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Abstract. Using the global 21-cm signal measurement by the EDGES collaboration, we derive
constraints on the fraction of the dark matter that is in the form of primordial black holes (PBHs)
with masses in the range 10'°-10'7 g. Improving upon previous analyses, we consider the effect of
the X-ray heating of the intergalactic medium on these constraints, and also use the full shape of
the 21-cm absorption feature in our inference. In order to account for the anomalously deep absorp-
tion amplitude, we also consider an excess radio background motivated by LWA1 and ARCADE2
observations. Because the heating rate induced by PBH evaporation evolves slowly, the data favour a
scenario in which PBH-induced heating is accompanied by X-ray heating. Also, for the same reason,
using the full measurement across the EDGES observation band yields much stronger constraints on
PBHs than just the redshift of absorption. We find that 21-cm observations exclude fpgy = 1077 at
95% CL for Mppy = 10'° g. This limit weakens approximately as Mppy towards higher masses, thus
providing the strongest constraints on ultralight evaporating PBHs as dark matter over the entire
mass range 10'°-10'7 g. Under the assumption of a simple spherical gravitational collapse based on
the Press-Schechter formalism, we also derive bounds on the curvature power spectrum at extremely
small scales (k ~ 10'® Mpc~1). This highlights the usefulness of global 21-cm measurements, including
non-detections, across wide frequency bands for probing exotic physical processes.
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1 Introduction

The 21-cm signal — the brightness temperature of the 1420.4 MHz hyperfine transition of cosmological
neutral hydrogen measured against the cosmic microwave background (CMB) temperature — has been
proposed as a probe of Cosmic Dawn and the Epoch of Reionization (EoR) [1]. Observing this signal is
a challenging task due to large foregrounds, mainly the galactic synchrotron radiation [2-5]. In 2018,
the EDGES collaboration (Experiment to Detect the Global EoR Signal) [6] reported the first and till-
date the only measurement of the cosmological 21-cm signal [7]. The key features of this absorption
signal are its location (78.2 MHz, corresponding to z = 17.2), amplitude (AT}, ~ —500 mK) and the
full width at half maximum (19 MHz). The most interesting and intriguing part of their detected
signal is the amplitude, which is found to be more than double the prediction of even the most
optimistic theoretical models.

The spin temperature of the hyperfine energy states of neutral hydrogen (H 1) is the main quantity
that decides the amplitude of the 21-cm signal. At redshifts z < 30, the physics of the spin temperature
is expected to be relatively simple. At these redshifts, it is mainly affected by the standard physics of
H1 and Lyman-« (Ly «) interaction via the Wouthuysen-Field effect [8, 9]. Other relevant processes
are the adiabatic cooling of the intergalactic medium (IGM) and small heating effects due the Ly «
radiation [10-13] and the ambient 21-cm background [14]. The shape of the absorption signal measured
by EDGES is potentially also decided by processes such as Compton heating [15], X-ray heating [16—
19] and reionization [20, 21]. The disagreement between models that include these ingredients and
the EDGES measurement has inspired many new models. These explain the large amplitude using



either an excess cooling of ordinary baryonic matter [22-25] or an excess radiowave background (ERB)
[26, 27).

The motivation for the latter idea is the recently-confirmed excess radio brightness above the
CMB by the Long Wavelength Array (LWA1) [28] for frequencies 40-80 MHz. This excess was first
detected by Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission (ARCADE 2)
[29]. While the origin of this excess radio background is not very well understood [30], it still provides
an empirically plausible means of explaining the EDGES result.

Beyond these modelling efforts that aim to understand the EDGES result are the attempts to
use the EDGES result for constraining various physical processes. Thanks to the richness of 21-cm
physics, several studies on 21-cm signal have been theorised (many of which have existed even before
the EDGES detection) to be useful to probe primordial magnetic fields [31-36], gravitational waves
[37-39], warm dark matter [40—44], dark matter decay and annihilation [45-48], viscous dark matter
[49] and many other exotic processes. We address one such possibility in this paper by considering the
effect of primordial black holes (PBHs) on the 21-cm signal and deriving constraints on the abundance
of PBHs from the EDGES measurement.

Understanding the constituents of dark matter (DM) is one of the major problems in cosmology.
Primordial black holes, possibly formed due to the collapse of large density perturbations in the
very early Universe [50-53], can partly or even entirely explain the present day DM density [54-58].
Ultralight evaporating PBHs, i.e., PBHs in the mass range of 105107 g are typically probed via
observations of their evaporation products. Non-observations of such Hawking radiated photons [59—
64], neutrinos [58], and electrons/positrons [58, 65-68] in various space- as well as ground-based
detectors provide stringent exclusion limits on the fraction of DM composed of ultralight evaporating
PBHs. PBHs in these mass range can also be constrained via precise measurements of the CMB [69—
73], dwarf galaxy heating [74, 75], and radio observations [76, 77]. Observations of low energy (~ MeV)
photons from the Galactic Centre by the upcoming soft gamma-ray telescopes such as AMEGO, as
well as next-generation neutrino detectors can also project stringent exclusion limits on the fraction
of DM composed of ultralight evaporating PBHs [78-81]. The measurement of the 21-cm signal is
considered to be another promising probe that can be used to constrain the DM fraction of PBHs in
various mass windows [82-89]. Recently, by using the EDGES measurement, Clark et al. (2018) [84]
showed that evaporating PBHs in the mass range of 10°-10'7 g cannot form the solitary component
of DM.

In this paper, we revisit 21-cm constraints on the PBH abundance and aim to improve upon
previous work [84] in two significant ways. Firstly, we use a more sophisticated model of all the
known astrophysical phenomena that affect the 21-cm signal. This includes processes such as X-ray
heating, Ly « heating, and an ERB that were neglected in previous work, but can nonetheless have a
significant impact on the inferred PBH constraints. Secondly, and more importantly, we aim to utilise
all of the information contained in the EDGES measurement in our analysis. Previously published
analysis [84] only used a central location of the 21-cm absorption feature. In this work we use the full
EDGES data for 28 2 z = 14, rather than just at a specific redshift, thus capturing all features of
the observed signal. We use an MCMC-enabled Bayesian analysis to derive our constraints. This also
allows us to study the covariance of PBH parameters with other processes affecting the 21-cm signal.

This paper is organized as follows. In section 2, we describe our model of the 21-cm signal.
Section 3 discusses the effect of PBHs on the 21-cm signal. We describe our inference procedure in
section 4. Our results are presented in section 5. We discuss the implications of our results and some
caveats in section 6, and end with a summary in section 7. The following cosmological parameters
are used: Q, = 0.315, Q, = 0.049, Qx = 0.685, h = 0.674, Y, = 0.245, Ty = 2.725K, o3 = 0.811
and ng = 0.965 [90, 91], where Tj and Y}, are the CMB temperature measured today and primordial
helium fraction by mass, respectively.

2 The global 21-cm signal

The global (sky-averaged) 21-cm signal is the 21-cm brightness measured against the background
(CMB or CMB+ERB, as in this work). Because of the long wavelength, the intensities can be



written in terms of temperatures using the Rayleigh-Jeans law giving rise to a ‘differential brightness
temperature’ for the global 21-cm signal [92-96], given by
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where xy; is the neutral hydrogen fraction, Ty is the spin temperature, and 7T, is the net background
temperature.

The spin temperature is not a real thermodynamic quantity but only an effective excitation
temperature that quantifies the relative population of the hyperfine levels [97]. The processes affecting
these populations and hence the spin temperature are the three Einstein processes, the Wouthuysen-
Field effect [8, 9], and the collision of hydrogen atoms with free electrons and other hydrogen atoms.
Detailed balance between these processes then gives us the spin temperature
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where x,, xx and xz, are the 21-cm, collisional and Ly « coupling, respectively. Because of a near
thermal equilibrium of gas and Ly « photons, we have made an assumption that the colour temperature
is equal to the gas kinetic temperature, i.e. T, = T [9]. The modelling of hyperfine line couplings,
Ty, T and x4, is discussed in section 2.1, and that for the evolution of the gas kinetic temperature
Ti is given in section 2.2, where we outline our model for X-ray heating and Ly a heating that were
previously ignored.

In eq. (2.1), xy; is the neutral hydrogen fraction. The bar represents a global average over the
cosmic volume, which includes H1 and H 11 regions. However, in this work we will work at redshifts
where the effects of reionization are unimportant, in which case the ionized volume fraction of H 11
region is always zero, i.e., Qun = 0. This simplifies the calculation of Zy; and we write [17, 98]

T = (1= Quu)(l —ze) =1 — z,, (2.3)
where z, is the electron fraction defined as the number density of electrons relative to total hydrogen

To= —. (2.4)

in the IGM. We discuss our model for z. in section 2.3.
The background temperature 7; includes the standard contribution from the CMB as well as a
possible ERB, as we discuss in section 2.4.

2.1 Hyperfine line couplings

We now discuss our models for the hyperfine line couplings, x,, zx and z,,.

2.1.1 21-cm coupling
The 21-cm coupling is given by [14]
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is the 21-cm optical depth [e.g., 99]. Because Ty and z, are dependent on each other, we may find
their values iteratively as follows [27]:

1. Set 2z, =1

2. Evaluate Ty using eq. (2.2)



3. Using Ty evaluated in step 2, find the new z, using egs. (2.5) and (2.6)
4. Repeat from step 2 using an updated z, found in step 3

The convergence is rapid and usually 3 iterations are sufficient. The resultant value of z, is usually
close to 1.

2.1.2 Collisional coupling

Collisions can cause hyperfine transition in a neutral hydrogen atom via two different mechanisms:
(a) by spin exchange in which collisions with other hydrogen atoms, electrons, or protons swap the
electron with another that has the opposite spin, or () by spin flip of the electron via magnetic forces.
Process (a) is more likely to occur [92]. The collisional coupling is

o T*CIO
- TrAIO ’

T (2.7)

where C1g is the de-excitation rate by collisions and Ao = 2.85 x 10~'° Hz is the Einstein coefficient
of spontaneous emission for the hyperfine transition [100] and T, = hpvaiem/kp for Planck’s constant
hp and Boltzmann constant kg. Collisional de-excitation rate is expressed as

Cio = nmKHA + NekeH + NpKpH (2.8)

where n; is the number density of species i and k;g is the reaction rate, in units of volume per
unit time, between ¢ and H1. Several papers [92, 101-103] have tabulated these rates at different
temperatures. Useful fitting functions exist in literature which fit the data given in these tables.
They are as follows [104, 105]:

—15.607 + L1 Tk - —(1 Ty )*°/1800] if Ty < 104
logg Kerr = NG R [~(log1 Ti)™*/1800] if T (2.9)
—14.102 if T}, > 10,
and
kug = 3.1 x 10717T0-357e =32/ T | (2.10)
No fitting function for kpy is available in the literature. We therefore construct and use the fit
KpH = 10716 [co + ¢y logyg T + c2 1og%0 Tk + c3 logi’o Tk] , (2.11)

where ¢ = 4.28,¢1 = 0.24,¢5 = —1.37 and ¢3 = 0.53 for the available data [106]. All k;gs are in

m3s~!. The final expression of xy can be written as
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where we have used the charge neutrality of the Universe by which ne = n.

2.1.3 Ly « coupling

The Ly a photons produced by the first galaxies indirectly affect the spin temperature through a
process known as the Wouthuysen-Field effect [8, 9]. Accurate modelling of this coupling is essential
at Cosmic Dawn since it is the Ly « coupling that makes the 21-cm signal observable. The expression
for the Ly a coupling can be written as

J

To = (1—04)=, (2.13)
Jo

where J, represents a distortion in the Ly a background due to its interaction with neutral hydrogen
atom [13]

5a = 3F0(1/3v2/371707 751)7 (214)
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and 3Fj being the (3,0)-hypergeometric function [107]. The Voigt parameter [108], the Ly « optical
depth [109] and the recoil parameter [10] are given by

A, myc2
_ N 2.16
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respectively. Here A, = 6.25 x 108 Hz is the Einstein spontaneous emission coefficient of Ly « tran-
sition, my is the mass of hydrogen, A, (v,) is the wavelength (frequency) of the Ly « photon, and ¢
is the speed of light.

The factor Jy is a combination of fundamental constants and background temperature [13]

1
Jo=554x108Lm 25 ' Hz tsrt. (2.17)
Ty
To calculate the undisturbed Ly « specific intensity far from the resonance line, J,, we need
the comoving emissivity. The latter is defined as the number of photons emitted per unit comoving
volume per unit proper time per unit energy at redshift z and energy E. It can be constructed based
on the approach taken in ref. [99]. We choose Population II type star as our base model for spectral
energy distribution (SED, number of photons emitted per unit energy per baryon). It is given by [13]
2002.91 086 if E € [E,, E
$o(E) = e [, Ep] (2.18)
1303.34 E—" it £ € (Es, Ex),

in eV~!, where E = E/Ew, Eo, = 10.2eV, Eg = 12.09¢V and E,, = 13.6eV are the energies
corresponding to Ly «, Ly 8 and Lyman limit transition, respectively.
We can now write the comoving emissivity as

Ea(Eaz) :fad)oz(E)p*mi(bZ)7 (219)

where p, is the comoving star formation rate density (SFRD) and my, is the number-averaged baryon

mass given as [110]

my = MUNH + MHeNHe T MeNe (2 20)
NH + NHe + Ne ) .

Neglecting the mass of electron and using

_ MHe _ Y,
THe = o A1) (2.21)

which is number density of helium relative to hydrogen, we get

- 4mH
C4—3Y, 4z (1-Y,)

mi, (2.22)

Since , is quite small, typically ~ O(1073) for the redshift range considered in this work, we can
write mp, ~ 1.22mpy.

The comoving SFRD, represented by p.(z), and measured in mass per unit time per unit co-
moving volume, is set by the rate at which baryons collapse into dark matter haloes [99]. We will



assume that only haloes of virial temperatures (1) above a certain given value will contribute. Their
number at a given redshift can be determined by the Press-Schechter formalism [111]. Thus,

: _ dFeon(2
pule) =~ 1+ () ) (229)
where )
3H
=0 __ 0
b= soas . (2.24)

is the mean cosmic baryon mass density measured today (Hp is the Hubble’s constant measured
today and Gy is the Newton’s gravitational constant), f, is the star formation efficiency, defined as
the fraction of baryons converted into stars in the haloes. Because it is completely degenerate with
fo and fx (to be introduced in section 2.2.3) it does not matter what value we choose for it. Here
we take the value from the fiducial set of parameters for Pop II stars from ref. [16], i.e. f, = 0.1. We
denote the fraction of baryons that have collapsed into dark matter haloes by Fop, given by [112]

Feon(z) = erfe [\/%z))} , (2.25)

where erfc(+) represents the complementary error function, d.it is the linear critical density of collapse
and o2 is the variance in smoothed density field. The minimum virial temperature enters the model
through the expression of minimum halo mass for star formation, i.e.,

. 3/2
Mmin = 108 ! ©® |: 10 06 mln(TVi!') :l / )

Qmh? 142 p 1.98 x 104 (2.26)
where h is the Hubble’s constant measured today in units of 100kms™ Mpc™! and u ~ 1.22 [113].
We calculate derit (2)/0(Mmin) using COLOSSUS! [114]. As an example, for our cosmological parameters
and min(T,;;) = 10* K we get Foon(z = 0) &~ 0.735.

We treat the minimum log; Tyir 4, which is a shorthand for log;o[Tvir/(10* K)], as a free param-
eter, and vary it between —0.75 and 1.25. For base model we take it to be 0, which corresponds to the
atomic cooling threshold [112]. Our choice of the range is justified as it covers a large range of possible
21-cm signal values. See figure 1 for effect of changing this parameter on gas kinetic temperature and
the 21-cm signal.

We scale the Ly a background up and down using the parameter f,. Since we are uncertain
about the SED or the SFRD of the galaxies, we set up a basic conservative model and vary it using
fa- In this work we vary it between 0.01 and 100 (cf. ref. [13]) with the base value at 1. Figure 1
shows the effect of varying this parameter on the 21-cm signal.

We can now evaluate J, from e, (after internally converting e, from per unit energy basis to
per unit frequency basis) as

c 2 Fmax ¢ (B!, 2!
Jo(2) = E(l + 2)? ;Pn /Z ag{(nz’/)) dz’, (2.27)
in units of number per unit time per unit area per unit frequency per unit solid angle. The n'" term
in the sum accounts for the finite probability P, with which a photon in the upper Lyman line will
redshift to Ly o wavelength. The values of P, are computed in an iterative fashion using the selection
rule and the decay rates. The detailed procedure and table of values can be found in refs. [115, 116].
The redshifted energy of n'® Lyman series line is given by

B _E 1+ 2

nT 2.28
R (228)

Thttps://bitbucket.org/bdiemer/colossus/src/master/
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where F,, is the energy of the photon released in transition from n'® state to ground state
1
E,=136(1-— 3 eVv. (2.29)

The maximum redshift from which this photon could have been received is given by

EnJrl 1-— (1 + ’I’L)_2
1+ zZmax = E, (1+2)= 1—7’”_2(1 +2). (2.30)

2.2 Gas kinetic temperature and heating processes

The evolution of the gas kinetic temperature is also important in setting the amplitude of the 21-cm
signal through the spin temperature (eq. 2.2). This is given by [13]

dTx T(1+2) dz 2
142) Sk —opy - KU T2) Qe 2 2.31
(T+2)°3 ST tpe + 7. Az 3npkpH >0 (2.31)

where ny, = ng (14 zge + ) is the total particle number density. The first term on the right hand side
of eq. (2.31) is the adiabatic cooling term because of an adiabatically expanding Universe, second term
accounts for the change in internal energy due to changing particle number, and finally the third term
is the sum of all heating and cooling processes. In this work we consider Compton, Ly «, Hawking
radiation (HR), and X-ray heating. They are discussed one by one next. We must couple eq. (2.31)
with an equation for the variation of z,. The latter is discussed in section 2.3. The redshifts of our
interest range from 1 + z = 60 to 1 + z = 14 with the initial condition, obtainable from RECFAST,?
being x. ~ 2.47 x 10~% and Ty ~ 70.28K at 1 + z = 60.

2.2.1 Compton heating

After recombination, the inverse Compton scattering of electrons off the background photons couples
the matter and background radiation for z 2 200. Because of this Compton heating the temperature
of matter and the background fall together as (1 + z) at these redshifts. As the Universe expands
and becomes neutral Compton heating ceases to play any role [117, 118]. However, because of partial
X-ray ionization of IGM in later times, z < 60, it may have a finite contribution, although only a
minor one. The Compton heating term is [15]

2¢Comp _ ?)Q(TVI‘UsTf/L 1
3npkpH ~ 3Hmoc? 14 pe + Zo

(Ty —Tx) , (2.32)

where T, = Ty(1 + 2) is the CMB temperature at a redshift z, or = 6.65 x 10729 m? is the Thomson
scattering cross section and og = 5.67 x 1078 Wm 2K ~* is the Stephan-Boltzmann constant.

2.2.2 Ly «a heating

The other heating process we will consider here is the Ly « heating [13], which is a ‘side effect’ of
Ly a coupling. Following our previous work [13], the term to be added in eq. (2.31) is

200 Sthp [ 2Tk Ja J!
o _ SThP S (42 ). 2.33
3npkpH 3 )\?y muks Ny < + JS > ( )

where I.. is the integral over the spectrum of continuum photons given as [12]

I = n(2nta®r2)? [AP(-&) + Bi*(—&)] , (2.34)
where 13
§a=1 (46;7") ; (2.35)

2https://www.astro.ubc.ca/people/scott/recfast.html.
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Ai and Bi represent the Airy function of first and second kind, respectively. See eq. (2.16) for a, 7,
and 7. Similarly, I; is the integral over the spectrum of injected photons given as [13]

[aTe [ Ty wy 1 0a(1 =96,
Ii=n 7(1/ exp (—277y - 6ayT ) erfe 25_ ﬁ dy — 01(2770» . (2.36)
0 a oY

with &, given in eq. (2.14). The quantity J. /J¢ is decided by the stellar model. Here we take it to
be 0.2.

Note that the free parameter introduced in section 2.1.3, f,, directly affects g, through J,(z)
which in turn is calculated from emissivity, eq. (2.19). This parameter has a small influence on the
thermal history but a more dramatic effect on the 21-cm signal. See figure 1.

2.2.3 X-ray heating

Ultraviolet (UV) and X-ray photons from high-redshift galaxies ionize and heat the IGM. Due to
the large cross-section of hydrogen atoms at UV wavelengths, the UV photons have short mean free
path and are mainly responsible for ionizing the medium in close vicinity of the sources resulting in
the so-called H1r regions [112, 119, 120]. X-rays have very long mean free path, because of which
they are able to penetrate far into the IGM. In the process, they heat and partially ionize the IGM
[121]. The possible sources of X-rays include X-ray binaries [122, 123], inverse Compton scattering
in supernova remnants [124] and mini-quasars [125]. X-ray binaries are a class of binary stars that
are luminous in X-rays due to accretion from one of the stars onto another [126]. Evidence suggests
that at high redshifts, such as those considered in this work, the dominant source could be high-mass
X-ray binaries [127-129]. In canonical models of the 21-cm absorption feature at Cosmic Dawn, the
Ly « photons create the absorption feature and X-ray photons destroy it.

X-ray heating is commonly characterised by three parameters, namely w, Ey and fx. These rep-
resent the power law index of the X-ray background spectral energy distribution (SED), the minimum
energy of X-ray photons that can contribute to heating, and an overall normalisation of X-ray SED,
respectively [27, 130]. In this work we keep w and Ey fixed and vary only fx. This is justified because
the dependence of 21-cm signal on w is weak and Fy is somewhat degenerate with fx [131].

The observed relationship between the X-ray luminosity Lx and the star formation rate (SFR)
in star-forming galaxies suggests a linear relationship [132, 133], which can be written as [134]

L _

Gig ~ 261X 107 W (Moyr™) " (2.37)
for photon energies 0.5-8keV and a power law SED with w ~ 1.5. We extrapolate this relation over
0.2-30keV assuming the same power law. The reason for extrapolating to lower energies is because
of large cross-section of X-ray and neutral hydrogen interaction, which roughly goes as o(F) oc E~3
but too low energy photons with E < 0.2keV are excluded since they are absorbed into IGM over
short distances from the source [16, 135]. Higher energy photons with E > 30keV have longer mean
free path but smaller cross section, which means they have a negligible contribution in heating. Thus,
0.2-30keV seems to be a reasonable choice [136].

The SED (in units of number per unit energy per baryon) of X-rays is [17, 98],

Ny  w-1 B\
D= B () 2

where w = 1.5 as already mentioned before, Nx is the number of X-ray photons emitted per stellar
baryon, Fy = 0.2keV and F; = 30keV are the minimum and maximum X-ray energy relevant for
heating. We get Nx ~ 1 on extrapolating 0.5-8 keV Lx-SFR relation (given in eq. 2.37) to 0.2-30keV.

In analogy with Ly « emissivity, we can now construct X-ray emissivity as follows (in units of
number per unit time per unit energy per unit comoving volume) [17, 98]

ex(8,2) = Fox(B) 222 (2.30)



where my, is the average baryon mass (eq. 2.22) and p, is the comoving SFRD (eq. 2.23). We will
vary fx between 0.1 and 10, with 1 as its base model value. This choice is consistent with previous
studies [19, 130]. In figure 1 we show how our gas temperature and 21-cm signal change when fx is
changed.

The microscopic mechanism of X-ray heating can be explained as follows [16, 21]. First, the X-
rays photoionize the H1 and Hel. In this process hot energetic electrons are produced which dissipate
their energy via atomic excitations, secondary ionizations, or collisions with other electrons. As a
result the average kinetic energy, and hence the temperature of IGM, increases.

There are mainly two types of estimates for X-ray heating in literature. Some studies give this
simply as a certain fraction of emissivity [16, 137, 138]. The other type is a more physically motivated
version where it is calculated from the background specific intensity of X-rays, Jx [17, 98, 135]. We use
the second version with the detailed mathematical structure as follows. The standard photoheating
rate is [21]

Eq
Hx = 47r/ (F — Ex)o(E)Jx(E,2)dE, (2.40)
Eo

where Fo, = 13.6eV is the ionization energy of hydrogen, and o(FE) is the photoionization cross-
section of H 1-X-ray interaction, which takes the following functional form [139]

1)\2
o(E) =548 x 10718 Gt £102 2 (2.41)

(1++/E/32.88)2:96 ’

for £ = F/0.4298 when F is expressed in eV. Because of the energy division explained in previous
paragraph, the standard photoheating rates are reduced. The reduced rate can be written as fx nHx,
where the reduction factor is given by [140]

fxn = 1= (1= 20:2663) 12105 (2.42)

The final term to be inserted in eq. (2.31) is

2gx 81 1—xe  fxn £

3k H - ? 1+ 2ge + e kpH Eo

(E — Ex)o(E)Jx(E,z)dE . (2.43)

The background specific intensity of X-rays is Jx, analogous to J,. We define it in terms of
number per unit time per unit energy per unit area per unit solid angle. It can be calculated from
the comoving X-ray emissivity of the source ex (eq. 2.39) as

c(1+2)? [* ex(E,2) _. ’
Ix(E,2) = 4 / H(2') "B, (2.44)
z

where z, ~ 60 is the redshift when the star formation starts [136], and E' = E(1+2)/(1 + 2).
The X-ray optical depth can be written as

’

™(E,z,2') = /z cdz" (2.45)
XN < - ; (1 +Z”)H(Z"))xx(E”,Z”) ’ :
where E” = E(1+ 2")/(1 + z) and X-ray mean free path is approximately [92]
Lizg? ( E
Ax(E, z) = —H G 2.46
x(B2) = (300ev> e (246)

in proper units. A better version of Ax would be written in terms of a sum over number density and
photoionization cross section for all species involved, such as the one in ref. [98]. But here we will
continue to use the approximation in eq. (2.46).

Note that the atomic excitations by the electrons released in photoionization can also generate
Ly « photons. This is modelled simply by saying that this extra Ly a emissivity is a fraction of the
X-ray emissivity. In this work, however, we have neglected that contribution (see for e.g. [141]).



2.3 Electron fraction and ionization rates

The photons and electrons from Hawking emission also cause ionization of IGM by a mechanism
similar to the X-ray photons and secondary ionization by electrons. The differential equation relevant
for our work governing the evolution of electron fraction in the IGM is [21, 84]

dxe
1 H
(A +2)H-

= a(Ty)nur? —Tx(1 — z.) — Tur, (2.47)

where the first term on the right hand side is recombination term and the two negative terms are the
ionization terms due to the X-ray background and Hawking radiation from PBHs. An approximate
temperature dependence of recombination coefficient can be expressed as [142]

T—0.7
a(T) =25x 1071 e misT! (2.48)
14 [T/(105K)]™
with T being in K.
The standard photoionization rate due to X-rays is given by

E,
I'x(z) = 47T/ o(E)Jx(E,z)dE, (2.49)

Eo

but it gets slightly enhanced due to secondary ionizations [21]. Thus, we make the following replace-

ment

I'x = I'x + 7fz’ion Hx, (2.50)

oo

where Hx was defined in eq. (2.40). The enhancement factor is [140]

fX,ion = 0.3908 (1 _ xg.4092)1.7592 . (251>

For higher accuracy the factors fx 1, and fx jon may be used from ref. [143], but we will continue with
the ones from ref. [140].
We defer a discussion on ionization due to HR, i.e., I'ygr, in section 3.

2.4 Excess radio background

We have so far considered only the standard astrophysics. However, as mentioned in section 1, we
need extra physical input in order to match the EDGES signal. We assume that there exists a uniform
excess radio background in the sky. For radio frequencies the usual approximation of Rayleigh-Jeans
limit works very well which allows us to quantify the energy flux in terms of a ‘temperature’. This
radio flux is fit very well by a power law as observed by ARCADE 2 and LWA1 [28, 29]. The combined
CMB temperature and excess radio measured today at frequency v can be written as

v B
T.(v) =To+Tr () , (2.52)
Vo

where Ty = 2.725K is the CMB temperature measured today, Tg = 24.1K, f ~ —2.6 [29] and
reference frequency vy = 310 MHz. Generalising the above for an earlier epoch at redshift z and
measurement made for the frequency corresponding to 21-cm line (redshifted to z, i.e. v = vajem/(1+
z)) we get [26, 27]

T.(z) = 2.725(1 + 2) [1 4+ 0.169 (grp (1 + 2)>°] , (2.53)
where we have parametrized the amplitude of excess radio — the coefficient of the second term on
the right hand side of eq. (2.52) — by (grp. We vary (grp between 0.01 and 1 with (grp = 1 as the

base value corresponding to the excess observed by ARCADE 2. As with other parameters figure 1
justifies the choice of this range.
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Note that refs. [144, 145] considered an enhancement in the background, against which we mea-
sure our 21-cm brightness, due to the radiation emitted by accreting black holes of intermediate or
supermassive black holes. However, ultralight PBHs in the mass range 10'°-10'7 g cannot produce
photons of wavelength 21 cm either via accretion or via evaporation.?

3 Hawking radiation from primordial black holes

Primordial black holes emit particles via Hawking radiation and the spectrum of the emitted particles
follows a blackbody like distribution. The emission rate of particles from a neutral and non-rotating
PBH of temperature Tppy, in the energy interval E and E + dF is given by [147-152]

S T.(E, T,
aN = L s(E, 1, Trpn)

2rh exp (kBC/J:f)BH) —(=1)2s

where i = hp /27 is the reduced Planck’s constant, s denotes the spin of the emitted particle and
I's denotes a dimensionless absorption coefficient, commonly known as the greybody factor. For a
neutral, and non-rotating PBH, the greybody factor depends on the energy of the emitted particle F,
temperature of the PBH Tpgy, spin of the emitted particle s, and the rest mass of the emitted particle
p. In the high energy limit (GxMppuE/hc® > 1), the greybody factor becomes independent of the
spin of the emitted particle and reaches its geometrical saturation value, i.e.T' = 27 GZE*(M2py —
u?)/h2c®. Whereas, in the opposite regime (GxMpprE/hc® < 1), it has a very strong dependence
on the spin of the emitted particles [150, 152].

The temperature of an uncharged, non-rotating PBH is solely determined by its mass Mppy [147—

dE, (3.1)

152]

he? 1013 g
kBTpBH SWGNMPBH 1.06 <MPBH> GeV. (32)
As the energy of the emitted particles becomes comparable to the temperature of a PBH, i.e. E ~
kpTppH, significant Hawking emission occurs. Quantitatively, Hawking emission peaks at Fpcax =
2.81 kgTppu for s = 0 particle species, Fpeax = 4.02kgTppu for s = 1/2 particle species, and
Epeax = 5.77kpTppnu for s = 1 particle species [152]. Note that, for energies exceeding the peak
value (E > FEpeax), Hawking emission is exponentially suppressed, and for energies lower than the
peak value (E < Epeak), it falls off as a power law.

For this work, we calculate the spectrum of the emitted particles, dN /dE, using the publicly
available code BlackHawk" [153]. We have verified the numerically obtained Hawking emission rates
against the semi-analytical emission rates from refs. [148, 149].

Hawking-radiated particles (photons 7y, electrons e~, positrons e™) interact with the ordinary
baryonic matter in the IGM and deposit energy. The energy deposition typically occurs through
five different channels which include hydrogen ionization, helium ionization, hydrogen excitation,
IGM heating and sub-10.2eV continuum photons [154, 155]. However, for this work, only hydrogen
ionization and IGM heating are relevant because we are ignoring the helium recombination-ionization
[98], hydrogen excitation is also irrelevant for reasons discussed later and sub-10.2eV continuum
photons are involved in CMB spectral distortions, which is again not important for our work [156].
The power density (energy per unit time per unit volume) going into a particular channel ‘c’ is

dN dN
QHR,C = // fC(EYy Z)Ey (CLE) + 2fc(Ee — mec27 Z)(Ee — mec2) (dE> )
Y e

x npeu(Mpeu)Y(Mpeu) dMpeu dE, (3.3)

3We find the brightness temperature at a photon energy of 5.9 peV corresponding to the primary spectrum from a
10'7 ¢ PBH to be ~ 10~%6 K. However, we have not explored the same for secondary spectrum which may or may not
contribute [146].

4https://blackhawk.hepforge.org/
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where E is the total energy of the emitted particle, nppy is the number density of PBHs, ¥(Mppn)
denotes the probability distribution function of PBH masses, and f.(Ex, z) denotes the ratio of the
energy deposited into channel ¢ to the injected energy as a function of kinetic energy of the emitted
particle Fx and redshift z. We use the numerical data table of f. corresponding to DM decay from
ref. [154] which are in close agreement with that of ref. [155].

In this work, we consider a monochromatic mass distribution of PBHs, for which ¢(Mppp) is a
Dirac delta function centred at Mppy. Equation (3.3) then simplifies to

dN dN
dHR,c = / fC(EYv Z)EY <dE> + ch(Ee - meCQa Z)(Ee - meCZ) <dE> N
v e

X anH(MpBH)dE . (34)

Since PBHs make up the solitary component of the present day DM, the number density of PBHs

can be written as
PcSpM

Mppy '
where fpgy denotes the fraction of DM composed of PBHs, p. is the critical density of the Universe,
and Qpy denotes the present day DM density relative to p.. Note that, gur,  is almost independent of
the redshift because for Mppy > 10'° g, the mass loss of PBHs due to Hawking emission is negligible
and f. has a weak dependence on z for the range considered in this work.

Using eq. (2.31), the heating term now is

2QHR,heat 2"nb Qm 1
5 =JteBig (o 1
3nkaH 3kgH Qb MpgHu

npBH = fPBH (3.5)

dN dN
x / freat(Ey, 2)Ey (dE> + 2 fneat (Bo — mec?, 2)(Ee — mec?) <dE> dE, (3.6)
v et

where average baryon mass, my, is given by eq. (2.22). Similarly, the ionization rate due to Hawking
emission from the ground state of hydrogen atom, required in eq. (2.47), can be written as

GdHR ,ion
I'yr = o (3.7)
where E, = 13.6€V is the ionization energy of hydrogen. In figure 1 we show the effect on the 21-cm
signal when fpgy is varied for a PBH of mass Mpgg = 10*° g.

The difference between our standard equation of thermal evolution, eq. (2.31), and eq. (11) from
previous analysis [84] is mainly in accounting of different astrophysical processes. Other than the
adiabatic cooling and Compton heating we also consider Ly o and X-ray heating. On comparing our
ionization equations, eq. (2.47), and eq. (3) from ref. [84] we find the following differences. Firstly, we
identify that the collisional ionization is negligible for the epoch of our interest and hence the term
with coefficient S can be ignored. Secondly, unlike previous literature we incorporate X-ray photons
which, other than heating, are also involved in the ionization of IGM. Thirdly, we do not have the
Peebles C' factor, which can be interpreted as the probability for an atom initially in the first excited
state to reach the ground state before being ionized. For redshifts considered in this work, it can
be set to 1 to an excellent approximation [157, 158]. Lastly, because C' = 1, we can say that the
ionizations from the first excited state are negligible. This explains our exclusion of the term Ix_(z)
seen in ref. [84].

Specific to 21-cm calculation, while ref. [84] used the data from ref. [159] to calculate Ly «
coupling, we have taken a more physically motivated approach for this as highlighted in section 2.1.
Finally, we comment on the differences in PBH modelling. Previous literature (e.g. refs. [84, 87])
have used the following to estimate the mass loss rate due to Hawking radiation

dMpgH
dt

2
1
= —5.34 x 10 F(Mpgn) (M & ) gs!, (3.8)
PBH
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where F(Mppn) is a measure of the number of emitted particle species, normalised to unity for a
black hole of mass Mppy > 107 g [151]. Then using the expression of Mppy, the rate of energy
injection per unit volume was given as ginj = —npaMpprc?.

4 Inference procedure

We now explain the inference procedure that we use to constrain our model parameters from the
EDGES data.® We follow a Bayesian procedure with a Gaussian likelihood. Our approach is similar
to ref. [138]. We emphasise that we use the full information content of the EDGES data by using
their measurements at all of 123 redshift points, rather than focusing on some specific features of the
signal [130, 138].

Let AT = AT™P(2) and AT = AT{P°(6, z) represent the data and the model values,
respectively, of the 21-cm signal at redshift z and 6 being the set of n parameters that parametrize
our model. Our likelihood is then

ﬁ N (AT — AThe)?
L V2me; P 27 7

where ¢; are the 1o uncertainties in the data for the redshift bin 7. The label 7 in the above equation
runs over the 123 data points corresponding to the different redshift bins. We have suppressed 6 and
z dependence on the right hand side for simplicity.

We take a constant uncertainty for all the redshift bins, i.e., &; = 0.05 K. Some remarks are in or-
der about this. In the result presented by the EDGES collaboration, i.e., in Bowman et al. (2018) [7],
only the uncertainty on the amplitude of the absorption at a particular redshift of z ~ 17 is presented.
This uncertainty estimate is not useful if one intends to infer constraints using the full frequency range
of the EDGES data. This problem has been noted before, and in response other groups have inferred
uncertainties for the entire frequency range of the EDGES data. For example, Hills et al. (2018) [160]
provide an uncertainty estimate of 0.025 K at all frequencies within the EDGES band. See, e.g., Chat-
terjee et al. (2021) [161], who use a frequency-independent 0.025 K uncertainty, or Mirocha & Furlan-
etto (2019) [136], who assumed a frequency-independent 0.1 K uncertainty throughout the EDGES
band. Since an important motivation in our work is to use the information from the full EDGES band,
we follow the same approach, albeit with a slightly more conservative estimate for the uncertainty
of 0.05 K. Choosing 0.025 K will not change any of our constraints, except to slow down the MCMC
convergence. As we will see below, our constraints on fppy are significantly stronger than other con-
straints published in the literature. We stress that this strength is because we have used information
from the full EDGES band. Consequently, our inference stays fairly robust against changes to the
uncertainty estimates on the EDGES data points. The constraint does not critically depend on the
uncertainty on the EDGES absorption profile, but rather on its shape.

We choose uniform priors on our model parameters in the ranges tabulated in table 1. This
choice of our priors covers a large range of values around the EDGES data, as shown in figure 1. Note
that the prior on log,, freu changes with PBH mass. For example, in the presence of X-ray heating
the prior required for a PBH of mass 10! g is [—~11.0, —9.0], while that for a PBH of mass 10*¢ g is
[—6.5,—3.0]. This choice of a mass-dependent prior might appear odd, but it merely reflects the fact
that large values of log,, fpeu are obviously ruled out due to the enormous heating rates. One could
in principle choose a wide prior, such as [—11, 0], for all masses. But this would waste considerable
computational effort. For instance, for a 10'° g black hole, the best-fit fppy is ~ 1072, so exploring
feau up to 1 for this mass would imply heating rate higher by nine orders of magnitude which is
clearly ruled out by the EDGES observation.

L(ATEP|9) = (4.1)

Shttp://loco.lab.asu.edu/edges/edges-data-release/
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Parameter

Description

Min

Max

logyg fa
logyg Tvir,a
logy fx
log; CeERrB

log,q frBH

Controls the strength

of Ly « background, eq. (2.19)
Minimum virial temperature

of dark matter haloes, eq. (2.26)
Controls the strength

of X-ray background, eq. (2.39)
Controls the strength

of excess radio, eq. (2.53)
Fraction of DM

in the form of PBHs, eq. (3.5)

Table 1: Model parameters used in this work, with the ranges of values over which uniform prior
PDF's are used. The range of values for log,, fpea depends on the mass of PBH under consideration

(see text).
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Figure 1: Gas temperature evolution (left column) and the corresponding 21-cm signal (right column)
for a range of parameter values. For reference, we show the adiabatic thermal evolution in all panels
of the left column, and the EDGES measurement of the 21-cm signal in all panels of the right column.
In each row, a single parameter is varied, while the remaining parameters are held fixed at 0, unless
one of these fixed parameters is log;, fpeu. When log,, frau is held fixed, it is assigned a value of
—10, and a PBH mass of 10'® g is assumed. Because PBH-induced heating has a broadband effect on
the signal, even the falling edge of the 21-cm absorption signal can constrain the PBH fraction. See
text for a discussion.
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We now present a pedagogical discussion of figure 1:

(a) Ly a photons affect the 21-cm signal via two effects: heating and coupling. A higher value of f,,
implies a stronger background which in turn means more heating but also a stronger coupling.
Heating has a reducing effect on the absorption feature while stronger coupling produces a deeper
absorption feature. On the whole the latter wins since Ly « heating is not a very efficient heating
mechanism [13] as evident from 15 panel.

(b) When the minimum virial temperature is smaller, more star forming haloes are allowed and
thus more SFRD. This results in a stronger Ly « coupling resulting in a deeper 21-cm signal.
But the more important role of this parameter is to change the timing of the first drop in the
signal without affecting the shape.

(¢) As fx takes higher values, the X-ray background gets stronger which implies more X-ray heating.
This in turn raises T}, and hence T, thus reducing ATj,.

(d) When we increase (grp we allow more excess radio background and hence a stronger contrast
between the 21-cm brightness and the background, thus producing a deeper absorption signal.

(e) Higher fppg imply more number of PBHs and hence more heating, which in turn reduces the
21-cm signal. The PBH considered for these plots is of mass 10'° g.

With likelihood and priors ready, we can use the Bayes theorem to construct the posterior
distribution as

P(O)ATE®)  LIATSP|0)P(0) | (4.2)

where P(0) represents the prior distribution. Since we will use a MCMC implementation [162] for
sampling P(0|AT; ), the normalisation of the above is unnecessary. To explore the nD parameter
space we use the publicly available code emcee® [163]. We run 64 Markov chains (number of ‘walkers’)
and 5000 steps for each parameter, which is a reasonable length since the autocorrelation time for
any parameter is not more than ~ 50. We obtain the initial guess for parameters by maximising
L(AT®)0) when treated as a function of §. The thermalisation time (number of burn-in steps) is
less than 100. Once we have obtained the parameter set, Opp, which best explain the model we test
the goodness-of-fit by the reduced chi-squared statistics given by x?/dof. The standard definition of
x? is given by

123 2
ATGXP(ZZ') - ATtheo(eBF, Zz)
XQZZ (AT} 52lo ] 7 (4.3)
i=1

%

and ‘dof’ stands for degrees of freedom. It is equal to the number of data points minus the number
of free parameters employed in the model.

Note that calculating AThe° for any set of parameters during an MCMC simulation can be
time consuming and expensive. To overcome this difficulty we prepare our ATgheO at some spe-
cific grid points in the nD space of parameters before running MCMC sampler. With these pre-
calculated AT{h*°s we can then estimate AT{P° at the desired intermediate parameter set using
multi-dimensional linear interpolation. If we have p number of evenly spaced points in each of the n
dimensions then we have a total of p™ number of models.

As the X-ray emissivity at Cosmic Dawn is unknown, it is interesting to consider PBHs as the sole
heating mechanism that terminates the 21-cm absorption signal. We therefore consider two distinct
scenarios for our inference: one without X-ray heating and the other with X-ray heating. In the
following subsections we give the details of our analysis for these two cases. The aim in both cases
is the same: to obtain the allowed values of the fraction of DM in the form of PBHs, i.e., fppyg as a
function of PBH mass.

Shttps://github.com/dfm/emncee.
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Case I: analysis assuming X-ray heating is absent

In the absence of X-ray heating, the four major physics components affecting the 21-cm signal are
SFRD, Ly «a coupling, HR heating and ERB. The degrees of freedom, dof, is 123 — 4 = 119. Our
model parameters in this case are

0= {10g10 fa, logyg Tyir,4, l0g1g CeERB, logig fPBH} . (4~4)

We choose p = 9 points for each of these parameters, so that we have a total of 9* = 6561 models
explored. However, note that an MCMC simulation with all the parameters varying is not required
for each mass. We need to run the 4-parameter MCMC for just one mass, say Mppy = 10'° g, to
obtain the best-fitting parameters. Once this is done, we can fix all parameters other than fppy,
i.e., Tyir, fo and (grp to their best-fitting values so that for the remaining masses we have only one
parameter to vary. We do the analysis for the following PBH masses

10,2 x 10%5,3 x 10'°,...7 x 1016 g,

which make a total of 16 masses. The reason for this preferred method of analysis is explained as
follows. The Hawking emission, gur.c, has nearly the same trend as a function of time (a constant
throughout the epoch of our interest for a given mass) for all masses. Stated differently, qug.c
for different masses differ by a constant factor (see also the discussion in section 6). Because our
parameter is log,, fppr rather than fpgm, the above reasoning implies that the probability distribution
of log;, frpeH and its covariances with other parameters will just shift by a certain amount for different
masses.

Case II: analysis allowing for X-ray heating

Four out of five physics components are same as before, but now we have X-ray heating as well. The
degrees of freedom, dof, is 123 — 5 = 118. The models parameters are

0 = {logyg fa, logio Tvira, logyg fx, 10g1o CeRB, 10810 fEBH]} - (4.5)

We choose p = 5 points for each of these parameters, so that we have a total of 5° = 3125 models
explored. Just as with case I we need not run the 5-parameter MCMC simulation for all masses. Once
we have obtained the non-PBH best-fitting parameter values we can set all of them to these, except
fpBu, for the remaining masses. We do the analysis for the following PBH masses

10%,2 x 10%,3 x 10%°,...3 x 10'7 g,

which make a total of 21 masses.

Note a very fundamental difference between the two analysis. In case II we will only obtain
an upper bound on fpgy. But case I produces a detection of PBHs as in this scenario there are no
alternative heating sources that can result in the low-redshift rising edge of the 21-cm absorption
profile. Case II is arguably more conservative as some X-ray emission is perhaps easily plausible at
these redshifts (see discussion in section 2.2) but until such high-redshift X-ray sources are known to
exist, case I remains a valid possibility. We discuss this further below.

5 Results

5.1 Constraints by assuming X-ray heating to be absent

Our marginalised two-dimensional and one-dimensional posterior distributions in the case without
X-ray heating are shown in figure 2. The best-fitting parameter values with 90% confidence intervals,
when we use a PBH of mass Mppy = 10'° g, are

logyg fo = 0-9964t8:8(1)231 )
logyo Tyira = 0.2526700853
+0.0189

logo CerB = —0.99987 4157 »

logq freE = —6.8398T00159 .
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Figure 2: Two-dimensional and one-dimensional marginalised posterior probability distributions of
parameters for a PBH of mass Mppy = 10'° g in a model with no X-ray heating. The contour lines
show the 68.3%, 86.6% and 95.5% levels corresponding to 1-sigma, 1.5-sigma and 2-sigma, respectively.
The red lines show the median values.

The best-fitting 21-cm signal, 90% confidence interval and its comparison with the EDGES signal are
shown in figure 3 for PBHs of mass 10'®g. Using the definition of goodness-of-fit given in eq. (4.3)
we get x?/dof = 910.5/119. For discussion we can divide the complete range into three regions: A, B
and C which are the regions on the left of the absorption, the absorption itself and the right side of
the absorption, respectively. We see that there is some residual gap in best-fitting curve and data in
all A, B and C. Other parameters being fixed, decreasing fppy may give the correct absorption depth
but will increase the errors in regions A and C. On the other hand if we increase fppy we get better
fits in A and C but with increased error in B. Thus, we see that there is an optimum value of fppy

with best fits the signal given some uncertainty . A similar reasoning applies for other parameters
as well.
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Figure 3: Red curve shows the derived posterior median 21-cm signal in the absence of an X-ray
background. The blue shaded region shows the 90% confidence intervals (CI). This is for PBH of
mass 10'° g, and corresponds to log;, fren = —6.839870 0199, The EDGES measurement is shown
by the black dashed curve, with the grey shaded region around it showing the uncertainty. The
goodness-of-fit is x?/dof = 910.5/119.

5.2 Constraints allowing for X-ray heating

We now discuss the second case in which we would like to find bounds on fpgg when there is X-ray
heating. The best-fitting non-PBH parameter values obtained are

10g19 fo = 0.0207+3907%
logyo Tyira = 0.250170-0018
log, fx = 0.500713:9976

log Gonp = 1200653535

The best-fitting 21-cm signal corresponding to the parameters above, 90% confidence interval and its
comparison with the EDGES signal are shown in figure 4 for PBHs of mass 10'® g. Using the definition
of goodness-of-fit given in eq. (4.3) we get x?/dof = 295.3/118. The data thus prefer the model in
which X-ray heating accompanies heating due to PBH evaporation; we discuss this point in the next
section. The marginalised two-dimensional and one-dimensional posterior distributions for PBH mass
of Mppy = 10'° g is shown in figure 5. We see that in the presence of X-rays, only an upper bound is
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Figure 4: Red curve shows the derived posterior median 21-cm signal in the presence of an X-ray
background. The blue shaded region shows the 90% confidence intervals (CI). This is for PBH of
mass 10'® g, and corresponds to fppy = 107773 (95% level). The EDGES measurement is shown
by the black dashed curve, with the grey shaded region around it showing the uncertainty. The
goodness-of-fit is x?/dof = 295.3/118, which is much better compared to case I results.

obtained on log;, fpea. The model is consistent with the data in the absence of PBHs. We quantify
our upper bounds by choosing 95% levels of the probability distribution of log;, frBu.

On comparing the best-fitting parameters for the two cases that are only related to setting
the depth of the absorption, f, and (grp, we find that in case I the values are higher. The Ly «
background required in the absence of X-ray background is nearly 10 times higher in the presence of
it. This is understandable because in case II X-ray takes care of the shape which then reduces the
requirement of a stronger Ly « coupling or excess radio background. The minimum virial temperature
is roughly the same in both cases because its job is mainly in setting the timing of the first drop in
the signal.

Figure 6 shows our constraints on fppy as a function of PBH mass. For comparison we also show
the results from previous literature [Clark et al. (2018), 84] (black dashed and dotted lines) which
are somewhat weaker than ours, the reasons for which are discussed in the next section. We see that
on log-log scale fppy vs Mppy is approximately a straight line. In absence of X-ray heating we get

MPBH)3.75 (5 1)

fren = 107684 (
1015 g
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Figure 5: Marginalised posterior distributions of parameters for a PBH of mass Mppy = 10'° g in
the presence of an X-ray background. The contour lines show the 68.3%, 86.6% and 95.5% levels
corresponding to 1-sigma, 1.5-sigma and 2-sigma, respectively. The red lines show the median of the
probability distribution except in case of log,, fppu, for which we show the 95% level.

with ~ 0.01 uncertainty (90%) on logyo fpeu (for all Mppy) while in presence of X-ray heating

3.96
feen < 10797 Mppis . (5.2)
1015 g

Figure 7 provides a consolidated view of the existing constraints on the fraction of DM composed of
ultralight PBHs in the mass range of 10'5-10'7 g. This includes constraints obtained from the Planck
measurement of CMB [69-73], electron/positron flux measurements by Voyager [65], measurement
of the 511keV line by SPI/INTEGRAL [58, 66, 67], measurement of the extra-galactic gamma-ray
emission (EGB) by COMPTEL, SMM [59-61], Galactic Centre MeV gamma-ray measurements by
INTEGRAL & COMPTEL [62, 63], diffuse supernovae neutrino background searches at the Super-

— 21 —



Mppr (M)
10—18 10—17 10—16

frBH

10-8

—— X-rays absent (detection)
—— Xerays present (upper bound)

----- Clark et al. (2018), ATy, (z =17) £ —50mK
--------- Clark et al. (2018), ATy, (z = 17) £ =100 mK

10_1?015 1016 107

MpgH (g)

Figure 6: Our inferred constraints on the fraction of DM that is in the form of ultralight non-rotating
PBHs. In the model with X-rays, the upper limit obtained from this analysis is shown by the red
curve; the red shaded region is ruled out. In the model without X-rays, PBHs are the only heating
mechanism, so the constraints formally represent a detection of PBHs. This is shown by the blue
curve. (The associated uncertainty is too small to be visible on this plot.) For comparison, we also
show the result from ref. [84] for AT, (z = 17) < —50mK and ATy (2 = 17) < —100mK by black
dashed and black dotted line, respectively.

Kamiokande neutrino observatory [58] and Leo T heating [74, 75]. (Appendix A lists the numerical
values of our inferred constraints.)

5.3 Constraints on the primordial curvature power spectrum

If PBHs form due to the collapse of large density perturbations in the very early Universe, exclusion
limits on the PBH abundance can be translated to the constraints on the primordial curvature power
spectrum [164-167]. This leads to constraints on the primordial curvature power spectrum at small
scales that are inaccessible to any other cosmological observable.

In gravitational collapse a certain fraction of the horizon mass collapses and forms PBHs. If all
the PBHs formed at the same epoch, say in a radiation dominated era with a monochromatic mass
distribution, we can relate their mass to the present day horizon mass, My = ¢*/(2GxH,),

ao\ V6 7 H\?
Mpgnu = v v My <g_) <—> , (5.3)

N ck
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Figure 7: Constraints on the fraction of DM that is in the form of ultralight non-rotating PBHs.
The exclusion limit obtained from this analysis is shown by the red line; the red shaded region is
ruled out. Other exclusion limits, shown for comparison, are from the Planck measurement of CMB
(black) [69], Voyager measurement of the positron flux (magenta) [65], SPI/INTEGRAL measurement
of the 511 keV emission line (purple) [67], measurement of the EGB (blue) [60], INTEGRAL (cyan) &
COMPTEL (orange) measurements of the Galactic-centre MeV gamma-ray flux [62, 63], diffuse su-
pernovae neutrino background searches at Super-Kamiokande (green) [58] and Leo T heating (brown)
[75].

where v &~ 0.2 is the fraction of collapsed horizon mass [166, 168], €, ~ 9 x 10~° is the present
day radiation density relative to critical density, k£ denotes scale of horizon re-entry and gy = 3.38
(¢: = 106.75) denotes the total number relativistic degrees of freedom at present day (at the time of
PBH formation) [169].

The initial mass fraction S of PBHs, is related to the present day PBH fraction of DM (fppu)

through [166]
1/4
i Qpm\ [ Mper
M, = = — . 5.4
B(Mpgu) = feeu (go) <Qf/4> My (5.4)

Note that, an assumption made in order to arrive at egs. (5.3) and (5.4) is that the effective degrees
of freedom for entropy are equal to that of energy (cf. ref. [167]).

In Press-Schechter theory [111], the initial mass fraction of PBHs is equivalent to the probability
that the smoothed density field exceeds its threshold d. = 0.42 [170]. Therefore, 5 can also be written
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as

1
)
M, =2 11(6) dd =~ erfc : , 5.5
B(Meore) =2 [ 116 (%) 655)
where II(§) denotes the probability density of the density contrast § = §(R) for a comoving length
scale R. The probability density is assumed to be a Gaussian of variance 02 = ¢?(R) which can be
written in terms of curvature power spectrum Pr as [165]

o _ 16 [

g 3 ;

(kR)*j; (fg) e—<’fR>27>R(k)% . (5.6)

Assuming that the integral in the expression of mass variance o is dominated at kR ~ 1 we can
estimate the curvature power spectrum as

3e 1
B 272 ) 52 5.7
Pr) ~ $oii (5 ) o 5.7
where )
, sinx — xcosx
) = IS, 63

is the spherical Bessel function.

For a PBH of mass Mpgy we know fppg, then using eq. (5.4) we can calculate 8. Using this 3
in eq. (5.5), we can find 0. Using the latter in eq. (5.7) gives us Pg. We now have Pr as function
of Mppu. To get Pr as a function of k we finally use eq. (5.3). Our resulting constraints on the
curvature power spectrum corresponding to case II (X-ray heating included) can be approximated as

B k/’ 77,7271

where ng & 0.806. Our result along with power spectrum constraints corresponding to other abun-
dance constraints (shown in figure 7) are shown in figure 8.

6 Discussion

Models in which IGM heating is predominantly caused by PBHs predict a qualitatively different
thermal history than those in which X-ray heating is dominant. Figure 9 shows the contribution to
the IGM heating rate by different PBH masses and fppyg. This is shown in comparison with X-ray
heating for log,, fx = 0.5. X-ray production follows the build-up of dark matter haloes. Consequently,
the X-ray heating rate builds up rather rapidly with time. In contrast, PBH heating rate is relatively
constant with redshift. The 21-cm absorption signal measured by EDGES has a rapidly rising profile
(it changes by ~ 500 mK between z = 17 and 15). PBH-driven models are not capable of reproducing
such steep absorption signals because increasing the PBH emissivity at lower redshift also increases
it at higher redshifts, thereby weakening the signal itself. Models with X-rays are much better in
explaining the steep rising edge of the observed absorption profile. This explains why the best-fitting
model in figure 4 is a better fit to the data than the best-fitting model in figure 3.

This difference between the PBH-induced and X-ray-induced heating rates also helps understand
why we only obtain an upper bound on the PBH fraction in the presence of X-rays. The model prefers
to explain the rising edge of the absorption feature by means of X-ray emission because enhanced
heating by PBHs worsens the signal as a whole due to excess heating at higher redshifts. Stated
differently, in the presence of X-ray heating, HR heating does not offer any extra feature that can
reduce the tension between the data and the model, which in turn means that all values of fppy
below a certain maximum are allowed.

The contrast between our inferred constraints, as shown in figure 6, and constraints previously
reported in the literature [84] illustrate the importance of using the full information content of the data.
Constraints reported in ref. [84] were obtained by requiring that the value of the signal AT}, remains
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Figure 8: Upper limits (red curve) on the curvature power spectrum by translating our upper limits
on fppy in the presence of X-ray heating. The red shaded region is ruled out. Constraints translated
from the Planck measurement of CMB (black) [69], Voyager measurement of the positron flux (ma-
genta) [65], SPI/INTEGRAL measurement of the 511 keV emission line (purple) [67], measurement of
the EGB (blue) [60], INTEGRAL (cyan) & COMPTEL (orange) measurements of the Galactic-centre
MeV gamma-ray flux [62, 63], diffuse supernovae neutrino background searches at Super-Kamiokande
(green) [58] and Leo T heating (brown) [75] are also shown for comparison. The region above the
black dashed line is ruled out because in that region the density of PBHs exceeds that of DM i.e.
feeu > 1.

below a somewhat arbitrarily chosen threshold of —50 or —100mK at z = 17, which was taken to be
the approximate mid-point of the absorption profile detected by EDGES. In their ‘standard model’,
which had no PBH heating, AT}, (z = 17) = —200mK. A PBH scenario that led to heating rates
that raise ATy, to values greater than —50 or —100 mK was deemed to be ruled out by the EDGES
data. But the data are richer than this. In general, the three main features in the observed profile
are its location, depth and width. If we use all available redshift points from the data, as we do in
this work, there are more features to exploit, e.g., the steepness of the rise and fall of the absorption
feature. Utilising all of this information is particularly advantageous for heating mechanisms that
evolve slowly, such as PBHs. This explains why the constraints from our analysis, shown in figure 6,
are tighter than those previously reported in the literature.

Other papers that have done a parameter study include references such as [27, 130, 131, 136, 161].
Our choice of parameters is more or less similar to those considered in refs. [27, 130, 131]. These
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Figure 9: A comparison of the heating rate due to PBH with that due to X-rays in our model.
The heating rate is expressed here in units of temperature as © = 2q - [3npkgH (z)]_l. The blue,
green and red solid lines shows HR heating for different combinations of Mppy and fppy. The slow
rise seen in Oyg is dominantly because of H(2) as guR heas remains constant (since f.(Fk,z) has a
weak dependence on z). The black solid line shows X-ray heating for log,, fx = 0.5. Because X-ray
emission traces halo formation, X-ray heating rises more sharply than PBH-induced heating.

authors study seven-parameter models with parameters f,, V¢, fx, Vmin, @, Te and Ry, that represent
the star formation efficiency, minimum virial circular velocity of star-forming haloes, X-ray heating
efficiency, low frequency cut-off of the X-ray SED, slope of X-ray SED, electron scattering optical
depth and mean-free path of ionizing photons, respectively. In this work, we did not treat f, as a free
parameter due to its degeneracy with f, and fx. The parameter V. is present in our analysis as Ty;,
for setting the minimum halo mass for star formation [112, 113]. The parameter fx is present in our
analysis as well. The other two parameters related to X-ray SED, vy, (quantified by energy, Ejy,
instead of frequency) and « (denoted by w in this work) are kept fixed here due to degeneracy with fx
in the case of vy, and weak dependence in the case of «, as discussed in section 2.2.3. The other two
parameters used in the literature, 7, and R.g,, are not present in our analysis as we exclusively study
the 21-cm signal at Cosmic Dawn, when the effects of reionization are absent. The parameter f, was
not present in previous papers. The advantage of f, is to scale up Ly a background without affecting
other physics. The minimum 7y;, also changes Ly a background but then it simultaneously affects
X-ray background also. The other extra parameter (grp is specific to the work that have considered
an excess radio (denoted by & and A, in ref. [26] and [27], respectively).
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While this choice of parameters may be conservative, it is justified to ask if other parametrizations
are possible. Because little is known about the astrophysics at these redshifts, particularly in the
presence of exotic processes such as PBH physics, a wide range of alternative parametrizations can be
potentially considered. This ‘model selection’ question is unfortunately out of the scope of this paper
due to the possible diversity of models. We leave its study for future work.

7 Conclusions

We inferred constraints on the abundance of uncharged non-rotating primordial black holes (PBHs),
assuming a monochromatic distribution in PBH masses, in the mass range ~ 10*°-10'" g using the
global 21-cm signal measured by EDGES. Our main conclusions are:

1. In the absence of X-ray heating, PBH evaporation is the only major heating mechanism in our
model. In this scenario, the EDGES measurement formally represents a detection of PBHs. For
a 10'5 g PBH we infer a best-fitting value of the fraction of dark matter that is in the form of
PBHs as log,, fren = —6.84 + 0.02. The fraction fppy changes as ~ Mp32 at higher PBH
masses (eq. 5.1 and figure 6). However, note that the best-fitting values in this scenario are ruled
out by Voyager, EGB and CMB measurements, thus favouring our model with X-ray heating.

2. When X-ray heating is present, we get only an upper bound on the fraction of DM in the form
of PBHs. But we find that the data favour this scenario because the X-ray heating rate evolves
much more rapidly than the heating rate induced by PBH evaporation. For a 10'° g PBH we
infer log,o fren < —9.73 (951 percentile). The fraction fppp changes as ~ M3g% towards

higher PBH masses (eq. 5.2 and figure 6).

3. Our constraints on fppy are the strongest yet for the PBH mass range of ~ 10'°-10'7g. An
important reason behind this is that we use the measured 21-cm signal values across the EDGES
band. This tightens the limits on PBH evaporation because PBH-induced heating rate evolves
very little across the redshift range covered by EDGES.

4. Our inferred values for the non-PBH astrophysical parameters are consistent with observations
as well as other analyses. The best-fitting normalisation of Lyman-a emissivity is 1, i.e. fo, =1
which also corresponds to our base model of Population II type stars. Similarly, we have fx =~ 3
in which our base model normalisation corresponds to Lx-SFR relation observed for high mass
X-ray binaries. The minimum virial temperature required for estimating star formation rate
density in Press-Schechter formalism is Ty, =~ 1.8 x 10* K, which is close to the atomic cooling
limit. Finally, we require an excess radio background quantified by (grp ~ 0.05, where (grp = 1
corresponds to the maximum observed by ARCADE 2/LWAI.

5. We also derived bounds on the curvature power spectrum at extremely small scales under the
assumption of a spherical gravitational collapse based on the Press-Schechter formalism. We get
an upper limit of Pr = 2.46 x 1072 at k = 10 Mpc~!, with a ~ k%2 scaling at other values
of k (eq. 5.9 and figure 8).

This work highlights the usefulness of the global 21-cm signal for probing exotic physical processes.
It also shows that global 21-cm measurements contain much more crucially useful information than
just the redshift of absorption. The large number of experiments currently underway to probe the
21-cm signal add to the promise of this type of study in future.
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A Tables of constraints

Tables 2 and 3 list the numerical values of our constraints on log,, frpu shown in figure 6. These
tables are also available in electronic format from the arXiv article web page.

Mass (g) logyo fPBH

1x10%  —6.84070:920
2 x 101 —5.84870013
3x 10" —5.20170 01

5x 10" —4.227H0 000
6 x 10"  —3.81575-01

0.015
7x 10 —3.466700;2

4x10%  —4.6727001

8x 10 —3.14170013
9x 10" —2.86610013
1x10'  —2.63470013
2x 10 —1.61970013
3x 1016 —1.17870015
4x10'  —0.82170(};
5% 106 —0.51370010
6 x 1016 —0.2137001)

7% 10" 4+0.08370 01

Table 2: Constraints on log;, fper when no X-ray heating is present. Since PBHs are the only
major heating process in this model, the EDGES measurement formally implies a detection. The
best-fitting (posterior median) value of log;, fpen and the associated 90% confidence limits are listed.
These constraints are shown graphically by the blue line in figure 6.
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Mass (g) log,q frBH

1x10% —9.729
2 x 10  —8.796
3x 10  —8.064
4 x10% 7567
5x 10  —7.108
6 x 10  —6.695
7x 10 —6.428
8 x 10  —6.185
9 x 10  —5.748
1x10%  —5548
2 x 101 —4.587
3x 10 —4.041
4 %10 —3.626
5x 106 —3.259
6 x 106 —2.905
7x 10  —2.706
8 x 106 —2.512
9x 106 —2.275
1x 10" —1.970
2 x 1017 —0.448
3 x 1017 +0.080

Table 3: Constraints on log;, frpeu in the presence of X-ray heating. Only an upper limit on
log,, fpeH is obtained in this model; we list the 95" percentile here. These constraints are shown
graphically by the red line and the shaded region in figure 6.
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