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Abstract: Probing the nature of dark matter (DM) remains an outstanding problem in modern cosmology. The 21
cm signal, a sensitive tracer of neutral hydrogen during the cosmic dawn, provides a unique means to investigate DM
nature during this critical epoch. The annihilation and decay of DM particles, as well as Hawking radiation of prim-
ordial black holes (PBHs), can modify the thermal and ionization histories of the early universe, leaving distinctive
imprints on the 21 cm power spectrum. Therefore, the redshifted 21 cm power spectrum serves as an effective tool
for investigating such DM processes. In this work, we systematically assess the potential of the upcoming Square
Kilometre Array (SKA) to constrain DM and PBH parameters using the 21 cm power spectrum. Assuming 10,000 h
of integration time, the SKA is projected to reach sensitivities of (ov) < 10728cm?s™! and 7> 102 for 10 GeV
DM particles. It can also probe PBHs with masses of 10! g and abundances of fpgy < 107°. These results indicate
that the SKA can place constraints on DM annihilation, decay, and PBH Hawking radiation that are up to two to
three orders of magnitude stronger than current limits. Furthermore, the SKA is expected to exceed existing bounds
on sub-GeV DM and probe Hawking radiation from PBHs with masses above 10'7 g, which are otherwise inaccess-
ible using conventional cosmological probes. Overall, the SKA holds significant promise for advancing our under-
standing of both DM particles and PBHs, potentially offering new insights into the fundamental nature of DM.
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I. INTRODUCTION

Dark matter (DM) remains a major unsolved problem
in modern cosmology. Astrophysical observations indic-
ate that DM comprises more than 80% of the non-relativ-
istic matter in the universe [1, 2]. Although numerous
candidate models have been proposed to elucidate DM
properties, the fundamental nature of DM remains un-
known [3]. Particle DM candidates that interact weakly
with ordinary matter, including weakly interacting mas-
sive particles (WIMPs), WIMP-like particles, and sub-
GeV particles, can annihilate or decay into standard mod-
el particles [4, 5]. These standard model particles can
subsequently generate distinctive signatures, which can
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be probed using instruments such as radio telescopes,
neutrino detectors, and cosmic-ray observatories [6—8].
As non-particle DM candidates, primordial black holes
(PBHs) can generate standard model particles including
photons, electron-positron pairs, and neutrinos via the
process of Hawking radiation [9]. Consequently, this pro-
cess may also produce observable signatures [10—16].
However, no such evidence has been found. These null
detection results place stringent constraints on DM para-
meters (e.g., annihilation cross section, decay lifetime,
and PBH mass and abundance), ruling out DM models in-
compatible with current observational data.

The 21 cm signal, particularly its power spectrum,
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provides a promising probe for DM [17-27]. Cosmic mi-
crowave background (CMB) observations place con-
straints on DM properties at recombination (z~ 1100)
[28—37], whereas cosmic rays and Lyman-a forest probe
DM at low redshifts (z < 6) [38—61]. However, these ap-
proaches are ineffective at probing DM during the cos-
mic dawn. As a sensitive probe of neutral hydrogen, the
21 cm power spectrum captures the imprints of DM dur-
ing this epoch via DM's impact on the intergalactic medi-
um (IGM), thereby bridging this observational gap. This
occurs because DM particle annihilation, decay, and PBH
Hawking radiation alter the thermal and ionization his-
tory of the IGM, thereby modifying the spin temperature
of neutral hydrogen and affecting the brightness temper-
ature of the 21 cm signal. The 21 cm power spectrum
quantifies these brightness temperature fluctuations in
three-dimensional space, thereby enabling the inference
of DM properties.

To date, no 21 cm power spectrum signal has been
detected, whereas the next-generation radio telescopes are
expected to probe this signal for the first time. Existing
radio telescopes, including the Murchison Widefield Ar-
ray (MWA) [62, 63], Low Frequency Array (LOFAR)
[64, 65], and Hydrogen Epoch of Reionization Array
(HERA) [66], have thus far placed only upper limits on
the 21 cm power spectrum. For example, MWA provided
an upper limit of (66.18mK)? at redshift z = 7.1 with scale
k=0.19hMpc™' at the 95% confidence level [62, 63],
while HERA reported an upper limit on the 21 cm power
spectrum of (30.76mK)? at the 95% confidence level at
z="17.9 with k=0.19hMpc~'[66]. The strictest upper lim-
it results from LOFAR, which is (68.66mK)? at z=10.1
with k=0.076hMpc™"' at the 95% confidence level [64,
65]. As the next-generation flagship radio telescope, the
Square Kilometre Array (SKA), with its high spectral res-
olution and wide field of view, is expected to enable the
first precise measurements of the 21 cm power spectrum.
The SKA construction has made progress, and its pre-
cursor array, SKA-AAOQ.5, has successfully obtained its
first scientific image [67]. When operational, the SKA
will constrain DM annihilation, decay, and PBH Hawk-
ing radiation via their imprints on the 21 cm power spec-
trum, potentially providing unprecedented constraints on
DM properties, thus offering new insights into its funda-
mental nature.

In this work, we focus on the potential of the SKA to
investigate DM. We first simulate the 21 cm power spec-
trum that incorporates the effects of DM particle annihila-
tion, decay, and PBH Hawking radiation. We then utilize
the Fisher information matrix to quantify the SKA's
project sensitivity in constraining DM parameters. Fi-
nally, we propose and optimize observation strategies for
the SKA to probe DM. This work is expected to provide
new avenues for studying the nature of DM.

The remainder of this paper is structured as follows.

Section II discusses the physical mechanisms of DM en-
ergy injection into the IGM. Section III shows the impact
of energy injection on the 21 cm power spectrum. Sec-
tion IV provides an introduction to the Fisher informa-
tion matrix analysis. Section V quantifies the potential of
the SKA for constraining the DM parameters. Section VI
is the summary and discussion.

II. SCENARIOS OF EXOTIC ENERGY

In this section, we describe the scenarios of DM-in-
duced exotic energy injected into the IGM. Throughout
this work, ppy encodes information on the distribution of
DM, indicating ppm = ppm(z,X), With z and x being the
redshift and comoving position, respectively.

A. Annihilation and decay of DM particles

The exotic energy can be injected into the IGM ow-
ing to the annihilation and decay of DM particles, de-
noted by y. In this work, we consider the annihilation
channels of yy — vy, xx — e*e”, and yy — bb and the
decay channels of y — yy, y = e*e”, and y — bb. For a
given channel, the primary particles can generate the sec-
ondary particles owing to the hadronization process,
which is simulated using PYTHIA [68] and PPPC4DMID
[69]. In the following, we focus on photons and electron-
positron pairs, which are either primary or secondary or
both, since the exotic energy is deposited into the IGM
primarily via them [70—73].

In this work, we focus on the s-wave annihilation,
which is characterized by zero relative orbital angular
momentum, resulting in an approximately constant
thermally averaged annihilation cross-section. For this
process, the energy injection rate per unit volume is giv-
en by

dE ) s 2 ofoV)
_ = 1
( dvdr in annpDM 4 m)( ’ ( )

where f,,, and m, are the fraction and mass of DM
particles that can annihilate, respectively, ppym is the en-
ergy density of DM, c is the speed of light, and (ov) is
the thermally averaged annihilation cross section for the
given annihilation channel.

For the decay of DM particles, we obtain the energy
of photons and electron-positron pairs per unit volume
per unit temporal interval as

dE > ,1
= Jdec > 2
(dth " JaccPome” = @

where f;.. represents the fraction of DM particles that can
decay, and 7 is the lifetime of DM particles for the given
decay channel.
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Throughout this work, we take f,,, = fic = 1 for sim-
plicity but can quickly recover them if necessary.

B. Hawking radiation of PBHs

The exotic energy can also be injected into the IGM
via the Hawking radiation of PBHs [9]. In this work, we
focus on PBHs within the mass regime of ~ 10" - 10'® g,
This mass range is of particular interest because PBHs
within it can constitute a significant fraction of DM while
evading existing constraints. PBHs in this mass range
have not yet evaporated, and their Hawking radiation is
potentially detectable, contributing to the exotic energy
injection into the IGM. In this work, we consider the
emission products in the form of photons and electron-
positron pairs since the exotic energy is deposited into the
IGM primarily via these particles [24—26].

We express their energy per unit volume per unit tem-
poral interval as

dE 26V 2N
(dth) - /0 dEdr

inj

I’lPBHEdE
Y

5GeV 2
+/mecz m'enPBH(E—meCz)dE, 3)

where d*N/(dEdt) is the particle spectrum given by
BlackHawk [74], m, is the electron mass, and npgy is the
number density of PBHs. Here, nppy is related to the PBH
abundance, denoted by fppy, as

JpBHODM
Nppy = oM )
PBH MPBH
where Mppy denotes the PBH mass. Note that for simpli-
city, we have assumed a monochromatic mass function of
PBHs, although the extended ones can be incorporated if
necessary.

III. IMPRINTS ON THE 21 CM POWER
SPECTRUM

In this section, following the conventions of Refs.
[75—-77], we demonstrate imprints of the injected exotic
energy on the 21 cm brightness-temperature fluctuations
at the cosmic dawn. We simulate the 21 cm signal using a
modified version of 21cmFAST [78]. In this work, we
modify the equations within 21cmFAST for the gas tem-
perature Ty, ionization fraction x., and Lyman-o coup-
ling efficiency x, to incorporate the effects of exotic en-
ergy injection from DM. The modifications, detailed in
Section III.B, account for the heating, ionization, and Ly-
man-a flux induced by exotic injection. We employ the
darkhistory code [70] to compute the coefficiencies for
exotic energy deposition through heating, ionization, and

Lyman-a scattering, namely Fpe, Fui, Fue, and Fe, as
described in Section II1.B.

A. 21 cm power spectrum

The differential brightness temperature of the 21 cm
signal evaluated at the observer is defined by

1 1
. 0.15)7(Qbh2)(1+z)5
0T,(v,X) = 23 xu1(2,X) ( o, 0.02 10

- Tems (Z)}
Ts(z,x)

K, )

where v = v,; /(1 +7z) is the redshifted frequency of 21 cm
photons, xy; is the neutral fraction of hydrogen, Tevp is
the temperature of the CMB, T is the spin temperature of
neutral hydrogen, Q, (or Q) is the present-day energy-
density fraction of non-relativistic (or baryonic) matter,
and £ is the dimensionless Hubble constant. Here, T is
explicitly given by

-1 -1 -1
71— Tomg +Xe Ty +x.Tx ©)
S 1+ x,+ X, ’

where T, is the color temperature of Lyman-o photons,
Tx is the kinetic temperature of the IGM gas, x, is the
Lyman-a coupling coefficient, and x. is the collisional
coupling coefficient. Owing to resonant scattering, 7, is
tightly coupled to Tk, namely T, ~ Tx.

The observable is defined as follows. We first define
the fractional perturbation to the differential 21 cm
brightness temperature as

STH(v,x)
6T,(v)

621 (V’ X) =

L, (N

where 6T, is the spatial average of 6T,. We further define
the dimensionless power spectrum for 6, as

i ) 22
61 (2K)53, (k) = (27r)36(k—k’)k—7§A§1(z, K, (8

where 8,,(z, k) is the Fourier mode of 6,;(v,x), with v be-
ing replaced with z =v,;/v—1 and k (or k) being the co-
moving wavevector (or wavenumber), (...) isthe en-
semble average, and 6(k —Kk’) is the Dirac delta function.
Following the conventions of Ref. [75], we define the
21 ,Cm power  spectrum in units of temperature as
6T, (z)A3,(z.k), in which we have replaced v with z once
again. In the following, the above observable will be fre-
quently referred to.

B. Imprints of the exotic energy
When injected into the IGM, the exotic energy can be
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deposited into the IGM, thus altering its thermal and ion-
ization histories. It can also contribute to the Lyman-a
flux, altering the Lyman-a coupling coefficient. There-
fore, we expect the injected exotic energy to leave im-
prints on the 21 cm power spectrum.

Because of energy deposition processes, the exotic
energy can heat and ionize the IGM gas. The heating and
ionizing rates per baryon, respectively, are given by

1 dE
exo,heat — =F eal ( ) 9
€exo,heat h I(Z) dvdr )
1 ny 1 < dE >
Aexonon_F ETTE
HI(Z) ny Ny, Ell-olf‘l dvdr inj
1 nye 1 ( dE >
+ Fhe — . 10
w2 B \avar i (10)

Here, we adopt the delayed energy deposition model that
is integrated in Darkhistory. Fley, Fui, and Fy. repres-
ent the energy deposition efficiencies via the processes of
IGM heating, hydrogen ionization, and helium ionization,
respectively. These deposition efficientcies are estimated
using darkhistory. m,, ny, and ny. denote the number
densities of baryons, hydrogen, and helium, respectively.
E! and E! are the ionization energies of hydrogen and
helium, respectively.

Considering both astrophysical processes and exotic
energy, we obtain the heating and ionizing equations of
the IGM gas as

dTK(Z, X) 2 det
dz  3ks(1+x.)dz
L 20K ZTK dnb T}( dxe

3n, dz  1+x. dz ’

(Eexo heat T €X heat + €1c, heat)

(11)

dx.(z,x)  dr

= - 2ny) . 12
& & aaCx;ny) (12)

(Aexo,ion + AX,ion

Here, Tx and x. = 1 —xy; represent the kinetic temperat-
ure and ionization fraction, respectively. kg is the
Boltzmann constant. ¢ is the cosmic time. €x pexr and €ic pear
are the heating rates per baryon due to astrophysical X-
rays and inverse-Compton scattering, respectively. Axon
is the ionization rate due to astrophysical X-rays. a, de-
notes the case-A recombination coefficient. C is the
clumping factor. We have modified the corresponding
equations in 21cmFAST.

Owing to the deposition, the exotic energy can also
contribute to the Lyman-a flux, i.e.,

1cny 1 1 ( dE )
exc . 13
@ an E, Heyv, \avar i (13)

J a.exo —

Here, F.,. represents the energy deposition efficiency via
hydrogen excitation. It is also given by darkhistory. E,
and v, denote the energy and frequency of Lyman-a
photons, respectively. H(z) is the Hubble parameter at z.

Considering Eq. (13), we modify the Lyman-o coup-
ling coefficient to

1.7x 10"

So(Jpexo t Jox + o) - 14
o Selaeo +Jax+ o) (14)

Xog =

Here, S, denotes a quantum-mechanical correction
factor. J,x and J,, are the Lyman-a fluxes contributed
by astrophysical X-rays and stellar emissions, respect-
ively. We have also modified the corresponding equa-
tions in 21cmFAST. In Fig. 1, we show the lightcone slices
of our fiducial model and of a model with DM particle
decay for comparison.

IV. FISHER INFORMATION MATRIX

To quantify the sensitivity of the SKA in probing DM
particles and PBHs, we employ the Fisher information
matrix. Assuming Gaussian posterior distributions for rel-
evant parameters, the Fisher matrix for the 21 cm power
spectrum is given by [75]

A 18T, (2)A2, (21 k)]

Z ; O-tot(zlv m) 691

« 3[5Tb (2)A3; (21, k)]
29, '

(15)

In this work, we discretize the 21 cm power spectrum in-
to N, x N, independent bins, following Ref. [79]. N, and
N, represent the numbers of linearly discretized bins in &
and z, respectively. The k range is from 0.2 to 0.9 Mpc™',
and the z range is from 6 to 20. o2 (z,k,) is the total
noise for the 21 cm power spectrum in the redshift bin z
and wavenumber bin k,,. 6; and 6; represent the i-th and j-
th parameter in the parameter set.

The total noise on the 21 cm power spectrum meas-
urement results from three key sources [80]:

— 2
02, = [026T, 03] + 02y + 0 (16)

poisson mns *

where the first term represents a conservative 20% theor-
etical uncertainty in modeling the 21 cm signal [81], the
second term quantifies the cosmic variance due to finite
simulation volume, and the third term denotes instru-
mental noise dominated by the system temperature [80].
The instrumental noise is related to the square of system
temperature, i.e., Oy Tsys, whereas the system temper-

ature can be estimated by [80]
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Fig. 1.

(color online) Lightcone slices of the differential brightness temperature in our (250 Mpc)® large simulation box. The fiducial

model is shown on the upper panel. The bottom panel shows the slice with DM particle decay through y — e*e™ channel with

my, =10GeV and 7 =10"s.

Vo253
2MHz > ’ a7

Tos() = 163 10°K (
In this work, we adopt this system temperature in the
21cmSense package [80] to estimate the instrumental
noise of the SKA. We adopt stations in the central area of
the SKA1l-low (an array of 295 stations, where the dia-
meter of each station is 35 m, distributed across a circu-
lar area with a diameter of 1.7 km), observing with a total
bandwidth of 8 MHz, spectral resolution of 100kHz, and
total integration time of 10,000 h [82]. The marginalized
uncertainty for a specific parameter 6; satisfies oy, >
V(F1); [83]. This suggests that the Fisher matrix
provides conservative lower bounds on parameter con-
straints. The 1o uncertainty of parameter 6; is its stand-
ard deviation. Furthermore, the correlation between para-
meters 6; and 6, is quantified by dimensionless correla-
tion coefficient R;; = C;;/ /C;iC;;, where covariance mat-
rix C;; is the inverse of Fisher matrix F;;.

Our model incorporates two categories of independ-
ent parameters, which are astrophysical parameters and
parameters for DM particles and PBHs. Astrophysical
parameters follow the conventions of 21cmFAST, includ-
INg ty, Ay, dese, 10810 fx» 1080 fese, and log,,Lx, where #, is
the dimensionless star formation timescale, a, represents
the power-law index of stellar-to-halo mass ratio, de
represents the power-law index of UV photon escape
fraction, log,,f, represents the stellar-to-halo mass ratio,
log,,fesc Tepresents the UV escape fraction, and log,,Lx
represents X-ray luminosity per star formation rate in unit
of erg-yr-sec™'M', where M, is the solar mass. The re-
maining parameters correspond to DM physics. {(ov)
characterizes the annihilation cross section of DM
particles, in units of cm® s~!. I'=77! represents the decay
rate of DM particles, in units of s7!. fpy signifies the
abundance of PBHs. For the fiducial model in Fig. 2, the
astrophysical parameters are set to 7, =0.5, a,=0.5,
dese = —0.5, log,o fs = —1.3, log,, fesc = —1.0, and log,,Lx =
40.0, whereas the DM and PBH parameters, (ov), [, and

Jfreu are set to zero.

We demonstrate the response of the 21 c¢cm power
spectrum to exotic energy injections and present the
SKA's measurement errors on it, as shown in Fig. 2. The
left-hand panels display the redshift evolution of the 21
cm power spectrum at different scales, revealing peaks
during cosmic dawn (z ~ 10— 15) and the epoch of reion-
ization (z ~ 6 —8). The peak during cosmic dawn is dom-
inated by the heating and ionizing effects of the IGM,
rendering the amplitude of this peak highly sensitive to
energy injection processes such as DM particle annihila-
tion, decay, and PBH Hawking radiation. During cosmic
dawn, exotic heating increases the IGM kinetic temperat-
ure, thereby suppressing the 21 cm power spectrum amp-
litude. Subsequently, after heating saturation, rising ioniz-
ation causes the cosmic dawn peak to diminish. Con-
versely, the peak during the epoch of reionization is gov-
erned by the ionizing effect of the IGM. According to
Ref. [84], an increased ionization fraction amplifies the
power spectrum during reionization. This opposing re-
sponse results from distinct physical mechanisms; ioniza-
tion reduces neutral hydrogen density during cosmic
dawn but enhances fluctuations in the ionized bubble dur-
ing reionization. The right-hand panels show the scale de-
pendence of the 21 cm power spectrum at fixed redshifts.
Exotic energy injections enhance the amplitude of the
power spectrum at z = 8.2 but suppress it at z = 10.6, con-
sistent with Ref. [84]. Crucially, near the redshift of the
cosmic dawn peak, both the amplitude of the 21 cm
power spectrum and corresponding signal-to-noise ratio
increase significantly. Consequently, the cosmic dawn
emerges as the optimal observational window for the
SKA to probe DM.

V. DISCOVERING POTENTIAL OF THE SKA

In this section, we present the projected sensitivity of
the SKA for probing DM particles and PBHs. We further
compare this sensitivity with existing constraints from as-
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(color online) 21 cm power spectrum under different energy injection scenarios. Left-hand panels: 21 cm power spectrum as a

function of redshift z at fixed scales k=0.2Mpc™! and k =0.73Mpc'. Right-hand panels: 21 cm power spectrum as a function of the
scale at redshift z =8.2 and z=10.6. In each panel, the instrumental noise is shown by the shaded region. Black curves show the 21 cm
power spectrum of the fiducial model. Red curves show 21 cm power spectrum with DM particle annihilation through yy — e*e™ chan-
nel with m, = 10 GeV and (ov) = 1026cm?® 57! Blue curves show 21 cm power spectrum with DM particle decay through y — e*e™ chan-
nel with m, =10 GeV and 7=10?"s. Green curves show 21 cm power spectrum with PBH Hawking radiation, with Mpgy = 10'° g and

fepu = 1075,

trophysical probes.

A. Results for DM particles

The results of the Fisher information matrix analysis
are summarized in Figs. 3-6. Figs. 3 and 5 display two
representative corner plots that characterize parameter
correlations and constraints, assuming a fixed DM
particle mass of 100 MeV and an integration time of
10,000 h. The 1o and 20 confidence intervals are repres-
ented by the dark and light shaded areas, respectively,
whereas the solid curves depict the marginalized posteri-
or distributions. The fiducial model parameters in these
figures are consistent with those in Fig. 2. Complete

corner plots are provided in Appendix A. Figs. 4 and 6
quantify the projected sensitivity at 1o~ confidence level
for SKA's capability to probe DM and compare these res-
ults with existing constraints at 20~ confidence level from
CMB observations [30], gamma ray measurements [45,
49-51, 55, 57, 58], electron-positron pair observations
[48, 52, 53], and 21 cm global spectrum measurements
[21].

Figures 3 and 5 reveal mild correlations between the
annihilation and decay parameters of DM particles and
the astrophysical parameters. This result indicates a lim-
ited degeneracy between the DM-induced exotic energy
injection and astrophysical effects on the 21 cm power
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(color online) Fisher forecast for probing DM annihilation through the yy — e¢*e™ channel using the 21 cm power spectrum via

the SKA. 1o and 20 confidence intervals are represented by dark and light shaded areas, respectively, with solid curves indicating the
marginalized posteriors. The fiducial model used is consistent with that shown in Fig. 2. The assumed DM particle mass is m, = 100

MeV, integrated over 10,000 h.

spectrum. Specifically, (ov) and r show weak positive
correlations with a., a, and log,, fi, mild negative cor-
relations with z,, and negligible correlations with Ly and
fesc. These results demonstrate the feasibility of con-
straining DM parameters and extracting key properties,
particularly thermally averaged annihilation cross section
(ov) and decay lifetime 7, using the 21 cm power spec-
trum. The weak degeneracies demonstrate that the 21 cm
power spectrum can effectively constrain DM parameters
independently of astrophysical uncertainties. This allows
probing of fundamental DM properties, particularly (ov)
and 7, with minimized contamination from astrophysical
processes.

Figure 4 demonstrates that the SKA's sensitivity to
constrain DM annihilation via the yy — e*e™ channel is
superior to that for other channels such as yy — yy and
Xxx — bb. Focusing on the optimal annihilation channel
Xxx — e"e” (upper panel), we find that utilizing the SKA,
with 10,000 h of integration time, the 21 cm power spec-
trum can achieve a sensitivity of (ov) < 1072 cm3s™! for
10 GeV DM particles. This sensitivity surpasses the most

stringent current constraints (gray curves), demonstrating
SKA's capacity to test existing limits in the near future.
Furthermore, the SKA exhibits superior sensitivity to
sub-GeV DM, a mass range where conventional probing
experiments provide only weak constraints. While exten-
ded integration would improve sensitivity, practical im-
plementation faces instrumental stability challenges [82].
The blue curve in Fig. 4 shows our previous result
based on the Hongmeng project, which assessed the cap-
ability of constraining DM annihilation parameters using
the 21 cm global spectrum. In this work, we compare the
results obtained using the SKA with those from Hong-
meng. Our analysis reveals that the 21 cm power spec-
trum exhibits weaker correlations between DM paramet-
ers and astrophysical parameters than the 21 cm global
spectrum. This reduced degeneracy enables the power
spectrum to extract DM-induced signals more effectively.
With the same integration time, the SKA achieves higher
sensitivity than that implied by the results obtained by
Hongmeng with the global spectrum, demonstrating its
potential to probe DM annihilation signals beyond the
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Fig. 4.

(color online) Prospective sensitivity of the SKA for probing the annihilation of DM particles through three channels. The 1o

confidence-level sensitivity of the SKA to the thermally averaged annihilation cross section of DM particles (mass range 10°—1012¢eV)
are shown by the red curves. Existing 2o~ upper limits from observations of CMB distortion (black curve) [30], gamma-ray observa-
tions (gray curves) [45, 4951, 55, 57, 58], and electron-positron pairs (gray dashed curve) [48, 53] are included for comparison. Pro-
spective sensitivity of the 21 cm global spectrum (blue curve) [21] is also included for comparison.

reach of the global spectrum in the near future. Addition-
ally, unlike the 21 cm global spectrum, the 21 cm power
spectrum contains information on different scales. There-
fore, by probing the 21 cm power spectrum, the SKA is
expected to provide insights into the properties of DM by
measuring its effects on different scales, thus deepening
our understanding of the DM nature.

Furthermore, a comparison between the power and
global spectra from the SKA can provide more compre-
hensive insights. However, a detailed discussion of the
Fisher matrix analysis and noise modeling for the global
spectrum is beyond the scope of this paper. Therefore, we
present only a qualitative analysis here and defer a more
thorough investigation to our upcoming work. Based on
our previous work, constraints on DM derived from the
global spectrum depend on its measurement error, which
comprises two noise components: the foreground resid-
ual and instrumental noise. In this work, the blue curve
corresponds to a scenario with 10,000 h of observation

time and a foreground residual level of 0.001. This con-
figuration has already been examined in our previous
work, in which the instrumental noise and foreground re-
sidual are comparable [21]. Changing the telescope af-
fects only the instrumental noise, whereas the foreground
noise remains unchanged. Assuming the same observa-
tional setup, i.e., 10,000 h and 0.001 foreground residual,
we can qualitatively analyze the measurement error of the
SKA. Qualitatively, for a fixed integration time, the in-
strumental noise is approximately inversely proportional
to the effective collecting area of the telescope. Because
the SKA has a much larger effective area than the spec-
trometer employed by the Hongmeng project, its instru-
mental noise is expected to be significantly lower for the
same observation time. Thus, the instrumental noise of
the SKA would be lower than the foreground residual,
and the total noise would be dominated by the latter. Con-
sequently, under the assumptions of 10,000 h of integra-
tion and 0.001 foreground residual, observations with the

025101-8



Prospects for probing dark matter particles and primordial black holes with the...

Chin. Phys. C 50, 025101 (2026)

x —ete”
my = 100 MeV

0.55
£0.50
0.45

® N 7 \ /

)
) )

T 40 —13
T [x10%) Iy logiof
Fig. 5.

logiofesc

,/;/’ N
0.45 0.55
logioLx ay desc

- 04 06 05

(color online) Fisher forecast for probing DM decay through the y — e*e” channel using the 21 cm power spectrum by the

SKA. 1o and 20 confidence intervals are represented by dark and light shaded areas, respectively, with solid curves indicating the mar-

ginalized posteriors. The fiducial model used is consistent with that shown in Fig. 2. The assumed DM particle mass is m, = 100 MeV,

integrated over 10,000 h.

SKA are not expected to yield better constraints than
those from Hongmeng, which are represented by the blue
curves. A more detailed quantitative analysis is beyond
the aim of this paper. We plan to conduct a thorough and
precise analysis in a forthcoming work.

Figure 6 indicates that the SKA has superior sensitiv-
ity in constraining DM decay via the y — e*e™ channel,
compared with alternative channels such as y — yy and
x — bb. Focusing on the optimal decay channel y — e*e”
(upper panel), and assuming an integration time of 10,000
h, the SKA is projected to improve constraints on the DM
particle decay lifetime by two orders of magnitude, sur-
passing current experimental bounds (gray curves). This
result demonstrates SKA's potential to test existing DM
decay models in the near future. While increasing the in-
tegration time would further improve sensitivity, practic-
al implementation beyond 10,000 h may require address-
ing instrumental stability limitations [82]. Notably, throu-
gh 21 cm power spectrum measurements, the SKA ach-
ieves superior sensitivity to sub-GeV DM, a parameter

space weakly constrained by current methods.

The blue curve in Fig. 6 represents our previous work,
which explored the potential to probe DM decay using
the 21 cm global spectrum from the Hongmeng Project.
We perform a comparative analysis of DM decay con-
straints derived from the 21 cm power and global spec-
trums. Our analysis reveals less degeneracy between DM
decay and astrophysical parameters in the power spec-
trum compared with the global spectrum. This reduced
degeneracy enables the power spectrum to more effect-
ively extract DM-induced signatures. With the same in-
tegration time, the 21 cm power spectrum achieves a
sensitivity one order of magnitude better than the 21 cm
global spectrum. This result demonstrates that the SKA
will impose tighter constraints on DM decay parameters
than those achieved with the 21 cm global spectrum. Fur-
thermore, unlike the global spectrum, the 21 cm power
spectrum encodes information across multiple spatial
scales, enabling the probing of DM properties at differ-
ent scales and deepening our understanding of DM’s fun-
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(color online) Prospective sensitivity of the SKA for probing the decay of DM particles through three channels. The 1o con-

fidence-level sensitivity of the SKA project to the decay lifetime of DM particles (mass range 10°-10'2eV) are shown by the red curves.
Existing 20~ upper limits from observations of CMB distortion (black curve) [29, 33], extragalactic photons (gray curves) [41—43, 45,
53, 56, 60], and electron-positron pairs (gray dashed curve) [48, 53] are included for comparison. Prospective sensitivity of the 21 cm

global spectrum (blue curve) is also taken into consideration [21].

damental nature.

B. Results for PBHs

Figures 7 and 8 summarize the results of our paramet-
er estimation based on Fisher matrix analysis. Fig. 7
shows the correlations and constraints of model paramet-
ers for a 10'® ¢ PBH with an integration time of 10,000 h.
The shaded regions represent the 10~ (dark) and 20 (light)
confidence regions. The corresponding one-dimensional
marginalized posterior distributions are shown as solid
curves. The fiducial model parameters are consistent with
those in Fig. 2. Figure 8 quantifies the SKA’s sensitivity
to Hawking radiation for PBHs with mass ranging from
10" to 10" g, assuming a fixed integration time of
10,000 h at the 1o confidence level. This sensitivity is
compared with existing 20~ exclusion bounds from obser-
vations of the diffuse neutrino background [46], CMB an-
isotropy [31, 32, 34], gamma ray measurements [54],

electron-positron pair measurements [47, 53], and 21 cm
global signals [21].

Figure 7 reveals weak correlations between the PBH
abundance fppy and key astrophysical parameters. This
result suggests weak degeneracies between the exotic en-
ergy injection from the PBH Hawking radiation and as-
trophysical effects on the 21 cm power spectrum. Spe-
cifically, fpgy exhibits weak positive correlations with
dese, Ay, and log,, fi, and a negative correlation with ¢, .
In contrast, fpgy shows no significant correlations with
Ly and log,, f.«c. These weak degeneracies enable the 21
cm power spectrum to constrain PBH properties while
minimizing contamination from astrophysical uncertain-
ties. This result allows the probing of fundamental PBH
properties, particularly the abundance fppy.

Based on the results in Fig. 8, we demonstrate that the
21 cm power spectrum measured by the SKA achieves a
sensitivity to fpgy =~ 107'° for PBHs with masses of 10
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light shaded regions correspond to contours at 1o and 20 confidence intervals, respectively. Solid curves represent the marginalized
posteriors of the model parameters. The fiducial model used is consistent with that shown in Fig. 2. The mass of PBH is assumed to be

Mppy = 10'® g with an integration duration of 10,000 h.

g, assuming an integration time of 10,000 h. This result
surpasses constraints from existing observations (gray
curves) by up to 3 -4 orders of magnitude, indicating that
the SKA can test these results in the near future.
Moreover, the SKA extends sensitivity to higher-mass
PBHs compared with current experiments, particularly
probing the unexplored mass range above 10" g. While
extended integration would improve sensitivity, practical
operation beyond 10,000 h may be limited by instrument-
al stability constraints [82].

Our prior analysis using Hongmeng's 21 cm global
spectrum also established PBH abundance constraints.
Such results are presented by the blue curve in Fig. 8. In
this work, we compare the constraints on PBHs derived
from the 21 cm power spectrum with those obtained from
the 21 cm global spectrum. Our result indicates a weaker
coupling of PBH abundance and astrophysical paramet-
ers in the 21 cm power spectrum than that in the global
spectrum. With the same integration time, the 21 cm
power spectrum using the SKA reaches a sensitivity
nearly an order of magnitude higher than that achieved by

the 21 cm global spectrum with Hongmeng. This result
suggests that, in the near future, the SKA is expected to
place tighter constraints on PBH abundance than those
obtained from the 21 cm global spectrum, thus enabling
us to probe PBHs with unprecedented precision.

VI. SUMMARY

In this work, we systematically assess the prospects
for the SKA to probe DM particle annihilation, decay,
and PBH Hawking radiation via the 21 ¢cm power spec-
trum during cosmic dawn. Exotic energy from these DM
processes can deposit into the IGM, thereby heating and
ionizing it, significantly suppressing the 21 c¢cm power
spectrum. Utilizing Fisher matrix analysis, we quantify
SKA's sensitivity to the relevant parameters, specifically
the annihilation cross section ({ov)), decay lifetime (7),
and PBH abundance (fpgy). Our results demonstrate that,
with its designed observational capabilities, the SKA is
uniquely positioned to place breakthrough constraints on
these parameters.
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probing the PBHs. The 1o confidence-level sensitivity of the
SKA project to measure the abundance of PBHs within the
mass range of 105 -10'® g is shown by the red curve. For
comparison, we show the existing upper limits at the 2o con-
fidence level from observations of the diffusion neutrino back-
ground (black curve) [46], CMB anisotropies (gray solid
curve) [31, 32, 34], extra-galactic photons (gray dotted curve)
[54], and electron-positron pairs (gray dashed curve) [47]. The
prospective sensitivity of the 21 cm global signal (blue curve)
is also considered.

The SKA demonstrates significant observational cap-
ability in probing DM particle annihilation and decay.
Specifically, for DM annihilation and decay via channels
producing electron-positron pairs, the SKA achieves op-
timal sensitivity for extracting DM signals using the 21
cm power spectrum during cosmic dawn. With 10,000 h
of integration time, the SKA is projected to reach sensit-
ivities of (ov) <1072 ecm®s™! and 7> 10%s for 10 GeV
DM particles, surpassing existing astrophysical con-
straints by approximately 2-3 orders of magnitude.
Moreover, it provides tighter constraints than current ex-
perimental limits on sub-GeV DM particles, deepening
our understanding of DM properties.

For PBH Hawking radiation, the SKA can constrain
the PBH abundance to fppy < 107° for PBHs with masses
of 10'® g and an integration time of 10,000 h, represent-
ing a three-order-of-magnitude improvement over exist-
ing limits. Crucially, the SKA can probe more massive
PBHs (> 10" g), which are currently undetectable by oth-
er probes, thereby opening a new window to test PBHs as
DM candidates.

In summary, our analysis demonstrates that, during
the cosmic dawn, the SKA can effectively probe DM an-
nihilation, decay, and PBH Hawking radiation through 21
cm power spectrum measurements with 10,000 h integra-

tion time. The sensitivity of the SKA is fundamentally
limited by instrumental noise, which decreases with in-
creasing integration time. However, while insufficient in-
tegration time degrades detection sensitivity, signific-
antly extending integration time introduces practical chal-
lenges in maintaining instrumental stability, a systematic
consideration beyond the scope of this study.

Note that in this work, we have not considered the
scenario in which DM particle annihilation, decay, and
Hawking radiation from PBHs coexist. However, this
represents an important scenario, which may provide
valuable insights into the nature of DM. Methods such as
the Fisher information matrix may help break the degen-
eracies among these mixed DM processes, but the relev-
ant discussions are more complex and beyond the scope
of this work. We anticipate conducting a more detailed
investigation in our future work.

Furthermore, alternative methods such as the bispec-
trum, scattering transforms, and Minkowski functionals
are also expected to provide additional constraining cap-
ability. For example, the bispectrum captures higher-or-
der statistic information, i.e., the non-Gaussianity that is
generally absent in the analysis of power spectrum
[85—87]. However, this method is computationally more
complex than the power spectrum due to the necessity to
compute the three-point correlation function. Similarly,
scattering transforms provide rich, high-order descrip-
tions of signal morphology but require substantial compu-
tational resources to compute all scattering paths [88—90].
In contrast, Minkowski functionals are computationally
efficient compared with the power spectrum, yet they of-
fer limited scale-dependent information and are less sens-
itive to anisotropy [91]. Therefore, the power spectrum
remains a relatively more cost-efficient approach com-
pared with these methods. Nevertheless, since each meth-
od has its own advantages and limitations, a combined
approach may yield particularly valuable insights. We are
thus preparing a new work that incorporates such meth-
ods.

Looking beyond cosmic dawn, investigating the
nature of DM during the dark ages (z = 30) represents a
frontier in cosmology. While recently the James Webb
Space Telescope (JWST) has detected high-redshift
galaxies [92], the dark ages remain observationally unex-
plored. As galaxies have not yet formed during this
epoch, 21 cm signal provides the only radio probe for the
dark ages. Crucially, unlike the 21 c¢m signal in cosmic
dawn, the 21 cm signal in the dark ages is pristine, which
is unaffected by astrophysical heating and ionization.
Therefore, targeting the dark ages with next-generation
radio telescopes like the SKA and the Hongmeng offers
an effective pathway to probe fundamental physics of
DM. Consequently, observations of dark ages circum-
vent the degeneracies between DM physics and astro-
physics at lower redshift, enabling stringent constraints
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on the parameters of DM. In summary, 21 cm cosmology
holds exceptional promise as a uniquely powerful probe
for unveiling the physics of the early universe and the
fundamental nature of DM.
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APPENDIX: RESULTS OF FISHER MATRIX
ANALYSIS

The remaining results of Fisher matrix forecasts are

shown in Figs. A1-A4. Figures Al and A2 present the
Fisher information matrix analysis results of DM particle
annihilation through channels producing photon pairs and
bottom-anti-bottom quark pairs. The dark and light
shaded regions correspond to 1o and 20~ confidence level
contours, respectively. The solid curves represent the
marginalized posterior distributions of relevant paramet-
ers. The fiducial parameter values are consistent with
those in Fig. 2. For annihilation via the photon-pair chan-
nel, the DM particle mass is 10 MeV. For the bottom-
anti-bottom quark pair channel, it is 10 GeV. Similarly,
Figs. A3 and A4 present the Fisher matrix analysis res-
ults for DM particle decay through the same channels.
The configuration settings are identical to those used in
Figs. Al and A2.
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20 confidence intervals are represented by dark and light shaded areas, respectively, with solid curves indicating the marginalized pos-
teriors. Fiducial model used is consistent with that shown in Fig. 2. The assumed DM particle mass is m, = 100 MeV, integrated over
10,000 h.
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