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FIG. 1. (Top) A simulated realization of the plasma mass centered around z = 100. (Middle) A line-of-sight section through
the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,
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where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
are positive and negative contributions to m2

� from scat-
tering o↵ free electrons and neutral atoms [13, 14]:
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],
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where i indexes times ti when m2

�(ti) = m2

A0 and the
resonance condition is met. Eq. (3) assumes P�!A0 ⌧ 1,
which applies throughout this work. Similar results have
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Kinetic mixing portal U(1)′ 
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FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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FIG. 7. Parameter space for hidden-photons (A0) with mass mA0 < 1 MeV (see Fig. 6 for

mA0 > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints

from astronomical observations (gray) or from astrophysical, or cosmological arguments (blue),

and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-II [15],

Dish antenna [19], AGN/SNR [151]). Shown in red are boundaries where the A0 would account

for all the DM produced either thermally in the Big Bang or non-thermally by the misalignment

mechanism (the corresponding line is an upper bound). Regions bounded by dotted lines show

predictions from string theory corresponding to di↵erent possibilities for the nature of the A0 mass:

Hidden-Higgs, a Fayet-Iliopoulos term, or the Stückelberg mechanism. Predictions are uncertain

by O(1)-factors.

ordinary matter. An A0 in this mass range is motivated by the theoretical considerations

discussed above, by anomalies related to DM [165, 166], and by the discrepancy between the

measured and calculated value of the anomalous magnetic moment of the muon [120–122].

Fig. 6 shows existing constraints for mA0 > 1 MeV [116] and the sensitivity of several

planned experiments that will explore part of the remaining allowed parameter space. These

include the future fixed-target experiments APEX [126, 132], HPS [133], DarkLight [134] at

Je↵erson Laboratory, an experiment using VEPP-3 [135, 136], and experiments using the

MAMI and MESA [137] at the University of Mainz. Existing and future e+e� colliders can

also probe large parts of the parameter space for ✏ > 10�4
�10�3, and include BABAR, Belle,

KLOE, SuperB, Belle II, and KLOE-2 (Fig. 6 only shows existing constraints, and no future
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Vacuum and resonant (in-medium) oscillations
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Cosmological plasma mass
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Resonant oscillations in plasma: Landau-Zener formalism
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Pγ→A′ 
≃

πϵ2m2
A′ 

ω (zres)
d ln m2

γ (t)
dt

−1

z=zres

 
 Later resonances typically dominate

ω(zres) = ωobs(1 + zres)
⟹

Conversion probability

Photon ↔ Dark Photon Oscillations
• vacuum oscillations:

P�d!� ⇠ ✏2

• resonant oscillations (in plasma):

m� = 0

m� =

r
4⇡↵ne

me

P�d!� � ✏2

m� ⇡ m�d

�d�
✏

�d�
✏

Photon ↔ Dark Photon Oscillations
• vacuum oscillations:

P�d!� ⇠ ✏2

• resonant oscillations (in plasma):

m� = 0

m� =

r
4⇡↵ne

me

P�d!� � ✏2

m� ⇡ m�d

�d�
✏

�d�
✏

ϵ
×γ A′ 

m2
γ (z) ≈

4πα ne(z)
me

mγ ≈ mA′ 

Similar formalism for neutrino oscillations (MSW effect)
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Photon ↔ Dark Photon Oscillations
• vacuum oscillations:

P�d!� ⇠ ✏2

• resonant oscillations (in plasma):
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4⇡↵ne

me

P�d!� � ✏2

m� ⇡ m�d

�d�
✏

�d�
✏

ϵ
×γ A′ Single resonance

Resonant oscillations in photon plasma Pγ→A′ ≃
πϵ2m2

A′ 

ω (zres)
d ln m2

γ (t)
dt

−1

z=zres
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Resonant oscillations in photon plasma Photon ↔ Dark Photon Oscillations
• vacuum oscillations:

P�d!� ⇠ ✏2

• resonant oscillations (in plasma):

m� = 0

m� =

r
4⇡↵ne

me

P�d!� � ✏2

m� ⇡ m�d

�d�
✏

�d�
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Photon ↔ Dark Photon Oscillations
• vacuum oscillations:

P�d!� ⇠ ✏2

• resonant oscillations (in plasma):

m� = 0

m� =

r
4⇡↵ne

me

P�d!� � ✏2

m� ⇡ m�d

�d�
✏

�d�
✏

ϵ
×γ A′ 

Pγ→A′ ≃
πϵ2m2

A′ 

ω (zres)
d ln m2

γ (t)
dt

−1
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FIG. 1. (Top) A simulated realization of the plasma mass centered around z = 100. (Middle) A line-of-sight section through
the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,

L�A0 = �
1

4
F 2

µ⌫�
1

4
(F 0

µ⌫)
2
�

✏

2
Fµ⌫F 0

µ⌫+
1

2
m2

A0(A0
µ)2 , (1)

where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
are positive and negative contributions to m2

� from scat-
tering o↵ free electrons and neutral atoms [13, 14]:

m2

�(z, ~x) ' 1.4 ⇥ 10�21 eV2

✓
ne(z, ~x)

cm�3

◆

� 8.4 ⇥ 10�24 eV2

✓
!(z)

eV

◆2 ✓nHI(z, ~x)

cm�3

◆
, (2)

where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],

P�!A0 '

X

i

⇡m2

A0✏2

!(ti)

�����
d ln m2

�(t)

dt

�����

�1

t=ti

, (3)

where i indexes times ti when m2

�(ti) = m2

A0 and the
resonance condition is met. Eq. (3) assumes P�!A0 ⌧ 1,
which applies throughout this work. Similar results have
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FIG. 1. (Top) A simulated realization of the plasma mass centered around z = 100. (Middle) A line-of-sight section through
the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,

L�A0 = �
1

4
F 2

µ⌫�
1

4
(F 0

µ⌫)
2
�

✏

2
Fµ⌫F 0

µ⌫+
1

2
m2

A0(A0
µ)2 , (1)

where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
are positive and negative contributions to m2

� from scat-
tering o↵ free electrons and neutral atoms [13, 14]:

m2

�(z, ~x) ' 1.4 ⇥ 10�21 eV2

✓
ne(z, ~x)

cm�3

◆

� 8.4 ⇥ 10�24 eV2

✓
!(z)
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◆2 ✓nHI(z, ~x)
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◆
, (2)

where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],

P�!A0 '

X

i

⇡m2

A0✏2

!(ti)

�����
d ln m2

�(t)

dt

�����

�1

t=ti

, (3)

where i indexes times ti when m2

�(ti) = m2

A0 and the
resonance condition is met. Eq. (3) assumes P�!A0 ⌧ 1,
which applies throughout this work. Similar results have
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FIG. 1. (Top) A simulated realization of the plasma mass centered around z = 100. (Middle) A line-of-sight section through
the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,

L�A0 = �
1

4
F 2

µ⌫�
1

4
(F 0

µ⌫)
2
�

✏

2
Fµ⌫F 0

µ⌫+
1

2
m2

A0(A0
µ)2 , (1)

where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
are positive and negative contributions to m2

� from scat-
tering o↵ free electrons and neutral atoms [13, 14]:

m2
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, (2)

where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],
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where i indexes times ti when m2
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A0 and the
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which applies throughout this work. Similar results have
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the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
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specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,
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where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
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which applies throughout this work. Similar results have

Resonant oscillations efficient over a range of  z

2

0

5

D
c
[M

p
c] m�/m�A� �

0.5

1.0

1.5

2.0

2.5

3.0

3.5

m
�
[1

0�
13

eV
]

mA� = 2.73 ⇥ 10�13 eV

Inhomogeneous plasma mass m�

Homogeneous plasma mass m�

90 92 94 96 98 100 102 104 106 108

z

0.0

0.2

dh
P

�
!

A
� i
/d

z

Analytic crossing probability

Crossings in simulation

Perturbations in the photon plasma mass

FIG. 1. (Top) A simulated realization of the plasma mass centered around z = 100. (Middle) A line-of-sight section through
the perturbed plasma mass (solid red), as might be encountered by a traversing CMB photon, compared to the homogeneous
plasma mass (dashed red). For a dark photon mass of mA0 = 2.73 ⇥ 10�13 eV, the corresponding homogeneous transition
occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
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occurs at z ' 100 where the plasma mass reaches mA0 (gray). Multiple level crossings are possible after accounting for
perturbations. (Bottom) The corresponding analytical di↵erential conversion probability, with individual crossings (red) in the
specific realization. �

Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.
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where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],
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Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.

Resonant photon-dark photon oscillations.—We

consider the following photon-dark photon Lagrangian,

L�A0 = �
1

4
F 2

µ⌫�
1

4
(F 0

µ⌫)
2
�

✏

2
Fµ⌫F 0

µ⌫+
1

2
m2

A0(A0
µ)2 , (1)

where ✏ is a dimensionless measure of kinetic mixing.
The propagation of CMB photons in the primordial

plasma leads to in-medium e↵ects that are described by a
mass term, m� , in the photon dispersion relation. There
are positive and negative contributions to m2
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],
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Dark photons with masses 10�15 . mA0 . 10�9 eV
are the target of several planned experiments using res-
onant detectors. DM Radio targets dark photon dark
matter [20, 21], while Dark SRF [22, 23] aims to pro-
duce and detect dark photons without assuming a cosmic
abundance [24]. Our cosmological constraints inform the
model space targeted by these experiments.

In our companion paper, Paper II, we examine the
physics of oscillations in detail, giving a derivation of our
formalism together with a complete description of the
cosmological inputs that are required to derive the limits
shown here. We also validate our analytical results with
simulations of � ! A0 oscillations.

The remainder of this Letter is organized as follows.
We begin by reviewing � $ A0 oscillations. We then
introduce our analytic formalism for treating these os-
cillations in the presence of perturbations of the photon
plasma mass. Next, we apply our formalism to deter-
mine the constraints on � ! A0 oscillations from FIRAS
data. We then show how inhomogeneities extend con-
straints on energy injection from dark photon dark mat-
ter to new dark photon masses. Our conclusions highlight
additional possible applications and extensions of our for-
malism. Finally, our appendices elaborate on our analysis
of FIRAS data and explore systematic uncertainties as-
sociated with our constraints. Throughout this work, we
use units with ~ = c = kB = 1, and the Planck 2018 cos-
mology [26]. For reproducibility, we provide links in the
figure captions (�) pointing to the code used to generate
them.
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where !(z) is the photon energy, and ne(z, ~x) and
nHI(z, ~x) represent the local free electron and neutral hy-
drogen densities, respectively. We model the evolution of
cosmological quantities using CLASS [27] interfaced with
HyRec [28]. For ✏ ⌧ 1, � ! A0 conversion is a resonant
process that is e�cient only when the dark photon mass
is equal to the plasma mass; in this limit, we can ap-
ply the Landau-Zener approximation for non-adiabatic
transitions [13],
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Computing conversion probability

Analytic approach

Compute average of stochastic process
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i
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⟩

Numerical approach

Figure 2: Electron number density image (left) at z = 0 with dimensions of 100
cMpc ⇥ 100 cMpc ⇥ 25 ckpc. A line of sight from the snapshot (dotted white line)
is calculated in an over-dense region. The ne along this LOS is shown in the right
panel, where the peaks correspond to the brighter regions in the density image, Lx is
a distance along the line of sight within simulation box. As this slice and LOS are
selected to pass through the center of the most massive cluster of this snapshot for
illustration, the average density of the LOS (“LOS average”) is higher than the average
density of the full slice (“slice average”), which is still elevated compared to the mean
density of the Universe (“theoretical average”).

Figure 3: Electron number density (left panel) and DM density (right panel) for the
same LOS at 3 di↵erent redshifts z = 0, 1, 3. Lx is a distance along the line of sight
within simulation box.

2.1 Construction of continuous lines of sight

In our simulation data, the total comoving distance of all available snapshot constitutes
⇠ 30% of the total comoving length of a line of sight. To fill the gaps between snap-
shots we take random lines of sight from the closest available snapshots and use them,
properly re-scaled, to generate continuous LOS for ne(z) and ⇢DM(z). The algorithm
is the following:

1. We divide the line of sight by boxes (zk, zk+1), each has the comoving length that

– 7 –

Bondarenko, Pradler, Sokolenko [2002.08942] 
Garcia et al [2003.10465]

EAGLE sim, Garcia et al
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PDF of plasma mass fluctuations: Gaussian toy example
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PDF of plasma mass fluctuations: Gaussian toy example
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is defined as

�b(~x) ⌘
⇢b(~x) � ⇢

b

⇢
b

, (29)

where ⇢b(~x) is the baryon mass density at ~x and ⇢
b

is the
mean, homogeneous baryon mass density. In the linear
regime, the fluctuations follow a Gaussian distribution,
given by the one-point PDF of baryon density fluctua-
tions,

PG(�b; z) =
1p

2⇡�
2

b
(z)

exp

✓
�

�
2

b

2�
2

b
(z)

◆
, (30)

with the variance of the distribution �
2

b
directly related

to the baryon (auto) power spectrum, Pbb(k, z) through

�
2

b
(z) =

Z
d3~k

(2⇡)3
Pbb(k, z) . (31)

In linear perturbation theory, Pbb is the linear baryon
power spectrum, Pbb,L(k, z). Fig. 2 shows �b(z),
computed using the value of Pbb,L(k, z) produced by
CLASS [39]. With this function, we have fully specified
the one-point PDF:

f(m2

� ; t) =
d�b

dm2
�

P(�b; t) =
P(�b(m2

�); t)

m2
�(t)

, (32)

directly relating the PDF for m
2

� to a cosmological ob-
servable. We discuss the issue of perturbations in xe in
Sec. VI. The blue band in Fig. 1 shows the standard de-
viation of plasma mass fluctuations induced by baryon
Gaussian fluctuations, for illustration.

B. Jeans scale and sensitivity to small scales

In linear perturbation theory, the linear matter power
spectrum Pmm,L(k, z) scales as k

�3 at large k, so that the
variance in matter fluctuations, calculated using Eq. (31)
with Pmm,L(k, z), theoretically exhibits a log k ultraviolet
divergence. This divergence is regulated by the fact that
measurements and simulations of matter density are al-
ways averaged over some smoothing scale R; Pmm,L(k, z)
needs to be convolved with a windowing function (e.g.,
a top-hat function) with characteristic size R, giving a
variance as a function of R. For baryons in the linear
regime, baryonic structures have the Jeans length as a
physical cut-o↵ scale: the formation of structures with
comoving size less than RJ is suppressed due to gas pres-
sure counteracting the gravitational collapse, defined by

RJ(z) =
2
p

2⇡
p

3

(1 + z)

H(z)

s
�Tb(z)

µmp

, (33)

where � = 5/3 is the adiabatic index for an ideal
monatomic gas, µ = 1.22 is the mean molecular weight of

10�1 100 101 102 103

z

10�4

10�3

10�2

10�1

100

101

�
b

Variance of linear fluctuations

FIG. 2. Standard deviation of baryon fluctuations �b in linear
perturbation theory (red). The dashed line indicates where
the typical size of fluctuations becomes comparable to the
mean density. �

the neutral IGM, mp is the proton mass, Tb is the baryon
temperature, cs(z) is the baryon sound speed, and H(z)
is the Hubble parameter. Numerically, this is

RJ(z) ⇠ 1.4 Mpc

✓
1.0

1 + z

◆1/2 ✓
Tb

104 K

◆1/2

, (34)

with a minimum value of RJ,min ⇠ 10�2 Mpc at z ⇠

20 with Tb ⇠ 10 K, before reionization heats baryons
significantly. In terms of wavenumber, the Jeans length
ensures that Pbb,L(k, z) is suppressed above kJ ⇠ 2⇡/RJ,
which lies between 102 and 103 Mpc�1 for z & 20.

Once reionization begins, Eq. (34) shows that kJ de-
creases rapidly due to the increase in baryon temper-
ature. Fluctuations also become increasingly nonlinear
during this epoch. On the other hand, Boltzmann codes
like CLASS [39] and CAMB [40] compute the linear
baryon power spectrum Pbb,L(k, z) with a suppression at
kJ without reionization sources included when computing
Tb, leading to a suppression scale of kJ ⇠ 700 h Mpc�1,
instead of kJ ⇠ 10 h Mpc�1 as estimated from Eq. (34).
However, power above kJ ⇠ 10 h Mpc�1 is actually un-
suppressed due to the increasingly nonlinear behavior of
baryons at late times; this lack of suppression is con-
firmed by baryon power spectra extracted from high-
resolution hydrodynamic N -body simulations with bary-
onic physics included [41]. In light of this, we continue to
adopt the linear power spectrum computed by CLASS for
Pbb,L with power suppressed above roughly 700 h Mpc�1,
and defer a complete discussion of this to Sec. VI. We
will also refer to the Jeans scale and corresponding Jeans
length as the value of k at which the linear power spec-
trum of CLASS shows a suppression of power relative to
the matter power spectrum, instead of Eq. (33).

Since the baryon power spectrum Pbb,L like Pmm,L also
scales as approximately k

�3 at large k up to kJ, and non-

σ2
b(z) = ∫

d3 ⃗k
(2π)3

Pbb(k, z)

Fluctuations at late times highly non-Gaussian, non-linear
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𝒫LN (δb; z) = (1+δb)−1

2π Σ2(z)
exp −

[ln (1+δb)+Σ2(z)/2]
2

2Σ2(z)

Log-normal PDF
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FIG. 9. 2D section through a Gaussian random field simulated at z ⇠ 4 (middle panel) and the corresponding log-normal-
transformed field section (right panel). The left panel shows the histogrammed pixel count for both boxes, illustrating the
skewed distribution of overdensities in the log-normal case restricted to positive values. �

other hand, the Gaussian PDF is an excellent description
of the plasma mass fluctuations. Fig. 11 shows a compar-
ison of the analytically-computed di↵erential conversion
and the probability derived by considering photon paths
through Gaussian random field-simulations of the plasma
mass, showing once again good agreement between the
two.

VIII. SYSTEMATICS OF CONVERSION
PROBABILITY AND ENERGY INJECTION

Given a PDF of density fluctuations and a description
of the fluctuations through the power spectra, the di↵er-
ential conversion probability dhP�!A0i/d ln z at a given
redshift, for a given dark photon mass, can be computed.
This is the main deliverable of this paper, and is plotted
in the top rows of Fig. 12 and Fig. 13 for various PDF
descriptions and benchmark masses mA0 = 4 ⇥ 10�15 eV
(red), 10�13 eV (blue), and 10�12 eV (green). The cu-
mulative probabilities above (below) a given redshift are
plotted in the middle(bottom) panels of these figures.
Fig. 12 shows various log-normal PDFs—including all
overdensities and underdensities (dashed lines), impos-
ing 10�2 . 1 + �b . 102 (solid lines), and additionally
with a bias b = 1.5 (dotted lines) as described in Sec. V C.
Fig. 13 shows these for the analytic PDF (dashed lines),
additionally imposing 10�2 . 1 + �b . 102 (solid lines),
and the voids PDF (dotted lines). For ease of compari-
son, these are normalized such that the cumulative prob-
abilities for the fiducial 10�2 . 1 + �b . 102-bounded
log-normal PDF cases are unity. The primary focus here
is on dark photons of masses . 10�12 eV, where the con-
version probability is dominated by a broad e�ciency of
conversions at late times z . 6. The lower uncertainty
envelope of the simulation-informed power spectrum de-
scribed in Sec. VIB was used to inform the variance for
the PDFs in these plots; using the power spectrum cor-

responding to the upper uncertainty envelope produces
qualitatively similar results.

In order to illustrate how the total � ! A
0 conver-

sion probability is a↵ected by various PDFs for di↵er-
ent dark photon masses, the total conversion probabil-
ity per squared kinetic mixing parameter ✏ is shown in
the left panel of Fig. 14 for the di↵erent PDFs we have
considered. Log-normal (dashed red), log-normal impos-
ing 10�2 . 1 + �b . 102 (solid red), log-normal with
bias b = 1.5 (blue), analytic (green), voids (purple), and
Gaussian (orange dotted) PDFs are illustrated. Simi-
larly, the total energy deposited per baryon when a non-
zero ambient density of dark photons is present (e.g., in
the case of dark photon dark matter) is shown in the
right panel of Fig. 14. In each case, the corresponding
quantities under the assumption of a homogeneous pho-
ton plasma are shown in dotted gray. It can be seen that
inhomogeneities have a significant e↵ect on the nature of
photon-to-dark photon oscillations, either underestimat-
ing or overestimating the total conversion probability and
energy deposition depending on the dark photon mass
point considered. Variation is also observed across the
di↵erent PDFs considered; however, after restricting to
fluctuations of size 10�2 . 1 + �b . 102, the log-normal
and analytic PDFs show quantitatively similar behavior,
with the log-normal PDF being somewhat more conser-
vative. For this reason, henceforth in this paper and
in Paper I, we use the log-normal PDF with variance in-
formed by hydrodynamic simulations as the benchmark
for computing the e↵ects of � $ A

0 conversions. In the
absence of dedicated PDFs capturing baryonic e↵ects and
their uncertainties to the smallest relevant scales, we ad-
vocate for its use in applications beyond those consid-
ered in these papers where the e↵ects of inhomogeneities
in the nonlinear regime on � $ A

0 conversions may be
important.

Conversions at earlier times z & 100 can be well-
described by a Gaussian in redshift with a weakly
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The non-linear baryonic power spectrum
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The non-linear baryonic power spectrum
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Alternative PDF prescriptions

Log-normal PDF
Log-normal PDF with nonlinear 
baryon power spectrum

𝒫LN (δb; z) = (1+δb)−1

2π Σ2(z)
exp −

[ln (1+δb)+Σ2(z)/2]
2

2Σ2(z)
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Alternative PDF prescriptions

Log-normal PDF
Log-normal PDF with nonlinear 
baryon power spectrum

𝒫an (δb; z) =
Ĉ (δb)
2πσ2

RJ
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“Analytic” PDF
Non-linear spherical collapse of 
linear matter field 
Ivanov, Kaurov, Sibiryakov [1811.07913]
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Alternative PDF prescriptions
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Conversion probability with inhomogeneities
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Conversion probability with inhomogeneities
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Conversion probability with inhomogeneities
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Conversion probability with inhomogeneities
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Effect of larger over/under-densities γ → A′ 
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Effect of larger over/under-densities γ → A′ 

Stronger constraints are possible 
with a better understanding of larger 
over/under-densities
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21-cm primer
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21-cm primer
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EDGES 21-cm signal

Bowman et al, Nature (2018) 
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LETTER RESEARCH

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 magnitude0.1 dB1.0 dB0.51
LNA S11 phase (delay)20 ps100 ps0.48
Antenna S11 magnitude0.02 dB0.2 dB0.50
Antenna S11 phase (delay)20 ps100 ps0.48
No loss correctionN/AN/A0.51
No beam correctionN/AN/A0.48

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 "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

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

EDGES 
measurement
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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 magnitude0.1 dB1.0 dB0.51
LNA S11 phase (delay)20 ps100 ps0.48
Antenna S11 magnitude0.02 dB0.2 dB0.50
Antenna S11 phase (delay)20 ps100 ps0.48
No loss correctionN/AN/A0.51
No beam correctionN/AN/A0.48

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 "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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FIG. 1. (Left) Evolution of the 21-cm photon temperature for the standard case (dashed black) and including photon injection
for an illustrative parameter point with dark photon mass mA0 = 10�12 eV, DM mass ma = 5.1 ⇥ 10�5 eV, and kinetic mixing
✏ = 1.4 ⇥ 10�9. A sharp increase in e↵ective temperature at z ' 220 followed by a turn-o↵ at z ' 50 (corresponding to
the regime where all injected photons have redshifted below 21-cm) can be seen, along with additional resonant injection at
lower redshifts z . 10. (Right) For the same parameter point, the present-day di↵erential number density spectra for dark
photons (dashed blue), corresponding resonantly injected photons (solid red), and the standard CMB (dashed green) along
with measurements from COBE/FIRAS [4], ARCADE2 [5], and LWA radio surveys [6] (black data points). A large excess in
the photon number density in the RJ tail is consistent with observations of the CMB spectrum.

the IGM temperature have been proposed [8], strongly
constrained [9, 10], and recently revived [15]. Another
class of explanations relies on raising the e↵ective ra-
dio background temperature beyond the standard tem-
perature of the Cosmic Microwave Background (CMB),
T�(z) = TCMB,0(1 + z), where TCMB,0 ⇡ 2.725 K is the
present-day CMB temperature. In particular, Ref. [12]
proposed raising the e↵ective temperature through the
production and subsequent resonant oscillation of dark
photons into SM photons in the Rayleigh-Jeans (RJ)
tail of the CMB. This scenario was further explored in
Ref. [13] in the context of dark radiation consisting of
axion-like particles (ALPs) and in Ref. [16] in the context
of ALP-photon-dark photon oscillations in the presence
of a primordial dark magnetic field. The basic idea is
that the decay of cosmologically long-lived dark sector
particles making up a large fraction of the DM density
with masses in the meV range into dark photons can re-
sult in a much larger number density of dark photons
in the RJ tail of the CMB as compared to regular pho-
tons. The subsequent resonant conversion of these dark
photons into SM photons via a mechanism such as ki-
netic mixing [19] can enhance the number density of RJ
photons and result in a deeper 21-cm absorption feature.

In this Letter, we study the distinctive ways resonant
photon injection can imprint itself onto a measured global
21-cm signal. In particular, we showcase scenarios in
which spectral features imprinted through resonant pho-
ton production can naturally explain the depth and shape
of the measured EDGES absorption feature and discuss
implications for constraining these scenarios with future

21-cm measurements. We describe for the first time
characteristic spectral features—edges and endpoints—
in measurements of 21-cm photons sourced during the
cosmic dark ages [20–22] and originating from coupling
ordinary photons to particles of the dark sector. These
novel signatures have the potential to be powerful probes
of physics beyond the SM.

Throughout this work, we use units with ~ = c = kB =
1, and the Planck 2018 cosmology [23]. For reproducibil-
ity, code used to produce the results in this Letter is
available on GitHub �.
Spectral features due to photon injection.—
Although photon injection can arise in a variety of mod-
els [12, 13, 16], for concreteness we focus on the scenario
introduced in Ref. [12] where a cosmologically long-lived
dark sector particle a of mass ma with lifetime ⌧a decays
into dark photons A

0 of mass mA0 through a ! A
0
A

0,
which subsequently resonantly convert into regular pho-
tons, A

0 ! �, when their mass matches the photon
plasma mass m�(~x, z) [24–26]. The conversion results in
a sharp increase in the number density of photons in the
RJ tail of the CMB, which contribute to the 21-cm back-
ground photon temperature. The redshift of this feature,
which we call an “edge”, is around

zedge = zres; m�(zres) = mA0 , (1)

where zres is the resonance redshift at which the plasma
and dark photon masses match and m�(zres) is the mean
plasma mass at that redshift. This results in a near-
instantaneous increase in the e↵ective photon tempera-
ture, (further) decoupling the spin and photon tempera-
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FIG. 1. (Left) Evolution of the 21-cm photon temperature for the standard case (dashed black) and including photon injection
for an illustrative parameter point with dark photon mass mA0 = 10�12 eV, DM mass ma = 5.1 ⇥ 10�5 eV, and kinetic mixing
✏ = 1.4 ⇥ 10�9. A sharp increase in e↵ective temperature at z ' 220 followed by a turn-o↵ at z ' 50 (corresponding to
the regime where all injected photons have redshifted below 21-cm) can be seen, along with additional resonant injection at
lower redshifts z . 10. (Right) For the same parameter point, the present-day di↵erential number density spectra for dark
photons (dashed blue), corresponding resonantly injected photons (solid red), and the standard CMB (dashed green) along
with measurements from COBE/FIRAS [4], ARCADE2 [5], and LWA radio surveys [6] (black data points). A large excess in
the photon number density in the RJ tail is consistent with observations of the CMB spectrum.

the IGM temperature have been proposed [8], strongly
constrained [9, 10], and recently revived [15]. Another
class of explanations relies on raising the e↵ective ra-
dio background temperature beyond the standard tem-
perature of the Cosmic Microwave Background (CMB),
T�(z) = TCMB,0(1 + z), where TCMB,0 ⇡ 2.725 K is the
present-day CMB temperature. In particular, Ref. [12]
proposed raising the e↵ective temperature through the
production and subsequent resonant oscillation of dark
photons into SM photons in the Rayleigh-Jeans (RJ)
tail of the CMB. This scenario was further explored in
Ref. [13] in the context of dark radiation consisting of
axion-like particles (ALPs) and in Ref. [16] in the context
of ALP-photon-dark photon oscillations in the presence
of a primordial dark magnetic field. The basic idea is
that the decay of cosmologically long-lived dark sector
particles making up a large fraction of the DM density
with masses in the meV range into dark photons can re-
sult in a much larger number density of dark photons
in the RJ tail of the CMB as compared to regular pho-
tons. The subsequent resonant conversion of these dark
photons into SM photons via a mechanism such as ki-
netic mixing [19] can enhance the number density of RJ
photons and result in a deeper 21-cm absorption feature.

In this Letter, we study the distinctive ways resonant
photon injection can imprint itself onto a measured global
21-cm signal. In particular, we showcase scenarios in
which spectral features imprinted through resonant pho-
ton production can naturally explain the depth and shape
of the measured EDGES absorption feature and discuss
implications for constraining these scenarios with future

21-cm measurements. We describe for the first time
characteristic spectral features—edges and endpoints—
in measurements of 21-cm photons sourced during the
cosmic dark ages [20–22] and originating from coupling
ordinary photons to particles of the dark sector. These
novel signatures have the potential to be powerful probes
of physics beyond the SM.

Throughout this work, we use units with ~ = c = kB =
1, and the Planck 2018 cosmology [23]. For reproducibil-
ity, code used to produce the results in this Letter is
available on GitHub �.
Spectral features due to photon injection.—
Although photon injection can arise in a variety of mod-
els [12, 13, 16], for concreteness we focus on the scenario
introduced in Ref. [12] where a cosmologically long-lived
dark sector particle a of mass ma with lifetime ⌧a decays
into dark photons A
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RJ tail of the CMB, which contribute to the 21-cm back-
ground photon temperature. The redshift of this feature,
which we call an “edge”, is around
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where zres is the resonance redshift at which the plasma
and dark photon masses match and m�(zres) is the mean
plasma mass at that redshift. This results in a near-
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FIG. 1. (Left) Evolution of the 21-cm photon temperature for the standard case (dashed black) and including photon injection
for an illustrative parameter point with dark photon mass mA0 = 10�12 eV, DM mass ma = 5.1 ⇥ 10�5 eV, and kinetic mixing
✏ = 1.4 ⇥ 10�9. A sharp increase in e↵ective temperature at z ' 220 followed by a turn-o↵ at z ' 50 (corresponding to
the regime where all injected photons have redshifted below 21-cm) can be seen, along with additional resonant injection at
lower redshifts z . 10. (Right) For the same parameter point, the present-day di↵erential number density spectra for dark
photons (dashed blue), corresponding resonantly injected photons (solid red), and the standard CMB (dashed green) along
with measurements from COBE/FIRAS [4], ARCADE2 [5], and LWA radio surveys [6] (black data points). A large excess in
the photon number density in the RJ tail is consistent with observations of the CMB spectrum.

the IGM temperature have been proposed [8], strongly
constrained [9, 10], and recently revived [15]. Another
class of explanations relies on raising the e↵ective ra-
dio background temperature beyond the standard tem-
perature of the Cosmic Microwave Background (CMB),
T�(z) = TCMB,0(1 + z), where TCMB,0 ⇡ 2.725 K is the
present-day CMB temperature. In particular, Ref. [12]
proposed raising the e↵ective temperature through the
production and subsequent resonant oscillation of dark
photons into SM photons in the Rayleigh-Jeans (RJ)
tail of the CMB. This scenario was further explored in
Ref. [13] in the context of dark radiation consisting of
axion-like particles (ALPs) and in Ref. [16] in the context
of ALP-photon-dark photon oscillations in the presence
of a primordial dark magnetic field. The basic idea is
that the decay of cosmologically long-lived dark sector
particles making up a large fraction of the DM density
with masses in the meV range into dark photons can re-
sult in a much larger number density of dark photons
in the RJ tail of the CMB as compared to regular pho-
tons. The subsequent resonant conversion of these dark
photons into SM photons via a mechanism such as ki-
netic mixing [19] can enhance the number density of RJ
photons and result in a deeper 21-cm absorption feature.

In this Letter, we study the distinctive ways resonant
photon injection can imprint itself onto a measured global
21-cm signal. In particular, we showcase scenarios in
which spectral features imprinted through resonant pho-
ton production can naturally explain the depth and shape
of the measured EDGES absorption feature and discuss
implications for constraining these scenarios with future

21-cm measurements. We describe for the first time
characteristic spectral features—edges and endpoints—
in measurements of 21-cm photons sourced during the
cosmic dark ages [20–22] and originating from coupling
ordinary photons to particles of the dark sector. These
novel signatures have the potential to be powerful probes
of physics beyond the SM.

Throughout this work, we use units with ~ = c = kB =
1, and the Planck 2018 cosmology [23]. For reproducibil-
ity, code used to produce the results in this Letter is
available on GitHub �.
Spectral features due to photon injection.—
Although photon injection can arise in a variety of mod-
els [12, 13, 16], for concreteness we focus on the scenario
introduced in Ref. [12] where a cosmologically long-lived
dark sector particle a of mass ma with lifetime ⌧a decays
into dark photons A

0 of mass mA0 through a ! A
0
A

0,
which subsequently resonantly convert into regular pho-
tons, A

0 ! �, when their mass matches the photon
plasma mass m�(~x, z) [24–26]. The conversion results in
a sharp increase in the number density of photons in the
RJ tail of the CMB, which contribute to the 21-cm back-
ground photon temperature. The redshift of this feature,
which we call an “edge”, is around

zedge = zres; m�(zres) = mA0 , (1)

where zres is the resonance redshift at which the plasma
and dark photon masses match and m�(zres) is the mean
plasma mass at that redshift. This results in a near-
instantaneous increase in the e↵ective photon tempera-
ture, (further) decoupling the spin and photon tempera-
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Benchmark 2: signatures during dark ages
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Constraining resonant photon-axion conversions in the Early Universe 14
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Figure 3. Bounds on the ALP parameter space from distortions of the CMB
blackbody spectrum caused by resonant γ → φ oscillations. The ALP mass determines
the time of the resonant transition. In the region labeled as “post-recombination”
the transition happens in the post-recombination epoch whereas outside this region
the transition occurs before recombination and CMB last scattering. However, in
the region labeled as “weak-coupling” the transitions happen when the plasma is
so weakly coupled that it cannot process the distortions. In the region labeled µ,
Compton scattering would restore a Bose-Einstein spectrum with a chemical potential
that can be erased through inverse double Compton scattering and Bremsstrahlung.
For mφ ∼> 0.1 meV all distortions are erased but the produced ALPs still contribute
to the cosmic radiation density and can be constrained by comparing the number of
effective number of relativistic species at BBN and CMB decoupling. Here g is the
ALP-photon coupling constant and 〈B2〉1/2 an sky average of the comoving magnetic
field during the resonance.

7. Discussion and conclusions

In this paper, we have calculated bounds on photon-ALP oscillations in the primordial

magnetic field, deriving updated constraints from the high precision CMB spectrum

data collected by the FIRAS instrument on board of COBE. A previous study [6] was

derived in the pre-COBE era and it lacked a detailed treatment of the effects of the

plasma medium on the photon-ALPs oscillations. This has motivated us to re-evaluate

the bounds. We obtain limits on the product of the ALP-photon coupling g times the
sky and polarization averaged magnetic field 〈B2〉1/2,

g〈B2〉1/2 ∼< 10−13 ∼ 10−11 GeV−1 nG , (41)

for ALP masses between 10−14 eV and 10−4 eV. Slightly weaker bounds were also derived
for higher ALP masses.

Our bound nicely connects with the one obtained in [11] for ALP masses less than

10−14 eV, considering only non-resonant conversions today. Our argument allows to

Mirizzi, Redondo, Sigl [0905.4865]

Implications for axion-like particles
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Figure 4. Top: light-cone strip corresponding to the FAINT GALAXIES model. Middle: corresponding evolution of the global brightness temperature contrast.
Bottom: corresponding evolution of the power spectrum amplitude at k = 0.1 Mpc�1 (solid curve) and k = 0.5 Mpc�1 (dotted curve). Higher resolution
version is available at http://homepage.sns.it/mesinger/EOS.html

relative timing of the epochs, which in the BRIGHT GALAXIES model
occur rapidly with significant overlap11.

The peaks of the large-scale power correspond roughly to the
midpoints of the three astrophysical epochs: Ly↵ pumping, EoX,
EoR. Both models show this three peaked structure in the evolu-
tion of the large-scale power, 12 driven by large-scale fluctuations
in WF coupling, gas temperature, and the ionization fraction (from
high to low redshift; e.g. Pritchard & Furlanetto 2007; Baek et al.
2010). Contrary to preliminary estimates assuming TS � T� (e.g.
Lidz et al. 2008; Friedrich et al. 2011), the EoR peak does not hap-
pen exactly at the mid-point of x̄HI = 0.5, but instead occurs af-
terwards. This delay is especially notable in the BRIGHT GALAXIES

model, in which the heating and EoR epochs overlap strongly. This
is due to the (1�T�/TS)

2 contribution to the power spectrum from

11 As was already noted, in this model the global signal switches to emis-
sion very late, when x̄HI ⇠ 0.5. The resulting values of �Tb ⇠ 0 mK in
cosmic HI regions strongly suppresses the contrast against the cosmic HII
regions, and corresponding 21-cm power is much lower than expected with
the common simplifying assumption of TS � T�
12 We note that here we do not explore alternate scenarios for the heat-
ing epoch. Exotic scenarios, such as heating by very hard, heavily obscured
sources (Mesinger et al. 2013; Fialkov et al. 2014) or dark matter annihila-
tion (Evoli et al. 2014), result in a uniform heating which can dramatically
suppress the peak in power associated with the heating epoch, as well as the
trough between the heating and WF coupling epochs.

the mean brightness temperature, which contributes a factor of 0.9
(0.3) at the midpoint of the EoR in the FAINT GALAXIES (BRIGHT

GALAXIES) models. As more time passes after the EoR midpoint
and X-ray sources continue to heat the cosmic neutral patches, the
rise in (1 � T�/TS)

2 more than compensates for the drop in �2

21,
and so the peak in the power amplitude occurs at x̄HI < 0.5. We
confirm that if (1 � T�/TS)

2 is set to unity as is commonly done
in the literature, we recover the result that the EoR power spectrum
peaks at x̄HI ⇡ 0.5.

On the other hand the troughs in the large-scale power evo-
lution correspond roughly to the boundaries between these three
epochs. As can be seen from the bottom panels of Fig. 6, they are
marked by sudden changes in the slope of the power with k. These
are driven by the brief periods between the astrophysical epochs,
when the cross-correlations in the brightness temperature compo-
nents dominate the power (e.g. Lidz et al. 2008; Pritchard & Furlan-
etto 2007; Mesinger et al. 2013). In the early stages of the EoR, the
large-scale power drops as the densest patches close to galaxies are
reionized, thus transitioning from being the strongest 21-cm emit-
ters to having zero signal. Likewise during the first stages of X-ray
heating, these large-scale dense patches close to galaxies are the
first to be heated, thus transitioning from being the strongest 21-cm
absorbers (with the highest levels of WF coupling) to sourcing a
much weaker emission signal.

Finally, in Fig. 7 we show the power spectrum as a function
of k, at various stages of the EoR: x̄HI ⇡ 0.75, 0.5, 0.25 (top to

c� 0000 RAS, MNRAS 000, 000–000

Messinger, Greig, Sobacchi [1602.07711] 

Planck 2018
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Conclusions

Inhomogeneities can have significant 
observable effects for resonant 
photon-to-dark photon conversions
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FIG. 3. (Left) The 95% confidence level constraints on the kinetic mixing parameter ✏ as a function of dark photon mass
mA0 , assuming log-normal (red) or analytic (blue) PDFs. We also show the reach of the proposed PIXIE satellite [34] (dot-
dashed red) assuming a log-normal PDF. For comparison we show the previous limit assuming a homogeneous plasma (dotted
gray), a constraint from the magnetic field of Jupiter [35, 36] (shaded brown), and the projected reach of the Dark SRF
experiment [22, 23] (dot-dashed orange). � (Right) Constraints on dark photon dark matter from anomalous heating of the
IGM during the epoch of HeII reionization, for the same PDFs. Prior constraints (shaded brown) come from non-resonant
heating of the IGM [16] and heating of the gas in the dwarf galaxy Leo T [19]. We also show the projected reach of DM Radio
Stage 3 [20, 21, 37] (dot-dashed orange). Limits from changes to the dark matter density and from IGM heating during the
dark ages assuming a homogeneous plasma mass have been derived in Ref. [16] (dotted orange); we expect that these bounds
will receive large corrections after including perturbations. �

derived from CLASS, while our analytic PDF is obtained
with a smoothing scale R = RJ. A complete description
of our PDFs and the Jeans scale is given in Paper II.

The di↵erential transition probability (normalized to
unity) for a few benchmark dark photon mass points
mA0 = 2 ⇥ 10�15, 10�13, and 10�12 eV is shown in the
bottom panel of Fig. 2 over the relevant range of cosmic
epochs. For mA0 = 10�12 eV there is a resonance corre-
sponding to the homogeneous transition at z ⇠ 200. An
additional broad resonance at z ⇠ 6 is also present, cor-
responding to conversions in overdensities in the plasma
mass post-reionization. For mA0 = 2 ⇥ 10�15 eV, no reso-
nance exists in the homogeneous limit; remarkably, how-
ever, fluctuations in the plasma mass result in resonant
transitions over a broad range of redshifts at z . 20
due to underdensities in the plasma mass. This opens
up the possibility of probing dark photon masses mA0 .
10�14 eV through previously-neglected cosmological con-
versions.

Dark photon oscillations in the CMB spectrum.—
We first apply our formalism to analyze the intensity of
the CMB as measured by the FIRAS instrument aboard
COBE [15] for evidence of deviations from a blackbody
spectrum due to � ! A0 oscillations. Notably in this
case the dark photon does not need to be the dark mat-
ter. The spectrum of the FIRAS data is fit by the
nearly perfectly Planckian spectrum B! with tempera-
ture TCMB = 2.725 K. For a given dark photon model

specified by its mass mA0 and mixing parameter ✏, the
spectral distortion to the CMB spectrum will be given by
I!0 (mA0 , ✏) = B!0 (1 � hP�!A0i), where hP�!A0i is the
conversion probability for the given model corresponding
to the present-day frequency !0, obtained by integrat-
ing Eq. (4). Details of the data analysis are presented in
App. A.

Erring on the conservative side, we do not consider
fluctuations outside of the range 10�2 < 1 + �b < 102,
and as such our results do not rely on conversions in the
tails of the PDF where uncertainties are large. Addi-
tionally, for all cases considered here conversions in the
redshift range 6 < z < 20 have been excised, providing
a conservative result while being agnostic to the uncer-
tainties arising from the complex physics of reionization
in this epoch. We explore the e↵ects of these choices in
App. B.

We observe no significant evidence for a signal. In the
left panel of Fig. 3 we show our fiducial constraints at
the 95% confidence level on the dark photon mixing pa-
rameter ✏ for a range of dark photon masses mA0 . We
show constraints using both the log-normal and analytic
description of the PDF. We also show the projected lim-
its for a future measurement of the CMB energy spec-
trum such as the proposed PIXIE satellite [34] using the
putative specifications from Ref. [14]. The traditional
constraint assuming a homogeneous plasma mass as a
function of redshift is also shown for comparison, to-

γ → A′ 

Resonant dark photon-to-photon 
conversion can leave striking signatures 
in 21-cm observations
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FIG. 3. The 21-cm brightness temperature contrast relative to the microwave background (solid red) for the benchmark
scenarios considered: (left) Benchmark 1, showing a kinematic endpoint at z = 15 and resulting in a sharp turno↵ in the
absorption feature that could explain the EDGES measurement (blue band), and (right) Benchmark 2, showing a distinctive
kinematic feature during the dark ages. The expected 15mK uncertainty of the space-based DAPPER experiment in the
15–40MHz range [21] is illustrated as the green band in the right plot, showing that proposed space-based 21-cm experiments
would be sensitive to such injections scenarios. The brightness temperature for the Standard Model expectation (dashed grey)
and a phenomenological power law modification to the CMB temperature fit to low-frequency radio surveys (dotted grey) are
shown for comparison.

tures introduced. Any exotic resonant photon injection—
such as due to conversions between SM photons and
axion-like particles [13, 16]—may generically result in a
spectral edge in the 21-cm temperature. A kinematic
endpoint in the model will correspondingly produce a
spectral endpoint, which may be hard—as in the case of
two-body decay considered here—or soft, as expected for
three (or more)-body decay.

We have also focused exclusively on signatures in the
global 21-cm signal; the inhomogeneous nature of res-
onant photon injection [26] implies that striking signa-
tures may be expected in the 21-cm power spectrum as
well, which is expected to be targeted by ongoing and
proposed surveys. We defer these additional applica-
tions of our framework to future work. The code used
to obtain the results in this Letter is available at https:
//github.com/smsharma/edges-endpoints-21cm �.
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up the possibility of probing dark photon masses mA0 .
10�14 eV through previously-neglected cosmological con-
versions.

Dark photon oscillations in the CMB spectrum.—
We first apply our formalism to analyze the intensity of
the CMB as measured by the FIRAS instrument aboard
COBE [15] for evidence of deviations from a blackbody
spectrum due to � ! A0 oscillations. Notably in this
case the dark photon does not need to be the dark mat-
ter. The spectrum of the FIRAS data is fit by the
nearly perfectly Planckian spectrum B! with tempera-
ture TCMB = 2.725 K. For a given dark photon model

specified by its mass mA0 and mixing parameter ✏, the
spectral distortion to the CMB spectrum will be given by
I!0 (mA0 , ✏) = B!0 (1 � hP�!A0i), where hP�!A0i is the
conversion probability for the given model corresponding
to the present-day frequency !0, obtained by integrat-
ing Eq. (4). Details of the data analysis are presented in
App. A.

Erring on the conservative side, we do not consider
fluctuations outside of the range 10�2 < 1 + �b < 102,
and as such our results do not rely on conversions in the
tails of the PDF where uncertainties are large. Addi-
tionally, for all cases considered here conversions in the
redshift range 6 < z < 20 have been excised, providing
a conservative result while being agnostic to the uncer-
tainties arising from the complex physics of reionization
in this epoch. We explore the e↵ects of these choices in
App. B.

We observe no significant evidence for a signal. In the
left panel of Fig. 3 we show our fiducial constraints at
the 95% confidence level on the dark photon mixing pa-
rameter ✏ for a range of dark photon masses mA0 . We
show constraints using both the log-normal and analytic
description of the PDF. We also show the projected lim-
its for a future measurement of the CMB energy spec-
trum such as the proposed PIXIE satellite [34] using the
putative specifications from Ref. [14]. The traditional
constraint assuming a homogeneous plasma mass as a
function of redshift is also shown for comparison, to-

γ → A′ 

Resonant dark photon-to-photon 
conversion can leave striking signatures 
in 21-cm observations
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FIG. 3. The 21-cm brightness temperature contrast relative to the microwave background (solid red) for the benchmark
scenarios considered: (left) Benchmark 1, showing a kinematic endpoint at z = 15 and resulting in a sharp turno↵ in the
absorption feature that could explain the EDGES measurement (blue band), and (right) Benchmark 2, showing a distinctive
kinematic feature during the dark ages. The expected 15mK uncertainty of the space-based DAPPER experiment in the
15–40MHz range [21] is illustrated as the green band in the right plot, showing that proposed space-based 21-cm experiments
would be sensitive to such injections scenarios. The brightness temperature for the Standard Model expectation (dashed grey)
and a phenomenological power law modification to the CMB temperature fit to low-frequency radio surveys (dotted grey) are
shown for comparison.

tures introduced. Any exotic resonant photon injection—
such as due to conversions between SM photons and
axion-like particles [13, 16]—may generically result in a
spectral edge in the 21-cm temperature. A kinematic
endpoint in the model will correspondingly produce a
spectral endpoint, which may be hard—as in the case of
two-body decay considered here—or soft, as expected for
three (or more)-body decay.

We have also focused exclusively on signatures in the
global 21-cm signal; the inhomogeneous nature of res-
onant photon injection [26] implies that striking signa-
tures may be expected in the 21-cm power spectrum as
well, which is expected to be targeted by ongoing and
proposed surveys. We defer these additional applica-
tions of our framework to future work. The code used
to obtain the results in this Letter is available at https:
//github.com/smsharma/edges-endpoints-21cm �.
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 constraints on dark photon dark matter*ϵ − mA′ 
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FIG. 3. (Left) The 95% confidence level constraints on the kinetic mixing parameter ✏ as a function of dark photon mass
mA0 , assuming log-normal (red) or analytic (blue) PDFs. We also show the reach of the proposed PIXIE satellite [34] (dot-
dashed red) assuming a log-normal PDF. For comparison we show the previous limit assuming a homogeneous plasma (dotted
gray), a constraint from the magnetic field of Jupiter [35, 36] (shaded brown), and the projected reach of the Dark SRF
experiment [22, 23] (dot-dashed orange). � (Right) Constraints on dark photon dark matter from anomalous heating of the
IGM during the epoch of HeII reionization, for the same PDFs. Prior constraints (shaded brown) come from non-resonant
heating of the IGM [16] and heating of the gas in the dwarf galaxy Leo T [19]. We also show the projected reach of DM Radio
Stage 3 [20, 21, 37] (dot-dashed orange). Limits from changes to the dark matter density and from IGM heating during the
dark ages assuming a homogeneous plasma mass have been derived in Ref. [16] (dotted orange); we expect that these bounds
will receive large corrections after including perturbations. �

derived from CLASS, while our analytic PDF is obtained
with a smoothing scale R = RJ. A complete description
of our PDFs and the Jeans scale is given in Paper II.

The di↵erential transition probability (normalized to
unity) for a few benchmark dark photon mass points
mA0 = 2 ⇥ 10�15, 10�13, and 10�12 eV is shown in the
bottom panel of Fig. 2 over the relevant range of cosmic
epochs. For mA0 = 10�12 eV there is a resonance corre-
sponding to the homogeneous transition at z ⇠ 200. An
additional broad resonance at z ⇠ 6 is also present, cor-
responding to conversions in overdensities in the plasma
mass post-reionization. For mA0 = 2 ⇥ 10�15 eV, no reso-
nance exists in the homogeneous limit; remarkably, how-
ever, fluctuations in the plasma mass result in resonant
transitions over a broad range of redshifts at z . 20
due to underdensities in the plasma mass. This opens
up the possibility of probing dark photon masses mA0 .
10�14 eV through previously-neglected cosmological con-
versions.

Dark photon oscillations in the CMB spectrum.—
We first apply our formalism to analyze the intensity of
the CMB as measured by the FIRAS instrument aboard
COBE [15] for evidence of deviations from a blackbody
spectrum due to � ! A0 oscillations. Notably in this
case the dark photon does not need to be the dark mat-
ter. The spectrum of the FIRAS data is fit by the
nearly perfectly Planckian spectrum B! with tempera-
ture TCMB = 2.725 K. For a given dark photon model

specified by its mass mA0 and mixing parameter ✏, the
spectral distortion to the CMB spectrum will be given by
I!0 (mA0 , ✏) = B!0 (1 � hP�!A0i), where hP�!A0i is the
conversion probability for the given model corresponding
to the present-day frequency !0, obtained by integrat-
ing Eq. (4). Details of the data analysis are presented in
App. A.

Erring on the conservative side, we do not consider
fluctuations outside of the range 10�2 < 1 + �b < 102,
and as such our results do not rely on conversions in the
tails of the PDF where uncertainties are large. Addi-
tionally, for all cases considered here conversions in the
redshift range 6 < z < 20 have been excised, providing
a conservative result while being agnostic to the uncer-
tainties arising from the complex physics of reionization
in this epoch. We explore the e↵ects of these choices in
App. B.

We observe no significant evidence for a signal. In the
left panel of Fig. 3 we show our fiducial constraints at
the 95% confidence level on the dark photon mixing pa-
rameter ✏ for a range of dark photon masses mA0 . We
show constraints using both the log-normal and analytic
description of the PDF. We also show the projected lim-
its for a future measurement of the CMB energy spec-
trum such as the proposed PIXIE satellite [34] using the
putative specifications from Ref. [14]. The traditional
constraint assuming a homogeneous plasma mass as a
function of redshift is also shown for comparison, to-

A′ → γ

Additional constraints apply when 
the  is the dark matterA′ 

• Anomalous heating of the IGM during  
reionization is constrained to be  1 eV 

• This constrains the energy injected due to 
 during 

He II
<

A′ → γ 2 ≲ z ≲ 6

McDermott & Witte [1911.05086]

See also Witte et al [2003.13698]

*Assumes energy is uniformly distributed among baryons

d ⟨EA′ →γ⟩local

dz
= πm3

A′ 
ϵ2 ρ̄A′ 

bn̄b

dt
dz

f (m2
γ = m2

A′ 
; t) *



Siddharth Mishra-Sharma (NYU) | BSM PANDEMIC /4144

Local heating prescription for  A′ DM → γ

11

5. Dependence of limits on smallest scale

An understanding of the various scales at which fluc-
tuations influence constraints from conversions in inho-
mogeneities is crucial. We show in Fig. 8 the constraints
in the fiducial log-normal prescription as a function of
maximum cuto↵ on the scale of perturbations, kmax, for
a few benchmark masses. In all cases, constraints sta-
bilize around the baryon Jeans scale, kJ ⇠ 300 h Mpc�1.
In the left panel, we show results for dark photon con-
straints from � ! A0, shown for benchmark masses
mA0 = 2 ⇥ 10�15, 10�13, and 10�12 eV, respectively.
The constraint in the homogeneous limit is shown for
the latter two benchmark mass points, while for mA0 =
2 ⇥ 10�15 eV no conversions are accessible in the homoge-
neous limit. In the right panel we show dark photon dark
matter constraints from A0

! �, shown for benchmark
masses mA0 = 2 ⇥ 10�14, 10�13, and 10�12 eV in solid
red, blue, and green lines, respectively. The constraint
in the homogeneous limit is shown for mA0 = 10�13 eV,
while no conversions are accessible in the homogeneous
limit for the other two benchmark mass points shown.

Appendix C: Note added—energy deposition

assumptions

Recently, Ref. [96] also presented constraints on dark
photon dark matter from Ly↵ measurements of the IGM
temperature during HeII reionization, taking into ac-
count inhomogeneities using a similar formalism. How-
ever, the authors claim that A0 conversions cause only
local heating of the IGM, in contrast to the implicit as-
sumption made in Eq. (6) that the energy deposited from
A0

! � conversion is distributed evenly across the Uni-
verse. Understanding how the energy transport actu-
ally proceeds is complicated and beyond the scope of our
work; for now, we simply present our constraints assum-
ing that heating is local under some heuristic assump-
tions made by Ref. [96], leaving a detailed comparison
to Paper II. Assuming that heating is only local, the to-
tal energy injected per unit baryon in the local region of

conversion hEA0!�ilocal is

dhEA0!�ilocal

dz
= ⇡mA0✏2

⇢A0

nb

����
dt

dz

����

⇥

Z
dm2

� f(m2

� ; t)�D(m2

� � m2

A0)m2

� , (C1)

where we have divided the integrand by a factor of 1+�b,
since the local baryon density is (1 + �b)nb. Following
Ref. [96], we only consider regions of �b where the optical
depth ⌧(z, �b) at redshift z for Ly↵ radiation is given by
0.05  exp [�⌧(z, �b)]  0.95, since Ly↵ flux power spec-
trum measurements contain no temperature information
when Ly↵ photons are hardly absorbed or almost com-
pletely absorbed [54]. Our constraints based on these
assumptions are shown in Fig. 9, and agree well with the
equivalent results in Ref. [96]. We stress however that
these results rely on a number of assumptions that are
ultimately heuristic in nature, a point we discuss further
in Paper II.
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FIG. 9. Constraints on dark photon dark matter from anoma-
lous heating of the IGM during the epoch of HeII reionization
with the local heating prescription, assuming log-normal (red)
or analytic (blue) PDFs. Homogeneous constraints derived in
Ref. [16] are also shown (dotted gray). �
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FIG. 3. (Left) The 95% confidence level constraints on the kinetic mixing parameter ✏ as a function of dark photon mass
mA0 , assuming log-normal (red) or analytic (blue) PDFs. We also show the reach of the proposed PIXIE satellite [34] (dot-
dashed red) assuming a log-normal PDF. For comparison we show the previous limit assuming a homogeneous plasma (dotted
gray), a constraint from the magnetic field of Jupiter [35, 36] (shaded brown), and the projected reach of the Dark SRF
experiment [22, 23] (dot-dashed orange). � (Right) Constraints on dark photon dark matter from anomalous heating of the
IGM during the epoch of HeII reionization, for the same PDFs. Prior constraints (shaded brown) come from non-resonant
heating of the IGM [16] and heating of the gas in the dwarf galaxy Leo T [19]. We also show the projected reach of DM Radio
Stage 3 [20, 21, 37] (dot-dashed orange). Limits from changes to the dark matter density and from IGM heating during the
dark ages assuming a homogeneous plasma mass have been derived in Ref. [16] (dotted orange); we expect that these bounds
will receive large corrections after including perturbations. �

derived from CLASS, while our analytic PDF is obtained
with a smoothing scale R = RJ. A complete description
of our PDFs and the Jeans scale is given in Paper II.

The di↵erential transition probability (normalized to
unity) for a few benchmark dark photon mass points
mA0 = 2 ⇥ 10�15, 10�13, and 10�12 eV is shown in the
bottom panel of Fig. 2 over the relevant range of cosmic
epochs. For mA0 = 10�12 eV there is a resonance corre-
sponding to the homogeneous transition at z ⇠ 200. An
additional broad resonance at z ⇠ 6 is also present, cor-
responding to conversions in overdensities in the plasma
mass post-reionization. For mA0 = 2 ⇥ 10�15 eV, no reso-
nance exists in the homogeneous limit; remarkably, how-
ever, fluctuations in the plasma mass result in resonant
transitions over a broad range of redshifts at z . 20
due to underdensities in the plasma mass. This opens
up the possibility of probing dark photon masses mA0 .
10�14 eV through previously-neglected cosmological con-
versions.

Dark photon oscillations in the CMB spectrum.—
We first apply our formalism to analyze the intensity of
the CMB as measured by the FIRAS instrument aboard
COBE [15] for evidence of deviations from a blackbody
spectrum due to � ! A0 oscillations. Notably in this
case the dark photon does not need to be the dark mat-
ter. The spectrum of the FIRAS data is fit by the
nearly perfectly Planckian spectrum B! with tempera-
ture TCMB = 2.725 K. For a given dark photon model

specified by its mass mA0 and mixing parameter ✏, the
spectral distortion to the CMB spectrum will be given by
I!0 (mA0 , ✏) = B!0 (1 � hP�!A0i), where hP�!A0i is the
conversion probability for the given model corresponding
to the present-day frequency !0, obtained by integrat-
ing Eq. (4). Details of the data analysis are presented in
App. A.

Erring on the conservative side, we do not consider
fluctuations outside of the range 10�2 < 1 + �b < 102,
and as such our results do not rely on conversions in the
tails of the PDF where uncertainties are large. Addi-
tionally, for all cases considered here conversions in the
redshift range 6 < z < 20 have been excised, providing
a conservative result while being agnostic to the uncer-
tainties arising from the complex physics of reionization
in this epoch. We explore the e↵ects of these choices in
App. B.

We observe no significant evidence for a signal. In the
left panel of Fig. 3 we show our fiducial constraints at
the 95% confidence level on the dark photon mixing pa-
rameter ✏ for a range of dark photon masses mA0 . We
show constraints using both the log-normal and analytic
description of the PDF. We also show the projected lim-
its for a future measurement of the CMB energy spec-
trum such as the proposed PIXIE satellite [34] using the
putative specifications from Ref. [14]. The traditional
constraint assuming a homogeneous plasma mass as a
function of redshift is also shown for comparison, to-
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Comparison with numerical approach
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Figure 10: Constraints on the dark photon parameter space from distortions of the
CMB spectrum measured by the COBE/FIRAS (blue line). The gray dashed and
black dot-dashed line show the constraints obtained in [14, 15] under the assumption
of a homogeneous electron number density. The red dotted line is a result of recent [25]
that uses a semi-analytic approach to inhomgeneous conversion employing PDFs for
the distribution of electron density; the results are in good agreement. The shaded
region indicates the excluded parameter space.

4 Conversion of CMB photons into dark photons

The resonant conversion of photons will result in distortions of the CMB spectrum,
which in turn limits the photon-dark photon interaction [14, 15]. Previous constraints
were obtained using the conversion in the homogeneous limit. It was assumed that
after recombination, for z & 20, the density of free electrons follows the cosmological
average with the resonance condition inferred from the spatially averaged version,
mA(z, hne(zres)i) = mA0 at a single redshift zres. As we discussed in the previous
section, this assumption works well in the high-redshift Universe, where it was also
applied in the context of the cosmological 21 cm signal [27]. Here we discuss the late-
time inhomogeneous conversions that give rise not only to modifications of the CMB
spectrum, but also to additional angular anisotropies in the CMB that are probed
through precision cosmological observations [26].

The loss of CMB photons through resonant conversion induces spectral modifications
and departures from the blackbody law. With its strength regulated by ✏ and its
occurrence governed by mA0 we can derive limits on the combination of those two
parameters. Departures of the absolute flux of photons are constrained from measure-
ments of COBE/FIRAS [42], which determined the CMB spectrum in the frequency
range 68 to 637 GHz with a precision of 10�4. In addition, as we have seen above, the
conversion probability is anisotropic. At the end of this Section we will hence place
additional constraints on excess variations of the photon flux from Planck and South
Pole Telescope (SPT).

– 13 –

Bondarenko, Pradler, Sokolenko [2002.08942] 
Garcia et al [2003.10465]
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Resonant oscillations in plasma: Landau-Zener formalism
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Resonant oscillations in plasma: Landau-Zener formalism
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Resonant oscillations in plasma: Landau-Zener formalism

Pγ→A′ 
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 in an inhomogeneous plasmaPγ→A′ 

Conversion along 
a line of sight

Averaged 
conversion 
probability

Pγ→A′ ≃ πϵ2m2
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Resonant oscillations in photon plasma
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FIG. 1. The photon plasma mass as a function of redshift for
several values of the present-day photon energy !0. The Gaus-
sian standard deviation of plasma mass fluctuations �m� , in-
formed by the linear baryon power spectrum for illustration,
is shown as the blue band. The equivalent middle-68% con-
tainment of fluctuations assuming a log-normal description of
the PDF is shown as the red band. �

to Eq. (15), with ! now specifying the A
0 energy. If A

0 is
the dark matter, however, the assumption of relativistic
particles assumed in Eq. (4) breaks down. Nevertheless,
there are several ways to see that the conversion prob-
ability PA0!� is identical to P�!A0 with !(ti) ! mA0 .
First, it can be derived in thermal field theory [4] by ap-
plying a narrow-width approximation (see App. C). Sec-
ond, the probability of conversion PA0!� , shown on the
right-hand side of Eq. (15), is Lorentz invariant, as all
transition probabilities should be. Evaluating the prob-
ability in the rest frame of the dark matter A

0 gives

PA0!� '

X

i

⇡✏
2
mA0

�����
d ln m

2

�(t)

dt

�����

�1

t=ti

, (16)

consistent with the result in Ref. [4]. Under standard cos-
mology scenarios where the magnitude of �b grows mono-
tonically with redshift, each value of mA0 has at most one
resonance transition point; our formalism, however, does
not rely on this assumption.

The results in Eqs. (15) and (16) form the starting
point for understanding � $ A

0 conversions along a sin-
gle worldline, as well as for all of the results presented
in Paper I.

III. FORMALISM

In the presence of inhomogeneities, the resonance con-
dition can be met many times along a path, even at times
when the homogeneous plasma mass m� is far from mA0

and no resonance is present in the homogeneous limit.

Each worldline passes through a di↵erent series of per-
turbations, leading to conversions that vary significantly
in number and in distance from the observer.

A. � ! A0 oscillations

We will now discuss how to determine the expected
probability of � ! A

0 conversion, hP�!A0i. The deriva-
tion of our results is closely related to the derivation of
the mean number of times a stationary process crosses a
fixed level per unit time [36, 37].

To average over all worldlines, we first begin by rewrit-
ing the probability of conversion along a worldline as

dP�!A0

dt
=

⇡m
2

A0✏
2

!(t)
�D(m2

�(t) � m
2

A0) m
2

�(t) , (17)

where �D is the Dirac delta function. We can check that
Eq. (15) is recovered by performing the substitution

dt =

�����
d ln m

2

�

dt

�����

�1

dm
2

�

m2
�

(18)

and integrating the delta function over the entire world-
line. The mean value of P�!A0 is then obtained by inte-
grating over all possible values of m

2

� at each point along
the path, weighted by the probability density function
(PDF) f(m2

� ; t) of m
2

� :

dhP�!A0i

dz
=

⇡m
2

A0✏
2

!(t)

����
dt

dz

����

⇥

Z
dm

2

� f(m2

� ; t) �D(m2

� � m
2

A0) m
2

� . (19)

Note that the PDF evolves with time since m
2

� tracks the
baryon density (in the limit of small fluctuations in the
free electron fraction), as shown in Eq. (2). We can now
perform the integral to give

dhP�!A0i

dz
=

⇡m
4

A0✏
2

!(t)

����
dt

dz

���� f(m2

� = m
2

A0 ; t) . (20)

The problem of determining the averaged probability
therefore reduces to finding the PDF of m

2

� , which we dis-
cuss in detail in subsequent sections. Note that Eqs. (19)
and (20) both apply equally to relativistic A

0
! � oscil-

lations as well.
As an example, let us consider the homogeneous limit

where m
2

� = m2
� everywhere; in this case, the PDF is

trivially given by

fh(m
2

� ; t) = �D(m2

� � m2
�(t)) . (21)

We therefore see that the mean homogeneous conversion
probability is

hP�!A0ih =

Z
dt

⇡m
4

A0✏
2

!(t)
�D(m2

� � m2
�(t))

=
X

i

⇡m
2

A0✏
2

!(ti)

�����
d ln m2

�(t)

dt

�����

�1

t=ti

, (22)
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with ⌃2(z) = ln[1 + �
2

b
(z)] as defined in Eq. (31). The

variable ln(1+�b) has a Gaussian distribution with mean
�⌃2

/2 and time-dependent variance ⌃2. As an immedi-
ate consequence, unphysical fluctuations of �b < �1 are
forbidden, unlike the Gaussian PDF for �b. With this
choice of ⌃, PLN satisfies

Z 1

�1

d�b PLN(�b; z) = 1 , (44)

Z 1

�1

d�b �bPLN(�b; z) = 0 , (45)

Z 1

�1

d�b �
2

b
PLN(�b; z) = �

2

b
(z) , (46)

i.e., PLN is correctly normalized, with h�bi = 0 and
h�

2

b
i = �

2

b
, as required. These normalization conditions

mean that as a function of ln(1+�b), the log-distribution
is symmetric about ln(1 + �b) = �⌃2

/2 and not zero.
In the limit that �

2

b
⌧ 1 and �b ⌧ 1, the log-normal

PDF in Eq. (43) reduces to the Gaussian PDF to O(�b)
and O(�2

b
); in the linear regime, with �

2

b
⌧ 1 and �b

having an extremely low probability of approaching one,
the fluctuations drawn from both the Gaussian and log-
normal PDFs are virtually identical. The red band in
Fig. 1 illustrates the middle-68% containment of the in-
homogeneous photon plasma mass assuming a log-normal
PDF for the perturbations. Unlike in the case of a Gaus-
sian PDF description (illustrated by the blue band), un-

physically negative fluctuations are forbidden in this case.
For our fiducial PDF, we limit the range of the PDF to
10�2

 1+�b  102, removing the highly uncertain PDF
tails.

B. Analytic PDF

Computing the PDF of matter fluctuations from first
principles has been e↵ectively studied in the language of
path integrals, giving expressions that have been shown
to be reliable in the nonlinear regime, even at large over-
densities [52–55]. Here, we provide only a brief outline
of the derivation of such an analytic PDF, and refer the
reader to Ref. [55] for the details of the calculation.

Consider a spherical volume of radius r⇤ at some red-
shift z containing some density fluctuation �⇤ obtained
by integrating the spherical volume over a top-hat func-
tion.4 This fluctuation was formed from some field con-
figuration �i(~x) deep in the linear regime undergoing
gravitational collapse, where �i(~x) can be described as
a Gaussian random field. If the evolution of fluctuations
is purely linear, then the size of linear fluctuations at

4 We will only consider an averaging procedure using a top-hat
windowing function, although more general arguments can be
made for any arbitrary windowing function [55].
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Consider a point t along a worldline of a photon with
some HI density nHI(t) and free electron density ne(t),
each with a fluctuation from the mean values nHI and ne

given by �HI and �e respectively, so that

nHI = (1 + �HI)nHI , ne = (1 + �e)ne . (63)

We can further rewrite �e in terms of baryon density fluc-
tuations �b and free electron density fluctuations

�� ⌘
xe

xe

� 1 . (64)

Writing ne(1 + �e) = xe(1 + ��)nH(1 + �b),

�e = �b + �� + ���b . (65)

We can see that as long as �� ⌧ �b and �� ⌧ 1, we have
�e = �b to leading order, i.e., perturbations in the free
electron density are given entirely by fluctuations in the
baryon density when free electron fraction perturbations
are small, even in the nonlinear regime. On the other
hand, if �� ⇠ �b ⌧ 1, then

�e = �� + �b . (66)

With this new notation, we can rewrite the plasma
mass fluctuation �m2

�
as

�m2
�
m2

� ⌘ m
2

� � m2
� = A�ene � B!

2
�HInHI , (67)

where we have defined for convenience the constants

A ⌘ 1.4 ⇥ 10�21 eV2 cm3
, B ⌘ 8.4 ⇥ 10�24 cm3

. (68)

In the linear regime, with �e and �HI being small and
Gaussian, m

2

� is also Gaussian:

f(m2

� ; z) =
1q

2⇡�
2

m2
�

exp

"
�

(1 � m
2

�/m2
�)2

2�
2

m2
�

#
, (69)

where

�
2

m2
�

⌘ h�m2
�
�m2

�
i . (70)

We can now make use of Eq. (67) to obtain an expression
for this variance. For simplicity, we consider the redshift
range 20 . z . 1600, during which helium was almost
completely neutral, so that we can write nHI = (1 �

xe)nH.6 We find

m2
�

2

�
2

m2
�

= (A + B!
2)2n2

e
h�e�ei + B

2
!
4
n
2

H
h�b�bi

� 2(A + B!
2)B!

2
nenHh�e�bi , (71)

where

h�i�ji =

Z
d
3~k

(2⇡)3
Pij,L(k) , (72)

where Pij,L is the linear (auto) power spectrum of i for
i = j, and the cross power spectrum for i and j for i 6= j,
with i, j = b or e.

A more mathematically transparent form of Eq. (71)
is obtained by rewriting �e in terms of �� and �b, which
in the linear regime is simply given by Eq. (66). This
immediately leads to the following relation between auto-
and cross-power spectra:

Pee = P�� + Pbb + 2P�b , (73)

Peb = P�b + Pbb . (74)

Putting together these results, we find

m2
�

2

�
2

m2
�

= m2
�

2

h�b�bi +
�
A + B!

2
�2

n
2

e
h����i

+ 2nem
2
�

�
A + B!

2
�
h���bi . (75)

The power spectra that enter into Eq. (75) are all cal-
culable in the linear regime after photons decouple from
baryons at z ⇠ 1089 using the theory of perturbed re-
combination [40].

We can also see immediately that neglecting pertur-
bations in xe leads to the previous result, �

2

m2
�

= �
2

b
.

The coe�cients for the terms on the right-hand side of
Eq. (75), however, are of comparable size, and hence the

6 Outside of this range, one must take into account that xe can
exceed one, which would require a simple modification to the
results shown here; we omit these modifications since fluctuations
in xe are not important outside the specified redshift range.
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FIG. 16. For the fiducial log-normal PDF, the ratio of the
total conversion probability using fluctuations only up to a
given scale kmax and its asymptotic value, shown for masses
mA0 = 4 ⇥ 10�15 eV (red), 10�13 eV (blue), and 10�12 eV
(green). �

guage of thermal field theory is provided in the ap-
pendices. The code used to obtain the results in both
papers is available at https://github.com/smsharma/

dark-photons-perturbations.
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simplification of taking �� ! 0 is only a good approxi-
mation if �� ⌧ �b. To get a sense of how important these
terms are, we plot the power spectra required to compute
the two-point correlations shown in Eq. (75) in Fig. 5 at
z = 200. Since the baryon �b and free electron �� fluctu-
ations are anti-correlated,7 the presence of free-electron
fluctuations causes a reduced variance in electron fluctu-
ations h�e�ei at higher redshifts. We see that at z ⇠ 200,
we have P�� < |P�b| < Pbb, with the spectra becoming
more comparable in magnitude for z > 200, and less so at
z < 200. We use a slightly modified version of CLASS8

to extract the transfer functions associated with pertur-
bations in the free electron fraction.

With this, we can now discuss the importance of �� on
our results at the following redshifts:

1. z & 1089. The Universe is completely ionized prior
to recombination, and there are no significant per-
turbations in xe. We may neglect ��;

2. 200 . z . 1089. At this time, �� ⇠ �b, both per-
turbations are small, and aside from di↵erences in
the functional form of dhP�!A0i/dz, this redshift
range is well approximated by the homogeneous
limit;

3. 20 . z . 200. During this period, �� ⌧ �b, and
we may once again neglect �� to a good approxi-
mation;

4. 6 . z . 20. This is the period of reionization, an
increasingly nonlinear regime where the behavior
of �� depends on the details of reionization, and
can have potentially large e↵ects on the PDF of
plasma mass fluctuations. In principle, �� can
be calculated from reionization codes like 21cm-
FAST [64, 65], but to avoid this complication,
we neglect any � $ A

0 transitions in this epoch
throughout our work; and

5. z . 6. Reionization is complete, and once again
there are no significant perturbations in xe. We
may once again neglect ��, even though baryon
density fluctuations are highly nonlinear.

In summary, we avoid the redshift regime during which
reliably predicting the e↵ect of xe perturbations is non-
trivial, staying in regimes where the e↵ect is either ab-
sent, or has a minimal and calculable e↵ect on the to-
tal conversion probability. This latter regime, 200 .
z . 1089, is well-characterized by small Gaussian fluctu-
ations, justifying our linear treatment above. The e↵ect
on the conversion probability width or the redshift de-
pendence of the conversion probability during the dark
ages will be quantified in Sec. VIII.

7 The anticorrelation is due to the fact that recombination is more
e�cient when there are more hydrogen atoms present [40].

8 Available at https://github.com/smsharma/class_public.
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as well as the envelope of simulation data from Refs. [41, 66],
and linearly extrapolate the bias Pbb/Pmm into regions with-
out data (red arrows). For k  0.1 h Mpc�1, we use the
CLASS linear baryon power spectrum (red). In the range
0.1 h Mpc�1 < k < 80 h Mpc�1 and 0  z  3, a 2D inter-
polation over available data is performed (blue). We then
extrapolate into the region 3 < z  6, multiplying the result-
ing envelope by a factor of 3 (green). For k > 80 h Mpc�1, we
extrapolate the power spectra using the CLASS linear baryon
power spectrum as a guide. We then perform a 2D interpola-
tion in the range 0  z  3, taking as an envelope a factor of
3 above and below the central value of the interpolated bias
(purple), and then extrapolate this into 3 < z  6 (orange).
See the text for more details. �

B. Low-redshift power spectra

As described in the last section, at late times z . 6
after reionization is complete, fluctuations in the elec-
tron plasma mass track fluctuations in the number den-
sity of baryons, which is characterized by the baryonic
power spectrum. Description of baryon density fluctua-
tions at these late times is challenging, however, due to
the highly nonlinear evolution of perturbations. Further-
more, even though nonlinear matter fluctuations have
been extensively studied in the literature, the distinction
between baryonic and total matter fluctuations must be
taken into account as the two components (baryons and
dark matter) evolve separately and baryonic e↵ects be-
come increasingly important at late times, especially at
the smaller scales of interest here. In this subsection,
we describe our approach for constructing the nonlinear
baryonic power spectra at low redshifts z < 6 using input
from hydrodynamic simulations as well as the Boltzmann
code CLASS.

Ref. [66] provides baryonic power spectra from di↵er-
ent configurations of the hydrodynamic simulation suites
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FIG. 7. Simulation-informed baryon power spectra at low redshifts, bracketed with the green band and obtained using the
method outlined in Sec. VI B, shown at redshifts z = 0, 1, and 3. Solid green lines correspond to baryon power spectra from
individual hydrodynamic simulations as obtained in Ref. [66]. Also shown for comparison are the linear matter and baryon
power spectra as the solid red and blue lines, respectively, also at z = 50. Suppression due to the baryonic Jeans scale can
clearly be seen. �

IllustrisTNG [67], Illustris [68], EAGLE [69], and BA-
HAMAS [70] up to k ⇠ 80 h Mpc�1 at the discrete red-
shifts z = 0, 1, 2, and 3, with Ref. [41] further providing
baryonic spectra from the BAHAMAS simulation at red-
shift z = 0 up to k = 500 h Mpc�1. We use the follow-
ing algorithmic procedure for constructing the nonlinear
baryonic power spectra from these. We first construct
lower and upper envelopes encoding the uncertainty on
the power spectra extracted from simulations. Where
fewer than three simulations are available, we obtain the
median spectra over the available simulations and mul-
tiply and divide these by a factor of 3 to obtain upper
and lower uncertainty envelopes, respectively, motivated
by the magnitude of the typical spread in the regime
where the full suite of simulations is available. Where
three or more simulations are available, we use the ex-
tremal values over those simulations to construct the en-
velopes. At large scales . 0.1 h Mpc�1 where simula-
tions are not available, we use the well-constrained linear
power spectrum from CLASS. At smaller scales and red-
shifts 0 < z < 6 where simulations are not available, we
linearly interpolate the nonlinear baryon bias (defined
as the ratio of the nonlinear baryon power spectrum to
the nonlinear matter spectrum), further applying a sup-
pression due to the baryonic Jeans scale at small scales

(see Sec. IV B). Above z > 3, we linearly extrapolate the
nonlinear baryonic bias, multiplying and dividing the re-
sulting power spectra by a factor of 3 to obtain the uncer-
tainty envelope. In the regime above z > 20, we simply
use the linear baryonic power spectrum from CLASS.

An illustration of this algorithmic procedure is pro-
vided in Fig. 6, showing how the nonlinear baryon power
spectra are estimated at di↵erent redshifts z and scales
k. The resulting baryon power spectra at several di↵er-
ent redshifts obtained using this procedure are shown in
Fig. 7 (green envelopes), with the power spectra from
individual simulations shown as green lines for reference.

The inferred variance of fluctuations as a function of
redshift is shown in Fig. 8. At late times z < 6, the vari-
ance is informed by the nonlinear baryon power spectrum
extracted from hydrodynamic simulations and is shown
bracketed by the green band. The variance from the lin-
ear baryon power spectrum in this regime is shown as the
blue line for comparison. Pre-reionization, the variance
of photon plasma mass fluctuations is given by Eq. (75)
and involves the (linear) baryon and free electron pertur-
bations, shown as the red line. The variance due to just
baryon perturbations, ignoring the e↵ects of free electron
perturbations, is shown as the dashed blue line for com-
parison.
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averaged over a large number of photon paths drawn through simulations (dashed red) and derived analytically (solid red),
with good agreement between the two. The analytic Gaussian description in shown in solid blue. �

FIG. 11. Di↵erential conversion probability obtained by
drawing photon paths through Gaussian random field sim-
ulations (dashed red) and computed analytically (solid red),
for a resonance around z = 100. Good agreement between
simulations and the analytic description can be seen. �

redshift-dependent variance, described in Eq. (35). Ex-
ample di↵erential conversion probabilities are shown in
the left panel of Fig. 15 for resonance redshifts spanning
100  zres  600, centered on the resonance redshift and
normalized to unity. The approximate relative width of
the resonance is shown in the right panel of Fig. 15, with
(without) accounting for perturbations in the free elec-
tron fraction in red (blue). The width is numerically
computed as the interval �z between redshifts where the
squared plasma mass is ±�m2

�
/2 of its central value, ap-

proximately corresponding to a middle 1-� containment

interval. The presence of spatial perturbations in the free
electron fraction becomes increasingly important closer
to the redshift of recombination, although the relative
width of the conversion feature is already less than one
part in 10�3 by zres = 600.

Due to the sensitive dependence of the conversion prob-
ability on small-scale physics as discussed in Sec. IV,
it is illustrative to see how the total conversion proba-
bility depends on the maximum scale kmax considered.
This is illustrated in Fig. 16 for our benchmark masses,
shown as the ratio of the total probability considering
scales up to kmax to the asymptotic probability. We
see that the total probability approaches the asymptotic
value around the characteristic baryon Jeans scale at late
times, kJ ⇠ 500 h Mpc�1. Note that neglecting the e↵ect
of small scales is not necessarily conservative and may
significantly underestimate or overestimate the conver-
sion probability.

Finally, although we advocate restricting to fluctua-
tions in the range 10�2 . 1 + �b . 102 where the di↵er-
ent PDF descriptions considered show qualitative agree-
ment, it is instructive to ask how expanding this range
and including larger underdensities and overdensities in
the tails of the PDFs can a↵ect the oscillation physics.
In Fig. 17, we show the total conversion probability as a
function of dark photon mass varying the range of fluc-
tuations from 10�1 . 1+ �b . 10 to 10�4 . 1+ �b . 104

for the log-normal (solid red lines) and analytic (dashed
blue lines) PDFs. Although the two descriptions disagree
for fluctuations beyond 10�2 . 1 + �b . 102, in either
case larger conversion probabilities over a much wider
range of dark photon masses can be seen when including
conversions from fluctuations deeper in the tails of the
PDFs. This motivates the need for a better understand-
ing of the nonlinear baryon PDF at late times. A similar
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FIG. 12. The di↵erential conversion probability dhP�!A0i/d ln z (top row), cumulative conversion probability above a given
redshift z (middle row), and cumulative conversion probability below a given redshift z, shown for a log-normal PDF (dashed
lines), our fiducial log-normal PDF with 10�2 . 1 + �b . 102 (solid lines), and additionally with a bias b = 1.5 (dotted
lines). Masses mA0 = 4 ⇥ 10�15 eV (red), 10�13 eV (blue), and 10�12 eV (green) are shown. Lines are normalized such that the
cumulative probabilities for the 10�2 . 1 + �b . 102-bounded log-normal PDF cases are unity. �

conclusion can be drawn for A
0

! � dark-photon dark
matter conversions, also shown in Fig. 17.

IX. CONCLUSIONS

In this paper, we have studied photon-dark photon
oscillations in the early Universe, deriving a formalism
for computing the averaged probability of conversions in
both directions, taking into account the e↵ect of inho-
mogeneities in the photon plasma. We found that the
average probability of � $ A

0 and the average energy in-
jected per baryon for A

0
! � for dark photon dark matter

are completely specified given the standard ⇤CDM pa-
rameters as well as three inputs: (i) a description of the
one-point PDF of baryon fluctuations, (ii) the baryon
power spectrum which, to a good approximation in the
low-redshift Universe, provides the variance of plasma
mass fluctuations, and (iii) fluctuations in the free elec-
tron fraction, which contributes to the variance of plasma
mass fluctuations at high redshift. To understand the
systematic uncertainties associated with the PDF and the
variance of fluctuations, we studied several independent
choices of the one-point PDF. We also constructed a non-
linear baryon power spectrum that is informed by high-
resolution hydrodynamic N -body simulations, allowing

us to characterize the behavior of baryons at small scales.
Finally, we also performed a series of Gaussian and log-
normal random field simulations in order to validate our
analytic results, finding agreement between theory and
simulations.

In our companion work Paper I, we have applied this
formalism in order to derive constraints on the dark pho-
ton kinetic mixing parameter ✏ by through the e↵ect of
� ! A

0 conversions on the CMB spectrum as measured
by COBE/FIRAS in the general case, as well as dedicated
constraints for the case of dark photon dark matter ob-
tained by computing the amount of IGM heating due to
A

0
! � conversions. We found that previous constraints

assuming a homogeneous plasma were not conservative,
and were able to expand the mass range over which reso-
nant oscillations are possible due to conversions in plasma
underdensities and overdensities. We also found good
agreement between constraints obtained using di↵erent
PDFs and power spectra, showing that we have a su�-
ciently good understanding of baryon fluctuations to set
reliable constraints.

The formalism that we have developed across both
papers has additional applications. For example, per-
turbations in the photon plasma mass will also modify
resonant oscillations of photons into axion-like-particles,
which can occur in the presence of primordial magnetic
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FIG. 15. (Left) The di↵erential conversion probability dhP�!A0i/dz for resonant conversion at higher redshifts zres = 100 to
600, shown centered on the resonant redshift zres. (Right) Relative width of the resonance as a function of resonance redshift
zres. Shown with (red) and without (blue) accounting for perturbations in the electron ionization fraction xe. The dotted
green line shows the approximate width as given by Eq. (37), showing good agreement with the numerical estimate without
accounting for xe perturbations. �
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guage of thermal field theory is provided in the ap-
pendices. The code used to obtain the results in both
papers is available at https://github.com/smsharma/

dark-photons-perturbations.
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1-point PDF at di↵erent cuto↵s in 1+�, shown for the log-normal(analytic) PDF in solid blue(dashed red). Progressively darker
lines corresponding to the inclusion of larger underdensities and overdensities, from 10 times larger and smaller than the mean
plasma mass to 104 times larger and smaller than the plasma mass, respectively. (Top right) Sensitivity of the constraints
to the choice of the PDF parameterization. Shown is our fiducial constraint with the log-normal PDF (solid red) and the
analytic PDF (solid green). Constraints with the inclusion of a linear bias b = 1.5 between the dark matter and baryons in
the log-normal prescription (solid blue), the inferred PDF of underdensities in voids from Ref. [84] (solid purple), and with a
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in solid green(purple), and those relying on conversions at linear cosmological epochs (z & 20) are shown for the log-normal
and analytic PDFs in solid blue and dashed red, respectively. �

are local minima in position space, which is the work-
ing definition of a void, and second, we do not account
for the density profile of the void, which neglects the fact
that the centers of voids are likely to be significantly less
dense than the mean density. Nevertheless, comparing
this PDF with our fiducial choices can give us confidence
in our modeling of underdensities.

Gaussian.—Fluctuations in densities deep in the linear
regime (z � 200) are well-described by a Gaussian ran-
dom field. In this limit, f(m2

� ; t) takes on a particularly

simple form, making it useful for an intuitive understand-
ing of our results. With a Gaussian PDF, the di↵erential
conversion probability in Eq. (4) is given by (see Paper II)

dhP�!A0iG

dz
=

⇡m4

A0✏2

m2
�(z)!(z)

����
dt

dz

����

⇥
1p
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"
�

(m2
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2�2

b

#
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where �b is the variance of baryon fluctuations. At late
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FIG. 4. Constraints on the parameter space that could ex-
plain the anomalous absorption feature observed by EDGES.
Constraints shown from stellar energy loss due to A0a pair
production [12, 32] (green region), spectral distortion con-
straints from � $ A0 using COBE/FIRAS [24–26] (blue re-
gion), and constraints on A0 ! � saturating radio observa-
tions [5, 6] (red region). In the purple region, produced pho-
tons would be too soft to contribute to the EDGES observa-
tion. The region in the grey band can simultaneously explain
the anomalous depth and sharp endpoint at z ⇠ 15 of the
measured feature. Mixing parameter values ✏ ⇠ 10�6–10�8

can explain the putative depth of the EDGES observation in
the unconstrained part (white region) of parameter space.

rameter space (white region), mixing coe�cient values of
✏ ⇠ 10�6–10�8 are typically required to explain the over-
all depth of the EDGES measurement within the model
considered.

Appendix C: Correlations between decay and
resonance conversions

For the model considered in the main body of this
Letter, both the decay of the DM particle a and sub-
sequent conversion of A

0 into photons occur in regions
of space with densities greater or smaller than the aver-
age matter density. As first pointed out in Ref. [30], the
densities at the point of decay and conversion may be
correlated; if so, this may have a significant impact on
the converted photon spectrum, and may a↵ect the lim-
its shown in Fig. 4. Intuitively, if the points of decay and
conversion are separated over cosmological distances, we
do not expect any significant correlation to exist. In this
appendix, we briefly outline how to make this intuition
rigorous, and show that correlations are only important
if decay and conversion are separated by a redshift in-
terval �z of less than 1% of the redshift z at which the
decay occurs.

Ref. [25] showed that the mean probability of conver-

sion in the presence of inhomogeneities can be calculated
by integrating the probability of conversion between �

and A
0 in a region with a density contrast � over the

probability density function (PDF) of �.2 In this model,
to get the photon spectrum at some redshift z as a func-
tion of x ⌘ !/TCMB in full generality, we must integrate
over the joint probability density function of the density
contrast �dec(zdec) at the point of decay and the density
contrast �conv at the point of conversion, with

1 + zdec ⌘ ma(1 + z)

2xTCMB(z)
, (C1)

where zdec is the redshift at which the decay a ! A
0
A

0

produces the A
0 at energy !(z) = xTCMB(z). Explicitly,

the mean photon spectrum produced by A
0 ! � conver-

sions at redshift z is given by

d

dt

✓
dn�

dx

◆
(x, z) =

Z
d�dec

Z
d�conv

⇥ dnA0

dx
(x, z) [1 + �dec(zdec)] f (�dec, �conv)

⇥ ⇡m
2

A0✏
2

!(z)
[1 + �conv(z)] �D

 
1 + �conv � m

2

A0

m2
�

!
, (C2)

where f(�dec, �conv) is the joint PDF of �dec(zdec) and
�conv(z) respectively. The expression for dnA0/dx is de-
fined in the main body, and depends only on the mean
density of DM; the factor of [1 + �dec(zdec)] accounts for
the actual density of DM at the point of decay.

Under the assumption that �dec and �conv are in-
dependent, the PDF f factorizes into the product
of their respective one-point PDFs, f(�dec, �conv) !
P(�dec, zdec)P(�conv, z). The integral over �dec is sim-
ply equal to 1, while the integral over �conv reduces to
dhPA0!�i/dt [25], so that d/dt(dn�/dx) = dnA0/dx ⇥
dhPA0!�i/dt, which is the expression used in the main
body.

We first specialize to the linear regime, where pertur-
bations are Gaussian, to obtain an expression for f . In a
matter-dominated universe, perturbations grow linearly
with the scale factor, and we can relate �dec at redshift
zdec, to its value at z, where it has grown to a density
contrast of (1 + zdec)/(1 + z) ⇥ �dec. Furthermore, the
point of decay and the point of conversion are separated
by comoving distance

r(zdec, z) =

Z z

zconv

dz

H(z)
. (C3)

This allows us to relate f(�dec, �conv) to the joint proba-
bility density function of fluctuations at the same redshift

2
We assume for simplicity that DM fluctuations track baryon fluc-

tuations exactly, so that all fluctuations can be described by a

single �, and by the baryon power spectra obtained in Ref. [26].
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can explain the putative depth of the EDGES observation in
the unconstrained part (white region) of parameter space.

rameter space (white region), mixing coe�cient values of
✏ ⇠ 10�6–10�8 are typically required to explain the over-
all depth of the EDGES measurement within the model
considered.

Appendix C: Correlations between decay and
resonance conversions

For the model considered in the main body of this
Letter, both the decay of the DM particle a and sub-
sequent conversion of A

0 into photons occur in regions
of space with densities greater or smaller than the aver-
age matter density. As first pointed out in Ref. [30], the
densities at the point of decay and conversion may be
correlated; if so, this may have a significant impact on
the converted photon spectrum, and may a↵ect the lim-
its shown in Fig. 4. Intuitively, if the points of decay and
conversion are separated over cosmological distances, we
do not expect any significant correlation to exist. In this
appendix, we briefly outline how to make this intuition
rigorous, and show that correlations are only important
if decay and conversion are separated by a redshift in-
terval �z of less than 1% of the redshift z at which the
decay occurs.

Ref. [25] showed that the mean probability of conver-

sion in the presence of inhomogeneities can be calculated
by integrating the probability of conversion between �

and A
0 in a region with a density contrast � over the

probability density function (PDF) of �.2 In this model,
to get the photon spectrum at some redshift z as a func-
tion of x ⌘ !/TCMB in full generality, we must integrate
over the joint probability density function of the density
contrast �dec(zdec) at the point of decay and the density
contrast �conv at the point of conversion, with

1 + zdec ⌘ ma(1 + z)

2xTCMB(z)
, (C1)

where zdec is the redshift at which the decay a ! A
0
A

0

produces the A
0 at energy !(z) = xTCMB(z). Explicitly,

the mean photon spectrum produced by A
0 ! � conver-

sions at redshift z is given by

d

dt
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dx
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1 + �conv � m

2

A0
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!
, (C2)

where f(�dec, �conv) is the joint PDF of �dec(zdec) and
�conv(z) respectively. The expression for dnA0/dx is de-
fined in the main body, and depends only on the mean
density of DM; the factor of [1 + �dec(zdec)] accounts for
the actual density of DM at the point of decay.

Under the assumption that �dec and �conv are in-
dependent, the PDF f factorizes into the product
of their respective one-point PDFs, f(�dec, �conv) !
P(�dec, zdec)P(�conv, z). The integral over �dec is sim-
ply equal to 1, while the integral over �conv reduces to
dhPA0!�i/dt [25], so that d/dt(dn�/dx) = dnA0/dx ⇥
dhPA0!�i/dt, which is the expression used in the main
body.

We first specialize to the linear regime, where pertur-
bations are Gaussian, to obtain an expression for f . In a
matter-dominated universe, perturbations grow linearly
with the scale factor, and we can relate �dec at redshift
zdec, to its value at z, where it has grown to a density
contrast of (1 + zdec)/(1 + z) ⇥ �dec. Furthermore, the
point of decay and the point of conversion are separated
by comoving distance

r(zdec, z) =

Z z

zconv

dz

H(z)
. (C3)

This allows us to relate f(�dec, �conv) to the joint proba-
bility density function of fluctuations at the same redshift

2
We assume for simplicity that DM fluctuations track baryon fluc-

tuations exactly, so that all fluctuations can be described by a

single �, and by the baryon power spectra obtained in Ref. [26].
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Power-law injection of CMB photons
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FIG. 2. Evolution of the kinetic (red), photon (blue), and spin (green) temperatures with redshift, shown for the Standard
Model (dashed), phenomenological power law photon injection (dotted), and photon injection due to dark photon resonant
conversion A0 ! � (solid) shown for Benchmark 1 (left) and Benchmark 2 (right). Compared to the Standard Model and power
law cases, reduced X-ray heating is assumed for the A0 ! � scenarios.

around zend = 65.

The evolution of the kinetic, photon, and spin temper-
atures for Benchmarks 1 and 2 is shown in the left and
right panels of Fig. 2, respectively. We employ the toy
model for Lyman-↵ and X-ray heating [34] with addi-
tional input from Refs. [35–38] to compute the tempera-
ture evolution; details of our global 21-cm computation
are described in App. A. A halo virial temperature cut
Tvir = 2 ⇥ 104 K and star-formation e�ciency f⇤ = 3%
is assumed by default, with the e↵ective X-ray star-
formation e�ciency for Benchmark 1 lowered to 1% to
demonstrate the e↵ect of the spectral endpoint. For com-
parison, we also show the temperature evolution for the
standard cosmological scenario with T� = TCMB,0(1 + z)
(dashed, labeled “Standard Model”) and a photon injec-
tion with parameterized power law temperature evolu-

tion T� = TCMB,0(1 + z)
h
1 + frAr (⌫0/78 MHz)�

i
(dot-

ted, labeled “Power law”), where ⌫0 is the present-day
photon frequency, and Ar and � are motivated by and
fit to the excess low-frequency radio background mea-
sured by ARCADE2 [5] and LWA [6] for fr = 1 as in
Refs. [7, 14]. When comparing to Benchmark 1, we set
fr = 2% in order to obtain an absorption depth consistent
with the fiducial EDGES measurement. When compar-
ing to Benchmark 2 on the other hand, fr = 0.01% of the
radio emission is chosen to illustrate its signature during
the dark ages and compare with the resonant photon in-
jection scenario.

The 21-cm brightness temperature corresponding to
these scenarios is shown in Fig. 3. The left panel shows
a signal with a spectral endpoint at z ' 15 (with pa-
rameters as in Benchmark 1, red line) and lowered X-
ray heating alongside the tentative EDGES measurement
(blue band). The sharp turn-o↵ in the absorption fea-

ture is now predominantly due to the spectral endpoint.
For comparison, the case of power law photon injection
is shown, with the turn-o↵ due to X-ray heating. Ap-
pendix B further explores the viable parameter space
within the model considered here that could contribute
to the absorption feature observed by EDGES.

The right panel shows the e↵ect of an injection around
z ⇠ 95 and a kinematic endpoint at z ⇠ 65, correspond-
ing to our Benchmark 2 parameter point. The 15mK
uncertainty projected by the proposed DAPPER exper-
iment in the 15–40 MHz frequency range [21] is shown
as the green band around the expected signal. It can
be seen that such a distinctive spectral feature would be
observable by future 21-cm experiments and easily dis-
tinguished from astrophysical backgrounds, providing a
new probe of the nature of the dark sector.
Conclusions.—We have introduced a qualitatively new
class of global 21-cm signatures resulting from interac-
tions between the standard and dark sectors, character-
ized by spectral features—edges and endpoints—and ex-
cesses in the observed 21-cm global signal brightness tem-
perature. We have shown how features resulting from
dark photon-to-photon conversion can modify the 21-cm
absorption trough during cosmic dawn, providing a po-
tential explanation for the anomalous depth and shape of
the 21-cm absorption feature measured by EDGES and,
more generally, a new way to look for new physics in cur-
rent and upcoming 21-cm measurements targeting the
cosmic dawn era. We have additionally demonstrated
how resonant photon injection can result in distinctive
spectral features in the brightness temperature during
the dark ages, which can be targeted by proposed space-
based 21-cm experiments [20–22].

Although we have focused on a particular model re-
alization here, we emphasize the generality of the signa-
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FIG. 3. The 21-cm brightness temperature contrast relative to the microwave background (solid red) for the benchmark
scenarios considered: (left) Benchmark 1, showing a kinematic endpoint at z = 15 and resulting in a sharp turno↵ in the
absorption feature that could explain the EDGES measurement (blue band), and (right) Benchmark 2, showing a distinctive
kinematic feature during the dark ages. The expected 15mK uncertainty of the space-based DAPPER experiment in the
15–40MHz range [21] is illustrated as the green band in the right plot, showing that proposed space-based 21-cm experiments
would be sensitive to such injections scenarios. The brightness temperature for the Standard Model expectation (dashed grey)
and a phenomenological power law modification to the CMB temperature fit to low-frequency radio surveys (dotted grey) are
shown for comparison.

tures introduced. Any exotic resonant photon injection—
such as due to conversions between SM photons and
axion-like particles [13, 16]—may generically result in a
spectral edge in the 21-cm temperature. A kinematic
endpoint in the model will correspondingly produce a
spectral endpoint, which may be hard—as in the case of
two-body decay considered here—or soft, as expected for
three (or more)-body decay.

We have also focused exclusively on signatures in the
global 21-cm signal; the inhomogeneous nature of res-
onant photon injection [26] implies that striking signa-
tures may be expected in the 21-cm power spectrum as
well, which is expected to be targeted by ongoing and
proposed surveys. We defer these additional applica-
tions of our framework to future work. The code used
to obtain the results in this Letter is available at https:
//github.com/smsharma/edges-endpoints-21cm �.
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The evolution of the kinetic, photon, and spin temper-
atures for Benchmarks 1 and 2 is shown in the left and
right panels of Fig. 2, respectively. We employ the toy
model for Lyman-↵ and X-ray heating [34] with addi-
tional input from Refs. [35–38] to compute the tempera-
ture evolution; details of our global 21-cm computation
are described in App. A. A halo virial temperature cut
Tvir = 2 ⇥ 104 K and star-formation e�ciency f⇤ = 3%
is assumed by default, with the e↵ective X-ray star-
formation e�ciency for Benchmark 1 lowered to 1% to
demonstrate the e↵ect of the spectral endpoint. For com-
parison, we also show the temperature evolution for the
standard cosmological scenario with T� = TCMB,0(1 + z)
(dashed, labeled “Standard Model”) and a photon injec-
tion with parameterized power law temperature evolu-

tion T� = TCMB,0(1 + z)
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(dot-

ted, labeled “Power law”), where ⌫0 is the present-day
photon frequency, and Ar and � are motivated by and
fit to the excess low-frequency radio background mea-
sured by ARCADE2 [5] and LWA [6] for fr = 1 as in
Refs. [7, 14]. When comparing to Benchmark 1, we set
fr = 2% in order to obtain an absorption depth consistent
with the fiducial EDGES measurement. When compar-
ing to Benchmark 2 on the other hand, fr = 0.01% of the
radio emission is chosen to illustrate its signature during
the dark ages and compare with the resonant photon in-
jection scenario.

The 21-cm brightness temperature corresponding to
these scenarios is shown in Fig. 3. The left panel shows
a signal with a spectral endpoint at z ' 15 (with pa-
rameters as in Benchmark 1, red line) and lowered X-
ray heating alongside the tentative EDGES measurement
(blue band). The sharp turn-o↵ in the absorption fea-

ture is now predominantly due to the spectral endpoint.
For comparison, the case of power law photon injection
is shown, with the turn-o↵ due to X-ray heating. Ap-
pendix B further explores the viable parameter space
within the model considered here that could contribute
to the absorption feature observed by EDGES.

The right panel shows the e↵ect of an injection around
z ⇠ 95 and a kinematic endpoint at z ⇠ 65, correspond-
ing to our Benchmark 2 parameter point. The 15mK
uncertainty projected by the proposed DAPPER exper-
iment in the 15–40 MHz frequency range [21] is shown
as the green band around the expected signal. It can
be seen that such a distinctive spectral feature would be
observable by future 21-cm experiments and easily dis-
tinguished from astrophysical backgrounds, providing a
new probe of the nature of the dark sector.
Conclusions.—We have introduced a qualitatively new
class of global 21-cm signatures resulting from interac-
tions between the standard and dark sectors, character-
ized by spectral features—edges and endpoints—and ex-
cesses in the observed 21-cm global signal brightness tem-
perature. We have shown how features resulting from
dark photon-to-photon conversion can modify the 21-cm
absorption trough during cosmic dawn, providing a po-
tential explanation for the anomalous depth and shape of
the 21-cm absorption feature measured by EDGES and,
more generally, a new way to look for new physics in cur-
rent and upcoming 21-cm measurements targeting the
cosmic dawn era. We have additionally demonstrated
how resonant photon injection can result in distinctive
spectral features in the brightness temperature during
the dark ages, which can be targeted by proposed space-
based 21-cm experiments [20–22].

Although we have focused on a particular model re-
alization here, we emphasize the generality of the signa-
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endpoint in the model will correspondingly produce a
spectral endpoint, which may be hard—as in the case of
two-body decay considered here—or soft, as expected for
three (or more)-body decay.

We have also focused exclusively on signatures in the
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tures may be expected in the 21-cm power spectrum as
well, which is expected to be targeted by ongoing and
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21-cm temperature evolution under perfect W-F coupling
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21-cm public code

https://github.com/smsharma/twentyone-global

• Lightweight code to model global 21-cm signal  

• Simple models of astrophysical (UV/X-ray) emission 

• Easy to add extra sources of photons

https://github.com/smsharma/twentyone-global
https://github.com/smsharma/twentyone-global

