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Sterile neutrinos can be a possible candidate for dark matter. Sterile neutrinos are radiatively unstable and
can inject photon energy into the intergalactic medium (IGM). The injection of photon energy into IGM
can modify the temperature and ionization history of IGM gas during cosmic dawn. Theoretical models
based on the ACDM framework predict an absorption profile in the 21 c¢cm line during the cosmic dawn
era. Recently, the Experiment to Detect the Global Epoch of Reionization Signature (EDGES) collaboration

confirmed such an adsorption signal. Injection of energy into IGM can modify the absorption amplitude
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in the 21 cm signal. Considering the 21 cm absorption signal at cosmic dawn, we constrain the lifetime
of sterile neutrinos and the mixing angle of sterile neutrinos with active neutrinos. We also compare
these bounds with other astrophysical observational bounds.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

After about 3 x 10° years of big-bang electron and proton cool
down to form the neutral hydrogen atoms. In the ACDM model of
cosmology, recombination ends at redshift z~ 1010, and baryonic
matter decouples from the cosmic microwave background (CMB)
photon. The dark-age begins just after the end of recombination.
During the dark-age, the residual free electrons undergo Compton
scattering with CMB photons and maintain thermal equilibrium
with the gas until z ~ 200. After that, gas cools adiabatically, i.e.
Tgas o< (1 + 2)%. In the ACDM model, gas temperature and free
electron fraction between the end of recombination and the cos-
mic dawn era are well known. The presence of any exotic source of
energy can modify the thermal and ionization history of the Uni-
verse. Therefore, using observations during the cosmic dawn era,
one can put the constraints on such sources of energy injection
into IGM.

Although the ACDM model of cosmology is highly success-
ful in explaining Big-Bang nucleosynthesis, CMB anisotropies and
large length-scale observations such as large scale structure ob-

* Corresponding author.
E-mail addresses: pravin@prl.res.in, pvn.sps@gmail.com (P.K. Natwariya),
alekhanayak@nitm.ac.in (A.C. Nayak).

https://doi.org/10.1016/j.physletb.2022.136955

servations, it faces challenges at a smaller length scale, <1 Mpc
(for detailed review see [1] and references therein). These prob-
lems include the missing satellite problem [2,3], the too-big-to-
fail problem [4,5] and the cusp-core problem [6]. In the light of
these problems, alternatives to the CDM model have been pro-
posed, for e.g. self-interacting dark matter (SIDM) [7-10], fuzzy
cold dark matter [11,12] or warm dark matter (WDM) [13-17].
Sterile neutrinos with KeV mass range can be considered as a
viable candidate for the WDM (Ref. [18-20] and Refs. therein).
Beyond the standard model, the mass generation of active neu-
trino via see-saw mechanism predicts sterile neutrino. The mass
range of the sterile neutrino varies from eV to GUT scale. As ster-
ile neutrinos are singlet under the standard model gauge group,
they can be considered as dark matter. In recent years, different
techniques have been proposed to probe the unexplored sterile
neutrino DM parameter space [21-26]. NuSTAR observations did
not find any sign of anomalous X-ray lines for sterile neutrino
mass range 10-40 KeV. The future updated version of NuSTAR
will be able to probe for sterile neutrino mass range 6-10 KeV
[23]. In the context of EDGES signal, authors of the reference [27],
put a constraint on the Dodelson-Widrow sterile neutrinos mass to
6332 KeV. Further, individual bounds on the sterile neutrino pa-
rameter space can be found in the Refs. [28-36]. In the present
work, we consider radiative decay of sterile neutrino dark matter
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and study the constraints on its lifetime and mixing angle with
active neutrinos.

During the cosmic dawn era, the baryon content of the Universe
is dominated by neutral hydrogen and a small fraction of helium.
Therefore, the 21 cm signal from the neutral hydrogen atom ap-
pears to be a treasure trove to study cosmic history during the cos-
mic dawn era, test and constraint different type of DM models. The
21 cm signal arises due to the hyperfine transition between the 1S
singlet (0) and triplet (1) states of the neutral hydrogen atom. The
relative number density of the hydrogen atoms in the triplet and
singlet states can be parametrized by the spin temperature (Ts),
i.e. n1/no = (g1/8o) x expl—E10/Ts], where E1o =27 /(21 cm). go
and g are the statistical degeneracies of singlet and triplet states,
respectively. In the cosmological scenarios, the spin temperature is
defined by the three competing mechanisms: I) collisions between
the Hydrogen atoms or Hydrogen atoms and electrons, II) CMB ra-
diation and III) Lyx radiation from the first stars [37-39],

— Tp' 4+ (Xg +Xc) Tg_al
s 14 xq + X

Xc is the collisional coupling coefficient while x, is the Wouthuy-
sen-Field coupling coefficient [37,40-42]. For the standard scenar-
ios (ACDM model), one can take Tg = Temp. Tem = 2.725(1+2) K
is the cosmic microwave background radiation temperature [43].
The global 21 cm differential brightness temperature is defined as
[38,39,42,44],

0.15 1 2/ Quh T
Ty1 = 27 xu1 [— +Z] ( b )(1——R> mK,  (2)

: (1)

Qm 10 0.023 Ts

Xp1 = nyp/ny is neutral hydrogen fraction in the Universe, ny; and
ny are neutral and total hydrogen number density respectively.
We take the cosmological parameters as: Qp = 0.31, Q = 0.048
and h = 0.68 [45]. The detectability of T,; depends upon the
Tcvg/Ts ratio. If Ts > Tcvp, we observe 21 c¢cm emission sig-
nal, if Ts < Tcup, one observes 21 cm absorption signal and if
Ts = Tcuvs, there will no any signal. The evolution of the 21 cm
signal can be demonstrated using equation (1): After the recombi-
nation to the redshift ~ 200, residual electrons undergo Thomson
scattering with CMB photons and maintain thermal equilibrium
between the gas and the CMB (Tgas = Tcmp). During this period
Xc > 1 and x4 = 0 which implies Ts = Tcyg and no signal is ob-
served. After that, until z ~ 40, the gas cools adiabatically, and
its temperature falls below CMB. Therefore Ts < Tcyvp and one
observes early 21 cm absorption signal—known as the collisional
absorption signal. Below 50 MHz, radio antennas sensitivity de-
creases dramatically, and it becomes challenging to observe the
collisional absorption signal. Between z ~ 40 and first stars for-
mation (z = z,), gas density decreases due to the expansion of
the Universe, and collision coupling becomes small (x; < 1). It
implies Ts = Tcvg, and there will be no any T,; signal. During
cosmic dawn (z < z,), the Ly photons from the first stars couple
the spin temperature with the gas temperature—Wouthuysen-Field
coupling [37,40]. Therefore, one obtains Ts = Tgas, and the absorp-
tion signal can be observed. Recently, such an absorption signal
has been confirmed by the EDGES collaboration. The EDGES obser-
vation is centered at 78 MHz or redshift z=17.2 with brightness
temperature of TEPCES = —500%209 mK with 99 percent confidence
limit [46]. Considering Ts = Tgas, the observed brightness temper-
ature translates to gas temperature as Tgys(z =17.2) = 3.261’%:2; K.
In the ACDM model, the gas temperature at redshift z = 17.2
remains about 7 K, and corresponds to brightness temperature
T21(z=17.2) >~ —220 mK. To resolve the tension between the the-
oretical prediction based on ACDM model and EDGES observation,
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one requires to increase the ratio of Tr/Ts over theoretical pre-
dictions in redshift range 15 < z < 20. Either we can increase the
background radio radiation or decrease the gas temperature. Both
possibilities have been studied by several authors; for example, see
the Refs. [47-64]. However, such mechanisms to increase the back-
ground radio radiation or cooling the gas are debatable issues. One
of such mechanisms to cool gas is baryon dark matter interac-
tion [61]. This approach has been questioned by several authors
[65-72]. Here, it is to be noted that the authors do not consider
heating of the IGM gas by decaying or annihilating dark matter.
Injection of electrons and photons by decaying or annihilating DM
into IGM can heat the gas more than cooling of the gas [73,74].
Subsequently, the EDGES measurement has been also questioned
in several articles. Recently, Shaped Antenna measurement of the
background RAdio Spectrum 3 (SARAS 3) observation reported that
the EDGES observation is not an astrophysical origin and it is re-
jected with the 95.3 percent confidence level [75]. In the Ref. [76],
the authors have questioned the fitting parameters for the fore-
ground emission and data. There is a possibility that the absorption
feature in the EDGES observation can be a ground screen artifact
[77]. The absorption amplitude may modify depending on mod-
elling of foreground [78,79]. In Ref. [80], the authors perform the
Bayesian comparison of fitting models for EDGES data and argue
that the highest evidence models favour an amplitude of |T21| <
209. Recently, the Hydrogen Epoch of Reionization Array (HERA)
collaboration reported upper and lower bounds on the spin tem-
perature of the gas to be: 27 K< Ts <630 K (2.3 K< Ts < 640 K)
with confidence level of 68% (95%) at redshift z ~ 8. The corre-
sponding gas temperature found to be: 8.9 K < Tgys < 1.3 x 103 K
with 68% confidence level. However, below the redshift z ~ 10,
the physics of IGM evolution is not very well known. In the light
of these constraints and unknown physics at the time of cosmic
dawn era, we do not consider any mechanisms to cool IGM gas or
increase the background radio radiation. We take 21 cm differen-
tial brightness temperature such that it does not change, from its
standard value (~ —220 mK), more than a factor of 1/4 or 1/2 at
redshift 17.2.

Sterile neutrinos decay to active neutrinos via vy — vvv and
vs — vy processes. The decay of sterile neutrino dark matter to
active neutrino via the radiative process can inject the photon en-
ergy into IGM and modify the absorption amplitude of the 21 cm
signal during cosmic dawn era. Hence, we can constrain the sterile
neutrino decay width and mixing angle with the active neutrino
using the 21 cm absorption signal. The decay width of sterile neu-
trino for radiative process can be written as ([20,81] and Refs.
therein),

9a G ., s
Ly, =Ty = 102273 sin®(20)m;,
my. 713 [ 1
~552 x 1022 sin®(0) [—”] —, 3
KeV sec

here, 6 is the mixing angle between sterile and active neutrino,
my, is the mass of the sterile neutrino, o and Gr are the fine
structure and Fermi constant, respectively. The mixing angle 0 <«
1, therefore sin*(26) ~ 4 sin®(#). The lifetime of sterile neutrino
for radiative decay, Ty, =1/Ty;.

2. Evolution of the IGM gas and effect of sterile neutrinos

Evolution of the ionization fraction with redshift in the pres-
ence of energy injection by decaying sterile neutrinos [73,74,82-
86],
dxe P

P m X [mmf g(Tgas) — (1 — Xe) Bp(Tgas) efE“/Tg‘“]
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Fig. 1. The gas temperature evolution with redshift in the presence of decaying sterile neutrinos. The red dashed line represents the CMB temperature evolution. The black
solid line depicts the Tgas when there is no sterile neutrino decay. The shaded region corresponds to EDGES absorption signal, i.e. 15 <z < 20. In plot (1a), we keep mass of
sterile neutrino fix to 10 KeV and vary lifetime. In plot (1b), we consider T, constant to 6 x 10%6 sec and vary mass of sterile neutrino. In plot (1c), we keep faps(z, my,) = 1/2

and vary lifetime of sterile neutrino.
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Fig. 2. Evolution of 21 cm differential brightness temperature as a function of redshift for the cases represented in Fig. 1.
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where x, = n./ny is the ionization fraction, n, is the free elec-
tron number density in the Universe. g and Bp are the case-B
recombination coefficient and photo-ionization rate, respectively
[74,82,83]. Eg =13.6 eV and E, = (3/4) Eg are ground state bind-
ing energy and Lya transition energy for the hydrogen atom, re-
spectively. P is the Peebles coefficient [73,74,87],

_ 14+ Ky Agnyg (1 —Xe)
1+ Ku (A +Bp)ng (1—xe)

here, Ky = m2/(E3 H) and Ay = 8.22/sec account for the red-
shifting of Ly photon due to expansion of the Universe and
the 2S-1S level two photon decay rate of the hydrogen atom, re-
spectively [88]. The last term in equation (4), describes the addi-
tional effect of sterile neutrinos decay on the ionization fraction.
€ = €(z,my,) is the energy deposition rate per unit volume into
IGM gas due to decaying sterile neutrinos. It can be written as
[73,74,89],

(5)

T1+2?3 (6)

here, 1), is the lifetime of sterile neutrino for decay in a active
neutrino and a photon. Fs is the fraction of the sterile neutri-
nos that are decaying. We consider that all sterile neutrinos are
decaying, i.e. Fs = 1. py, 0 = My, Ny, 0 is the present day energy
density of sterile neutrino. n,, o is the present day number density
of sterile neutrinos. For the present work, we consider that all the
dark-matter is composed of sterile neutrinos, p,,0 = pPpm,0, and
ppm.o is the present day dark-matter energy density [20,89-91].

€(z,my,) =Fs fabs(z, my,) Pug,o Tlg

fabs(z,my,) is the energy deposition efficiency into IGM by decay-
ing sterile neutrinos. The energy deposition happens due to only
radiative decay of sterile neutrino as active neutrinos interact very
weakly with matter. Therefore, we consider only radiative decay
of sterile neutrinos. faps(z,my,) depends on the redshift, mass of
sterile neutrino and decay channel [89]. The mass of decaying par-
ticles enters only through f,,s(z, my,). In the presence of energy
deposition into IGM, the gas temperature evolution with redshift
[73,74,82-84,86,92],

dTgas 2 Tgas e
= Tgas — T
dz  (+2) a+@H(95 cms)
2 142x%,) €
_ % 1+4+2x) , 7)
3H( +2) 3 Neor

here, Nt = ny (1 + fHe + Xe) is the total number density of gas,
fHe = nye/ny is the Helium fraction and the Compton scattering
rate is defined as,

8orarTeyp Xe
3(1+ fre +Xe)me

where, o7, a; and m, are the Thomson scattering cross-section,
Stefan-Boltzmann radiation constant and mass of electron, re-
spectively. The last term in equation (7) corresponds to the en-
ergy deposition into IGM due to radiative decay of sterile neu-
trinos. Following the Refs. [73,74,93,94], we consider the ‘SSCK’
approximation-in which (1 — x.)/3 fraction of deposited energy
goes into ionization, nearly same amount goes into excitation,
while (1 + 2x,)/3 fraction goes into IGM heating. To include the
heating of the gas due to energy transfer from CMB photons to the
random motions of the gas, we follow the Ref. [95] (here we write

Ic= (8)
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Fig. 3. In plot (3a), we constraint lifetime of sterile neutrinos as a function of mass, while in plot (3b), we constraint mixing angle of sterile neutrinos with active neutrinos
as a function of mass of sterile neutrinos by keeping 21 cm differential brightness temperature, To; >~ —150 and —100 mK. The dotted (dashed) line represents the case
when energy transfer from CMB photons to gas is included (excluded) [95]. The X-ray constraint on mixing angle (blue shaded region) has been taken from the Ref. [20].

this heating of the gas as VDKZ18). Authors claim that it can in-
crease the gas temperature by the order of (~ 10%) at z ~ 17. Here,
it is to be noted that, we do not include the X-ray heating of the
gas as it becomes effective after z ~ 17. Including the heating due
to VDKZ18 effect, equation (7) will modify as,

ATgs  dTgs
dz = dz

g

C(d+20 X.)’
(e (7)] (14+2)(1+ fye + Xe)

(9)

where, dTgaS/dz|[eq‘(7)] represents the temperature evolution in
equation (7), and heating rate due to energy transfer from CMB
photons to the thermal energy of gas by Ly« photons,

A1o T
F'R=Xpyi—xg| — —1| T10, 10
R = XHI 5 XR [Ts 10 (10)
here, A1gp = 2.86 x 107> sec™! is the Einstein coefficient for
spontaneous-emission from triplet state to singlet state. xg =
1/121 x [1 —exp(—121)] and 121 = 8.1 x 102 x5 [(1 + 2)/20]1 x
(10 K/Ts) is the 21 cm optical depth. T19 =27 v10 = 0.0682 K.

3. Results and discussion

We solve the coupled equations (4) and (7) for different mass
and lifetime of sterile neutrino to get xyy and Tgs at redshift
z=17.2. To get any absorption signal in redshift range 15-20, the
gas temperature should be less than CMB temperature in shaded
region. By requiring T2; >~ —150 mK or —100 mK at z = 17.2,
equation (2), we can constraint the lifetime of sterile neutrinos.
Subsequently, using equation (3), we can also constraint the mix-
ing angle of sterile neutrinos with active neutrinos. In the Fig. 1,
we plot the gas temperature evolution as a function of redshift for
different mass and lifetime of sterile neutrino. The red dashed line
in all plots represents the CMB temperature evolution with red-
shift. The black solid line represents the gas temperature evolution
when their is no effect of decaying sterile neutrino on the IGM gas.
The shaded pink region corresponds to redshift range 15 < z < 20.
We obtain these results by considering faps(z, my,) from Ref. [89].
In plot (1a), we plot the gas temperature for different lifetime of
sterile neutrino (t,,) by keeping the mass (m,,) fix to 10 KeV.
The violet solid line depicts the gas temperature evolution when
lifetime of sterile neutrino is 2 x 1026 sec. As we increase the life-
time of sterile neutrino, the gas temperature decreases-shown by

green and cyan curves. It happens because by increasing the Ty,
the radiative decay of sterile neutrinos decreases and the num-
ber of photons injected into IGM also decreases. Therefore, we get
less heating of IGM by increasing the 7. In plot (1b), life time
of sterile neutrino is fixed to 6 x 1026 sec and the values of My,
varies from 2 KeV (violet solid line) to 25 KeV (yellow solid line). If
one increases the sterile neutrino mass from 2 KeV (violet line) to
6 KeV (green line), the heating of IGM decreases significantly in the
shaded region. It happens because 0y, =myny,, Ny, is the number
density of sterile neutrinos. Therefore at a particular redshift, when
one increases m,, the number density of sterile neutrino decreases,
and we get less photon injunction, produced from decaying sterile
neutrinos, into the IGM. Hence, one gets less heating of IGM when
the mass of sterile neutrino increases. If one considers the imme-
diate and complete absorption of the photon energy into IGM, then
energy deposition efficiency, f,ps = 1/2—half of the energy of ster-
ile neutrino will be carried away by active neutrino [89,96]. Mass
of the sterile neutrino in the equations (4) and (7), enters through
only faips. Therefore, the energy deposition rate, equation (6), will
depend only on the lifetime of sterile neutrinos. This case has been
depicted in Fig. 1c for the different values of 7y,. In this case, as ex-
pected, the heating of IGM increases more compared to the cases
in Fig. 1a.

In Fig. 2, we plot the evolution of the 21 cm differential bright-
ness temperature as a function of redshift for the scenarios dis-
cussed in Fig. 1. We consider the tanh parametrization model
for the Wouthuysen-Field coupling coefficient [70,97,98]. In the
shaded region in Fig. 1, the spin temperature can be approximated
as gas temperature. Therefore, when the gas temperature is lower
than CMB temperature, we get the absorption profile, i.e. Ty1 < 0.
When the gas temperature rises above the CMB temperature, Tyq
becomes positive, and we see an emission profile. In plot (2), above
the redshift z ~ 25, x4, xc < 1, therefore, the spin temperature is
dominated by CMB temperature, i.e. To1 &~ 0. To get the absorption
profile at z~ 17, one has to keep Tgas < Tcms-

In Fig. 3a, we plot the lower constraint on lifetime as a function
of my, by requiring T»1 such that it does not suppress the standard
theoretical value of T»1(z=17.2) ~ —220 mK more than a factor
of 1/4 or 1/2. Considering To; < —220 mK, will further strengthen
our bounds. The red coloured curves depict the lower constraint on
Ty, when Tp1 >~ —150 mK, while the black coloured curves repre-
sent the lower constraint on 7, when T2 >~ —100 mK. To get the
dashed line, we do not take into account the VDKZ18 heating of
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the gas. For the dotted line we consider VDKZ18 heating of the gas.
Inclusion of VDKZ18, gives more stringent constraint on 7, as gas
temperature rises due to the energy transfer from CMB photons
mediated by Lyx photons. In Fig. 3b, we obtained the upper con-
straint on mixing angle of sterile neutrinos with active neutrinos
as a function of mass. For reference, we have also plotted the X-
ray constraints on mixing angle as function of m,,. The constraints
are obtained by assuming solely radiative decay of sterile neutri-
nos. X-ray constraint comes from the fact that no such X-rays have
been seen in observations [20]. The red and black coloured curves
depict the upper constraint on mixing angle when T2 >~ —150 mK
and —100 mK, respectively. To get the dashed curves, we do not
take into account the VDKZ18 heating of the gas. For the dotted
line we have included the VDKZ18 heating of the gas. Here, it is to
noted that these bounds do not depend on dark-matter clustering.
Therefore, the bounds are free of astrophysical parameters such as
density profile or mass function of dark-matter halos, etc. To ob-
tain these bounds, we do not consider any non-standard cooling
mechanism to cool the IGM or any source of radio photons. The
results in Fig. 3, are comparable with the direct/indirect probe of
sterile neutrino dark-matter decay.

4. Summary

We have constrained the sterile neutrino dark matter lifetime
and mixing angle with active neutrino as a function of sterile neu-
trino mass. Here, we do not consider the absorption amplitude in
the 21 cm line reported by the EDGES collaboration. As discussed
above, the EDGES signal has been questioned in several articles. In
the light of these controversies over the EDGES signal, we con-
sider the absorption amplitude predicted by theoretical models
based on the ACDM framework of cosmology. We get the bounds
such that energy injection from radiative decay of sterile neutrino
does not change this absorption amplitude, from its standard value
(~ —220 mK), more than a factor of 1/4 or 1/2 at the redshift,
z=17.2. We have considered the two scenarios to get the bounds:
First, IGM evolution without the heat transfer from the background
radiation to gas mediated by Lyo photons (VDKZ18 effect). Next,
we have considered the VDKZ18 effect on the IGM gas. The fol-
lowing summarises our results for Ty; = —150 mK.

In the first scenario, the lower bound on the sterile neutrino
lifetime varies from 8.3 x 1027 sec to 9.4 x 10%° sec by varying
sterile neutrino mass from 2 KeV to 50 KeV. The lifetime of ster-
ile neutrino decrease when one increases the mass of the sterile
neutrino. It happens because p,, =myn,,. At a particular redshift,
when one increases m,,, the n,, decreases. Consecutively, one gets
less radiative decay of sterile neutrinos. Therefore, we get more
window to increase the gas temperature, i.e. we can decrease the
lifetime of sterile neutrinos. The upper bound on the mixing angle
(sin? ) varies from 6.8 x 1079 to 6.1 x 10~4 by varying sterile
neutrino mass from 2 KeV to 50 KeV.

In the second scenario, the lower bound on the sterile neutrino
lifetime varies from 1.5 x 1028 sec to 1.7 x 1028 sec by varying ster-
ile neutrino mass from 2 KeV to 50 KeV. While the upper bound
on the mixing angle varies from 3.8 x 1072 to 3.42 x 104 by
varying sterile neutrino mass from 2 KeV to 50 KeV.

We have also plotted the X-ray constraint to rule out some pa-
rameter space for mixing angle of the sterile neutrinos with active
neutrinos [20]. Although we have considered that sterile neutrinos
account for all the dark matter in the Universe, sterile-neutrino
may account for only a fraction of the dark matter abundance. In
this scenario, the bounds on the sterile neutrino lifetime and mix-
ing angle with active neutrino may modify.
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