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Dark sector example

§ “Effective” charge of the “dark sector” particle c is Q = e × e (if 
momentum scale q > mV ). At q < mV one can say that particle c has a 
non-vanishing EM charge radius, . 

§ Dark photon can “communicate” interaction between SM and dark matter. 
Very light c can be possible. 

§ Enables models of light Dark Matter, including MeV-to-GeV scale WIMP
3

�

⇥

� �

e

⇤

Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2
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can entertain a wide range of mixing angles.
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V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2
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GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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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
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Dark sectors = light weakly coupled states that may include DM 
and/or its mediators.

Comprehensive strategy to go after dark sectors: 

… very long list of authors

CERN PBC exercise led by 
Lamont, Jaeckel, Valee



The Higgs portal idea

§ The Higgs field is the simplest realization of mass generation for 
gauge fields and fermions of the SM.                                               
The lowest fully gauge invariant dimension operator that you can 
build out the Higgs field is 2 :   

H+H = v2+2vh+h2

Recall that dim≤4 operators do not require extra UV physics (i.e. no 
extra particles required, self-consistent)

“Standard WIMP” (Silveira, Zee++) in form of a scalar S can be 
obtained from the d=4 operator

S2 H+H =S2 (v2+2vh+h2)

6
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(Light) Higgs-like particle through the 
super-renormalizable portal

Example: new particle admixed with a Higgs. (I keep the lowest dim op.)

After (Higgs Field = vev + fluctuation h), the actual Higgs boson mixes 
with S. 

Mixing angle:

The model is technically natural as long as A is not much larger than 
mS (corrections go as DmS

2 ~ A2 * log )
Low energy:  new particle with Higgs couplings multiplied by q. Mixing 

angle and mass can span many orders of magnitude.
New effects in Kaon and B-decays, 5th force, and cosmology. 

aNP
µ = aexperiment

µ � aSM theory
µ (32)

Lmass = Y ⇥ ER(LL⇥
†) + h.c. (33)

(L⇥) = ⇤L⇧
0 � eL⇧

+ (34)

Le� =
1

�
(L⇥)(L⇥) (35)

Lmass = Y ⇥ NR(L⇥) +
MN

2
NN + (h.c.) (36)

1

�
= �(Y )2

MN
(37)

�
0 Y �⇥ 

Y �⇥ MN

⇥
=⌃ m1 ⇧ �(Y �⇥ )2/MN ; m2 ⇧ MN at Y�⇥ ⌅ MN (38)

⇥ ⇤ Y �⇥ 
MN

⇤

⇤
m⇥(observed)

MN
(39)

1

2
⌃Fµ⇥⌅

µ⇥⌃ (40)

1

2
⌃Fµ⇥⌅

µ⇥i�5⌃ (41)

1

2
⌃F̃µ⇥⌅

µ⇥⌃ (42)

LHiggs portal =
1

2
( µS)

2 � 1

2
m2

SS
2 � ASH†H (43)

⇥ =
Av

m2
h

(44)
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CMB is an important source of constraints

  

  
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) 

Planck data (Figures from 
Kinney, Natoli talks  ~5yr ago)
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BBN is important source of constraints
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Constraints on dark photons2

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.

BBN

CMB

aµ,fav

ae

aµ

BABARMAMI
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U70
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E137
LSND

SN

mV (MeV)
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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

• We rule out significant fraction of dark 
photon parameter space.

• These new limits are inevitable: only rely 
on thermal production and require that 
the Universe was T~ 0.3 mV hot. 

• Non-thermal component of < Vµ > (so-
called “vacuum misalignment”) will only 
make limits stronger. Existence of “dark 
Higgs” can only make limits stronger.

• After 2014, limits/sensitivity can be 
further improved with Planck 
polarization data. 

• (Fradette, MP, Pradler, Ritz, 2014)
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Generalization to Higgs-mixed scalars

• Basic idea is the same: freeze-in production in the very early 
Universe, T > mS.

• Late decays via mixing with the Higgs

• Because of the Higgs portal, the production peaks at T close EW 
scale. 

• The sensitivity is enhanced compared to dark photons: small mass 
dark photons decouple, but small mass S scalars do not. Production 
due to e.g. top Yukawa, decay due to e.g. electron Yukawa. Expect 
more sensitivity!

• (Fradette, MP, Pradler, Ritz, 2018, PRD)
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Comparing sterile neutrino, dark photon, and 
singlet Higgs freeze-in production

§ Sterile neutrino N: Tmax ~ 100 MeV;

§ Dark photon V: Tmax ~ 0.4 mV;

§ Singlet scalar S: Tmax ~ MW

* You can also have inflationary production of bosons (V or S)

* Previous papers on freeze-out through Higgs portal (Berger et al, 2016, 
T. Flacke et al, are good within ~ 2 orders of magnitude.)
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Freeze-in yield

Freeze-in yield is given by 3*10-9 q2 with ~100% accuracy. Big 
improvements over earlier works (that were ok up to factor of ~30)
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Emissivities around EW transition need to 
be treated carefully

• Neither the approximation of mSM(v)= mSM((v(T)) nor 
approximation of thermal masses is adequate if one aims at 
“precise” calculation. 

5

tR

QL

H

S

H

H

SU(2)/U(1)

H

S

H

+

H

SU(2)/U(1)
H

S tR

H
S

QL

H

FIG. 4. S-producing interactions in the electroweak symmet-
ric phase. Left : Yukawa annihilations. Center : Gauge
boson scatterings. Right : Compton-like scatterings. [AF: I
can optimize this graphic for the 2-column format.]

as in (17) and treating all SM masses as vev-dependent
variables

mSM (T ) = m0
SM ⇥ v(T )

v0
, (25)

thus dropping the T 2 term in Eq. (14). For mh(T ), the
T 2 term is retained for consistency in the definition of
v(T ) and to make sure ✓(T ) does not have an unphysical
divergence for small mS (thermal screening forbids mS '
mh(T ) for mS ⌧ m0

h). As we will see in Sec. III B,
we expect this approximation to hold until v(T ) & gT ,
before the thermal masses are dominated by the plasma
contributions.

In the symmetric phase, we retain the quark masses in
the cross sections and promote them to the thermal mass
acquired from the QCD plasma [22]

m2
q(T ) =

g2sCF

8
T 2 =

g2s
6
T 2, (26)

which a↵ects the kinematic phase space available for in-
teractions. The Higgs doublet components all obtain the
Higgs thermal mass (16). We neglect the gauge boson
transverse mass. From a finite-temperature point of view,
the magnetic thermal mass of a non-abelian SU(N) at
one-loop is 0 [26]. A non-vanishing value is generated at
higher order as a non-perturbative quantity of the order
m2

T ⇠ (g/3⇡)gT [27, 28], which is sub-leading compared
to the other masses.

In the intermediate regime where a full finite-
temperature calculation is needed v(T )

g . T  Tc, we ex-
trapolate our two regions to obtain an uncertainty band
for our model. In either case, we obtain a relic density
uncertainty within a factor of 2, which is reasonable for
the problem at hand.

Retaining the top quark Yukawa coupling yt, the elec-
troweak couplings g, g0 and the Higgs self-coupling �H as
the only non-zero coupling constants, the yield from each
non-vanishing production channel in the mS ⌧ mh limit
are compiled in Table I. Their respective emissivity as a
function of temperature are shown in Figs. 5 and 6. We
use FeynCalc [29, 30] to compute the cross sections.
The QCD cross sections are expressed in Sec. III A and
the large s limit of the other channels are listed in App. A.

Production Channel i Y v�0

i Y
v&0

i Y sym

i Y tot

i [1010✓2]

tt̄ ! gS 2.11 0.93
0 6.29 - 8.11

tg ! tS (⇥2) 4.17 0.90

tt̄ ! hS 0.41 0.08
0.03 - 0.05 1.72 - 2.01tt̄ ! ZS 0.44 0.11

tb̄ ! W+S (⇥2) 0.82 0.11

th ! tS (⇥2) 0.38 0.13

0.14 - 0.21 14.40 - 17.77tZ ! tS (⇥2) 1.46 0.77

tW ! bS (⇥2) 3.66 1.43

bW ! tS (⇥2) 8.70 1.11

Zh ! ZS 0.26 0.10

0.01 - 0.02 8.68 - 10.93

ZZ ! hS 0.33 0.17

WW ! hS 0.57 0.25

WW ! ZS 3.47 0.89

Wh ! WS (⇥2) 0.46 0.16

WZ ! WS (⇥2) 3.57 0.69

hh ! hS 0.01 < 0.01 0

Total 30.81 7.84 0.19 - 0.28 31.1 - 38.8

TABLE I. S freeze-in yield for each production channels in
units of 1010✓2, separated in their near-vacuum contribution

Y v�0

i and additional yield Y
v&0

i if extrapolated to the phase
transition. The yield from each production category in the
symmetric phase is shown as Y sym

cat

with the range displaying
the total yield for T above Tc or extrapolated down to T &
gv(T ).
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FIG. 5. Total S freeze-in emissivity and the contribution from
each production channel category as a function of tempera-
ture for ✓ = 10�5.

A. QCD production

The cross sections for a gluon interaction with the top
quark to produce a S (in the mS ! 0 limit) are
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Constraints significantly constrain technically 
natural corner
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4

A < O(1-to-10)*mS is what you expect for not having additional 
tuning issues in mS. q< O(1-to-10)*mS/(100 GeV).

Coupling of a 
new state S to 
electron here 
is ~ 10-22 , 
very similar 
to me/MPl
(Sensitive to 
graviton-
strength 
couplings)
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Higgs portal and light scalars at the LHC

§ Fradette, MP, 2017
§ Will consider lS to be sizeable and A parameter (mixing) small. 

§ If quadratic and linear coupling co-exist, then the LHC offers nice 
ways of probing this sector for light-ish S: At the LHC, we will be 
concerned with Hà S+S, followed by S decay. 

§ What if S are so long-lived that they decay at really macroscopic 
distance away? 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p

m2

S0

+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
Av

m2

h �m2

S

✓
1� �Sv2

m2

S

◆
. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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MATHUSLA proposal. 

Industrial size O(200 m) hollow 
detector to be put on the surface, 
near the forward region of a particle 
detector at the LHC, e.g. CMS.

D. Curtin et al., 2019

Time correlation between events 
at the LHC and decay vertex 
inside a large detector can 
drastically cut the number of 
background cosmic events
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Higgs portal and light scalars

§ At the LHC, we will be concerned with Hà S+S, followed by S 
decay. 

§ Consider “an almost” Z2 symmetric case to maximize the depletion 
of S in the early universe, and minimize its decay: 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2
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2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2
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, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
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linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
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. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
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Sv
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, (4)
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where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).
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We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form
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✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from
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X
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Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
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where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S
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symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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FIG. 1. Left : Branching ratios of the scalar S in our baseline decay model. See text for details. Right : Scalar S lifetime of our
baseline model and the spectator model for the mixing angle ✓ = 10�6.

B. Cosmological metastable abundance

After the temperature drops below mS , the interaction of SS pairs with the SM shifts towards the annihilation,
resulting in an intermediate (metastable) population of S bosons. In the mass range that we consider, the S annihi-
lation is dominated by the s-channel reactions SS ! h⇤ ! XX, where on the receiving end are the pairs of the SM
states XX created by a Higgs-mediation process. The annihilation cross section �v generically takes the form

�v(s) =
8�2

Sv
2

(s�m2

h)
2 +m2

h�
2

SM+S

�mh!
p
s

SMp
s

, h�vi =
R1
4m2

S
ds �v(s) s

p
s� 4m2

SK1

⇣p
s

T

⌘

16Tm4

SK
2

2

�
mS

T

� . (12)

This formula recast the rate in terms of a Higgs width �mh!
p
s

SM

with a fictitious mass of
p
s. This form encompasses

both perturbative and non-perturbative channels in the h⇤ decay rate (with the substitution m⇤
h ! p

s), which we
have described above. In the standard WIMP freeze out paradigm, a DM particle freezes out at T

f.o. ⇠ mDM/20,
h�vi is simply the nonrelativistic limit �v(

p
s = 2mDM ) and the relic density can be conveniently approximated as

⌦DMh2 ⇠ 0.11⇥ 1pb/h�vi. This result emerges as a solution to the Boltzmann equation1 [38]

dY

dx
=

sh�vi
Hx


1 +

1

3

d(lnh
e↵

)

d(lnT )

� �
Y 2

eq

� Y 2

�
, (13)

when the freeze out occurs in the exponentially falling region of the equilibrium density Y
eq

(T ). For a much smaller
annihilation cross section, h�vi ⌧ 1 pb, Y departs from the equilibrium value earlier, possibly near the relativistic
plateau Y

eq

= n
eq

/s ! 45⇣(3)/2⇡4h
e↵

(T ) for x ⌧ 1. Since the nonrelativistic annihilation cross section in the
minimal Higgs portal model ranges from 10�3 to 10�14 pb for mS ⇠ 1 MeV�60 GeV and Br(h ! SS) ⇠ 0.1� 0.001,
we numerically integrate equation (13) to determine the metastable S abundance. The results are shown in Fig. 2,
normalized to the baryon number density for a more intuitive interpretation of its impact on BBN in the following
section.

For mS ' mh/2, the �v cross section evaluated at s = 4m2

S is a poor approximation, as it fails to capture the strong
energy dependence of the cross section near the resonance at

p
s = mh/2 [39]. The sharp drop in the abundance above

mS ⇠ 45 GeV is due to the resonant contribution to the thermally averaged cross section, leading to a delayed freeze
out and drastic decrease in metastable S abundance. Our numerical results agree with the semi-analytic treatment
of Ref. [21]. For very light mS , one can see that the freeze out abundances are large, and the relative spread between
di↵erent input values of Br(h ! SS) gets smaller, as the annihilation cross section becomes very small and the
freeze out happens in the semi-relativistic regime x

f.o. ⇠ O(1) and asymptote to the Y
eq

relativistic plateau for
small mS . The only di↵erence at the lightest masses is from Y rel

eq

/ 1/h
e↵

(T ). Since h
e↵

is a monotonic function

1 We use the standard variable definitions, where Y = nS/s is the S abundance normalized on the entropy density s, x = m/T is
the dimensionless inverse temperature, H is the Hubble rate, he↵ is number of entropic relativistic degrees of freedom and Yeq is the
normalized thermal equilibrium S number density.

Defines lifetime Defines H decay and S abundance

Fradette, Pospelov, PRD 2017 (= “BBN contract” for MATHUSLA)
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Constraints on lifetime – good news for 
Mathusla type ideas

§ Decay products (nucleons, kaons, pions) induce extra pàn
transitions and quite generically increase n/p. This is very 
constrained. 

§ For a ~ GeV scale particle, and energy of 200 GeV (broadly 
consistent with being a decay of the Higgs at 13 or 14 TeV energy), 
the minimum probability to decay in 100m hangar is ~ 10-6. If the 
branching of HàSS is sizeable, then it is a detectable signal. 
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FIG. 6. Left : Lifetime constraint as a function of the S mass for three h ! SS branching ratios. The lettered regions represent
di↵erent assumptions or physics and are described in the text. The dotted lines correspond to the perturbative spectator model.
Right : Same as left, except transposed in the decay length of S, assuming it is boosted to ES = 200 GeV.

• Region B m⇡ < mS < 2m⇡ : This region is dominated by the SS annihilation to ⇡+⇡�. We also derived the
same constraint as region A from N

e↵

up to mS = 2mµ, in addition to the raised N
e↵

from decays into muons
in the 2mµ < mS < 2m⇡ and the Yp constraints from S decaying into muons. They all yield weaker bounds, of
⌧S > 0.3 sec or longer.

• Region C 2m⇡ < mS < 2mK : The abundance YS weighted by the pion branching ratio constrains the region
via direct charged pion decays. We assume 2/3 go into charged pions and 1/3 is radiated away in ⇡0.

• Region D 2mK < mS < 1.4 GeV : The abundance YS weighted by the kaon branching ratio constrains the
region via direct charged kaons decays. We assume 1/2 go into charged kaons and 1/2 into K0K̄0. Only half of
the neutral kaons survive as KL, creating similar in numbers metastable populations of KL, K+ and K�.

• Region E 1.4 GeV < mS < 2mD : By strangeness conservation, we assume that all s-quarks yield a kaon,
half charged and half neutral. Since we do not have model-independent branching ratios of S in this mass
regime, we vary the description according to the assumptions in each decay model. For the baseline model, we
assume that 100% decays to the kaons and apply our kaon injection constraints. For the perturbative spectator
model, the kaon branching ratio is given by (11), with non-negligible contributions from decays to pions, muons
and eta mesons, resulting in weaker bounds until the c-quark threshold. At mS = mc the hadronic modelling
dependence largely goes away.

• Region F 2mD < mS < 2mb : We utilize the branching fractions of cc̄ from e+e� at
p
s = 10.5 GeV into

D-mesons from Ref. [56] and weight each channel by its inclusive K± branching ratios to find a hadronization
yield of 0.63 K+K� pair per S decay into c-quarks. Rescaled by Br(S ! cc̄), same constraints from kaon
injection apply. Above the 2m

⇤c threshold, a cc̄ typically forms a c-baryon with a 0.06 probability [56], which
then hadronizes to p or n. We find this constraint weaker than the kaons injection and use the K+K� result
across this entire range.

• Region G mS > 2mb : The main decay channel here are pairs of bb̄ quarks. The charged pion, charged
kaons and proton multiplicities in the bb̄ decay of a Z boson are measured to be 18.44 ± 0.63, 2.63 ± 0.14 and
1.00 ± 0.08 respectively by the ALEPH collaboration [57]. We assume the ratio holds in the hadronization of
lower centre-of-mass decays into bb̄ and scale by the mean charge multiplicity fit [58]

Nch(s) = �0.577 + 0.394 ln(s/s
0

) + 0.213 ln2(s/s
0

) + 0.005(s/s
0

)0.55, (49)

where s
0

= 1 GeV2. This fit agrees well in both e+e� and pp̄ collisions between
p
s ⇠ 2 GeV�2 TeV. This gives

us an estimate for the baryon injection of the bb̄ branching fraction of S. We further assume 50% smaller injection
of n(n̄) to utilize our baryon injection constraints. The accompanying pions and kaons also independently yield
comparable constraints, not shown in the figure.
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Ultra light particles at late time cosmology

§ A lot of focus in the last few years has been on ultra-light dark matter 
(e.g. ma ~ 10-22 eV) with de Broglie wave length comparable to the 
size of the smallest halos. 

§ My main interest is that some models of ultralight particles like dark 
photons can be decoupled at early Universe, and recouple later, 
modifying late time photon spectra

§ In some other basis, the on-shell dark photon coupling can be written 
to as e FF’ but as e mA’ 

2AA’ .  At early times, (mA’ /T) suppression, 
and at late time – possible resonance (when plasma frequency is 
equal to dark photon mass, mA = mA’)
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Is there a similar chart 
for number densities? 
Looks very different

Atoms
In Energy chart they are
4%. In number density 
chart ~ 5 ×10-10 relative to g

We have no idea about DM number densities. (WIMPs ~ 10-8 cm-3; 
axions ~ 109 cm-3. Dark Radiation – Who knows! Can be dominant 
while being a subdominant component of r). 

Number density chart for axionic universe:    

DR can be present in A. large number of quanta, B. be negligible in the 
energy balance, C. Can affect CMB and 21 cm due to coupling to g

g

n

DM

DR

axions
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CMB Planckian spectrum

• FIRAS on COBE has measured the spectrum near its maximum 
to 1 part in 104 accuracy. 

• The CMB anisotropy program by many experiments have 
proceeded on solid footing. 

• 21 cm physics wants to use small x part of this plot

2

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.
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use surveys at 22 MHZ (Roger et al. 1999), 45 MHz
(Maeda et al. 1999), 408 MHz (Haslam et al. 1981), and
1420 MHz (Reich & Reich 1986) to estimate the Galactic
and extragalactic temperature. As with the ARCADE 2
data, the total Galactic emission is estimated along three
reference lines of sight (north or south Galactic poles
plus the coldest patch in the northern Galactic hemi-
sphere) using both a csc|b| model of the plane-parallel
spatial structure or the measured correlation between ra-
dio emission from each survey and atomic line emission
traced by the Cii survey. The two methods agree well for
the total Galactic emission along each independent line
of sight. The residual remaining after subtracting the
model Galactic emission from the measured radio emis-
sion along each line of sight constitutes an extragalac-
tic background. The scatter in this estimate from the
three independent lines of sight provides an estimate of
the uncertainty in the background temperature. Uncer-
tainties in the gain and offset for each survey contribute
additional sources of uncertainty, which are combined in
quadrature. Table 4 summarizes the extragalactic tem-
perature derived from the ARCADE 2 data and lower-
frequency radio surveys. The largest uncertainty in the
low frequency data is the gain uncertainty, but the un-
certainty in table 4 also includes the offset uncertainty
and the uncertainty in the Galaxy subtraction added in
quadrature.

Frequency Temperature Uncertainty
Source GHz K K
Roger 0.022 21200 5125
Maeda 0.045 4355 520
Haslam 0.408 16.24 3.4
Reich 1.42 3.213 .53
ARCADE 2 3.20 2.792 0.010
ARCADE 2 3.41 2.771 0.009
ARCADE 2 7.97 2.765 0.014
ARCADE 2 8.33 2.741 0.016
ARCADE 2 9.72 2.732 0.006
ARCADE 2 10.49 2.732 0.006
ARCADE 2 29.5 2.529 0.155
ARCADE 2 31 2.573 0.076
ARCADE 2 90 2.706 0.019

TABLE 4
Data used in the determination of the CMB and low

frequency rise estimates. The ARCADE 2 final
measurements are listed here along with their

uncertainties. The low frequency measurements are
antenna temperature while the ARCADE 2 results are

thermodynamic temperature.

Inclusion of low-frequency radio surveys allows unam-
biguous characterization of the excess signal in the AR-
CADE 2 data. The data from Table 4 are fit to the form

T (ν) = T0 + TR(ν/ν0)
β (6)

where T0 is the CMB thermodynamic temperature and
TR is the normalization for a radio background. The
radio background is expressed in units of antenna tem-
perature, related to the thermodynamic temperature T
by

TA = Tx/(ex − 1), (7)

where x = hν/kT , h is Planck’s constant, and k is
Boltzmann’s constant. We obtain best-fit values T0 =

Fig. 5.— The excess antenna temperature as a function of fre-
quency. The line is the best fit line with a -2.62 index. Diamonds
are low frequency points from the literature. Squares are AR-
CADE 2 data. The 30 GHz data point is included in the fit but
since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right
corner of the plot.

2.729±0.004 K, TR = 1.19±0.14 K and β = −2.62±0.04
for reference frequency ν0 = 1 GHz with χ2 = 14.5
for 10 DOF. Figure 5 shows the radio background after
subtracting off the best-fit CMB temperature. The AR-
CADE 2 data are in excellent agreement with the radio
background derived from the low-frequency surveys.

7. DISCUSSION

Data Sets TR(K) Index T0(K) χ2/DOF
LF+ARC+FR 1.26 ± 0.09 −2.60 ± 0.04 2.725 ± 0.001 15.5/11
LF+ARC 1.26 ± 0.09 −2.62 ± 0.04 2.729 ± 0.004 14.5/10
LF+FR 1.44 ± 0.41 −2.56 ± 0.10 2.725 ± 0.001 1.0/2
ARC+FR 1.24 ± 0.15 −2.60 2.725 ± 0.001 14.2/8
LF 1.48 ± 0.53 −2.55 ± 0.10 2.6 ± 0.6 1.0/1
ARC 1.13 ± 0.19 −2.60 2.730 ± 0.004 13.0/7

TABLE 5
Various combinations of low frequency data (LF),

ARCADE 2 data (ARC), and FIRAS data (FR) are used to
determine the radio background and the temperature of
the CMB. The FIRAS data is treated as a single point

with an effective frequency of 250 GHz.

The ARCADE 2 measurement of the CMB tempera-
ture is in excellent agreement with the FIRAS measure-
ment at higher frequencies. The double-nulled design
and novel open-aperture cryogenic optics demonstrate
significant improvements in both calibration accuracy
and control of systematic errors compared to previous
measurements at these frequencies. With only two hours
of balloon flight observations, ARCADE 2 approaches
the absolute accuracy of long-duration space missions.

The absolute temperature scale for ARCADE 2 is set
by the calibration of thermometers embedded in the ex-
ternal blackbody calibrator, and is cross-checked using
observations of the superfluid transition in liquid helium.
The largest uncertainties in the ARCADE 2 measure-
ments result from thermal gradients within the black-

•ARCADE 2, 0901.0555
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Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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EDGES result: cosmic 21 cm

• This is as big a deal in cosmology as it gets, if it gets confirmed by 
other groups, to be a real cosmological effect.
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

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 

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).
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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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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

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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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
“DM does it to me”? But it cannot be “normal” WIMP or axion with the 
interactions that are too weak. 

• Approach 1: Cool the baryonic kinetic temperature even more. (90% 
of attempts, Barkana; 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. (See 
also earlier paper Tashiro, Kadota, Silk, 2014) 

• Approach 2: Make more photons that can mediate F=0, F=1 
transitions prior to z=20. (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.



Alternative path for enhancing 21 cm signal – more 
Rayleigh-Jeans photons 

• Feng, Holder, 2018: only a small fraction (e.g. ~1%) of the current 
“Arcade” excess – if it is a pre-existing condition (exists at z~20) –
could give an enhanced 21 cm monopole signatures.   

• After EDGES, several papers with: general discussion (Fraser et al.), 
first concrete model realization (our paper), and further ideas in this 
direction (Moroi, Nakayama, Tang). 



How much quanta does RJ tail has?

• Take xmax ~ 2 10-3. The total number of such quanta is relatively small 
relative to nCMB = 0.24 T3, 

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? 

2

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,
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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.



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

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

• Step 2: Dark photons can oscillate to normal photons. 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. 
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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
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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>

!
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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

2

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,
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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,
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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

= !
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/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
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DR
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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
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! dnA
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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.
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independent. In this formula, n

CMB

= 2⇣(3)/⇡2 T 3

CMB
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0.24T 3
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is the full Planckian number density, while
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= !
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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
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! 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.



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. 

• We suggest this regime:

• Before Planck, DR has been invoked as a remedy for D Neff >0; It’s 
been speculated that 10% of DMàDR decay is responsible for H0
tension (Berezhiani et al, 2015).
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Example model we consider
• Light DM a, decaying to two dark photons via and ALP coupling: 

• Dark photon mixes with EM via “familiar’ kinetic mixing

“direct” decay of DM into photons is very constrained. fa is limited 
above 1010 GeV (and e.g. ta > 1020 tU)
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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:
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A0(A0
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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
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◆
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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Constraints from stellar `cooling`
• Direct production of dark photons is suppressed by (mA’/mA)2. 

• g* à to aA’ production is possible due to combination of e and f-1. 

• A* A’ A’

• a

• One can normalize it on known cases of g* à to nn decays due to a 
possible neutrino magnetic moment, Q = 

• Resulting bound: 

(with f ’s in the weak scale range, e can be as large as 10-7.)
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H(T ), the energy of the resulting A0 matches the CMB
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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
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. 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

✏ ⇥ 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
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Why simpler model aà2photons does not 
work

(Fraser et al).

Take a simple axion-type model:

Limits of 109 GeV come from stellar energy losses + direct constraint on 
the coupling by CAST experiment at CERN.  

But a à 2 A’ à 2 photons may (and will) work due to a large 
enhancement in the A’àA oscillations during propagation due to a 
resonance.

3

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:
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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

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

• e Fµn Fµn’  à e mA’
2 AµAµ’   is the first step on-shell reduction.

• “Effective mass” matrix P for A-A’ system.

wpl
2(z)           e mA’

2 Effective mixing

e mA’
2 mA’

2 e mA’
2 /(mA’

2 -wpl
2(z)) 

wpl << mA’ , vacuum oscillation,  qeff = e (and w2
pl = 4pa ne / me)

wpl >> mA’ , in-medium oscillations, qeff = e × (mA’
2/ wpl

2(z))

Resonance occur when mA’ = wpl (z)



Resonant oscillations
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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

min

21

< x < x

max

21

.

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

✏ ⇥ 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
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d logm2
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. (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

Considered in detail by Mirrizzi, Redondo, Sigl, 2009 (This is in the 
limit P<<1. For neutrino experts, this corresponds to MSW type 
oscillation with large degree of non-adiabaticity. Treated using the so-
called Landau-Zenner approach, see e.g. S. Parke, 1986 ) 
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Stellar energy losses via these oscillations are important
only for the higher mass range of A0, mA0 > 10�5 eV, as
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A inside stars, which
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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

Most importantly, P ~ e 2×1010, not P ~ e 2 ! 



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).



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, 
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Further developments
• Varying the spectral form of the extra injected photon spectrum, and 

comparing it with EDGES signal strength, we derive the required 
degree of enhancement, 

• Model dependence is rather weak. Typically need 2-20 enhancement

• Strong dependence of how you treat EDGES feature. 
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<latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit><latexit sha1_base64="4w7ET35Uz/Mnm5frOfN+eJ5RtZY=">AAACM3icbVDLSsNAFJ34rPVVdelmtAgupCQi6FLajRuhgq1CU8pkclsHZ5IwcyMtIWu/xqX6LeJO3PoFbpy2Wfg6MHA45947hxMkUhh03RdnZnZufmGxtFReXlldW69sbLZNnGoOLR7LWF8HzIAUEbRQoITrRANTgYSr4LYx9q/uQBsRR5c4SqCr2CASfcEZWqlX2fERhji5k2kI88wfMKVYL/O1oo3zep73KlW35k5A/xKvIFVSoNmrfPphzFMFEXLJjOl4boLdjGkUXEJe9lMDCeO3bAAdSyOmwHSzSYSc7lklpP1Y2xchnajfNzKmjBmpwE4qhjfmtzcW//M6KfZPupmIkhQh4tOP+qmkGNNxLzQUGjjKkSWMa2GzUn7DNONo2/s380F4JxJTxB9O85dtW97vbv6S9mHNc2vexVH1tF70ViLbZJfsE48ck1NyRpqkRTi5Jw/kiTw7j86r8+a8T0dnnGJni/yA8/EFIg+sxg==</latexit>

�
obs

<latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

✏
<latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit> z ⇠ 15� 20
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Conclusions
1. Cosmological constraints are derived on the entire mass-mixing 

plane for scalars mixed with Higgs. Depending on the mass, the 
limits reach down to the strength of  couplings similar to gravitons 
(me/MPl). Large area of “natural” parameter space is probed.

2. Constraints are derived on the lifetime of the Higgs portal scalars 
from BBN, relevant for rare Higgs decay searches. Lifetime is 
generically < 0.1 sec. Good news for a Mathusla-style project

3. IR frontier is a modification of SM by light and weakly coupled 
BSM fields. ALPs or dark photons with small mass are an example. 

4. We have explicit class of models that can account for EDGES signal 
strength by supplying extra photons. While sources of DR could vary 
(decay of DM, early decay of relics), the key feature is resonant 
conversion that transfers A’ to normal EM sector. 

5. 21 cm cosmological signal, then, provides the key test of such 
models with beyond-SM sectors composed of light fields. 


