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We show that axionlike particles that only couple to invisible dark photons can generate visible B mode
signals around the reionization epoch. The axion field starts rolling shortly before reionization, resulting in
a tachyonic instability for the dark photons. This generates an exponential growth of the dark photon quanta
sourcing both scalar metric modes and gravitational waves that leave an imprint on the reionized baryons.
The tensor modes modify the cosmic microwave background (CMB) polarization at reionization,
generating visible B mode signatures for the next generation of CMB experiments for parameter ranges
that satisfy the current experimental constraints.
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I. INTRODUCTION

The discovery of gravitational waves (GW) at LIGO [1]
and VIRGO [2] has motivated the search for other possible
GW sources beyond the mergers of astrophysical objects.
Among those, GWs from cosmological sources, such as
strong first order phase transitions [3] and the presence of
cosmic strings [4], are of particular interest in elucidating the
early history of the universe (e.g., [5,6]). The cosmological
GW signals can have a wide range of possible frequencies:
interferometer experiments can detect GWs with frequen-
cies above ∼10−5 Hz [7–10], and lower frequency signals
down to ∼10−8 Hz are relevant for pulsar timing experi-
ments [11,12]; if GWs have frequencies lower than
∼10−15 Hz, we can search for the B mode polarization
signals from GW imprints on the cosmic microwave back-
ground (CMB) [13]. Such low-frequency signals have
wavelengths comparable to the visible universe’s size and
must have a cosmological origin. As a result, the B mode
signal is mainly considered to come from GWs produced
during cosmic inflation (see [14] and the references therein).

In this paper, we propose a new source for B mode
generating GWs produced by axionlike particles (ALPs)

around the time of cosmic reionization. Axions were
originally proposed to solve the strong CP problem
[15,16] and realized to be a viable dark matter (DM)
candidate [17–20]. ALPs generalize the cosmological
phenomenology of axions without a necessary connection
to strongCP. For example, an ALP can serve as the inflaton
field responsible for the period of cosmic inflation [21–23]
or as the relaxion, addressing the hierarchy problems in
nature by varying the fundamental constants of nature with
time [24–26]. On the experimental side, several new direct
detection experiments have been put into action [27–30] or
have been proposed [31–34] to look for ALPs. Part of the
theoretically favored axion parameter space has already
been experimentally excluded.
In the particular case where ALPs couple to dark

photons, the ALP field’s rolling leads to a “tachyonic
instability” that amplifies vacuum fluctuations of one of the
dark photon helicities. The process generates exponential
dark photon production, and similar phenomena have been
studied under the context of inflation [23,35], production of
dark photon DM [36], depletion of axion DM to avoid
overclosure [37], and friction for the relaxion models
[24,25]. Recently it has been shown that the stochastic
GW background generated through this process in the early
universe may be detectable in interferometers or pulsar
timing arrays [38,39]. In [40], a similar mechanism at the
recombination period is studied within the context of early
dark energy solutions to the Hubble tension [41,42] and is
shown to produce visible GW signals in the CMB.
In this work, we consider a similar effect of producing a

GW background from tachyonic particle production late in
the universe’s history—after recombination and around the
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time of galaxy formation. As a tensor perturbation of
the metric, the GW background leaves an imprint on the
photon energy distribution. When the universe enters the
reionization era at zrei ≈ 8, CMB photons propagating in
the line-of-sight direction get polarized by the last
Thomson scattering, and a combination of the tensor
perturbation and the angular distribution of the photon
polarization produces the B mode signal in the large-scale
CMB spectrum. In particular, we will show that for
parameter ranges of our model not currently excluded by
existing or past experiments [43,44], we predict a B mode
signal accessible to the next generation of B mode
detectors.
The B mode signals sourced by the axionic instability

have a power spectrum which could be distinguished from
those produced by inflationary GWs. An observation of
such unique B mode signals will be a discovery of dark
sector physics and will shed light on the nature of dark
energy by revealing that dark energy is changing at late
times. In particular, a revelation that dark energy has
recently changed by an amount close to its current value
is suggestive of some dynamics related to the cosmological
constant (CC) problem. As we will show, next-generation
experiments will be able to probe such shifts on a scale
similar to the current value of the cosmological constant.
We remark that our calculation utilizes a linear semi-

classical approximation and therefore our results need to be
confirmed by a full lattice study. We expect this to affect the
precise predictions of the spectral shapes, but not our
ultimate conclusions.
This paper is organized as follows: After reviewing the

mechanism of tachyonic production of dark photons, we
describe our setting and set up the calculation of dark
photon’s energy density fluctuations in Sec. II. We then
discuss the metric perturbation sourced by the dark photon
fluctuation in Sec. III and show the derivation of the
resulting CMB spectra. Subsequently, we present our
results, comparing the predicted signals within two bench-
mark ALP models to the sensitivity of the future B mode
experiments and to the current constraints from Planck in
Sec. IV. Finally, we conclude in Sec. V.

II. THE MODEL

A. Tachyonic production of dark photons

We consider an axion field ϕ coupled to a Uð1Þ dark
photon, with the Lagrangian given by

L ¼ − 1

2
∂μϕ∂μϕ − VðϕÞ − 1

4
FμνFμν −

α
4f

ϕFμνF̃μν; ð1Þ

where VðϕÞ ¼ 1
2m

2ϕ2, and f is the axion constant. We
assume the dark photon is massless and is produced only
after inflation. The quadratic potential VðϕÞ can naturally
arise from an axionlike potential Λ4 cosðϕ=fÞ, which

implies m ∼ Λ2=f. We consider m close to the Hubble
scale right before the reionization. We will see that in our
setting, the CMB probes Λ ∼OðmeVÞ, which also coin-
cides with the order of magnitude of the cosmological
constant, so that an observation of the signal we discuss
may lead to new insights into dark energy.1

The equation of motion of the axion field is then

ϕ00 þ 2aHϕ0 þ a2
∂V
∂ϕ ¼ α

f
a2E ·B; ð2Þ

in which a is the scale factor of the FRW metric
ds2 ¼ a2ðτÞðdτ2 − δijdxidxjÞ, and H is the Hubble param-
eter. The prime symbol denotes derivatives with respect to
the conformal time τ. On the right hand side of the
equation, the dark electromagentic field serves as friction
for the rolling of the axion ϕ.
The rolling of the axion will cause the dark photon

modes within a certain momentum range to grow expo-
nentially, a phenomenon known as the tachyonic instability.
This can be shown by examining the equation of motion of
the dark photon field, which in the Coulomb gauge is
written as

Xi ¼
Z

DkðϵþiðkÞvþðτ; kÞâþðkÞeik·x þ H:c:Þ;

X0 ¼ 0; ð3Þ

where Dk≡d3k=ð2πÞ3. The creation and annihilation
operators obey the commutation relation ½aþðkÞ;a†þðk0Þ&¼
ð2πÞ3δðk−k0Þ, and the polarization vectors obey
k · ϵ' ¼ 0, k × ϵ' ¼∓ ikϵ', ϵ' · ϵ' ¼ 0, ϵ' · ϵ∓ ¼ 1.
The dark photon field equation can then be written in
terms of the mode function v as

v00'ðk; τÞ þ ω2
'ðk; τÞv'ðk; τÞ ¼ 0; ð4Þ

with the dispersion relation ω2
'ðk; τÞ ¼ k2 ∓ kαϕ0=f. As

long as the axion starts rolling and develops a nonzero ϕ0,
the dark photon modes of a certain helicity in the
momentum band 0 < k < αjϕ0j=f will have ω2ðk; τÞ < 0
and therefore grow exponentially. Specifically, the vþ
modes can grow when ϕ0 > 0 and the v− modes grow
when ϕ0 < 0, and the growth of the two helicities are
alternating as the axion field oscillates around the minimum
of its potential. The helicity experiencing the tachyonic
instability right after axion starts the rolling will be
significantly more enhanced than the other, as it spends
more time in the tachyonic band.
To solve the axion and the dark photon coupled

equations of motion, we treat the dark photon mode

1For example, [45] has proposed a similar axion model to
address the cosmological constant problem.
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functions v'ðk; τÞ as discretized modes of fixed k. And to
the leading order, the reaction from dark photon field E · B
on the right-hand side of Eq. (2) is replaced by the
expectation value hE ·Bi, which is calculated as

hE · Bi ¼ −
X

λ¼'
λ
Z

k2dk
2π2a4

Re½v(λðk; τÞv0λðk; τÞ&: ð5Þ

B. Calculation setup

In our calculation, we assume the dark photon to be
nonthermal such that its abundance comes only from the
tachyonic production described above. We use 200 dark
photon k-modes equally spaced on a logarithmic grid in the
momentum range ½kmin; kmax&. The value of kmax is chosen
such that kmax ≳ αjϕ0jmax=f, and we perform a consistency
check with several choices of kmax to determine the number
used for each calculation. The minimum value of the
momentum range is set to be kmin ¼ H0=4. With these
choices, we make sure that the entirety of the momentum
range of interest is covered.
In this work we do not include the backreaction of the

gauge modes on the axion perturbations that requires a full
lattice study (see [46]). This is mainly important for the axion
abundance calculation which is not of interest in this setup.
For the GWs, we expect the lattice results to be roughly
consistent in magnitude [46] and to be mainly important for
the spectral shape (see also [47–49]). We therefore treat the
calculation here as a preliminary estimate to motivate a full
lattice study which is left for a subsequent work.
The produced dark photon k-modes are assumed to be in

the Bunch-Davis vacuum v'ðk; τÞ ¼ eikτ=
ffiffiffiffiffi
2k

p
before the

axion rolling starts and the axion field is released at an
initial misalignment of jϕ0j ¼ f. We choose two bench-
mark models for which the tachyonic instability becomes
significant after recombination but before reionization,
taken as zrei ¼ 8. Note that keeping the axion mass fixed
and varying the height of the initial misalignment (i.e., Λ in
our parametrization, keeping f ∝ Λ2) will only rescale the
energy in the dark sector, and with it the energy density in
the perturbations. Therefore we will think of the two
benchmarks as two classes of models where the total
energy in the dark sector remains a free parameter which
can be constrained by current experimental data. We give
the benchmark values of the parameters in Table I,
where we also show bounds on the energy scale in the
dark sector Λbound which we derive in the following
sections based on the uncertainty of the current power
spectra measurements.
We plot the time evolution of the axion potential and the

resulting inhomogeneities in the gauge modes in Fig. 1,
using the two benchmark mark models and energy scale
Λbound. We see that the axions start their rolling shortly
before the reionization and begin to oscillate around the
minimum, producing the gauge mode inhomogeneity in the

process. In Fig. 1 (right), we see that the dark photon energy
is always below Oð5 × 10−4Þ of the total energy. The
process therefore gives negligible corrections to the angular
diameter distance that relates to the CMB spectra. However,
even though the average ρe is small comparing to ρtot that is
dominated by the matter density ρm, the density contrast of
the dark photon energy is of Oð1Þ as can be seen in the
transparent and opaque curves. The energy perturbation
hδρ2ei1=2 is thus comparable to the matter density perturba-
tion (∼10−5ρm) that enters the horizon around the same time
and can therefore generate visible signals as we show below.

III. CMB SPECTRA CALCULATION

Although the axion starts rolling only after recombina-
tion, remarkably it can still modify the CMB perturbation
observed today. The dark photon field enhanced by the
tachyonic instability generates isocurvature perturbations
that also source GWs [38] affecting the CMB power
spectrum through the late integrated Sachs-Wolfe (ISW)
effect. The produced GWs also leave an imprint in the
CMB B mode which will serve as our target signal for the
discovery of this setup. Here we present the calculation of
CMB TT, EE and BB spectra, CTT

l , CEE
l and CBB

l .

A. Scalar mode contribution

Perturbations of the axion and dark photon energy
density δρe generate a gravitational potential Φ through
the linear Boltzmann and Einstein equations [50]

δ0m þ θm ¼ 3Φ0;

θ0m þ a0

a
θm ¼ −Φ;

k2Φþ 3
a0

a
Φ0 þ 3

"
a0

a

#
2

Φ ¼ −4πGNa2ðδρe þ δρmÞ: ð6Þ

Here δm ¼ δρm
ρm

is the matter energy density contrast induced
by the perturbation from the dark photons, and θm is the
velocity divergence of matter. For the metric perturbations
we set Φ ¼ −Ψ and ignore the stress tensor from the free
streaming radiation. Once the tachyonic production starts,
the dark photons dominate the energy perturbation of the
dark sector, and hence:

δρe ≈
1

2

1

a4ðτÞ
δ½ð∂0XiÞ2& þ

1

4
δ½XijXij&: ð7Þ

TABLE I. The benchmark parameters used in the calculation.

m (eV) kmax (Mpc−1) Λbound α

BM1 4 × 10−30 0.94 16 meV 400
BM2 8.8 × 10−31 0.78 9 meV 400
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Here the energy density fluctuation is defined as an
operator by subtracting the expectation value from the
energy density operator [23].
Through the ISW effect, the gravity perturbation Φ,

obtained by solving Eq. (6), sources a temperature pertur-
bation today Θ0ðnÞ ¼ δT=Tð−n; τ0Þ as [51]

Θ0ðnÞ ¼
X

l

ilð2lþ 1Þ
Z

DkΘ̃lðkÞPl

"
k · n
k

#
; ð8Þ

Θ̃lðkÞ ¼ 2

Z
τ0

τrec

dτΦ0ðk; τÞjl½kðτ0 − τÞ&; ð9Þ

where τ0 and τrec are the conformal time today and at
recombination respectively. Since the dark photon pertur-
bation from the tachyonic production is uncorrelated with
the adiabatic perturbation, the cross correlator between
Θ0ðnÞ and the adiabatic CMB temperature perturbation is
negligible. Therefore, the dark photon contribution to the
temperature power spectrum is calculated as

CTT
l ¼ 1

4π

Z
dn0dn00Θ0ðn0ÞΘ0ðn00ÞPlðn0 · n00Þ: ð10Þ

Using functions Tr
l and Ti

l defined in Eq. (A6) and (A7) as
convolution integrals between the dark photon mode
function vðk; τÞ and the spherical Bessel functions, we
find that

CTT
l ¼ 8π3G2

N

Z
Dk

Z
Dk1ðk21 þ 2k1k2 þ k22 − k2Þ2

· ½Tr2
l ðk; k1; k2Þ þ Ti2

l ðk; k1; k2Þ&; ð11Þ

where the vector k2 ¼ k − k1. We give more details of the
derivation in the Appendix A.

The scalar perturbations can also source the CMB E
mode, which can be calculated as

CEE
l ¼ 9π

2
T2
rei
ðlþ 2Þ!
ðl − 2Þ!

Z
DkDk0hΦðτreiÞΦðτreiÞi

· j22ðkτreiÞ ·
j2l ½ðτ0 − τreiÞk&
k4ðτ0 − τreiÞ4

ð12Þ

after taking the narrow width approximation of the vis-
ibility function in time. Here τrei is the conformal time at
reionization, and T rei ≈ 0.08 is the photon optical depth in
the reionized universe. We find that the E mode contribu-
tion from the scalar perturbations is subdominant to that of
the tensor perturbations.

B. Tensor mode contribution

The tensor perturbation hðk; τÞ is obtained from
the linear Einstein equation, which is written in terms of
h̄ij ¼ ahij as

h̄00ij þ
"
k2 −

a00

a

#
h̄ij ¼

2

M2
Pl
aΠijðk; τÞ; ð13Þ

where Πijðk; τÞ is the anisotropic part of the energy
momentum tensor Tij. The tensor perturbation then gen-
erates the B mode power spectrum as [51]

CBB
l ¼ 36πT 2

rei

Z
DkDk0J 2

l;BðkÞ

·
$%Z

τrei

τrec

dτh0ijðk; τÞ
j2½ðτrei − τÞk&
ðτrei − τÞ2k2

&
2
'
; ð14Þ

where

FIG. 1. Left panel: the evolution of the axion potential energy of the two benchmark models we use, normalized by the dark
energy density today ρCC ≈ 37 meV4. Right panel: the evolution of the dark sector energy density ρe and its perturbation hδρ2ei1=2
induced by the tachyonic particle production, normalized by the total energy density of the universe, where
hδρ2ei1=2 ≡ ½

R
DkDk0hδρeðkÞδρeðk0Þi&1=2.

MICHAEL GELLER, SIDA LU, and YUHSIN TSAI PHYS. REV. D 104, 083517 (2021)

083517-4



J B;lðkÞ ¼
lþ 2

2lþ 1
jl−1ðκÞ −

l − 1

2lþ 1
jlþ1ðκÞ; ð15Þ

with κ ¼ ðτ0 − τreiÞk. We take the narrow width approxi-
mation of the visibility function in time as in the E-mode
calculation. In contrast to the calculation of TT, the Bmode
signal relies on having the last photon scattering at
the reionization. This can be seen by the presence of
j2½ðτrei − τÞk& that comes from expanding the photon
propagation within the time interval ½τ; τrei& into spherical
harmonics and then matching the angular mode to the
polarization signal.
As can be seen from Eq. (13), the spectrum

hh0ðk; τ0Þh0ðk; τ00Þi is related to hΠijðk; τ0ÞΠijðk0; τ00Þi,
which again can be expressed in terms of the dark photon
mode function vðk; τÞ. The B mode spectrum can therefore
be rewritten as

CBB
l ¼ 36πT2

rei

Z
Dk

Z
Dk1Θðk; k1; k2Þ

·ðB2
rðk; k1; k2Þ þ B2

i ðk; k1; k2ÞÞJ 2
B;lðkÞ: ð16Þ

The function Θ defined in Eq. (B5) comes from the scalar
products of the dark photon polarization, while Br and Bi
are convolutions between vðk; τÞ and the spherical Bessel
function j2 [see Eq. (B6) and Eq. (B7)]. More details of the
derivation appear in Appendix B.
The tensor perturbation also contributes to the EE and

TT spectrum. The E modes have a similar generation
mechanism as the B modes, and we can calculate the CEE

l
by simply replacing J B;lðkÞ in Eq. (14) with

J E;lðkÞ ¼
ðlþ 2Þðlþ 1Þ
ð2lþ 1Þð2l − 1Þ

jl−2ðκÞ −
6ðlþ 2Þðl − 1Þ
ð2lþ 3Þð2l − 1Þ

jlðκÞ

þ lðl − 1Þ
ð2lþ 3Þð2lþ 1Þ

jlþ2ðκÞ; ð17Þ

and the changing the prefactor from 36π to 9π. The TT
spectrum can be calculated by

CTT
l ¼ 9π

2

ðlþ 2Þ!
ðl − 2Þ!

Z
DkDk0

·
$%Z

τ0

τr

dτh0ijðk; τÞ
jl½ðτ0 − τÞk&
ðτ0 − τÞ2k2

&
2
'
: ð18Þ

As we can see, the power spectra contributed by the
tensor and scalar perturbations are proportional
hΠijðk; τ0ÞΠijðk0; τ00Þi, which scales with the mode func-
tion of dark photon as v4. The energy density of the dark
photon field is ρX ¼ 1

2a4
R
Dkðjv0ðkÞj2 þ k2jvðkÞj2 − kÞ,

where the last term comes from subtracting the vacuum
energy [37]. When the mode function grows due to the
tachyonic production, the axion initial potential energy
ρϕ ¼ 1

2Λ
4 quickly transfers into ρX and generates v ∝ Λ2.

When fixing the axion mass m and the axion-dark photon
coupling α, the magnitude of the resulting spectrum is
proportional to Λ8.

IV. RESULTS: THE TT AND BB SPECTRA

In Fig. 2, we show the CTT
l and CBB

l spectra from the two
benchmark models defined in Table I. In particular, the
value of Λ is rescaled (keeping m and α fixed) so that
the TT spectrum roughly saturates the error bars from the
Planck 2018 data [43], as can be seen in the plot. This
shows the rough bounds on Λ from the current CMB

FIG. 2. We plot the CMB power spectrum in our setting, saturating the current Planck 2018 bound [43] (left panel) and show the
corresponding B mode spectra (right panel) for the two benchmark models (see Table I). In the left panel we also show the 1σ error bar
of the binned Planck 2018 power spectrum [43] up to l ¼ 2000 (when l > 2000 the uncertainty increases) and in the right panel—the
measurement from BICEP2/Keck Array [13] (digitized from [52]) as well as the projected instrumental noise of several future
experiments, including LiteBIRD [53], CMB-S4 [52], PICO [54] and CORE [55] (digitized from [56]). Additionally, we plot on the
right panel the primordial and lensing B mode spectra for several different tensor-to-scalar ratio r (dotted gray, taken from [53]).
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measurements. On the right of Fig. 2 we plot the corre-
sponding CBB

l signals for the two benchmark models
saturating the CTT

l constraints. This gives the upper range
of the predicted B modes within our setting.
Below we discuss the shape of the calculated spectra. As

we can see in Fig. 2 (right), the two axion B mode curves
are roughly parallel to each other. This can be explained by
the spherical Bessel function

x−2j2ðxÞ; x ¼ ðτrei − τÞk; ð19Þ

from the angular integral that projects the photon polari-
zation tensor to the B mode perturbation. The function
peaks at the origin and is suppressed by x−3 when x ≫ 1, so
the integral is dominated by the k-modes that minimize x.
At the same time, the tachyonic production mainly pro-
duces k-modes larger than τ−1rei . This results in DBB

l getting
most of its contribution from perturbations at τ ∼ τrei. This
explains why the difference in the dark photon production
at early times between the two benchmarks does not
significantly modify the shape of the l spectra even though
the axions in the two models start rolling at different times
(as shown in Fig. 1).
This behavior does not hold, however, for the DTT

l
spectra which are sensitive to the starting time of the
particle production. The TT spectra in Eqs. (11) and (18)
are not affected by the reionization and the spherical
harmonic projection has the form jl½ðτ0 − τÞk&, receiving
contributions from a wider τ window for different l-modes.
Our numerical results show that the TT spectra are
dominantly contributed by the early period of the dark
photon production. This is why they no-longer peak at
lower l-modes asDBB

l , and the peak of the spectrum for the
BM1 model, where the particle production starts earlier, is
accordingly at higher l compared with the peak of the BM2
spectrum.
In the DTT

l plot, we compare signals from the two
benchmark axion models to the Planck 2018 data [43],
establishing a rough bound on Λ. We find that Λbound ≈
15ð9Þ meV (see also Table I) for the BM1 (BM2) that
saturates the error bar of the Planck data following the
same binning as in [43]. We also find a similar sensitivity
from the Planck E mode polarization data, not shown
here.
In the DBB

l plot, we first note that the BICEP2/Keck
measurement [13] does not exclude the benchmark mod-
els.2 We have accordingly chosen the parameters to satisfy
the existing constraints and find that the signal from the late
time tachyonic production is well within sensitivities of

next-generation CMB B mode experiments, such as
LiteBIRD [53], CMB-S4 [52], PICO [54] and CORE [55].
The B mode signals from axions peak at low-l,

similarly to those from inflationary tensor modes, in both
cases due to reionization. In this region, the inflationary
model with r ∼ 0.01 produces B mode signals that
dominate over the gravitational lensing signal (see e.g.
Fig. 1 of [55]). This suggests that the axion signals can
also dominate the lensing background. The scientific goal
of LiteBIRD, for example, is to achieve an uncertainty of
δr ∼ 0.001 on the range 2 ≤ l ≤ 100 [53]. It has been
shown that even with the contamination from diffuse
galactic foreground, LiteBIRD can still be sensitive to
DBB

l ∼ 10−4 μK2 [57] for l≲ 10. Such sensitivity is close
to the BM1 signal, and it is also comparable to the BM2
signal even with a lower Λ ≈ 7 meV, which is close to the
scale of the observed dark energy ρ1=4CC. This signal, if
observed, might have intriguing implications for the
nature of dark energy.

V. CONCLUSION

We have studied the CMB power spectra generated by
ALPs via a tachyonic instability and the ensuing pro-
duction of dark photon quanta close to the cosmic
reionization epoch. The ALP-dark photon system pro-
duces GWs that leave an imprint in the CMB, including
its B mode polarization spectrum. The signal is visible to
future CMB polarization detectors while remaining com-
patible with the bounds from current measurements.
Moreover, we find that future experiments can be sensi-
tive to ALP potential energies similar in order of
magnitude to the value of CC, which, if discovered,
may lead to progress in discerning the nature of dark
energy. We note that our setting may potentially also
generate a signal in measures of cosmic non-Gaussianity
that could be visible to future experiments. We leave this
analysis for a future study.
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APPENDIX A: CALCULATION OF THE CMB TT
SPECTRUM

Here we give more details about the CTT
l calculation

from the ISW contribution. We solve the set of differential
equations in Eq. (6) by using the Green’s function method
and denote the Green’s function for Φ by GΦðτ; τ0Þ, which
has the boundary condition of GΦðτ; τÞ ¼ aðτÞ=ð3a0ðτÞÞ.
Then for the ISW calculation we should have the conformal
time derivative of the gravitational potential Φ as

Φ0ðτÞ ¼ GΦðτ; τÞgðk; τÞ þ
Z

τ

τosc

dτ0
dGΦðτ; τ0Þ

dτ
gðk; τ0Þ;

ðA1Þ

where we have defined gðk; τÞ≡ −4πGNa2δρe for con-
venience. With the dτ integration in Eq. (8), we reorganize
the expression by switching the order of the conformal time
integrals as

Θ̃lðkÞ ¼ 2

Z
τ0

τosc

dτGΦðτ; τÞgðk; τÞjl½kðτ0 − τÞ& þ 2

Z
τ0

τosc

dτ
Z

τ

τosc

dτ0
dGΦðτ; τ0Þ

dτ
gðk; τ0Þjl½kðτ0 − τÞ& ðA2Þ

¼ 2

Z
τ0

τosc

dτGΦðτ; τÞgðk; τÞjl½kðτ0 − τÞ& þ 2

Z
τ0

τosc

dτ0
Z

τ0

τ0
dτ

dGΦðτ; τ0Þ
dτ

gðk; τ0Þjl½kðτ0 − τÞ& ðA3Þ

¼ 2

Z
τ0

τosc

dτ0
%
GΦðτ0; τ0Þjl½kðτ0 − τ0Þ& þ

Z
τ0

τ0
dτ

dGΦðτ; τ0Þ
dτ

jl½kðτ0 − τÞ&
&
gðk; τ0Þ ðA4Þ

¼ 2

Z
τ0

τosc

dτ0fT;lðk; τ0Þgðk; τ0Þ: ðA5Þ

We can then convert the correlation function hΘ̃lðkÞΘ̃lðk0Þi into hδρeðk; τÞδρeðk0; τ0Þi. The δρe operator can be
expressed with the dark photon fields by replacing the Xi and Xij in Eq. (7) with the definitions in Eq. (3), and its spectrum
is obtained as h0jδ½O&δ½O&j0i ¼ h0jO2j0i − h0jOj0i2. After a lengthy but straightforward calculation one arrives at
Eq. (11). The expression of the function Tr

l and Ti
l are

Tr
lðk; k1; k2Þ ¼

Z
τ0

τosc

dτ
1

a2ðτÞ
fT;lðk; τÞRe

%
vþðτ; k1Þvþðτ; k2Þ þ

v0þðτ; k1Þv0þðτ; k2Þ
k1k2

&
; ðA6Þ

Ti
lðk; k1; k2Þ ¼

Z
τ0

τosc

dτ
1

a2ðτÞ
fT;lðk; τÞIm

%
vþðτ; k1Þvþðτ; k2Þ þ

v0þðτ; k1Þv0þðτ; k2Þ
k1k2

&
: ðA7Þ

APPENDIX B: CALCULATION OF THE CMB B MODE SPECTRUM

The solution to Eq. (13) can be written as

h̄ijðk; τÞ ¼
2

M2
Pl

Z
τ

τosc

dτ0aðτ0ÞGðk; τ; τ0ÞΠijðk; τ0Þ; ðB1Þ

where G is the Green’s function which solves d2G=dτ2 þ ðk2 − a00=aÞG ¼ δðτ − τ0Þ, and satisfies Gðτ < τ0Þ ¼ 0,
Gðk; τ; τÞ ¼ 0 and G0ðk; τ; τÞ ¼ 1. With this expression, the spectrum hh0ijðk; τ1Þh0ijðk; τ2Þi is converted to
Π2ðk; τ01; τ02Þ, where Π2ðk; τ01; τ02Þ is defined as hΠijðk; τÞΠijðk0; τ0Þi ¼ ð2πÞ3Π2ðk; τ; τ0Þδðkþ k0Þ. Using the results in
Ref. [38], Π2ðk; τ; τ0Þ can be expressed as

Π2ðk; τ; τ0Þ ¼ 2

Z
DqΘþþðk − q;kÞSþþðq;k; τÞS(

þþðq;k; τ0Þ; ðB2Þ

where the subscript ++ means we include only the positive helicity (which dominates over the negative helicity). The
function Θ and S are also explicitly given in Ref. [38] as
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jΘþþðq;kÞj2 ¼
1

16

("
1þ k · q

jkjjqj

#
2
"
1þ k · ðk − qÞ

jkjjk − qj

#
2

þ
"
1 −

k · q
jkjjqj

#
2
"
1 −

k · ðk − qÞ
jkjjk − qj

#
2
)
; ðB3Þ

Sþþðq;k; τÞ ¼ − 1

a2ðτÞ
½jqjjk − qjvþðq; τÞvþðk − q; τÞ þ v0þðq; τÞv0þðk − q; τÞ&: ðB4Þ

These give us all the ingredients for the CBB
l calculation. Putting all the explicit expressions back to Eq. (14), and using the

same trick as in the calculation of CTT
l to switch the sequence of the two conformal time integrals

R
τrei
τosc

dτ
R
τ
τosc

dτ0 →R
τrei
τosc

dτ0
R τrei
τ0 dτ involved in Eq. (14), we arrive at the result Eq. (16) after a simplification. The functions involved in the final

expression Eq. (16) are defined as

Θða; b; cÞ ¼ 1

16

(
ððaþ bÞ2 − c2Þ2

4a2b2
ððaþ cÞ2 − b2Þ

4a2c2
þ ðða − bÞ2 − c2Þ2

4a2b2
ðða − cÞ2 − b2Þ

4a2c2

)
; ðB5Þ

Brðk; k1; k2Þ ¼
2

M2
pl

Z
τrei

τosc

dτ
1

a2ðτÞ
fBðk; τÞRefv0þðτ; k1Þv0þðτ; k2Þ þ k1k2vþðτ; k1Þvþðτ; k2Þg; ðB6Þ

Biðk; k1; k2Þ ¼
2

M2
pl

Z
τrei

τosc

dτ
1

a2ðτÞ
fBðk; τÞImfv0þðτ; k1Þv0þðτ; k2Þ þ k1k2vþðτ; k1Þvþðτ; k2Þg; ðB7Þ

fBðk; τÞ ¼
Z

τrei

τ
dτ0

1

aðτ0Þ
Gðk; τ0; τÞ j2½ðτrei − τ0Þk&

ðτrei − τ0Þ2k2
; ðB8Þ

where Gðk; τ; τ0Þ≡ dGðk; τ; τ0Þ=dτ − a0ðτÞ=aðτÞGðk; τ; τ0Þ.

[1] J. Aasi, B. Abbott, R. Abbott, T. Abbott, M. Abernathy, K.
Ackley, C. Adams, T. Adams, P. Addesso, R. Adhikari et al.
(LIGO Scientific Collaboration), Classical Quantum Grav-
ity 32, 074001 (2015).

[2] F. Acernese, M. Agathos, K. Agatsuma, D. Aisa, N.
Allemandou, A. Allocca, J. Amarni, P. Astone, G. Balestri,
G. Ballardin et al., Classical Quantum Gravity 32, 024001
(2015).

[3] C. Caprini et al., J. Cosmol. Astropart. Phys. 03
(2020) 024.

[4] P. Auclair et al., J. Cosmol. Astropart. Phys. 04 (2020) 034.
[5] M. Geller, A. Hook, R. Sundrum, and Y. Tsai, Phys. Rev.

Lett. 121, 201303 (2018).
[6] Y. Cui, M. Lewicki, D. E. Morrissey, and J. D. Wells, Phys.

Rev. D 97, 123505 (2018).
[7] S. Kawamura et al., Classical Quantum Gravity 28, 094011

(2011).
[8] P. Amaro-Seoane et al., arXiv:1702.00786.
[9] M. Punturo et al., Classical Quantum Gravity 27, 194002

(2010).
[10] J. Crowder and N. J. Cornish, Phys. Rev. D 72, 083005

(2005).
[11] P. E. Dewdney, P. J. Hall, R. T. Schilizzi, and T. J. L. Lazio,

Proc. IEEE 97, 1482 (2009).

[12] R. Manchester, Classical Quantum Gravity 30, 224010
(2013).

[13] P. A. R. Ade et al. (BICEP2 and Keck Array Collabora-
tions), Astrophys. J. 811, 126 (2015).

[14] M. Kamionkowski and E. D. Kovetz, Annu. Rev. Astron.
Astrophys. 54, 227 (2016).

[15] R. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).

[16] R. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791
(1977).

[17] L. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).
[18] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,

127 (1983).
[19] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[20] R. T. Co, L. J. Hall, and K. Harigaya, Phys. Rev. Lett. 120,

211602 (2018).
[21] K. Freese, J. A. Frieman, and A. V. Olinto, Phys. Rev. Lett.

65, 3233 (1990).
[22] S. Dimopoulos, S. Kachru, J. McGreevy, and J. G. Wacker,

J. Cosmol. Astropart. Phys. 08 (2008) 003.
[23] M.M. Anber and L. Sorbo, Phys. Rev. D 81, 043534

(2010).
[24] A. Hook and G. Marques-Tavares, J. High Energy Phys. 12

(2016) 101.

MICHAEL GELLER, SIDA LU, and YUHSIN TSAI PHYS. REV. D 104, 083517 (2021)

083517-8



[25] N. Fonseca, E. Morgante, R. Sato, and G. Servant, J. High
Energy Phys. 04 (2020) 010.

[26] P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys. Rev.
Lett. 115, 221801 (2015).

[27] V. Anastassopoulos et al. (CAST Collaboration), Nat. Phys.
13, 584 (2017).

[28] N. Du et al. (ADMX Collaboration), Phys. Rev. Lett. 120,
151301 (2018).

[29] J. L. Ouellet et al., Phys. Rev. Lett. 122, 121802 (2019).
[30] L. Zhong et al. (HAYSTAC Collaboration), Phys. Rev. D

97, 092001 (2018).
[31] H. Liu, B. D. Elwood, M. Evans, and J. Thaler, Phys. Rev. D

100, 023548 (2019).
[32] Z. Bogorad, A. Hook, Y. Kahn, and Y. Soreq, Phys. Rev.

Lett. 123, 021801 (2019).
[33] A. Hook, Y. Kahn, B. R. Safdi, and Z. Sun, Phys. Rev. Lett.

121, 241102 (2018).
[34] A. Caputo, M. Regis, M. Taoso, and S. J. Witte, J. Cosmol.

Astropart. Phys. 03 (2019) 027.
[35] M.M. Anber and L. Sorbo, Phys. Rev. D 85, 123537

(2012).
[36] R. T. Co, A. Pierce, Z. Zhang, and Y. Zhao, Phys. Rev. D 99,

075002 (2019).
[37] P. Agrawal, G. Marques-Tavares, and W. Xue, J. High

Energy Phys. 03 (2018) 049.
[38] C. S. Machado, W. Ratzinger, P. Schwaller, and B. A.

Stefanek, J. High Energy Phys. 01 (2019) 053.
[39] C. S. Machado, W. Ratzinger, P. Schwaller, and B. A.

Stefanek, Phys. Rev. D 102, 075033 (2020).
[40] Z. J. Weiner, P. Adshead, and J. T. Giblin, Phys. Rev. D 103,

L021301 (2021).
[41] J. L. Bernal, L. Verde, and A. G. Riess, J. Cosmol. Astropart.

Phys. 10 (2016) 019.

[42] V. Poulin, T. L. Smith, T. Karwal, and M. Kamionkowski,
Phys. Rev. Lett. 122, 221301 (2019).

[43] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A5 (2020).

[44] P. A. R. Ade et al. (BICEP2 and Planck Collaborations),
Phys. Rev. Lett. 114, 101301 (2015).

[45] P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys. Rev. D
100, 015048 (2019).

[46] W. Ratzinger, P. Schwaller, and B. A. Stefanek, SciPost
Phys. 11, 001 (2021).

[47] N. Kitajima, T. Sekiguchi, and F. Takahashi, Phys. Lett. B
781, 684 (2018).

[48] P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, and F.
Takahashi, Phys. Lett. B 801, 135136 (2020).

[49] N. Kitajima, J. Soda, and Y. Urakawa, Phys. Rev. Lett. 126,
121301 (2021).

[50] C.-P. Ma and E. Bertschinger, Astrophys. J. 455, 7
(1995).

[51] D. S. Gorbunov and V. A. Rubakov, Introduction to the
Theory of the Early Universe: Cosmological Perturbations
and Inflationary Theory (World Scientific, Singapore, 2011).

[52] K. N. Abazajian et al. (CMB-S4 Collaboration), arXiv:
1610.02743.

[53] M. Hazumi et al., J. Low Temp. Phys. 194, 443 (2019).
[54] S. Hanany et al. (NASA PICO Collaboration), arXiv:

1902.10541.
[55] J. Delabrouille et al. (CORE Collaboration), J. Cosmol.

Astropart. Phys. 04 (2018) 014.
[56] A. Roy, G. Kulkarni, P. D. Meerburg, A. Challinor, C.

Baccigalupi, A. Lapi, and M. G. Haehnelt, J. Cosmol.
Astropart. Phys. 01 (2021) 003.

[57] P. Campeti, E. Komatsu, D. Poletti, and C. Baccigalupi, J.
Cosmol. Astropart. Phys. 01 (2021) 012.

B MODES FROM POSTINFLATIONARY GRAVITATIONAL … PHYS. REV. D 104, 083517 (2021)

083517-9


