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Plan
1. Introduction. Cosmology as a tool of learning about new physics. 

Dark matter; dark energy; … dark radiation? 

2. Dark radiation of numerous soft quanta in the RJ tail.

3. Implication for EDGES result

4. Dark radiation of rare hard quanta. Signals for direct DM detection.

5. Conclusions
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Clues for new physics
1. Precision cosmology: 6 parameter model (L-CDM) correctly 

describes statistics of 106 CMB patches. 
Existence of dark matter and dark energy.
Strong evidence for inflation.

2. Neutrino masses and mixing: Give us a clue [perhaps] that 
there are new matter fields beyond SM. 
Some of them are not charged under SM.

3. Theoretical puzzles: Strong CP problem, vacuum stability, hints 
on unification, smallness of mh relative to 
highest scales (GUT, MPlanck)

4. “Anomalous results”: muon g-2, “proton radius puzzle”, 
“cosmological lithium problem”, small scale CDM problems…
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Data from first Planck release in 2013

  

  
Parameter Value (68%) 
"bh2# 0.02207±0.00027 
"ch2 # 0.1198±0.0026 (is it high?) 
100$* (acoustic scale at 
recombination) 

1.04148±0.00062 (~ 500 parts 
per million accuracy) 

 !# 0.091±0.014 (WMAP seeded) 
ln(1010As) 3.090±0.025 
ns 0.9585±0.0070 (<1 at > 5 %)  
H0 67.3±1.2 (is it low?) 
"&# 0.685±0.017 
%8# 0.828±0.012 
zre 11.1±1.1 

BASE &CDM MODEL (Planck + WP + HL) 

Parameter Value (95%) 
"K#  -0.0005±0.0066 
' m( (eV)#  <0.23 
Neff    3.30±0.54 
YP#    0.267±0.040 
dns/dlnk   -0.014±0.017 
r0.002  <0.11 
w   -1.13±0.24 

 EXTENDED &CDM MODELS (Planck
+BAO) 

(from W Kinney talk)
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Cosmological surprises

Existence of dark matter and dark energy calls into 
question whether there are other dark components:

Dark Forces? Dark radiation? 



DM classification
At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them superweakly interacting MPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 



Coupling vs mass plot
In 2012-2013 LHC experiments discovered a new particle (Higgs boson) and a new 
force (Yukawa force). What do we know about forces in nature ? 
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



Constraints on dark photon in broad mass range
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).

2 Patras 2013

Going to smaller mass 
range (our group, An et 
al, 2013, has derived 
correct stellar energy 
loss constraints)
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omitting O(1) factors, one can give a parametric estimate
for the electromagnetic energy release per baryon

Ep.b. ⇤
mV �prodH

�1
T=mV

nb,T=mV

⇤ 0.1�e�MPl

⇤b
⇤ �e� ⇥1036 eV,

(4)
where we took the production rate per volume �prod to
be given by the product of the typical number density of
particles in the primordial plasma and the V decay rate,
⌃�1
V n�,T=mV . The production rate is active within one
Hubble time, H�1

T=mV
, which leads to the appearance of

the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
⇤�1
b = 1.6 ⇥ 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of �e� . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB anisotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an e⇥ective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.
In this paper, we intend to improve the calculations of

the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalescence of e± and µ±, ll̄ ⌅ V , shown in figure 2.

The Boltzmann equation for the total number density
of V takes the form

ṅV + 3HnV =
⇧

i=l,l̄,V

⌃ �
d3pi

(2⇧)32Ei

⇥
NlNl̄ (5)

(2⇧)4⇥(4)(pl + pl̄ � pV )
⌅

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
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FIG. 1. An overview of the constraints on the plane of vector
mass versus mixing, showing the regions excluded by due to
their impact on BBN and CMB anisotropies. These excluded
regions are shown in more detail in later sections.

The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(�El(l̄)/T )]

�1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ ⌅ e(El+El̄)/T .
Although parametrically not justified, numerically the
FD⌅MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].

The matrix element
⇤

|Mll̄|2 is summed over both
initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant

Going to smaller couplings: new 
primordial nucleosynthesis and CMB 
constraints from late decays of dark 
photons, (our group, Fradette et al, 2014)



Dark Radiation?

• ”Dark radiation” existed in the form of neutrinos. At the time of the 
matter-radiation equality, about 40% of radiation energy density was 
encapsulated by neutrinos, and is fully captured by both BBN and 
CMB.

• New radiation like degrees of freedom (pDR = 1/3 rDR) are limited by 
Neff. SM predicts 3.04. Current limit is 3.04 +/- 0.3. Strong constraint 
on fully thermalized species. 

• New DR? If not interacting with the SM – only through Neff. However, 
if there is interaction, we have additional ways of probing DR. 

• In this talk, I will cover two general cases for DR.



Two cases for Dark Radiation

• Case 1: numerous soft quanta

• Case 2: fewer hard quanta
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We consider the generic possibility that the Universe’s energy budget includes some form of rela-
tivistic or semi-relativistic dark radiation (DR) with non-gravitational interactions with Standard
Model (SM) particles. Such dark radiation may consist of SM singlets or a non-thermal, energetic
component of neutrinos. If such DR is created at a relatively recent epoch, it can carry su�cient
energy to leave a detectable imprint in experiments designed to search for very weakly interacting
particles: dark matter and underground neutrino experiments. We analyze this possibility in some
generality, assuming that the interactive dark radiation is sourced by late decays of an unstable
particle, potentially a component of dark matter, and considering a variety of possible interactions
between the dark radiation and SM particles. Concentrating on the sub-GeV energy region, we
derive constraints on di↵erent forms of DR using the results of the most sensitive neutrino and dark
matter direct detection experiments. In particular, for interacting dark radiation carrying a typical
momentum of ⇠ 30 MeV/c, both types of experiments provide competitive constraints. This study
also demonstrates that non-standard sources of neutrino emission (e.g. via dark matter decay) are
capable of creating a “neutrino floor” for dark matter direct detection that is much closer to current
bounds than is expected from standard neutrino sources.

1. INTRODUCTION

The dominance of dark matter (DM) and dark energy
(DE) in the total energy balance of the Universe is a
widely acknowledged nonetheless astounding fact. Preci-
sion studies of the cosmic microwave background (CMB)
[1] provide evidence that DM was “in place” before hy-
drogen recombination, while the e↵ects of DE manifest
themselves much later, starting from redshift z ⇠ O(1)
[2]. Given a rather elaborate structure of the visible sec-
tor, the Standard Model of particles and fields (SM), it
would be a logical imperative to consider somewhat more
complicated models of a dark sector, beyond a single par-
ticle contributing to DM, and a cosmological constant
sourcing DE. Indeed, in recent years there has been some
significant progress in studying models of dark sectors
[3], which include the possibility of new “dark forces”,
new massless states (also known as “dark radiation”, or
DR), and/or relativistic massive dark states that can
be produced through late time processes (also known
as “boosted dark matter”) [4–6], co-existing with mas-
sive DM particles. Both new massless states and mas-
sive boosted states in the dark sector can be classified as
“dark radiation” in general terms. The presence of such
sectors significantly broadens the phenomenology of DM
[4, 5, 7–20] motivating, in turn, a wider scope for the
experimental e↵orts dedicated to the searches of DM.

An enormous progress in observational cosmology has
resulted in a very sensitive constraint on the number of
extra degrees of freedoms that remained radiation-like
during the CMB epoch. The Planck collaboration has
reported a stringent constraint, that phrased in terms of
neutrino-like radiation species reads as [1]:

N
e↵

= 3.04± 0.33 =) ⇢
DR

/⇢� < 0.15, (1)

where ⇢
DR

is the energy density in additional dark radi-
ation. With further refinements [21, 22], one can show
that the actual 2� limit on the deviation from the SM
prediction for N

e↵

is �N
e↵

 0.39. This bound has a
wide degree of applicability, and is most e↵ectively used
to constrain models with “early” DR, or models with ex-
tra light degrees of freedom that were in thermal contact
with the SM, but decoupled at some point in the history
of the early Universe. In that case there are also ex-
tra bounds provided by big bang nucleosynthesis (BBN),
that can be often cast in terms of the same parameter
N

e↵

[23–25]. However, constraint (1) would not be ap-
plicable to models where DR is created much later than
the CMB epoch. For example, recent decays of a siz-
able fraction of DM into dark radiation are allowed, and,
moreover, ⇢

DR

can be much larger than ⇢� today.
In this paper, we are interested in the late generation of

⇢
DR

with the following properties: the number density of
DR particles is smaller than that of CMB photons, while
the kinetic energy on average is much larger than the
energy of individual CMB quanta,

n
DR

⌧ n� , E
DR

� E� , ⇢
DR

(⇠ E
DR

n
DR

)  0.1⇢
DM

(2)
In the last relation, we require that the amount of dark
radiation does not exceed 10% of the dark matter energy
density, in accordance with recently updated constraints
[26]. Such set of inequalities leaves, of course, a lot of
freedom for what DR can be, but restricts a number of
possibilities for how the non-thermal DR can be created.
In this paper, we will consider a scenario where the

dark sector mediates some DR-SM interaction to be spec-
ified below. The new interactions allow to probe DR di-
rectly via its interaction with nuclei and electrons rather
than via its contribution to the Universe’s energy bal-
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
CMB photons, !

DR

� !
CMB

; n
DR

⌧ n
CMB

, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
the alternative, a much softer than CMB, but more nu-
merous DR quanta,

!
DR

⌧ !
CMB

, n
DR

> n
RJ

, !
DR

n
DR

⌧ ⇢
tot

. (1)

In this formula, ⇢
tot

stands for the total energy density
of radiation and DM, n

DR

is the number density of DR
quanta, while n

RJ

represents the low-energy Rayleigh-
Jeans (RJ) tail of the standard CMB Planck distribution,

n
RJ

=
1

⇡2

Z !
max

0

!2d!

exp[!/T ] � 1
' T!2

max

2⇡2

' 0.21x2

max

n
CMB

, h̄ = c = k = 1 units , (2)

where we find it convenient to define the normalized
photon frequency, x ⌘ !/T

CMB

, which is redshift-
independent. In this formula, n

CMB

= 2⇣(3)/⇡2 T 3

CMB

'
0.24T 3

CMB

is the full Planckian number density, while
x

max

= !
max

/T
CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6. It is easy to see that the number
density of DR quanta may indeed significantly exceed
n

RJ

. Saturating the constraint on Neff for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3, or
alternatively letting ⇠ 5% of DM energy density [11, 12]
be converted to DR in the same frequency range after
the CMB decoupling, we arrive at the maximum number
densities given by

n
DR

 1.5 ⇥ 102 n
CMB

, early DR with �N
e↵

= 0.5 ;

n
DR

 3.3 ⇥ 105 n
CMB

, late decay of 0.05 ⇢
DM

. (3)

Thus, soft DR quanta have a potential to outnumber the
RJ CMB photons by up to ⇠ 11 orders of magnitude.

What are the observational consequence of such soft
and numerous DR? Very light fields often have their in-
teractions enhanced (suppressed) at high (low) energies.
This is the case for neutrinos, that have Fermi-type in-
teractions with atomic constituents, as well as of axions
that have e↵ective dimension 5 interactions with fermions
and gauge bosons. This type of DR would be impossible
or very di�cult to see directly. There is, however, one
class of new fields comprising DR that can manifest their
interactions at low energies and low densities. These are
light vector particles (often called dark photons), A0, that

develop mixing angles with ordinary photons, ✏F 0
µ⌫Fµ⌫

[13]. The apparent number counts of the CMB radiation
can be modified by photon/dark photon oscillations:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (4)

where PA!A = 1 � PA!A0 is the photon survival prob-
ability, while PA0!A is the probability of A0 ! A oscil-
lation. Previously the constraints on the {mA0 , ✏} pa-
rameter space were derived [14, 15] using COBE-FIRAS
data [16] (that is, considering the depletion of CMB pho-
tons due to the first term in eq. (4)). The point of the
present paper is that the RJ tail of the CMB can get
a significant boost due to the second term in (4) with-
out contradicting the COBE measurement. While the
reliable extraction of the primordial contribution to the
RJ tail is challenging due to significant foregrounds, the
physics of the 21 cm line can provide a useful tool to probe
DR through the apparent modification of the low-energy
tail of the CMB.

The EDGES experiment has recently presented a ten-
tative detection of the 21 cm absorption signal coming
from the interval of redshifts z = 15 � 20 [17]. The
strength of the absorption signal is expected to be pro-
portional to 1 � T

CMB

/Ts [18], where T
CMB

counts the
number of CMB photons interacting with the two-level
hydrogen hyperfine system, and Ts is the spin tempera-
ture. The relevant photon energy is !

0

= 5.9 µeV, and
photons with this energy at the redshift of z = 17 reside
deep within the RJ tail, x

0

⌘ !
0

/T
CMB

= 1.4 ⇥ 10�3.
This corresponds to much lower energy than direct mea-
surements such as COBE-FIRAS, that measures above
x = 0.23 [16], and ARCADE 2, which probes as low
as x = 0.053 (and finds an excess above the CMB pre-
diction) [19]. There are also earlier measurements that
constrain x ⇠ 0.02 � 0.04, although with larger uncer-
tainties [20, 21].

The locations of the left and right boundaries of the
claimed EDGES signal agree rather well with standard
cosmological expectations, but the amount of absorption
seems to indicate a more negative 1� T

CMB

/Ts temper-
ature contrast than expected. Given that the spin tem-
perature Ts cannot drop below the baryon temperature
Tb, a naive interpretation of this result could consist in
lower-than-expected Tb, or higher T

CMB

. Together with
related prior work [22, 23], a number of possible mod-
els were suggested [24–28], most of which have di�culty
to pass other constraints, [29–34]. The mechanism that
we point out, oscillation of non-thermal DR into visible
photons, can accommodate the EDGES result without
being challenged by other constraints. In the rest of this
paper, we provide more details on the suggested mecha-
nism, and identify the region of parameter space where
21 cm physics can provide the most sensitive probe of
DR.



First case for Dark Radiation

• Numerous soft quanta

Here nRJ is the Rayleigh-Jeans tail of the CMB:

where is the frequency in units of temperature and 
nCMB stands for total CMB number density, ~ 0.24 × T3

CMB

• Our model-building effort is partially motivated by the EDGES result, 
Bowman et al., Nature 2018. First claimed detection of cosmic 21 cm 
signal. 

• The most useful energy units for the first part of the talk will be µeV. 
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
CMB photons, !

DR

� !
CMB

; n
DR

⌧ n
CMB

, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
the alternative, a much softer than CMB, but more nu-
merous DR quanta,

!
DR

⌧ !
CMB

, n
DR

> n
RJ

, !
DR

n
DR

⌧ ⇢
tot

. (1)

In this formula, ⇢
tot

stands for the total energy density
of radiation and DM, n

DR

is the number density of DR
quanta, while n

RJ

represents the low-energy Rayleigh-
Jeans (RJ) tail of the standard CMB Planck distribution,

n
RJ

=
1

⇡2

Z !
max

0

!2d!

exp[!/T ] � 1
' T!2

max

2⇡2

' 0.21x2

max

n
CMB

, h̄ = c = k = 1 units , (2)

where we find it convenient to define the normalized
photon frequency, x ⌘ !/T

CMB

, which is redshift-
independent. In this formula, n

CMB

= 2⇣(3)/⇡2 T 3

CMB

'
0.24T 3

CMB

is the full Planckian number density, while
x

max

= !
max

/T
CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6. It is easy to see that the number
density of DR quanta may indeed significantly exceed
n

RJ

. Saturating the constraint on Neff for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3, or
alternatively letting ⇠ 5% of DM energy density [11, 12]
be converted to DR in the same frequency range after
the CMB decoupling, we arrive at the maximum number
densities given by

n
DR

 1.5 ⇥ 102 n
CMB

, early DR with �N
e↵

= 0.5 ;

n
DR

 3.3 ⇥ 105 n
CMB

, late decay of 0.05 ⇢
DM

. (3)

Thus, soft DR quanta have a potential to outnumber the
RJ CMB photons by up to ⇠ 11 orders of magnitude.

What are the observational consequence of such soft
and numerous DR? Very light fields often have their in-
teractions enhanced (suppressed) at high (low) energies.
This is the case for neutrinos, that have Fermi-type in-
teractions with atomic constituents, as well as of axions
that have e↵ective dimension 5 interactions with fermions
and gauge bosons. This type of DR would be impossible
or very di�cult to see directly. There is, however, one
class of new fields comprising DR that can manifest their
interactions at low energies and low densities. These are
light vector particles (often called dark photons), A0, that

develop mixing angles with ordinary photons, ✏F 0
µ⌫Fµ⌫

[13]. The apparent number counts of the CMB radiation
can be modified by photon/dark photon oscillations:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (4)

where PA!A = 1 � PA!A0 is the photon survival prob-
ability, while PA0!A is the probability of A0 ! A oscil-
lation. Previously the constraints on the {mA0 , ✏} pa-
rameter space were derived [14, 15] using COBE-FIRAS
data [16] (that is, considering the depletion of CMB pho-
tons due to the first term in eq. (4)). The point of the
present paper is that the RJ tail of the CMB can get
a significant boost due to the second term in (4) with-
out contradicting the COBE measurement. While the
reliable extraction of the primordial contribution to the
RJ tail is challenging due to significant foregrounds, the
physics of the 21 cm line can provide a useful tool to probe
DR through the apparent modification of the low-energy
tail of the CMB.

The EDGES experiment has recently presented a ten-
tative detection of the 21 cm absorption signal coming
from the interval of redshifts z = 15 � 20 [17]. The
strength of the absorption signal is expected to be pro-
portional to 1 � T

CMB

/Ts [18], where T
CMB

counts the
number of CMB photons interacting with the two-level
hydrogen hyperfine system, and Ts is the spin tempera-
ture. The relevant photon energy is !

0

= 5.9 µeV, and
photons with this energy at the redshift of z = 17 reside
deep within the RJ tail, x
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CMB

= 1.4 ⇥ 10�3.
This corresponds to much lower energy than direct mea-
surements such as COBE-FIRAS, that measures above
x = 0.23 [16], and ARCADE 2, which probes as low
as x = 0.053 (and finds an excess above the CMB pre-
diction) [19]. There are also earlier measurements that
constrain x ⇠ 0.02 � 0.04, although with larger uncer-
tainties [20, 21].

The locations of the left and right boundaries of the
claimed EDGES signal agree rather well with standard
cosmological expectations, but the amount of absorption
seems to indicate a more negative 1� T

CMB

/Ts temper-
ature contrast than expected. Given that the spin tem-
perature Ts cannot drop below the baryon temperature
Tb, a naive interpretation of this result could consist in
lower-than-expected Tb, or higher T

CMB

. Together with
related prior work [22, 23], a number of possible mod-
els were suggested [24–28], most of which have di�culty
to pass other constraints, [29–34]. The mechanism that
we point out, oscillation of non-thermal DR into visible
photons, can accommodate the EDGES result without
being challenged by other constraints. In the rest of this
paper, we provide more details on the suggested mecha-
nism, and identify the region of parameter space where
21 cm physics can provide the most sensitive probe of
DR.
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
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, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±  1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ= −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).
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the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
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and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±  1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .+ .0 5 K0 2
0 5  and a flattening factor of τ= −

+7 3
5 (where the 

bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Interpretation of observation
• We see the onset of CMB absorption by effectively colder F=0, F=1 

hyperfine states of atomic hydrogen.

• The strength of the line is actually predicted by standard cosmology, 
see the literature decade ago,  (summarized e.g. in Furlanetto et al, 
2006, Phys. Rep.)
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Interpretation of observation
• (Figures from Furlanetto et al, 2006, Phys. Rep.)

Fig. 6. (a): IGM temperature evolution if only adiabatic cooling and Compton
heating are involved. The spin temperature TS includes only collisional coupling.
(b): Differential brightness temperature against the CMB for TS shown in panel a.

computed exactly for any given temperature history from the rate coefficients
presented in §2.2. A convenient estimate of their importance is the critical
overdensity, δcoll, at which xc = 1:

1 + δcoll = 1.06

[

κ10(88 K)

κ10(TK)

]

(

0.023

Ωbh2

) (

70

1 + z

)2

, (67)

where we have inserted the expected temperature at 1 + z = 70. Thus for
redshifts z ! 70, TS → Tγ; by z ∼ 30 the IGM essentially becomes invisible.
It is worth emphasizing that κ10 is extremely sensitive to TK in this regime
(see Fig. 2). If the universe is somehow heated above the fiducial value, the
threshold density can remain modest: δcoll ≈ 1 at z = 40 if TK = 300 K. The
solid line in Figure 6a shows the spin temperature TS during the dark ages,
and Figure 6b shows the corresponding brightness temperature. The signal
peaks (in absorption) at z ∼ 80, where TK is small but collisional coupling
still efficient. Because of the simple physics involved in Figure 6, the 21 cm
line offers a sensitive probe of the dark ages [2], at least in principle.

47

Fig. 7. Global IGM histories for Pop II stars. The solid curves take our fiducial
parameters without feedback. The dot-dashed curve takes fX = 0.2. The short- and
long-dashed curves include strong photoheating feedback. (a): Thermal properties.
(b): Ionized fraction. (c): Differential brightness temperature against the CMB. In
this panel, the two dotted lines show δTb without including shock heating. From
[270].

easier to isolate the effects of the ionization field. Significant absorption during
reionization becomes more plausible for very massive Pop III stars, because
they have much larger ionizing efficiencies (although their remnants may also
induce correspondingly large X-ray heating).

3.5.2 Some Example Histories

We will now use some representative models chosen from [270] to illustrate
these qualitative features in a more concrete fashion (see also [133, 135, 168]).
We begin with a fiducial set of Pop II parameters. We ignore feedback (of
all kinds) and take mmin to correspond to Tvir = 104 K, f⋆ = 0.1, fesc = 0.1,
fX = 1, Nion = 4000, and Nα = 9690. (Thus ζ = 40 for this model.) Figure 7a
shows the resulting temperature history. The dotted curve is Tγ, the thin solid
curve is TK , and the thick solid curve is TS. As expected from equation (88),
in this case we do indeed find that zc > zh; specifically, zc ≈ 18 and zh ≈ 14.
Clearly Lyα coupling is extremely efficient for normal stars.

The solid curve in Figure 7b shows the corresponding ionization history, with
the clumping factor computed following [10] (which assumes that the lowest
density regions are ionized first). It increases smoothly and rapidly over a
redshift interval of ∆z ∼ 5, ending at zr ∼ 7. That is of course purely a
function of our choice for ζ , but other values do not strongly affect the width.

Figure 7c shows the corresponding 21 cm brightness temperature decrement

65

Less naïve: first stars produce 
Lyman a photons that recouple spin 
and baryonic temperatures. Later –
gas is heated and absorption 
switches to emission.  

Naïve picture

The most important point is that Ts cannot drop below baryonic TK !



EDGES result: too strong? 
• The brightness of absorption/emission line: 

• Notice that these are all measured cosmological parameters, except 
the spin temperature, but it cannot drop below baryonic temperature!

• EDGES (and everyone else) expected their result to be between -0.3 
and 0 K. They got  –0.6 K.

• The result is obviously important – first claimed detection of cosmic 
21 cm. Moreover, if they are right about the strength of the coupling it 
is nothing but revolutionary, as “normal” LCDM cannot provide it.  
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Speculations aimed to explain EDGES
• Usual story: “DM does it to me”. But it cannot be “normal” WIMP or 

axion with the interactions that are super-weak. 

• Approach 1: Cool the baryonic kinetic temperature even more. (90% 
of attempts, Munoz, Loeb et al; …) . Typically need DM-atom cross 
section to be enhanced as s ~ s 0 v-4, which is Coulomb-like 
dependence. Implication: a significant fraction of DM has a 
millicharge. Not clear if these models survive all the constraints 

• Approach 2: Make more photons that can mediate F=0, F=1 
transitions. (That would raise “effective” TCMB at the IR (or we call it 
RJ) tail). I.e. need a specific IR distortion of the CMB. Almost 
impossible to arrange due to DM decay straight into photons.



How much quanta does RJ has?

• Take xmax ~ 2 10-3. The total number of such quanta is relatively small, 

nRJ/ nCMB ~10-6. 

• What if there existed early DR that we could take to saturate as much 
as Neff = 0.5 or alternatively, there is late decay of DM to DR, and we 
take up to 5% of DM to convert? 

• It is easy to see that one could have 1011 more “dark” quanta in the RJ 
tail without running into problems of too much energy stored in DR. 
Can we make them interacting DR quanta? 



Our proposal
• Step 1: Early (z > 20) decays (either of DM or of another DR species) 

create a population of DR dark photons A’. Typical multiplicities are 
larger than nRJ. 

• Step 2: At some redshift zres, a resonant conversion of A’àA occurs. 
This happens when plasma frequency becomes equal to mA’ . 

• Step 3: Enhanced number of RJ quanta are available in the z = 15-20 
window, making a deeper than expected absorption signal. 

New Physics in the Rayleigh-Jeans Tail of the CMB
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We show that despite stringent constraints on the shape of the main part of the CMB spectrum,
there is considerable room for its modification within its Rayleigh-Jeans (RJ) end, ! ⌧ T

CMB

. We
construct explicit New Physics models that give an order one (or larger) increase of power in the RJ
tail, which can be tested by existing and upcoming experiments aiming to detect the cosmological
21 cm emission/absorption signal. This class of models stipulates the decay of unstable particles to
dark photons, A0, that have a small mass, mA0 ⇠ 10�14 � 10�9 eV, non-vanishing mixing angle ✏

with electromagnetism, and energies much smaller than T

CMB

. The non-thermal number density
of dark photons can be many orders of magnitude above the number density of CMB photons, and
even a small probability of A0 ! A oscillations, going down to values of the mixing as small as
✏ ⇠ 10�9, can significantly increase the number of RJ photons. In particular, we show that resonant
oscillations of dark photons into regular photons in the interval of redshifts 20 < z < 1700 can be
invoked as an explanation of the recent tentative observation of a stronger-than-expected absorption
signal of 21 cm photons. We present a model that realizes this possibility, where milli-eV mass dark
matter decays to dark photons, with a lifetime longer than the age of the Universe.

Introduction: Modern cosmology owes much of its
advance to precision observations of the Cosmic Mi-
crowave Background (CMB). By now, both the spectrum
of the CMB and its angular anisotropies are precisely
measured by a number of landmark experiments [1–3].
CMB physics continues its advance [4] into probing both
the standard ⇤CDM model to higher precision and pos-
sible New Physics that can manifest itself in small devia-
tions from theoretical expectations. In addition, a qual-
itatively new cosmological probe, the physics of 21 cm
emission/absorption at the end of the “dark ages,” may
come into play in the very near future [5].

Cosmology has been a vital tool for learning about
physics beyond the Standard Model (SM). In partic-
ular, we know that about a quarter of our Universe’s
energy budget is comprised of cold Dark Matter (DM),
which probably cannot be identified with any known par-
ticles or fields. The precision tools of cosmology, on the
other hand, provide serious constraints on the properties
of DM, which instead of coming “alone,” may be a part
of an extended dark sector, comprising new matter and
radiation fields, and potentially new forces. Recent years
have seen a significant increase in studies of dark sectors,
both in connection with terrestrial experiments, and in
cosmological settings [6–8]. Both the spectral shape and
angular anisotropies of the CMB radiation significantly
restrict the amount of additional energy that dark sectors
can deposit into the SM bath, as a function of injection
time.

If such light fields are thermally excited, they can be
detected through their gravitational interaction alone, as

z
<latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit><latexit sha1_base64="Zj4Khu2GJHt/gkhihB+zq6PXoHQ=">AAACEHicbVDLSsNAFL2pr1pfVZduBovgQkoigrorunHZgrGFNpTJZNIOnUzCzKRYQ7/ApfoxrsStf+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wcPKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3B7cRvDqlULBb3epRQL8I9wUJGsDZS46lbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl06BjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJr1HAJCWajwzBRDKTFZE+lpho083SzGfBkCUqj/84y18ybTnz3SwS97x6XXUaF5XaTV5bEY7gGE7BgUuowR3UwQUCFJ7hFd6sF+vd+rA+Z6MFK985hH+wvn4B/ZieVQ==</latexit>
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<latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit><latexit sha1_base64="YXpoQYYM23VRM2+vlpuOHGyvJAE=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce7knJ0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE96lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0UJIxaCQc/x/GVBFs2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8wmKK1</latexit>
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<latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit><latexit sha1_base64="RVrV8ZxTRj7ZCK8w09BTWHIKkkY=">AAACGnicbVDLSgMxFM34rPVVdekmWAQXUmZEUHdFNy4rOLYwHUomk2lD8xiSTLEO/QyX6se4Erdu/BY3pu0stO2BwOGce8m5J0oZ1cZ1v52l5ZXVtfXSRnlza3tnt7K3/6BlpjDxsWRStSKkCaOC+IYaRlqpIohHjDSj/s3Ybw6I0lSKezNMSchRV9CEYmSsFDx18rbiUBE86lSqbs2dAM4TryBVUKDRqfy0Y4kzToTBDGkdeG5qwhwpQzEjo3I70yRFuI+6JLBUIE50mE8ij+CxVWKYSGWfMHCi/t3IEdd6yCM7yZHp6VlvLC7ygswkl2FORZoZIvD0oyRj0Eg4vh/G1B5r2NAShBW1WSHuIYWwsS0tzHwaD2iqi/iP0/xl25Y328088c9qVzXv7rxavy5qK4FDcAROgAcuQB3cggbwAQYSPINX8Oa8OO/Oh/M5HV1yip0D8A/O1y8VyKKl</latexit>

a ! A0A0
<latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit><latexit sha1_base64="ooUM0GBFu4zyV/Og/UeLec9j2s4=">AAACNnicbVC7TgJBFJ3FF+ILtbSZSIgWhuwaE7VDbSwxESEBQmaHC0yYfWTmLkI2fIFfY6l+iZWVsbW3cYAtFDiZSU7OuXfm5LihFBpt+91KLS2vrK6l1zMbm1vbO9ndvQcdRIpDmQcyUFWXaZDChzIKlFANFTDPlVBxezdjv9IHpUXg3+MwhIbHOr5oC87QSM1svo4wwMk7sSsjGMWM1pXodJEpFTzSqyNzRs1szi7YE9B54iQkRxKUmtmfeivgkQc+csm0rjl2iI2YKRRcwihTjzSEjPdYB2qG+swD3YgnMUY0b5QWbQfKXB/pRP27ETNP66HnmkmPYVfPemNxkVeLsH3RiIUfRgg+n37UjiTFgI67oS2hgKMcGsK4EiYr5V2mGEfT4MLMJ62+CHUSfzDNnzFtObPdzJPyaeGy4Nyd5YrXSW1pckAOyTFxyDkpkltSImXCyRN5Jq/kzXqxPqxP62s6mrKSnX3yD9b3L32irYI=</latexit>
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<latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit><latexit sha1_base64="JZxUbIcfQlA15lhXA9rxjW9YCUo=">AAACM3icbVC7SgNBFJ31GeNr1dJmSBAtJOyKoHaJNpYRjAkkS5idnSRDZh/M3I0JS3q/xlL9FcFKbP0CGyebLTTJgYHDOffeORw3ElyBZb0bS8srq2vruY385tb2zq65t/+gwlhSVqOhCGXDJYoJHrAacBCsEUlGfFewutu/mfj1AZOKh8E9jCLm+KQb8A6nBLTUNgstYENI7yRVEfvjpHKMW5J3e0CkDB9xZdw2i1bJSoHniZ2RIspQbZs/LS+ksc8CoIIo1bStCJyESOBUsHG+FSsWEdonXdbUNCA+U06SZhjjI614uBNK/QLAqfp3IyG+UiPf1ZM+gZ6a9SbiIq8ZQ+fSSXgQxcACOv2oEwsMIZ4Ugz0uGQUx0oRQyXVWTHtEEgq6voWZT70Bj1QWfzjNn9dt2bPdzJPaWemqZN+dF8vXWW05dIgK6ATZ6AKV0S2qohqi6Ak9o1f0ZrwYH8an8TUdXTKynQP0D8b3L7WDrLI=</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A
<latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit><latexit sha1_base64="2mNubSw8PCIGRzQRugo7tCylolQ=">AAACI3icbVDLSsNAFJ34rPUV69JNsAgupCQiqLuqG5cVjC20pUwmt+3QyYOZm9IS8isu1Y9xJW5c+CVunLZZaNsDA4dz7p17OF4suELb/jJWVtfWNzYLW8Xtnd29ffOg9KSiRDJwWSQi2fCoAsFDcJGjgEYsgQaegLo3uJv49SFIxaPwEccxtAPaC3mXM4pa6pilFsIIp/+kEvwsvck6Ztmu2FNYi8TJSZnkqHXMn5YfsSSAEJmgSjUdO8Z2SiVyJiArthIFMWUD2oOmpiENQLXT6c3MOtGKb3UjqV+I1lT9u5HSQKlx4OnJgGJfzXsTcZnXTLB71U55GCcIIZsd6ibCwsiaFGH5XAJDMdaEMsl1Vov1qaQMdV1LM5/5Qx6rPP5olr+o23Lmu1kk7nnluuI8XJSrt3ltBXJEjskpccglqZJ7UiMuYWREnskreTNejHfjw/icja4Y+c4h+Qfj+xc6+aZi</latexit>

ACMB
<latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit><latexit sha1_base64="FFZUw6VNnVR+H0kqh84tkoeIUHI=">AAACMXicbVBNSwMxFMzW7/pV9eglWAQPUnZFUG9VQb0IClaFtpRs+tqGZrNL8lYsy179NR7V/6In8epP8GLa7kHbDgSGmfdehvEjKQy67ruTm5qemZ2bX8gvLi2vrBbW1m9NGGsOFR7KUN/7zIAUCiooUMJ9pIEFvoQ7v3va9+8eQBsRqhvsRVAPWFuJluAMrdQo0BrCIw7uJGehBoPnGkClyXEjOb08SdNGoeiW3AHoOPEyUiQZrhqFn1oz5HEACrlkxlQ9N8J6wjQKLiHN12IDEeNd1oaqpYoFYOrJIEFKt63SpK1Q26eQDtS/GwkLjOkFvp0MGHbMqNcXJ3nVGFuH9USoKEZQfPhRK5YUQ9qvhTaFBo6yZwnjWtislHeYZhxteRMz7zYfRGSy+I/D/HnbljfazTip7JWOSt71frF8ktU2TzbJFtkhHjkgZXJBrkiFcPJEnskreXNenA/n0/kajuacbGeD/IPz/Qu4B6xA</latexit>

A0 ! A
<latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit><latexit sha1_base64="IJoDbc12cm/oPrTSJ72yT61ZU54=">AAACMnicbVC7TgJBFJ3FF+ILtbQZJUYLQ3aNidqBNpaYiJAAIbOzF5gw+8jMXYRsqP0aS/VbjJWx9Q9sHGALXyeZ5OSce++cHDeSQqNtv1iZufmFxaXscm5ldW19I7+5davDWHGo8lCGqu4yDVIEUEWBEuqRAua7Empu/3Li1wagtAiDGxxF0PJZNxAdwRkaqZ3fbSIMcXonUeCNk/IBbSrR7SFTKryj5XE7X7CL9hT0L3FSUiApKu38Z9MLeexDgFwyrRuOHWErYQoFlzDONWMNEeN91oWGoQHzQbeSaYQx3TeKRzuhMi9AOlW/byTM13rku2bSZ9jTv72J+J/XiLFz1kpEEMUIAZ991IklxZBOeqGeUMBRjgxhXAmTlfIeU4yjae/fzEfeQEQ6jT+c5c+Ztpzf3fwl1ePiedG5PimULtLasmSH7JFD4pBTUiJXpEKqhJN78kCeyLP1aL1ab9b7bDRjpTvb5Aesjy/dfaxF</latexit>

!
<latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit><latexit sha1_base64="5G7+B6RrwLkF06Gi5DSJa0I9LaI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjgrorunFZwWkL7VAymUwbm8eQZIpl6D+4VD/Glbh17be4MW1noW0PBA7n3Ms9OWHCqDau++0UVlbX1jeKm6Wt7Z3dvfL+QUPLVGHiY8mkaoVIE0YF8Q01jLQSRRAPGWmGg9uJ3xwSpakUD2aUkICjnqAxxchYqdGRnPRQt1xxq+4UcJF4OamAHPVu+acTSZxyIgxmSOu25yYmyJAyFDMyLnVSTRKEB6hH2pYKxIkOsmnaMTyxSgRjqewTBk7VvxsZ4lqPeGgnOTJ9Pe9NxGVeOzXxVZBRkaSGCDw7FKcMGgknX4cRVQQbNrIEYUVtVoj7SCFsbEFLM59FQ5roPP7TLH/JtuXNd7NI/PPqddW7v6jUbvLaiuAIHINT4IFLUAN3oA58gMEjeAav4M15cd6dD+dzNlpw8p1D8A/O1y/yCKBy</latexit>

dn

d!
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FIG. 1. Illustration of our mechanism. The decays of an un-
stable relic, a, which may constitute dark matter, produce
a non-thermal population of soft massive dark photons, A

0

(blue). At some z
res

—after recombination but before the red-
shift relevant for the 21 cm absorption signal—a fraction of
these dark photons is resonantly converted into ordinary pho-
tons (red). The latter add to the CMB photon count (green)
in the RJ tail, resulting in a more negative 1�T

CMB

/Ts tem-
perature contrast.

they would modify the Hubble expansion rate, a↵ect the
outcome of Big Bang Nucleosynthesis (BBN), and mod-
ify the statistics of the CMB angular anisotropy patterns.
The resulting constraint, purely for historical reasons, is
phrased in terms of the number of e↵ective neutrino de-
grees of freedom which, according to the latest observa-
tional bounds, Neff = 3.04 ± 0.33 [3], is consistent with
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
CMB photons, !

DR

� !
CMB

; n
DR

⌧ n
CMB

, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
the alternative, a much softer than CMB, but more nu-
merous DR quanta,

!
DR

⌧ !
CMB

, n
DR

> n
RJ

, !
DR

n
DR

⌧ ⇢
tot

. (1)

In this formula, ⇢
tot

stands for the total energy density
of radiation and DM, n

DR

is the number density of DR
quanta, while n

RJ

represents the low-energy Rayleigh-
Jeans (RJ) tail of the standard CMB Planck distribution,

n
RJ

=
1

⇡2

Z !
max

0

!2d!

exp[!/T ] � 1
' T!2

max

2⇡2

' 0.21x2

max

n
CMB

, h̄ = c = k = 1 units , (2)

where we find it convenient to define the normalized
photon frequency, x ⌘ !/T

CMB

, which is redshift-
independent. In this formula, n

CMB

= 2⇣(3)/⇡2 T 3

CMB

'
0.24T 3

CMB

is the full Planckian number density, while
x

max

= !
max

/T
CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6. It is easy to see that the number
density of DR quanta may indeed significantly exceed
n

RJ

. Saturating the constraint on Neff for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3, or
alternatively letting ⇠ 5% of DM energy density [11, 12]
be converted to DR in the same frequency range after
the CMB decoupling, we arrive at the maximum number
densities given by

n
DR

 1.5 ⇥ 102 n
CMB

, early DR with �N
e↵

= 0.5 ;

n
DR

 3.3 ⇥ 105 n
CMB

, late decay of 0.05 ⇢
DM

. (3)

Thus, soft DR quanta have a potential to outnumber the
RJ CMB photons by up to ⇠ 11 orders of magnitude.

What are the observational consequence of such soft
and numerous DR? Very light fields often have their in-
teractions enhanced (suppressed) at high (low) energies.
This is the case for neutrinos, that have Fermi-type in-
teractions with atomic constituents, as well as of axions
that have e↵ective dimension 5 interactions with fermions
and gauge bosons. This type of DR would be impossible
or very di�cult to see directly. There is, however, one
class of new fields comprising DR that can manifest their
interactions at low energies and low densities. These are
light vector particles (often called dark photons), A0, that

develop mixing angles with ordinary photons, ✏F 0
µ⌫Fµ⌫

[13]. The apparent number counts of the CMB radiation
can be modified by photon/dark photon oscillations:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (4)

where PA!A = 1 � PA!A0 is the photon survival prob-
ability, while PA0!A is the probability of A0 ! A oscil-
lation. Previously the constraints on the {mA0 , ✏} pa-
rameter space were derived [14, 15] using COBE-FIRAS
data [16] (that is, considering the depletion of CMB pho-
tons due to the first term in eq. (4)). The point of the
present paper is that the RJ tail of the CMB can get
a significant boost due to the second term in (4) with-
out contradicting the COBE measurement. While the
reliable extraction of the primordial contribution to the
RJ tail is challenging due to significant foregrounds, the
physics of the 21 cm line can provide a useful tool to probe
DR through the apparent modification of the low-energy
tail of the CMB.

The EDGES experiment has recently presented a ten-
tative detection of the 21 cm absorption signal coming
from the interval of redshifts z = 15 � 20 [17]. The
strength of the absorption signal is expected to be pro-
portional to 1 � T

CMB

/Ts [18], where T
CMB

counts the
number of CMB photons interacting with the two-level
hydrogen hyperfine system, and Ts is the spin tempera-
ture. The relevant photon energy is !

0

= 5.9 µeV, and
photons with this energy at the redshift of z = 17 reside
deep within the RJ tail, x

0

⌘ !
0

/T
CMB

= 1.4 ⇥ 10�3.
This corresponds to much lower energy than direct mea-
surements such as COBE-FIRAS, that measures above
x = 0.23 [16], and ARCADE 2, which probes as low
as x = 0.053 (and finds an excess above the CMB pre-
diction) [19]. There are also earlier measurements that
constrain x ⇠ 0.02 � 0.04, although with larger uncer-
tainties [20, 21].

The locations of the left and right boundaries of the
claimed EDGES signal agree rather well with standard
cosmological expectations, but the amount of absorption
seems to indicate a more negative 1� T

CMB

/Ts temper-
ature contrast than expected. Given that the spin tem-
perature Ts cannot drop below the baryon temperature
Tb, a naive interpretation of this result could consist in
lower-than-expected Tb, or higher T

CMB

. Together with
related prior work [22, 23], a number of possible mod-
els were suggested [24–28], most of which have di�culty
to pass other constraints, [29–34]. The mechanism that
we point out, oscillation of non-thermal DR into visible
photons, can accommodate the EDGES result without
being challenged by other constraints. In the rest of this
paper, we provide more details on the suggested mecha-
nism, and identify the region of parameter space where
21 cm physics can provide the most sensitive probe of
DR.



Specific model we consider
• Light DM a, decaying to two dark photons via and ALP coupling: 

• Dark photon mixes with EM via “familiar’ kinetic mixing
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FIG. 2. Left panel. E↵ective photon mass as function of redshift. In the region marked with diagonal green lines the resonant
oscillation of dark photons into regular photons can modify the 21 cm absorption signal relative to the CMB at z ⇠ 17. Right
panel. Conversion probability as a function of redshift, in the limit PA0!A ⌧ 1 (for large enough ✏ the probability saturates,
PA0!A ⇡ 1). We consider photons with energy x = !/TCMB = 1.4 ⇥ 10�3, which implies a wavelength of 21 cm at z = 17.
The vertical blue band in the two graphs covers the region 15 <⇠ z

<⇠ 20, corresponding to the width of the 21 cm absorption
signal measured by the EDGES experiment. Photons with x ⇠ 10�3 that are injected in the gray region, z >⇠ 1700, are rapidly
absorbed by the plasma.

Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism to increase n

RJ

, we specify a
model of unstable scalar particles, a, that couple to dark
dark photons via an e↵ective dimension five operator,

L =
1

2
(@µa)2 � m2

a

2
a2 +

a

4fa
F 0

µ⌫ F̃
0µ⌫ + LAA0 , (5)

where F̃ 0
µ⌫ = 1

2

✏µ⌫⇢�F⇢�, and the last term describes the
photon-dark photon Lagrangian with corresponding mass
and mixing terms for A0:

LAA0 = �1

4
F 2

µ⌫�1

4
(F 0

µ⌫)
2� ✏

2
Fµ⌫F 0

µ⌫+
1

2
m2

A0(A0
µ)

2 . (6)

We assume that an initial relic abundance of a is present.
The cosmology of a is model-dependent, but to keep our
discussion general we leave the study of a production for
future work.

The decay rate of a ! 2A0 is

�a =
m3

a

64⇡f2

a

=
3 ⇥ 10�4

⌧
U

⇣ ma

10�4 eV

⌘
3

✓
100GeV

fa

◆
2

. (7)

The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧

U

⇡
13.8 ⇥ 109 y, depending on the choice of parameters in
(5).

For the case of short lifetimes, ⌧a ⌧ ⌧
U

, we require
that the mass of a is such that at the time of decay, �a ⇠

H(T ), the energy of the resulting A0 matches the CMB
energy in the RJ tail, x ⇠ 10�3. Here, H(T ) is the Hub-
ble expansion rate as a function of photon temperature.
Assuming decays during radiation domination, this con-

dition amounts to g
1/4

⇤ fa ⇠ 105 � 106 GeV(ma/GeV)1/2,
in terms of parameters in (5), where g⇤ is the e↵ective
number of degrees of freedom. If this condition is sat-
isfied, the decays of a to A0 can happen arbitrary early,
but the energy of the A0 still approximately match RJ
photons.

The case of a cosmologically long-lived particle, ⌧a �
⌧
U

, is especially attractive as a can also naturally serve as
DM. For the remainder of this paper, we will concentrate
on this possibility. If the mass of a falls in the range
10�5 eV < ma < 10�1 eV, its decay can create significant
modifications to the RJ tail of the CMB spectrum via
A0 ! A oscillations. It is worth noting that this overlaps
the mass range often invoked for axion DM.

A0 $ A oscillations and constraints: All constraints
on parameters of (5) and (6) can be divided into two
groups: those that decouple as mA0 ! 0, and those that
persist even in the limit of a massless dark photon. The
stellar energy loss constraint due to A0a pair production
is in this second category, as the in-medium transverse
modes of photons can decay via A⇤

T ! A0a even in the
mA0 ! 0 limit. We calculate the approximate emission
rate to be

QA⇤!A0a =
✏2m4

AnT

96⇡f2

a

, (8)
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Decay of unstable relics into dark radiation: The
framework described in the introduction allows for sig-
nificant flexibility with respect to the actual source of
non-thermal soft DR. To give a concrete realization of
the proposed mechanism to increase n
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The lifetime, ⌧a = 1/�a, can be either much longer or
much shorter than the present age of the Universe, ⌧
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13.8 ⇥ 109 y, depending on the choice of parameters in
(5).

For the case of short lifetimes, ⌧a ⌧ ⌧
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, we require
that the mass of a is such that at the time of decay, �a ⇠

H(T ), the energy of the resulting A0 matches the CMB
energy in the RJ tail, x ⇠ 10�3. Here, H(T ) is the Hub-
ble expansion rate as a function of photon temperature.
Assuming decays during radiation domination, this con-

dition amounts to g
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⇤ fa ⇠ 105 � 106 GeV(ma/GeV)1/2,
in terms of parameters in (5), where g⇤ is the e↵ective
number of degrees of freedom. If this condition is sat-
isfied, the decays of a to A0 can happen arbitrary early,
but the energy of the A0 still approximately match RJ
photons.

The case of a cosmologically long-lived particle, ⌧a �
⌧
U

, is especially attractive as a can also naturally serve as
DM. For the remainder of this paper, we will concentrate
on this possibility. If the mass of a falls in the range
10�5 eV < ma < 10�1 eV, its decay can create significant
modifications to the RJ tail of the CMB spectrum via
A0 ! A oscillations. It is worth noting that this overlaps
the mass range often invoked for axion DM.

A0 $ A oscillations and constraints: All constraints
on parameters of (5) and (6) can be divided into two
groups: those that decouple as mA0 ! 0, and those that
persist even in the limit of a massless dark photon. The
stellar energy loss constraint due to A0a pair production
is in this second category, as the in-medium transverse
modes of photons can decay via A⇤

T ! A0a even in the
mA0 ! 0 limit. We calculate the approximate emission
rate to be
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FIG. 3. Left panel. We show the values of the DM mass ma that are relevant for 21 cm, as a function of the dark photon
mass (bottom axis) or, equivalently, as a function of resonant redshift z

res

(top axis). In the red region, ma/TCMB

< 2xmin

21

,
implying that the produced photons are too soft to impact 21 cm. In the region above the purple line, DM is heavy enough
that it produces photons at the energies measured precisely by COBE-FIRAS, implying a tight constraint (depending on ✏ and
the a-lifetime). Note that the region delineated by the dotted purple line corresponds to resonant conversion after the redshift
relevant for the 21 cm absorption signal. The vertical orange band shows the region of dark photon mass constrained by black
hole superradiance [35]. The blue star corresponds to the benchmark case (z

res

= 500, ma = 10�3 eV) further explored in
the rest of the figures. Right panel. Comparison between the RJ tail of the CMB (orange) and the energy spectrum of the
photon population generated from the resonant oscillation (solid black). In our benchmark example the resonance took place
at z

res

= 500, and we assume the decaying particle with mass ma = 10�3 eV and lifetime ⌧a = 100⇥ ⌧

U

constitutes the whole
DM in the Universe. For comparison, we also show–rescaled by a factor 10�4–the original number density distribution of dark
photon before resonant oscillation (dotted black). The spectra are plotted as a function of the redshift-independent variable
x = !/T

CMB

, and therefore apply to all redshifts z < z

res

. We choose ✏ = 2.1 ⇥ 10�7, such that the number of photons is
doubled in the window x
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where nT is the number density of transverse plasmons
(photons) and mA is the standard plasma frequency,
m2

A = 4⇡↵ne/me. Observing that it has the same
scaling as the emission rate for a pair of Dirac neu-
trinos due to their magnetic moment µ, QA⇤!⌫⌫̄ =
µ2m4

AnT (24⇡)�1 [36, 37], we recast the corresponding
bound µ  3 ⇥ 10�12(e/2me) [38] to obtain
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a < 2 ⇥ 10�9 ⇥ GeV�1 . (9)

In addition, the ✏-parameter is limited via A ! A0

oscillations [39], and depends rather sensitively on mA0 .
Stellar energy losses via these oscillations are important
only for the higher mass range of A0, mA0 > 10�5 eV, as
the emission is suppressed by m2

A0/m2

A inside stars, which
is a small parameter [40, 41]. Cosmological A $ A0 os-
cillations may be significant if the resonant condition is
met, mA0 = mA(z), where mA(z) is the plasma mass of
photons at redshift z [14, 15]. In the course of cosmologi-

cal evolution mA(z) ' 1.7⇥10�14 eV⇥ (1+z)3/2X
1/2

e (z)
scans many orders of magnitude; Xe is the free electron
fraction that we take from [15]. For any mA0 in the range
10�14 � 10�9 eV, the resonance happens at some red-
shift, z

res

, within the cosmic dark ages, see the left panel
of Fig. 2. The resonance ensures that the probability of

oscillation is much larger than the vacuum value of ✏2.
Following [14, 42], we take it to be
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We remark that this expression is valid only in the limit
PA0!A ⌧ 1. For large ✏ the probability saturates, and
in such cases we use its full expression. We notice that
the probability of oscillation for RJ photons, x ⇠ 10�3,
can be three orders of magnitude larger than for photons
with x ⇠ 1, due to the !�1 dependence. The redshift
dependence of (10) is shown in the right panel of Fig. 2,
assuming a dark photon energy that is relevant for 21 cm,
x

0

= 1.4 ⇥ 10�3.

Dark age resonance and EDGES signal: For z
abs


1700, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > z

abs

these soft photons are e�ciently
absorbed [43]. Therefore, only dark photons with mA <
mA0(z

abs

) ' 10�9 eV—possibly injected at a much ear-
lier epoch—will yield excess radiation at 21 cm. Focusing
on a mono-chromatic injection of A0 with cosmologically
long lifetime ⌧a > ⌧U , the energy spectrum at redshift z
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trinos due to their magnetic moment µ, QA⇤!⌫⌫̄ =
µ2m4

AnT (24⇡)�1 [36, 37], we recast the corresponding
bound µ  3 ⇥ 10�12(e/2me) [38] to obtain

✏ ⇥ f�1

a < 2 ⇥ 10�9 ⇥ GeV�1 . (9)

In addition, the ✏-parameter is limited via A ! A0

oscillations [39], and depends rather sensitively on mA0 .
Stellar energy losses via these oscillations are important
only for the higher mass range of A0, mA0 > 10�5 eV, as
the emission is suppressed by m2

A0/m2

A inside stars, which
is a small parameter [40, 41]. Cosmological A $ A0 os-
cillations may be significant if the resonant condition is
met, mA0 = mA(z), where mA(z) is the plasma mass of
photons at redshift z [14, 15]. In the course of cosmologi-

cal evolution mA(z) ' 1.7⇥10�14 eV⇥ (1+z)3/2X
1/2

e (z)
scans many orders of magnitude; Xe is the free electron
fraction that we take from [15]. For any mA0 in the range
10�14 � 10�9 eV, the resonance happens at some red-
shift, z

res

, within the cosmic dark ages, see the left panel
of Fig. 2. The resonance ensures that the probability of

oscillation is much larger than the vacuum value of ✏2.
Following [14, 42], we take it to be

PA!A0 = PA0!A =
⇡✏2m2

A0

!
⇥
����
d logm2

A

dt

����
�1

. (10)

We remark that this expression is valid only in the limit
PA0!A ⌧ 1. For large ✏ the probability saturates, and
in such cases we use its full expression. We notice that
the probability of oscillation for RJ photons, x ⇠ 10�3,
can be three orders of magnitude larger than for photons
with x ⇠ 1, due to the !�1 dependence. The redshift
dependence of (10) is shown in the right panel of Fig. 2,
assuming a dark photon energy that is relevant for 21 cm,
x

0

= 1.4 ⇥ 10�3.

Dark age resonance and EDGES signal: For z
abs


1700, the Universe becomes transparent to photons that
are converted into the RJ tail of the CMB, x ⇠ 10�3,
whereas for z > z

abs

these soft photons are e�ciently
absorbed [43]. Therefore, only dark photons with mA <
mA0(z

abs

) ' 10�9 eV—possibly injected at a much ear-
lier epoch—will yield excess radiation at 21 cm. Focusing
on a mono-chromatic injection of A0 with cosmologically
long lifetime ⌧a > ⌧U , the energy spectrum at redshift z



Important points:
• DM à gg idea (to e.g. double RJ photon counts) would not work: 

once the stellar constraints are implemented, then there is not enough 
rate to create extra RJ photons

• DM à g’g’ , followed by g’à g idea works because resonant 
conversion probability is huge, P g’à g /e 2 ~ 1010 or more!

• Also, the oscillation probability is ~ w-1, making the probability three 
orders of magnitude larger for 21 cm relevant photons compared to 

x ~ O(1). 

• The resonance is to occur between ~ 20 and 1700. Below – no effect 
on 21 cm, above – absorption of RJ photons by `free-free` processes 
(re-thermalization).



Constraints from spectral CMB 
distortions

• COBE/FIRAS measurement (NP 2006), perfect (1 part is 104) 
spectrum above x = 0.2

• Mixing angles as large as 10-6 are perfectly OK. 
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).
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DM lifetime vs RJ counts
• Fixing the mass of decaying DM particles [as an example] to 10-3 eV, 

and resonant transition to occur at z=500, we scan different lifetimes: 

Along the green line one 
can double the actual RJ 
photon counts. Current 
limits from COBE are 
not super-restrictive. 
Future probes (PIXIE) 
could make it more 
restrictive. 



Mixing angle – mass parameter space
• Taking one parameter space point for DM a of meV mass, and 

requiring RJ photon counts to double: 

• Lot of parameter space is allowed. (BH super-radiance may be a limit)



RJ tail of the CMB spectrum
• For one specific point on parameter space (meV DM, z=500 

resonance, lifetime = 100 ages of Universe)

• Green band – interesting for 21 cm range of x, 



Other options to consider
• DR ALP oscillating into photons in the primordial magnetic field.

• Millicharge of neutrino fluid (which can be colder than baryons) ß
does not seem to work given 10-14 e constraint on neutrino charges.

• Cascade decay of once thermal species (including neutrino decay, 
such as n2 à A’ n1 followed by A’àA oscillations). Cascade decay 
make things increasingly softer. 

0.010 0.100 1 10

10-4

0.001

0.010

0.100

1

10

Figure 1: Blue: x2/(ex � 1) distribution (i.e. Planckian); Brown: same after
one decay; Green: same after two decays.

according to this

x2dx

exp[x]� 1
!

Z 1

y

x2dx

x(exp[x]� 1)
dy (8)

(The normalization is preserved, in both cases the remaining integral gives
2.4).

Then I plot one-decay and two-decay distributions, as a function of final
energy relative to initial temperature T

X

in order to see how much the low-
energy end can be boosted.

We can observe that even one decay can give three orders of magnitude
boost to the RJ spectral density at low energy. This is a great story. This
we need to mine further. The implication is that we could take a neutrino
distribution (which is FD of course) - or any other thermal species that
decoupled eariler - make it decay through a one or two steps into A0, and
have a significant A0 build-up at low energies. The current treatment does
not include redshift e↵ect - I just took flat space, but I think under Josef’s
guidance we’ll generalize it to expanding universe as well.

4



Two cases for Dark Radiation

• Case 1: numerous soft quanta

• Case 2: fewer hard quanta

Signatures of Dark Radiation in Neutrino and Dark Matter Detectors
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We consider the generic possibility that the Universe’s energy budget includes some form of rela-
tivistic or semi-relativistic dark radiation (DR) with non-gravitational interactions with Standard
Model (SM) particles. Such dark radiation may consist of SM singlets or a non-thermal, energetic
component of neutrinos. If such DR is created at a relatively recent epoch, it can carry su�cient
energy to leave a detectable imprint in experiments designed to search for very weakly interacting
particles: dark matter and underground neutrino experiments. We analyze this possibility in some
generality, assuming that the interactive dark radiation is sourced by late decays of an unstable
particle, potentially a component of dark matter, and considering a variety of possible interactions
between the dark radiation and SM particles. Concentrating on the sub-GeV energy region, we
derive constraints on di↵erent forms of DR using the results of the most sensitive neutrino and dark
matter direct detection experiments. In particular, for interacting dark radiation carrying a typical
momentum of ⇠ 30 MeV/c, both types of experiments provide competitive constraints. This study
also demonstrates that non-standard sources of neutrino emission (e.g. via dark matter decay) are
capable of creating a “neutrino floor” for dark matter direct detection that is much closer to current
bounds than is expected from standard neutrino sources.

1. INTRODUCTION

The dominance of dark matter (DM) and dark energy
(DE) in the total energy balance of the Universe is a
widely acknowledged nonetheless astounding fact. Preci-
sion studies of the cosmic microwave background (CMB)
[1] provide evidence that DM was “in place” before hy-
drogen recombination, while the e↵ects of DE manifest
themselves much later, starting from redshift z ⇠ O(1)
[2]. Given a rather elaborate structure of the visible sec-
tor, the Standard Model of particles and fields (SM), it
would be a logical imperative to consider somewhat more
complicated models of a dark sector, beyond a single par-
ticle contributing to DM, and a cosmological constant
sourcing DE. Indeed, in recent years there has been some
significant progress in studying models of dark sectors
[3], which include the possibility of new “dark forces”,
new massless states (also known as “dark radiation”, or
DR), and/or relativistic massive dark states that can
be produced through late time processes (also known
as “boosted dark matter”) [4–6], co-existing with mas-
sive DM particles. Both new massless states and mas-
sive boosted states in the dark sector can be classified as
“dark radiation” in general terms. The presence of such
sectors significantly broadens the phenomenology of DM
[4, 5, 7–20] motivating, in turn, a wider scope for the
experimental e↵orts dedicated to the searches of DM.

An enormous progress in observational cosmology has
resulted in a very sensitive constraint on the number of
extra degrees of freedoms that remained radiation-like
during the CMB epoch. The Planck collaboration has
reported a stringent constraint, that phrased in terms of
neutrino-like radiation species reads as [1]:

N
e↵

= 3.04± 0.33 =) ⇢
DR

/⇢� < 0.15, (1)

where ⇢
DR

is the energy density in additional dark radi-
ation. With further refinements [21, 22], one can show
that the actual 2� limit on the deviation from the SM
prediction for N

e↵

is �N
e↵

 0.39. This bound has a
wide degree of applicability, and is most e↵ectively used
to constrain models with “early” DR, or models with ex-
tra light degrees of freedom that were in thermal contact
with the SM, but decoupled at some point in the history
of the early Universe. In that case there are also ex-
tra bounds provided by big bang nucleosynthesis (BBN),
that can be often cast in terms of the same parameter
N

e↵

[23–25]. However, constraint (1) would not be ap-
plicable to models where DR is created much later than
the CMB epoch. For example, recent decays of a siz-
able fraction of DM into dark radiation are allowed, and,
moreover, ⇢

DR

can be much larger than ⇢� today.
In this paper, we are interested in the late generation of

⇢
DR

with the following properties: the number density of
DR particles is smaller than that of CMB photons, while
the kinetic energy on average is much larger than the
energy of individual CMB quanta,

n
DR

⌧ n� , E
DR

� E� , ⇢
DR

(⇠ E
DR

n
DR

)  0.1⇢
DM

(2)
In the last relation, we require that the amount of dark
radiation does not exceed 10% of the dark matter energy
density, in accordance with recently updated constraints
[26]. Such set of inequalities leaves, of course, a lot of
freedom for what DR can be, but restricts a number of
possibilities for how the non-thermal DR can be created.
In this paper, we will consider a scenario where the

dark sector mediates some DR-SM interaction to be spec-
ified below. The new interactions allow to probe DR di-
rectly via its interaction with nuclei and electrons rather
than via its contribution to the Universe’s energy bal-
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the expectations of the standard cosmology. Non-thermal
Dark Radiation (DR) is considered in the literature less
often, although many processes occurring solely in the
dark sector may lead to its appearance.

In recent papers [9, 10], interacting DR was examined
in the regime where the individual quanta are much fewer
in number but much harder in frequency than the typical
CMB photons, !

DR

� !
CMB

; n
DR

⌧ n
CMB

, but such
that the Neff constraint is satisfied. This type of DR
may arise as a consequence of the late decays or annihi-
lations of massive DM particles. In this paper we study
the alternative, a much softer than CMB, but more nu-
merous DR quanta,

!
DR

⌧ !
CMB

, n
DR

> n
RJ

, !
DR

n
DR

⌧ ⇢
tot

. (1)

In this formula, ⇢
tot

stands for the total energy density
of radiation and DM, n

DR

is the number density of DR
quanta, while n

RJ

represents the low-energy Rayleigh-
Jeans (RJ) tail of the standard CMB Planck distribution,

n
RJ

=
1

⇡2

Z !
max

0

!2d!

exp[!/T ] � 1
' T!2

max

2⇡2

' 0.21x2

max

n
CMB

, h̄ = c = k = 1 units , (2)

where we find it convenient to define the normalized
photon frequency, x ⌘ !/T

CMB

, which is redshift-
independent. In this formula, n

CMB

= 2⇣(3)/⇡2 T 3

CMB

'
0.24T 3

CMB

is the full Planckian number density, while
x

max

= !
max

/T
CMB

is a (somewhat arbitrary) maximum
frequency of the low-energy RJ interval, x

max

⌧ 1. If
for example we take x

max

= 2 ⇥ 10�3, then we find
n

RJ

/n
CMB

' 10�6. It is easy to see that the number
density of DR quanta may indeed significantly exceed
n

RJ

. Saturating the constraint on Neff for the DR that
matches the CMB frequencies with x

max

⇠ 2 ⇥ 10�3, or
alternatively letting ⇠ 5% of DM energy density [11, 12]
be converted to DR in the same frequency range after
the CMB decoupling, we arrive at the maximum number
densities given by

n
DR

 1.5 ⇥ 102 n
CMB

, early DR with �N
e↵

= 0.5 ;

n
DR

 3.3 ⇥ 105 n
CMB

, late decay of 0.05 ⇢
DM

. (3)

Thus, soft DR quanta have a potential to outnumber the
RJ CMB photons by up to ⇠ 11 orders of magnitude.

What are the observational consequence of such soft
and numerous DR? Very light fields often have their in-
teractions enhanced (suppressed) at high (low) energies.
This is the case for neutrinos, that have Fermi-type in-
teractions with atomic constituents, as well as of axions
that have e↵ective dimension 5 interactions with fermions
and gauge bosons. This type of DR would be impossible
or very di�cult to see directly. There is, however, one
class of new fields comprising DR that can manifest their
interactions at low energies and low densities. These are
light vector particles (often called dark photons), A0, that

develop mixing angles with ordinary photons, ✏F 0
µ⌫Fµ⌫

[13]. The apparent number counts of the CMB radiation
can be modified by photon/dark photon oscillations:

dnA

d!
! dnA

d!
⇥ PA!A +

dnA0

d!
⇥ PA0!A , (4)

where PA!A = 1 � PA!A0 is the photon survival prob-
ability, while PA0!A is the probability of A0 ! A oscil-
lation. Previously the constraints on the {mA0 , ✏} pa-
rameter space were derived [14, 15] using COBE-FIRAS
data [16] (that is, considering the depletion of CMB pho-
tons due to the first term in eq. (4)). The point of the
present paper is that the RJ tail of the CMB can get
a significant boost due to the second term in (4) with-
out contradicting the COBE measurement. While the
reliable extraction of the primordial contribution to the
RJ tail is challenging due to significant foregrounds, the
physics of the 21 cm line can provide a useful tool to probe
DR through the apparent modification of the low-energy
tail of the CMB.

The EDGES experiment has recently presented a ten-
tative detection of the 21 cm absorption signal coming
from the interval of redshifts z = 15 � 20 [17]. The
strength of the absorption signal is expected to be pro-
portional to 1 � T

CMB

/Ts [18], where T
CMB

counts the
number of CMB photons interacting with the two-level
hydrogen hyperfine system, and Ts is the spin tempera-
ture. The relevant photon energy is !

0

= 5.9 µeV, and
photons with this energy at the redshift of z = 17 reside
deep within the RJ tail, x

0

⌘ !
0

/T
CMB

= 1.4 ⇥ 10�3.
This corresponds to much lower energy than direct mea-
surements such as COBE-FIRAS, that measures above
x = 0.23 [16], and ARCADE 2, which probes as low
as x = 0.053 (and finds an excess above the CMB pre-
diction) [19]. There are also earlier measurements that
constrain x ⇠ 0.02 � 0.04, although with larger uncer-
tainties [20, 21].

The locations of the left and right boundaries of the
claimed EDGES signal agree rather well with standard
cosmological expectations, but the amount of absorption
seems to indicate a more negative 1� T

CMB

/Ts temper-
ature contrast than expected. Given that the spin tem-
perature Ts cannot drop below the baryon temperature
Tb, a naive interpretation of this result could consist in
lower-than-expected Tb, or higher T

CMB

. Together with
related prior work [22, 23], a number of possible mod-
els were suggested [24–28], most of which have di�culty
to pass other constraints, [29–34]. The mechanism that
we point out, oscillation of non-thermal DR into visible
photons, can accommodate the EDGES result without
being challenged by other constraints. In the rest of this
paper, we provide more details on the suggested mecha-
nism, and identify the region of parameter space where
21 cm physics can provide the most sensitive probe of
DR.



The idea to explore direct DM detection 
potential to look for DR. 

• Scenario: A fraction of DM decays, producing fluxes of relativistic 
particles 

• Typical spectra has a galactic and extra-galactic component:

• Could be comparable to solar neutrino 
fluxes, but more energetic creating DD sign.
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via the baryon current interaction is a problem that
deserves special separate study.

In some cases the indirect bounds from N
e↵

can be
circumvented at the expense of additional compli-
cation of models. For example, if the mass of � is in
the few MeV range, and, in addition, there is a light
mediator particle in the same mass range, V , the
self-annihilation ��̄ ! V V with subsequent decay
of V ’s to the SM states may ensure that by the time
of SM neutrino decoupling at MeV temperatures,
all � and V particles from the dark sector have an-
nihilated and decayed, while X DM survives.

3. X decay to ��, and the transfer of � to neutrinos
via � ! ⌫ oscillations (a possibility that may be
called “neutrino oscillation portal”) can be made
completely safe from cosmological and astrophysi-
cal bounds as m�⌫ can be almost arbitrarily small.
The smallness of this parameter does not imply
a smallness of the �⌫ mixing angle with the low-
est neutrino mass eigenstate in the direct neutrino
mass hierarchy picture, as there is no lower bound
for the lightest m⌫ .

4. Finally, decays of X to nearly massless ALPs a,
dark photons V , and light millicharged particles �
are not expected to be accompanied by a significant
production of the SM states because of the extreme
smallness of couplings between SM states and these
types of dark sector particles.

3. MAXIMUM FLUXES OF DR FROM
DECAYING DM

Any rate of detection of the relativistic background
species � (in this section � stands for any DR parti-
cle, neutrino or singlet � as discussed earlier) is con-
trolled by the energy di↵erential particle flux arriving at
earth, d�/dE�. We consider two principal components of
this flux, originating from DM decay within the galaxy
(“gal”) or from extragalactic distances (“eg”).3

We will assume that only a fraction  of the DM
density decays (to be consistent with cosmological con-
straints given in [26]),  ⌘ ⇢X(t)/(⌦

dm

⇢c)|t⌧⌧X
, where

⌧X = ��1

X is the lifetime of the progenitor X. Here,
⌦

dm

= 0.1198h�2 is the CMB-inferred DM density pa-
rameter, and ⇢c = 3M2

PH
2

0

is the critical density today;
H

0

= 100h km/s/Mpc with h = 0.6727 [1].4 Clearly, the

3 We neglect small contributions from the local group and other
bound structures at cosmological distances.

4 A low-z determination of the Hubble constant gives h = 0.73 [75].
It has been suggested that decaying DM may alleviate the 2-3�
tension between the two inferred values of H0 [76, 77]. Here we
will not enter this discussion; recent comments on the viability
of this possibility are found in [26].

galactic (5% smearing)

extragalactic (m� = 5MeV)

extragalactic (m� = 0)

E� (MeV)

d�
/d

E
�
(1
/M

eV
/c
m

2
/s
ec
)

⌧X = 10Gyr

mX = 50MeV

 = 0.1

.

100101

104

103

FIG. 1. Galactic and extragalactic di↵erential particle fluxes
from monochromatic 2-body decay X ! 2�. The solid
(dashed) line is for a massless (5 MeV) daughter particle.

fluxes attain their maximum when ⌧X is comparable to
the age of the Universe, t

0

= 13.7Gyr.
The decay of X injects particles � with a spectrum,

dN

dE�
=

N�

�XBr�

d�

dE�
,

Z
dE�

dN

dE�
= N�, (17)

whereN� is the multiplicity of � and Br� is the branching
ratio into � in the decay with energy-di↵erential width
d�/dE�. For a 2-body decay X ! 2�, the injection
spectrum is a �-function (N� = 2),

dN

dE�

����
2-body

= N��(E� � E
in

), E
in

= mX/2, (18)

broadened only by the velocity dispersion of X prior to
decay; for our purposes this is a negligible e↵ect and in
the following we take X at rest.
The galactic particle flux at earth is found from the

usual line of sight integral,

d�
gal

dE�
=

Br�e�t0/⌧X

⌧XmX

dN

dE�
⇥R

sol

⇢
sol

hJi. (19)

Assuming no directional sensitivity, we average the J-
factor over all directions. Its value is relatively insensitive
to the employed density profile and we use hJi ' 2.1 as
obtained from a NFW profile; R

sol

= 8.33 kpc and ⇢
sol

=
0.3GeV/cm3 are the distance to the galactic center and
DM density at the position of the Earth.
For the extragalactic particle flux incident on Earth

it is important to take the redshift of momentum into
account. The flux, originating from the cosmological un-
clustered DM abundance, is given by the redshift inte-
gral,

d�
e.g.

dE�
=

Br�⌦dm

⇢c
⌧XmX

Z zf

0

dz
e�t(z)/⌧X

H(z)

dN [E
em

(z)]

dE�
v
em

(z),

(20)

where the subscript “em” stands for the moment at emis-
sion. Equation (20) reduces to the well known result of
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FIG. 2. Integral galactic (“gal.”) and extragalactic (“e.g.”)
particle fluxes from monochromatic 2-body decay X ! 2�.
The labeled contours are in units of 1/cm2/s. A mass of
m� = 5 MeV has been assumed.

di↵usive extragalactic photon flux(in the limit of zero
optic depth) when the mass of the daughter particle van-
ishes, m� ! 0. The only di↵erences for m� 6= 0 are
contained in the properly blue-shifted energy and veloc-
ity at emission, obtained from the blue-shifted momen-
tum, p

em

(z) = (1 + z) ⇥ p�, where p2� = E2

� � m2

� and
p2
em

= E2

em

�m2

�.
The cosmological redshift information in (20) is

given through the Hubble expansion rate H(z) =
H

0

p
(1 + z)3⌦

m

+ ⌦
⇤

and the cosmic time at redshift z,
t(z). Since we are considering DM decays in the low-
redshift Universe, it su�ces to add contributions that
originate from the matter-dominated era, zf < z

eq

⇠ 104

in (20). For a flat Universe one can then use the closed
expression,

t(z) =
2

3H
0

p
⌦

⇤

ln

"s
⌦

⇤

/⌦m

(1 + z)3
+

s

1 +
⌦

⇤

/⌦m

(1 + z)3

#

(21)

with ⌦m = 0.315 and ⌦
⇤

= 1� ⌦m.
At last, for a 2-body decay spectrum (18), the redshift

integral in extragalactic flux can be evaluated directly to
yield,

d�
e.g.

dE�

����
2-body

=
N�

p�

Br�⌦dm

⇢c
⌧XmXH

0

e�t(↵�1)/⌧X

p
↵3⌦m + ⌦

⇤

⇥(↵� 1),

(22)

where ↵ ⌘ p
in

/p� � 1. Note that the cosmic time t(z)
is evaluated at redshift z = ↵ � 1 in the exponential.
Exemplary galactic and extragalactic fluxes are shown in

Fig. 1 for ⌧X = 10Gyr, mX = 50 MeV and  = 0.1. A
Gaussian of 5% width has been applied to the galactic
flux for display.
The total flux �

tot

, integrated over the whole energy
spectrum, varies over many orders of magnitude depend-
ing on the choice parameters. Nevertheless, one can esti-
mate the maximum possible flux at  ⇠ 0.1, ⌧X = 10Gyr,
while taking m� ! 0, and keeping mX as a free param-
eter:

�max

tot

⇠ 10MeV

mX
⇥ 106 cm�2s�1. (23)

Completely coincidentally, the value of the DR flux may
become comparable to that of 8B solar neutrinos at
mX ⇠ 10MeV, and exceed di↵use SN neutrino flux by
many orders of magnitude at mX ⇠ 50MeV. Fig. 2
demonstrates an example of total fluxes for varying life-
times and X masses.

4. SCATTERING AND ABSORPTION
SIGNATURE OF DR

A. New population of SM neutrinos

If non-thermal DR radiation consists of SM neutrinos,
we can predict their interaction rates in dark matter and
neutrino detectors. The coherent nuclear recoil generated
by the neutral current interaction is the easiest to treat,
as it has no neutrino flavor or helicity dependence. The
coherent neutrino-nucleus recoil cross section is given by,

d�

dER
= Q2

W

G2

FF
2(q)mN

2⇡

✓
1� mNER

2E2

⌫

◆
, (24)

where QW = Z(4s2w�1)+N is the weak charge of the nu-
cleus. The scattering is essentially coherent in the num-
ber of neutronsN , owing to a cancellation in charge num-
ber Z since the weak angle is s2w ' 0.23. The degree of
coherence is given by Helm form factor F (q) [78], eval-
uated at q =

p
2mNER. Expression (24) is used by us

to calculate the expected recoil signal in the DM direct
detection experiments.
The coherent nuclear recoil is irrelevant for generating

a signal in the most sensitive neutrino detectors. Instead,
we must consider scattering on electrons (due to both,
neutral and charged currents) and charged current scat-
tering on nuclei. Moreover, there is a strong dependence
of the expected signal on energy, flavor and helicity of
DR neutrinos. In this paper we will assume dominance
of neutrinos over antineutrinos in DR—a possibility dis-
cussed in Sec. 2A 2—and, for simplicity, we will further-
more consider a flavor-universal content of DR at the
interaction point.
From a few MeV to 1 GeV there are several approxi-

mate energy ranges that have significant di↵erences with
respect to the expected neutrino signal. These di↵er-
ences, to be discussed below, stem from a relatively large
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di↵usive extragalactic photon flux(in the limit of zero
optic depth) when the mass of the daughter particle van-
ishes, m� ! 0. The only di↵erences for m� 6= 0 are
contained in the properly blue-shifted energy and veloc-
ity at emission, obtained from the blue-shifted momen-
tum, p

em

(z) = (1 + z) ⇥ p�, where p2� = E2

� � m2

� and
p2
em

= E2

em

�m2

�.
The cosmological redshift information in (20) is

given through the Hubble expansion rate H(z) =
H

0

p
(1 + z)3⌦

m

+ ⌦
⇤

and the cosmic time at redshift z,
t(z). Since we are considering DM decays in the low-
redshift Universe, it su�ces to add contributions that
originate from the matter-dominated era, zf < z

eq

⇠ 104

in (20). For a flat Universe one can then use the closed
expression,

t(z) =
2

3H
0

p
⌦

⇤

ln

"s
⌦

⇤

/⌦m

(1 + z)3
+

s

1 +
⌦

⇤

/⌦m

(1 + z)3

#

(21)

with ⌦m = 0.315 and ⌦
⇤

= 1� ⌦m.
At last, for a 2-body decay spectrum (18), the redshift

integral in extragalactic flux can be evaluated directly to
yield,

d�
e.g.

dE�

����
2-body

=
N�

p�

Br�⌦dm

⇢c
⌧XmXH

0

e�t(↵�1)/⌧X

p
↵3⌦m + ⌦

⇤

⇥(↵� 1),

(22)

where ↵ ⌘ p
in

/p� � 1. Note that the cosmic time t(z)
is evaluated at redshift z = ↵ � 1 in the exponential.
Exemplary galactic and extragalactic fluxes are shown in

Fig. 1 for ⌧X = 10Gyr, mX = 50 MeV and  = 0.1. A
Gaussian of 5% width has been applied to the galactic
flux for display.
The total flux �

tot

, integrated over the whole energy
spectrum, varies over many orders of magnitude depend-
ing on the choice parameters. Nevertheless, one can esti-
mate the maximum possible flux at  ⇠ 0.1, ⌧X = 10Gyr,
while taking m� ! 0, and keeping mX as a free param-
eter:

�max

tot

⇠ 10MeV

mX
⇥ 106 cm�2s�1. (23)

Completely coincidentally, the value of the DR flux may
become comparable to that of 8B solar neutrinos at
mX ⇠ 10MeV, and exceed di↵use SN neutrino flux by
many orders of magnitude at mX ⇠ 50MeV. Fig. 2
demonstrates an example of total fluxes for varying life-
times and X masses.

4. SCATTERING AND ABSORPTION
SIGNATURE OF DR

A. New population of SM neutrinos

If non-thermal DR radiation consists of SM neutrinos,
we can predict their interaction rates in dark matter and
neutrino detectors. The coherent nuclear recoil generated
by the neutral current interaction is the easiest to treat,
as it has no neutrino flavor or helicity dependence. The
coherent neutrino-nucleus recoil cross section is given by,

d�

dER
= Q2

W

G2

FF
2(q)mN

2⇡

✓
1� mNER

2E2

⌫

◆
, (24)

where QW = Z(4s2w�1)+N is the weak charge of the nu-
cleus. The scattering is essentially coherent in the num-
ber of neutronsN , owing to a cancellation in charge num-
ber Z since the weak angle is s2w ' 0.23. The degree of
coherence is given by Helm form factor F (q) [78], eval-
uated at q =

p
2mNER. Expression (24) is used by us

to calculate the expected recoil signal in the DM direct
detection experiments.
The coherent nuclear recoil is irrelevant for generating

a signal in the most sensitive neutrino detectors. Instead,
we must consider scattering on electrons (due to both,
neutral and charged currents) and charged current scat-
tering on nuclei. Moreover, there is a strong dependence
of the expected signal on energy, flavor and helicity of
DR neutrinos. In this paper we will assume dominance
of neutrinos over antineutrinos in DR—a possibility dis-
cussed in Sec. 2A 2—and, for simplicity, we will further-
more consider a flavor-universal content of DR at the
interaction point.
From a few MeV to 1 GeV there are several approxi-

mate energy ranges that have significant di↵erences with
respect to the expected neutrino signal. These di↵er-
ences, to be discussed below, stem from a relatively large



Decay to SM neutrinos
• A new population of SM neutrinos could be created by the DM decay. 

Constraints on electron antineutrinos by SK are very strong, but for 
neutrinos with E < 30 MeV the constraints are not that strong, and 
direct detection will soon become competitive. 

• With such hypothetical n DR, the “neutrino floor” is at 10-47 cm2. 
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FIG. 4. Constraints on SM neutrino DR, at 95% C.L.,in the
assumption of X ! ⌫⌫ decay, with equal weight for each
neutrino flavor from SK measurements of atmospheric (atm)
and solar (sol) fluxes as well as from searches for a di↵use SN
neutrino background (dsnb). The limits supersede the current
direct detection constraints derived from the final data set of
LUX and from the initial data set of XENON1T; see main
text for details.

that reason, we will generalize (24) to be valid both in
the relativistic (E� � m�) and non-relativistic limits
(E�  m�) alike. In order to compute the elastic re-
coil cross section d�/dER we note that the manifestly
spin-independent (SI) part in the �-nucleon matrix ele-
ment h~p0n|J

µ
B(0)|~pni = ū~p0

n
�µu~pn is given by the vertex

factor

�µ
SI

(q) = 2mn


Fb(q)�

q2

4m2

n

Fm(q)

�
(pn + p0n)

µ

(pn + p0n)
2

, (30)

where Fb(0) = 1 is the baryon number of the nucleon and
in the following we can take it to unity; furthermore, we
drop the term proportional to Fm since it is suppressed.
The direct detection recoil cross section on nuclei is then
found to be

d�

dER
= A2

4⇡↵2

BQ
2

�F
2(q)mN

(m2

V + 2mNER)2

"
1 +

E2

�

|~p�|2
� mNER

|~p�|2

#
.

(31)

The nuclear form factor F (q) is the same as above in
(24). For m� ! 0, |~p�| ! E� and Eq. (31) reduces to the
expression obtained in [95] using GB ⌘ Q�g2B/m

2

V and
when the interaction obeys the contact limit q2 ⌧ m2

V .
The recoil rate in a direct detection experiment is then

given by,

dR

dER
= NT

X

i=gal,eg

Z Ein

E�,min

dE�
d�i

dE�

d�(E�)

dER
. (32)
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FIG. 5. Predicted recoil rate R(ER > 1 keV) for DR con-
sisting of massless � particles that are coupled to the baryon
current with strength GB = 10GF , in units of events/kg/day,
and for xenon as detector material.

where NT is the target number density per detector mass
(for composite materials the rate is to be summed over
the various target elements). The minimum � energy
E�,min

to produce a recoil ER is obtained from the corre-
sponding minimum momentum |~p�,min

| =
p

ERmN/2.
The predicted recoil rate in liquid xenon detectors is
shown in Fig. 5. Current constraints from LUX [89] and
XENON1T [90] on the model for GB = 10GF is shown in
Fig. 6. The solid (dotted) lines are for m� = 0 (10 MeV);
for details on the procedure that goes into the derivation
of these limits cf. the preceding section.

To include constraints on baryonic-current coupled DR
in � from neutrino experiments, we have to consider the
scattering of � on nuclei that may lead to their recoil,
break-up or excitation. We refer to previous studies [95],
where it was shown that in the limit of small momentum
transfer (in units of the nuclear size RN ), the interac-
tion rate for inelastic processes is suppressed by (qRN )4,
which is a very small factor for q ⌧ 100MeV. This al-
lows to tolerate large values of GB , without running into
strong neutrino constraints. For this paper, we include
constraints imposed on the model by scintillator-based
neutrino detectors such as Borexino [96], that result from
the elastic scattering on protons. The scattering of � on
protons, depending on E�, can give a significant proton
recoil that leads to energy deposition inside a liquid scin-
tillator, and will give significant constraints on the higher
end of the energy range of DR considered in this paper.

To calculate the proton recoil, we use (31) but take the
nuclear form factor to be of the dipole form, Fb(q2) = (1+
q2/(0.71GeV2))�2 [97]. The treatment of the quenching
factor in the recoil of protons is obtained following [98]



Decay to DR coupled to baryons
• A new population of fermions that interact with baryonic current 

could be created by the DM decay. Constraints from SK are not strong, 
and direct detection is the most sensitive probe: 

• Direct detection rates put significant constraints on models. Need 
more than 1 species do differentiate between DR and DM recoil.
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FIG. 6. Constraints on DR coupled to SM, at 95% C.L.,
through gauged baryon number with GB = 10GF from the
direct detection experiments LUX and XENON1T as well as
from the neutrino experiment Borexino. Two cases are shown:
the solid line is for m� = 0 and dotted line is for m� =
10MeV; for Borexino, the di↵erence in assumed mass is not
visible.

and references therein; see also [95]. The gray region in
Fig. 6 shows the resulting excluded region from measure-
ments by Borexino, and it is derived from the fiducialized
data shown in Fig. 3 of [99].

C. Discussion of ALPs and dark photons as DR

Dark radiation in the form of ALPs or dark photons
can appear as a result of X ! aa or X ! V V decays.
The main question to investigate here is whether DM
decay can provide a flux of ALPs or dark photons in
the range where they can be detected while respecting
limits from other, primarily astrophysical, constraints.
In the case of ALPs, the most explored range is the
keV frequency range, which for our scenario would im-
ply mX � O(keV), and the interaction with photons,
L
int

= ga��a ~E · ~B. This energy range could make both,
the dark matter experiments as well as axion helioscopes,
sensitive to ALP DR. Previous studies have concluded
that ALP DM with ma in the keV range is already
severely restricted by the absence of a serious excess in
X-rays (for a recent summary of X-ray constraints on
decaying dark matter see e.g. [100]). The indirect con-
straints on ALP DM are typically much stronger than
those provided by direct searches [44]. To remove con-
straints resulting from the decay of ALPs, one needs to
require an additional hierarchy, ma ⌧ mX .

The easiest way to assess the detectability of DR in

form of ALPs is to compare their maximal flux with the
flux of solar axions. The spectral flux of the latter is
given in [101], and integrating it over energy, one ob-
tains �solar

a ' 1012(ga�� ⇥ 1010 GeV)2cm�2s�1. Com-
paring �solar

a to the maximum flux of ALPs attainable
through DM decay, �max

tot

in (23), we arrive at the max-

imum value of coupling ga�� when the DR flux of ALPs
have a chance of becoming larger than the solar flux,

ga��  10�11 GeV�1 ⇥
✓
1 keV

ma

◆
1/2

. (33)

Current solar helioscopes utilize the a ! � conversion
in the magnetic field to search for solar ALPs. The same
techniques can be used to search for ALPs forming DR.
(For some values of parameters, the galactic component
of DR dominates, and one should expect an enhancement
of the conversion in the direction to the galactic center.)
It is easy to see that in the keV range of frequencies,

the benchmark value ga�� = 10�11 GeV�1 in Eq. (33) is
outside the reach of the current generation keV-range
ALP detector CAST [101], but may be amenable to
searches with the next generation ALP telescopes, such
as IAXO [102]. A similar conclusion can be reached
for ALPs coupled to the electron spin via gaeea ⇥ ē�

5

e.
The expected solar flux of ALPs is at the level of ⇠
(gaee ⇥ 1013)2 ⇥ 109cm�2s�1 [103], which is again some-
what larger than the maximum attainable flux for DR
with a keV scale progenitorX, unless gaee is below 10�13.
The current sensitivity of dark matter experiments to so-
lar axions is at the level of gaee ⇠ 8 ⇥ 10�12 [104], and,
therefore, only significant improvements in the sensitiv-
ity of large-scale dark matter experiments could render a
hypothetical ALP component of DR detectable.
We now turn to the case of dark radiation in the form

of dark photons. The main di↵erence with the ALP case
is that for small mass of dark photons, the solar flux de-
couples as �sol

V / m2

V [71]. (See Ref. [105] for a detailed
calculation of the solar energy loss to dark photons.) On
the other hand, the production of DR dark photons may
not need to be suppressed by small mass mV in the same
limit, and therefore the flux of DR can be parametrically
larger than the solar flux of dark photons. The analysis of
the absorption of dark photon dark radiation is very simi-
lar to the analysis performed for dark photon DM [48, 73].
The conclusion of these studies is that in some corners of
mass–mixing angle parameter space, {mV , ✏}, the direct
detection experiments have sensitivity to dark photons
beyond the astrophysical constraints. Unfortunately, our
analysis shows that the dark photon dark radiation is cur-
rently not constrained by direct detection experiments.
The qualitative reason for that is as follows: when the
medium e↵ects can be neglected (mV > 1 eV) the absorp-
tion rate per atom scales as ✏2⇥nV ⇥�

photo

⇥c, where nV

is the number density of dark photons (in the form of DM
or DR), �

photo

is the photo-ionization cross section, and
c is the speed of light. The rate is approximately inde-
pendent on the velocity of dark photons when their total
energy is fixed. For dark photon DM the number density
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FIG. 4. Constraints on SM neutrino DR, at 95% C.L.,in the
assumption of X ! ⌫⌫ decay, with equal weight for each
neutrino flavor from SK measurements of atmospheric (atm)
and solar (sol) fluxes as well as from searches for a di↵use SN
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that reason, we will generalize (24) to be valid both in
the relativistic (E� � m�) and non-relativistic limits
(E�  m�) alike. In order to compute the elastic re-
coil cross section d�/dER we note that the manifestly
spin-independent (SI) part in the �-nucleon matrix ele-
ment h~p0n|J

µ
B(0)|~pni = ū~p0

n
�µu~pn is given by the vertex

factor

�µ
SI

(q) = 2mn


Fb(q)�

q2

4m2

n

Fm(q)

�
(pn + p0n)

µ

(pn + p0n)
2

, (30)

where Fb(0) = 1 is the baryon number of the nucleon and
in the following we can take it to unity; furthermore, we
drop the term proportional to Fm since it is suppressed.
The direct detection recoil cross section on nuclei is then
found to be

d�

dER
= A2

4⇡↵2

BQ
2

�F
2(q)mN

(m2

V + 2mNER)2

"
1 +

E2

�

|~p�|2
� mNER

|~p�|2

#
.

(31)

The nuclear form factor F (q) is the same as above in
(24). For m� ! 0, |~p�| ! E� and Eq. (31) reduces to the
expression obtained in [95] using GB ⌘ Q�g2B/m

2

V and
when the interaction obeys the contact limit q2 ⌧ m2

V .
The recoil rate in a direct detection experiment is then

given by,

dR

dER
= NT

X

i=gal,eg

Z Ein

E�,min

dE�
d�i

dE�

d�(E�)

dER
. (32)
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FIG. 5. Predicted recoil rate R(ER > 1 keV) for DR con-
sisting of massless � particles that are coupled to the baryon
current with strength GB = 10GF , in units of events/kg/day,
and for xenon as detector material.

where NT is the target number density per detector mass
(for composite materials the rate is to be summed over
the various target elements). The minimum � energy
E�,min

to produce a recoil ER is obtained from the corre-
sponding minimum momentum |~p�,min

| =
p

ERmN/2.
The predicted recoil rate in liquid xenon detectors is
shown in Fig. 5. Current constraints from LUX [89] and
XENON1T [90] on the model for GB = 10GF is shown in
Fig. 6. The solid (dotted) lines are for m� = 0 (10 MeV);
for details on the procedure that goes into the derivation
of these limits cf. the preceding section.

To include constraints on baryonic-current coupled DR
in � from neutrino experiments, we have to consider the
scattering of � on nuclei that may lead to their recoil,
break-up or excitation. We refer to previous studies [95],
where it was shown that in the limit of small momentum
transfer (in units of the nuclear size RN ), the interac-
tion rate for inelastic processes is suppressed by (qRN )4,
which is a very small factor for q ⌧ 100MeV. This al-
lows to tolerate large values of GB , without running into
strong neutrino constraints. For this paper, we include
constraints imposed on the model by scintillator-based
neutrino detectors such as Borexino [96], that result from
the elastic scattering on protons. The scattering of � on
protons, depending on E�, can give a significant proton
recoil that leads to energy deposition inside a liquid scin-
tillator, and will give significant constraints on the higher
end of the energy range of DR considered in this paper.

To calculate the proton recoil, we use (31) but take the
nuclear form factor to be of the dipole form, Fb(q2) = (1+
q2/(0.71GeV2))�2 [97]. The treatment of the quenching
factor in the recoil of protons is obtained following [98]
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Conclusions

1. Dark Radiation is a generic possibility – and can contribute into 
relevant physics not only through total energy density but through its 
interactions. 

2. RJ tail can be “built up” using the models of light decaying DM, that 
create quanta far more numerous than RJ tail of the CMB. Resonant 
conversion could then transfer A’ to to normal EM sector. We can 
easily fit stronger-than-expected EDGES result without difficulities.

3. Interacting DR can be searched for in direct detection [of DM] 
experiments. The maximum strength signal from DR neutrinos will 
be reached relatively soon. 



Photon-dark photon mixing
• Polarization operator matrix P for A-A’ system. 


