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We consider the dark-matter (DM) scenarios consisting of the mixture of weakly interacting massive
particles (WIMPs) and primordial black holes (PBHs) and study what fraction of the total DM can be
PBHs. In such scenarios, PBHs can accrete the WIMPs and consequently enhance the heating and
ionization in the intergalactic medium due to WIMP annihilations. We demonstrate that the CMB data can
give stringent bounds on the allowed PBH fraction which are comparable to or even tighter than those from
the gamma-ray data depending on the DM masses. For instance, the Markov-chain Monte Carlo likelihood
analysis using the Planck CMB data leads to a bound on the PBH DM fraction with respect to the total dark
matter fPBH ≲Oð10−10 ∼ 10−8Þ for the WIMP mass mχ ∼Oð10 ∼ 103Þ GeV with the conventional DM
annihilation cross section hσvi ¼ 3 × 10−26 cm3=s. We also investigate the feasibility of the global 21-cm
signal measurement to provide stringent constraints on the PBH fraction.
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I. INTRODUCTION

There have been revived interests in the primordial black
hole (PBH) dark-matter scenarios since the LIGO/Virgo
detection of black-hole mergers [1,2]. While the parameter
space for PBHs to account for the total dark-matter
component has been narrowed by many other complemen-
tary observation data such as those from gravitational
lensing, the PBH can well be a partial dark-matter compo-
nent [3–5]. For the dark-matter (DM) candidate accounting
for the rest of the dark matter in the presence of such PBH
partial dark matter, the widely discussed weakly interacting
massive particles (WIMPs) can be an intriguing possibility.
Such WIMP-PBH mixed dark-matter scenarios lead to
ultracompact minihalos (UCMHs) around the PBHs (so-
called “dressed PBHs”), and one can expect enhanced DM
annihilation from those steep DM profiles around the
PBHs. In the previous literature, many used gamma-ray
data such as those from the Fermi Large Area Telescope
(LAT) and pointed out the incompatibility of the coexist-
ence of WIMPs and PBHs due to the current nonobserva-
tion of enhanced gamma-ray emission from those UCMHs
[6–22]. We note that the PBHs were produced in the
radiation-dominated epoch, and the dark matter could be
gravitationally bound to PBHs to form the UCMHs around
them by the CMB epoch z ∼ 103 [3–7,12,23]. One can then
expect the inevitable effects of the energy injection from the
DM annihilation on the CMB observables. The radiation
emitted by the gas falling onto the PBHs and its effects on
the CMB (temperature/polarization anisotropy and spectral
distortions) have been actively discussed so far [24–27], but

the DM annihilation effects on the CMB in the presence of
the dressed PBHs have been less explored [3–5]. For
instance, a pioneering work [23] studied how the x rays
emitted by gas accretion onto PBHs can modify the CMB
observables by including the effects of the DM accumu-
lation around the PBHs on the gas accretion rate, but the
DM annihilation was not considered in their Markov-chain
Monte Carlo (MCMC) likelihood analysis (see, e.g.,
Refs. [3–5,17,24,25,27,28] for more recent relevant works).
We in this paper assume the Majorana DM particles which
can self-annihilate (a typical example is theWIMP), and we
perform the MCMC likelihood analysis on the PBH
abundance by studying how the energy injection by the
DM annihilation from the dressed PBHs can affect the
CMB observables due to the change in the thermal and
ionization history of the Universe. Our CMB bounds
on the allowed PBH fraction can give comparable or better
bounds than those from gamma-ray observations depend-
ing on the DM mass. For instance, our MCMC analysis
shows that the CMB bounds on the PBH fraction fPBH
(with respect to the total DM) are fPBH ≲ 3 × 10−10,
7 × 10−9, and 3 × 10−8 for mχ ¼ 10 GeV, 100 GeV, and
1 TeV, respectively, assuming the s-wave annihilation into
bb̄ with hσvi ¼ 3 × 10−26 cm3=s (to be compared with the
corresponding Fermi gamma-ray data bounds fPBH ≲ 10−9,
2 × 10−9, and 4 × 10−9 [12,19]). In addition to the CMB
bounds using the Planck data, we also present a brief
discussion on the 21-cm constraints using the EDGES
result, which is also affected by the energy injection from
DM annihilation [29].
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The paper is organized as follows. Section II reviews the
energy injection rate due to the DM annihilation from the
steep DM profile around a PBH. Section III discusses how
such energy injection from DM annihilation can affect the
thermal evolution of the intergalactic medium and performs
the MCMC likelihood analysis using the Planck data
leading to the stringent bounds on the allowed PBH fraction
in the presence of WIMPs. We also discuss how the
global 21-cm signals can be affected in the mixed PBH-
WIMP dark-matter scenarios. Section IV is devoted to the
conclusion.

II. WIMP ANNIHILATION FROM DM HALO
AROUND PBHs

A. Dark-matter halo profile

In the mixed-DM scenarios consisting of PBHs and
WIMPs, PBHs can gravitationally bound nonrelativistic
WIMP DM particles soon after their formation and, as a
result, dress a halo of WIMPs whose density profile is a
spike type. Here we construct the model of the DM halo
around a PBH following Ref. [12].
During the radiation-dominated epoch, the turnaround

scale at a redshift z, where the gravitational attraction from
a PBH decouples a DMmass shell from the Hubble flow, is
obtained numerically [12],

rtaðzÞ ≈ ð2GMPBHt2Þ1=3; ð1Þ

where t is a time corresponding to a redshift z.
We simply assume that, when the dark-matter particles

decouple from the Hubble flow, the DM density of each
mass shell matches the background density at its turn-
around time. This simple assumption provides the steep
density profile around a PBH, and the density profile at the
redshift of matter-radiation equality, zeq, is

ρðrÞ ¼ ρ̄DMðzeqÞ
�

r
rtaðzeqÞ

�
−9=4

for r < rtaðzeqÞ; ð2Þ

where we assume that the DM fraction of the WIMP is
almost unity, fχ ≈ 1, and ρ̄DMðzÞ is the background DM
density at a redshift z. After the time of matter-radiation
equality, the dark-matter halo can grow by the secondary
infalling into the halo in Eq. (2) [30]. Even in this stage, it is
confirmed that the profile shape in Eq. (2) is not disrupted,
and the infalling matter creates the Navarro–Frenk–White
(NFW) profile at large radii [12]. Therefore, we assume that
the density profile in Eq. (2) is valid even at z < zeq.
The WIMP can annihilate away, in particular, in the

central region of a halo because of its high density and
soften the density cusp. The maximum possible WIMP
density in the halos is evaluated as [31]

ρmaxðzÞ ≈
mχ

hσvit : ð3Þ

This maximum density gives the flat DM density inner
region of a halo extending to rcut, where the power-law
profile starts. Considering the profile in Eq. (2), we obtain

rcutðzÞ ¼
�

ρmaxðzÞ
ρ̄DMðzeqÞ

�
−4=9

rtaðzeqÞ: ð4Þ

We can hence model the dark-matter density profile around
a PBH at a redshift z as

ρðz;rÞ¼
�
ρmaxðzÞ for r<rcutðzÞ;
ρmaxðzÞðr=rcutðzÞÞ−9=4 for rcutðzÞ≤ r<rtaðzeqÞ:

ð5Þ
We focus on the scenarios where the DM kinetic energy

is negligible compared with the potential energy around a
PBH, for which the above profile ρðrÞ ∝ r−9=4 is numeri-
cally verified [12,28]. One can neglect the DM kinetic
energy when the potential energy dominates, at least, at
rcutðzeqÞ, satisfying [12]

Ek

Ep
¼

�
TKD

mχ

��
tKD
teq

��
ρmaxðzeqÞ
ρ̄DMðzeqÞ

�
2=9

�
rtaðzeqÞ
GMPBH

�
≲ 0.01:

ð6Þ
This equation leads to the relation

MPBH

≳6.5×10−4M⊙

� hσvi
3×10−26 cm3=s

�
−1=3

�
mχ

10GeV

�
−73=24

:

ð7Þ
The cases when the effect of DM kinetic energy is
non-negligible can be heavily dependent on the nature
of DM kinetic decoupling and are left for future work
[11,13,32–39].

B. Energy injection of WIMP annihilation

The rate of DM annihilation is proportional to the density
squared. Using the dark-matter halo profile in Eq. (5), the
injected energy from a halo around a PBH into the cosmic
plasma is given by

dE
dt

����
single

¼ fannðzÞmχhσvi
Z
Vhalo

dV

�
ρðrÞ
mχ

�
2

≈ 4πfannðzÞ
hσvi
mχ

ρ2maxðzÞr3cutðzÞ

¼ 3MPBHfannðzÞ
ΩDM

ΩM

�hσvi
mχ

H2ðzÞρ̄DMðzeqÞ
�
1=3

;

ð8Þ
where Vhalo is the volume of a dark-matter halo whose size
is given by the turnaround radius at each redshift. In the
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equation, fannðzÞ represents the fraction of the annihilation
energy absorbed by the plasma in the on-the-spot approxi-
mation. The function fannðzÞ depends on the WIMP
mass and the annihilation channel, and although fannðzÞ
also depends on the redshift, we use the constant fannðzÞ ¼
fann hereafter [40]). Now, we assume that PBHs have a
monochromatic mass function with the massMPBH, and the
energy-density fraction of PBHs to the total dark matter is
fPBH (the current data require fPBH ≪ 1, as discussed in the
next section). The number density of PBHs at a redshift z is

nPBHðzÞ ¼
fPBH
MPBH

ρ̄DMðzÞ: ð9Þ

Accordingly, the injected energy density due to the DM
annihilation from total halos is

d2E
dVdt

����
PBHs

¼nPBHðzÞ
dE
dt

����
single

∝
�hσvi

mχ

�
1=3

ð1þzÞ4fannfPBH;

ð10Þ

where, in order to obtain the last expression, we assume
t ≈ 1=HðzÞ and the matter-dominated epoch. Note that the
injected energy density does not depend on MPHB, because
nPBHðzÞ ∝ M−1

PBH and dE=dt ∝ MPBH.
The smooth-backgroundDMalso contributes to the energy

injection of DM annihilation. Therefore, the total energy
injection rate per volume due to the DM annihilation is

d2E
dVdt

ðzÞ ¼ d2E
dVdt

����
sm

þ d2E
dVdt

����
PBHs

: ð11Þ

Here, the subscript “sm” denotes the smooth-background
contributions,

d2E
dVdt

����
sm

¼ fann
hσvi
mχ

ρ̄2DMðzÞ: ð12Þ

It would be useful to introduce the boost factor, BðzÞ,
which represents the ratio of the PBH contribution to the
smooth-background one:

BðzÞ ¼ d2E
dVdt

����
PBHs

=
d2E
dVdt

����
sm

≈ 0.74 ×

� hσvi=mχ

3 × 10−27 cm3 s−1 GeV−1

�−2=3�1þ z
100

�
−2
�
fPBH
10−10

�
: ð13Þ

The boost factor tells us that the contribution of PBHs
relatively increases at lower redshifts. Currently, the meas-
urement of CMB anisotropy provides the bound
fannhσvi=mχ ≲ 3 × 10−27 cm3 s−1GeV−1 for the s wave
annihilating DM, considering only the smooth-background
contribution [41,42]. According to Eq. (13), when
hσvi=mχ ¼ 3 × 10−27 cm3 s−1GeV−1, DM halos around
PBHs with fPBH ≈ 10−10 can contribute to the modification
of CMB anisotropy at the same level as the smooth-
background DM at lower redshift z < 100. One can hence
infer that CMB observations could possibly provide a
constraint on the PBH abundance fPBH < Oð10−10Þ which
could be competitive to the bounds from the gamma-ray
observations.

III. CONSTRAINTS ON THE PBH ABUNDANCE
FROM COSMOLOGICAL OBSERVATIONS

The injected energy by the WIMP annihilation is
absorbed into cosmic plasma through various channels,
including collisional heating and ionization. Therefore, the
injected energy can modify the evolution of the ionization
fraction xe and the baryon temperature. Including the effect
of the WIMP annihilation, we can write down the evolution
of the ionization fraction [43]:

ð1þ zÞ dxe
dz

¼ 1

HðzÞ ½RsðzÞ − IsðzÞ − IxðzÞ�; ð14Þ

where Rs and Is are the standard primordial hydrogen
recombination rate and ionization rate, respectively, and Ix
represents the ionization contribution of the WIMP anni-
hilation [44,45].
The baryon temperature evolution in the presence of the

WIMP annihilation can be obtained from

ð1þ zÞ dTk

dz
¼ 2Tk þ

8σTaRT4
CMB

3mecHðzÞ
xeðTk − TγÞ

ð1þ fHe þ xeÞ

−
2

3kBHðzÞ
KhðzÞ

ð1þ fHe þ xeÞ
; ð15Þ

where Kh is the extra heating term by the DM annihilation.
The WIMP contributions, Ix and Kh, are related to the

energy injection given in Eq. (11),1

1Although we neglect to discuss it in this paper, dark-matter
halos due to the standard scale-invariant adiabatic spectrum also
can enhance the DM annihilation in particular, during the epoch
of reionization (for reference, see Ref. [46]).
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Ix ¼
χx

nHðzÞ
d2E
dVdt

ðzÞ;

Kh ¼
χh

EinHðzÞ
d2E
dVdt

ðzÞ; ð16Þ

where Ei is the ionization energy of hydrogen, while χx and
χh provide the fractions of energy consumed for the
ionization and heating. These fractions mainly depend
on the ionization fraction. For example, in the neutral
gas case, it is known that roughly one third of the energy is
used for the ionization, another third goes into the exci-
tation of gas atoms, and the rest is consumed for the heating
[47]. Here, for simplicity, we assume that the injected
energy is quickly damped into the plasma and used for
ionizing and heating—i.e., on-the-spot approximation—
and we adopt the functions of χx and χh provided by
Ref. [48], which are the fitting formulas of the results
in Ref. [40].
Including the primordial helium contribution, we obtain

the ionization and thermal histories of baryons from
Eqs. (14) and (15) using HyRec [49]. Figure 1 shows
the ionization fraction (left panel) and the baryon temper-
ature (right panel) as functions of redshift. Here we use
hσvi=mχ ¼ 3 × 10−28 cm3 s−1GeV−1. The current CMB
bound (obtained without assuming PBHs) is hσvi=mχ ≲
3 × 10−27 cm3 s−1 GeV−1 for the s wave annihilating DM,
and we conservatively use the values hσvi=mχ ≲ 3 ×
10−28 cm3 s−1GeV−1 for the sake of illustration [41].
Such a choice of hσvi=mχ well below the current CMB
bound ensures that there can be enough room for the PBH
contribution to dominate the smooth DM background
contribution as inferred from Eq. (13). In the figure, in
order to show the dependence on fPBH, the solid blue,
orange, green, and red lines represent the evolutions for
fPBH ¼ 10−8, fPBH ¼ 10−9, fPBH ¼ 10−10, and fPBH ¼ 0,
respectively. For comparison, we plot the results for the no-
annihilation case with a black dashed line. As shown in
Eq. (10), a large fPBH increases the energy injection from

dark-matter halos around PBHs. Therefore, a large fPBH
provides a strong impact on both the ionization fraction and
the thermal evolution. It induces early reionization and
heating of baryons. Such modifications on these evolutions
can be probed by cosmological observations, including
CMB and redshifted 21-cm signals. In the next section, we
discuss the constraint on fPBH from these observations.

A. CMB anisotropy

The existence of PBHs can enhance the WIMP annihi-
lation and heat up and ionize baryons before the conven-
tional epoch of reionization, as shown in the previous
section. Since such early-epoch energy injection contrib-
utes to the increase in the optical depth of CMB from the
last scattering surface, the measurement of CMB
anisotropy can provide useful information on the PBH
abundance with WIMP annihilation.
We calculate the CMB anisotropies with the public

Boltzmann code CLASS [50], modified to incorporate
Eq. (11). We plot the angular power spectra of the CMB
E-mode polarization with different fPBH’s in Fig. 2. In this
figure, we assume the “tanh”-shaped reionization history
and, according to the Planck best-fit cosmological param-
eters [51], we set zreio ¼ 7.68, where the ionization fraction
becomes xe ¼ 0.5 at zreio. Large fPBH induces the early
reionization and the enhancement of the optical depth
from the last scattering surface. As a result, the modi-
fication arises on the so-called reionization bump visible
at l≲ 20 in the CMB polarization angular power
spectrum. Figure 2 shows that the tail of the reionization
bump is lifted as fPBH becomes large. We find that fPBH ¼
10−9 can enhance the amplitude of the reionization bump
by ∼30%.
In order to obtain the limit on fPBH from CMB

anisotropy observations, we perform the MCMC analysis
using Monte PYTHON [52] with the modified CLASS. For
CMB observation data, we use the baseline likelihood
(TTTEEE-lowl-lowE) from the 2018 data release [53].
The cosmological parameter set for the analysis is

FIG. 1. The evolution of the ionization fraction (left panel) and the baryon temperature (right panel). We set
hσvi=mχ ¼ 3 × 10−28 cm3 s−1 GeV−1. From top to bottom, the solid lines represent the evolutions for fPBH ¼ 10−8, fPBH ¼ 10−9,
fPBH ¼ 10−10, and fPBH ¼ 0 (No PBHs). For reference, we plot the evolution without DM annihilation in dashed lines.
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fωb;ωd; 100θs; lnð1010AsÞ; ns; zreio; fPBHg. We show the
2D contour plot for zreio and fPBH in Fig. 3.
We summarize our constraint on fPBH for the 95% con-

fidence level in Table I. CMB constraints depend on the
combination of the annihilation cross section hσvi and the
mass mχ , and include the uncertain model parameter
fann. When hσvi=mχ < 3 × 10−28 cm3 s−1 GeV−1 with
fPBH ¼ Oð10−9Þ, the boost factor given by Eq. (13) is
BðzÞ ≫ 1 around z ∼ 20. This means that we can neglect
the smooth-background DM contribution in Eq. (11), and it
is enough to consider only the PBH halo contribution in
these parameter regions. Therefore, according to Eq. (10),
the constraint on fPBH can be rewritten in

fannfPBH < 5.5 × 10−9
� hσvi=mχ

3 × 10−29 cm3 s−1GeV−1

�−1=3
:

ð17Þ

This constraint is applicable when the PBH contribu-
tion dominates the smooth-background contribution [the
explicit contribution ratio is given by Eq. (13)].
The current Planck bound gives hσvi=mχ ≲ 3 ×

10−27 cm3 s−1GeV−1 for the s-wave annihilating DM,
and this in turn requires mχ ≳ 10 GeV for the canonical
thermal WIMP cross section hσvi ¼ 3 × 10−26 cm3=s [41].
Our constraint includes the uncertain model parameter fann,
which depends on the WIMP mass and the annihilation
channel. As shown in Fig. 1 [and also as can be inferred by
Eq. (13)], the energy injection below z ∼ 500 is important
in our model. To evaluate the impact of fann on the
constraint, we calculate the averaged fann in 10 < z <
500 using the table of fann in Ref. [54] for the case of
WIMPs annihilating into eþe−, μþμ−, and bb̄. Using the
averaged fann, we obtain the constraint for the canonical
thermal WIMP scenario in Table II and plot them in
Fig. 4 in solid lines for the bb̄ and in dashed lines for
the eþe− annihilation channels. In previous works, the
PBH abundance with the annihilating WIMPs is con-
strained by the observations of Galactic and extragalactic
background gamma-ray flux [10–22]. Our constraints are
much stronger than those from the Galactic gamma-ray
background and are comparable with an extragalactic one.
For comparison, we show the excluded regions by extra-
galactic background in Ref. [12] as the colored regions in
Fig. 4. Comparing with Ref. [12], the CMB anisotropy
measurement provides a tighter constraint for small
WIMP masses mχ < 100 GeV, while for heavier masses
mχ > 100 GeV, the constraint from the CMB anisotropy
measurement is weaker than that from the extragalactic
gamma-ray observations.

B. Global 21-cm signal

The redshifted 21-cm signal depends on the thermal state
of the intergalactic medium (IGM). Therefore, the meas-
urement of its signal from high redshifts can reveal the
thermal history of the IGM. Through the investigation of
the effects of PBHs and WIMP annihilation on the thermal
history, the 21-cm signal is expected to provide a constraint
on the abundance of PBHs [55–57] and the WIMP
annihilation [58,59] at high redshifts. Recently, Ref. [21]
has studied the impact of the WIMP annihilation on the
global (all-sky averaged) 21-cm signal in the mixed DM
scenarios consisting of PBHs and a thermal canonical

FIG. 2. Angular power spectrum of CMB E-mode polarization.
From the top to the bottom, the solid lines are the power spectra
for fPBH ¼ 10−8 and fPBH ¼ 10−9. For reference, we show the
angular power spectrum without the DM annihilation with a
dashed line.

TABLE I. The constraints on fPBH from Planck 2018 data for
different values of hσvi=mχ .

hσvi=mχ ½cm3=s=GeV� fannfPBH (95% C.L.)

3 × 10−29 < 5.5 × 10−9

3 × 10−28 < 1.6 × 10−9

3 × 10−27 < 8.8 × 10−11

FIG. 3. 2D plot for zreio and fPBH from the MCMC ana-
lysis with Planck 2018 data. Here we set hσvi=mχ ¼
3 × 10−28 cm3 s−1 GeV−1.
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WIMP model with mχ ¼ 100 GeV. Here we revisit the
evolution of the global 21-cm signal in the same mixed DM
scenarios, covering a wider range of WIMP masses.
In 21-cm observations, the strength of the signal is

measured in terms of so-called differential brightness
temperature, which is the difference of the 21-cm bright-
ness temperature from the CMB one (for a review, see

Ref. [60]). The global differential brightness temperature
from a redshift z is calculated at [61,62]

δTbðzÞ ¼
3

32π

hc3A10

kBν20

xHInH
ð1þ zÞHðzÞ

�
1 −

Tγ

TS

�
; ð18Þ

where A10 is the spontaneous emission coefficient of the
21-cm transition, A10 ¼ 2.85 × 10−15 s−1, and Ts is the
spin temperature of the neutral hydrogen hyperfine struc-
ture. The spin temperature is determined by the balance
between the excitation and deexcitation in the hyperfine
structure,

TS ¼
Tγ þ ykinTk

1þ ykin
; ð19Þ

where ykin is the efficiency ratio between the absorption of
CMB photons and the thermal collisions in the hyperfine
transition. In order to obtain ykin, we take the approximated
analytical form of ykin in Ref. [63]. In Eq. (18), we ignore
the contribution from Ly-α coupling, because it becomes
efficient after the formation of the first stars and galaxies.
The left panel of Fig. 5 shows the effect of WIMP anni-

hilation on the evolution of spin and baryon temperatures
with fPBH ¼ 10−8 with hσvi=mχ¼3×10−28½cm3s−1GeV−1�
using solid lines. For comparison, we also give the
evolutions in the standard cosmology (no-annihilation)
case using dashed lines. WIMP annihilation heats up
baryons and causes the baryon thermal evolution to deviate
from adiabatic evolution, Tk ∝ ð1þ zÞ2. Therefore, the

TABLE II. The constraints on fPBH in the canonical WIMP annihilation cross section, hσvi ¼ 3 × 10−26 cm3=s.
Here we consider WIMPs annihilating into γγ, eþe−, μþμ−, and bb̄.

mχ fPBH (χχ → γγ) fPBH (χχ → eþe−) fPBH (χχ → μþμ−) fPBH (χχ → bb̄)

1 TeV < 5.5 × 10−9 < 1.4 × 10−8 < 3.7 × 10−8 < 2.7 × 10−8

100 GeV < 1.6 × 10−9 < 3.6 × 10−9 < 9.4 × 10−9 < 6.6 × 10−9

10 GeV < 8.8 × 10−11 < 1.4 × 10−10 < 3.8 × 10−10 < 3.0 × 10−10

FIG. 4. The constraint on fPBH from Planck 2018 data
for the canonical WIMP annihilation cross section
hσvi ¼ 3 × 10−26 cm3=s. Here we consider that WIMPs annihi-
late into bb̄ and eþe−, shown by the solid and dashed lines,
respectively. From top to bottom, we set the WIMP mass
mχ ¼ 1 TeV, 100 GeV, 10 GeV. The colored regions are ruled
out by the extragalactic gamma-ray observations for the bb̄
annihilation channel [12].

FIG. 5. Left panel: The spin and baryon temperature as functions of redshifts. The solid blue and orange lines represent the spin and
baryon temperatures for fPBH ¼ 10−8. For comparison, we plot their evolutions for the no-annihilation DM case using dashed lines.
Right panel: The evolution of the global differential brightness temperature with different fPBH’s. From top to bottom, the solid lines are
for fPBH ¼ 10−8, fPBH ¼ 10−9, and fPBH ¼ 10−10. For reference, the dashed line shows the evolution in the case of no-annihilation DM.
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spin temperature is also larger than in the “no-annihilation”
case. The effective heating due to the annihilation can make
the baryon temperature exceed the CMB temperature. In
this case, the spin temperature also becomes larger than the
CMB temperature.
We plot the dependence of the global differential bright-

ness temperature on the PBH abundance in the right panel
of Fig. 5. A positive amplitude of the differential brightness
temperature means an emission line on the CMB frequency
spectrum and a spin temperature larger than the CMB
temperature. On the other hand, a negative amplitude
represents an absorption line for CMB and a spin tempe-
rature smaller than the CMB temperature. When
fPBH ¼ 10−8, the signal shifts from absorption to emission
at ztr ≈ 27. As fPBH decreases, the annihilation effects
become inefficient. As a result, the transition redshift, ztr,
also becomes small. We found that, if fPBH < 2 × 10−9, the
baryon temperature cannot exceed the CMB temperature
before the epoch of reionization, (z > 7). In the case of
fPBH < 2 × 10−9, the sign of the signal is always negative.
When fPBH becomes smaller, the evolution of the signal
approaches the one in the “no-annihilation” case.
Recently, EDGES reported that they have detected the

global absorption signals of redshifted 21-cm lines from the
redshift range between z ∼ 21 and z ∼ 15 [29]. If this
measurement is confirmed, the baryon temperature is lower
than the CMB temperature until z ∼ 15. Therefore, this
measurement can provide a constraint on the heating
source. In Fig. 6, we represent the relation between ztr
and fPBH. Small fPBH provides low ztr. Therefore, from this
figure, we can conclude that the EDGES absorption signal
at z ∼ 15 can give a limit on the PBH abundance of fPBH <
Oð10−9Þ for 10 GeV < mχ < 1 TeV with the canonical
thermal WIMP cross section hσvi ¼ 3 × 10−26 cm3=s.
Our constraint is weaker than the one in Ref. [21]. To

obtain our constraint, we take the criteria for the constraint,
which is the transition redshift from the absorption to the
emission. The amplitude of the signals detected by EDGES
is 500þ500−200 mK [29]. Taking this at face value, Ref. [21]

requires the condition that the differential brightness
temperature be less than δTb < −100 mK. In order to
obtain such a large absorption signal, the contribution of the
Ly-α coupling, which we ignore in Eq. (19), is required.
The efficiency of the coupling depends on the formation
history of luminous objects in the Universe and has a large
theoretical uncertainty. Assuming the strong Ly-α coupling,
TS ¼ Tk, we calculate the 21-cm signal evolution again.
When we adopt the criteria δTb < 100 mK during the
EDGES observation redshifts, we obtain the constraints
fPBH < 4 × 10−10 and < 2 × 10−9 for mχ ¼ 100 GeV and
1 TeV with hσvi ¼ 3 × 10−26 cm3=s. Therefore, 21-cm
global observations have a potential to provide as tight
constraints as extragalactic gamma-ray observation
even for a large-mass WIMP. Note that the criterion,
δTb < −100 mK, can exclude the canonical thermal
WIMP cross section for mχ < 100 GeV [64].

IV. CONCLUSION

In this paper, we have investigated the constraint on the
PBH abundance in the presence of self-annihilating
WIMPs. In previous works, the stringent constraint on
the PBH in this mixed dark-matter scenario has been
obtained from the Galactic and extragalactic gamma-ray
data. We focused on the CMB anisotropy measurements
and global 21-cm observations. If PBHs exist, the steep
WIMP DM halo is created around a PBH, and the
annihilation is enhanced inside such a DM halo. The
energy released in the annihilation can heat and reionize
diffuse background baryon gas outside DM halos and
modify the thermal history of diffuse baryon gas. This
modification can make a deviation in the CMB anisotropies
and 21-cm global signals from those in the standard
ΛCDM model.
In order to obtain the constraint from the CMB meas-

urement, we have studied the effect of the WIMP annihi-
lation from dark-matter halos around PBHs and performed
the MCMC analysis with the latest Planck data. Our
constraints from the Planck data, for bb̄ annihilation
channel examples, are fPBH ≲ 3 × 10−10, 7 × 10−9, and 3 ×
10−8 for mχ ¼ 10 GeV, 100 GeV, and 1 TeV, respectively,
for the canonical thermal annihilation cross section
hσvi ¼ 3 × 10−26 cm3=s. These bounds are stronger than
the limits from the Galactic gamma-ray background and
comparable with the one from the extragalactic gamma-ray
background. Not all of the energy produced in the anni-
hilation can be absorbed into baryon gas. The efficiency
depends on the WIMP mass and the annihilation channels.
We have found that, in the mixed DM scenario with PBHs
and WIMPs, the thermal history of baryon gas is sensitive
to the efficiency in the redshift range 10 < z < 500. In this
paper, we have presented the constraints for the annihila-
tion into γγ, eþe−, μþμ−, and bb̄. Using the averaged
efficiency factor in this redshift range, one can easily

FIG. 6. The dependence of the transition redshift, ztr , from
absorption to emission, on the PBH fraction fPBH.
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convert our constraints to the ones in the different anni-
hilation channels.
Our studies focused on the parameter space for which the

UCMH around PBH was numerically verified to possess
the steep density profile ρðrÞ ∝ r−9=4. The dark-matter
profile around the PBH where the DM velocity dispersion
cannot be ignored is heavily model dependent (e.g., on the
DM properties such as the nature of DM kinetic decoupling
[32–39]), and the dedicated numerical simulations have not
been performed yet, even though the analytical estimation
has been done, assuming the Maxwell-Boltzmann distri-
bution for the DM velocity [11,13]. The bounds on fPBH
become much weaker for those less steep DM profiles in
existence of the nonradial motion of DM bound to the PBH
[14]. More detailed numerical studies, where one needs to
account for the DM velocity distributions in their accretion
onto the PBHs, are left for future work.
We have also studied the constraint from the global

21-cm signals. Before the EoR, the global 21-cm signals
are predicted as absorption signals on the CMB frequency
spectrum. However, the baryon gas heating by the WIMP
annihilation can shift 21-cm signals from absorption to
emission. Recently, the EDGES experiment has reported

the detection of absorption signals from the redshifts,
15≲ z≲ 25. Motivated by the EDGES report, we have
adopted the criterion that the global 21-cm signals cannot
turn into the emission until z < 15. The obtained constraint
is fPBH < Oð10−9Þ for 10 GeV < mχ < 1 TeV, with
hσvi ¼ 3 × 10−26 cm3=s. Although this constraint is
slightly weaker than the CMB constraint, we have dem-
onstrated that further development in both theory and
observation of the 21-cm signals before the EoR can
provide a stringent constraint which is better than the limit
from the extragalactic gamma-ray background. Assuming
the strong Ly-α coupling limit and the criterion
δTb < 100 mK, the constraints are improved to fPBH <
4 × 10−10 and < 2 × 10−9 for mχ ¼ 100 GeV and 1 TeV,
with the canonical WIMP annihilation cross section
hσvi ¼ 3 × 10−26 cm3=s.
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