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The mixing of photons with light pseudoscalars in the presence of external electromagnetic fields
has been used extensively to search for axion-like-particles. A similar effect for dark photon
propagating states is usually not considered due to the Landau-Yang theorem. We point out
that mixing between photon and dark photon propagating states in background electromagnetic
fields can indeed occur, in non-linear QED, through a four-photon vertex by integrating out the
electron box diagram. Starting from the Schwinger Lagrangian, we derive the equations of motion
for dark photons interacting with the Standard Model photon through gauge kinetic terms. We
provide expressions for the perpendicular and parallel refractive indices in series expansions in
the critical field strength, valid both in the strong and weak background field limits. We then
consider mixing between the photon-dark photon propagating system in the presence of pure
electric and magnetic background fields, and work out the probability of conversion when the
background fields are homogeneous. We indicate outlines of the calculation in the inhomogeneous
case, and finally express our results in the active-sterile basis, where we find that the mixing
induced by background fields can lead to corrections to the tree-level mixing in the zero field limit
that is usually considered to probe such systems. Our results may find applications for probing
photon-dark photon conversions in the vicinity of neutron stars and in table-top petawatt laser

experiments.
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1. Introduction

The classic paper by Raffelt and Stodolsky [I] laid much of the theoretical foundations for describ-
ing the mixing of the photon with other particles X, in the presence of an external electromagnetic
field. The particle X, presumably belonging to some extension of the Standard Model (SM), is
required to have a two-photon vertex—a photon will then produce X as it enters a region with
a background electromagnetic field. Furthermore, if X is light or massless, it will mix with the
photon and a coherent superposition of the two states will be produced.

The crucial requirement in all of the above is that X must have a two-photon vertex. This
immediately restricts X to have either spin zero or spin two. The case of spin zero has in
particular been extensively studied, with X being an axion-like-particle a, and the relevant vertex
being given by £ D gawaFWF #v - [2]. These ideas form the basis of the helioscope [3] and light-
shining-through-wall [4] classes of experiments, and have also been used to study the conversion
of axions to photons and vice versa in galactic and neutron star magnetic fields [5]. We refer
to [6] for recent reviews.

A similar treatment for dark photons—spin one particles interacting with the photon through
the gauge kinetic term—is forbidden by the Landau-Yang theorem. However, one can entertain

the possibility of photon-dark photon conversions through effective four-photon vertices in non-



linear QED [7/[8]. For example, the electron box diagram can be integrated out at energies below
the electron mass to obtain an effective four-photon vertex. Two of the external states can be
taken to be background fields, and the remaining two will constitute a coherent photon-dark
photon superposition.

We hasten to clarify that there is a trivial mixture between the SM and dark photon coming
from the mixing parameter € typically introduced in the dark photon Lagrangian. Since SM
particles couple to a mixture of the SM and dark photon, the physically and observationally
relevant transition is that between the active state emitted by a source and the active state
absorbed by the measuring apparatus. Conversely, the attenuation of a signal is due to the
transition from the active state to the sterile state. In this sense, there is thus a trivial “mixing”
between the SM and dark photons in the tree-level Lagrangian, in the active-sterile basis. Our
main interest in this paper, in contrast, is in the conversion and mixing between propagating
photon and dark photon states. This mixing of propagating states when background fields are
present, and which we explicitly calculate, modifies and corrects the tree-level mixing of the
active-sterile basis. It is to find these corrections that is the main point of our work.

Our purpose in this paper is to lay the theoretical groundwork for photon-dark photon mixing
in non-linear QED. Starting from the Schwinger Lagrangian, we derive the equations of motion
for dark photons interacting with the SM photon through the gauge kinetic term. We provide
expressions for the perpendicular and parallel refractive indices in series expansions in the critical
field strength, valid both in the strong and weak background field limits. We then consider
mixing between the photon-dark photon in the presence of pure electric and magnetic background
fields, and work out the probability of conversion when the background fields are homogeneous
in the physical case of active state-sterile state conversion. The final results are encapsulated in
(#I2) and (AI4]) of our paper, for the cases where the background fields are homogeneous and
inhomogeneous, respectively.

Non-linear QED is only relevant if the background insertions acquire values close to the quan-
tum critical field strength B. = m?/e = 4.414 x 103 G. Our calculations are thus expected to
make modifications of the tree-level mixing between active and sterile states only in these rather
extreme situations. However, there is growing data in precisely such extreme situations with
quantum-critical electromagnetic fields. Our results may thus be applied to photon-dark photon
conversions in magnetars and petawatt lasers, where the background fields can be near quantum
critical strength.

We further note that the standard scenarios where active-sterile conversion occurs—Ilight shin-
ing through walls, helioscopes, etc.—have been studied in the weak magnetic field limit in [9], in
models with extra hidden sector fermions. In our work, we generalize these calculations to find
the mixing between propagating states in all, and in particular strong, background fields, and

compute the resulting modification of the mixing between active and sterile states. Moreover, we



do not introduce any extra hidden sector fields apart from the dark photon. Thus, the effects
that we calculate are unavoidable in models of dark photons propagating in background fields.

In the case where the background insertion is a magnetic field, the natural target for our inves-
tigations is a neutron star, in particular a magnetar. Magnetars are neutron stars characterized
by extremely strong magnetic fields close to or sometimes exceeding the critical value [10], and
have been recently studied by the authors in the context of axion to X-ray conversion [5]. Naively,
one expects interesting modulation of the magnetar photon spectrum due to photon-dark photon
mixing in the vicinity of its surface where the magnetic field is strongest.

In the case where the background insertion is an electric field, the relevant systems are the
upcoming 10 PW-class optical laser systems. We note that for these lasers, the intensities I ~
1023 W/cm? are still lower than the quantum critical value I. = E? ~ 102 W/cm? corresponding
to the electric field strength E. = m?/e = 1.3 x 10'® V/m. Non-linear QED effects are nevertheless
an important target for these systems [I1] and photon-dark photon conversions may be relevant.

Our paper is structured as follows. In Section 2 we introduce the photon-dark photon model,
and derive the equations of motion for the fields from the Schwinger Lagrangian. In Section
Bl we consider the propagation of the fields in pure external electric or magnetic backgrounds.
Expressions for the parallel and perpendicular refractive indices are obtained, and the mixing
matrix is derived. We also show the modified expressions with the inclusion of plasma effects. In
Section M, we show the probability of conversion in homogeneous background fields and discuss

briefly the inhomogeneous case. We end with our conclusions in Section Bl

2. Dark Photons

In this section the basic formalism describing dark photons and their couplings to the SM is
introduced. The effective Lagrangian at energies below the electron mass is presented and the

equations of motion for the physical photon and dark photon are obtained.

2.1. Photon-Dark Photon Lagrangian

In extensions of the SM with massive dark photons [12], a dark sector .4 interacts with the
SM Zsm solely through kinetic mixing Zsymgp between the SM U(1)y hypercharge gauge boson
and the dark photon. The kinetic mixing is generated through loops by integrating out heavy
particles charged under both gauge groups [13], leading to

£y
2
The corresponding SM and dark field strengths are F) 5},\4 = 0,B, —0,B, and F}" = 0" A}, — 9" A}
respectively, where B* is the U(1)y gauge boson and Af) is the U(1)p gauge boson, i.e. the

L =Ly + L+ gSM@D; where gSM@D = FEIE\AFSV (2.1)

dark photon. Thus, at energies above the electroweak scale but below the heavy charged particle



masses, the strength of the kinetic mixing between the SM hypercharge gauge group U(1)y and
the dark Abelian gauge group U(1)p generated by integrating out the heavy charged particles is
parametrized by the dimensionless parameter €y, which is naturally small ey < 1.

At energies below the electroweak scale but above the electron mass, the electroweak gauge
group is broken and the mixing now occurs between the electromagnetic and dark gauge groups
instead, with the mixing parameter € = ey cos 0y where Oy is the weak angle. The two gauge
bosons can then be rotated into each other such that the resulting gauge bosons have canonically-
normalized kinetic terms, with the new gauge bosons representing the physical photon and dark
photon respectively. After this transformation, the SM fields become millicharged under the
physical dark gauge group [14], leading to

D%SM(X)D = —EGJEMA'L]S, (2.2)

where JSM is the SM electromagnetic current.

At energies slightly above the lightest SM charged particle mass, i.e. the electron mass m.,
the dark photon couples to the SM only through the electron. Hence JSM = zﬁ’mw and the
effective Lagrangian (2.1) with (2:2]) becomes

1 1 -
L= _4F§34FW + Yy (10, — eASM VY — methip — ZF,PVFW + ngDAEA% — cepy' YAy, (2.3)

where mp is the dark photon mass. Therefore the electron current effectively couples to the gauge
boson A, = A/%M + sAD, which is the active state. We refer to [15] for a review of experimental
searches and constraints on such scenarios.

At energies below the electron mass but above the dark photon mass, the electron is integrated
out. For the SM without dark photons, this leads to usual non-linear QED effects through the
electron box diagram, as first computed by Schwinger [7,[816],

SM SM
g5 1o

5, ¢
+|Bc| +_ISM )

¢ ./ _Ism vV EKsm | ¢ ./ _Ism _ VKsm 6
cos(Bc 5- T 1 Ccos | 7 o) 1~

(2.4)

where
Isn = Fio)' Fy = 2(Béu — Edy),  Ksu = (Fj'Fi)? = (—4Esu - Bsw)?,  (2.5)

with the dual SM field strength given by Ffy = 25“”)")FSM, and B. = m?/e = 4.414 x 1013 G =
E. = 1.318 x 10'® V/m the critical QED field strength.



For the SM with dark photons, (23]) implies that the non-linear Lagrangian generated by the
electron box diagram corresponds to the Schwinger Lagrangian ([2.4]) with AEM — A, = AEM—FEAE,
leading to . .

& =—1(Isv+In) + §m]23AEA% + L (Ay), (2.6)

after proper renormalization. The shift from AEM to A, = AEM + EAE implies FE},VI — =
F EE/I + el B/ and the corresponding shifts

Ism — I = F,, F* = Isy + 2¢Ismep + €21,

i ) (2.7)
Ksm — K = (Fu F*")? = <\/ Ksm + 2ev/Ksmep + 2V KD) ;

for (23] in the Schwinger Lagrangian (2.4]) appearing in (2.6]). Here

Ismep = Fiy' " = 2(Bsy - Bp — Esu - Ep), 28)
Ksmep = (Fi)'FY)? = [-2(Esy - Bp + Ep - Bsu))?,
effectively mixing the physical photon and dark photon at the non-linear level.
Following [16], the Schwinger Lagrangian in (2.6)) can be Taylor-expanded for small K, leading

to
0% (1, K)

i
In terms of the dimensionless parameter & = +/I/(2B2), the different terms in (Z9) can be

expressed as

gs(Au) Egs([,K) :gs([,O)—i-K + .- (2.9)

A0 = gegxa/o. PEER] R (210
where
Xo(z) = 4/096/2_1 dy n[T(y + 1)) + %ln(l/x) +2In(dr) — 4 [% - g<1>(—1)] - gln(Q)
~ [In(dr) + 1+ In(L/z)]z + E + %m(g/;p)} 2, (2.11)
X1 (x) = —2Xo(z) + 2 XV (2) + §X(§2) (x) — g%

with superscripts in parenthesis denoting differentiation with respect to the appropriate argument,
e.g. XO(") (x) = d"Xo(z)/dz™.

Therefore, the starting point for the analysis of photon-dark photon oscillations is the effective
Lagrangian (2.6) with the expansion (2.9]) and its different contributions (2.10),

_ 1 1 oo, @l K
Z = 4([SM+ID)+2mDA,uAD+27T 2X0(1/§) 16IX1(1/§) + (2.12)

the latter being given explicitly by (2I)).



Since Xo(z) behaves as

1 4 + 8 32
4522 315x% 31526 2978

XO(:B)N _|_...’

at large x, the effective Lagrangian (2.6]) in the weak-field limit is

1 1 5 p a? 2 K
.,S,”:—Z(ISM—FID)—i—ngAMAg Som 4<I - )T

in accord with the Euler-Heisenberg Lagrangian [7] in the pure QED case.

2.2. Equations of Motion

From the following identities,

oI 1 oI 0K 1 0K -
- — == 4FMV = — = KF/’”/
DO, AT) 2 0(0,AY)  aRA oD SVET
and ([212]), the equations of motion for the physical photon and dark photon are
OuF = 5=0u 2L (LK) ++++ 0B +mbAp = 20,21 (LK) + - (2.13)
with
K 1 K
H = _ = (1) v
21, K) = |2%001/€) = X9 + 15 8 + gy w31/ F -
VK 1 - '
The equations of motion (2.I3]) can be simplified to
0P +emb Ay = (14 0L LK)+, 0P = OF +mbAb,  (215)
and the derivative of (2.I4]) can be evaluated to
v L@ (1) v
0,21, ) = |2X0(1/6) - X /) + fypr g (S + gy o xV/6) | 0,7
1 1 K 1 TK 1
& {Xé”(l/&) - X WO+ /0 + g X (170
K (2) OCBF af
+32B4§X (1/5)} 252 o F
VK 1 (1) FagF" @ ap
+ 2—ng [Xl(l/f) + 2§X (1/5)] 282 OuF
VK Ly w VK 1 1) wsFM s
- Y00+ 3 [axe + xPuse| L eur
QBF af
- @1/ 0,7
(2.16)



Expressing all the field strengths with extra derivatives as second-order derivatives on the gauge

fields and the remaining field strengths as electric and magnetic fields, the equations of motion

([215) become

0*A” + emp Afy — 0”(0- A) = %(1 +e2)0, 21 (LK) + -,
(2.17)
e0? Ay — €0” (0 - Asm) = (9% + mp) A} — 0”(9 - Ap),

where all F,gF", FaﬁF Hv, Faﬁﬁ ¥ and FQBF # - in (2.I6]) are functions of the external electric
and magnetic fields only. It is easy to notice that 0, applied on (2I7)) leads to the condition
0-Ap = 0 as long as mp # 0. Moreover, standard gauge fixing can be done with the help of
0 - Agy = 0 supplemented with APM = 0.

For the purpose of wave propagation, it remains to properly normalize the spatial derivative
terms in the equations of motion (2.I7) to determine the refractive indices. In the small K limit,
this can be done in two relevant cases, i.e. for pure external magnetic field or pure external

electric field, for which K = 0. In these two physically-relevant cases, ([2.16]) reduces to
14 1 14
0,21, K) = |2Xa(1/6) - £X{"(1/6)] 0,

Fog P Fog
I

- EXS”@/&) - géxé%/s)] Fap™ 5 s x,(176) 0, .

(2.18)

It is now straightforward to obtain the equations of motion for propagation in the z direction in
these two cases from (ZI7) and (ZI8]). The chosen convention for the parallel and perpendicular
modes is the usual one where the parallel mode is the propagating mode with its electric field in
the plane spanned by the external field and the direction of propagation while the perpendicular
mode is the propagating mode with its electric field perpendicular to that plane.

Before proceeding, it is worth mentioning that for time-independent external fields, the time
coordinate can be Fourier-transformed to the angular frequency w such that 0, — —iw. In fact,
both the SM photon and dark photon time components do not propagate [as can be seen from
(2I7)] and can be solved algebraically in terms of the transverse and (dark photon) longitudinal
modes.

For the SM photon, the equation of motion for the longitudinal mode is trivially satisfied once
the solution for the time components have been substituted, leading to two transverse propagating
degrees of freedom as expected from gauge invariance. Moreover, for relativistic dark photons,
the dark photon mass is negligible and the dark photon longitudinal mode can be discarded.
Therefore, the dark photon mass can be understood as a contribution to the refractive indices of
the dark photon transverse modes.

Finally, the remaining contributions to the refractive indices are a-suppressed and thus small

as long as the external fields are not too large. Therefore the weak dispersion limit can be used



which implies 3, — inw. Indeed, for external fields with spatial variations on much larger scales
than the wavelength, the dispersion relation would be k = nw with refractive index n. But in the
weak dispersion limit |[n — 1| < 1, therefore the substitution 0, — iw is appropriate for all terms

in the equations of motion that are already suppressed.

3. Wave Propagation in a Pure External Field

This section discusses wave propagation in an external field taking into account non-linear effects
from the vacuum contributions. Wave propagation is first discussed without considering plasma

effects, the latter being included subsequently.

3.1. Vacuum Contributions without Plasma Effects

In an external magnetic field with Eqy = Ep = 0 or an external electric field with Bgy = Bp =0
such that K =0 and I =2B% or [ = —2E2

in the z direction to lowest non-trivial order in o and ¢ are

the equations of motion (Z.I7)) for wave propagation

QJ_ EQJ_ 0 0 AiM
Wiy | QL Tmp 00 ATy (3.1)
z 0 0 Q” €Q|| AﬁM ’
0 0 EQ” —m% Ah)
with
B_ne_ |1 (2 L 2 2 B_nE_ _“@ 2 .2
QT —Q” = o ?Xo (1/5)_EX0 (1/5)] w”sin” 6, Q” = Q7 ——%Xl(l/f)w sin” 0,

(3.2)
and ¢ = |B|/B. = b or ¢ = i|E|/E,. = iy as dictated by [ZI8). Since Q; = 2w?(n; — 1) in the

weak dispersion limit, the refractive indices are

a |1 1 .
nf =nl =1+ = | 5xP1/6) - 72XV (1/¢)| sin0,
dr | & 13 (3.3)
B E « 2 mp .
nj=ni=1- EXl(l/ﬁ)sm 0, np=1-— 2,2

in agreement with [16].
For an external field with spatial variations on much larger scales than the wavelength, the

system of second-order differential equations (B.I) can be simplified with the help of w? + 92 =

!Technically speaking, the only requirement for K = 0 is that either E = 0 or B = 0. Hence configurations where
both visible and dark fields are non-vanishing but their properly-weighted combination vanishes are allowed. Such

configurations could occur in physical settings in the presence of extra matter fields charged under the dark gauge

group.



(w—10,)(w+10,) = 2w(w + i0,) [1], leading to

Ayl eA; 00 AM
Al A 0 0 AP

wrig, + | ot 7P < |=0 (3.4)
0 0 €A|| AD AD

[
with A; = w(n; — 1), or more explicitly

AB = AF Lx® 76 = Ix/e)| wsin?e,
= 4 2 ¢
(3.5)
AP = AF = _ O X (1eposin?d,  Ap= D
= __E 1( /E)WSIH ) D__Z7
derived straightforwardly from (3.2) or (33).
Following [16], (3.5) can be simplified to
1 1
AP = quw sin? 6, A|]|3 = Eqngw sin? @),
(3.6)

1 1
A” = qﬁEwsin2 0, A = §qfwsin2 0,

where the dimensionless quantities ¢ and ¢, are functions of the pure external field given by [T17]

qB — 4o b2qB QB — 1
L7 g5 L1+ (18/25)65/4 + (4/15)b%’ 57
B = 7_04b2qAB B = 1+ (5/4)b .
= 4577 "l 71+ (133/100)b + (14/25)b2°
for pure external magnetic field and
E _ _ Ta 2B “E 1+(81/56)y +(45/49)y*
9r = ~ 7979 91 = 17(16/31)y2+(35/24)y 4/+(45/196)y6
. - w/y _ . —
~itps [%1‘”2 =1l = eV + ZyLig(ev)] | (3.8)
E_ _ 4a 2~ AE _ 1+(61/23)y> —(40/23)y* ’
9 = " BrY af, 9 = 1=(35/58)y2 +(121/25)y "+ (32/69)5°
w/ _
84;4 [Wleiwy/y yln(l—e ﬂ/y) )

for pure external electric field. Here the real parts of ¢, and g are interpolating functions for the
vacuum contributions to the refractive indices that are accurate to better than about 5% almost

everywhere while the imaginary parts of ¢, and ¢ for a pure external electric field are exact.

3.2. Vacuum Contributions with Plasma Effects

The introduction of plasma effects is as simple as the introduction of vacuum contributions com-
puted in the previous section. Indeed, plasma effects can be seen as originating from the response

of the charged particles present in the plasma to the passage of a visible photon.



In the present setting where the SM charged particles are millicharged under the dark gauge
group, the passage of a visible photon leads to the usual response in the visible sector plus the
same response in the dark sector, suppressed by the mixing parameter ¢.

The same can be said of the passage of a dark photon, leading to the usual response in the
visible sector, suppressed by the mixing parameter, plus the same response in the dark sector,
suppressed by the mixing parameter square. To first non-trivial order in &, this last contribution
vanishes.

Thus at lowest non-trivial order in « and e, the simple system of first-order differential equa-
tions ([B.4) is modified to

Ap+AR (A +AY) AR AR, AM
(A, + AP A eAP! 0 AD
w + Zaz + ( J_pl J_) pll) J__)“pl pl ASJI(/I - 07 (39)
ALl AL Ap+AL (A +A) [
1 1 D
i EA|I|)—>J_ O E(A” + Aﬁ ) AD ] AII

where the refractive indices are corrected due to the plasma effects. Here, the plasma contributions

neglecting the protons as in [I7] lead to

2 2 2 2
w w
1 1 w 1 1 . w
M- AT (S‘nz“mcosz‘))’
¢ (3.10)
w .
1 1 pl  WWe
A=A =B cosf
L= [|[—L 20 w2 — w2 ’

where wp = y/4man./m. is the electron plasma frequency (n. is the electron density) and w, =
VaB/(mec) is the electron cyclotron frequency.
It is obvious that (3.9]) does not decouple nicely as ([B.4]). Nevertheless, in the high-magnetization

limit (where w, > w,wp)), the system simplifies greatly since

1
L =ALL 0 (3.11)

2
w
I .
Alj_l — 0, Aﬁl — —2—p sin? @), AP
w

leading to two decoupled systems of first-order differential equations given by

A A ASM

€AJ_ AD AE
A” + Aﬁl E(A” + Aﬁl) AﬁM _0
AP )

15 (A” + Apl) Ap
Therefore, in the high-magnetization limit (3.I1]) and at lowest non-trivial order in o and e, wave

(3.12)

w+i82+<

propagation for photon-dark photon system is described by ([BI2]). The system of first-order
differential equations allows for independent oscillations between the perpendicular or the parallel
modes of the photon-dark photon setup. Moreover, plasma effects are negligible for oscillations

of the perpendicular modes in the high-magnetization limit, as expected.

10



4. Consequences

In this section the consequences of the results obtained previously (in the high-magnetization limit
and at first non-trivial order in « and e for simplicity) are investigated in general terms following
the work of [I]. The focus here is on the conversion probability, although the full analysis of [I]
can be straightforwardly redone for photon-dark photon oscillations.

Propagation in a homogeneous external field and in an inhomogeneous external field are dis-
cussed in turn. For both the perpendicular modes and the parallel modes, the results are given

in terms of the following system of first-order differential equations,

) A eA ASM
w + 10, + =0, (4.1)
eA Ap AP

with proper substitutions, due to the symmetry between the system of first-order differential

equations for the perpendicular modes and the parallel modes in the high-magnetization limit

and at lowest non-trivial order in o and e.

4.1. Propagating versus Active/Sterile Bases

Before proceeding, it is necessary to distinguish between the propagating (physical) states and
the the active/sterile states that interact straightforwardly with SM matter.
Starting from the Lagrangian in the mass diagonal basis (2.3]), we have provided results for

ASM and propagating dark photon states AP. On the other hand, the

propagating photon states
state that is emitted or absorbed by a source (i.e., a charged matter particle belonging to the SM)
is an active state denoted by A% while the associated orthogonal state, the sterile state denoted
by A®, does not interact with SM particles and is thus neither emitted by a source nor picked up

by an observational instrument. These states are given in terms of the propagating states by

ASM 4 AP o AP =AM 42)
Vite? ' Vit '

We note that the longitudinal polarization of the dark photon is also an active state that interacts

Aa

with SM charged particles at O(e) [18]. Although this longitudinal state can be important, as
explained above it will be discarded here and all fields will be understood to be transverse. The
expressions for the active and sterile states (£2]) can be obtained by starting from the interacting
Lagrangian instead of the mass-diagonal Lagrangian (2.3]).

For future convenience, we can define the transformation matrix for changing bases

A ASM
(1))

where



For consistency, in the last part of (4.4]) only the first non-trivial order in ¢ is kept. With (4.3])
and (44), it will be straightforward to compute the conversion probability in the proper basis.

4.2. Homogeneous External Field

For a homogeneous external field, the system of differential equations ([I) can be easily Fourier-
transformed with the replacement 0, — ik = inw and the appropriate refractive index.
Rotating the fields such as

ASM B cos? sin?d ASM (4.5)
AD’ ~\ —sind cos AP ’ .

with the mixing angle ¥ satisfying

eA

1
5tan(279) = A Ay

(4.6)

the system of propagation equations (£I) become diagonal in terms of the rotated fields (4.5]).

ASM’
AP =0, (4.7)
where the prime quantities are explicitly given by

, _A+AD+A—AD A/_A—I—AD_A—AD
SM™ 2 cos(29)’ b= 2cos(29)

Indeed, it corresponds to

A 0
w+ 10, + SM
0 Aj

Hence, using (46l), (1) and (£8) the rotated fields propagate as

SM/ 1ALz SM’
A (Z) _ eiw(z—t) e sM 0 A (0)
AD’ 0 eiAbz AD’ ’

while the photon and dark photon states propagate following

SM SM
(f‘@ )(z) — =0 M(2) ( o ><o>, (49)

M(2) cost? —sind etAsm® 0 cos? sind (4.10)
z) = o . .
sind cosd 0 e'Apz —sind cosV

Clearly, the conversion probability in the proper basis is obtained from (43]), (@4]), (£9) and
@I0) as

where

Py, (2) = [(A°(2)|A%(0))]* = |(RM(2)RT ) [,

12



which is given explicitly by

3

2
. . (A — AD)Z
W] sin?(21) sin’ [

W} _ Ab 229 sin? [(A — AD)Z} ,

A2 2 cos(20)
(4.11)

in the case of a pure external magnetic field after using (4.6]). The pure external electric field case

P’Ya_VYs(Z) = [1 -

is left to the reader, although it is clear that the conversion probability in that case is damped
as a function of z due to the imaginary contribution to the refractive indices as in (B.8) (contrary

to the pure external magnetic field case for which the refractive indices ([B.7]) are real).

Using (4.0) again in (4II]) gives

(A~ Ap)= AD)Z] : (4.12)

Py, (2) = e2A% 2% sinc? [( 5

to lowest non-trivial order in e. Here sinc(x) = sin(x)/z is the cardinal sine function. Hence the
conversion probability is always suppressed by €2 and vanishes in the massless dark photon limit,
as expected since massless dark photons decouple from the SM. In the zero background field limit,
we have A — 0 and our expression agrees with the usual one in the literature [9].

We now turn to some comments about the inhomogeneous background field case.

4.3. Inhomogeneous External Field

In an inhomogeneous external field, the conversion probability in the limit of weak mixing can

be computed by the equivalent of time-dependent perturbation theory in quantum mechanics,

/OZ dz' A(Z") exp {z/oz

The conversion probability ([@I3]) is correct as long as the numerical value for ¢ is small enough

leading to the approximation [I]

2

’

Py (2) = &2 (4.13)

dz" [Ap — A(z")]}

for the approximation to make sense. Moreover, due to the approximation Ap cannot be set to
ZErOo.

The approximation (£I3) can be manipulated to give

. {Z‘/Ozdz/ [AD—A(Z/)]} —1—4iAp /Ozdz’exp{i/oz

which simplifies to

/ 2
Py, (2) = &

)

dz" [Ap — A(z”)]}

Py, (2) ~ 4e? sin? {% /OZ dz' [Ap — A(z’)]} , (4.14)

in a pure background magnetic field in the limit where the dark photon is light.
(£I4) can be seen as the equivalent of (4I2]) in an arbitrary inhomogeneous external magnetic

field. As for the conversion probability in the homogeneous case, the conversion probability in
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the inhomogeneous case ([@I4]) is suppressed by €2 and should vanish when Ap is set to zero
due to the massless dark photon decoupling, although this last observation can only be seen
by re-summing the full perturbation expansion. Hence a full treatment seems necessary in the

inhomogeneous case.

5. Conclusion

The mixing of pseudoscalars with the photon in background electromagnetic fields has led to a
vast ecosystem of experimental searches for new physics. The dark photon version of this story is
usually not considered due to the Landau-Yang theorem. However, due to SM particles coupling
to a mixed state of photon and dark photon, conversion does occur.

Our focus in this paper has been to lay the theoretical groundwork for studying the mixing of
photons and dark photons in strong background electromagnetic fields. The relevant diagram is a
four-photon vertex obtained by integrating out the electron box diagram in non-linear QED. We
started from the Schwinger Lagrangian and derived the equations of motion for the dark photon
and the visible photon. We then provided expressions for the perpendicular and parallel refractive
indices, including plasma effects, as well as the probability of photon-dark photon conversions.

There are several future directions to be pursued. Firstly, our results should be applied to the
extreme environments near the surface of magnetars. The magnetic field approaches and in some
cases exceeds the quantum critical value, although from the homogeneous case we do not expect
appreciable photon-dark photon conversion to occur. Nevertheless, at resonance photon emission
from magnetars should undergo possibly measurable attenuation due to this conversion, and this
in turn should constrain the photon-dark photon coupling . A detailed treatment would require
the probability of conversion in a dipolar magnetic field, and is left for the future.

Secondly, our results should be applied to the extreme environments in the upcoming 10 PW
optical laser systems. These setups target the investigation of non-linear QED as a fundamental
physics goal. To this, one can add the photon-dark photon mixing scenarios as well. For these
lasers, the intensities are somewhat lower than the quantum critical value. Nevertheless, the effect
of dark photons on the dichroism and birefringence of the vacuum in these environments may be
interesting.

Thirdly, we note that our results rely on the Schwinger Lagrangian, valid at photon energies
below the electron mass. Thus, our formalism is applicable for photon-dark photon conversions
only up to the hard X-ray spectrum. It would be interesting to extend our analysis to even higher

photon energies.
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