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We consider a simple setup with a dark sector containing dark electrons charged under an AbelianUð1ÞD
gauge symmetry. We show that, if the massless dark photon associated to the Uð1ÞD is produced during
inflation in such a way as to form a classical dark electric field, then dark electron-positron pairs are also
produced close to the end of inflation via the Schwinger effect even if they are very massive. For large
enough dark electric force, dark electrons with masses larger than the Hubble scale can be produced which
are nonrelativistic at production and throughout their cosmic evolution. They can account for the dark
matter abundance today for masses in the range ∼100 GeV to 1017 GeV and up to 6 orders of magnitude
larger than the Hubble scale at the end of inflation where purely gravitational production is exponentially
suppressed. We examine the regime where the dark electrons do not thermalize with the dark photons
throughout their cosmic history and assume negligible kinetic mixing with the visible Uð1Þ so they remain
decoupled from the Standard Model thermal bath as well. Thus, the final dark matter relic abundance is
determined only by the initial inflationary Schwinger production and redshifting after reheating.
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I. INTRODUCTION

The nature and production mechanism of dark matter is
still unknown. Significant research effort has been put into
candidates like weakly interacting massive particles, axi-
ons, sterile neutrinos, but we have seen no experimental
evidence for them yet [1]. This motivates studying alter-
native candidates as well. One class which has received
considerable attention in the recent past is that of dark
photon dark matter, produced via nonthermal mechanisms
[2–17] where the dark photon is associated with a dark
Uð1ÞD Abelian gauge theory. At some point before matter
radiation equality, the dark photon must become massive in
order to provide a cold (nonrelativistic) dark matter
candidate. However, it has been argued [18] that the
formation of vortices in these scenarios spoils the

possibility of the dark photon being dark matter, though
this can perhaps be avoided in some scenarios [19].
One can consider adding scalar and/or fermion fields

charged under the Uð1ÞD to the dark sector’,1 of which the
dark photon is the gauge boson. Such a “dark QED” setup
was studied in Ref. [20] where the authors considered a
massive dark photon whose longitudinal component is
produced via inflationary fluctuations as in [2], which is
coupled to dark electrons. They showed how via various
dark QED processes, such as dark electromagnetic
cascades and plasma dynamics, the dark electrons are
produced and eventually thermalize with the dark photons
while remaining decoupled from the visible thermal bath.
In the end, it was found that the dark electrons can
constitute the dark matter in a mass range between
50 MeV and 30 TeV. An important point [2,20] is that
the dark photons produced during inflation form a
“condensate” which can only be treated as a classical dark
electric field after inflation in the radiation-dominated era
once their momentum modes reenter the horizon. It is only
then that the processes leading to the production of dark
electrons and to thermalization can begin taking place.
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1We will generically refer to both scalars and fermions charged
under the dark Uð1ÞD as “dark electrons”.
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In this paper, we consider a dark QED scenario as well,
but utilize a mechanism where the classical dark electric
field is present already by the end of inflation [6,13]. We
show that in such a case it is possible to generate by the end
of inflation a relic of dark electrons which today matches
the observed dark matter abundance. The dark photon can
be massless during inflation as opposed to the scenario
in [2,20] where it is necessarily massive. Furthermore, the
dark electrons are produced entirely via the Schwinger
effect during inflation as opposed to via thermalization
within the dark sector after inflation as in [2,20]. Thus, the
final relic abundance is set by the initial inflationary
produced Schwinger pairs followed by redshifting effects.
For large enough dark electric force, but small enough to
not thermalize, dark electrons with masses larger than the
Hubble scale can be produced which are nonrelativistic
throughout the entirety of their cosmic evolution. They can
account for the dark matter abundance today over a huge
mass range from ∼100 GeV to as heavy as ∼1015 GeV for
the entire allowed range of scales at the end of inflation
100 GeV≲Hend ≲ 1013 GeV and a wide range of reheat-
ing temperatures.

II. DARK SCHWINGER PRODUCTION

We start by introducing the dark electrons which we
label χ. We parametrize the background de Sitter spacetime
by the Friedmann-Robertson-Walker metric with ds2 ¼
−dt2 þ a2ðtÞdx⃗2 and consider the action,

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

4
FμνFμν þ LchargedðAμ; χÞ

�
: ð1Þ

For simplicity and for concreteness, we focus on minimally
coupled scalar dark electrons in this work, but our results
also apply to fermions up to numerical factors of order 1.
We thus consider the Lagrangian,

Lscalar
charged ¼ −jDμχj2 −m2

χ jχj2; ð2Þ

where we have the covariant derivative Dμ ¼ ∂μ þ igDAμ,
with gD the Uð1ÞD dark gauge coupling.
In the presence of a constant background dark electric

field E during inflation, such as the one discussed below
[see Eq. (8)], pairs of dark electrons and positrons are
produced via the Schwinger effect. To see this, we rely on
previous studies of magnetogenesis [24–26] which com-
puted the Schwinger current J of the generated χ charged
particles. To estimate the dark electron energy density ρχ,
we consider [27] the evolution equation,

ρ̇χ þ 3Hρχ ¼ E · J ¼ σE2; ð3Þ

where we have introduced the conductivity σ ¼ J=E and
taken χ to be nonrelativistic during inflation since we are

interested in producing superheavy dark matter with mass
larger than the Hubble scale to be discussed more below.
This evolution equation can be derived from the energy-
momentum tensor and expresses energy conservation
where E · J acts as a source term for the χ energy density.
A corresponding term with the opposite sign appears in the
evolution equation for the energy density of the dark
electric field which is sourced by the inflaton but depleted
by the −σE2 term. The latter is negligible when σ=H ≪ 1,
in which case the dark electric field is unaffected by
backreaction from the Schwinger produced dark electrons.
Since the conductivity is proportional to the dark gauge
coupling squared, this also implies a maximum dark gauge
coupling such that these backreaction effects can be
neglected and which we limit ourselves to in this study.
As is well known, gravitational production of particles

with masses larger than the Hubble scale is exponentially
suppressed by mχ=H. Overcoming this suppression
requires a strong dark electric force where gDE > H2. In
this regime, dark Schwinger production dominates over
purely gravitational effects. The conductivity can be
computed in terms of two dimensionless ratios [24–26],

λ≡ gDE
H2

; m̄χ ≡mχ

H
; ð4Þ

with which one can study different limits. The strong
electric force regime is defined via the limit λ ≫ 1. In this
regime, the Schwinger effect exhibits the same behavior in
de Sitter space as in flat space and leads to the dimension-
less conductivity [24,26],

σ̄ ≡ σ

H
¼ g2D

12π3
λe−πm̄

2
χ=λðλ ≫ 1Þ: ð5Þ

This applies to scalars, while for fermions the conductivity
is larger by a factor of 2 [25]. When λ ≫ m̄χ we see the
conductivity is not exponentially suppressed even if
mχ > H. This implies that particle production can occur
during inflation via the Schwinger effect even if purely
gravitational effects are negligible. As wewill see, there is a
sizable parameter space in which inflationary Schwinger
production can generate the observed dark matter relic
abundance for dark electron masses with mχ > Hend.
As we consider the Schwinger production during infla-

tion, it is convenient to rewrite Eq. (3) switching to
conformal time, dτ ¼ dt=a, and use τ ¼ −1=ðaHÞ to
obtain for the evolution equation

∂τρχ −
3

τ
ρχ ¼ −σ̄E2

1

τ
: ð6Þ

Evolving from τ0, taking ρχðτ ¼ τ0Þ ¼ 0 as the initial
condition, to the end of inflation τend, one finds
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ρendχ ≡ ρχðτendÞ ¼
σ̄

3
E2

�
1 −

�
τ0
τend

�
−3
�
≃
σ̄end
3

E2: ð7Þ

We have used τ0=τend ¼ eNe , with Ne the number of e-folds
between τ0 and τend, to reach the last approximate equality.
Even if we have a dark electric field present only for a few
e-folds close to the end of inflation, the solution in Eq. (7)
holds. Since σ̄ ≪ 1, we also have that ρendχ is much smaller
than the energy density of the electric field, which justifies
neglecting the backreaction of χ on E, thus potentially
spoiling the Schwinger effect.

III. GENERATING A DARK ELECTRIC FIELD

We consider an Abelian Uð1ÞD group whose gauge
boson is the dark photon. A simple way of generating a
classical dark electric field during inflation is by consid-
ering the coupling α

4fϕFμνF̃μν where ϕ is the inflaton and
Fμν is the dark photon field strength [6,13]. The coupling
leads to the exponential production of one of the two
transverse polarizations of the dark photon. The typical
wavelength of the produced dark photons is roughly the
size of the Hubble horizon. This produces a classical dark
electric field [13,21] that at the end of inflation has
magnitude approximately given by

E ≈ 10−2
eπξend

ξ3=2end

H2
end; ð8Þ

which is coherent within the horizon with energy density,

ρE ¼ 1

2
E2: ð9Þ

Here, ξ≡ αϕ̇
2Hf with H the Hubble parameter. The subscript

“end” indicates that the quantities are evaluated at the end
of inflation. We consider values of ξend ≲ 9 in which case
we can neglect the backreaction of the produced dark
electric field on the inflaton dynamics [13]. An accom-
panying dark magnetic field is also produced, but it is
suppressed by ρB ¼ ρE=ξ2. It is also automatically pro-
duced parallel to the electric field [22] and would thus lead
to a small enhancement of the Schwinger effect [23], but for
the rough estimates of the parameter space we make here, it
can be neglected. In this mechanism for generating the dark
electric field, the dark photon can be massless during
inflation as the production involves only the transverse
polarizations. This is in contrast to [2,20] where the dark
photon must be massive during inflation in order to produce
the longitudinal mode.

IV. COSMIC EVOLUTION

For simplicity, we approximate the reheating process that
takes us from the end of inflation to the radiation-

dominated era as instantaneous. At the end of inflation,
the inflaton dominates the energy density of the Universe,

ρendI ¼ 3H2
endM

2
Pl: ð10Þ

It must transfer some of this energy density into visible
radiation whose energy density we parametrize as

ρRðTRHÞ ¼
π2

30
g�ðTRHÞT4

RH ≡ ϵ4Rρ
end
I ; ð11Þ

where ϵR < 1 parametrizes the efficiency of reheating and
g�ðTRHÞ is the number of relativistic degrees of freedom
which we fix to g�ðTRHÞ ∼ 100 and restrict ourselves to
reheating temperatures above the electroweak scale. Given
the inflaton energy density at the end of inflation in Eq. (10)
we see Eq. (11) also defines the reheating temperature TRH.
At reheating, we take the energy densities of dark electric
field and dark electrons as equal to those at the end of
inflation, ρRHE ¼ 1

2
E2 and ρRHχ ¼ σ̄end

3
E2 with E given by

Eq. (8). So, we have the hierarchy ρRðTRHÞ ≫ ρRHE ≫ ρRHχ .
The expression for the conductivity in Eq. (5) was derived

in [24] assuming a deSitter background, so it does not hold in
the epoch of radiation domination (RD) for which, as far as
we know, there are no studies of the conductivity. However,
we presume it will maintain the same exponential suppres-
sion during RD of Exp½−πm2

χ=gDE�. After reheating, the
dark electric field (energy density) redshifts like radiation, so
the exponential suppression quickly becomes more severe.
We thus expect Schwinger pair production to be negligible
during RD. In this case, the energy density of χ simply
redshifts like nonrelativistic matter from reheating until
today,

ρχðTÞ ¼
σ̄end
3

E2

�
T

TRH

�
3

; ð12Þ

where the energy density today is found by setting T ¼
T0 ≈ 10−13 GeV to today’s cosmic microwave background
(CMB) temperature. The energy density in the electric field
ρE, which redshifts like T4, remains negligible compared to
ρR throughout the history of theUniverse and ismuch smaller
than ρχ today. Onemayworry that after reheating the electric
field could accelerate the dark electrons effecting how their
energy density redshifts. However, after reheating, the
electric field quickly begins oscillating [13,22] and no longer
efficiently accelerates the dark electrons, so the physical
momentum simply redshifts with expansion.

V. DARK MATTER PARAMETER SPACE

The above analysis assumes the various dark sector
components redshift independently, so we need to ensure
that the dark sector does not thermalize within itself. This
requires that the rate of interactions between the dark
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charged particles and the dark photon is always slower than
Hubble, which we can estimate as follows. Since χ is
always nonrelativistic, the cross section for 2 ↔ 2 proc-
esses in the dark sector scales as σ2↔2 ∼ g4D=m

2
χ . The

number density is nχðTÞ ≃ ρχðTÞ=mχ with ρχðTÞ given
in Eq. (12). The interaction rate is ΓðTÞ ¼ nχðTÞσ2↔2 and
inherits the exponential suppression of the conductivity
σ̄end. Taking the strong electric force limit (λ > 1) for the
conductivity and requiring ΓðTÞ=HðTÞ ≪ 1 at reheating so
there is no thermalization leads to the upper bound on λ,

λ7e−πm̄
2
χ=λ ≲ 12π3ϵ2Rm̄

3
χ

�
E

H2
end

�
4

: ð13Þ

There is an additional upper bound on λ coming from
requiring no backreaction on the electric field from the
induced Schwinger current implying σ̄ < 1 and leading to

λ3e−πm̄
2
χ=λ ≲ 12π3

�
E

H2
end

�
2

: ð14Þ

In general, this is weaker than the no thermalization bound
but can be relevant for ϵR ∼ 1 (see Fig. 1,).
For the mechanism considered here, the dark vector

could in principle be massless. However, if the dark vector
is massless limits from structure formation and plasma
instabilities [28], which are stronger than those coming
from triaxiality of dark matter haloes [28,29], put severe
constraints on the dark gauge coupling. These constraints
would rule out much of the dark matter parameter space for
inflationary Schwinger production. They can be avoided if
the dark vector has a mass larger thanmA ≳ 10−10 eV, so at
some point during its cosmic evolution, it must obtain a
mass. For masses of this order, the dark photon contributes
negligibly to the dark matter relic abundance and can be

neglected when examining the dark matter parameter
space below.
As discussed, we must also require the hierarchy in

energy densities at reheating ρendI ≫ρRðTRHÞ≫ρRHE ≫ρRHχ .
Imposing that the visible radiation has energy density lower
than the inflaton at the end of inflation (ρR ≪ ρendI ) imposes
ϵR < 1. Ensuring the Universe is radiation dominated until
matter radiation equality requires that ρR > ρendE and trans-
lates into an upper bound on Hend,

Hend <

ffiffiffi
6

p
ϵ2RMPl

ðE=H2
endÞ

: ð15Þ

So, we see that for very large electric fields or reheating
temperatures, which are low compared to the Hubble scale at
the end of inflation ðϵR ≪ 1Þ, the upper bound on Hend
becomes very stringent.We impose the stronger between this
upper bound and the absolute astrophysical upper bound of
Hend ≲ 1013 GeV, which must be smaller than the infla-
tionary scale early during inflation. We must also ensure no
backreactionon the inflatondynamics fromproduction of the
dark electric field. This requires ρendE < ρendI , which restricts
the size of the electric field to [6,13]

1 <
E

H2
end

< 109: ð16Þ

Note that for the dark photon production mechanism dis-
cussed above this corresponds to 1.6≲ ξend ≲ 9.
As discussed, once the dark electrons are produced at the

end of inflation, they simply redshift like nonrelativistic
matter until today. Thus, to see if they can account for the
observed dark matter relic abundance, we only have to use
Eq. (12) and set ρχðT0Þ ¼ ρCDM ¼ 9.6 × 10−48 GeV4 with
T ¼ T0 ≃ 2.3 × 10−13 GeV the current temperature of the

FIG. 1. Contours of Ωχ=ΩCDM ¼ 1 [see Eq. (17)] as a function of λ vs. m̄χ , where λ≡ gDE=H2
end and m̄χ ≡mχ=Hend, for values of

E=H2
end and ϵR as indicated on top of each plot. The Hubble parameter at the end of inflation is labeled Hend, while ϵR parametrizes the

fraction of the energy density transferred from the inflaton to the visible radiation at reheating (see text).
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Universe. We can then write the ratio ρχðT0Þ=ρCDM ¼
Ωχ=ΩCDM as

Ωχ

ΩCDM
≃ 1012 ·

λ3e−πm̄
2
χ=λ

ϵ3R

�
Hend

1013 GeV

�
5=2

: ð17Þ

where the dimensionless ratios λ and m̄χ are defined in
Eq. (4). In Fig. 1, we present contours of Ωχ=ΩCDM ¼ 1 as
a function of λ vs. m̄χ for values of E=H2

end and ϵR as
indicated on the top of each plot. Contours for different
values of Hend are shown where in order to satisfy ρendE <
ρendI the maximum value of Hend for a given E=H2

end is
indicated. We also indicate the exclusion regions due to the
no-thermalization condition (red shaded) defined in
Eq. (13) and the no-Schwinger-backreaction condition
(green shaded) defined in Eq. (14). As can be seen, these
conditions minimally constrain the parameter space, so we
take λ to be bounded from above by requiring the dark
gauge coupling to remain perturbative.
We see for large enough dark electric fields with

E=H2
end ∼ 109 and ϵR ¼ 0.75 (left) corresponding to very

efficient reheating, as well as a dark gauge coupling near its
perturbative limit (gD ∼ 10), ratios as large as mχ=Hend ∼
106 can be obtained for a maximum Hubble scale at the end
of inflation of Hend ∼ 109 GeV. Note that ratios of
mχ=Hend ∼ 106 would be exponentially suppressed in
purely gravitational production. For moderately large
electric fields with E=H2

end ∼ 105 (middle), ratios as large
as mχ=Hend ∼ 104 can be obtained. Since the maximum
allowed Hubble scale is now Hend ∼ 1013 GeV, this allows
for larger dark matter masses up to mχ ∼ 1017 GeV. When
reheating is less efficient corresponding to ϵR ¼ 10−4

(right), we are restricted to lower Hend ≲ 106 GeV in order
to ensure ρendχ < ρR. We see ratios as large as mχ=Hend ∼
104 and dark matter masses as large as mχ ∼ 1010 GeV can
still be obtained in this case.
In summary, the final dark matter parameter space

available spans many orders of magnitude from mχ ∼
100 GeV to mχ ∼ 1017 GeV over the entire allowed range
of Hubbles scales 100 GeV≲Hend ≲ 1013 GeV. These
results hold generically for any mechanism which can
generate the necessary background dark electric field.

VI. CONCLUSIONS

We have considered a minimal setup to explain the origin
of dark matter consisting of a dark Uð1ÞD gauge group
containing a dark photon and dark electrons (scalar or
fermion), χ. If the dark photons form a constant classical
electric field during inflation, dark electrons are inevitably
produced via the Schwinger effect even if they have a mass
larger than the Hubble scale where gravitational production
is exponentially suppressed. The production occurs in the

“strong electric force” regime where gDE > H2
end. Since the

dark electrons have mass larger than the Hubble scale at the
end of inflation, they are nonrelativistic at production. Their
energy density is suppressed compared to the dark electric
field which in turn is small compared to that stored in the
inflaton (and radiation). However, because the dark electrons
redshift as nonrelativistic matter after inflation, eventually
they come to dominate the energy budget of theUniverse and
can provide a viable cold dark matter candidate. The
observed dark matter relic abundance can be obtained for
dark electronmasses ranging from frommχ ∼ 100 GeV to as
large as mχ ∼ 1017 GeV over the entire allowed range of
Hubbles scales at the end of inflation 100 GeV≲Hend ≲
1013 GeV and a wide range of reheating temperatures.
The dark matter production mechanism discussed here is

nonthermal. The dark sector does not thermalize with itself
and remains decoupled from the thermal bath of the visible
sector as we assumed no coupling between the two sectors.
One could contemplate introducing a kinetic mixing
between the dark and visible (electromagnetic) Uð1Þ’s.
Since the dark electrons are in general heavy, one could in
principle allow for a large kinetic mixing and still avoid
thermalization as the cross sections and reaction rates are
suppressed. A large kinetic mixing could give some
leverage for possible experimental searches of this type
of dark matter. As discussed above, there could also be
interesting implications for structure formation due to the
dark Coulomb interaction, but we leave a dedicated study
of these interesting possibilities for future work.
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