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The recent observations of the global 21-cm signal by EDGES and gravitational waves by LIGO/
VIRGO have revived interest in primordial black holes (PBHs). Motivated by these observations, many
previous works focused on PBHs with lifetimes larger than the present age of the Universe. The
influence of massive PBHs with MPBH ∼Oð102ÞM⊙ (taking into account radiation from gas accretion
onto PBHs) and less massive PBHs withMPBH ≳ 1015 g (taking into account Hawking radiation) on the
intergalactic medium (IGM) have been considered. Different from previous works, we investigate the
influence of PBHs on the evolution of the IGM for the mass range 6 × 1013 g≲MPBH ≲ 3 × 1014 g.
Since the lifetime of these PBHs is smaller than the present age of the Universe, they have evaporated by
the present day. Due to Hawking radiation, the heating effects of PBHs on the IGM can suppress the
absorption amplitude of the global 21-cm signal. In this work, by requiring that the differential
brightness temperature of the global 21-cm signal be in the redshift range of 10≲ z ≲ 30, i.e.,
δTb ≲ −100 mK, we obtain upper limits on the initial mass fraction of PBHs. We find that the strongest
upper limit is βPBH ∼ 2 × 10−30. Since the formation of PBHs is related to primordial curvature
perturbations, by using the constraints on the initial mass fraction of PBHs we obtain upper limits on the
power spectrum of primordial curvature perturbations for the scale range 8.0×1015≲k≲1.8×1016Mpc−1,
corresponding to the mass range considered here. We find that the strongest upper limit is
PRðkÞ ∼ 0.0046. By comparing with previous works, we find that for the mass range (or the scale
range) investigated in this work the global 21-cm signal or the 21-cm power spectrum should give the
strongest upper limits on the initial mass fraction of PBHs and on the power spectrum of primordial
curvature perturbations.
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I. INTRODUCTION

Primordial black holes (PBHs) can form in the early
epoch of the Universe if there are large density per-
turbations. Depending on their mass, PBHs can emit
different particles via Hawking radiation [1–4], which
then interact with other particles in the Universe.
The evolution of the intergalactic medium (IGM) is
changed due to these interactions, and these changes can
influence astrophysical observations, e.g., the global 21-cm
signal [5,6].
The Experiment to Detect the Global Epoch of

Reionization Signature (EDGES) has reported the obser-
vation of the global 21-cm signal, which shows an
absorption feature with an amplitude of T21 ∼ 500 mK
centered at redshift z ∼ 17 and is about a factor of 2 larger
than expected [7]. According to the theory, the global
21-cm signal is controlled by the evolution of the kinetic
temperature (Tk), the cosmic microwave background
(CMB) thermodynamic temperature (TCMB), and the spin

temperature (Ts). One way to explain the large amplitude
observed by the EDGES experiment is to require the IGM
to be cooler than expected, which could be caused by, e.g.,
the interactions between dark matter particles and baryons
[8]. Another way is to enhance the intensity of the radio
background at low frequencies, which can be satisfied by
possible radio sources [9,10]. In general, any additional
source (e.g., dark matter annihilation or decay) will heat the
IGM and increase the kinetic temperature [6,10–16]. In
order to be consistent with the observational results of the
EDGES experiment, the properties of the dark matter
particles should be constrained [6,10,17–21]. As mentioned
above, due to Hawking radiation the evolution of the IGM
can be influenced by PBHs, and therefore the mass fraction
of PBHs can be constrained by the global 21-cm signal
[5,6]. In Ref. [6], the authors focused on PBHs in the mass
range MPBH ≳ 1015 g and investigated their influence on
the evolution of the IGM. The lifetime of a PBH with a
massMPBH ≳ 1015 g is longer than the age of the Universe,

PHYSICAL REVIEW D 102, 083538 (2020)

2470-0010=2020=102(8)=083538(9) 083538-1 © 2020 American Physical Society

https://orcid.org/0000-0003-2289-3957
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.083538&domain=pdf&date_stamp=2020-10-27
https://doi.org/10.1103/PhysRevD.102.083538
https://doi.org/10.1103/PhysRevD.102.083538
https://doi.org/10.1103/PhysRevD.102.083538
https://doi.org/10.1103/PhysRevD.102.083538


and therefore these PBHs have not evaporated by the
present day. Taking into account the global 21-cm signal,
the authors of Ref. [6] found the upper limits on the present
mass fraction of PBHs depending on the masses of
PBHs, e.g., fPBH ∼ 10−9 forMPBH ∼ 1015 g. Different from
Ref. [6], here we focus on PBHs in the mass range
1013 g≲MPBH ≲ 1014 g, which have evaporated in the
redshift range 6≲ z≲ 1100. In Ref. [22] the authors
investigated the influence of PBHs on the evolution of
the IGM for a similar mass range and obtained upper limits
on the initial mass fraction of PBHs using the Planck 2015
data, e.g., βPBH ∼ 10−28 for MPBH ∼ 1014 g. For other
methods and more detailed discussions on the constraints
of initial mass fraction of PBHs see, e.g., Ref. [1] and
references therein.
PBHs can be used to investigate the relevant issues of the

early Universe. For example, the initial mass fraction of
PBHs is related to primordial curvature perturbations
[23,24]. A nearly scale-invariant spectrum of primordial
curvature perturbations has been predicted by many infla-
tion models [25]. The most robust constraints on the power
spectrum of primordial curvature perturbations, PRðkÞ, are
from the observations and studies of the CMB, Lyman-α
forest, and large-scale structure [26–28], and these con-
straints apply on scales 10−4 ≲ k≲ 1 Mpc−1 with a nearly
invariant value of PRðkÞ ∼ 10−9. Since PBHs originate
from the collapse of early density perturbations they can be
used to constrain primordial curvature perturbations.
The upper limits on PRðkÞ from research on PBHs apply
on for scales k≲ 1020 Mpc−1 and are about ∼7 orders of
magnitude weaker than that from the CMB, Lyman-α
forest, and large-scale structure [23,29,30]. For scales in
the range 5≲ k≲ 108 Mpc−1, the upper limits on PRðkÞ
can be obtained from studies on ultracompact dark
matter minihalos, and these limits are about ∼3 orders
of magnitude stronger than that from PBHs [31–36]. In
Ref. [37], taking into account the Silk damping effects in
the early Universe, the authors found an upper limit of
PRðkÞ ∼ 0.06 for the scale range 104 ≲ k≲ 105 Mpc−1.
Utilizing the Planck 2015 data, the authors of
Ref. [22] obtained upper limits on PRðkÞ for the scale
range 8.9 × 105 ≲ k≲ 2.8 × 1016 Mpc−1. In this work,
using the upper limits on the initial mass fraction
of PBHs obtained from the global 21-cm signal, we
obtain upper limits on PRðkÞ for the scale range
8.0 × 1015 ≲ k≲ 1.8 × 1016 Mpc−1.
This paper is organized as follows. In Sec. II we discuss

the basic properties of PBHs and their effects on the
evolution of the IGM due to Hawking radiation. The
influence of PBHs on the global 21-cm signal are inves-
tigated in Sec. III. We obtain upper limits on the initial mass
fraction of PBHs and the power spectrum of the primordial
curvature perturbations in Sec. IV. The conclusions and
discussions are given in Sec. V.

II. THE INFLUENCE OF PBHs ON THE
EVOLUTION OF THE IGM

A. The basic properties of PBHs

In this section we briefly review the basic properties
of PBHs. For more detailed discussions see, e.g.,
Refs. [1–4,29,38] and references therein.
In the early epoch of the Universe, PBHs can form if

there are large density perturbations. The needed amplitude
of large density perturbations is generally of δρ=ρ≳ 0.3
[39]. According to the theory, a PBH can radiate thermally
with temperature [1–4,23]

TPBH ¼ 1

8πGMPBH
≈
�
MPBH

103 g

�−1
GeV: ð1Þ

The mass of a PBH changes with time due to Hawking
radiation. The mass-loss rate of a black hole can be
expressed as [23]

dMBH

dt
¼ −5.34 × 1025fðMBHÞ

�
MBH

g

�
g s−1; ð2Þ

where fðMBHÞmeasures the number of particle species that
are emitted directly. fðMBHÞ can be calculated exactly [1]
and in this work we use the fitted formula used in, e.g.,
Ref. [40],

fðMBHÞ ¼ 1.569þ 0.569e
−0.0234
TBH þ 3.414e

−0.066
TBH

þ 1.707e
−0.11
TBH þ 0.569e

−0.394
TBH

þ 1.707e
−0.413
TBH þ 1.707e

−1.17
TBH

þ 1.707e
−22
TBH þ 0.963e

−0.1
TBH ; ð3Þ

where TBH is determined by Eq. (1). For the mass range
considered here, fðMPBHÞ is in the range 2.5≲ fðMBHÞ≲
6.1, corresponding to the temperature range 33 MeV≲
TPBH ≲ 167 MeV. For this range, pions, muons, quarks
(up, down, and strange), and gluons will be emitted [29,41],
and hadrons will be produced after the emission of quarks
and gluons through the process of fragmentation. In this
work, we will investigate the influence of PBHs on the
evolution of the IGM. Based on previous works, it has been
found that the main influence of PBHs on the IGM is due to
electrons, positrons, and photons [5,12]. Therefore, follow-
ing previous works, we consider electrons, positrons, and
photons that are emitted directly by PBHs or produced
indirectly through the decay of, e.g., muons, pions, and
other hadrons [1,5,6,41].
The lifetime of a PBH with a fixed mass, τPBH, can be

obtained by integrating Eq. (2). One good approximation of
the lifetime can be written as [23]
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τPBH ≈ 3 × 1014
�
MPBH

1014 g

�
3

fðMPBHÞ−1 s: ð4Þ

According to Eq. (4), the lifetime of a PBH with mass
MPBH ∼ 5 × 1014 g is equal to the age of the Universe, t ∼
13.7 Gyr [42]. Therefore, for masses MPBH < 5 × 1014 g,
PBHs have evaporated by the present day. The final stages
of PBHs, e.g., a stable Planck mass relic or a connection to
extra dimensions, have been discussed in previous works
[43–45]. Following Ref. [5], in this work we assume that
the Hawking evaporation stops at the final stages.

B. The evolution of the IGM including PBHs

The particles emitted from PBHs interact those that
exist in the Universe. Due to these interactions, the
evolution of the IGM is changed. The main influence of
the interactions on the IGM are heating, ionization, and
excitation [6,10–13,22,46]. For our purposes, the ionization
fraction (xe) and the temperature of the IGM (Tk) are
mainly used to study the evolution of the IGM. The
evolutions of xe and Tk with the redshift can be written
as [11–13,22]

ð1þ zÞ dxe
dz

¼ 1

HðzÞ ½RsðzÞ − IsðzÞ − IaddðzÞ�; ð5Þ

ð1þ zÞ dTk

dz
¼ 8σTaRT4

CMB

3mecHðzÞ
xe

1þ fHe þ xe
ðTk − TCMBÞ

−
2

3kBHðzÞ
Kadd

1þ fHe þ xe
þ Tk; ð6Þ

where RsðzÞ is the recombination rate and IsðzÞ is the
ionization rate caused by the standard sources. Iadd and
Kadd are the ionization rate and heating rate caused by the
additional sources. For our purposes, Iadd and Kadd are
caused by PBHs, i.e., Iadd ≡ IPBH and Kadd ≡ KPBH, and
they can be written as [6,11–13,22]

IPBH ¼ χif
1

nb

1

E0

×
dE
dVdt

����
PBH

; ð7Þ

KPBH ¼ χhf
1

nb
×

dE
dVdt

����
PBH

: ð8Þ

The energy injection rate per unit volume due to PBHs
can be written as

dE
dVdt

����
PBH

¼ 1

MPBH

dMPBH

dt
nPBHðzÞ; ð9Þ

where nPBHðzÞ is the number density of PBHs at redshift z.
The initial mass fraction of PBHs βPBH can be written
as [23]

βPBH ≡ ρiPBH
ρicrit

¼ ρeqPBH
ρeqcrit

�
ai
aeq

�
; ð10Þ

where a ¼ 1=ð1þ zÞ is the scale factor, and ρiPBH (ρeqPBH)
and ρicrit (ρ

eq
crit) are the mass density of PBHs and the critical

density of the Universe at the time of PBH formation
(matter-radiation equality), respectively. The scale factor is
related to the horizon mass MH as [23]

ai
aeq

¼
�
geq⋆
gi⋆

�
1=12

�
MH

Meq
H

�
1=2

; ð11Þ

where geq⋆ ≈ 3 and gi⋆ ≈ 100 are the total number of
effectively massless degrees of freedom at the epoch of
matter-radiation equality and PBH formation, respectively.
With the above equations, the number density of PBHs can
be rewritten as1

nPBHðzÞ ¼ βPBH

�
1þ z
1þ zeq

�
3 ρeqcrit
Mi

PBH

�
gi⋆
geq⋆

� 1
12

�
Meq

H

MH

�1
2

¼ 1.46 × 10−4βPBHð1þ zÞ3
�
Mi

PBH

g

�−3=2
; ð12Þ

where Mi
PBH is the mass of PBH at the formation time

and we have used the relations and values Meq
H ¼

1.3×1049ðΩmh2Þ−2 g, Mi
PBH¼fMMH with fM¼ð1=3Þ3=2,

ρcrit ¼ 1.88 × 10−29 h2 g cm−3, and zeq ¼ 3403 [23,42].
In Eqs. (7) and (8) the factor f stands for the energy

fraction injected into the IGM due to Hawking radiation
and it is a function of redshift [14,16,47–49]. In general, the
energy that can be injected into the IGM is mainly caused
by electrons and photons [5,12]. χiðhÞ are the fractions of
the energy deposited into the IGM for ionization (heating)
[5,11–13,49]. According to theories on structure formation,
the first stars were able to form once the redshift z ∼ 30.
These stars became the main sources for ionization, and in
this work we adopt the model used in Refs. [10,47]. We
have modified the public code RECFAST in CAMB2 to
include the influence of PBHs. The evolutions of xe and Tk
are shown in Fig. 1. For this figure, we have set the initial
mass fraction of PBHs as βPBH ¼ 10−29. Due to the
influence of PBHs, in general, xe and Tk are larger than
that for the case with no PBHs, which can be seen clearly in
Fig. 1, especially after the redshift z ∼ 600. The details of
the evolutions of xe and Tk are different depending on the
mass of PBHs. Since we have assumed that PBHs stop
evaporating at the final stage, there are inflections in Fig. 1.
For the mass range 0.6 × 1014 g≲MPBH ≲ 1014 g,

PBHs evaporate in the redshift range 30≲ z≲ 300. xe

1Here we assume a monochromatic mass fraction for PBHs,
and we will investigate the extended mass spectrum for PBHs in
detail in future work.

2https://camb.info/.
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and Tk reach their largest values at the redshift z0 (inflec-
tions in Fig. 1) corresponding to the lifetime of PBHs. After
the redshift z0, the evolutions of xe and Tk tend to follow the
cases without PBHs. Similar evolutions can be found for
the mass range 1014 g≲MPBH ≲ 3 × 1014 g, in which
PBHs evaporate in the redshift range 6≲ z≲ 30.

III. THE INFLUENCE OF PBHs ON THE
GLOBAL 21-CM SIGNAL

In the early epoch, the Universe is in the ionized phase
and the temperature of the IGM is very high. With the
expansion of the Universe, the temperature decreases and
hydrogen atoms form due to the combination of protons
and electrons at redshift z ∼ 1100. The 21-cm line is related
to the transition between the triplet and singlet levels of the
ground state of the hydrogen atom. The transition energy
between the two levels is E ¼ 5.9 × 10−6 eV, correspond-
ing to a photon wavelength λ ¼ 21 cm. The spin temper-
ature Ts, which is used to describe the transition, is defined
as [50,51]

n1
n0

¼ 3 exp

�
−
T⋆
Ts

�
; ð13Þ

where n0 and n1 are the number densities of hydrogen
atoms in triplet and singlet states, and T⋆ ¼ 0.068 K is the
temperature corresponding to the transition energy. The spin
temperature Ts is mainly effected by (i) background pho-
tons, (ii) collisions between hydrogen atoms and other
particles, and (iii) resonant scattering of Lyα photons (called
the Wouthuysen-Field effect) [50,51]. Considering the
cosmic microwave background as the main part of the
background photons, the spin temperature can be written
as [47,48]

Ts ¼
TCMB þ ðyα þ ycÞTk

1þ yα þ yc
; ð14Þ

where yα corresponds to the Wouthuysen-Field effect and
we adopt the form used in, e.g., Refs. [22,47,52],

yα ¼
P10T⋆
A10Tk

e−0.3×ð1þzÞ0.5T−2=3
k ð1þ0.4

Tk
Þ−1 ; ð15Þ

where A10 ¼ 2.85 × 10−15 s−1 is the Einstein coefficient of
the hyperfine spontaneous transition. P10 is the deexcitation
rate of the hyperfine triplet state due to Lyα scattering
[50,51]. yc corresponds to the collisions between hydrogen
atoms and other particles [10,47,52–54],

yc ¼
ðCHH þ CeH þ CpHÞT⋆

A10Tk
; ð16Þ

where CHH;eH;pH are the deexcitation rates and we adopt the
forms used in Refs. [10,52–54].
In general, the differential brightness temperature δTb is

used to describe the global 21-cm signal, which can be
written as [10,48,55]

δTb ¼ 26ð1 − xeÞ
�
Ωbh
0.02

��
1þ z
10

0.3
Ωm

�1
2

×

�
1 − TCMB

Ts

�
mK: ð17Þ

Using the above equations, in Fig. 2 we display the
evolutions of δTb in the redshift range 10≲ z≲ 300 for
different PBH masses. For comparison, the case with no
PBHs is also shown (thin black solid line). From Fig. 2, it

FIG. 1. The evolutions of xe and Tk for different PBH masses:
MPBH ¼ 0.60 × 1014 g (red solid line), 1.00 × 1014 g (green
dotted line), and 1.68 × 1014 g (black dot-dashed line). Here
we have set the initial mass fraction of PBHs as βPBH ¼ 10−29.
For comparison, we also plot the evolutions of xe and Tk for the
case with no PBHs (thin black solid line).

FIG. 2. The evolutions of the differential brightness temper-
ature δTb in the redshift range 10≲ z ≲ 300 for different PBH
masses of: MPBH ¼ 0.60 × 1014 g (red solid line), 1.00 × 1014 g
(green dotted line), and 1.68 × 1014 g (black dot-dashed line).
Here we have set the initial mass fraction of PBHs as
βPBH ¼ 10−29. For comparison, we also plot the evolution of
δTb for the case with no PBHs (thin black solid line).
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can be seen that due to the influence of PBHs the
absorption amplitude of the global 21-cm signal is sup-
pressed, which is mainly caused by the heating effects of
PBHs on the IGM. Similar results can also be found in, e.g.,
Refs. [5,6,10,47]. Depending on the different PBH masses,
the global 21-cm signal exhibits different features and there
are also inflections in the plots. For lower mass, e.g.,
MPBH ¼ 0.6 × 1014 g (red solid line), PBHs evaporate at
the redshift z ∼ 200. For the redshifts z≲ 200, the evolu-
tions of xe and Tk (Fig. 1) tend to follow the case with no
PBHs but are still larger than that case (thin black solid
line). As a result, the amplitude of δTb becomes smaller
than that for the case with no PBHs. For larger mass,
e.g., MPBH ¼ 1.68 × 1014 g (black dot-dashed line), PBHs
evaporate in the redshift range 10≲ z≲ 30. For this case,
the absorption amplitude of the global 21-cm signal is
strongly suppressed, and the absorption trough tends to
become an emission peak. As shown in Fig. 2, there are two
absorption features in the global 21-cm signal. One is in the
redshift range 30≲ z≲ 300 and another one appears in the
redshift range 10≲ z≲ 30. For the mass range considered
here, PBHs have effects on the global 21-cm signal in both
redshift ranges. Specifically, the main effects are in the
higher (lower) redshift range for the smaller (larger) PBHs
depending on their lifetime. For our purposes, inspired by
the observational results of the EDGES experiment, we
have focused on the redshift range 10≲ z≲ 30. As shown
in Fig. 2, for this redshift range larger PBHs have stronger
effects on the global 21-cm signal compared with that in the
redshift range 30≲ z≲ 300. For the plots, we have set the
initial mass fraction of PBHs as βPBH ¼ 10−29, and PBHs
with larger initial mass fractions (fixed mass) should have
stronger effects on the global 21-cm signal. Therefore, in
view of the observational results of the EDGES experiment,
the initial mass fraction of PBHs should have upper
bounds, and this issue will be discussed in the following
section.

IV. CONSTRAINTS ON PBHs AND CURVATURE
PERTURBATIONS

A. Constraints on the initial mass fraction of PBHs

As the discussed above, PBHs with different masses
have a different significant influence on the global 21-cm
signal. As shown in Fig. 2, the main influence is a
suppression of the amplitude of the absorption trough.
Moreover, the absorption trough could disappear or
become an emission peak due to the effects of PBHs with
large initial mass fractions. Therefore, the global 21-cm
signal can be used to investigate the abundance of PBHs.
Recently, the global 21-cm signal with a large absorption
trough was observed by the EDGES experiment at the
redshift z ∼ 17. Following previous works [6,17], we obtain
upper limits on the initial mass fraction of PBHs, βPBH, by
requiring the differential brightness temperature of the

global 21-cm signal to be δTb ≲ −100 mK. In Fig. 3 we
display the upper limits on βPBH for the mass range 6×
1013 g≲MPBH≲3×1014 g (red solid line). From this plot, it
can be seen that the strongest upper limit on the initial mass
fraction of PBHs is βPBH ∼ 2 × 10−30. Because we have
considered the effects of PBHs on the global 21-cm signal
in the redshift range 10≲ z≲ 30, the strongest upper limit
appears for larger masses (longer lifetime) in the mass
range considered here.
In Ref. [5], using the expected 21-cm power spectrum

observed bySKA, the authors obtained potential upper limits
on βPBH and the strongest upper limit is βPBH ∼ 2 × 1031,
which is also displayed in Fig. 3 (black dashed-dotted line).
Different from this work, the authors of Ref. [5] focused on
the influence of PBHs on the 21-cm signal in the redshift
range 30≲ z≲ 300. Therefore, as shown in Fig. 3, for the
mass range considered here the constraints on βPBH are
stronger for smaller masses (shorter lifetime) than those for
larger masses (longer lifetime).
The influence of PBHs on the IGM can also effect the

anisotropy of the CMB. Therefore, CMB observations
can also be used to investigate the initial mass fraction
of PBHs. Utilizing the Planck 2015 data, the authors of
Ref. [22] obtained upper limits on βPBH for the mass range
2.8 × 1013 g≲MPBH ≲ 2.5 × 1014 g, and they found that
the strongest limit is βPBH ∼ 4 × 10−29 (black dotted line in
Fig. 3). Since the constraints on βPBH from the CMB data
are mainly from the high redshift range, the strongest upper
limit on βPBH appears for smaller masses,3 which can be

FIG. 3. Constraints on the initial mass fraction of PBHs, βPBH,
by requiring the differential brightness temperature of the global
21-cm signal to be in the redshift range 10≲ z≲ 30 as δTb ≲−100 mK (red solid line). For comparison, the upper limits from
the Planck 2015 data [22] (black dotted line) and the potential 21-
cm power spectrum [5] (black dashed-dotted line) are also shown.

3PBHs with smaller masses evaporate before recombination
(z ∼ 1000). Therefore, as shown in Fig. 3, there is a cut on the
masses of PBHs.
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seen in Fig. 3 and is similar to that of the 21-cm power
spectrum.
PBHs with masses MPBH ≲ 6 × 1013 g evaporate before

recombination. Therefore, for this mass range the con-
straints on the initial mass fraction of PBHs are mainly
from big bang nucleosynthesis and CMB distortions [1,40],
and the strongest upper limit is about βPBH ∼ 10−24. For
large masses MPBH ≳ 6 × 1015 g, the constraints on βPBH
are mainly from the lensing effect [1]. The radiation from
the accretion onto PBHs can also affect the evolution of the
IGM, and the CMB data can also be used to obtain upper
limits on βPBH [56–59]. The recent observations of gravi-
tational waves provide an important way to constrain the
initial mass fraction of PBHs for MPBH ∼Oð102ÞM⊙
[60,61]. For other methods and more detailed discussions
about the constraints on the initial mass fraction of PBHs
see, e.g., Refs. [1,23,62–74] and references therein.
As discussed above, the upper limits of the initial mass

fraction of PBHs are different for the different astrophysical
observations. Since the main influence of PBHs on the
CMB are on the higher redshifts, the upper limit on the
initial mass fraction of PBHs with lower mass (shorter
lifetime) is stronger than that of PBHs with larger mass.
Compared with the smaller mass, as shown in Fig. 2, PBHs
with larger mass have a significant influence on the global
21-cm signal observed by the EDGES experiment at
redshift z ∼ 17. Therefore, different from the constraints
from the CMB, the upper limit on the initial mass fraction
of PBHs with a larger mass (longer lifetime) is stronger
than that of PBHs with smaller mass. In particular, PBHs
with mass MPBH ≲ 1013.8 g evaporate at redshift z > 30.
Therefore, the observational results of the EDGES experi-
ment cannot give stringent upper limits on the initial mass
fraction of PBHs. On the other hand, since the lifetime of
PBHs with massMPBH ≳ 1014.4 g is larger than the present
age of the Universe, the observational results of the EDGES
experiment also cannot give stringent upper limits on the
initial mass fraction of PBHs. From Fig. 3, it can be seen
that the strongest upper limits correspond to the intermedi-
ate mass range, in which PBHs evaporate in the redshift
range 10≲ z≲ 30.
Moreover, for the mass range 6 × 1013 g≲MPBH ≲

3 × 1014 g, comparing with other constraints, the strongest
upper limit on the initial mass fraction of PBHs comes from
the observations of the global 21-cm signal or the future
21-cm power spectrum. In this mass range, constraints
can also be obtained through studies of the extragalactic
photon background, extragalactic antiprotons, and neutri-
nos [1,29], but the constraints are weaker than the 21-cm
constraints [1,5].

B. Constraints on primordial
curvature perturbations

PBHs can form via the collapse of the large density
perturbations present in the early epoch of the Universe.

The density perturbations can be Gaussian or non-Gaussian
[75]. In this work, we have considered Gaussian perturba-
tions, and in this case (in light of the Press-Schechter theory
[76]) the initial mass fraction βPBH can be written as [23]

βPBH ¼ 2MPBH

MH

Z
1

δc

pðδHðRÞÞdδHðRÞ; ð18Þ

where MPBH ¼ fMMH, MH is the horizon mass at the
formation time of PBHs and fM is the fraction of the
horizon mass that collapses into PBHs. δc ¼ δρ=ρ is
the critical value of the density perturbation that can
form PBHs, and here we set δc ¼ 1=3 [38]. δHðRÞ is the
smoothed density contrast at horizon crossing with
R ¼ ðaHÞ−1. pðδHðRÞÞ is the probability distribution of
the smoothed density contrast. For the Gaussian perturba-
tions, pðδHðRÞÞ can be written as

pðδcðRÞÞ ¼
1ffiffiffiffiffiffi

2π
p

δHðRÞ
exp

�
−

δ2HðRÞ
2σ2HðRÞ

�
; ð19Þ

where σHðRÞ is the mass variance in the form of

σ2ðRÞ ¼
Z

∞

0

W2ðkRÞPδðkÞ
dk
k
; ð20Þ

where WðkRÞ is the Fourier transform of the window
function. PδðkÞ is the power spectrum of the primordial
density perturbations, and it is related to the power spectrum
of primordial curvature perturbations PRðkÞ as [23]

PδðkÞ ¼
16

3

�
k
aH

�
2

j21ðk=
ffiffiffi
3

p
aHÞPRðkÞ; ð21Þ

where j1 is a spherical Bessel function. Different
inflation models predict different forms of PRðkÞ. For the
general slow-roll inflation models, PRðkÞ can be written
as [23,77,78]

PRðkÞ ¼ PRðk0Þ
�
k
k0

�
nðk0Þ−1

: ð22Þ

We use this form for our calculations; for more detailed
discussions see, e.g., Refs. [23,32,33].
Using the above equations and the constraints on

the initial mass fraction of PBHs, in Fig. 4 we display
the upper limits on the power spectrum of primordial
curvature perturbations for the scale range 8.0 × 1015 ≲
k≲ 1.8 × 1016, corresponding to the mass range consid-
ered here. The strongest upper limit is PRðkÞ ∼ 0.0046. For
comparison, in Fig. 4 we also display the constraints from
the Planck 2015 and 21-cm power spectra, corresponding
to the constraints on βPBH shown in Fig. 3. Similar to the
discussions about the constraints on βPBH in the previous
section, for the scale range considered here, since we have
focused on the effects of PBHs on the IGM in the redshift
range 10≲ z≲ 30, the strongest upper limit appears at the
smaller value of k∼1.1×10−6Mpc−1 with PRðkÞ∼0.0046,
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corresponding to a larger PBH mass. For the potential
constraints from the 21-cm power spectrum, since the
authors focused on the redshift range 30≲ z≲ 300,
the strongest upper limit appears at the larger value of
k ∼ 1.7 × 10−6 Mpc−1 with PRðkÞ ∼ 0.0044, which corre-
sponds to a smaller PBH mass. The constraints on PRðkÞ
from the CMB are mainly from higher redshifts, and the
strongest upper limit appears at the larger value of k ∼
2.8 × 10−6 Mpc−1 with PRðkÞ ∼ 0.0048, corresponding to
a smaller PBH mass.

V. CONCLUSIONS

We have investigated the influence of PBHs on the IGM
due to Hawking radiation for the mass range 6 × 1013 g≲
MPBH ≲ 3 × 1014 g. Particles emitted by PBHs interact
with those that exist in the Universe. Due to these
interactions, the degree of ionization and the temperature
of the IGM are enhanced after a redshift z ∼ 1100. The
changes of the evolution of the IGM have an influence on
astrophysical observations such as the global 21-cm signal.
Inspired by the recent observations of the global 21-cm
signal in the redshift range 10≲ z≲ 30 by EDGES, we
have investigated the effects of PBHs on the global 21-cm
signal. We have found that the main effect is to suppress the
absorption amplitude of the global 21-cm signal, which is
consistent with previous works. By requiring that the
differential brightness temperature of the global 21-cm
signal be δTb≲−100mK, we obtained upper limits on the
initial mass fraction of PBHs depending on their mass. The
strongest upper limit is βPBH ∼ 2 × 10−30. For the mass
range of PBHs considered here, the constraints on βPBH can
also be obtained using the CMB data, the extragalactic

photon background and the potential 21-cm power spec-
trum. By comparing these constraints, we found that for the
mass range of PBHs considered here the global 21-cm
signal or the 21-cm power spectrum could give the
strongest upper limit. Since the formation of PBHs is
related to primordial curvature perturbations, using the
constraints on the initial mass fraction of PBHs we obtained
upper limits on the power spectrum of primordial curvature
perturbations for the scale range 8.0 × 1015 ≲ k≲
1.8 × 1016 Mpc−1, corresponding to the mass range of
PBHs considered here. The strongest upper limit isPRðkÞ∼
0.0046.
Previous works (e.g., Ref. [6]) also investigated the

limits on PBHs by requiring δTb ≲−50 mK. The con-
straints on the abundance of PBHs are about a factor of 3
weaker for δTb ≲ −50 mK than that of δTb ≲ −100 mK.
These differences should have a slight influence on the
constraints of primordial curvature perturbations. In this
work, inspired by the observational results of EDGES, we
focused on the global 21-cm signal in the redshift range
10≲ z≲ 30. As shown in Fig. 2, there are also global
21-cm signals in the redshift range 30≲ z≲ 300, and
observing these global 21-cm signals is very difficult.
Future experiments that could be run, e.g., on the Moon
would detect these global 21-cm signals [79]. As discussed
in the above sections and motivated by the work of Ref. [5],
the expected 21-cm power spectrum in the redshift range
10≲ z≲ 30 should give stronger upper limits on βPBH or
PRðkÞ than that of global 21-cm signals. For the redshift
range considered here, the global 21-cm signal can also be
influenced significantly by other astrophysical factors, such
as the star formation efficiency, the collapse fraction of the
halos, and so on [50,51,80]. Wewill investigate these issues
in future work.
In summary, we investigated the influence of PBHs on

the global 21-cm signal at the redshift z ∼ 17 due to
Hawking radiation. Compared with previous works, the
new features of this work are as follows:
(1) We extended the mass range of PBHs to

6×1013 g≲MPBH≲3×1014 g. PBHs with masses
in this range evaporate in the redshift range
10≲ z≲ 30, and they are expected to have signifi-
cant effects on the global 21-cm signal depending on
their initial mass fraction βPBH. Inspired by the
observational results of the EDGES experiment,
by requiring the differential brightness temperature
of the global 21-cm signal to be δTb ≲ −100 mK,
we have found that the strongest upper limit of the
initial mass fraction of PBHs is βPBH ∼ 2 × 10−30,
and as far as we know this is currently the strongest
upper limit for the mass range considered here.4

FIG. 4. Constraints on the power spectrum of primordial
curvature perturbations, PRðkÞ, by requiring the differential
brightness temperature of the global 21-cm signal to be in the
redshift range 10≲ z ≲ 30 as δTb ≲ −100 mK (red solid line).
For comparison, the constraints from the Planck 2015 data [22]
(black dotted line) and the potential 21-cm power spectrum [5]
(black dashed-dotted line) are also shown.

4As shown in Fig. 3, the upper limits from the future expected
observations of the power spectrum of the 21-cm signals could be
stronger.
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(2) Based on the constraints on the initial mass faction of
PBHs, we obtained upper limits on the power spec-
trum of primordial curvature perturbations for the
scale range 8.0 × 1015 ≲ k≲ 1.8 × 1016 Mpc−1. The
strongest upper limit is PRðkÞ ∼ 0.0046, and this
(as far as we know) is currently the best upper limit.

(3) For the mass range considered in this work, and after
comparing with other works, we found that the
observations and studies on the global 21-cm signal
or the power spectrum of the 21-cm signals could
give the strongest upper limits on the initial mass
fraction of PBHs and the power spectrum of pri-
mordial curvature perturbations. Moreover, since the

astrophysical influence on the 21-cm signals are
very weak in the redshift range 30≲ z≲ 300, future
observations of the 21-cm signals in this redshift
range (e.g., experiments on the Moon) are very
useful for the researches on PBHs.
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