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generation of primordial 
gravitational waves due to 
quantum fluctuation of spacetime
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What can we do with 21cm? 
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ΔP/P ∼ 1/ N

Square Kilometre Array



Kenji Kadota (HIAS-UCAS)9

21cm before/during reionization

21cm after reionization: 21cm intensity mapping from galaxies

Radio signals  

Dark matter example: Axion-like particles

Dark matter example: Warm dark matter

Dark matter example: Decaying dark matter

Q: What is 21cm?
Q: How do we observe 21cm?   
Q: Why is 21cm interesting?

Ans: Radio telescope 

SKA probes on dark matter

Q: What is dark matter? Dark matter properties.

Example 1:

Example 2:

Example 3:

21cm probes on dark matter beyond WIMP
 Kenji Kadota (HIAS-UCAS)



Let us be open-minded about dark matter (DM) mass11/8/22, 9:31 AM The Search for Dark Matter Is Dramatically Expanding | Quanta Magazine

https://www.quantamagazine.org/physicists-are-expanding-the-search-for-dark-matter-20201123/ 2/5

Dark matter could be made up of particles with a vast range of possible masses.

E ver since astronomers reached a consensus in the 1980s that most of the mass in the universe

is invisible — that “dark matter” must glue galaxies together and gravitationally sculpt the

cosmos as a whole — experimentalists have hunted for the nonluminous particles.

Credit: S. Velasco
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FIG. 1: (top) The effect of ULPs on matter power spectrum for different ULP abundances fu = Ωu/ΩDM (for the ULP masses
m/H0 = 109, 1013). (bottom). The relative change in the matter power spectrum, defined by eq.(1).

FIG. 2: (top) The effect of ULPs on matter power spectrum for the different ULP masses for a given fu. (bottom) The
corresponding relative change of the matter power spectrum.

3

FIG. 1: (top) The effect of ULPs on matter power spectrum for different ULP abundances fu = Ωu/ΩDM (for the ULP masses
m/H0 = 109, 1013). (bottom). The relative change in the matter power spectrum, defined by eq.(1).

FIG. 2: (top) The effect of ULPs on matter power spectrum for the different ULP masses for a given fu. (bottom) The
corresponding relative change of the matter power spectrum.

mALP > 10−20eV

 ( ) 
CMB : mALP > 10−24eV
Ly − α : mALP > 10−21eV

‘Probing Ultra-light Dark Matter from 21cm Tomography  
using Convolutional Neural Networks’,     
Sabiu, KK, Asorey, Park (2022)

Sabiu, KK, Asorey, Park (2022)

z=10



Kenji Kadota (HIAS-UCAS)13

21cm before/during reionization

21cm after reionization: 21cm intensity mapping from galaxies

Radio signals  

Dark matter example: Axion-like particles

Dark matter example: Warm dark matter

Dark matter example: Decaying dark matter

Q: What is 21cm?
Q: How do we observe 21cm?   
Q: Why is 21cm interesting?

Ans: Radio telescope 

SKA probes on dark matter

Q: What is dark matter? Dark matter properties.

Example 1:

Example 2:

Example 3:

21cm probes on dark matter beyond WIMP
 Kenji Kadota (HIAS-UCAS)



Kenji Kadota (HIAS-UCAS)14

“ Differentiating Warm Dark Matter Models through 21cm Line Intensity Mapping: A Convolutional Neural Network Approach”   
(Murakami, KK, Nishizawa, Nagamine, Shimizu (2024)) 

4

FIG. 2. The relation between the particle mass of dark mat-
ter and k1/2. Each line respectively corresponds to the FD
(blue, dashed), ⌫MSM (green, dash-dot-dot), SF (orange,
dash-dotted), and DW (red, dotted) model.

FIG. 3. The projected 2D linear power spectra for the CDM
(purple, solid), FD (blue, dashed), ⌫MSM (green, dash-dot-
dot), SF (orange, dash-dotted), and DW (red, dotted) WDM
at z = 3. Here, we assume the particle mass of WDM is 3
keV. The projection length is 25 h�1Mpc.

B. Other WDM Models

This work considers the additional three WDM mod-
els mentioned in Section I: ⌫MSM, SF, and DW. The
production mechanisms for these models di↵er from the
thermal production represented by the FD model, and
the phase space distributions and, consequently, the free
streaming scales di↵er. We, however, simplify our anal-
ysis by calculating the power spectra for these WDM
models using FD distributions through the mass map-
ping given by Eq. (1)-(3) in Section I, which su�ces for
our purpose of demonstrating the potential power of the

21 cm observations to discriminate among di↵erent dark
matter production mechanisms.
We analyze the power spectra for a given WDM mass.

The dark matter mass can be determined from other
complementary experiments, such as a collider experi-
ment, where the properties of dark matter, such as their
momentum, are obtained from the kinematics. For a
given WDM mass, we then reinterpret its mass as the
mass of the FD by using Eq. (1)-(3). Finally, we can
calculate k1/2 and the power spectra for the ⌫MSM, SF,
and DW following the procedure for the FD model by the
reinterpreted mass. Fig. 3 and Fig. 2 show the projected
linear power spectrum at z = 3 for the WDM particle
mass mDM = 3 keV and k1/2 for each WDM model. As
we can see in these figures, k1/2 and the power spectra
are di↵erent between the WDM models even when their
particle masses are the same due to the di↵erent free-
streaming scales.

III. DATA

A. Gadget-Osaka simulation

In this work, we perform hydrodynamic simulations to
generate the mock 21cm intensity map for the di↵erent
FD masses and the di↵erent WDM models. We assume
the comological parameter obtained by Planck satellite
[20]; ⌦m = 0.3111, ⌦⇤ = 0.6889, ⌦b = 0.049, h = 0.677,
and ln 1010As = 3.047. First, we consider the standard
CDM and FD models with di↵erent masses.
The initial power spectrum for the CDM model at

z = 99 is calculated using the CLASS. For FD models,
we compute its initial power spectrum following the for-
mulae in Section IIA. We generate the initial conditions
from these input power spectra with 2LPTic [21]. In
making the initial condition, we apply the glass realiza-
tion to remove the grid pattern in particle distribution
and to avoid unrealistic features in the matter distribu-
tion [22, 23].
We use GADGET3-Osaka [24, 25] to solve the evolution

of matter distribution caused by the gravitational inter-
action and gas physics. It is the cosmological smoothed
hydrodynamic (SPH) code based on GADGET3 [26]. Our
simulations have 2563 dark matter particles and 2563 gas
particles in a box whose comoving size is 50 h

�1Mpc on
a side. Therefore, the dark matter particle’s mass in our
simulation is 5.4⇥108 M�/h, whereM� is the solar mass.
We generate the initial condition at z = 99 and stop the
simulation at z = 3. This simulation includes the star for-
mation, supernova feedback, UV radiation background,
and radiative heating and cooling. The cooling e↵ect is
solved by Grackle chemistry and cooling library[27]. For
the star formation model, we apply the model used in the
AGORA project[28, 29], the supernova feedback model
described in [25], and the uniform UV radiation back-
ground [30]. We do not consider the self-shielding of HI
gas, which is the obstruction of UV radiation by thick HI
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STEP 1

50 Mpc/h

STEP 2

25 Mpc/h

offsets

50 Mpc/h
6.25 Mpc/h

STEP 3

64×64	pixels

FIG. 4. The illustration of the procedure of making images from the simulation. STEP1: Define the physical quantities on the
regular grid of 5123 using SPH kernel. STEP2: Project them along the LoS over 25 Mpc/h width with the o↵sets of ⇠ 0.1Mpc/h
steps for the data augmentation. STEP3: The image is subdivided in to 8 ⇥ 8 images and the �Tb image is translated with
sinh�1 function to increase the dynamic range. Please see the text (in section III B)for more detailed procedures.

FIG. 5. These are examples of the image for CDM (left), 3 keV FD WDM (middle), and 2 keV FD WDM (right) at z = 3
(upper) and z = 6 (lower). Each image includes the 6.25⇥ 6.25 [(h�1Mpc)2]⇥ 25 [h�1Mpc] region of a simulation box and has
64⇥ 64 pixles. These images come from the same region of each simulation box.

gas.

Throughout this work, we use the snapshots at
z = [3, 4, 5, 6]. This redshift range corresponds to the
range observed by the SKA-Low survey after the post-
reionization epoch.

B. Images

In the following, we describe the procedures for gener-
ating the images from the hydrodynamic simulation used
to train, validate, and test CNN. Fig. 4 illustrates the

mDW ∼ 2.85keV ( mFD

keV )
4/3

mνMSM ∼ 1.9mFD

mSF ∼ 2.55mFD

Same dark matter mass  with                    
different production mechanisms



Kenji Kadota (HIAS-UCAS)15

12

FIG. 11. The AUC values for the classification of the test images between the CDM and FD model with CNN (blue) and the
power spectrum (orange) at each redshift. The left and right panels correspond to the classification for the 1 keV and 2 keV
FD models, respectively. In addition, the dot-dashed line and shaded region represent the joint redshift analysis. The error
bar and shaded region show the 1� jackknife error.

FIG. 12. This figure shows the p̄(k|M) for each input dark matter model for mDM = 2 keV. The 5-, 4-, 3-, and 2-class
classifications correspond to the left to right panel, respectively. In each panel, the di↵erent rows correspond to the di↵erent
models for the input image, and the vertical axis represents the prediction of the model.

each WDM model are computed by the same procedure
for the FD model as shown in Section II B.

In this section, we classify the images with the joint
redshift analysis and, for simplicity, do not consider the
system noise. To evaluate the results, we consider the
mean probability of the results as

p̄(k|M) =
1

NM

X

i

pi(k|M), (20)

where NM is the number of the test images of the dark
matter model M. p̄(k|M) is maximized when k = M.

In the following, we consider the 4 cases: 5-class (CDM
+ 4 WDM), 4-class (4 WDM only), 3-class (FD, ⌫MSM,
and DW), and 2-class (SF and DW). Here, we fix the
WDM particle massmDM, corresponding tomFD and the
left-hand side of Eq. (1)-(3) for each WDMmodel, and we
calculated the initial power spectrum of our simulation
following Eq. (6)-(9).

As we can see in Fig. 2, which shows the relation be-
tween mDM and k1/2 following Eq. (8), the lighter dark
matter can be distinguished more easily from the CDM

model due to the larger scale of the free streaming. On
the other hand, the di↵erence between the WDM models
becomes larger in the case of the heavier WDM. Espe-
cially, SF and DW are similar at around m ⇠ 2 keV.
Therefore, we examine the case of the 3-class classifica-
tion, which does not classify the SF and DW, and the
binary classification between the SF and DW model.

Fig. 12 shows the results of discriminating the di↵erent
model for given mDM = 2keV. The top-left panel corre-
sponds to the 5-class classification. The CDM, FD, and
⌫MSM models can be distinguished from the other mod-
els, while the DW model cannot be distinguished from
the SF model. In the 2-class classification between the
SF and DW model (bottom right), our CNN shows the
similar p̄(k|M) for both models and cannot classify these
models. As we can see in Fig. 2, the SF and DW mod-
els have similar features for mDM = 2 keV because their
initial power spectrum is almost identical; hence, it is
di�cult to distinguish these models even for the image-
based analysis.

In Fig. 12, the top right panel shows the 4-class clas-
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Source N Ndetected

WD+WD ⇠ 10
8 6,000�10,000

NS+WD ⇠ 10
7 100�300

BH+WD ⇠ 10
6 0�3

NS+NS ⇠ 10
5 2�100

BH+NS ⇠ 10
4
� 10

5 0�20
BH+BH ⇠ 10

6 0�70

Table 4: Estimated absolute number of compact binaries from isolated binary evolution in the
Milky Way. The columns show the source type, the total number of binaries in the galaxy at any
frequency and the total number of estimated sources detected by LISA. We report values from
indipendent studies which assume different LISA mission lifetimes and SNR. WD+WD models
assume a frequency range 0.5 � 10 mHz while models for the other sources assume a frequency
range 0.1 � 10 mHz. At lower frequencies the total number of LISA sources is so high that it
might become impossible to distinguish individual sources from the GW foreground. The ranges
of the expected intrinsic number of each binary type are extracted from Nissanke et al. (2012);
Breivik et al. (2020a); Belczynski et al. (2010a); Kruckow et al. (2018); Nelemans et al. (2001c);
van Oirschot et al. (2014); Lamberts et al. (2018) while the ranges of the expected number of
LISA sources are extracted from Nelemans et al. (2001b); Korol et al. (2017); Lamberts et al.
(2019); Korol et al. (2018); Liu et al. (2010); Ruiter et al. (2010); Tauris (2018); Breivik et al.
(2020a); Belczynski et al. (2010a); Kruckow et al. (2018); Lau et al. (2020); Andrews et al. (2020);
Sesana et al. (2020).

also be influenced by many uncertain physical processes, some of which are common to the ones
outlined for sources formed via isolated binary evolution. For instance, natal kicks for compact
objects have a direct impact on retention of those objects in stellar clusters (Morscher et al.,
2013; Arca Sedda et al., 2018; Webb et al., 2018; Pavlík et al., 2018; Banerjee et al., 2020) which
influences the number of dynamically formed binary systems. The number of compact objects
that form in dense environments also depends on their metallicity and the initial mass function
of their stars which may vary with their formation environment (Dabringhausen et al., 2009;
Geha et al., 2013; Krumholz, 2014; Chruślińska et al., 2020). Additionally, dissolved or tidally
disrupted open and globular clusters can also contribute to the number of GW sources that may
have dynamically formed (Muratov and Gnedin, 2010; Fragione et al., 2018; Giersz et al., 2019).

Apart from population synthesis-like simulations, another approach to predict the expected
LISA rates is to derive empirical estimates from the already observed population of sources.
For NS+NSs for instance, one can use the inferred merger rate coming from the known Galactic
NS+NS population, and accounting for survey selection effects (Phinney, 1991; Kim et al., 2003),
or the inferred merger rate from LIGO–Virgo (The LIGO Scientific Collaboration et al., 2020),
to predict that LISA should be able to detect 50–300 NS+NSs in the Milky Way (Andrews et al.,
2020). In a similar manner, based on O1 LIGO–Virgo detections, it was estimated that LISA
maybe able to detect up to ⇠ 50 BH+BHs (Sesana, 2016), but the inferred BH+BH merger
rate density decreased in the most recent O3 run by a factor of ⇠ 2. Empirical estimates of the
Galactic NS+WD population have been derived, based on the observed pulsar population, with
100 � 150 being predicted to be observable by LISA (Tauris, 2018).

1.5 Synergies

1.5.1 Synergies with EM observations

Coordinators: Thomas Kupfer
Contributors: Thomas Kupfer, John Tomsick, Nicole Lloyd-Ronning, John Quenby,
Thomas Tauris, Thomas J. Maccarone

39

archive: 2203.06016

White dwarf: 0.1 Msun, 10**4 km, B up to 10**9 G


White dwarf-Black hole system: 

EMN singles from tidal disruption, GW early warning of tidal disruption, accretion 

New thing in our scenario:                                          

Multi-messenger sources

 Radio signals, without tidal disruption, from DM decay products and WD magnetosphere 


Neutron Star: Msun, 10km, B up to 10**15 G

Estimated compact binaries 

in the Milky Way Galaxy

WD less compact than NS

WD more abundant than NS
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Radio Signals from the Decay of Sub-GeV Dark Matter in the Presence of Strong
Magnetic Fields

Radio signals from the decay of sub-GeV dark matter in the white dwarf
magnetosphere

Radio Signals from the Decay of Sub-GeV Dark Matter Surrounding a Black Hole
Synchrotron Radio Emissions from the Decay of Sub-GeV Dark Matter Surrounding
Primordial Black Holes Radio signals from sub-GeV dark matter surrounding a black

hole
Radio Signals from Sub-GeV Dark Matter in the presence of strong magnetic fields :
Synchrotron Radiation in dense dark matter environment surrounding Black Holes

kk1,2
1School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,

University of Chinese Academy of Sciences (HIAS-UCAS), Hangzhou 310024, China
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The binary of the compact objects such as a black hole and magnetic white dwarf can be a source
for the multi messenger signals. The dark matter can accrete to the black hole forming the dense
spike profile, and it can provide an intriguing playground to study the dark matter properties. We
explore the possibility that the relativistic electrons/positrons from decaying dark matter in the
dense dark matter environment around a black hole can radiate at the observable radio frequencies
in the presence of the astrophysically sourced strong magnetic fields.

I. FIGURES

FIG. 1: The enhanced dark matter density around a
black hole. The x axis is the radis in terms of the

Schwarchild radius rsch and the curves are cut at the 3
times Schwarchild radius (it is ISCO (innermost stable
circular orbit for non-rotating balck hole. The ISCO for

a rotating Schwarchild radius. Two curves for
M = 104M⊙ with mχ = 10−2, 104 GeV are

indistinguishable. We use ρχ = 1g/cm2 as a fiducial
value in our discussions.

II. SETUP

We are interested in the scenarios where the dense
dark matter environments come across the astropjhysi-
cally sourced strong magnetic fields. As a concrete setup,
we choose the ultracompact dark matter minihalo sur-
rounding a primordial black hole for the dense dark mat-
ter environments and the magnetosphere of white dwarf
for the strong magnetic fields.

III.

IV. DENSE DARK MATTER ENVIRONMENT
AROUND A BLACK HOLE

The singals of indirect dark matter search can be en-
hanced in the presence of the dense dark matter environ-
ment. As a concrete example to realize such a high den-
sity dark matter region, we illustrate the ultra-compact
minihalo surrounding a primordial black hole. The dark
matter The analytical profile for the UCMH profile in
this figure is given in the appendix. The synchrotron
radiation flux from the dark matter decay in our discus-
sion is linealry proportional to the dark matter density.
In the quntitative discussions for the radio signals, we
use ρχ = 1g/cm3 as a fiducial value so that a reader
can straightforwardly re-scale the radition sginals accord-
ingly.
The phenomenology for the dense dark matter around

a black hole such as the indirect search from its decay and
annihilation in the radio, X-ray and gamma-ray obser
and gravitational

(KK and Kisaka (2024))
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reach the values be as big asO(1)g/cm3, we simply adopt
the value ρχ = 1g/cm3 as the fiducial value for quanti-
tative discussions in Section III. Readers can straight-
forwardly re-scale our calculation results for a different
value because our synchrotron radiation signal (Eq. (1))
scales linearly with ρχ. We mention that the dynam-
ics of white dwarf motion in a high dark matter density
environment, especially near a black hole, can be com-
plex. Our objective is to explore the potential effects of
such an environment, serving as a proof of concept for
the parameters we have adopted. Our preliminary inves-
tigation aims to understand the implications 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 emit-
ted 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 sen-
sitivity is estimated by the radiometer equation

Smin =
2kbTsys

Aeffηs
√

ηpoltobs∆B
(15)

kb is the Boltzmann constant, ηpol is the number of po-
larization states, tobs is the integrated observation time.
Aeff is the effective collecting area of the telescope and
Tsys is the system temperature consisting of the sum of
sky/instrumental noises of the system. Note their ratio
Aeff/Tsys, so-called the natural sensitivity, is frequency
dependent and the values are adopted from Ref. [55].
ηs is the system efficiency and ∆B is the bandwidth.
We use ηs = 0.9, ηpol = 2 and adopt the band width
which is frequency dependent as 0.3 times the frequency
∆B = 0.3ν [55]. The anticipated sensitivity of the up-
coming SKA is expected to cover the frequency range
50MHz ∼ 50GHz (combining SKA-Low (covering the
lower frequency bands) and SKA-Mid (covering the mid-
range frequencies)).
Fig. 2 shows the energy spectrum distribution νSν

of our estimated signals (flux density multiplied by fre-
quency, and the integral νSν over ln ν represents the to-
tal energy flux) for different dark matter masses (top
panel) and for different magnetic field amplitudes (bot-
tom), along with the SKA sensitivities for tobs = 100 and
1000 hours of observations.
Fig. 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 νL = eB(r)/2πme

[84, 85]. For illustration purposes, we applied a cutoff
to the synchrotron radiation power Pν(ν, r) so that the
radiation vanishes when the frequency is below the Lar-

FIG. 2: The energy spectrum distribution νSν 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 the
Earth. We assume that the magnetic field follows the

dipole profile B(r) = B0(r/r0)−3 and the
magnetosphere spans from r0 = 0.01R⊙ to 10r0. The

dark matter decay rate Γχ = 10−25[s−1] and the density
ρχ = 1[g/cm3] are used. The top panel displays the

cases for dark matter masses
mχ = 5MeV, 50MeV, 500MeV with a magnetic field
coefficient B0 = 105G. The bottom panel illustrates

various magnetic field amplitudes with
B0 = 106, 105, 104G for a constant dark matter mass of

mχ = 50MeV.

mor frequency ν ≤ νL 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
magnetic 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 γ2B0, and likewise, the total emitted power depen-
dence on γ, B0 is not trivial either. This is attributed
to the integration of the synchrotron radiation contribu-
tion over the position dependent magnetic field profile
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(KK and Kisaka (2024))

B(r) = B0(r/r0)−3

χ → e+e−

SKA Sensitivity to Sub-GeV Dark Matter Decay:  Synchrotron Radio Emissions in White Dwarf Magnetospheres (KK and Kisaka (2024))
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Figure 4: Current and expected sensitivity to DM decay, achieved by cosmic-ray and gamma-ray experiments,
for both current (beige) and future (green, blue) searches. Over 23 orders of magnitude in DM mass can
be searched, from sterile neutrino decays at keV energies to DM decaying to gamma rays (40 keV-MeV),
electrons and positrons (MeV-10 GeV), and bottom quarks (>10 GeV). Lifetime values are based on results
in Refs. [71, 72, 157, 158, 163, 170, 194–207]. Note that the sharp edges of the curves at most masses are
due limited mass ranges of published dark matter results, rather than being from instrumental thresholds.

Matter Particle Explorer (DAMPE). Measurements of matter and antimatter cosmic ray spectra by these
instruments have constrained cosmic-ray propagation in our Galaxy, set strong limits on DM annihilation
and decay, and in some cases revealed surprising features (some of which are discussed in Sec. 3.3.3).

In the near-term future, the High Energy Light Isotope Experiment (HELIX) [190] instrument is preparing
for its first flight as a high-altitude balloon payload. The primary goal of HELIX is to measure the ratio of
Beryllium-10 to Beryllium-9 ratio in the energy range of about 1–10GeV/n, which will provide a measurement
of the di↵usion time of cosmic rays in our Galaxy and hence provide important constraints on cosmic-ray
propagation.

Longer term, there are proposals for two next-generation magnetic spectrometers with significantly in-
creased acceptance when compared to AMS-02: the Antimatter Large Acceptance Detector In Orbit (AL-
ADInO) [191, 192] and A Magnetic Spectrometer (AMS-100) [193]. These detectors could significantly
improve on particle-antiparticle separation and on existing measurements of cosmic rays and gamma rays.

Fig. 4 shows current and forecast limits on the DM decay lifetime from observations of charged cosmic
rays and gamma rays. These measurements allow us to probe DM lifetimes ⇠ 9 orders of magnitude longer
than the age of the universe over an enormous range of DM masses, from the keV scale to the Planck
scale, demonstrating both the wide reach and unique capabilities of indirect detection experiments. The
enhanced sensitivity of future experiments to decays will in general also be reflected in enhanced sensitivity
to annihilation.

3.4.5 Low-energy antinuclei as a background-free discovery channel

As yet, there has been no confirmed detection of low-energy antideuterons or antihelium (although there
are some tentative possible antihelium events observed by AMS-02), and the expected background for these
channels is essentially zero. A detection of such low-energy antinuclei would be transformative.

The General Antiparticle Spectrometer (GAPS) experiment [208] is the first dedicated experiment to
search for low-energy (< 0.25 GeV/n) cosmic-ray antinuclei; it is currently preparing for its first Antarctic
long-duration balloon flight. The initial program consists of three flights and the GAPS collaboration
is planning a future upgraded payload to increase sensitivity by a factor of 5. GAPS will provide the
first precision antiproton spectrum measurement at energies below 0.25GeV/n, and provide sensitivity to
antideuterons that is about two orders of magnitude better than the current BESS limits, while also having
competitive sensitivity to antihelium.
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FIG. 4: B=1e6 G. Self-absorption is on. The radiation
energy spectra from the dark matter decay as a function
of frequency. The sensitivity of different experiments are
also shown covering the radio (SKA), X-ray (Chandra,
NuStar) and gamma-ray (Fermi-LAT) frequencies.
B0 = 106 G, the white dwarf 100 pc away. For SKA

sensitivity, I assumed the band width ∆B = 0.3ν. The
dark matter mass needs to be at least twice of the

electron mass to decay into an electron positron pair.
We chose 5 MeV for concreteness in the figure. The
total emitted radiation power (area under each curve)
νSν is common for the same dark matter mass. The
amplitude difference is from the tighter bound on the
decay rate for a higher dark matter mass. The indirect
dark matter bounds tend to be tighter for a bigger dark
matter mass because the final products tend to be more
energetic. Besides the requirement for the dark matter
to have the life time longer than the age of the Universe
τ ! 4× 1017, there exist tighter lower bounds from the
X-ray and gamma ray indirect dark matter search [1].
For instance, for the sub-GeV dark matter, the lower
bounds are of order 1025 sec, and, for the mass above 1

GeV, the bounds are of order 1027 ∼ 1028 sec. We
accordingly adopt the fiducial vales of τ = 1025 sec for
mχ < 1 GeV, τ = 1027 sec for 1GeV ≤ mχ < 1TeV and

τ = 1028 sec for mχ ≤ 1 TeV in our figures [2–4].
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The transition radii for these analytic profiles are given
by
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2
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(3)

where rsch is the Schwarchild radius 2GM =
2.9(M/M⊙)[km] for a given BH mass M . The dark
matter kinetic decoupling temperature Tkd is given by

Tkd =
m5/4

χ

Γ[3/4]

(

α

Mpl

)1/4

(4)

and the corresopnding kinetic decoupling time is ob-
tained from the Friedmann equaion

tkd =
mpl

2αT 2
kd

(5)

with α = (16π3gkd/45)1/2. TKD ∝ m5/4 is a typical
scaling for the bino-like neutralino dark matter, and, for
concreteness, we choose the relativistic degrees of free-
dom at the kinetic decoupling gkd = 61.75 [8, 10, 11].
Γ is the gamma function.The conventional ”spike” pro-
file ρ(r) ∝ r−9/4 shows up for the hals surrounding a
primordial black hole. Such a profile can be obtained an-
alytically assuming the adiabatic growth of a halo and it
has also been verified numerically [11–13] 2. For the ra-
dius below rk (which characterizes the scale inside which
the dark matter particle kinetic energy is bigger than its
potential energy under the influence of the gravitaiontal

1 For concreteness, we assume the primodial black hole in our illus-
tration rather than an astrophysically sourced (stellar collapse)
black hole for its simplicity. Our goal in this section is merely
to illustrate the existence of the large dark matter density and
our radio emission discussions in the following sections can be
applicable to other dense dark matter environments as well.

2 The slope γspike = (9 − 2γini)/(4 − γini) for the initial slope of
γini. For instance, γspike = 9/4 for the spike profile around a
primordial black hole with the initial the radiation background
γini = 0 and γspike = 7/3 if the halo growth starts from the
cuspy NFW profile γini = 1. A steeper slope can lead to a bigger
density and some literature discusses even a value up to γsp ∼

2.75 [12, 14–17]. Our qualitative discussions and conclusions are
not affected by those choices of parameters and we show the
density profile for γsp = 9/4 in Fig. ?? for the illustration of a
possible realization of a large dark matter density.
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B0 = 106GB(r) = B0(r/r0)−3

5

in peak frequency however is not simply proportional
to γ2B0, and likewise, the total emitted power depen-
dence on γ, B0 is not trivial either. This is attributed
to the integration of the synchrotron radiation contribu-
tion over the position dependent magnetic field profile
within the white dwarf magnetosphere. For a larger ra-
dius, 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 γ 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 resul-
tant synchrotron radiation energy spectrum hence can
posses non-trivial dependence on γ, B.
Having obtained the radiation spectrum, we can now

put the bounds on the dark matter decay rate Γχ. We
conservatively obtain the the bounds on Γχ by ensur-
ing that the synchrotron radiation flux does not exceed
the SKA threshold across the entire frequency the SKA is
sensitive to. It is around 50 MHz to 50 GHz as illustrated
in our figures, and we assume 100 hours of SKA observa-
tion in deriving the bounds. Fig. 3 shows the resultant
lower bounds on Γχ above which our synchrotron radia-
tion signals can be detectable by the SKA. The behav-
ior 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. B0 = 107G
has a peak frequency well above the SKA sensitive fre-
quencies. Hence the lower magnetic field B0 = 106G
with a lower peak frequency can give tighter bounds even
though the radiation power is smaller due to the smaller
magnetic field (the total synchrotron radiation power is
proportional to B2γ2). For even lower magnetic fields
with B0 ! 105G, the synchrotron radiation power re-
duction causes the weaker bounds on Γχ. Besides the
requirement for the dark matter to have the life time
longer than the age of the Universe Γ−1

χ " 4 × 1017[s],
there are much tighter bounds from other astrophysical
observations. For the sub-GeV dark matter, the CMB
and Voyager give among the tightest bounds and the up-
per bounds from the Planck CMB and Voyager data are
plotted in Fig. 3 for reference [86–89]. Dark matter de-
cays 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 out-
side the influence of the solar wind 5. Our study demon-
strates that our scenarios involving the white dwarf and

5 The cosmic ray electrons/positrons are usually shielded by the
solar magnetic fields for the earth-bound detectors (so-called so-
lar modulation effects), but not for the Voyager which crossed the
heliopause. Such Voyager’s unique data sets 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 [89–91]. The bounds
shown in our figure are from the diffuse DM distributions, which
are also applicable to our study.

black hole can potentially lead to the signals observable
by the SKA even with a small enough dark matter de-
cay 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 big-
ger than those in this figure using the fiducial value of
100 pc (the readers can straightforwardly scale the sig-
nals which are inversely proportional to the luminosity
distance squared).

FIG. 3: The lower bounds on the dark matter decay
rate Γχ to be detectable by the SKA assuming 100

hours of observation. The dipole magnetic field profile
B(r) = B0(r/r0)−3 is assumed and the magnetosphere

spans from r0 = 0.01R⊙ to 10r0. The bounds for
B0 = 103 − 107G are shown. The constant dark matter
density ρχ = 1g/cm3 is assumed. The upper bounds
from the CMB and Voyager data are also plotted for

reference.

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-ray and
gamma-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 Γχ from the X-ray and gamma-ray indirect dark
matter search [87]. For instance, for the sub-GeV dark
matter, the bounds are of order Γ−1 " 1025 sec, and,
for the mass above 1 GeV, the bounds are of order
1027 ∼ 1028 sec. We accordingly adopt the fiducial
vales of Γ = 10−25[s−1] for mχ < 1 GeV, 10−27[s−1] for
1GeV ≤ mχ < 1TeV and 10−28[s−1] for mχ ≥ 1 TeV
in calculating our synchtron radiation signals in Fig. 4
[11, 86, 93]. Fig. 4 also shows the sensitivity of the
currently available observation data for the X-ray and
gamma-ray observations (Chandra, NuSTAR and Fermi
assuming 100 hours of observations) [56, 94–96]. We
can see that experiments targeting frequencies higher
than the radio range exhibit less competitive sensitivity
compared to the superior sensitivity expected from the

χ → e+e−



Kenji Kadota (HIAS-UCAS)22

21cm before/during reionization

21cm after reionization: 21cm intensity mapping from galaxies

Radio signals 

Dark matter example: Axion-like particles

Dark matter example: Warm dark matter

Dark matter example: Decaying dark matter

Q: What is 21cm?

Q: How do we observe 21cm?   

Q: Why is 21cm interesting?

Ans: Radio telescope 

SKA probes on dark matter

Q: What is dark matter? Dark matter properties.

Example 1:

Example 2:

Example 3:

21cm probes on dark matter beyond WIMP
 Kenji Kadota (HIAS-UCAS)

Conclusion: Let us keep open-minded for the properties of dark matter 
Analogously to CMB, the 21cm can potentially revolutionize the precision cosmology



