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We show how 21cm cosmology can test relic neutrino radiative decays into sterile neutrinos. Using
recent EDGES results, we derive constraints on the lifetime of the decaying neutrinos. If the EDGES
anomaly will be confirmed, then there are two solutions, one for much longer and one for much shorter
lifetimes than the age of the universe, showing how relic neutrino radiative decays can explain the
anomaly in a simple way. We also show how to combine EDGES results with those from radio background
observations, showing that potentially the ARCADE 2 excess can be also reproduced together with the

EDGES anomaly within the proposed non-standard cosmological scenario. Our calculation of the specific
intensity at the redshifts probed by EDGES can be also applied to the case of decaying dark matter.
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1. Introduction

With 21 cm cosmology we are entering a new exciting phase
in the study of the history of the universe and how this can be
used to probe fundamental physics [1,2]. Observations of the red-
shifted 21cm line of neutral hydrogen' from the emission or ab-
sorption of the cosmic microwave background radiation (CMB) by
the intergalactic medium, can test the cosmic history at redshifts
z ~ 5-1100.% This range corresponds to those three periods, af-
ter recombination, on which we have fragmentary information: the
dark ages, from recombination at z. ~ 1100 to z >~ 30, when first
astrophysical sources start to form; the cosmic dawn, from z >~ 30
to the time when reionisation begins at z >~ 15; the Epoch of Reion-
isation (EoR), from z 2~ 15 to z ~ 6.5 when reionisation ends.> In
this way observations of the cosmological 21 cm line global signal
can test the standard ACDM cosmological model during a poorly
period of the cosmic history, considering that the most distant
galaxy is located at z=11.1 [4].
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E-mail addresses: M.Chianese@soton.ac.uk (M. Chianese), P.Di-Bari@soton.ac.uk
(P. Di Bari), K.R.H.A.M.Farrag@soton.ac.uk (K. Farrag), romesamanta@gmail.com
(R. Samanta).

1 We refer to hydrogen-1 (protium). Deuterium has an analogous line but at
92 cm.

2 We will discuss this range in more detail in Section 2.

3 The redshift boundaries of these stages are, in fact, very model dependent. Def-
inite values strongly depend on astrophysical parameters (e.g., see [3] for a recent
parameter study). The approximate value z >~ 6.5 for the end of EoR corresponds to
a particular model shown in Fig. 1 in [1] and references therein.
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Intriguingly, the EDGES (Experiment to Detect the Global Epoch
of Reionisation Signature) collaboration claims to have discovered
an absorption signal in the CMB radiation spectrum correspond-
ing to the redshifted 21 cm line at z >~ 17.2 with an amplitude
about twice the expected value [5]. This represents a ~3.80 devi-
ation from the predictions of the ACDM model and for this reason
the EDGES anomaly has drawn great attention. It should be said
that another group [6], re-analysing publicly available EDGES data
and using exactly their procedures, finds almost identical results
but they claim that ‘the fits imply either non-physical properties
for the ionosphere or unexpected structure in the spectrum of
foreground emission (or both) concluding that their results ‘call
into question the interpretation of these data as an unambiguous
detection of the cosmological 21-cm absorption signature.” There-
fore, more observations will be necessary to confirm not only the
anomaly but even the absorption signal.

In the light of these recent experimental developments, it is
anyway interesting to think of possible non-standard cosmological
scenarios that can be tested with 21 cm signal observations at high
redshifts and that might either explain the EDGES anomaly (if con-
firmed) or in any case be constrained. The EDGES anomaly can be
expressed in terms of a value of the photon-to-spin temperature
ratio Ty (2)/Ts(z) at redshifts z = 15-20, where the absorption
profile is observed, that is about twice what is expected in a stan-
dard cosmological scenario. This can be of course due either to a
larger value of T, (z) or a smaller value of Ts(z) or some combina-
tion of the two. In this Letter, we show how radiative decays of the
lightest relic neutrinos can explain the EDGES anomaly producing,
after recombination, a non-thermal early photon background able
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to rise Ty (z) above the CMB value. A similar scenario, recently re-
visited in [8], where heavier relic neutrinos decay radiatively into
lighter ordinary neutrinos [9-11] is ruled out since it requires de-
generate neutrino masses now excluded by the Planck upper bound
> imi $0.17eV (95% C.L.) [12] and since, it requires a too large ef-
fective magnetic moment responsible for the decay. In our scenario
the lightest relic neutrinos decay radiatively into sterile neutrinos
and this allows to circumvent both bounds.*

The paper is organised as follows. In Section 2 we briefly review
21cm cosmology and the EDGES results. In Section 3 we discuss
how lightest relic neutrinos radiative decays can explain the EDGES
anomaly. Finally, in Section 4, we draw the conclusions.

2. 21 cm cosmology and EDGES results

The 21cm line is associated with the hyperfine energy split-
ting between the two energy levels of the 1s ground state of the
hydrogen atom characterised by a different relative orientation of
electron and proton spins: anti-parallel for the singlet level with
lower energy, parallel for the triplet level with higher energy. The
energy gap between the two levels and, therefore, of the absorbed
or emitted photons at rest, is E;; = 5.871eV corresponding to a
21cm line rest frequency v$™ = 1420 MHz.

A shell of neutral hydrogen at a given redshift z < zpc, af-
ter recombination, can then act, thanks to the 21cm transitions,
as a detector of the background photons produced at higher red-
shifts. In standard cosmology this background is just given by the
CMB thermal radiation with temperature Tcyp(2) = Tcmp,o (1+2),
where Tcyp.o=2.725K~2.35 x 10~ 4eV.

This possibility relies on the brightness contrast between the in-
tensity of the 21 cm signal from the shell of neutral hydrogen gas
at redshift z and the background radiation at the observed (red-
shifted) frequency v,1(z) = vﬁ“/(l + z). The brightness contrast
can be expressed in terms of the 21 cm brightness temperature (rel-
ative to the photon background) [14]:

T21(2) ~ 23mK (1 + 85) Xy, (2) Qp h*
21 — B) AH; 0.02

015\ (1+z WI Ty (2) )

X[(meﬂ)( 10 )] [ Ts<z>]’ M
where Qph? =0.02226 and Qm h% = 0.1415 [15] are respectively
the baryon and matter abundances, §p is the baryon overdensity,
xp, is the fraction of neutral hydrogen, Ty (z) is the effective tem-
perature, at frequency v;1(z), of the photon background radiation
(coinciding with T¢pp(z) in standard cosmology) and Ts(z) is the
spin temperature parameterising the ratio of the population of the
excited state n; to that one of the ground state ng in such a way
that
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where g1/g0 = 3 is the ratio of the statistical degeneracy factors of
the two levels. Clearly if xy, vanishes, then there is no signal, since
in that case all hydrogen would be reionised and there cannot be
any 21cm transition. The spin temperature is related to Tgys, the
kinetic temperature of the gas, by’

4 See end of Section 3 for more details on this point while for an updated review
on neutrino mass constraints see for example [13].

5 This is an approximated relation valid for Tgas >~ T¢, where T is the colour
temperature parameterising the intensity of the UV radiation emitted by the astro-
physical sources. Notice that out of the four different temperatures we introduced,
only Tcyp and Tgys are genuine thermodynamic temperatures associated to a ther-
mal distribution.

T Xe + X T
<1__V):g<1__7>’ (3)
Ts 14+ Xxc+ Xy Tgas

where x, and x. are coefficients describing the coupling between
the hyperfine levels and the gas. In the limit of strong coupling, for
Xo +Xc > 1, one has Ts = Tg,s, while in the limit of no coupling,
for x4 = xc =0, one has Ts =T, and in this case there is no signal.
The evolution of T,; with redshift can be schematically described
by five main stages [1,2]:

(i) In a first stage after recombination, during the dark ages, the
gas is still coupled to radiation thanks to a small but non neg-
ligible amount of free electrons that still interacts via Thom-
son scatterings with the photon background. In this case one
has Ty = Tgas = Ts and consequently Ty1 =0, ie., there is
no signal® This stage lasts until the gas starts decoupling

from radiation above z5. ~ 150. At this time the gas tem-
perature cools down more rapidly than CMB radiation, with
Tgas(2) = T (Zdec) (1 + Zdec)*.

(ii) In a second stage, approximately for 250 > z = 30, still during
the dark ages and with the precise boundary values depend-
ing on different cosmological details, one has approximately
Ts =~ Tgas, since gas collisions are efficient enough to couple
Ts to Tgas. In this case one has T; < 0 and an early absorp-
tion signal is expected.

(iii) At z ~ 30 the gas becomes so rarified that the collision rate
becomes too low to enforce Ts =~ Tgys and in this case one
enters a regime where X, + X < 1 and Ts >~ T,. In this stage,
during the cosmic dawn, one has T2; ~ 0 and again the 21 cm
global signal is suppressed.’

(iv) At z ~ 30, gas also starts collapsing under the action of dark
matter and first astrophysical sources start to form with emis-
sion of Ly radiation that is able, through Wouthuysen-Field
effect [17], to gradually couple again Ts to Tgas. In the red-
shift range zy < z < 25, where z; >~ 10-20 is the redshift at
the heating transition [1] (this stage starts during the cosmic
dawn and can last until the epoch of reionization has begun
at z~15), one can again have T < 0, implying an absorp-
tion signal. This is within the range tested by EDGES whose
results seem to confirm the existence of the absorption sig-
nal.

(v) In a fifth stage, for z < z, (depending on the precise value
of z, this stage can either start during cosmic dawn and
ending during the epoch of reionization or entirely occurring
during the latter), the gas gets reheated by the astrophysi-
cal radiation and Ts = Tgas > Ty, so that Ty turns positive
and one has an emission signal from the regions that are not
fully ionised. Eventually all gas gets ionised until the frac-
tion of neutral hydrogen vanishes and the signal switches off
again.®

EDGES High and Low band antennas probe the frequency ranges
90-200MHz and 50-100 MHz respectively overall measuring the
21 cm signal from between redshift 6 and 27, which corresponds
to an age of the universe between 100 Myr and 1Gyr and includes
the epochs of reionization and cosmic dawn, when first astro-
physical sources form and a second stage of absorption signal is

6 This conclusion is approximate and a very small signal is present even at high
redshifts mainly due to the fact that T, deviates slightly from Tg,s. This has been
studied recently in detail in [16] and it was found —T»1 >~ 2.5mK at z >~ 500.

7 A detailed description and in particular how suppressed the signal is in this
stage depends on various astrophysical parameters [3].

8 In this stage the signal crucially depends on astrophysics and it should be said
that not in all scenarios Tgas becomes larger than T, and in this case the emission
signal is missing [18].
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predicted (the fourth and fifth stage in the description above). The
EDGES collaboration found an absorption profile approximately in
the range z = 15-20 with the minimum at zg ~ 17.2, correspond-
ing to vy1(zg) ~ 78 MHz, with a 21cm brightness temperature
T21(zg) = —0.5f8:§ K at 99% C.L., including estimates of systematic
uncertainties. From Eq. (1), since (1 + &p) Xy, (zg) > 1, this trans-
lates into Ty (zg)/Ts(zg) = 15f;§5. On the other hand, at the centre
of the absorption profile detected by EDGES, one expects, assum-
ing the ACDM model, Ty, (zg) = Tcmp(ze) = Temp,o (14 zg) =~ 50K
and Tgas(ze) = Temp (Ze0) (14 26)? /(1 + 250)? ~ 7K, where we in-
dicated with z5, ~ 150 and TS ~ 410K respectively the redshift
and the temperature at the time when the gas decoupled from ra-
diation. From Eq. (1) one then immediately finds T»1(zg) 2 —0.2K,
where the minimum is saturated for Ts(zg) = Tgas(zg) and cor-
responds to Ty (zg)/Tgas(ze) > 7. Therefore, the best fit value for
T»1(zE) is about 2.5 lower than expected within the ACDM. Even
at 99% C.L. it is still 50% lower.

If this anomalous result will be confirmed and astrophysical so-
lutions ruled out, then, very interestingly, it can be regarded as
the effect of some non-standard cosmological mechanism. For ex-
ample, it has been proposed that a (non-standard) interaction of
the baryonic gas with the much colder dark matter component
would cool down Tgs, and consequently Ts, below the predicted
ACDM value [7]. Another possibility is that Tgs is lower be-

cause the gas decouples earlier so that z5.. > 150. For example for
gas

Zgoo =300, one has Tgs(zp) >~ 3.5K, i.e., halved compared to the
value predicted within the ACDM, and this would reconcile the
tension between ACDM prediction and the EDGES result. Models
of early dark energy have been proposed to this extent, but these
are strongly ruled out by observations of the CMB temperature
power spectrum [19]. A third possibility is that some non-standard
source could produce a non-thermal additional component of soft
photons effectively increasing T, above T at frequencies around
v21(zg). For example, these could be produced by dark matter an-
nihilations and/or decays [20,21] and also give a signal at other
frequencies for example addressing the ARCADE 2 excess at higher
(~GHz) frequencies [22] that, however, has not been confirmed
by another group using ATCA data [23]. Conversion of dark pho-
tons into soft photons has also been proposed as a solution to the
EDGES anomaly [24].

In the next section we present a mechanism for the production
of a non-thermal soft photon component relying on relic neutrinos
radiative decays into sterile neutrinos. Even if the EDGES anomaly
will not be confirmed, we show that the EDGES results tighten the
existing constraints [10,25] on the parameters of the scenario.

3. Relic neutrino radiative decays
The 21cm CMB photons absorbed at zp fall clearly in the

Rayleigh-Jeans tail since E»; <« T(zg). In this regime the specific
intensity depends linearly on temperature, explicitly

dFYcms 1 decms
IcmB(E,2) = E =—
dAdtdEdQ ~ 4m  dE
E3 1
= g [ef/Tow 1) PSS ey B2

41 4

(4)

Only photons with energy Ez; at z >~ zg could be absorbed by
the neutral hydrogen producing a 21 cm absorption global signal.
The EDGES results can be explained by an additional non-thermal
photon background with I (E21, ze) =~ Icms(E21, ze). The effec-
tive photon temperature Ty, (E, zg) at an arbitrary energy E can be
simply calculated as

. E3 E<T, 473
T,(E,ze)=EIn~' 1+

= ) (k).
4731, (E, zp) gz v (Ez0)

(5)

where we defined Iy, (E, zg) = Inen(E, zg) +Icms(E, zg). The EDGES
anomaly can be explained imposing Ty (E21,2g)/TcmB(ZE) =

2.1575:4°, or, equivalently,

Inth(E21,2p) Ty, (E21, 2E)
IcmB(E21, zE) Tcmp(zE)

where T, is defined in terms of I in the same way as T, is
defined in terms of I,, in Eq. (5). We consider the radiative decay
of active neutrinos v; with mass m; and lifetime t; into a sterile
neutrino vs with mass mg, i.e., vi — vs + y. For definiteness we
will refer to the case of lightest neutrino decays corresponding to
i=1. We will comment at the end how our results simply change
if one considers heavier neutrinos. If decays occur after matter-
radiation decoupling, photons produced from the decays will not
distort CMB thermal spectrum but will give rise to a non-thermal
y background [10] contributing to R. For a given m; one has two
limits for mg: a quasi-degenerate limit for m; >~ mg and a limit
ms < my.’

For mg <« m; the bulk of neutrinos, with E ~ T¢yp, necessar-
ily decay when they are relativistic. This is easy to understand. Let
us introduce the scale factor a = (1 +2)~! and its corresponding
value ag = (1 4+ zg)~ ! at zg. In the matter-dominated regime we
can write a(t) >~ ag (t/tE)%, where tg >~ 222 Myr is the age of the
universe at z = zg [26]. For neutrinos that decay at rest at time
t one has to impose my = 2 Epjag/a(t) in order to have photons
with the correct energy at tg. Imposing that decays occur after
recombination, otherwise the non-thermal component would ther-
malise or produce unacceptable distortions to the CMB spectrum,
and of course before the time when photons are absorbed by neu-
tral hydrogen, corresponding to a condition zg < z(t) < zrec =~ 1100,
one finds 0.012meV < my < 0.71 meV, showing that the v¢’s are
too light to be treated non-relativistically for mg <« m;.!°

On the other hand the non-relativistic case can be realised
in the quasi-degenerate limit for m; >~ mg since one can then
have mq > Ty,(2) ~ (4/11)'/3T(z) at the time when they de-
cay. Indeed at z = zr one has T,(zg) >~ 3meV. Since the cur-
rent upper bound on the sum of neutrino masses implies m; <
50meV, one can well have m; >~ m; > 3meV. This implies 50 2
my/meV > 10,'" a window that will be fully tested by close fu-
ture cosmological observations [28]. Moreover in this (testable)
non-relativistic and quasi-degenerate case not only it is easy to
calculate R, as we will see, but also one obtains the most con-
servative constraints on 71 and Amj; = m; — m; since, as we will

R

=Rp=1.1515¢", (6)

9 The origin and properties of neutrino masses and mixing would be related
to extensions of the SM (e.g., grand-unified theories). Simplest models usually re-
quire the existence of very heavy sterile neutrinos (ms > 100GeV) in the form of
right-handed neutrinos. However, the existence of light sterile neutrinos cannot be
excluded and many models have been proposed especially in connection with dif-
ferent neutrino mixing anomalies (for a review see for example [27]).

10 This also shows that the two heavier neutrinos radiative decays would pro-
duce photons at too high frequencies, considering that my > mg, >~ 9meV and
m3 > Mym 2~ 50meV, where the lower bounds are saturated in the normal hier-
archical limit. One could consider radiative decays v, 3 — v1 + ¥ and in the quasi-
degenerate limit m; 2 0.12eV photons with the correct energy would be produced.
However, the upper bound m; < 0.07eV placed by the Planck collaboration now
rules out this possibility [12]. Moreover these processes need values of the effective
magnetic moment ruled out by current experimental upper bound [11,8].

11 The lower bound m; 2 10meV corresponds to m 2 3Ty, (zg) that is quite a
conservative condition to enforce that the bulk of neutrinos are non-relativistic
when they decay since remember that for a Maxwell-Boltzmann distribution
V(v2) = /3T/m. In this way the bulk of neutrinos have a kinetic energy that is
negligible compared to the rest energy.
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Fig. 1. Schematic picture describing the generation of the 21cm absorption signal
within a non-standard history of the universe including v; radiative decays pro-
ducing a non-thermal photon background. At redshifts z ~ zg the first astrophysical
sources couple the spin temperature to the gas temperature (via Wouthuysen-Field
effect) inducing the absorption of (redshifted) y21.m photons.

point out, if neutrinos decay relativistically, constraints get more
stringent.

Let us then calculate R for my ~ms > T, (z). An emitted pho-
ton has an energy at decay E = Amy. Moreover let us suppose
first that all neutrinos decay instantaneously at t = 7y corre-
sponding to a redshift Zgecay Such that dgecay = (1 + zdecay)*1 ~
ag (t1/tg)?3. A sketchy representation of this toy model is given
in Fig. 1. Requiring that photons produced from neutrino de-
cays are then (21cm) absorbed at z = zg, one has to impose
Amy = E210g/Adecay, implying an unrealistic fine-tuned relation
between 71, E31 and Am;y. In addition it is easy to see that, since
all photons produced in the decay contribute to the signal, one ob-
tains a far too high value of R. This is because in this instantaneous
decay description one has simply

e 3 ¢

4 11 273
where n‘;‘f(zE) = (6/11)({(3)/7‘[2)T2MB(ZE) is the relic neutrino
number density at zg in the standard stable neutrino case. This
gives straightforwardly:

62@3) [ Tcm,o (1 + zE)
11 Exq

many orders of magnitude larger than Rg. However, this simplistic
instantaneous description has the merit to show the natural nor-
malisation for the specific intensity of the non-thermal photons in
terms of nS?(zE) and for R itself in terms of R,.

Let us now calculate R removing the instantaneous assumption.
Writing the fluid equation for the energy density of non-thermal
photons produced by vy decays [10,25,29],

Inth(E21,2) = Teys(zE) (7)

R~R,

2
] ~3.5x%x10°, (8)

dey,, Amy _t
T:Tn?}?(t)e 1 —48thH, (9)

where H =a/a is the expansion rate, one easily finds a solution in
terms of a Euler integral

tg
Amyq _t a(t)
&y . (tg) = ——nSo(t dte @ .
Y (5:)] o Ul(E)O/ ate)

(10)

The integral is done over all times t when photons are produced
by neutrino decays with energy Amj that is redshifted to an en-
ergy E(t,tp) = Amja(t)/ag at tg. Photons with the correct energy
Ejq1 at tp are produced at a specific time tp; such that ayq/ag =
Ey1/Amq, where az; = a(tp1). Of course notice that imposing
Zrec > 221 =05, — 1> zg, one would find Ez; < Amy < 0.35meV,
analogously to the range found for my in the case mg <« my. How-
ever, since we are assuming that neutrinos are non-relativistic at
decays, and this implies T, (z21) >~ 0.18eV (1 4 z21)/(1 + zgec) S
my < 50meV, one finds z7 < 275, implying an even more restric-
tive range

Ez1 <Am; <09 x 107 4eV. (11)
We can now easily switch from time to energy derivative finding
1 dey,
Intn(E21, zp) = — —20
nth(E21, Z) 17 dE

_te (B )
ns?(ZE) (Ez] >3/2 e U (Am1>

o 47 Amy He 11

where Hp = H(tg) ~2/(3tg). From the definition of R (see Eq. (6))
and R, (see Eq. (8)), one immediately obtains

Lt (m)”z

B \3/2 o (5
R:R*( 2]) : (13)

Amy Hr 1y

; (12)

The condition R < Rg, where the equality corresponds to the con-
dition to explain the EDGES anomaly and the inequality implies
constraints on 73 and Amjy, can be put in the simple form!2

2 Rg

xe”‘_gR—zz.Zf‘]l x 1076, (14)
*

where we defined

_te (B ) (15)
- Tl Amy '

There are clearly two solutions. A first one (referred to as ‘EDGES A’
in Fig. 2) for 71 > tg is simply given by x = 2.2%] x 10~°, from
which one finds

_ 3/2
10~4eV
7 >10073%0¢ ( —— , 16
1= —65 ‘0 A, (16)

where to = 13.8Gyr = 4.35 x 10'7s is the age of the universe.
A second solution (referred to as ‘EDGES B’ in Fig. 2) is found for

71 < tg and is given by x=15.2%%, from which one finds

s (1074ev\ >
x 10°yr [ ——— . (17)
Amyq

O+0.04

71 2105575,

For this second solution one has to consider that decays should
occur mainly after matter-radiation decoupling time in order to
have a photon non-thermal background and one has to impose
T1 2 tgec ~ 3.71 x 10° yr. Moreover, though photon energies are
much below the thermal bath temperature, they might produce
too large deviations of CMB from a thermal spectrum. Even though
this second solution is less appealing and likely not viable, it is also
interesting that one could in principle expect a number of neutrino
species at recombination lower than three if only a fraction of the
decays are allowed to occur before recombination.

12 Of course one should also not forget that Am; is constrained within the range
in Eq. (11).
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Fig. 2. The blue lines delimit the excluded region in the plane 7y — Am from EDGES
data and the two solutions (A and B) addressing the EDGES anomaly. The orange
area indicates the approximate solution to the ARCADE 2 excess. The cyan area in-
dicates the ATCA constraint. (For interpretation of the colours in the figure(s), the
reader is referred to the web version of this article.)

We have now also to consider whether photons produced from
neutrino decays might give visible (wanted or unwanted) effects
at other frequencies. First of all one should worry of the CMB
spectrum tested by the COBE-FIRAS instrument in the range of
frequencies (2-21)cm~! corresponding to (60-600) GHz or to en-
ergies (0.25-2.5)meV [30]. However, since Am; < 0.09meV (see
Eq. (11)), in this non-relativistic scenario one completely circum-
vents the constraints from CMB thermal spectrum measurements.

Radio background observations in the GHz frequencies can also
test the scenario either constraining it, as ATCA data do [23], or
even providing, with the ARCADE 2 excess [22], another signal to
be explained together with the EDGES anomaly.!?

Let us see how they can be combined with 21 cm observations
to test relic lightest neutrino decays. In this case the results are
given in terms of an effective temperature Ty, (E;,) of the radio
background compared to the Rayleigh-Jeans tail of the CMB spec-
trum. This time the detection of the produced photons is made
directly at the present time, while in the case of EDGES, as we
discussed, photons produced by the decays are absorbed by the
intergalactic medium at the time tg. Therefore, now we have to
impose

o _t(arb)
ny; (z=0) e @ 1

47w H@p) T 473

Inth(Ep, 2= 0) = TwE%,  (18)

where this time a;, = E,/Amy. If we focus on the solution at
T1 > to, then the exponential can be neglected and using H(a,p) =

,/QMOar_b?’ + Q0 and defining al{® = (2mo0/Q40)'/? ~ 0.75, one

arrives to the condition

/
T3 ( Erp ) 3\ —1/2
6¢@3 CMB,0 \ Am a
1> {6 ! 1+ Ajlb to, (19)

~ 11/Smo

where again the equality holds in the case one wants to explain
the ARCADE 2 excess or the inequality in the case one imposes the
constrain from the ATCA data. The ARCADE 2 collaboration claims

2
Two E b deq

13 Notice that in [31] the existence of the ARCADE 2 excess is questioned and
it is proposed that a more realistic galactic model can reconcile measurements of
uniform extragalactic brightness by ARCADE 2 with the expectations from known
extragalactic radio source populations.

an excess with Ty, = (62 &+ 10) mK at a frequency 3.2 GHz corre-
sponding to Eq, = 13.2 x 1078 eV and from the condition (19) one
finds

N 32 3\ 172

0 %ev
71 >~ (800 £ 200) [ ——— 1 rb to, 20
12 ( )( Amy ) +aQ/£IA 0 (20)

a solution shown in Fig. 2 (‘ARCADE A’) in orange (at 99% C.L.)
together with the corresponding allowed range for Am; found
similarly to Eq. (11) with the difference that now the energy at
the production has to be redshifted at z =0 instead of z = zf.
If this is compared with the condition we found to explain the
EDGES anomaly Eq. (16), one can see that within the errors the
two anomalies can be reconciled, in particular for the lowest val-
ues of R corresponding to the highest t; values, and of course
with the help of a,;, as close as possible to unity (its maxi-
mum value), corresponding to Am; = Ey,. As in the case of the
EDGES one can also consider a solution for 71 < tg and in this
case one finds, neglecting this time the small correction from Q,,
79 >~ (70 £0.7) Myr (10~*eV/Am1)3/2. This is also shown in Fig. 2
(‘ARCADE B’) in orange (at 99% C.L.). However, this time it is clear
that there is no overlap with the ‘EDGES B’ solution and this some-
how makes even more remarkable that in the case of 71 > tg we
could find two overlapping solutions. One can also consider the
ATCA constraints [23] that place a (30) upper bound Ty, < 100 mK
at a frequency of 1.75GHz. In this case one finds the following
(99%) excluded region

s (1074ev\*?
33x10°yr [ ——
Amy
_ 3/2 3\ —1/2
10~%eVv a
< 171 5660 <7> 1+ to, (21)
mq aeq

shown in Fig. 2 in light green. Notice that this constraint does
not apply to the narrow range Ep; < Amj < Eg ~ 7 x 1078eV
(so that EDGES allows to extend the constraints at slightly lower
values of Amy).!* Another interesting observation is that in the
second stage of the evolution of To; that we outlined in Section 2,
for redshifts 250 2 z > 30, one expects an early absorption signal
at z~ 100. If we extend the definition of R at a generic redshift
Zabsorption, ONE can easily see from our expressions that this scales

as o /14 Zapsorption- Therefore, the scenario predicts a doubled
value of R(z ~ 100) compared to the one measured at zg. This
would be a powerful test of the scenario, though consider that in
order to have a signal also in the early absorption stage, the upper
bound on Amy in Eq. (11) gets more stringent: from the require-
ment zp1; < 275, now one obtains Amy <3 Ey;.

14 Recently a study of the radio background data from the LWA1 Low Frequency
Sky Survey (LLFSS) at frequencies between 40 MHz and 80 MHz [33] has found an
excess well described by a power law Ty, > Ty o (v/vo)? with vg =310MHz and
B ~ —2.58, also fitting the ARCADE 2 results at much higher frequencies. For ex-
ample at v =80MHz the survey finds Ty, = (1188 & 112) K. This excess cannot be
explained by our model since from Eq. (19) one can see that it predicts Ty, o E~0.
If we fit the ARCADE 2 results, then we have a signal at v = 80 MHz, approximately
the same frequency tested by EDGES, that is about 100 times smaller than what
LLFSS finds. Of course the LLFSS results do not exclude our model, they simply re-
quire an alternative explanation. More generally, they can be hardly reconciled with
the EDGES anomaly within a realistic model since one would need a mechanism
where the intensity of the produced radiation increases by about 20 times between
z~zp and today and this despite the fact that the expansion dilutes a matter fluid
number density, such as primordial black holes, by a factor (1 + zg)3. Even if one
finds a model where this huge enhancement of the intensity is realised, this has
to be strongly fine-tuned to match both results and this without considering the
ARCADE 2 excess.
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The derivation of the constraints could be further extended go-
ing beyond the quasi-degenerate limit m; >~ mg implying necessar-
ily going beyond the non-relativistic regime. In this case one has
to take into account the thermal distribution function of neutri-
nos and from this derive the non-thermal distribution of photons
solving a simple Boltzmann equation [32]. The factor R gets re-
duced for fixed t; since the photon energy spectrum spreads at
higher energies and at the energy E,; at zg there are less photons
and so the values of the lifetime that are necessary to explain the
EDGES anomaly become shorter and this tends to generate a con-
flict with the constraints from radio observations and likely with
the FIRAS-COBE data as well since photon energies can be much
higher.

Finally, let us comment that though we have considered for def-
initeness decays of the lightest neutrinos, the results are also valid
for heavier neutrinos of course with the replacement (1, Amy) —
(12,3, Amy 3). The only difference is that now they automatically
respect the condition my 3 > 3meV to be non-relativistic and of
course in this case the lower bound m; = 10meV does not hold
so that the lightest neutrino mass can be arbitrarily small since
lightest neutrinos do not play any role.

We should also say that of course, even though for definite-
ness we considered radiative decays into sterile neutrinos, our
results are valid for any other decay mode involving a light ex-
otic particle. Our results can also be easily exported to the case
of quasi-degenerate dark matter recently proposed in [21] though
notice that the correct way to calculate the specific intensity is
Eq. (12) (replacing of course neutrino with dark matter number
density) that takes into account that only those photons produced
before tg can be responsible for the signal while the authors of
[21] incorrectly use an expression valid for photons detected at
the present time. However notice that in the case of decaying dark
matter the fact that the intensity of non-thermal photons has to
be comparable to that of CMB photons, as required by EDGES, is
a coincidence. On the other hand, in the case of decays of active
to light sterile neutrinos, the abundance of relic active neutrinos
is fixed by thermal equilibrium and this naturally produces a non-
thermal photon intensity comparable to that of CMB photons. One
can think of a simple model for example in terms of singular see-
saw [34] extended with a type II contribution [35]. In this case
an active-sterile neutrino mixing is expected and one can have
interesting phenomenological consequences that can help testing
the scenario.'® For example, in addition to obvious possible ef-
fects in neutrino oscillation experiments and in particular in solar
neutrinos, the fact that mg < m; makes possible a mechanism of
generation of a large lepton asymmetry in the early universe [36]
with possible testable effects in big bang nucleosynthesis and CMB
acoustic peaks [37].1°

4. Conclusion

We discussed a scenario where relic neutrinos can radiatively
decay into sterile neutrinos. This can be probed with 21 cm cos-
mology and, from EDGES results, we derived constraints on the
mass and lifetime of the decaying active neutrino and on the dif-
ference of masses between active and sterile neutrino in the quasi-
degenerate case. Interestingly, the scenario can explain the EDGES

15 Radiative decays would still generate an effective magnetic moment for active
neutrinos but if the mixing the sterile neutrino is sufficiently small, a condition
easily realised especially for the A solution with very long lifetime, this can be well
below the upper bound from stellar cooling.

16 One could investigate whether such dynamical generation of the asymmetry
might suppress the thermalisation of a ~eV sterile neutrino [38] required by the
solution to the various anomalies [39].

anomaly if this will be confirmed. The scenario could also po-
tentially have other testable phenomenological effects such as the
excess at higher radio frequencies claimed by the ARCADE 2 collab-
oration. Our results can be also straightforwardly extended to the
case of decaying quasi-degenerate dark matter. Additional indepen-
dent results on the global 21 cm signal from experiments such as
SARAS [40] and LEDA [41] might provide independent tests of the
EDGES anomaly. If this will be confirmed, a precise determination
of the dependence of the absorption signal on redshift could po-
tentially be used to test even more strongly our proposed scenario.
Certainly 21 cm cosmology opens new fascinating opportunities to
test models of new physics and might in a not too far future finally
provide evidence of non-standard cosmological effects.
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