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> 1. Introduction

QO The 21-cm signal, originating from the hyperfine transition
of neutral hydrogen, provides a powerful probe of the early
Universe (z ~ 30 — 5) by tracing the thermal and ionization state
(\J of the intergalactic medium (IGM) (e.g., Pritchard & Loeb 2012;
= Greig & Mesinger 2015; Kernetal. 2017; Greig & Mesinger
g 2018; Gilletetal. 2019; Mesinger 2019). Since the state of
the IGM is governed by the properties of the astrophysical
sources present at these epochs, the 21-cm signal is effectively
- = determined by the properties of these early sources (e.g.,
= Ghara et al. 2021; Chatterjee et al. 2021; Hutter et al. 2021;
'>2 Trebitsch et al. 2023a).

Observationally, this signal is studied through two main
aspects: (i) the sky-averaged global signal, and (ii) its
spatial fluctuations, commonly characterised by the power
spectrum. Except for a handful of studies in the past
decade (e.g., Tashiro & Sugiyama 2013; Gong & Kitajima
2017; Mena et al. 2019; Ewall-Wice et al. 2020; Yang 2021;
Mittal et al. 2022; Saha & Laha 2022; Nelander et al. 2025),
both these observational aspects have historically been modelled
assuming the astrophysical sources to be primarily star-forming
(SF) in nature (e.g., Barkana & Loeb 2001; Furlanetto et al.
2006; Chatterjee et al. 2023; Dhandha et al. 2025; Sims et al.
2025; Gessey-Jones et al. 2025), with potentially significant
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ABSTRACT

The 21-cm signal, one of the most promising probes of the high-redshift Universe, has traditionally been modelled without accounting
for the effects of active galactic nuclei (AGN) in the pre-JWST era, primarily due to the lack of observational evidence for AGNs at z >
6. However, following the discovery of several AGNs at redshifts as high as z ~ 10 by JWST, it has become imperative to incorporate
the impact of these early AGNs when predicting the 21-cm signal. Supposing that these AGNs are seeded by primordial black
holes (PBHs), we study their impact with a semi-numerical model setup. Specifically, we extended the explicitly photon-conserving
reionization framework, SCRIPT, including essential cosmic dawn physics and PBH contributions. This enables us to compute both
the global signal and the power spectrum of the 21-cm line over the redshift range z ~ 30 — 5 within a self-consistent framework.
Building on this setup, we then investigate the impact of different PBH mass functions (obeying current observational constraints) on
the resulting signal. The X-ray heating from PBHs can substantially make the depth of the global 21-cm signal shallower and suppress
the expected power amplitude during cosmic dawn. We also find that the choice of mass function plays a crucial role in shaping the
21-cm signal, and can, in fact, lead to significantly different predictions.
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contribution from active galactic nuclei (AGN) only at
later times (z ~ 5) (Onoueetal. 2017; Dayal et al. 2020;
Trebitsch et al. 2023b; Dayal et al. 2025). In fact, the few
studies, mentioned earlier, that did include AGNs at early
redshifts (z > 6), primarily aimed to explain the non-standard
feature of the global 21-cm signal tentatively detected by the
EDGES experiment (Bowman et al. 2018), which has since been
ruled out at 95.3% confidence level by the Shaped Antenna
Measurement of the Background Radio Spectrum 3 (SARAS-3)
experiment (Singh et al. 2022).

In light of recent James Webb Space Telescope (JWST)
observations, revealing the presence of AGNs as early as z ~
6 — 10, often dubbed as Little Red Dot (Greene et al. 2024,
Bogdan et al. 2024; Kovics et al. 2024; Napolitano et al. 2024;
Schneider et al. 2023; Napolitano et al. 2025), necessitates a
reassessment of their potential impact on the 21-cm signal
(Kohri et al. 2022; Zhao et al. 2025, 2026). Assuming these
early AGNs were seeded by the primordial black holes
(PBHs) (Liu & Bromm 2022, 2023; Gouttenoire et al. 2024;
Yuan et al. 2024; Dayal 2024; Matteri, Antonio et al. 2025;
Ziparo et al. 2025; Dayal & Maiolino 2026), Chatterjee (2026,
C26 hereafter) developed a framework to incorporate the
additional contribution of such PBH-seeded early AGNSs in
predicting the global 21-cm signal. We showed that these exotic
objects can have a considerable impact on the global signal.
Nevertheless, C26 model had two key limitations: (i) it could
only predict the globally averaged 21-cm signal but not its
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fluctuations, i.e., 21-cm power spectrum, due to its analytic
nature, and (if) the global signal was computed under the
assumption that PBHs follow a log-normal mass function.

The aim of this work is to address both of these limitations.
First, we extend the C26 formalism to compute not only the
global 21-cm signal but also the corresponding power spectrum.
Second, we use this extended framework to investigate the
impact of different PBH mass functions on the 21-cm signal.

To this end, we employ the Semi-numerical Code for
Relonization with PhoTon Conservation (SCRIPT), which
incorporates a self-consistent treatment of inhomogeneous
recombinations, the thermal evolution of the intergalactic
medium (IGM), and radiative feedback effects during the epoch
of reionization (EoR) (Maity & Choudhury 2022a). We further
extend this framework to include key Cosmic Dawn (CD)
processes, such as X-ray heating and Ly-a coupling, and
incorporate the contribution from PBHs. This enables a unified
treatment of IGM evolution across both the CD and the EoR,
accounting for the effects of star-forming as well as PBH-seeded
galaxies.

This work is crucial given the ongoing and planned
experiments to detect the 21-cm signal. While SARAS-3
(Singh et al. 2022), SCI-HI (Voytek et al. 2014), the Broadband
Instrument for Global Hydrogen Reionisation Signal
(BIGHORNS; Sokolowski et al. 2015), the Radio Experiment
for the Analysis of Cosmic Hydrogen (REACH; Cumner et al.
2022), and the Cosmic Twilight Polarimeter (CTP; Nhan et al.
2018) are primarily focused on measuring the global signal,
experiments such as the Low Frequency Array (LOFAR;
van Haarlem et al. 2013; Mertens et al. 2025), the Murchison
Widefield Array (MWA; Tingay et al. 2013; Nunhokee et al.
2025), the Giant Metrewave Radio Telescope (GMRT;
Pacigaetal. 2013), the Hydrogen Epoch of Reionization
Array (HERA; DeBoer et al. 2017; HERA Collaboration et al.
2023), and the New Extension in Nancay Upgrading LOFAR
(NenuFAR; Munshi et al. 2024) are targeting the 21-cm power
spectrum. Furthermore, the upcoming major facilities like
SKA-low (AA* and AA4 configuration) are expected to detect
the fluctuation amplitude with percentage level precision, along
with providing a tomographic map of the 21 cm signal.

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, Q,, = 0.308 and ©Q, = 0.0482,
respectively, a Hubble constant Hy = 100hkms~! Mpc™!' with
h = 0.678, spectral index n; = 0.961 and normalisation og =
0.829 (Planck Collaboration et al. 2016).

The paper is organised as follows - Sec. 2 describes different
PBH mass functions and the semi-analytical model of the early
AGNs seeded by these PBHs. While Sec. 3 describes the model
and the simulation setup for SF galaxies, Sec. 4 presents the
calculation of the 21-cm signal obtained from the contribution
of both AGNs and SF galaxies. Sec. 5 describes the findings and
finally, we summarise our results and conclusion in Sec. 5.

2. PBH mass functions and the early AGNs
2.1. PBH mass functions

The discussion of the occurrence of BHs at a very early
age of the universe started with the works of Hawking and
Carr (Hawking 1971; Carr & Hawking 1974). They showed
that BHs can form soon after the big bang (~ 107s),
and thus their production mechanism is very plausibly driven
by inflationary potentials (Koushiki et al. 2025b; Mosani et al.
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2023) or phase transitions (Carr & Kuhnel 2020). Depending on
whether the production mechanism follows inflationary or phase
transitions, their mass function would be different (Yokoyama
1998; Musco et al. 2024). In fact, even within an inflationary
production mechanism, different inflationary potentials (Linde
1983; Lucchin & Matarrese 1985; Albrecht & Steinhardt 1982)
could lead to different PBH mass functions. In view of this
large number of plausible PBH mass functions, we choose
some physically motivated selection criteria and only calculate
the 21-cm signal from those mass functions that follow those
criteria.
The selection criteria are given below

1. The formation of the PBHs, giving rise to the specific mass
functions, must be triggered by a viable physical process.
For instance, the mass function could arise from the density
fluctuations (Dolgov & Silk 1993), or from phase-transitions
(Choptuik 1993; Koushiki et al. 2025a). Note that there
are multiple mass functions which are phenomenologically
motivated (Dienes et al. 2025; Chen et al. 2016), but are not
associated with a particular formation or collapse scenario.
The latter category of mass functions is not physically
motivated and therefore is not considered in this work.

2. These number densities must also abide by observational
constraints coming from spectral index distortion in CMB,
low-scale lensing (micro, nano, femto) experiments and
accretion constraints (Carr et al. 2010). The distributions,
considered here, abide by these constraints (Carr et al. 2017;
Carr et al. 2021; Carr & Green 2024).

3. The number densities from these mass functions must also
remain high enough throughout the observational history
for their abundance to be significant, even post-evaporation
Carr et al. (2021); Carr & Kuhnel (2025).

Among the set of plausible mass functions, only three
distributions abide by all the constraints listed above. These PBH
mass functions are briefly discussed below:

— Log-normal mass function: In this case, PBHs are
largely anticipated to originate from primordial fluctuations
in space-time (Krasnov & Nikulin 2023). Dolgov & Silk
(1993) proposed such a fluctuation of Baryons producing
higher densities at small scales and lower densities at larger
scales. The small patches of such overdensities generate
the fluctuations, which in turn produce PBHs with a mass
function given by:

dN K _In (MPBH/Mcm)Z) W
dMpgy \/EO'M%BH 2072 ’

where, Mpgy is the mass of the PBH seed, xin is the
normalisation constant, and o is the deviation around the
critical mass M. We fix o = 0.7 (Matteri, Antonio et al.
2025), and Moy = 1039 M, the average mass of the PBH
seed (C26).

— Power-law mass function: Carr (1975) proposed another
model of density fluctuation that changes as the effective
equation of state of the universe changes. In this scenario,
the fluctuation is added on top of an FLRW universe. This
specific form of fluctuation gives rise to the mass function:

dN
dMppy

= kpLM gy ()

. . 2142
where, kp; is the normalisation constant and @ = ﬁ

with w being the equation of state of the universe. In this
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work, we assume that the PBH seeds are produced at the
matter-dominated epoch, making w = 0, which produces
a=2.

— Critical mass function: There is a series of numerical
works that showed with different one-parameter scalar field
families, the collapse which forms a zero mass BH if the
parameter attains a critical value (Choptuik 1993; Gundlach
1997; Koushiki et al. 2025a). Later, this mechanism was
used to explain the formation of PBHs via phase transitions
(Yokoyama 1998; Musco & Miller 2013) that produce mass

function (Carr et al. 2017):
Mg 2.85
My ’

where, kcp is the normalisation constant and My is the
Hubble horizon mass, given by My = = 2.03 x

10* (O_tls) M, (Carr et al. 2021). We have fixed ¢ = 0.1 sec.

dN
dMppu

3

= KCLMlléffI exp [— (

3
Clerir

We fix the normalisation constants «pn, kpr, and kcp such
that the comoving number density of the PBHs matches with
the observed values of 107527 ¢cMpc~ at z ~ 10 (Kovics et al.
2024; Bogdan et al. 2024) for a PBH seed with mass 10*% M.
The values for the normalisation constants come out to be 4.4 x
1078,2.3% 107", and 4.2x 10~'5 for Log-normal, Power-law, and
Critical mass functions, respectively.

2.2. Semi-analytical Model for early AGNs

In order to describe the formation and evolution of the
early-AGNs seeded by these PBHs, we closely follow the
PHANES framework (Dayal & Maiolino 2026), which has later
been extended by C26 to derive different quantities (such as
X-ray emissivity, Ly-a@ production rate, and ionizing photon
production rate) that are critical for obtaining the 21-cm signal.
Following C26, the effect of the astrophysically produced, i.e.,
“normal" AGN, is ignored in this work. It follows from the fact
that these “normal" AGNs start to affect the 21-cm signal around
z ~ 5 (Dayal et al. 2025), whereas the amplitude of the 21-cm
signal (both global and power spectra) approaches zero by this
redshift.

Here we briefly describe the important features of this
framework, emphasising the calculation of key quantities related
to the 21-cm signal.

1. In this model, the PBH seeds, forming at z ~ 3400,
initially grow by linear accretion of dark matter around
themselves until z ~ 34. After that, the halo growth becomes
non-linear and finally begins to accrete gas once its baryonic
overdensity reaches 200, triggering the star formation. At
this point, the model accounts for feedback from both black
hole accretion and star formation to calculate the subsequent
evolution of the system until z ~ 5.

2. The bolometric luminosity of such an individual system at a
redshift z is computed as

AMppy ¢?

At @

Lool = €

AMpgy is the mass accreted by the PBH seed after each
time step of At = 20 Myr (Dayal 2024). Assuming the black
holes to be non-spinning, the radiative efficiency e, is fixed
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Fig. 1. Mass functions obtained for Different PBH models at z ~ 5
along with the recent JWST estimates (Matthee et al. 2024; Taylor et al.
2025). The magenta, green, and blue lines correspond to power-law,
log-normal, and critical mass functions, respectively. Further, the black
points with error bars are from Matthee et al. (2024), whereas the red
ones are taken from Taylor et al. (2025). Since we do not add the
contribution from astrophysically produced AGNs, all the PBH models
produce mass functions that are 2-3 orders of magnitude lower than the
observed values.

at 0.057 to match existing astrophysical and cosmological
constraints. !

3. From a given Ly, the X-ray luminosity, Lx, has been
obtained using the bolometric correction factor kx, defined as
kx = Lyo1/Lx. Following Duras et al. (2020), kx is computed
from the fitting function kx = a [1 + (M)L], with the
best fit values of the free parameters given by a = 10.96,
b =11.93, ¢ = 17.79. Once we calculate Lx of the individual
system, the global X-ray emissivity is obtained using

dN

4. The globally averaged Ly—a photon production rate by these
systems at a redshift z is given by:

dN L
. PBH @
- e g
<I’la ) f dMppy h,,va

where, L, is the Ly—a luminosity of each AGN obtained
from the B-band luminosity, Lg assuming a power law index
of —0.57 (Lusso et al. 2015). Further, Lp is calculated from
Lo using the fitting function from Marconi et al. (2004). A
similar approach has been taken for calculating the number
of ionizing photons from these PBH-seeded AGNs except
with a power law index of —1.57 (Telfer et al. 2002).

&)

Q)

MppH,

In Fig-1, we show the mass functions obtained for three
different PBH models, at z ~ 5, using the aforementioned
analytical calculation.”> We start by noting that the log-normal

! Note that, the remaining free parameters in the PHANES framework
related to AGN and stellar feedback are adopted from Table-1 of
Dayal & Maiolino (2026), corresponding to the non-spinning black
hole scenario.

2 Note that all the mass functions plotted here are normalized to a value
of 107327 cMpc~? at z~ 10 for a PBH seed with mass 10*%° M.
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(in magenta) and critical (in blue) mass functions show their
peaks around Mgy ~ 10° M, whereas their values are negliglbe
in both higher (Mpy > 10’ M) and lower (Mpy < 10°M,) mass
regime. This is expected from their functional forms given in eqn
1 and 3. We show that although the power-law model (in green)
is dominated by the contribution from the lower mass black
holes, it has a non-negligible contribution even from higher mass
bins. As a sanity check, we show that each of these three mass
functions is 2-3 orders of magnitude lower than that of the mass
functions observed by JWST (Matthee et al. 2024; Taylor et al.
2025). This is only to be expected since we do not consider the
contribution coming from astrophysically produced AGNs while
computing the mass functions.

3. Simulation setup with SCRIPT

Next, we briefly describe the simulation setup employed
in this study. We utilise an explicitly photon-conserving
semi-numerical reionization model, SCRIPT, and extend
its framework to incorporate the essential physics of
the cosmic dawn. The baseline model was introduced in
Choudhury & Paranjape (2018) and subsequently enhanced
with key reionization processes, including inhomogeneous
recombination and radiative feedback, as presented in
Maity & Choudhury (2022a).

The model self-consistently predicts the thermal and
ionization state of the Universe within a cosmologically
representative simulation volume. It takes as input the density
field (A;, where i labels individual cells in the simulation grid)
and the collapsed mass fraction (f.on1;). These quantities are used
to compute the effective number of ionizing photons through an
astrophysical parameterisation of the ionizing efficiency, {. The
product {f.on; represents the number of ionizing photons per
baryon in each cell. These photons are then distributed across the
source cell and its neighbouring cells to determine the ionization
fraction, while explicitly enforcing photon conservation.

This effective photon budget is updated self-consistently
in each cell to account for inhomogeneous recombination
and radiative feedback. The recombination rate is computed
by tracking the joint evolution of the ionization and density
fields with redshift. To incorporate the impact of small-scale
clustering of photon sinks, we adopt a globally averaged
clumping factor (Cyy = 3), consistent with results from
hydrodynamical simulations (e.g. D’Aloisio et al. 2020). The
recombination rates further depend on the thermal history of
the gas, as discussed in Section 4. Photoionization heating is
modelled by parameterising the temperature increase (7}.) when
aregion transitions from neutral to ionized (Hui & Gnedin 1997,
Furlanetto & Oh 2009; Keating et al. 2018; Maity & Choudhury
2022a,b).

Radiative feedback is incorporated by modifying the
minimum halo mass threshold (M, ;) for star formation. In
neutral regions, this threshold is set by the atomic cooling limit.
In contrast, in ionized regions it is determined by the Jeans mass
at the virial overdensity (Mj;). As the Jeans mass depends on
the local temperature (Mj; « Ti3 /), our self-consistent treatment
of thermal evolution allows us to dynamically update My,
and consequently f.oi1;, thereby capturing the effects of radiative
feedback.

As our focus is on large-scale observables, we generate
the density field using second-order Lagrangian perturbation
theory (2LPT) (Hahn & Abel 2011), rather than computationally
expensive N-body simulations. The collapsed mass fraction is
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then estimated using a semi-analytic model based on conditional
ellipsoidal collapse (Sheth & Tormen 2002). For this work, we
adopt a simulation volume of size L = 256 h~'cMpc with a
spatial resolution of Ax = 8 h~'cMpc. This box size is sufficient
to capture the scales relevant for 21 cm observables (Iliev et al.
2014; Kaur et al. 2020). To model the evolution of the IGM
during cosmic dawn and reionization, we generate 251 coeval
simulation boxes spanning the redshift range z = 5-30, with a
resolution of Az = 0.1.

Below, we discuss the essential model components and
their astrophysical significance. This further provides a physical
background for the inclusion of the PBH contribution in the
existing model setup.

1. The number of escaping ionizing photons produced per unit
time at a redshift z is computed using

. _ dNion
Mion,i = M X PSFR;i

— (dNion

(N

d
=po| =3y )d_t<f*fescfcoll,iAi>

where, f. is the star formation efficiency, f. is the escape
fraction, and p, is the mean comoving baryon density.
Finally, dy,:j;“ is the number of ionizing photons produced per
unit stellar mass.

Following the formalism developed in Maity & Choudhury
(2022a), and defining ¢ = 1.22f, feic Ny, we can rewrite the

above equation as

Ay d (¢ feonii) _ 5 d (¢ feoniNi)
122 dr Bt

where N, is the number of ionizing photons per unit baryons,
np (ng) is the average baryon (hydrogen) number density.
We adopt N, = 4845, motivated by typical values from
Starburst99 (Leitherer et al. 1999) assuming a standard
Salpeter IMF in the mass range 1 —100 M, with a metallicity
of 0.05M;. We further assume a redshift-dependent star

formation efficiency, f.(z) = fio (ll—fz)az. For the fiducial
model, we assume f,o = 0.005, @, = 4, and fix the value
of ionizing escape fraction feie = 0.12 (Maity & Choudhury
2022b), ensuring the model matches with the existing
constraints on reionization history (reionization start at 7 ~
10 and ends at z ~ 5.7) as shown in the Appendix-A.l.
As we aim to study the effect of PBH during cosmic dawn,
a relatively sharp reionization history has been assumed to
keep the cosmic dawn unaffected by the photoionization
heating.

2. Following a similar definition, the Ly-a photon production
rate at a redshift z in the i cell is given by

.SF _ - dN(y d(f*fescﬁ:o]l,iAi> - d(f*ﬁescﬁ:oll,iA»
Nyi = Pb dt = nbNy,a —dl‘

Nion,i =

®)

M
©))

where N, , is the number of Ly-a photons per unit baryon,
which is assumed to be twice that of ionizing photons, i.e.,
9690. We further add 4800, taking into account the Pop-III
stellar contribution (Furlanetto et al. 2006).

3. The evolution of the global ionization fraction (Qgy) can be

written as
dQOwn; d FAY, _
dI;HL = ({f;fu ) — Onni@a Canxuein(1 +2)°  (10)
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where y . is the correction factor on electron number density
due to Helium ionization, Cyy; is the clumping factor of the
IGM (fixed at 3), and a4 is the (case A) recombination rate
coefficient. Note that we do not consider the contribution
of PBHs while calculating the ionization history as the
ionizing photons coming from different PBH models are
completely negligible compared to SF galaxies (discussed
later in Sec-5).

4. The 21-cm signal

The 21-cm differential brightness temperature can be written as
(Pritchard & Loeb 2012; Mena et al. 2019)

Qi \ (142 015\ (1 Ty an
0.023)\ 10 Q,H> Ts,

where xyr; denotes the neutral hydrogen fraction of the IGM,
T, i(z) is the background CMB temperature given by 7,; = T, =
2.73 (1+z) K. Finally, Ts ;, the spin temperature of the Hydrogen
atom, can be written as

6Th,i ~ 27mK xHI,iAi(

1
T +me + xiTg Ki

Ts; = (12)

1+ Xe,i T Xaji
where x, is the Ly-a coupling coefficients, x. is the collisional
coupling coefficient and Tk, is the kinetic temperature of the
IGM.

Another observable of our interest for this study is the
dimensionless 21 cm power spectrum, defined as

k> Py (k)
Com

where P,;(k) is the power spectrum of the mean-subtracted
fluctuation field 67}; — (6T},)-

The collisional coupling coefficient, x.; is determined using
the standard fitting functions described in Pritchard & Loeb
(2012), whereas all the other terms appearing in eqn 12 have
been described as follows.

A} = (13)

4.1. Kinetic temperature of the IGM

The temperature evolution of the IGM can be expressed as

ATy 2Ty,
dz  l+z

LY dt2 €
dz 3 kphor,i

(14)

where the first term on the right-hand side denotes the
adiabatic cooling due to the expansion of the Universe, and
the second term represents the net heating rate per unit volume
for the i cell from different astrophysical processes. While
we follow Furlanetto et al. (2006) for computing the adiabatic
cooling, here we explain in detail the calculation of the second
term.

The net heating rate can be expanded as (Furlanetto et al.
2006; Maity & Choudhury 2022a)

2 & 2 1 SF+PBH _ _SF

= == : +e,;+ i 15
3 kpnori 3 ki, (Ex'l e Ecomp. ) (13)
where the first term denotes the total X-ray heating of the IGM
coming due to both SF and PBH-seeded galaxies. Further, €. ;
represents the heating due to reionization, and finally €omp,
indicate Compton cooling. We follow Maity & Choudhury

(2022a) in order to determine ee;, and €omp,i. Specifically,
€. 1s essentially proportional to the reionization temperature
increment (7. ) parameter, which has been mentioned in Section
3. Finally, combining the contribution of the SF and PBH

galaxies, the total X-ray heating term, i.e., E)S(Ij+PBH, can be
written as
SF+PBH PBH PBH

_f [ Xesc€ +ersc X ] (16)

where fj, is the fraction of X-ray that heats the IGM and is

taken to be ~ ( + 2X;"“) with xp; being the ionization fraction

(Furlanetto et al. 2006). Further, 7% and fyo.! are the fraction
of X-ray escaping the host galaxies for SF and PBH seeded
systems. * Next, we describe each component of this term.
X-ray from SF: Assuming that the relation between X-ray
luminosity and the star formation rate density (osgr) in the local
Universe holds also in the high-z Universe, the X-ray emissivity
can be expressed as (Mineo et al. 2012; Furlanetto et al. 2006)

SF
2ey i

fo dfeon/dz 1 +z
— = =5x10°K —=
3kB”ltot,,H(Z) 0.1 0.01 10

a7

X-ray from PBH: For PBH, the X-ray emissivity in the i"
cell is given by

ey = Aley") (18)
where we assume that the X-ray emissivity in the i cell can
be obtained by multiplying the global X -ray emissivity (ey>
(from eqn 5) by the overdensity of the i cell.
4.2. Ly-a coupling
The Ly-a coupling coefficient x, ; is defined as

11 -1 Jai
Xei = 1.81x 10" (1 +2)7'S, (19)

m~2sec™'Hz !sr!

where J,; is the Ly-a background flux. S, is a factor coming
from a detailed analysis of atomic physics, and following the
general practice, we take it to be unity (Furlanetto et al. 2006).

Finally, including the effect of both SF and PBH-seeded
galaxies, the background Ly-a flux can be written as (Mena et al.
2019)

c
JSE+PBH [ f(SF SF(Z) + f(f‘BH PBH(Z)]

2
a,l 471, H(Z)V Y (Yl ( O)

with nilj(z) given by eqn 9 and nPBH = Ai(nBH). Further, £5F

and fPBH are the escaping fraction of the Ly-a photons from SF
and PBH-seeded galaxies. For the sake of simplicity, we assume
both of them to be 1.

3 We also note that these factors will absorb any uncertainty that may
come from using the low-redshift ex — pspr calibration relation while
determining the X-ray contribution from SF and PBH galaxies.
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5. Effect of PBHs on 21-cm signal

We begin by describing Fig. 2, which illustrates the redshift
evolution of the quantities critical for the determination of
the 21-cm signal. In all panels, the magenta, green, and blue
curves correspond to the lognormal, power-law, and critical PBH
mass functions, respectively, while the black curve represents
the contribution from star-forming (SF) galaxies (for a fiducial
scenario).

In the left-most panel, we show the redshift evolution
of the X-ray emissivity for different models studied in this
work. First, we note that all PBH models produce significantly
higher X-ray emission than SF galaxies at z > 15, reflecting
the earlier onset of X-ray production in PBH-seeded systems
compared to SF galaxies. In the range 10 < z < 15, the
critical mass function produces the highest X-ray emissivity,
followed by the power-law model and SF galaxies, while the
lognormal PBH model yields the lowest emission. Keeping in
mind that the emission from individual galaxies is independent
of the specific mass function, this behaviour can be qualitatively
understood from the overall shapes of the mass functions of
different PBH models shown in Fig. 1. The critical mass
function, with its highest peak, yields the strongest emission.
Although the lognormal mass function attains a higher peak
than the power-law form, the latter’s extended tail results in a
greater overall contribution, ultimately surpassing the lognormal
mass function. Finally, at z < 8, the X-ray emission from
power-law PBHs exceeds that of the critical mass function. This
is attributed to the extended high-mass tail of the power-law
distribution, whereas the critical mass function is sharply peaked
and contributes negligibly at higher masses.

The centre and right-most panels show the redshift evolution
of the background Ly-a flux (J,) and the ionizing photon
production rate (72, ), respectively. Since both Ly-a and ionizing
photons are produced predominantly via star formation, it is
expected that SF galaxies generate Ly-a and ionizing photons
several orders of magnitude higher than any of the PBH models
over the entire redshift range. Further, among different PBH
models, the critical mass function yields the most, followed by
the powerlaw mass function, whereas the lognormal PBH model
produces the lowest emission. Similar to the explanation of the
X-ray emission in the left-most panel, this can again be attributed
to the shape and normalisation of different mass functions, as
shown in Fig. 1.

Now, we move to our main result depicted in Fig-3. The
left panel shows the redshift evolution of the global 21-cm
signal corresponding to different models, whereas the right panel
shows the observable for the 21-cm power spectrum, (67,)*A3,

computed at k ~ 0.1 ~.cMpc™' in the entire redshift range of
our interest. Before going into the detailed discussion, we would
like to remind the reader that for all these models depicted in this

SF _ ¢PBH _ ¢SF _ (PBH _
figure, £ = f,°" = Yese = Jxese = 1.0.

For the global signal, the lognormal (in magenta) and power
law PBHs (in green) produce similar redshift evolution with
absorption trough of ~ —30 at a redshift of z ~ 18, whereas the
21-cm global signal coming from the PBHs following critical
mass functions (in blue) is very distinct compared to both of
these models. In fact, it does not even produce any absorption
trough. This behaviour can be explained from a closer inspection
of the X-ray emissivity produced from different models shown
in the left-most panel of Fig-2. In Fig-2, we find that the X-ray
emissivity is highest for critical and lowest for the lognormal,
with powerlaw model in between them. Keeping in mind that the
depth of the signal is effectively determined by the X-ray heating
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in the IGM for these systems (as the Ly-a background is very
similar for all the PBH models), the model with the maximum
X-ray heating (i.e., critical mass function) will produce the
shallowest trough, and the model with the lowest X-ray emission
(i.e., lognormal mass function) will produce the deepest trough.
Finally, we also show the 21-cm signal produced from an
SF-only model (in black) with no contribution from PBH-seeded
systems. As expected, the SF-only model shows the deepest
absorption trough of ~ —60 mK without any X-ray heating
coming from PBH-seeded systems. The finding that models
with PBH contribution will show a shallower absorption trough
compared to models without PBH contribution has also been
found in C26.

The power spectra (the right panel of Fig-3) contain
three distinct peaks corresponding to Ly-a coupling, X-ray
heating, and reionization heating, respectively, at higher to
lower redshifts. It is apparent that the PBH heating suppresses
the amplitude of the power spectra during the cosmic dawn.
Specifically, the powerlaw and lognormal cases show more than
a factor of half reduction on the power amplitude (~ 20 —
30 mK? from the SF-only case (~ 100 mK?). This effect is
more striking for the critical case, where a suppression of more
than a couple of orders of magnitude can be seen. However, all
the scenarios are still allowed by the existing limits from the
recent interferometric observations. The qualitative effects are
consistent with the previous studies (Mena et al. 2019). We note
that PBHs do not affect the power-spectrum amplitude during the
reionization epoch, as they do not contribute to ionization in our
model. However, these effects can be highly degenerate with the
photoionization heating if the reionization is extended to cosmic
dawn (unlike our fiducial case).

Another important aspect of this work is to examine the
impact of varying fyor, the fraction of X-ray photons escaping
the host galaxies, for the lognormal PBH model on the 21-cm
signal. This is crucial as this parameter is highly uncertain
from both observational and theoretical perspectives. In fact, the
recent JWST observations of these early AGNs (Maiolino et al.
2025; Yueetal. 2024; Anannaetal. 2024; Mazzolari et al.
2025) estimated a very weak X-ray emission compared to AGN's
in the local Universe. In view of this, we varied f;‘:ﬁ from 1.0 to
0.2 as shown in Fig. 4. The dashed magenta line corresponds to
the lognormal model with f£BH = 0.2, while the solid magenta

X,esc

line represents the case with fiBH =

Y osc 1.0. For comparison, the
SF-only scenario is shown by the black curve. We note that the
solid magenta and black curves are also presented in Fig. 3. As
Yot is lowered from 1.0 to 0.2, the absorption trough becomes
progressively deeper, approaching that of the SF-only model.
This behaviour is expected, as a lower escape fraction results
in reduced X-ray heating of the intergalactic medium, thereby
enhancing the depth of the absorption feature. A similar impact
can be noticed for the power spectra as in the previous ones.
An increasing PBH heating efficiency results in suppression of
power amplitude. Although an efficiency, fy5 = 0.2, produces a
similar trend as the SF-only case, the effect of a higher efficiency
(fyoit = 1.0) can be significant enough to be distinguishable
by the upcoming interferometers. Since this qualitative trend
is similar across all PBH models considered in this work, we

restrict our discussion here to the lognormal case.

6. Conclusions and Discussion

In this work, we (i) apply the PBH analytical model PHANES to
three physically motivated PBH mass functions, i.e., lognormal,
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Fig. 2. Redshift evolution of the global X-ray emissivity, Ly-a background flux and Ionizing photon production rate for different PBH models along
with the SF galaxies. The black, magenta, green, and blue lines respectively denote SF, lognormal, powerlaw and critical PBH seeded systems as

mentioned in the legends.
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Fig. 3. The redshift evolution of the 21-cm global signal and the power spectrum (computed at k ~ 0.1 hcMpc") corresponding to different models
studied in this paper. The legends in the left panel show the colour scheme for various models, whereas the legends in the right panel show the

upper limits obtained from different observations.

power-law, and critical to compute key quantities relevant to the
21-cm signal; and (ii) extend the explicitly photon-conserving
reionization model SCRIPT to incorporate the essential physics
of cosmic dawn, and finally (iii) couple the two frameworks to
investigate the impact of different PBH mass functions on both
the global 21-cm signal and its power spectrum over the redshift
range 5 < z < 30. Our main findings are as follows:

— The inclusion of early AGNs leads to a significant impact
on both the global 21-cm signal and its power spectrum
compared to models that include only SF galaxies. This trend
is observed for all PBH mass functions considered in this
study.

— The global signal
corresponding  to

and the 2l-cm power spectrum
the critical mass function differ

significantly from those obtained from lognormal and
powerlaw mass functions.

— Finally, we examine the effect of varying the escape fraction
of X-ray photons from PBH-seeded galaxies in the case of
the lognormal mass function. We find that as this fraction
decreases, the resulting X-ray heating is reduced, causing the
signal to progressively approach the SF-only scenario in the
limit of vanishing escape fraction.

We conclude by noting a few caveats of this study.
Most importantly, we have not considered the contribution of
radio emission from early AGNs. Such emission could, in
principle, lead to a deeper absorption trough by counteracting
the effect of enhanced X-ray heating (Ewall-Wice et al. 2020;
Nelander et al. 2025). However, we do not include this effect,
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as current observations suggest that these early AGNs produce
very weak radio emission compared to AGNs observed in
the local Universe (Mazzolari et al. 2025, 2026). We plan to
include the radio emission in our future work. Secondly, we
modelled the X-ray heating effects by assuming a simplistic
semi-analytic form (Furlanetto et al. 2006), that may not be
realistic on smaller scales. The model can be improved with
more accurate small-scale physics in the future, although
the large-scale features are unlikely to change significantly.
Furthermore, this framework can also be incorporated with
an explicit contribution from Pop-III stars and feedback from
Lyman-Werner background (Ventura et al. 2023), which may
play a crucial role in IGM evolution during the cosmic dawn.
We note that the current study demonstrates the impact of
PBH effects on a fiducial star-formation evolution model,
which has significant space for variation, allowing present
observational constraints (i.e., Appendix B shows the signal for
a couple of other SF variants). We also checked the resolution
dependencies of the relevant observables in the semi-numerical
setup as a robustness measure (see Appendix C). We found that
the qualitative conclusions remain the same, even though the
different resolutions have slightly different quantitative estimates
of the observable effects.
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Fig. A.1. The fiducial ionization history (a fast evolving case with f, o
(1 +z)™*, obeying existing constraints on the IGM neutral fraction.

Appendix A: Fiducial reionization model

In Figure A.l1, we showed the reionization history of our
fiducial model, assumed in this study. We chose a fast

reionization evolution with f. = 0.005 (%)4, keeping the
cosmic dawn window unaffected from photoionization heating.
However, the model obeys different existing constraints on
the ionization histories, mainly coming from the Ly-a forest
(Jinetal. 2023; Zhuetal. 2024; Spinaetal. 2024) and the
damping wing analysis (Davies et al. 2018; Greig et al. 2022) of
the high redshift quasar spectra. The model also follows a late
reionization end, which is in accord with the recently emerging
scenario (Bosman et al. 2022).

Appendix B: Effect of varying f. on the 21-cm
signal

We have shown in Fig B.1, 21-cm signal (the global as well
as the power spectra) with varying the f.o. This exercise has
been performed to check whether the newly extended SCRIPT
framework is implemented correctly. The left panel shows the
global signal. As can be seen, with higher value of f., the
absorption trough appears at earlier redshift. For example, with
fro0 = 0.05, the trough appears at z ~ 20, whereas for f,o =
0.005, the absorption trough appears at z ~ 18. Further models
with increasing f;o also reaches zero at earlier redshift since
reionization is completed earlier in those models. Similar effect
has also been observed for the power spectrum, shown in the
right panel of Fig B.1. Here, all the peaks (related to Ly-a, X-ray
heating and reionization), has shifted to earlier redshift as we
increase the value of f; .

Appendix C: Comparison between resolutions

In Fig C.1, we show the comparison of global 21 cm signal
along with power spectra, for two different resolutions of the
box (i.e., fiducial with Ax = 8h~'cMpc and a higher resolution
variant with Ax = 4h~'cMpc). We note that the differences are
maximum near the trough and agree well with each other for
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most of the redshifts. In both the cases, we Assumed f, o = 0.005

SF _
and Yese = 1.0.
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Fig. B.1. Redshift evolution of the Global 21-cm signal and the corresponding power spectra (k ~ 0.1 h/cMpc) for different f, o, keeping )i};c
fixed at 1.0.
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Fig. C.1. Comparison of 21cm observables between two resolutions (Ax = 4 h~'cMpc and 8 #~'cMpc) of the simulation setup.
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