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A dark photon kinetically mixing with the ordinary photon represents one of the simplest viable
extensions to the standard model, and would induce oscillations with observable imprints on cosmology.
Oscillations are resonantly enhanced if the dark photon mass equals the ordinary photon plasma mass,
which tracks the free electron number density. Previous studies have assumed a homogeneous Universe; in
this Letter, we introduce for the first time an analytic formalism for treating resonant oscillations in the
presence of inhomogeneities of the photon plasma mass. We apply our formalism to determine constraints
from cosmic microwave background photons oscillating into dark photons, and from heating of the
primordial plasma due to dark photon dark matter converting into low-energy photons. Including the effect
of inhomogeneities demonstrates that prior homogeneous constraints are not conservative, and simulta-
neously extends current experimental limits into a vast new parameter space.
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Introduction.—A minimal extension of the standard
model (SM) is a dark photon, A0, kinetically mixing [1]
with the ordinary photon, γ. Kinetic mixing is one of a few
portals allowing new physics to couple to the standard model
through a dimensionless interaction that can be manifest at
low energies. Further motivations for dark photons is that
they may constitute dark matter [2–12] and are ubiquitous in
theories beyond the SM [13–19]. Very light dark photons
decouple from experiments as a positive power of mA0=Eexp,
where mA0 is the mass of the dark photon and Eexp is the
experimental energy scale. Because of this decoupling
behavior, light dark photons with sizable interactions are
consistent with current experimental constraints.
Kinetic mixing induces oscillations of photons into dark

photons, γ → A0, as well as the reverse process, A0 → γ. In
the early Universe, given a redshift z and position x⃗, the
photon has a plasma mass, mγðz; x⃗Þ, that tracks the free
electron number density, neðz; x⃗Þ. The oscillation prob-
ability is resonantly enhanced if the plasma mass equals the
mass of the dark photon, mγðz; x⃗Þ ≈mA0 . We consider
massive dark photons, with a mass in the interval
10−14 ≲mA0 ≲ 10−9 eV, the homogeneous (spatially aver-
aged) value of the plasma mass, m̄γðzÞ, crosses the dark
photon mass after recombination. In this regime there are
powerful constraints [20,21] from γ → A0 oscillations
distorting the shape of the cosmic microwave background
(CMB) spectrum measured by FIRAS [22]. Dark matter
composed of dark photons is also constrained by heating of
the primordial plasma from resonant A0 → γ oscillations
[23], producing low-energy photons that are efficiently
absorbed by baryons. Additional constraints on dark
photon dark matter are considered by Refs. [4,24–26].

Previous studies of cosmological dark photon oscilla-
tions have assumed a homogeneous plasma mass, i.e.,
mγðz; x⃗Þ ≈ m̄γðzÞ. However, the plasma mass has perturba-
tions that track inhomogeneities in the electron number
density, which are a predicted consequence of the growth of
structure in the early Universe. Consider a photon that
propagates along a worldline through the primordial
plasma. In the homogeneous limit, this photon may
experience a level crossing at a specific redshift, zres, when
m̄γðzresÞ ≈mA0 . In reality, a photon’s path traverses regions
with overdensities and underdensities, and may pass
through many different level crossings at redshifts that
differ from zres. Figure 1 shows a simulation of this process
for a dark photon mass with zres ≈ 100; perturbations in the
plasma mass induce resonant conversions over a wide range
of redshifts, 90≲ z≲ 110. The effect of inhomogeneities is
especially dramatic for dark photons with masses
mA0 ≲ 10−14 eV, which experience no level crossings in
the homogeneous limit, but in reality can experience level
crossings in regions with lower-than-average electron
number density.
This Letter is part of a pair of companion papers in which

we initiate the study of resonant oscillations between
photons and dark photons in the presence of inhomo-
geneities in the photon plasma mass. We introduce an
analytic formalism for calculating the probability that
photons or dark photons oscillate as they travel through
the inhomogeneous plasma. As applications of our formal-
ism, we revisit bounds from the CMB spectrum on photons
oscillating to dark photons, γ → A0, and bounds from
energy injection due to dark photon dark matter oscillating
into ordinary photons, A0 → γ. We find that these bounds
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require significant revision: compared to the homogeneous
limit, perturbations both induce new resonances in under-
densities and overdensities, extending these bounds into a
vast new parameter space, and can also wash out
resonances, making the sensitivity derived in the homo-
geneous approximation an overestimate for certain dark
photon masses. The homogeneous limit is therefore
not a conservative approximation of our inhomogeneous
Universe.
Dark photons with masses 10−15 ≲mA0 ≲ 10−9 eV are

the target of several planned experiments using resonant
detectors. DM Radio targets dark photon dark matter
[28,29], while Dark SRF [30,31] aims to produce and detect
dark photons without assuming a cosmic abundance [32].
In our companion paper [33] 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
γ → A0 oscillations.
The remainder of this Letter is organized as follows. We

begin by reviewing γ ↔ A0 oscillations. We then introduce
our analytic formalism for treating these oscillations in the
presence of perturbations of the photon plasma mass. Next,
we apply our formalism to determine the constraints on
γ → A0 oscillations from FIRAS data. We then show how
inhomogeneities extend constraints on energy injection
from dark photon dark matter to new dark photon masses.
Our conclusions highlight additional possible applications
and extensions of our formalism. Throughout this work,
we use units with ℏ ¼ c ¼ kB ¼ 1, and the Planck 2018
cosmology [34].

Resonant photon-dark photon oscillations.—We con-
sider the following photon-dark photon Lagrangian:

LγA0 ¼ −
1

4
F2
μν −

1

4
ðF0

μνÞ2 −
ϵ

2
FμνF0

μν þ
1

2
m2

A0 ðA0
μÞ2; ð1Þ

where ϵ is a dimensionless measure of kinetic mixing with
typical “natural” values in the range 10−13–10−2 eV
[13,17–19,35]. A0 is the dark photon field, with F and
F0 representing the field strength tensor for the photon and
dark photon, respectively.
The propagation of CMB photons in the primordial

plasma leads to in-medium effects that are described by a
mass term, mγ , in the photon dispersion relation. There are
positive and negative contributions to m2

γ from scattering
off free electrons and neutral atoms, respectively [20,21]:

m2
γðz; x⃗Þ ≃ 1.4 × 10−21 eV2

�
neðz; x⃗Þ
cm−3

�

−8.4 × 10−24 eV2

�
ωðzÞ
eV

�
2
�
nHIðz; x⃗Þ
cm−3

�
; ð2Þ

where ωðzÞ is the photon energy, and neðz; x⃗Þ and nHIðz; x⃗Þ
represent the local free electron and neutral hydrogen
densities. We model the evolution of cosmological quan-
tities using CLASS [36] interfaced with HyRec [37]. For
ϵ ≪ 1, γ → A0 conversion is a resonant process that is
efficient only when the dark photon mass is equal to the
plasma mass; in this limit, we can apply the Landau-Zener
approximation for nonadiabatic transitions [20,33,38,39],

FIG. 1. (Top) A simulated realization of the plasma mass in a box of comoving thickness 5 Mpc, centered around z ¼ 100. An
example photon path with conversion to a dark photon at the redshift marked “×” is shown. (Middle) A line-of-sight section through the
perturbed plasma mass (solid red line), as might be encountered by a traversing CMB photon, compared to the homogeneous plasma
mass (dashed red line). For a dark photon mass ofmA0 ¼ 2.73 × 10−13 eV, the corresponding homogeneous transition occurs at z ≃ 100
where the plasma mass reaches mA0 (gray line). Multiple level crossings are possible after accounting for perturbations—individual
crossings in this realization are shown as the vertical green lines. (Bottom) The corresponding analytical differential conversion
probability (blue line) and a histogram of the crossing density corresponding to the specific realization shown (green) [27].
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Pγ→A0 ≃
X
i

πm2
A0ϵ2

ωðtiÞ
���� d lnm

2
γðtÞ

dt

����
−1

t¼ti

; ð3Þ

where i indexes times ti when m2
γðtiÞ ¼ m2

A0 and therefore
the resonance condition is met. Equation (3) describes the
probability that a photon will convert along its path, which
depends on mγðtÞ along this path. Equation (3) assumes
Pγ→A0 ≪ 1, which applies throughout this work. Similar
results have also been derived in the context of neutrino
oscillations in supernovae [40–42].
The effect of inhomogeneities.—Inhomogeneities in the

photon plasma mass substantially affect the conversion
probability of photons into dark photons and vice versa,
allowing for efficient oscillations over a range of cosmic
times rather than at a single epoch.
In the presence of plasma mass inhomogeneities, we

need to take the average of Eq. (3) over different photon
paths to account for transitions in locally overdense and
underdense regions. This problem reduces to integrating
over m2

γ at each point in time, weighted by the probability
density function of finding a region with plasma mass m2

γ .
Our formalism draws from Rice’s formula for the average
number of level crossings of a random field [43,44]. In our
companion paper [33], we derive the following differential
conversion probability:

dhPγ→A0 i
dz

¼ πm2
A0ϵ2

ωðtÞ
���� dtdz

����
×
Z

dm2
γfðm2

γ ; tÞδDðm2
γ −m2

A0 Þm2
γ ; ð4Þ

where fðm2
γ ; tÞ is the probability density function (PDF) of

m2
γ at time t, and δD is the Dirac delta distribution.

Neglecting perturbations in the free electron fraction xe
(see Ref. [33] for a discussion on why this assumption is
valid here), Eq. (2) shows that m2

γðz; x⃗Þ ∝ nbðz; x⃗Þ, where
nb is the baryon number density; this implies that

fðm2
γ ; tÞ ¼ Pðδb; tÞ=m2

γ ; ð5Þ

where Pðδb; tÞ is the one-point PDF of baryon density
fluctuations δb ≡ ðnb − n̄bÞ=n̄b andm2

γ the average squared
plasma mass. Equation (5) therefore ties the physics of
γ ↔ A0 directly to a cosmological observable. The pro-
portionality m2

γ ∝ nb together with the definition of δb
implies that that 1þ δb ¼ m2

γ=m2
γ .

Equation (4) is one of our main results, and we consider a
few different possibilities for the one-point PDF Pðδb; tÞ in
order to estimate the theoretical uncertainty associated with
the nonlinear distribution of matter at low redshifts z≲ 6.
First, we consider a log-normal distribution, which has long
been used as a simple model for the distribution of the low-
redshift matter density [45–48]. To inform the spectrum of
fluctuations for this distribution, we use the baryonic power
spectra PbbðkÞ derived from hydrodynamic simulations
[49–52] and extracted in Refs. [53,54]. Second, we adopt
an analytical prescription [55], which extends the spherical
collapse model [56,57] to perform a first-principles
computation of the nonlinear matter PDF.
In the literature, Pðδb; tÞ is typically defined as a

function of a smoothing scale R over which densities are
averaged in order to match observations and simulation
results; furthermore, the width of the distribution can
exhibit a log-divergence in R if PbbðkÞ ∝ k−3 at large k.
In our work, we assume that baryonic structures are
suppressed on scales smaller than the baryonic Jeans scale
RJ ∼ 10 kpc. In practice, the log-normal PDF is computed
with a PbbðkÞ which has a cutoff at kJ ∼ 1=RJ derived from
CLASS, while our analytic PDF is obtained with a
smoothing scale R ¼ RJ. A complete description of our
PDFs and the Jeans scale is given in Ref. [33].
The differential transition probability (normalized to

unity) for a few benchmark dark photon mass points
mA0 ¼ 2 × 10−15; 10−13, and 10−12 eV is shown in the
bottom panel of Fig. 2. For mA0 ¼ 10−12 eV there is a
narrow resonance corresponding to a transition in the limit
of a homogeneous plasma at z ∼ 200. An additional broad
resonance at z ∼ 6 is also present, corresponding to con-
versions in overdensities in the plasma mass post-
reionization. Note that Eq. (3) implies that later resonances
typically contribute more to the total conversion

FIG. 2. (Top) The photon plasma mass as a function of
redshift corresponding to the lowest-frequency FIRAS band
(ν0 ¼ 2.27 cm−1), which dominates the total conversion prob-
ability. The middle 68% and 95% containment of plasma mass
fluctuations in the log-normal prescription is shown in dark and
light gray, respectively. Horizontal lines correspond to the
fiducial mass points mA0 ¼ 4 × 10−15 (red), 10−13 (blue), and
10−12 eV (green), respectively. (Bottom) The differential reso-
nant transition probability for this frequency as a function of
redshift for the fiducial masses, normalized to unity total
probability, showing efficient conversion probability over a wide
range of redshifts [58].
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probability. For mA0 ¼ 2 × 10−15 eV, no resonance exists
in the homogeneous limit; remarkably, however, fluctua-
tions 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 conversions.
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
[22] for evidence of deviations from a blackbody spectrum
due to γ → A0 oscillations. Notably in this case the dark
photon does not need to be the dark matter. The spectrum of
the FIRAS data is fit by the nearly perfectly Planckian
spectrum Bω with temperature TCMB ¼ 2.725 K [59]. For a
given dark photon model specified by its mass mA0 and
mixing parameter ϵ, the spectral distortion to the CMB
spectrum will be given by Iω0

ðmA0 ; ϵÞ ¼ Bω0
ð1 − hPγ→A0 iÞ,

where hPγ→A0 i is the conversion probability for the given
model corresponding to the present-day frequency ω0,
obtained by integrating Eq. (4). Details of the data analysis
are presented in the Supplemental Material [60].
Erring on the conservative side, we do not consider

fluctuations outside of the range 10−2 < 1þ δb < 102, and
as such our results do not rely on conversions in the tails of
the PDF where uncertainties are large. Additionally, 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 uncertainties arising from
the complex physics of reionization in this epoch. We
explore the effects of these choices in the Supplemental
Material [60].
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 parameter
ϵ for a range of dark photon masses mA0 . We show
constraints using both the log-normal and analytic descrip-
tion of the PDF. We also show the projected limits for a
future measurement of the CMB spectrum such as the
proposed PIXIE satellite [79] using the putative specifica-
tions from Ref. [21]. The traditional constraint assuming a
homogeneous plasma mass as a function of redshift is also
shown for comparison, together with constraints projected
by the resonant cavity-based Dark SRF experiment [30,31]
and existing constraints from an analysis of the magnetic
field of Jupiter [80]. There are bounds from black hole
superradiance for values of mA0 that overlap our bounds
assuming ϵ ¼ 0 [81–83], but it is unknown if these apply
when ϵ > 0 implying interactions of A0 with plasma around
the black hole.
Dark photon dark matter.—So far, we have studied the

resonant conversion of CMB photons into relativistic
(v ≃ c) dark photons. A cold, nonrelativistic (v ≪ c)
population of dark photons can also be produced non-
thermally in the early Universe, and is a good candidate for
dark matter [2,4,8,10,12]. Additional constraints apply in

FIG. 3. (Left) The 95% confidence level constraints on the kinetic mixing parameter ϵ as a function of dark photon massmA0 , assuming
log-normal (red line) or analytic (blue line) PDFs; the shaded region is ruled out by the more conservative of the two PDF choices. We
also show the reach of the proposed PIXIE satellite [79] (dot-dashed red line) assuming a log-normal PDF. For comparison we show the
previous limit assuming a homogeneous plasma (dotted gray line), a constraint from the magnetic field of Jupiter [80,84] (shaded
brown), and the projected reach of the Dark SRF experiment [30,31] (dot-dashed orange line), which would be complementary to our
cosmological constraints. (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 nonresonant heating of the IGM [23] and heating of the gas
in the dwarf galaxy Leo T [26]. We also show the projected reach of DM Radio Stage 3 [28,29,85] (dot-dashed orange line). 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. [23] (dotted orange line) [86,87].
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this case; in particular, Ref. [23] proposed using measure-
ments of the temperature of the intergalactic medium
(IGM) around the epoch of HeII reionization (2≲ z≲ 6)
[61,88–92] to constrain the dark photon dark matter
scenario. These measurements show that during HeII
reionization, the total heat input per baryon is on the order
of 1 eV. A0 → γ conversion for light A0’s produce soft
photons that are absorbed efficiently through free-free
absorption, leading to an anomalous heating of the IGM.
The derived bound in the homogeneous limit extends over a
limited mass range, precisely where the dark photon mass
matches the homogeneous plasma mass in the narrow
redshift range 2≲ z≲ 6. Our formalism accounting for
inhomogeneities extends this treatment to a wider range of
dark photon masses.
The total energy injected per unit baryon hEA0→γi from

the dark matter can be computed as

dhEA0→γi
dz

¼ πmA0ϵ2
ρ̄A0

n̄b

���� dtdz
����

×
Z

dm2
γ

m2
γ

m2
γðtÞ

fðm2
γ ; tÞδDðm2

γ −m2
A0 Þm2

γ ; ð6Þ

where ρ̄A0=n̄b is the ratio of the homogeneous dark matter
energy density to baryon number density, which is a time-
independent quantity (we assume that the deposited heat
from A0 conversions is shared equally among all baryons:
for further discussion of this assumption, we refer the
reader to the Supplemental Material [60]). The total energy
injected is then obtained by performing an integral over
2 < z < 6. Considering the same PDFs discussed in the
previous section and imposing hEA0→γi < 1 eV, we derive
the constraints shown in the right panel of Fig. 3, with the
homogeneous limit shown for comparison. Also shown is
the parameter space covered by existing constraints
[23,26], as well as the projected constraints from DM
Radio Stage 3 [28,29,85]. Finally, our limits can be rescaled
as a function of the maximum hEA0→γi allowed and ρA0 by
noting that hEA0→γi ∝ ϵ2ρA0 .
Conclusions.—We have introduced a framework for

treating oscillations between dark photons and ordinary
photons as they traverse the inhomogeneous plasma of our
Universe. Our main results are Eqs. (4) and (6). A complete
discussion and derivation of these results appear in our
companion paper [33]. We have applied this framework to
determine constraints from CMB photons oscillating into
dark photons (Fig. 3, left panel) and from energy injection
from dark photon dark matter (Fig. 3, right panel).
Prior studies have assumed the homogeneous limit and
require significant revision because inhomogeneities
both extend the mass reach, and either strengthen
or weaken the sensitivity for masses constrained in the
homogeneous limit.

We anticipate broader applications of our framework.
Perturbations in the photon plasma mass will modify
resonant oscillations of photons into axionlike particles,
which can occur in the presence of primordial magnetic
fields [93] or dark magnetic fields [94]. Here we have
considered oscillations of dark photon dark matter, but dark
photons (or axionlike particles) can also resonantly inject
photons that impact 21 cm observations [94–96]. We have
here considered global (sky-averaged) effects, but photon-
to-dark photon oscillations in an inhomogeneous back-
ground will imprint anisotropies in the CMB that may be
testable by Planck [34] and/or next-generation probes of
CMB anisotropies [97,98].
Additional details of the data analysis performed and a

discussion of systematic effects is presented in the
Supplemental Material [60]. A much more in-depth dis-
cussion of our formalism, the choice of one-point PDFs, the
construction of the baryon power spectrum, and a verifi-
cation of our formalism with simulations are all discussed
in our companion paper [33]. The code used to obtain the
results in this Letter, our companion paper [33], as well as
digitized constraints are available at Ref. [99].
The supporting data for this Letter are openly available

from GitHub [27,58,86,87,99].
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