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Primordial black holes (PBHs) are hypothetical objects formed at the early epoch of the Universe, which
could be a type of dark matter (DM) candidate without the need for new particles. The abundance of PBH
DM has been constrained strictly by many observations. In this work, with the radio observations of Fornax
and Segue I, we constrain the abundance of PBH in dwarf spheroidal galaxies through the synchrotron self-
Compton effect of Hawking radiation electrons. By selecting optimal sources, we obtain the constraints on
the fraction of PBH DM down to ~107~3 for Segue I and ~10~> for Fornax at asteroidal mass. We also
predict that, with 100 hours of future observation by the Square Kilometer Array, the synchroton self-
Compton approach could place constraints comparable to the current strictest results for PBHs of
< 5 x 10'5 g. Better projected constraints can be obtained by including the inverse Compton scattering on

cosmic microwave background photons.
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I. INTRODUCTION

Primordial black holes (PBHs) have been studied for half
a century since Stephen Hawking predicted this kind of
black hole with extremely low mass theoretically [1]. PBHs
could also be a type of candidate to explain the measured
dark matter (DM) abundance of our Universe [2]. Although
no evidence has been found to prove the existence of PBHs,
in recent years there has been a resurgence of the research
that dark matter is composed of PBH [3,4] because of the
discovery of gravitational waves by LIGO/VIRGO [5].

PBHs formed in the very early Universe. An overdense
region from & ~ 1 fluctuation has a mass larger than the
Jeans mass and could collapse to a black hole when it
reenters the horizon. For such a special formation process,
the PBHs have a very wide mass range even down to the
Planck mass [6]. Therefore, Hawking evaporation could
have an obvious effect since the evaporation rate and
temperature are inversely related to the PBH mass [7,8].

The abundance of low mass PBHs in the whole Universe
and in the Galactic Center region has been constrained
stringently with the Hawking radiation by many research
works [9-13], but the PBH abundance in dwarf spheroidal
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galaxies (dSphs) has not been studied/constrained too
much. DSphs are promising targets for DM searches since
their high mass-to-light ratio suggests they are DM-domi-
nated objects. For PBHs with a lifetime larger than the age
of our Universe, the Hawking radiation is emitted at
energies of <100 MeV such that the Fermi satellite (which
is usually used to detect weakly interacting massive
particles) cannot detect them. Current radio observations
of dSphs also cannot give an effective constraint by either
synchrotron (SYN) radiation or inverse Compton (IC)
scattering of Hawking radiation electrons. Reference [14]
gives a prediction of constraints on PBH abundance in
dSphs using the sensitivity of the upcoming radio telescope
Square Kilometer Array (SKA) through IC scattering off
cosmic microwave background (CMB) photons.

In this work, we attempt to constrain the PBH abundance
in nearby dSphs of the Milky Way by considering the
synchrotron self-Compton (SSC) effect. The SSC peak
frequency is close to the frequency band of the existing
radio observations (see Sec. III) for a PBH mass of ~10' g.

The outline of this work is as follows: In Sec. II, the
formation and evaporation of PBHs are briefly introduced.
In Sec. III, the constraining method is described in detail.
We also discuss the effect of the propagation equation in
flux calculation. The results are shown in Sec. IV and
finally we summarize in Sec. V.

© 2024 American Physical Society
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II. PBH EVAPORATION

PBHs are a special kind of massive compact halo objects.
Considering their nature, that they interact with normal
matter only through gravity and have existed since the early
Universe, a PBH is a suitable DM candidate.

PBHs are generally believed to be formed from the
spherical collapse when the fluctuations reenter the Hubble
horizon during the radiation-dominated era [15]. Therefore
PBH mass is in the same order as the mass enclosed in
Hubble horizon (My) with a factor y ~ 0.2 [16,17],

1
Mpgy = yMiy|form ~ IOISJ’(ﬁ) g. (1)

There are various PBH mass functions inferred from
different forming theories [18-20], where the monochro-
matic form is the most representative. Although an exact
monochromatic mass function is not realistic physically
and the mass function is generally expected to be extended
in an inflationary scenario, the monochromatic limits can
be converted to apply for various extended mass distribu-
tions of PBHs [6,18]. In this work, we only adopt the
monochromatic PBH distribution.

The PBH mass is proportional to the time from the big
bang since the energy density is p o< 72 in the early
Universe. Therefore, PBHs forming from the Plank time
(107%5s) to 1 s have a very wide mass range from Plank
mass (107 g) to 10°M, [6]. On the other hand, PBHs of
low mass have an obvious effect according to Hawking’s
theory that black holes could emit all types of standard
model particles with the temperature [7,8]

hcl M
Tpn=-——+—~107(=2) K 2
B 8 ky GM < M ) @)

with kg and G the Boltzmann and gravitational constants,
respectively.

Hawking radiation includes primary and secondary
components. The primary emission is a graybody spectrum
expressed as [6,21]

v, 1 r,
dEdt  2ahexp(E/kyTgy) — (=1)*’

3)

where s is the spin of the particle and I', is the absorption
coefficient. The secondary emission is produced by frag-
mentation and decay of primary emission particles and is
dominated by 2y decay of neutral pions.

As a result of Hawking radiation, the lifetime of
evaporating PBHs is [6]

G2M3 M 3
tm T 108 —— )y, (4)
hc Mg

It indicates that the PBH below M, ~ (5 x 10'* g) has been
totally evaporated with a Planck relic left. Due to the

stability of DM, we choose M, to be the lower mass
boundary in this work.

III. METHOD AND CALCULATION
A. Method

In this work, we consider the radio observations from the
Murchison Widefield Array (MWA) and the Giant
Metrewave Radio Telescope (GMRT). The MWA is a low-
frequency SKA precursor located in Western Australia, where
the Galactic and Extragalactic All-sky MWA is a survey of the
entire radio sky south of declination +25° at frequencies
between 72 and 231 MHz [22,23]. For GMRT, a survey of the
150 MHz radio sky has been released as part of the TIFR
GMRT Sky Survey (TGSS) project [24]. A combination of
the GLEAM survey and the TGSS ADRI is used in [25]
to derive the upper limit surface brightness of 14 dwarf
spheroidal galaxies.

A typical low mass PBH (e.g., 10" g) has a peak
frequency of synchrotron radiation of ~10 kHz, which is
too low compared with the MWA/GMRT waveband and
therefore cannot be constrained by the MWA or GMRT
observation. On the other hand, the peak frequency of the
IC process on CMB is about 100 THz, which is conversely
too high to be constrained by the MWA/GMRT. The SKA
in the first phase is planned to be sensitive in the frequency
range up to 50 GHz [26,27], with the frequencies closer to
the peak frequency of the IC/CMB process of PBHs. There
have been studies predicting the sensitivity of using SKA
data to constrain the PBH abundance in dSphs [14].
However, a realistic constraint with current existing radio
observation is still absent. We note that the peak frequency
of the SSC emission of Hawking radiation electrons is
~10 MHz and close to the MWA/GMRT waveband so that
we could use the MWA/GMRT observations to place
constraints on the PBH abundance.

In Fig. 1 we show the energy spectra of three different
processes (SYN, IC, and SSC) from Hawking radiation
electrons and positrons. The PBH mass chosen for the
demonstration is 103 g with a monochromatic mass
spectrum. We consider the dSph Segue I. As shown,
although the SSC process is actually less efficient, with
the peak flux several orders of magnitude lower than the
other two mechanisms, its flux is higher than those of the
other two processes at the frequencies between 10 MHz and
10 GHz, overlapping with the MWA/GMRT waveband as
well as a part of SKA frequency range. The fact that the
SSC peak flux appears close to the SKA sensitivity range
and the MWA/GMRT radio observations indicates that we
can place constraints on the PBH based on the existing
radio observations and may make the future results with the
SKA more stringent (than those considering only the SYN
+IC/CMB processes).

The difference between the fluxes with or without
secondary emission is also shown in Fig. 1. The peak
frequency of secondary emission is lower than the primary
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FIG. 1. The energy spectra for the synchrotron radiation (cyan),

IC/CMB process (blue), and SSC effect (red) of 10'> g PBHs in
the dSph Segue 1. The PBH abundance is assumed to be 1. The
SSC effect is in fact less efficient and has a peak flux several
orders of magnitude lower than the synchrotron and IC/CMB
processes. But at the frequencies of MWA and SKA, its flux is
higher. The solid lines and dashed lines represent the spectra
considering and not considering the secondary emission of
Hawking evaporation, respectively. The black arrow indicates
the upper limit on the radio flux obtained from combining MWA
and GMRT observations [25]. The SKA sensitivity for 100 hours
of observations is shown as a black dashed line.

emission such that the influence of considering the sec-
ondary emission is insignificant for the SSC effect since its
main contribution is outside the frequency range of the
MWA/GMRT and SKA. In contrast, for the IC/CMB
process, the secondary emission is non-negligible at these
frequencies and the constraints will be more stringent
considering the secondary emission.

B. Flux calculation

For calculating the SSC flux, the equilibrium density of
electrons and positrons produced by PBHs in dSphs is
necessary, which can be obtained by solving the propaga-
tion equation [27-30]

D(E)V?2 (di) L9 {b(E) d”e] +0.=0, (5)

dE ) ' OE dE

where D(E) = Do(E/1 GeV)! is the diffusion coefficient.
The b(E) is the energy loss due to IC process, synchrotron
radiation, Coulomb loss, and bremsstrahlung [28],

E \? E \2/ B\?
E) = 0 0 o
=)+ (o) (o)

E
+ b2 e {1 + log <ﬂ> /75}
n

e

F B0 m, {log <E/—m> + 0.36} (6)

e

with m, the electron mass and n, ~ 107% cm™3 the average
number density of thermal electrons in dSphs [31,32].
The values of energy loss coefficients are taken to be
bi. ~0.25, bY,, ~0.0254, b2, ~6.13,and b)) ~1.51 in

units of 107'¢ GeV/s [33,34]. The source term for PBH
injection is

_ feeup(r) dN,

Q.(E.r) (7)

where fppy is the fraction of DM in the form of PBHs, and
the Hawking radiation spectrum dN,/dEds can be obtained
from the code BlackHawk [35,36]. We assume that PBHs are
Schwarzschild black holes and have a monochromatic mass
function.

Equation (7) implicitly assumes that the PBH density is
proportional to the total DM density through a factor of
fpeu- However, there could be some dynamical processes
(e.g., mass segregation [37]) leading to a more concentrated
PBH distribution. In this context, as long as the total
number of PBHs remains unchanged, the PBH evaporation
will produce the same amount of electrons. Since the CMB
photons and the assumed magnetic field are uniformly
distributed within dSphs, altering the PBH distribution
would not affect the results related to the synchrotron
radiation and IC/CMB process. However, for the SSC
component, a more concentrated distribution of PBHs will
produce more centrally concentrated soft photons. This
would produce a stronger SSC signal, meaning that the
results presented in this paper are conservative. In addition,
as for the models with radially dependent magnetic fields
[27,38], a higher central concentration of PBHs may further
strengthen the constraints through the SSC effect.

With the boundary condition dn,/dE(r,) = 0, the sol-
ution of Eq. (5) can be expressed as [28,32,34,39]

dne B 1 m, , ,
d_E(r’E)_@A dE'G(r,Av)Q.(E'.r), (8)

where r;, is the diffusion radius. The Green function
G(r,Av) has the form of [28,32,34,39]

o= g S w5 ()
)
©)
with

(10)
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We call the solution Eq. (8) an SD+b scenario
[spatial diffusion + energy loss term b(E)].

By comparing the timescales of energy loss 7, =
E/b(E) and diffusion 7 =~ r7 /D(E) [28], we can know
whether an energy loss or a diffusion process dominates the
propagation. Since the magnetic field is weak, for the
source with small diffusion radius r;, (e.g., Segue I [27]),
we have 7p < 1), In this case, we can neglect the energy
loss term and the solution of Eq. (5) is simplified to [29]

dn, 1

dE (E,r)= ﬁf(”’ r)Q(E, r),

(11)

where f(r,r;,) has the form of

Tn 1 T
e = [ an <_Z> [ 5 e

We call this solution [Eq. (11)] a Nb scenario [neglect-
ing b(E)].

Electron spectra for different PBH masses from 5 x 10'# g
to 5 x 10!7 g are calculated with the code BlackHawk. PBHs
with masses below 5 x 10'* g cannot be a stable DM
candidate since they have been completely evaporated to
date, and the Hawking radiation of PBHs with masses above
5 x 10'7 gis too weak to be used to constrain the PBHs with
radio data.

We assume the DM density profile of Fornax to be a
Navarro-Frenk-White (NFW) profile [25,40]

(12)

3 2
) =Gy

and Segue I to be an Einasto profile [14,41]

peN(r) = /’se_zn[(r/“)]/”_”- (14)
The profile parameters of dSphs are taken from Refs. [42]
and [43], respectively. To calculate the soft photon field
generated from the synchrotron process, the magnetic field
strength in dSph is necessary, of which a direct measure-
ment is however still lacking. There are many theoretical
arguments proposed supporting values of ~pG levels
[25,44-46]. In this work, we adopt a value of B =1 pG.
A smaller magnetic field will result in a lower model-
expected signal [27,32] and a weaker constraint on the
PBH abundance.
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FIG. 2. The energy spectra of Fornax for different diffusion
radii r,,. A 10 g PBH mass and diffusion choice 3 (see Sec. IV)
are adopted in this plot.

The SSC flux is calculated with the Naima package [47]
and we consider the contributions from both electrons and
positrons. We let the theoretical SSC flux not exceed the
upper lo bound of radio observations [25] or the SKA
sensitivity curve to obtain the upper limits on DM abun-
dance for different PBH masses.

We find that the diffusion radius and the distance to the
Earth are two critical parameters of dSphs that influence the
predicted flux induced by PBH evaporation. In this work,
we choose Segue I and Fornax to derive the upper limits on
PBH abundance because of their short distance (Segue I)
and large diffusion radius (Fornax). For the diffusion
radius, r, = 2ry,,, 1s often adopted [48], where 7., is
the distance from the dSph center to the outermost star of
the dSph [49]. Figure 2 shows the effect of different r;, on
the energy spectra of the source Fornax. For the below
results, we also use r;, = 2r,,, for Fornax, while for source
Segue I, we adopt r, = 1.6 kpc in [38]. The information/
parameters of these two sources in Table I are taken from
[38,42,43,49,50].

Note that the energy loss rate b(E) is dominated by the
synchrotron and IC processes, and it is b(E) o« E.
Therefore at high energies, 7},,, would be comparable to
or smaller than 7p, indicating that the energy loss is
predominant and can not be ignored (see Fig. 3 for a
comparison between the spectra ignoring and not ignoring
the energy loss). Therefore, for the source Fornax we adopt
the SD + b solution. However, for the source Segue I we

TABLE I. The information and parameters of two sources.

Source DM profile Index ps (Mg/kpc®)  ry (kpc)  Distance (kpc)  r, (kpc)  References
Fornax NFW y=1 1.2 x 107 2.75 147 12.54 [42,49,50]
Segue 1 Einasto n=33 1.1 x 108 0.15 23 1.6 [38,43,49]
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FIG. 3. The energy spectra for the IC/CMB process for

5x 10 g PBHs considering only primary emission. The
SD + b (solid lines) and Nb (dashed lines) represent the scenarios
considering or ignoring the energy loss in calculating the electron
propagation. The SKA sensitivity curve for 100 hours of
observations is shown as a black dashed line. The energy loss
has the effect of shifting the spectra to lower frequencies.

find that the quantity Av in Eq. (10) becomes far greater
than the diffusion radius, leading to some numerical issues
in the calculation of dn,/dE. So we adopt the Nb solution
for this source. Considering the smaller Virial radius, we
believe this is a good approximation. Nevertheless, the
main results of this work come from the source Fornax.

IV. RESULTS

Since the diffusion coefficient for dSph galaxies is little
known, different diffusion choices are adopted with
Dy =2.3x 10" cm?s™!, y = 0.46 (diffusion choice 1),
and Dy = 3 x 107 ecm?s™!, y = 0.7 (diffusion choice 2),

10°
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1078 4
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—=- Voyager 1
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10-10

1615 1615
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respectively [14], which are usually used in the context of
the Milky Way Galaxy. It is possible that the diffusion
coefficient could be as low as an order of magnitude smaller
than that of the Milky Way Galaxy, so an aggressive
condition with Dy = 3 x 10%® cm?s™!, y = 0.3 (diffusion
choice 3) [25,51] is also adopted.

We place constraints on the PBH abundance using the
radio observations of Fornax and Segue I, considering the
Hawking radiation from PBHs within the dSphs. We
require that the model-predicted IC/CMB and SSC fluxes
do not exceed the upper bound of the 1o uncertainty of the
radio flux in [25] to set the constraints on the PBH
abundance. The constraints obtained from the Fornax
observation are shown in the left panel of Fig. 4, while
the results for the source Segue I are shown in the right
panel. In a relatively narrow mass range (<10" g), the
fraction of dark matter in the form of PBHS is constrained
to be <107*-107> (see the left panels). The variation range
is due to the choice of the diffusion parameters. We note
that the results are weaker than the existing constraints
obtained from the extragalactic gamma-ray background [6]
and Voyager 1 data [52]. However, by using the SSC
approach our work gives the first constraints on the
abundance of PBHs in dSphs based on existing radio
observations. To illustrate the enhancement of the results
due to the consideration of the SSC effect, we also try to
plot the exclusion lines that consider only the IC process in
the left panel of Fig. 4. However, they are significantly
weaker than the SSC-based results and cannot appear in the
plot (i.e., the PBH fraction fpgy cannot be effectively
constrained).

Future SKA observations will be able to further improve
the results of the constraints (in the absence of signal
detection). We here predict the parameters that are expected
to be able to be excluded using 100 hours of
SKA observations. The SKA sensitivity curve is taken

10°
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FIG. 4. Constraints on the PBH abundance in dSphs from the combining MWA and GMRT radio observations of Fornax (left panel)
and Segue I (right panel) by considering the SSC effect. Different diffusion choices (d1, d2, and d3) are considered. Also shown for
comparison are results from [6,52,53] (dashed lines) based on the extragalactic y-ray background, Voyager 1e* spectrum and 511 keV

y-ray line measurements.
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FIG. 5. The projected constraints on PBH abundance in dSphs

for future 100-hours observations of SKA. The three SSC (IC)
lines are for the results derived considering the SSC (IC/CMB)
flux from PBH Hawking radiation electrons. The results in [14]
which are also predictions for SKA are shown for comparison
(the Segue I and Coma lines). Note that the diffusion choices of
Segue I (yellow and magenta lines) are the same as diffusion
choices 1 and 2 in this work.

from [26]. We first focus on the case considering only SSC.
As shown by the red, light blue, and dark blue solid lines of
Fig. 5, the expected upper limits from SKA on the PBH
abundance would be down to <10~7-10%. Under certain
diffusion choices, the constraints at low PBH masses could
be improved by a factor of several compared with the
existing results in the literature (e.g., the ones derived from
the extragalactic gamma-ray background [6] and Voyager 1
data [52]).

The above results (i.e., the three SSC lines in Fig. 5)
consider only the SSC flux from PBH and ignore the IC/
CMB flux to highlight what limits can be obtained by the
SSC effect alone. However, since the SSC flux depends
on the equilibrium electron density dn/dE and the
number density of synchrotron photons, and the latter
also depends on the equilibrium electron density, the SSC
flux is in fact more sensitive to the electron spectrum
dn/dE (a second-order dependence) compared to the IC/
CMB process. This means that when the PBH abundance
is low (and thus the electron density due to PBH
evaporation is also low), the SSC flux will become very
weak. For the future SKA observation, if no signal is
detected, we can obtain an upper limit on the radio flux
quite low (see Fig. 1), and then even in the waveband
close to MWA/GMRT the SSC flux will be lower than the
IC/CMB one and no longer dominate. So in the SKA
case, it is necessary to consider the IC/CMB flux.

The constraints on the PBH abundance that can be
expected from future SKA observations based on the IC/
CMB process are shown as the colored dashed lines in
Fig. 5 (also considering three different diffusion choices).
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FIG. 6. The effect of secondary Hawking radiation on the IC/
CMB constraints of SKA. The solid (dashed) lines consider
(ignore) the secondary Hawking radiation.

It can be seen that in this case stronger constraints are
provided by IC/CMB. Although the SKA sensitivity is ~4
orders of magnitude improved compared to MWA/GMRT,
the SSC constraints are only two-orders-of-magnitude
increased. Figure 5 also shows that our projected limits
are stronger than those ones predicted in Ref. [14], mainly
due to the fact that we adopt the dSph Fornax, which has a
larger diffusion radius (see, e.g., Figs. 2 and 4).

We note that the discrepancy between the results for
diffusion choices 2 and 3 is small, while the results for the
case of diffusion choice 1 (large diffusion coefficient)
deviate significantly from the other two. This is mainly
due to the fact that the energy loss is dominant when the
diffusion is slower, so the change of the diffusion coef-
ficient has little effect on the results, and the energy loss
term has an effect of shifting the IC/CMB spectrum to
lower frequencies, which raises the expected flux in the
frequency range of SKA (e.g., the solid lines corresponding
to d2 and d3 in Fig. 3) and therefore strengthen the
constraints. For diffusion choice 1, it has crossed the
critical point where the energy loss timescale is equal to
the diffusion timescale, and diffusion starts to dominate
over the energy loss, making the corresponding result
deviate from diffusion choices 2 and 3.

In addition, we note that the results for diffusion choice 1
have a pronounced curvature around Mpgy ~ 3 x 1015 g,
which is mainly due to the consideration of the secondary
particles from the evaporation of the black holes. As
mentioned above, the secondary emission has little influ-
ence on the SSC results but is significant for the IC/CMB
process at low PBH masses. Figure 6 shows the exclusion
lines based on the IC/CMB process with or without the
secondary emission of Hawking radiation considered,
which demonstrates how the secondary Hawking radiation
influences the constraints.
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V. CONCLUSION

A BH may form in the early Universe and could be a DM
candidate if its lifetime is larger than the Universe’s age. In
this paper, we calculate the SSC and IC/CMB fluxes from
Hawking radiation electrons of the PBHs in dSphs and
constrain the abundance of PBH DM using the MWA and
GMRT observational results presented in Ref. [25]. We also
predict the sensitivity of probing/constraining PBH DM
with the future SKA telescope. We focus on the PBH mass
range of ~10'°-10'7 g because the PBHs with masses
smaller than this range have been completely evaporated
and those ones larger than this range have very low
Hawking radiation flux.

We innovatively consider the SSC process because
the SSC peak frequency of the electrons from low-
mass PBHs is found to be close to the waveband of the
MWA and GMRT radio observations. Other improvements/
innovations compared to previous works (e.g., [14])
include choosing Fornax as the target source for its large

diffusion radius. We also consider the secondary emission
from Hawking evaporation. Considering the secondary
emission could give a higher model-predicted radio flux
for PBHs at the low mass end and lead to better constraints
on the abundance.

These improvements/innovations help us obtain, though
weak, the first constraints on the PBH abundance in dSphs
at asteroidal mass. We also obtain projected constraints
better than those predicted in previous works (e.g., [14]) for
future SKA observations.
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