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Abstract: We study classical background electric fields and the Schwinger effect in de Sitter space. We show that a
constant electric field in de Sitter requires the photon to have a tachyonic mass proportional to the Hubble scale. This
has physical implications for the induced Schwinger current that affect its  IR behaviour.  To study this,  we recom-
pute the Schwinger current in de Sitter space for charged fermions and minimally coupled scalars, imposing a phys-
ically consistent renormalization condition. We find a finite and positive Schwinger current even in the massless lim-
it. This is in contrast to previous calculations in the literature, which found a negative IR divergence. We also obtain
the first result for the Schwinger current of a non-minimally coupled scalar, including the conformally coupled case,
which we find exhibits behaviour very similar to that of the fermion current. Our results may have physical implica-
tions for both magnetogenesis and inflationary dark matter production.
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I.  INTRODUCTION

A strong electric field is expected to produce electron-
positron pairs out of the quantum field theory (QFT) vacu-
um. This phenomenon was first hinted at in 1936 by Euler
and  Heisenberg  [1], remarkably  long  before  the  develop-
ment  of  our  modern  theory  of  Quantum  Electrodynamics
(QED),  and  was  then  firmly  predicted  in  a  seminal  paper
by Schwinger [2]. Today, the effect is known as Schwing-
er  pair  production,  but  it  has  yet  to  be  observed  in  the
laboratory1).  This  puts  us  in  the  fascinating  situation  in
which one  of  the  fundamental  predictions  of  QED,  pos-
sibly  our  most  successful  theory  of  nature,  has  yet  to  be
tested experimentally.  The  primary  reason  is  that  an  in-
tense electric field is required, of the order of the electron

mass squared. This is still  beyond current technology, but
there is hope that this phenomenon will be observed in the
laboratory in the not-too-distant future [6, 7].

U(1)

These technological challenges on Earth could poten-
tially be overcome in the early Universe during inflation,
when enormous amounts of energy were available to gen-
erate  strong  electric  fields.  Furthermore,  as  we  examine
in detail,  in  an  expanding  spacetime,  the  Schwinger  ef-
fect can occur even with very weak electric fields. Mech-
anisms for generating the necessary constant electric field
during  inflation  can  be  easily  constructed  by  coupling  a

 gauge field to the expanding spacetime [8−13]. This
raises the interesting possibility that the first experiment-
al  observation  of  the  Schwinger  effect  could  come from
cosmological signals [14].
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1) Some condensed matter experiments have reported observations of the Schwinger effect [3, 4] utilizing graphene as an analog of the QFT vacuum [5], where elec-

tron-hole pairs replace  pairs.
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The  Schwinger  current  in  de  Sitter  space  was  first
computed in 1+1 dimensions [15] and then in 3+1 dimen-
sions for minimally coupled spin-0 [16−18] and spin-1/2
[19]  charged  particles.  The  current  is  formally  divergent
but,  remarkably,  can  be  obtained  analytically  and  non-
perturbatively,  and  made  finite  by  using  an  appropriate
renormalization  procedure.  In  3+1  dimensions,  both  the
scalar and fermion currents were found to have a peculi-
ar  negative  IR  divergence  in  the  small  electron 1) mass
limit.  This  implies  not  only  a  divergent  current  but  also
one  that  flows  in  the  direction  opposite  to  the  electric
field.  Understanding  this  seemingly  unphysical  behavior
is  not  just  an  academic  curiosity;  it  can  have  important
implications for primordial magnetogenesis [16] and play
a role in the production of dark matter [20−22].

m2
A = −2H2

In this work, we argue that the appearance of these IR
divergences is due to the renormalization procedures im-
plicitly  used in  [16−18]. Imposing physical  renormaliza-
tion conditions that are consistent with a constant electric
field  in  de  Sitter  space,  we  show  that  the  renormalized
current is free of UV and IR divergences, both for scalars
and fermions. In deciding how to fix the renormalization
conditions,  we  first  point  out  that,  in  order  to  sustain  a
constant electric  field  in  de  Sitter  space,  a  tachyonic  in-
stability is unavoidable. Requiring the electric field to be
constant and uniform both inside and outside the Hubble
horizon,  as  was  assumed  in  [16−18],  implies  that  the
photon, treated as a classical dynamical field, must have a
tachyonic  mass ,  where H is the  Hubble  con-
stant.  As  we  will  show,  the  tachyonic  mass  condition
leads  to  a  modified  on-shell  renormalization  condition
that gives an IR-finite renormalized current. More details
of  our  analysis  can  be  found  in  an  accompanying  paper
[23]. 

II.  CLASSICAL CONSTANT ELECTRIC FIELD
IN DE SITTER

Aµ

Here, as in previous studies of the Schwinger current
[16, 18, 19], we consider a classical constant electric field
in de Sitter space that is already present during inflation,
and  treat  the  spacetime  geometry  as  a  background.  This
means that  we  do  not  consider  the  dynamics  of  the  en-
ergy-momentum tensor and do not address the renormal-
ization  of  the  vacuum energy.  Crucially,  and  in  contrast
to  previous  works,  we  treat  the  classical  gauge  field ,
which  is  responsible  for  generating  the  constant  electric
field,  as  dynamical.  This  is  because  the  only  divergence
in  the  theory,  associated  with  the  normalization  of  the
photon field,  is  encoded  in  the  vacuum polarization  dia-
gram [23], consisting of an electron loop with two extern-
al  photon  legs.  To  remove  this  divergence,  we  need  the
counterterm associated  with  such  a  diagram.  This  re-

quires the two-point function of the photon field, which is
obtained by treating the field dynamically.

We begin with the action for a free abelian gauge the-
ory in a de Sitter spacetime background 

S = −
∫

d4x
√−g

1
4

FµνFµν . (1)

gµν = a2(τ)(−dτ2+dx⃗2)Here,  the  metric  is , with  the  con-
formal time denoted by τ 

τ = − 1
aH

< 0 , H =
da

a2dτ
= const. , (2)

Fµν = ∂µAν−∂νAµ

uµ ui = 0 uµuµ =
−1 Eµ = uνFµν

EµEµ = E2 = const

where . We are interested in the config-
uration that realizes a constant, uniform electric field. For
a  comoving  observer  with  4-velocity  ( , 

),  this  electric  field  is  given  by ,  with  field
strength  satisfying .  The  gauge  field
configuration that produces such a constant electric field
in de Sitter space along the z direction is given by [16, 18,
19] 

Aµ =
E

H2τ
δz
µ . (3)

Throughout  this  work,  as  in  previous  literature,  we  treat
the gauge field as classical. However, as discussed above
and unlike in previous literature, we treat it as dynamical
rather  than  as  a  background,  requiring  it  to  solve  the
equation of motion 

gαµ∂αFµν = 0 . (4)

It is straightforward to check that Eq. (3) does not satisfy
Eq. (4): 

gαµ∂αFµν = −2H2τ2 E
H2τ3

δz
ν = −2H2Aν , 0 . (5)

The simplest  way to  satisfy  the  equation of  motion is  to
introduce a tachyonic mass 

m2
A = −2H2 , (6)

into the action for the gauge field 

S = −
∫

d4x
√−g

Å
1
4

FµνFµν+
1
2

m2
AAµAµ

ã
. (7)
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mA 1
2

m2
AA2

µ→
1
2

m2
A

Å
Aµ+

1
mA

∂µσ

ã2

Lgf = −
√−g

1
2ξA
×(

∂µAµ− ξAmAσ
)2

The  photon  mass  should be  regarded  as  a  Stueckel-
berg mass [24], obtained upon the replacement 

,  where σ is  the  Stueckelberg  field,

and  by  adding  the  gauge-fixing  term 
. The theory is then gauge invariant. We

see  that,  in  order  to  have  a  constant  electric  field  in  de
Sitter space, we need a source term that breaks conform-
al invariance and provides a tachyonic condition, which is
necessary to compensate for the exponential expansion of
space.

(τe/τ)FµνFµν τe

m2
A = −2H2

A  second  possible  solution  is  to  introduce  instead  a
modified kinetic term of the form , where 
is a constant that could, for example, be fixed as the time
at  the  end  of  inflation.  As  we  show  in  Appendix  A  of
[23], this leads to the same equations of motion as intro-
ducing  a  tachyonic  mass  with  a  canonically  normalized
kinetic term.  In  both  scenarios,  the  electric  field  origin-
ates  from  a  transverse  component  of  the  gauge  field,
which  we  treat  as  purely  classical,  with  no  contribution
from  the  longitudinal  mode.  It  should  not  be  surprising
that  in  de Sitter  space the photon must  have a  tachyonic
mass  since,  as  space  expands  exponentially,  the  electric
field  must  be  continuously  fed  exponentially,  meaning
that a tachyonic instability is required to maintain a con-
stant electric field. We will see below the crucial role that
the tachyonic condition  plays in renormaliza-
tion  and  in  obtaining  a  physically  consistent  Schwinger
current. 

III.  RENORMALIZED LAGRANGIAN WITH
CONSTANT ELECTRIC FIELD IN

DE SITTER

Since  we  are  interested  in  computing  the  current  of
charged particles generated from the vacuum by the con-
stant electric  field,  one  might  worry  about  radiative  ef-
fects,  which  would  require  quantizing  the  photon  field.
However,  shortly  after  they  are  produced,  the  charged
particles  reach  terminal  velocity  [22],  implying  that  the
current  very  quickly  reaches  a  constant  value.  We  can
therefore  neglect  radiative  effects  and  solve  the  theory
exactly by quantizing only the electron field, further justi-
fying our classical treatment of the electric field.

We can write the renormalized Lagrangian in de Sit-
ter space for a classical massive photon coupled to a cur-
rent 

L = −1
4

(1+δ3)(Fµν)2− 1
2

m2
AAµAµ−AµJµ+ ... (8)

Jµ
All fields and parameters are understood to be renormal-
ized, and the conserved current , which depends on the
gauge  coupling e, may  describe  either  fermions  or  scal-

mA m2
A = (1−δ3)m2

A0

e2 = (1−δ3)e2
0

δ3

ars.  One  can  show  [25]  that  the  renormalized  photon
mass  is  related  to  the  bare  mass  by ,
in the same way that the renormalized charge e is related
to the bare charge, , so there is no addition-
al  divergence.  The  counterterm  is  used  to  cancel  the
logarithmic divergence in the photon field normalization.

Aµ

p2 = −m2
A −i

To define  our  theory,  we  must  first  fix  the  coun-
terterm  using  an  appropriate physical renormalization
condition.  Since  the  field  is  classical,  the  obvious
choice  is  to  impose  on-shell  renormalization  conditions.
This requires the renormalized two-point function to have
a pole at  with residue , which fixes 

Π(p2 = −m2
A) = 0, (9)

e2Π(p2)
−i

(
p2gµν− pµpν

)
Aµ

Π(p2)

where  is  defined  as  the  coefficient  of
 in the sum of all 1PI contributions to the

photon  two-point  correlation  function  [26].  Since  we
have  a  classical  electric  field  and  is  not  quantized,

 is determined exactly at one loop, with the corres-
ponding diagram shown in Fig. 1 (with a second diagram
for  scalars).  This  renormalization  condition  leads  to  the
following condition on the counterterm: 

δ3 = −e2Π(−m2
A). (10)

m2
A = 0

m2
A = −2H2

For a massless photon, one takes ,  which holds in
flat space.  As we discuss  further  below and show in de-
tail  in [23], this is equivalent to the renormalization pro-
cedures  used  in  [16, 18, 19].  However,  as  discussed
above,  a  massless  photon  is  inconsistent  with  a  constant
classical electric field in de Sitter space, which requires a
tachyonic  mass . Thus,  we  take  the  coun-
terterm to be fixed by the condition 

δ3 = −e2Π(2H2). (11)

Note  that,  in  contrast  to  the  renormalization  conditions
defined (implicitly) in previous calculations in the literat-

 

Fig. 1.    Vacuum polarization diagram.
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ure,  Eq.  (11)  is  independent  of  considerations  of  the
Schwinger  current  or  renormalization.  As  we  will  see,
with  this  renormalization  condition,  the  renormalized
Schwinger current in de Sitter space is not only UV finite
but, crucially, is also free of the negative IR divergences
found  in  previous  calculations  for  both  scalars  [16]  and
fermions [19]. In [18], the authors argued that the negat-
ive IR-divergent current is not physical and correctly con-
nected  the  origin  of  the  issue  with  the  renormalization
condition, but they did not connect such a condition to the
tachyonic mass of the vector in de Sitter space, which is a
crucial point of our work. 

IV.  COUNTERTERM WITH A CONSTANT
ELECTRIC FIELD IN DE SITTER

(p2)

p2 = 0

When  computing  the  vacuum  polarization  diagram,
we  cannot  calculate  the  loop  diagram  analytically  in  de
Sitter space. To obtain an analytic result,  one must work
in  the  Minkowski  limit  for  both  the  spacetime  integral
and  the  electron  propagator.  The  vacuum  polarization
diagram  is  then  given  by  the  well-known  result  from
QED, which depends on the invariant mass squared 
of the photon. This properly accounts for the UV modes
in  the  counterterm,  thereby  allowing  divergences  in  the
regularized  current  to  be  canceled  and  ensuring  a  finite
renormalized current.  However,  if  we  follow  the  renor-
malization procedure used implicitly in previous calcula-
tions  [18]  in  the  literature,  assuming  a  massless  photon
and  setting , a  negative  IR  divergence  is  intro-
duced  into  the  counterterm  when  the  electron  mass  is
taken to zero. As we show in detail in [23], this negative
IR divergence is then introduced into the physical renor-
malized current, since there is no corresponding IR diver-
gence  in  the regularized current, which  is  computed  ex-
actly, that could cancel it.

p2 = 0

To see this explicitly, we take the standard flat-space
result from scalar QED for the vacuum polarization [26].
Setting , we have for the counterterm 

δ3 = −e2Π(0) =
( e

12π

)2
ï
−3ln

Å
Λ2

m2

ãò
, (12)

with a factor of 4 included in the case of a charged fermi-
on.  Here, m is  the  mass  of  the  electron,  which  enters
through the propagator in the Minkowski limit,  and Λ is
the  mass  of  the  Pauli-Villars  fields  used  to  regulate  the
UV divergence (see Appendix A in [23] for details). With
this counterterm, we can reproduce previous results in the
literature  for  the  renormalized  current  of  a  minimally
coupled  massive  charged  scalar  [16, 18]  and  a  massive
charged fermion [19], which were obtained using differ-
ent renormalization  procedures.  While  the  UV  logar-
ithmic  divergence  in  Eq.  (12)  cancels  the  corresponding

m→ 0

−p2 =

m2
A = −2H2

divergence  in  the  regularized  current,  we  explicitly  see
the negative IR divergence in the  limit. However,
as discussed above, the presence of a constant (dynamic-
al)  electric  field  in  de  Sitter  space  requires 

,  independently  of  renormalization  or  the
Schwinger current.

p2 = 2H2

mϕ/H→ 0

For a charged scalar ϕ, if we instead evaluate the va-
cuum polarization diagram with , we obtain [23],
in the limit  

δϕ3 ≈
e2

144π2

ï
−3ln

Å
Λ2

H2

ã
−5.9

ò
, (13)

mψ/H→ 0
which is seen to be IR finite. For a charged-fermion loop
in the  limit, we find [23] 

δψ3 ≈
e2

36π2

ï
−3ln

Å
Λ2

H2

ã
−2.9

ò
, (14)

which is again IR finite. Although Eq. (13) and Eq. (14)
are  obtained  in  the  Minkowski  and  large-loop-mo-
mentum limits, they are perfectly self-consistent and free
of  IR  divergences,  which  have  been  cured  not  by  hand
but  by  imposing  the  tachyonic  photon  mass  condition
needed  to  sustain  a  constant  electric  field  in  de  Sitter
space. This condition is independent of considerations of
the Schwinger current or renormalization. As we discuss
further  below  and  show  in  detail  in  [23], these  coun-
terterms  yield  a  renormalized  Schwinger  current  that  is
both UV and IR finite. 

V.  RENORMALIZED SCHWINGER CURRENT
AND MODIFIED COUNTERTERMS

Up to  this  point,  our  discussion has  been completely
independent of  the  Schwinger  current.  With  the  coun-
terterm  defined  in  Eq.  (11),  we  can  define  the  physical
renormalized  current.  Varying  the  action  in  Eq.  (8)  with
respect to the gauge field 

(1+δ3)∂µFµν−m2
AAν = Jν . (15)

∂µFµν = −2aHEδz
ν Aµ

⟨0|Jµ|0⟩ ≡ ⟨Jµ⟩ |0⟩

Using  the  field  configuration  given  in  Eq.  (3),  we  have
.  Although  we  treat  as  classical,  we

compute a  current  arising from the quantum fluctuations
of charged scalar and fermion fields. To compare such a
current with the other classical terms in Eq. (15), we take
its vacuum expectation value, , where  is
the  Bunch-Davies  vacuum  of  the  charged  fields.  This
gives, for Eq. (15) 

∂µFµν−m2
AAν = ⟨Jν⟩reg+2aHEδz

νδ3 . (16)
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⟨Jµ⟩ δ3

δ3

We have added the subscript 'reg' to the expectation value
of  the  current,  which  is  divergent  and  therefore  must  be
regularized. We emphasize that the same scheme must be
used to  regularize  both  and .  With an appropriate
renormalization  condition  to  fix  the  finite  part  of ,  we
can obtain an unambiguous renormalized current 

⟨Jz⟩ren = ⟨Jz⟩reg+2aHE δ3 . (17)

⟨Jz⟩regCalculating  is involved, and we refer the reader to
[16, 18, 19] for details. We have repeated the calculation
[23]  and confirmed previous  results  for  both  scalars  and
fermions. The result is non-perturbative, containing all ef-
fects from de Sitter space and, crucially, exhibiting no IR
divergence in the small-electron-mass limit.

p2 = 2H2

In contrast, the counterterms in Eq. (13) and Eq. (14)
have  been  obtained  by  taking  the  Minkowski  and  large-
loop-momentum limits  in  the  vacuum  polarization  dia-
gram.  Thus,  the  only  information  they  contain  about  de
Sitter  space  enters  through  the  tachyonic  condition

.  Therefore,  although there is  no IR divergence,
we should not expect them to properly capture all IR be-
havior. This can be seen in Eq. (13) and Eq. (14), which
contain  small,  constant  negative  finite  parts  that,  in  the
small-electron-mass  limit,  lead  to  a  constant  but  slightly
negative  renormalized  current  [23]. This  implies  the  un-
physical  behavior  of  a  current  flowing  opposite  to  the
electric field.

We  expect  that  including  corrections  to  the  vacuum
polarization from de  Sitter  space  ensures  a  positive  cur-
rent, but in general, these corrections cannot be included
analytically. One correction that can be included analytic-
ally  is  the  curvature  correction  to  the  electron  mass
arising  from  a  non-minimal  coupling  to  gravity  in  the
case of a scalar, or from the spin connection in the case of
a  charged  fermion.  These  corrections  are  automatically
included  in  the regularized current,  which  is  computed
non-perturbatively  in  de  Sitter  space  directly  from  the
Lagrangian.

In  the  calculation  of  the  counterterm,  the  curvature
corrections enter through the mass in the electron propag-
ator.  To  see  this,  consider  the  equations  of  motion  in  a
curved background for  a  free  scalar ϕ with  non-minimal
coupling to gravity ξ and a free fermion ψ 

(□+m2
ϕ+ ξR)ϕ = 0 , (18)

 

(□+m2
ψ+

1
4

R)ψ = 0. (19)

/D /Dψ = 0 /D = γµDµ Dµ = ∂µ+Bµ Bµ

The latter is obtained [27] by squaring the Dirac operator,
,  with  and ,  where  is

the  spin  connection.  One  consequence  of  the  curved

R = 12H2

(k2+

m2
ϕ+ ξR)−1

(k2+m2
ψ+R/4)−1

background is the addition of a term proportional to R in
the  Klein-Gordon  equation.  In  particular,  in  de  Sitter
space, where  is constant, such a term can be in-
corporated into the squared mass term. Thus, we can take
the  free  scalar  propagator  to  be  proportional  to 

 and the free fermion propagator to be propor-
tional  to .  There  are  additional  time-de-
pendent corrections from de Sitter space in the □ operat-
or  that  our  calculation  does  not  account  for,  but,  to  the
best of our knowledge, they cannot be computed analytic-
ally.  Nevertheless,  we  expect  that,  if  the  full  calculation
of the counterterm in de Sitter space were eventually per-
formed, the resulting renormalized current would be pos-
itive in all regimes.

δ3

With these modified propagators, we repeat the calcu-
lation of  in Minkowski space. Imposing the renormal-
ization condition in Eq. (11), we obtain the finite parts of
the counterterms (see Appendix A in [23] for details) 

δϕ3 =
( e

12π

)2
ï
3ln

(
m2
ϕ+12ξ

)
−12

(
m2
ϕ+12ξ

)
+6

(
2
(
m2
ϕ+12ξ

)
+1

)3/2

× coth−1
(»

2
(
m2
ϕ+12ξ

)
+1

)
−8
ò
, (20)

for the  scalar  case,  whereas  for  the  fermion case  we ob-
tain 

δψ3 =
e2

36π2

ï
3ln

(
m2
ψ+3

)
+6(m2

ψ+3)

−6
(
(m2

ψ+3)−1
)»

2(m2
ψ+3)+1

× coth−1
(»

2(m2
ψ+3)+1

)
−5
ò
, (21)

mϕ ≡ mϕ/H mψ ≡ mψ/H
R = 12H2

δ3

where  we  have  defined  and  and
taken  for  the  curvature  in  de  Sitter  space.  We
see explicitly  that  the  curvature  corrections  to  the  elec-
tron  mass  give  additional  positive  finite  contributions  to
the counterterm. In the massless-electron limit, this leads
to a positive finite part for , in contrast to Eq. (13) and
Eq.  (14),  where  the  curvature  correction  to  the  electron
mass is neglected and the finite part is negative. 

VI.  BEHAVIOR OF RENORMALIZED CURRENT

With  these  counterterms,  we  use  Eq.  (17)  to  obtain
renormalized Schwinger currents for charged scalars and
fermions  that  are  UV- and  IR-finite,  as  well  as  positive
throughout parameter  space.  Explicit  analytic  expres-
sions  for  the  renormalized  charged  scalar  and  fermion
currents are  given  in  Eq.  (22)  and  Eq.  (23)  of  the  Ap-
pendix,  with  details  of  the  calculations  provided in  [23].
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J ≡ ⟨Jz⟩ren/aeH3

λ ≡ eE/H2

ξ = 0

ξ = 1/6

In Fig. 2, we show our results (solid) for the dimension-
less  Schwinger  current  as  a  function  of

 for  both  scalars  and  fermions  and  for  a  few
choices of parameters, as indicated in the figure. We see
that  the current  is  always positive for  both fermions and
scalars, with the scalar current multiplied by 2. For a min-
imally  coupled  scalar  ( ), we  see  the  IR  hypercon-
ductivity behavior found in [16, 18]. We also see that the
current for a conformally coupled scalar ( ), which
we have obtained here for the first time, has the same be-
havior  as  the  fermion current.  A detailed  analysis  of  the
behavior of the current in different limits can be found in
[23].

ln
(
m2/H2

)For  comparison,  we  also  show  the  currents  obtained
in  previous  results  (dashed)  in  the  literature  [16, 19],
which  contain  an  IR-divergent  term  arising
from the implicit  assumption of  a  massless  photon in  de
Sitter  space,  as  discussed  above.  Between  the  cusps,  the
scalar  current  is  negative,  while  the  fermion  current  is
negative to the left of the cusp; therefore, we plot the ab-
solute values. 

VII.  SUMMARY AND DISCUSSION

We have revisited classical background electric fields
and  the  Schwinger  effect  in  de  Sitter  space,  which  can
have  important  implications  for  the  study  of  primordial
magnetogenesis, inflationary dark matter production, and
possibly other  interesting cosmological  mechanisms.  We

first  pointed out  that  a constant  electric field in de Sitter
space  requires  the  photon to  have  a  tachyonic  mass  (see
Eq. (6)). We then showed how this fixes the counterterm
(see  Eq.  (11))  needed  to  absorb  the  single  divergence
present in  the  theory.  With  this  counterterm,  we  recom-
puted  the  renormalized  Schwinger  currents  in  de  Sitter
space  for  both  charged  fermions  and  minimally  coupled
scalars,  finding  them  to  be UV  and  IR  finite as  well  as
positive for all parameter values. In particular, our results
are  free  of  the  peculiar  negative  IR  divergence  found  in
previous  calculations  in  the  literature  [16, 19].  We  have
traced the origin of this IR divergence to renormalization
conditions that  implicitly assumed a massless  photon in-
stead of a tachyonic one. We have also computed, for the
first  time,  the  Schwinger  current  in  de  Sitter  space  for  a
conformally  coupled scalar,  finding it  to  be  positive  and
finite,  with  behavior  very  similar  to  that  of  the  charged
fermion current.  Additional details and discussion of our
analysis can be found in an accompanying paper [23].

We emphasize that, since the gauge field is not quant-
ized  (only  the  charged  fields  are),  the  one-loop calcula-
tion used to fix the counterterm contains the full quantum
information, so our results are non-perturbative. The cal-
culation of  the regularized current  is  also  non-perturbat-
ive  and  is  performed  in  de  Sitter  space.  However,  since
the  counterterm  is  calculated  in  Minkowski  spacetime,
with the inclusion of curvature corrections to the electron
mass  and  the  imposition  of  the  tachyonic  photon  mass
condition, our final result for the renormalized Schwing-
er  current  is  non-perturbative,  but  not  exact.  It  can,  in
principle,  be  improved  by  calculating  the  counterterm
with the full information of de Sitter space included. Nev-
ertheless,  our  results  resolve  the  puzzling  IR  behavior
found in the previous literature and constitute an import-
ant  step  toward  understanding  the  Schwinger  current  in
de Sitter space. 
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APPENDIX A

λ ≡ eE/H2 mϕ ≡ mϕ/H

Here, we  give  explicit  expressions  for  the  renormal-
ized physical Schwinger currents for both non-minimally
coupled charged scalars  (ϕ)  and fermions (ψ).  Details  of
the  calculation  and  analysis  can  be  found  in  [23],  to
which we refer the reader. Defining the dimensionless ra-
tios  and , we find the following ex-
pression  for  the  renormalized  charged  scalar  Schwinger
current: 

 

J ≡ ⟨Jz⟩ren/aeH3

λ ≡ eE/H2

Fig.  2.    (color online)  The  renormalized  (dimensionless)
Schwinger current  for a charged fermion (ψ)
and scalar (ϕ, multiplied by 2) as functions of  (sol-
id curves). Explicit analytic expressions are given in Eq. (22)
and Eq. (23) of the Appendix. For comparison, we also show
results for the renormalized Schwinger current obtained previ-
ously  in  the  literature  (dashed  curves)  [16, 19].  Between  the
cusps, the scalar current is negative, while the fermion current
is  negative  to  the  left  of  the  cusp;  therefore,  we have plotted
the absolute value for each.
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⟨Jϕz ⟩ren = ⟨Jϕz ⟩reg+ (2aHE)δϕ3 = aeH3 λ

4π2

î
− 2λ2

15
+Fϕ(λ,µ)+

1
6

ln(m2
ϕ+12ξ)− 2

3
(m2

ϕ+12ξ)

+
1
3
(
2(m2

ϕ+12ξ)+1
)3/2 coth−1

(»
2(m2

ϕ+12ξ)+1
)
− 4

9

ó
,

Fϕ(λ,µ) ≡
45+4π2

(
−2+3λ2+2µ2

)
12π3

µcosh(2πλ)
λ2 sin(2πµ)

−
45+8π2

(
−1+9λ2+µ2

)
24π4

µsinh(2πλ)
λ3 sin(2πµ)

+Re
î∫ 1

−1
dr

i
16sin(2πµ)

(
−1+4µ2+

(
7+12λ2−12µ2

)
r2−20λ2r4

)
×
Å(

e−2πrλ+ e2πiµ
)
ψ

Å
1
2
+µ− irλ

ã
−
(
e−2πrλ+ e−2πiµ

)
ψ

Å
1
2
−µ− irλ

ããó
, (A1)

µ2 =
9
4
− (m2

ϕ+12ξ)−λ2

mψ ≡ mψ/H
where we have defined , and ξ denotes the non-minimal coupling to gravity. Defining the dimen-
sionless ratio , we find the following expression for the renormalized Schwinger current of charged fermions:
 

⟨Jψz ⟩ren = ⟨Jψz ⟩reg+ (2aHE)δψ3 = eaH3 λ

2π2

î1
2
+

2λ2

15
+

3m2
ψ

2λ2

Ä
1+

x
2λ

ln(
x−λ
λ+ x

)
ä
+Fψ(λ,mψ)+

1
3

ln(m2
ψ+3)

+
2
3

(m2
ψ+3)− 2

3
(
(m2

ψ+3)−1
)»

2(m2
ψ+3)+1coth−1

Ä»
2(m2

ψ+3)+1
ä
− 5

9

ó
,

Fψ(λ,mψ) ≡ xcsch(2πx)
12π3λ2

¶
(45−π2(11−12λ2+8x2))cosh(2πλ)− (45−π2(11−72λ2+8x2))

sinh(2πλ)
2πλ

©
− csch(2πx)

4
Re
î∫ 1

−1
dy(1+ x2− (1+3λ2+3x2)y2+5λ2y4)

∑
s=±

s(e2πλy− e−2πsx)ψ(i(λy+ sx))
ó

− 3xM2csch(2πx)
8λ3

∑
s=±

se−2πxs(Ei(2πs(x+λ))−Ei(2πs(x−λ))), (A2)

x ≡
»

m2
ψ+λ

2where we have defined .
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