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We investigate the potential of the Square Kilometre Array (SKA) in detecting synchrotron radiation
emitted from the decay of sub-GeV dark matter (dark matter with masses below the GeV scale) in the
presence of strong magnetic fields. As a concrete setup, we consider scenarios where the magnetosphere
of a magnetic white dwarf overlaps with dense dark matter environments, such as those surrounding a
primordial black hole. Our study reveals that the encounters of compact objects such as white dwarfs
and black holes offer a promising avenue for upcoming radio telescopes to probe the properties of light
dark matter, which has been less explored compared with more conventional heavier (masses above the

GeV scale) dark matter.
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I. INTRODUCTION

The nature of the dark matter, such as its mass and
interaction, remain elusive despite the compelling support
for its existence from the astrophysical observations. While
many conventional dark matter search experiments have
targeted weak-scale dark matter (typical mass scale is of
order ~100 GeV), the lack of observational signals has
expanded our interest in exploring a broader range of
potential dark matter candidates. The possible dark matter
mass can indeed span a wide spectrum, from ultralight
axionlike particles with masses even below O(1072°) eV to
scales surpassing the Planck scale, such as primordial black
hole dark matter [1-6].

Our paper focuses on the decay of sub-GeV dark matter
(masses below 1 GeV scale), which has not been fully
explored in comparison to heavier dark matter [7-19].
Specifically, we are investigating synchrotron radiation
signals in dense dark matter environments in the presence
of strong magnetic fields. More concretely, we consider the
ultracompact minihalo around a primordial black hole as a
dense dark matter environment and the magnetic white
dwarf as the source of a strong magnetic field.
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The dark matter can accrete into a black hole to form
the ultracompact minihalo and their consequent decay or
annihilation from such a large density region has been
studied for the detection, for instance, by the y-ray, cosmic
microwave background (CMB), radio, and neutrino tele-
scopes [20-39]. The effects of the dense dark matter
environment on gravitational wave signals also have been
studied, for instance, through the dephasing effects of the
gravitational waveform by the LISA (Laser Interferometer
Space Antenna)-like satellite experiments [40-53].

One of reasons why the light (sub-GeV) dark matter is
preferable for our signals is that heavier dark matter leads to
the peak frequency of synchrotron radiation signals (the
peak frequency is proportional to the magnetic field times
square of charged particles’ Lorentz factor o« By?) too big
for the Square Kilometre Array (SKA) [54,55] sensitive
frequency range (around 50 MHz-50 GHz). Another
notable difference from the previous works is that we
consider the strong magnetic fields from the magnetic
white dwarfs. Many previous works studying the synchro-
tron radiation signals from the dark matter decay and
annihilation considered the heavy (mass above GeV scale)
dark matter in the presence of the magnetic fields typically
of order O(1-10) pG including those from the Galactic
Center, globular clusters, dwarf galaxies, and galaxy
clusters [56—62]. For instance, Ref. [39] studied synchro-
tron radiation from the ultracompact minihalos surrounding
black holes in the presence of the Galactic magnetic fields.
The synchrotron radiation is indeed the dominant radiation
for the weak-scale dark matter for the magnetic fields of
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order O(1-10) pG, which leads to the tight bounds on the
abundance of ultracompact minihalos from the currently
available radio observation data. For the sub-GeV dark
matter mass with such small magnetic fields, due to the
smaller energy of final products emitted by the dark matter,
the synchrotron radiation power amplitude and peak
frequency become too low to be observable by the radio
telescopes. See, for instance, Ref. [63] for the scenarios
where the inverse Compton scattering, which has a higher
peak frequency than that of synchrotron radiation, can
instead lead to the radio frequency flux detectable by the
SKA for sub-GeV dark matter with order O(1-10) pG
magnetic fields.

In our paper, we focus on the significantly larger
magnetic fields of the order O(10°~7) G from magnetic
white dwarfs. With such large magnetic fields, sub-GeV
dark matter can lead to the radio frequency signals within a
reach of upcoming SKA radio telescope. In the presence of
these intense magnetic fields, the other background photon
energy becomes negligible compared with the magnetic
field energy, and the synchrotron emission can be the
dominant radiation mechanism at radio frequencies. For
even higher magnetic fields such as those from the neutron
star magnetosphere, however, the peak frequency of the
synchrotron radiation can be too high for the SKA sensitive
frequency range in our scenarios. Additionally, the larger
volume of the magnetosphere of a white dwarf, from which
the signals originate, compared to that of a neutron star,
is also advantageous for our scenarios.

Our paper is structured as follows. Section II outlines our
formalism to estimate the synchrotron radiation from the
dark matter decay and illustrates the realization of dense
dark matter environment surrounding a primordial black
hole. Section III presents our findings on the lower bounds
of the dark matter decay rate required for detectability by
the forthcoming SKA radio telescope.

II. SETUP

We consider the synchrotron radiation from the relativ-
istic electrons in the presence of strong magnetic fields.
As a source of the relativistic electrons, we consider the
decaying dark matter. For the strong magnetic fields, we
consider the magnetic white dwarfs. In addition, our
scenarios assume the dense dark matter environments.
We hence also briefly discuss the ultracompact minihalo
surrounding a primordial black hole as a concrete realiza-
tion for large dark matter density.

A. Synchrotron radiation from dark matter decay

The synchrotron radiation flux density received on
Earth is

1 R
SU:_/ zdrrzjy, (1)

where D is the luminosity distance from the source of
the synchrotron radiation to Earth. The emissivity of the
synchrotron radiation source (the energy emitted per unit
volume, per unit frequency, per unit time) is

. my /2 dn,
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For concreteness, we consider the magnetic white dwarf
and the limits of integration; R, R,, represent the inner and
outer radii of the white dwarf magnetosphere. A factor 2
accounts for the contribution both from electrons and
positrons. The power radiated by an electron per unit
frequency for synchrotron radiation is given by

e3B(r) sin(a
Pu — w]:(x)’ (3)

m,c
where « is the pitch angle (the angle between the velocity
vector of the electron and the magnetic field). F(x) is the
synchrotron function (the low frequency part is well

approximated by the power law of 1/3 and decays
exponentially well above the critical frequency),

Fx) = x / * Ks(&)de. 4

K53 s the modified Bessel function of the second kind of
order 5/3, and x=v/v,, where v, = 3eBy’sin(a)/(4zm,c)
is the critical frequency. We assume the simple dipole
profile B(r) o r=3 for the white dwarf magnetic field. The

electron energy spectrum [ZE (the electron number density

per unit energy) arising from the dark matter decay can be
estimated as

dn,
dE

dN,
dE’

~ n, I, X min(teor 14a] X (5)
where n, and I, are, respectively, the dark matter number
density and decay rate. dN,/dE represents the electron
energy distribution from each dark matter decay for a given
final state channel. We assume for illustration the dark
matter decays dominantly into electron positron pair final
states y — eTe™. Two timescales 7., t,4 are the cooling
timescale and the advection timescale. The cooling time-
scale of synchrotron radiation can be estimated by

ym,c?sina

P syn
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where y is the Lorentz factor of a radiating charged particle
and Py, is the total power (integrated over all frequency) of
the synchrotron radiation for each particle,

(6)
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e

The advection timescale at the emission region r can be
estimated by

02 )l 9)

When we integrate over the white dwarf magnetosphere,
the magnetic field is bigger for a smaller radius, while there
is a bigger volume contribution for a bigger radius. The
relevant timescale, the minimum of ¢, and 7,,, becomes
biggest at a radius where 7., & 1,4

We consider the magnetic white dwarf as the source of the
strong magnetic field. The magnetic white dwarfs (MWDs)
are characterized by the strong magnetic fields and they can
make up of order O(10)% of the white dwarf population
[64,64-66]. The magnetic fields of MWDs can typically
range from 10° to 10° G, and some of closest known MWDs
are within 20 pc of Earth. In our quantitative discussions
in Sec. III, we choose the distance to the white dwarf
D =100pc, its radius R; = 0.01R, the size of the mag-
netosphere R, = 10 x R;, and the pitch angle sina = 1 as
the fiducial values for illustration. We will demonstrate, in
Sect. III, that a magnetic field of around 10° G on the surface
of a white dwarf represents an optimal value for our signal
estimates. Larger magnetic fields result in signal peak
frequencies falling outside the SKA sensitivity window,
despit? an increase in signal amplitude with stronger magnetic
fields.

B. Dense dark matter environment
around a primordial black hole

The signals of indirect dark matter search can be
enhanced in the presence of the dense dark matter envi-
ronment. As a concrete example to realize such a high
density dark matter region, we illustrate the ultracompact
minihalo surrounding a primordial black hole. We adopt
the analytical expression of Refs. [27-29,67,68] which is
given by (for brevity, we use the convention ¢ = 1 in the
following discussions unless stated otherwise)

'We also mention that the magnetosphere of a neutron star
could be an alternative possibility for our setups. We, however,
found that the magnetosphere of a white dwarf is more suitable to
our scenarios than that of a neutron star, due to its relatively
weaker magnetic field (ensuring signal frequencies within the
SKA’s sensitivity range) and its larger volume (allowing for
greater spatial overlap with dark matter).

For concreteness, we assume a primordial black hole rather
than an astrophysically sourced black hole. The purpose of this
section is simply to illustrate an example of a large dark matter
density. The discussions on radio emissions in subsequent
sections, while focused on this context, can also qualitatively
apply to other environments with dense dark matter.

3/4
Pkd (rT)
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The transition radii are given by
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where r,., = 2GM is the Schwarzschild radius for a given
black hole mass M. p,, and 7, are, respectively, the density
of the Universe and the time at the matter-radiation equality
epoch. p;, and t;, are those at the dark matter kinetic
decoupling. The epoch when the dark matter kinetically
decouples from the cosmic plasma affects the velocity of
dark matter, and it can influence the dark matter profile
because the dark matter kinetic energy can play an
important role in how it is trapped by a black hole’s
gravitational field. The dark matter kinetic decoupling
temperature 7T, is given by3

5/4 1/4
m a
T, =% ([~ 1
. HMMQ@) ’ "

and the corresponding kinetic decoupling time is obtained
from the Friedmann equation

mpl

ty = —2L 14
kd ZaT%d ( )

with a = (1673g,,/45)'/?. For concreteness, we choose
the relativistic degrees of freedom at the kinetic decoupling
gra = 61.75[26,27,76]. T" is the gamma function. We refer
the readers to Refs. [27,28,28,29,67,68,77,78] for more
detailed discussions on the dark matter profile.

The profiles are illustrated in Fig. 1. The curve is
truncated at the Schwarzschild radius. Such a profile can
be obtained analytically assuming the adiabatic growth of a

3The exact nature of the kinetic decoupling can be heavily model
dependent. We refer the readers to, for instance, Refs. [69-76] for
more detailed physics and the phenomenology of dark matter
kinetic decoupling.

083533-3



KENJI KADOTA and SHOTA KISAKA

PHYS. REV. D 109, 083533 (2024)

107
== M=10"%Me, my=10"2GeV
104 —— M=10"*Mo, my = 10*GeV
== M=10°My, my=10"2GeV
10 —— M=10Mo, my=10%GeV
fal 10-2. == M=10*My, my=10"2GeV
S . i, —— M=10"Mo, my = 10°GeV
g L] o . N L] N
2 1073, Te
—_ ‘ b
=
< -8 |
5 10
10—11 4
10—14 i
10° 107 10° 10t 10%3 10%
ricm)
FIG. 1. The enhanced dark matter density around a primordial

black hole for different black hole masses (M = 107*, 1, 10*M )
and dark matter masses (mx =1072,10* GeV). The curve is
truncated at Schwarzschild radius. Two curves for M = 10*M
with m, = 1072 and m, = 10* GeV are indistinguishable.

halo and it has also been verified numerically [24,26,79].4
For the radius below 7, [which characterizes the scale inside
which the dark matter particle kinetic energy is bigger than
its potential energy under the influence of the gravitational
filed of the central object (such as a black hole)], the slope
becomes milder. The halo profile for such an inner region
can be obtained analytically by requiring the phase space
conservation assuming Maxwell-Boltzmann distribution for
the dark matter velocity [27-29,67,68].

Having illustrated how big the dark matter density can be
around a primordial black hole, which even could reach
values as large as O(1) g/cm?, we simply adopt the value
p,=1g/ cm’ as the fiducial value for quantitative dis-
cussions in Sec. III. Readers can straightforwardly rescale
our calculation results for a different value because our
synchrotron radiation signal [Eq. (1)] scales linearly with
p,- We mention that the dynamics of white dwarf motion in
a high dark matter density environment, especially near a
black hole, can be complex. Our objective is to explore
the potential effects of such an environment, serving as a
proof of concept for the parameters we have adopted.

“The power for the spike profile p(r)  r~7» for a given
initial profile pj, o 77 can be analytically derived as y, =
(9 = 2¥ini)/ (4 = ¥ini). For instance, y,, =9/4 for the spike
profile around a primordial black hole with the initial background
Yini = 0 deep in the radiation dominated epoch, and y,, = 7/3 if
the halo growth starts from the cuspy Navarro-Frenk-White
profile y;,; = 1. A steeper slope can lead to a bigger density
and some literature discusses even a value up to y,, ~2.75
[24,80-83]. Our qualitative discussions and conclusions are not
affected by those choices of parameters and we show the density
profile fory,, = 9/4 in Fig. 1 to illustrate a possible realization of
a large dark matter density.

Our preliminary investigation aims to understand the impli-
cations of a white dwarf encountering a region rich in dark
matter. In our present analysis, we disregard variations in
dark matter density, since the synchrotron radiation is
promptly emitted in strong magnetic fields. This suffices
for our goal of demonstrating the potential significance of
our scenarios for the future radio observations.

III. RESULTS

We compare the possible signals in our scenarios with
the forthcoming SKA sensitivity [54,55]. The SKA sensi-
tivity is estimated by the radiometer equation

2kasys
Aeff”s vV npoltobsAB ’

where k;, is the Boltzmann constant, 77,,; is the number of
polarization states, and 7., is the integrated observation
time. Ay 1s the effective collecting area of the telescope
and Ty, is the system temperature consisting of the sum
of sky/instrumental noises of the system. Note their ratio
A/ Tyys, the so-called natural sensitivity, is frequency
dependent and the values are adopted from Ref. [55].
n, is the system efficiency and AB is the bandwidth.
We use n, = 0.9, 1,0, = 2 and adopt the bandwidth that is
frequency dependent as 0.3 times the frequency AB = 0.3v
[55]. The anticipated sensitivity of the upcoming SKA is
expected to cover the frequency range 50 MHz ~ 50 GHz
[combining SKA-low (covering the lower frequency bands)
and SKA-mid (covering the mid-range frequencies)].

Figure 2 shows the energy spectrum distribution vS, of
our estimated signals (flux density multiplied by frequency,
and the integral v/S,, over In v represents the total energy flux)
for different dark matter masses (top panel) and for different
magnetic field amplitudes (bottom), along with the SKA
sensitivities for 7., = 100 and 1000 hours of observations.

Figure 2 also illustrates the cutoff at low frequencies,
which is a characteristic feature of synchrotron radiation.
The synchrotron radiation becomes negligible at frequen-
cies below the Larmor frequency v; =eB(r)/2zm, [84,85].
For illustration purposes, we applied a cutoff to the
synchrotron radiation power P, (v, r) so that the radiation
vanishes when the frequency is below the Larmor fre-
quency v < v, in our integrating the radiation contributions
over the white dwarf magnetosphere.

The top panel of Fig. 2 displays the energy spectrum
distribution across different dark matter masses, while the
bottom panel illustrates variations due to changing mag-
netic fields. We observe a general trend of increasing peak
frequency and emitted total power (represented by the area
under the curve) in the figure with larger dark matter
masses and magnetic field strengths. The shift in peak
frequency, however, is not simply proportional to (y*> By),
and likewise, the total emitted power dependence on y, By,

Smin =

(15)
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FIG. 2. The energy spectrum distribution v, for the synchrotron
radiation as a function of the frequency. The SKA sensitivity
assuming 100 and 1000 hours of observations are shown for
reference. The magnetic white dwarf is assumed to be 100 pc away
from Earth. We assume that the magnetic field follows the dipole
profile B(r) = By(r/ry)™> and the magnetosphere spans from
ro = 0.01Rg to 10ry. The dark matter decay rate I', = 1072 [s7]
and the density p, = 1 [g/cm?] are used. The top panel displays
the cases for dark matter masses m, =5, 50, 500 MeV with a
magnetic field coefficient (B, = 10° G). The bottom panel illus-
trates various magnetic field amplitudes with (B, = 10°, 10°,
10* G) for a constant dark matter mass of m, = 50 MeV.

is not trivial either. This is attributed to the integration of
the synchrotron radiation contribution over the position-
dependent magnetic field profile within the white dwarf
magnetosphere. For a larger radius, the magnetic field
becomes small even though there is a bigger volume factor.
In fact, in some regions of the magnetosphere, particularly
for smaller values of (y) and B(r), synchrotron radiation
cooling is less efficient and the advection timescale can
become comparable to, or shorter than, the radiation cooling
timescale. The resultant synchrotron radiation energy spec-
trum hence can possess nontrivial dependence on y, B.
Having obtained the radiation spectrum, we can now put
the bounds on the dark matter decay rate I',. We conserva-
tively obtain the bounds on I', by ensuring that the
synchrotron radiation flux does not exceed the SKA thresh-
old across the entire frequency to which the SKA is sensitive.
It is around 50 MHz-50 GHz as illustrated in our figures,

10723
10724
. L]
T2
0 T By=107G
=107 —— Bo=10°G
— Bo=10%G
— Bo=10%G
10727 —— Bo=10%G
==: CMB
Voyager
10728
10! 10?2
my (MeV)
FIG. 3. The lower bounds on the dark matter decay rate T',, to be

detectable by the SKA assuming 100 hours of observation. The
dipole magnetic field profile B(r) = By(r/ry)~> is assumed and
the magnetosphere spans from ry = 0.01R, to 10r,. The bounds
for By = 103107 G are shown. The constant dark matter density
p,=1g/ cm? is assumed. The upper bounds from the CMB and
Voyager data are also plotted for reference.

and we assume 100 hours of SKA observation in deriving
the bounds. Figure 3 shows the resultant lower bounds on I,
above which our synchrotron radiation signals can be
detectable by the SKA. The behavior of the curves for
different magnetic fields are caused by the change of the
peak frequency and the change of the synchrotron radiation
power amplitude. B, = 10’ G has a peak frequency well
above the SKA sensitive frequencies. Hence, the lower
magnetic field B, = 10° G with a lower peak frequency can
give tighter bounds even though the radiation power is
smaller due to the smaller magnetic field (the total synchro-
tron radiation power is proportional to B%y?). For even lower
magnetic fields with B, < 10° G, the synchrotron radiation
power reduction causes the weaker bounds on T',,. In addition
to the requirement for the dark matter to have the lifetime
longer than the age of the Universe I';! % 4 x 10'7 [s], there
are much tighter bounds from other astrophysical observa-
tions. For the sub-GeV dark matter, the CMB and Voyager
give among the tightest bounds, and the upper bounds from
the Planck CMB and Voyager data are plotted in Fig. 3 for
reference [86—89]. Dark matter decays can inject energy into
the cosmic plasma, altering the reionization history and
affecting the CMB data. The Voyager data can put bounds on
the dark matter from the cosmic-ray measurements in the
interstellar medium outside the influence of the solar wind.’

>The cosmic-ray electrons/positrons are usually shielded by
the solar magnetic fields for Earth-bound detectors (so-called
solar modulation effects), but not for the Voyager which crossed
the heliopause. Voyager’s such unique datasets were compared
with a simulation of the expected cosmic-ray electron and
positron fluxes originating from dark matter decay to obtain
the novel constraints on the dark matter properties [§9—91]. The
bounds shown in our figure are from the diffuse dark matter
distributions, which are also applicable to our study.
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FIG. 4. The energy spectrum distribution vS, for the synchro-
tron radiation as a function of the frequency. The magnetic white
dwarf is assumed to be 100 pc away and the dark matter density
p,=1g/ cm?® is assumed. The magnetic field follows the dipole
profile B(r) = By(r/ry)™> with By = 10° G and the magneto-
sphere region is from ry = 0.01R, to 10r,. The dark matter
masses for m, =5 MeV, 1 GeV, | TeVare shown. The sensitivity
of different experiments are also shown covering the radio (SKA
assuming 100 and 1000 hours of observations), x-ray (Chandra,
NuSTAR), and y-ray (Fermi-LAT) frequencies. One hundred
hours of observations are assumed for Chandra, NuSTAR, and
Fermi-LAT sensitivity curves.

Our study demonstrates that our scenarios involving the
white dwarf and black hole can potentially lead to the signals
observable by the SKA even with a small enough dark
matter decay rate satisfying other stringent bounds. We also
note that there are many magnetic white dwarfs closer than
100 pc away [64,92], and our signals may well be bigger
than those in this figure using the fiducial value of 100 pc
(the readers can straightforwardly scale the signals that are
inversely proportional to the luminosity distance squared).

Before concluding our discussions, let us also briefly
discuss the prospects of the synchrotron radiation for our
scenarios at the frequencies higher than the radio range
relevant for the SKA. For illustration, Fig. 4 shows the
energy spectrum covering x- and y-ray frequencies in
addition to the radio range. For the large dark matter mass
above GeV scale, there currently exist tight upper bounds
on dark matter decay rate I', from the x- and y-ray indirect
dark matter search [87]. For instance, for the sub-GeV dark
matter, the bounds are of order ™! > 10% sec, and, for the
mass above 1 GeV, the bounds are of order 1027—10%® sec.
We accordingly adopt the fiducial vales of ' = 1073 [s7!]
for m, <1 GeV, 10727 [s7!] for 1 GeV < m, <1 TeV,
and 1072% [s~'] for m, > 1 TeV in calculating our syn-
chrotron radiation signals in Fig. 4 [11,86,93]. Figure 4
also shows the sensitivity of the currently available obser-
vation data for the x- and y-ray observations (Chandra,

NuSTAR, and Fermi assuming 100 hours of observations)
[56,94-96]. We can see that experiments targeting frequen-
cies higher than the radio range exhibit less competitive
sensitivity compared to the superior sensitivity expected
from the SKA. This is partly due to the large effective area
that radio telescopes, such as the SKA, can boast. We
investigated potential SKA probes of synchrotron radiation
resulting from sub-GeV dark matter decay in the presence
of strong magnetic fields. We specifically examined sce-
narios where dark matter environments around a primordial
black hole overlap with the magnetosphere of a magnetic
white dwarf. Our estimates suggest that the encounters of
compact objects, such as white dwarfs and black holes,
could present compelling targets for upcoming radio tele-
scopes to clarify the nature of dark matter. While our
scenarios primarily require the singular encounters with
unbound orbits, the possibly rarer yet intriguing scenarios
of binary formation would also warrant further exploration.
The black hole—white dwarf binary system has been less
explored in the literature compared with black hole—black
hole and black hole-neutron star binaries. The black hole—
white dwarf binaries can be of great interest for the targets
of multi-messenger objects. The black hole-white dwarf
binaries have been also studied for the gravitational wave
signals. For example, the detection of O(10) primordial
black hole—white dwarf merger events is feasible for
Mpgy ~ 10°M, by the DECIGO-like spaceborne gravita-
tional wave interferometer within three years at distances
up to ~1 Gpc scale [97]. We, however, note that these
estimations of event rates significantly depend on the
assumptions of underlying models, such as the mass
functions of compact objects. For more detailed discussions
on calculation methodologies and model dependencies for
the estimation of the compact object encountering rate, we
direct readers to the pertinent literature [97-106].

The detailed estimation for the black hole—white dwarf
encountering rates relevant for our scenarios are left for
future work. The potential x-ray, y-ray, and gravitational
wave signals have been studied for the white dwarf-black
hole binaries, but radio signals have received little attention
[98,98,99,102,103,103-108]. More detailed analyses of
our scenarios, including tidal effects and the possible
binary formation, will be addressed in future numerical
studies.
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