc—3 @)

— 3.4 % 10% (fx < fi PsFrRp(2) ) ’

Mg yr—! Mpc—3

where psprp(z) is the redshift evolution of the star formation rate
density as obtained from the DELPHI model. The term fx is an
unknown efficiency parameter that is effectively a normalization of
the ex—psrrp relation as compared to the local Universe, i.e. fx =
1 assumes high-z X-ray sources to behave as in the local Universe.
Further, f; denotes the fraction of the X-ray photons that go into
heating the IGM, with the rest ionizing the IGM. We combine these
two free parameters into one as fxn = fx X fi — this is the first free
parameter for the 21 cm calculations. For our fiducial model, we
take fxn = 0.2 (Furlanetto, Oh & Briggs 2006b), consistent with
local Universe observations.

The Ly coupling coefficient (x,) is solely determined by the
background Ly« flux, J, (Chen & Miralda-Escudé 2004), which is
computed as (Ciardi & Madau 2003)

c Zmax dt/
Jo=—(+7z) 1,(2) || dz’. 5
4ﬂ( +z)/z n (Z)‘dz/ z (5)

Here, c is the speed of light and ¢ is the cosmic time corresponding
to the redshift z'. The upper limit to the integration, z,x, has been
calculated as zpax = (VLL/ve)(1 + z) (Chatterjee et al. 2020), where
vrL denotes the Lyman limit frequency. Furthermore, Vo= Ve (1 +
Z)(1 + z), with v, denoting the Lyx frequency. The term 7,/(z’)
is the rate of production of Lyw photons per unit frequency per
unit comoving volume at redshift z emerging out of the galaxy,
as obtained from the DELPHI model. This accounts for the fact
that of the Ly photons produced within a galaxy, only a fraction
f. emerge into the IGM — this is the second free parameter for
the 21 cm calculations. While we assume f, = 1 for our fiducial
model, we explore a range of parameters as described in what
follows.

! Additional sources responsible for IGM heating include a (sufficiently) steep
radio photon spectrum (Acharya, Cyr & Chluba 2023), cosmic ray photons
(Jana, Nath & Biermann 2019; Gessey-Jones et al. 2023), and Lya heating
(Mittal & Kulkarni 2021). However, in the interest of simplicity, we have
ignored these terms in this work.
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Finally, the redshift evolution of the neutral hydrogen fraction, xy,
(used in equation 1) can be determined as
d-’CHI ﬁion

. = _fesc

+ (1 = xm) op C i eom (1 +2)°, (6)
dr NH,com

where 71, is the production rate density of ionizing photon in early
galaxies as obtained from DELPHI, 1y, com 1S the hydrogen comoving
number density, fe is the escape fraction of hydrogen ionizing
photons, C is the clumping factor of the IGM, and «p is the (case
B) recombination rate coefficient. The functional form of clumping
factor C is taken as 1 4+ 43z~!7! (Pawlik, Schaye & van Scherpenzeel
2009). Further, we fix the value of f. for each model (intrinsic,
fiducial, and maximal) by matching to the CMB optical depth of
T = 0.055 £ 0.007 (Planck Collaboration XLVI 2016). While we
find fisc = 0.1 (consistent with a number of previous works, e.g.
Dayal et al. 2020; Trebitsch et al. 2022; Mitra & Chatterjee 2023)
for both the fiducial and the intrinsic models, with its much higher
star formation rate density (and hence the production rate of ionizing
photons), the maximal model requires a much lower value of fo,. =
0.003 to match to the observed 7 value.

3 THE REDSHIFT EVOLUTION OF THE
GLOBAL 21 CM SIGNAL

We now present the redshift evolution of the global 21 cm signal
for the fiducial, intrinsic, and maximal galaxy formation models, as
shown in Fig. 2. The 21 cm signal computed from all of these models
assumes fx, = 0.2 and f;, = 1.0, as also specified in Table 1.

As seen from Fig. 1, dust only has an impact on the UV
luminosity density (and the associated Ly luminosity and ionizing
photon production rate density) at z < 8. As a result, the intrinsic
(no dust attenuation) and fiducial (with dust attenuation) models
effectively predict the same 21 cm signal at z ~ 20—6 as shown
in the top panel of Fig. 2. For both models, we find a minimum
brightness temperature of Tpmin ~ —215 mK at a redshift zy,
~ 14. The global 21 cm signal obtained from these two models,
shown in the middle panel of the same figure, starts showing a small
difference (~0.3—0.6 mK) at z ~ 10-6.5, which can be explained
as follows: the slightly larger star formation rate density in the
intrinsic model (Fig. 1) leads to a correspondingly higher value of
the X-ray emissivity. The resulting higher spin temperature leads
to a higher value of Ty, i.e. we find 7, — T\" < 0 at z ~ 10-
7. At z S 7, the evolution of the neutral hydrogen fraction starts
dominating the brightness temperature equation. As T increases
with decreasing redshift, 7,/Ts < <1 i.e. equation (1) becomes
independent of 7s. Given that we assume ionizing photons to be
affected by dust in the same way as UV photons, the ‘escap-
ing’ rate of ionizing photons in the intrinsic model is slightly
more than that in the fiducial model at z < 8. This results in
a smaller value of xy in the intrinsic model, due to which T;¢
starts to become larger than in the fiducial model, leading to
T.Md — 7" > 0. This difference disappears at z ~ 6 when reion-
ization is completed, and the signals from both models converge to
Zero.

We then focus on the 21 cm signal obtained from the ‘maximal’
model. As discussed in Section 2.1, this model presents an upper
limit to the allowed UV luminosity density (and the associated
Lyo production rate density and X-ray emissivity). As a result,
in this model, the Ly background saturates as early as z ~ 20
showing Tpmin = —210 mK as early as zmi, ~ 18. The bottom
panel of Fig. 2 shows the difference between the 21 cm signals
produced from the fiducial and the maximal models. After the
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Figure 2. The top panel shows the redshift evolution of the global 21 cm
signal calculated using the intrinsic (dashed blue), fiducial (solid red), and
maximal scenarios (dotted green) for the DELPHI semi-analytical model. For
all these models, fxn = 0.2 and f, = 1.0. The middle panel shows the
difference between the 21 cm signal from the fiducial and intrinsic models,
which, as expected, only differ slightly at z < 8 where dust leads to a difference
in the UV luminosity density obtained from these two models. Finally, the
bottom panel shows the difference between the 21 cm signal calculated from
the fiducial and the maximal models.

21 cm signal in the maximal model reaches its minima, X-ray
heating starts, and the amplitude of the signal starts to increase,
decreasing the difference between the maximal and fiducial model
brightness temperatures. However, at z ~ 13, the signal from
the fiducial model reaches its minimum and starts to increase.
From this time onward, the difference between these two signals
tends to go towards zero and eventually, at z = 6, the difference
disappears.

Considering the highly uncertain nature of the free parameters for
the 21 cm calculations (fxx and f,), we then explore the physically
plausible parameter space allowed both in order to understand their
impact on Zmin and Ty min and to interpret the signal from forthcoming
21 cm experiments. We compute the 21 cm signal on a two-
dimensional grid in fx; = 0.02-2.0 and f,, = 0.01—0.1 (exploring
200 combinations) for both the fiducial and maximal models, the
results of which are shown in Fig. 3. To highlight the impact of these
free parameters on the 21 cm signal, we focus on four combinations
where fx, = 0.02—2.0 and f, = 0.01—1.0, as shown in the same
figure.

MNRAS 525, 620-625 (2023)
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Figure 3. The top and bottom panels show the redshift evolution of the
global 21 cm signal for the fiducial (solid red) and maximal (dotted green)
models in DELPHI, respectively. In each panel, the different grey curves show
the signals obtained from 200 different combinations of fy and fi,. We show
four specific combinations, varying both fx, and f, by a factor of 10 around
the fiducial model values, as marked, to show their impact on the global 21
cm signal.

Globally, the trends we find are the following: for a fixed value
of f,,, as fx, increases from 0.02 to 2.0, the 21 cm signal decreases
in terms of its amplitude in addition to showing minima at earlier
redshifts. As seen in the top panel, for the fiducial model, the
minimum brightness temperature varies from as low as Ty min ~
—290 mK at zpin ~ 12 (for fx, = 0.02 and f, = 1.0) to as high as
~—=5 mK (fxn = 2.0 and f, = 0.01) at zy, ~ 15. This is driven
by the fact that a higher value of fx; causes the X-ray heating to
start earlier, moving the absorption trough of the signal to appear at
a higher redshift and causing a decrease in its amplitude. Further,
for a fixed value of fx, = 0.02, as f, increases by a factor 100 from
0.01 to 1.0, the 21 cm signal shows a much lower minimum value at
increasingly higher redshifts — for example, for f, = 0.01 Ty, i, =
—51 mK at zpi, ~ 10, whereas Tppmin = —292 mK for f, = 1.0
at zy, ~ 12. This is because the higher the value of f,, the earlier
the redshift at which the Lya background saturates and couples the
spin temperature to the kinetic temperature. Given that the kinetic
temperature will be lower at earlier redshifts, an increase in f,, leads
the absorption trough to appear at an earlier redshift with a lower
minimum value. In terms of comparison to observations, we note
that while the minimum value of T}, min ~ —290 mK obtained from
the fiducial model is consistent with the SARAS-3 non-detection

2Once we fix f,, we are effectively fixing the redshift at which the spin
temperature couples to the kinetic temperature.
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(the reported RMS noise of the SARAS 3 measurements is 213 mK),
obtaining a brightness temperature as low as that reported by EDGES
(=500 =+ 200 mK) will require additional physics.

As might be expected, we find the same qualitative trends from the
maximal model (bottom panel of Fig. 3), although as noted above,
the 21 cm signal here reaches its minimum at a much higher redshift
of 18. In this case, we find T i, to vary between ~—272 and —5.85
mK, whereas z,,;, varies between z,,;, = 18—14.

As seen from this figure, we also find a degeneracy between galaxy
formation and 21 cm free parameters with the fiducial and maximal
models showing a minimum in the 21 cm signal at very similar
redshifts (z ~ 15) for different combinations of fx; and f,. For
example, the fiducial model with fx, = 0.2 and f, = 1 shows a
very similar redshift behaviour compared to the maximal model with
Jxn = 0.02 and f;, = 0.01. In this case, the higher star formation
rate densities and X-ray emissivities in the maximal model are
compensated by lower coupling parameters. However, the amplitude
of the signal is much lower in the fiducial model (T min = —210 mK)
as compared to the maximal model (T} min = —106 mK). Therefore,
a combination of the minimum temperature and its redshift will
be crucial in constraining galaxy formation parameters and their
coupling to the 21 cm signal at these early epochs.

4 CONCLUSIONS AND DISCUSSION

In this work, we calculate the global 21 cm signal in the first billion
years. The key strength of this work lies in the fact that the properties
of our source galaxy population, obtained from the DELPHI model,
are fully calibrated against the latest data sets from JWST and ALMA
using only two redshift- and mass-independent free parameters.
While our fiducial model well reproduces the galaxy population at z
~ 5-12 (using similar luminosity cuts as the observations), tentative
photometric selections at z 2 12 seem to indicate extremely high
values of the UV luminosity density for which we also calculate
the 21 cm signal using a ‘maximal’ model where each galaxy can
convert 100 percent of its gas into stars and there is no impact of
SNII feedback. Our key findings are as follows:

(1) Starting with a brightness temperature of about 0 mK at z ~
20, the fiducial model (including dust attenuation) predicts a global
21 cm signal whose amplitude decreases with decreasing redshift,
reaching a minimum brightness temperature of Ty, min ~ —215 mK
at a redshift z,;, ~ 14. The amplitude of the signal increases at z
~ 13 once X-ray heating starts becoming effective and reappears in
emission between z ~ 8 and 6; the signal disappears at z ~ 6 when
reionization completes.

(i) We find that the inclusion of dust does not have a sensible
impact on the global 21 cm signal. Given that the impact of dust only
becomes relevant at z < 8, both the intrinsic (no dust attenuation) and
fiducial (with dust attenuation) models effectively predict the same
global 21 cm signal at all z ~ 20—6.

(iii) The global 21 cm signal from the ‘maximal’ model (with its
star formation efficiency of 100 percent and no SNII feedback) is
qualitatively similar to that from the fiducial model. However, the
higher star formation rates (and hence Lyo production) result in
Tomin = —210 mK as early as zmin ~ 18.

(iv) We also highlight a degeneracy between galaxy formation and
21 cm free parameters. For example, the fiducial model with fx, =
0.2 and f, = 1 shows a very similar redshift behaviour compared to
the maximal model with fx, = 0.02 and f,, = 0.01; this is driven by
the lower 21 cm coupling parameters compensating for the higher
star formation rate densities and X-ray emissivities in the maximal
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model. A combination of the minimum temperature and its redshift
will therefore be crucial in constraining galaxy formation parameters
and their coupling to the 21 cm signal at these early epochs.

Over the next years, the JWST will be crucial in confirming the
nature of the (tentative) ultra high-redshift candidates detected out to
z ~ 18 with ALMA providing further unrivalled constraints on the
dust-obscured star formation rate density well within the first billion
years. Further, even existing upper limits on the 21 cm global signal
in the redshift range 15-6 will be crucial in obtaining constraints on
the fx h—f, parameter space: for example, the tentative current upper
limits from the EDGES high band survey tend to disfavour 21 cm
signal with T} min < —200 mK (Monsalve et al. 2018) in the redshift
range 15—6, which can effectively rule out some combinations of
Jfxn—f« with high f, and low fxp, such as f, = 1 and fx, = 0.02.
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