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Volkov states are exact solutions of the Dirac equation in the presence of an arbitrary plane wave.
Accounting for the interaction between the Dirac field and the electromagnetic field, however, Volkov
states, as well as free photon states, are not stable in the presence of the background plane-wave field but
“decay” as electrons/positrons can emit photons and photons can transform into electron-positron pairs. By
using the solutions of the corresponding Schwinger-Dyson equations within the locally constant field
approximation, we compute the probabilities of nonlinear single Compton scattering and nonlinear Breit-
Wheeler pair production by including the effects of the decay of electron, positron, and photon states. As a
result, we find that the probabilities of these processes can be expressed as the integral over the light-cone
time of the known probabilities valid for stable states per unit of light-cone time times a light-cone time-
dependent exponential damping function for each interacting particle. The exponential function for an
incoming (outgoing) either electron/positron or photon at each light-cone time corresponds to the total
probability that either the electron/positron emits a photon via nonlinear Compton scattering or the photon
transforms into an electron-positron pair via nonlinear Breit-Wheeler pair production until that light-cone
time (from that light-cone time on). It is interesting that the exponential damping terms depend not only on
the particles momentum but also on their spin (for electrons/positrons) and polarization (for photons). This
additional dependence on the discrete quantum numbers prevents the application of the standard electron/

positron spin and photon polarization sum rules in computing, for example, total probabilities.

DOI: 10.1103/PhysRevD.104.016014

I. INTRODUCTION

There is a growing interest in testing QED under the
extreme conditions provided by intense laser fields [1-7].
The typical electromagnetic field scale of QED is deter-
mined by the so-called “critical” field of QED: F_ =
m?/le] = 1.3 x10'® V/cm = 4.4 x 10"* G (we employ
units with ¢y = = ¢ = 1 throughout, and m and e < 0
denote the electron mass and charge, respectively) [8—10].
In general, in the presence of electromagnetic fields of the
order of F, the vacuum becomes unstable under electron-
positron pair production and the magnetic interaction
energy associated with the intrinsic electron magnetic
moment becomes of the order of the electron rest energy.

High-power optical lasers are becoming an important
tool to test QED at critical field strengths, which corre-
spond to laser intensities of the order of 10?° W/cm?. Due
to the Lorentz invariance of the theory, in fact, observable
quantities like probabilities and rates of physical pro-
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cesses depend on the field via Lorentz-invariant parameters.
For processes initiated by an electron/positron (a photon)
with four-momentum p# = (e,p) (¢* = (w,q)), with £ =
\/m? 4+ p? (w = |q|) in the presence of a background field
with amplitude given by the electromagnetic field tensor
Fy = (Ey,By) in the laboratory frame, the invariant
parameter characterizing the strength of the field
is the so-called quantum nonlinearity parameter y, =

[(Fo"p)*[/mFe (ko = \/[(F§'q,)’]/mFe), with the
metric tensor n** = diag(+1,—-1,—1,—1) [1-6]. In the
case of an incoming electron/positron, this parameter
corresponds to the (electric) field strength in the rest frame
of the particle in units of F. Thus, although available
lasers have reached peak intensities /, of the order of 1.1 x
10> W/cm? [11] and upcoming facilities aim at I, ~
10%-10%* W/cm? [12-16], the availability of ultrarelativ-
istic electron/positron beams allows for testing the theory
effectively at the critical field scale [1-6]. At the mentioned
available intensities, in fact, an electron with an energy of
the order of 1 GeV, already within the reach of the present
technology, would experience a field of the order of F, in
its rest frame.

First experiments in this “strong-field” regime of QED
were performed at SLAC in the late 90s [17-19] and
recently two experiments have been also carried out
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probing laser-electron interaction at values of the quantum
nonlinearity parameter close to unity [20,21]. Also, devoted
experimental campaigns are already planned at DESY
[22] and at SLAC [23] to test QED in the strong-field
regime.

On the theory side, the description of the interaction of
high-intensity optical lasers, as those mentioned above, and
electrons/positrons is complicated because the density of
laser photons is so high that nonlinear effects in the laser
electromagnetic field amplitude play a major role [1-6].
These effects are controlled by the classical nonlinearity
parameter &y = |e|Ey/mamy, where o is the central angular
frequency of the laser field. The parameter &, does not
contain the Planck constant and classically controls the
importance of relativistic effects in laser-electron/positron
interaction. For optical lasers, the parameter &, exceeds
unity already at laser intensities of the order of 10'® W/cm?
and for &, = 1 the laser-electron/positron interaction has to
be taken into account exactly in the calculations. This is
achieved in QED within the so-called Furry picture [24],
where the electron-positron field is quantized in the
presence of the background laser field [8,9]. This in
turn requires that the Dirac equation can be solved
analytically in the presence of the background field, which
has been carried out in Ref. [25] in the case of a plane wave
(see also Ref. [8]). The corresponding electron/positron
states (and propagator) are known as Volkov states (Volkov
propagator).

By employing the Volkov states, the basic processes
corresponding to the emission by an electron/positron of a
single photon (nonlinear Compton scattering) and to the
transformation of a photon into an electron-positron pair
(nonlinear Breit-Wheeler pair production) have been exten-
sively investigated (see Refs. [2,26-52] for nonlinear
Compton scattering and Refs. [4,27,51,53-64] for non-
linear Breit-Wheeler pair production, as well as the reviews
[1-5]).

Now, if one computes the total probabilities of nonlinear
Compton scattering and nonlinear Breit-Wheeler pair
production at the leading order in perturbation theory,
one observes that for sufficiently long pulses they can
exceed unity. The reason behind this apparent contradiction
relies on the importance of higher-order processes. This is,
for example, intuitively clear in the case of nonlinear
Compton scattering as for sufficiently long pulses the
probability that electrons/positrons emit a higher number
of photons becomes sizable. In Ref. [65], Glauber has
shown that in the classical limit of nonlinear Compton
scattering, where recoil effects are negligible, the emission
of an arbitrary number of photons by an electron is
described by a Poisson distribution. Relying on the
unitarity of the S matrix of QED, this result has been
obtained by imposing that the total probability that an
electron either does not emit a photon or does emit an
arbitrary number of photons is equal to unity. In Ref. [66],

the same idea was applied in strong-field QED in the so-
called moderately quantum regime where &, > 1 and y <
1 such that nonlinear Breit-Wheeler pair production was
negligible and the so-called locally constant field approxi-
mation (LCFA) was employed [2,5,28]. The LCFA states
that in the limit of low-frequency plane waves with fixed
electric-field amplitude the formation length of QED
processes is much smaller than the typical wavelength of
the plane wave and therefore the probabilities of QED
processes reduce to the corresponding probabilities in a
constant crossed field averaged over the phase-dependent
plane-wave profile [2]. From a QED point of view, the
prescription used in Refs. [65,66] was phenomenological
and not based on first principles. Indeed, from the unitarity
of the § matrix it has to follow automatically that
probabilities of physical processes never exceed unity.
An alternative, consistent approach in this respect was
then presented in Ref. [67] but based on distribution
functions and kinetic equations rather than on single-
particle probabilities (the inclusion of the process of pair
production was carried out in Ref. [68] and we stress here
that kinetic equations had already been used in strong-field
QED to describe the formation and the evolution of QED
cascades [69,70]). The problem of radiation of several
photons is closely related to the problem of radiation
reaction in QED, which has also a classical counterpart
[71-73]. Indeed, the inclusion of classical radiation-
reaction effects in the computation of emission spectra has
been investigated numerically in several works [74-82].
Moreover, the availability of the exact solution of the
underlying classical equation of motion including radiation
reaction (the Landau-Lifshitz equation [71,73]) [83] has also
allowed one to obtain analytical results on the classical
emission spectra including radiation reaction [84—86].

We have mentioned that the unitarity of the S matrix
guarantees that computed probabilities do not exceed unity.
However, this implication holds for probabilities computed
exactly and the use of perturbation theory may and does
lead to violations of unitarity. The contradictions are only
apparent because the use of perturbation theory is allowed
only in those regimes where the obtained probabilities are
smaller than unity. In this respect, a refined probabilistic
approach is presented in Ref. [87] to show that exact
radiation probabilities feature a time-dependent exponen-
tial suppression related to the fact that electron/positron
Volkov states are not stable states due to the emission of
photons.

From the point of view of strong-field QED, in order to
compute, for example, the exact probability of processes
like nonlinear Compton scattering and nonlinear Breit-
Wheeler pair production, one has to use the exact electron
and photon states in a plane wave including radiative
corrections as well as the exact expression of the vertex.
In order to compute the exact electron/positron and photon
states in a background electromagnetic field described by
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the four-vector potential A¥(x), one has to solve the
corresponding Schwinger-Dyson equations

(]i0, — eA,(x)] - m}¥(x) = / dyM(x ¥ (1)

0,0 (x) = / FyPAx ). ()

where y# are the Dirac matrices, W(x) is the electron-
positron field, «7#(x) is the radiation field in the Lorenz
gauge, and where M (x, y) and P*(x, y) are the exact mass
and polarization operator in the external field [8]. The mass
operator and the polarization operator correspond to the
sum of all possible one-particle irreducible Feynman
diagrams with two external electron/positron and photon
lines, respectively. The contribution of the one-particle
reducible diagrams is, instead, exactly taken into account
by the Schwinger-Dyson equations themselves, which can
be seen by writing the solutions of Eqgs. (1) and (2) as a
perturbative series in M(x,y) and P*(x,y), respectively
(see also below). On the contrary, the exact vertex does not
feature by definition one-particle reducible contributions.
This is an important remark for what it follows because in
the presence of a plane wave, probability amplitudes
receive also contributions for momentum regions where
electron and photon propagators describing internal lines
are on shell (we are referring here to amplitudes corre-
sponding to Feynman diagrams which split into two
diagrams by cutting the corresponding internal line).
This is a consequence, ultimately, of the fact that, unlike
in vacuum, single-vertex processes like nonlinear Compton
scattering and nonlinear Breit-Wheeler pair production do
occur in the presence of the plane wave. This aspect has
been thoroughly investigated in the study of higher-order
strong-field QED processes in a plane wave like the
emission of two photons by an electron (nonlinear double
Compton scattering) [88-92], the emission by an electron
of a photon, which then decays into an electron-positron
pair (nonlinear trident pair production) [93-99], and the
annihilation into two photons of an electron-positron pair
[100]. In these studies, the contribution to the probabilities
stemming from intermediate on-shell particles has been
indicated as “incoherent” or “two-step” contribution, and it
features a quadratic dependence on the laser pulse duration
rather than linear as the remaining “coherent” or “one-step”
contribution. Indeed, the quadratic dependence is easily
understood as arising from the fact that the two single-
vertex strong-field QED processes building the whole
second-order process can occur independently and at any
phase of the plane wave. For two-vertex processes primed
by a single particle and for both the classical and the
quantum nonlinearity parameters being of the order of
unity, the one-step (two-step) contribution has been found
to scale as a’®, /P, (*®] /D7), where a = e*/4nw

1/137 is the fine-structure constant, ®; is the total phase
duration of the plane wave, and @/ is a measure of the
formation phase of the single-vertex strong-field QED
processes. Thus, for sufficiently long pulses (®; > @),
not-only the two-step contribution dominates over the one-
step contribution but for ®; 2 ®/a ~ 137®, the proba-
bility of a two-step, second-order process would become
comparable with that of a first-order process, a condition
already identified in Ref. [66]. This circumstance is already
reflected by the Poisson distribution of the number of
photons emitted as found in Ref. [65] and it also occurs in
the case of radiative corrections. The structure of the
Schwinger-Dyson equations (1) and (2) gives the possibil-
ity of taking into account these “accumulation” effects in
the electron/positron and photon states exactly and self-
consistently. In fact, the incoherent contribution to the one-
particle reducible diagrams which can be cut into two
diagrams at n internal lines correspond to terms scaling
with the nth power of the pulse duration and, as we have
already mentioned, all these contributions are self-consis-
tently “resummed” in the Schwinger-Dyson equations.

It is important to stress that the mentioned accumulation
effects do not occur if two particles go on shell in the same
loop. This statement would require further analysis in
general as it has been investigated in detail only in
Ref. [101] in the case of the one-loop polarization operator
(see Fig. 1). In that work, in fact, it was shown that
the recombination (recollision) of the electron and the
positron in the loop produced via Breit-Wheeler pair
production cannot occur at an arbitrary phase of the laser
field but only at specific phases correlated with the phase
at which the pair was previously created, such that
recollision effects do not feature a pulse-length enhance-
ment. Correspondingly, higher-order vertex corrections are
expected not to feature accumulation effects like those
arising from the one-particle reducible contributions
described by the Schwinger-Dyson equations (1) and
(2), which is also physically intuitive as vertex corrections
are local corrections, unrelated to the macroscopic propa-
gation of particles inside the plane wave. This can be
explicitly verified in the one-loop vertex correction (see
Fig. 2) recently computed in Ref. [102].

FIG. 1. The one-loop polarization operator in an intense plane
wave. The double lines represent exact electron propagators in
the plane wave (Volkov propagators) [8].
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FIG. 2. The one-loop vertex correction in an intense plane
wave. The double lines represent exact electron states and
propagator in the plane wave (Volkov states and propagator,
respectively) [8].

The Schwinger-Dyson equations (1) and (2) are clearly
impossible to be solved exactly already because it is
impossible to compute exactly the mass operator M(x, y)
and the polarization operator P**(x, y). However, the one-
loop mass operator in an arbitrary plane wave (see Fig. 3)
and the one-loop polarization operator in an arbitrary plane
wave (see Fig. 1) have been computed in Ref. [103] and in
Refs. [104-106], respectively. From the perspective of the
mentioned accumulation effects, it is important to point out
that the inclusion of higher-loop corrections to the mass
operator and to the polarization operator would lead to
subdominant contributions scaling with higher powers of
the fine-structure constant o (we do not consider here the
so-called fully nonperturbative regime of strong-field QED
at yo~ 1/a*? > 1 and & > y,, where, according to the
so-called Ritus-Narozhny conjecture, the perturbative
approach to strong-field QED breaks down [107-116]).

The conclusion of the above discussion is that, if one
would like to take into account accumulation effects
depending on the laser pulse duration in nonlinear
Compton scattering and in nonlinear Breit-Wheeler pair
production but still neglect corrections scaling only with «,
one could solve the Schwinger-Dyson equations with the
one-loop mass operator and polarization operator, find the
corresponding electron/positron and photon states includ-
ing the decaying effects, and use these states to compute the
probabilities as the modulus square of the single-vertex

—

FIG. 3. The one-loop mass operator in an intense plane wave.
The double lines represent exact electron states and propagator in
the plane wave (Volkov states and propagator, respectively) [8].

amplitude. This is the aim of the present work and we use
the electron/positron and photon states determined from the
Schwinger-Dyson equations in Refs. [117,101] within the
LCFA, respectively (see Refs. [118,119] for a solution of
the Schwinger-Dyson equation of the photon field in a
plane wave, where radiative effects are treated perturba-
tively). For the sake of completeness, we also present an
equivalent but alternative solution of the Schwinger-Dyson
equation (1) of the electron field as compared to that in
Ref. [117] and we provide more details about the derivation
of the solution of the Schwinger-Dyson equation (2) of the
photon field as given in Ref. [101]. As we will see, these
solutions and, in general, the Schwinger-Dyson equa-
tions (1) and (2) apply for electron and photons in-states,
respectively. Thus, we also derive the Schwinger-Dyson
equations for the electron and photon out-states as well as
for the positron in- and out-states, and we provide the
corresponding solutions under the mentioned conditions.
Finally, we use these in- and out-states to derive analytical
expressions of the probabilities of nonlinear Compton
scattering and nonlinear Breit-Wheeler pair production,
which feature exponential damping terms describing the
decay of the particles in the plane wave.

I1. BASIC DEFINITIONS AND NOTATION

We consider a plane-wave background field described by
the four-vector potential A#(¢), which only depends on the
light-cone time ¢ =t—n-x. Here, the unit vector n
defines the propagation direction of the plane wave and
can be used to introduce the two four-dimensional quan-
tities n* = (1,n) and #* = (1, —n)/2 [note that ¢ = (nx)].
The four-vector potential A#(¢) is a solution of the free
wave equation 9,0'A” = 0 and it is assumed to fulfill the
Lorenz-gauge condition 9,A* =0, with the additional
constraint A%(¢p) = 0. Thus, if we represent A*(¢) in the
form A*(¢) = (0,A(¢)), then the Lorenz-gauge condition
implies that n - A’(¢p) = 0, with the prime in a function of ¢
indicating its derivative. If we make the additional
assumption that A(¢) vanishes for ¢ — +oo, then it is
n-A(¢) = 0. By introducing two four-vectors d; = (0,a;),
with j=1, 2, such that (na;)=-n-a;=0 and
(ajay) = —a;-ay = =67, with j,j' =1, 2, the vector
potential A(¢) can then be written as A(¢) =
wi(@)a, +y,(¢)a,, where the two functions y;(¢) are
arbitrary, provided that they vanish for ¢) - +oco0 and they
feature obvious differential properties. The field tensor
Fre(¢) = OFAY () — 0"A#(¢) of the plane wave is given
by F1(¢) = nA"(¢) — n"A¥(¢h).

Since the four-electric field of the plane wave will always
be multiplied by the electron charge, it is convenient to
introduce the four-vector A#(¢) = eA¥(¢) and the tensor
FH(¢p) = eF"(¢). Also, we will consider below only the
case of linear polarization along the direction a; and we set
wi(p) = Agw (), with Ay <0 being related to the
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amplitude of the electric field of the plane wave, and
w>(¢p) = 0. In the case of a monochromatic plane wave
with amplitude E, and angular frequency w,, then we
would have Ay = —Ey/w, and, for example, w(¢) =
cos(wg¢), whereas in the constant crossed field case, we
would have Ay = —E/wy and y(¢p) = wyp, such that the
angular frequency cancels out as it should. In this way, the
electromagnetic field tensor F**(¢) can be written as
Fre(g) = Ay (@), with ALY = Ag(n*a¥ — n*dy). Also,
we introduce for future convenience the dual field
Frv(¢) = Ay (¢), where A = (1/2)e"*A,,,, with
g™ being the four-dimensional antisymmetric tensor
and €"1?* = +1. Analogous definitions hold for the quan-
tities multiplied by e.

The four-dimensional quantities »*, i*, and a’; fulfill
the relation #* = n*it* 4 it*n* — d\d’ — dya4 [note that
(n1) =1 and (7ia;) = 0]. Below, we will refer to the
transverse (L) plane as the plane spanned by the two
perpendicular unit vectors ;. Thus, together with the light-
cone time ¢ =t —n -x, we also introduce the remaining
three light-cone coordinates 7 = (iix) = (t+n-x)/2,
and x| =(x;.x12) =—((xa)), (xap)) = (x-a.x-a3).
Analogously, the light-cone coordinates of an arbitrary
four-vector v* = (vy,v) will be indicated as wv_ =
(nv) =vg—n-v, v, = (iv) = (vg+mn-v)/2, and v, =
(v via) ==((vay), (vaz)) = (v-a,.v-ay).

The Volkov states are the exact solutions of the Dirac
equation in a plane wave [8,25]. Below, the four-vector
p" = (e,p) indicates an on-shell electron four-momentum,

that is, e = y/m? + p>. The positive-energy Volkov states

U™ (5. x) can be classified by means of the asymptotic

momentum quantum numbers p and of the asymptotic spin
quantum number s = +1 at ) ->F 0. Since below we will
also consider off-shell four-momenta, for notational sim-
plicity, we indicate the functional dependence on the
four components of the electron four-momentum p#,
although the energy is a function of p. The Volkov

state U Ollt>(p,x) can be written as U™ (p.x) =

@™ (P E(p, x)uy(p), where

2
(D(in/out)(p) — _ Ll d€0 |:(p~/2(_(p)) _ "tlgg_o) , (3)

where

A

i ] b (AW@)_A(p)
E(p,x) — |:1 + ”154(45)] et{—(Px)—fO d!ﬂ[/,,—_—le]}’ (4)

and where u,(p) is the free, positive-energy spinor nor-

malized as u] (p)uy(p) = 2¢eb,y [8]. In the expression of
the Volkov in- and out-states, we have explicitly indicated a

physically inconsequential overall phase ®(®/°"(p) for

future convenience and in Eq. (4) we have introduced
the notation » = y*v, for a generic four-vector v* [8].
Also, the spin quantization axis is conveniently chosen
along the magnetic field of the plane wave in the rest frame
of the electron, i.e., the spin four-vector {# is given by
Z.:ﬂ:_Al(l)”pb/(p—AO)’ with 4’2:_1’ and 75&%(19) =
sug(p), where y°> = iy%'y?*y (in the constant crossed
field case and in the rest frame of the electron, the three-
dimensional spin vector § points along the same direction
of the magnetic field). Analogously, we introduce the
negative-energy Volkov states V™'Y (p, x) = /@™ (=p) x
E(—p,x)vs(p), with v (p) being the free, negative-energy
spinor normalized as v!(p)vy(p) = 2&8,y [8].

The expression in Eq. (4) can also formally be used for
the matrix E(l, x), where I# = (I°1) is a generic off-shell
four-momentum, and this matrix fulfills the identities
[2,120]

/ FRE(LE(.x) = 22)**(=1), (5

4
[ G E0ELy) ==y, (©

7[i0, = Au(9)IE(L x) = E(L,x)l, (7)

where I’ = (I"°,1') is another off-shell four-momentum and
where, for a generic matrix M in the Dirac space, we have
introduced the notation M = y'MTy°.

Concerning the states of the radiation field, we will
indicate as ¢* = (w, q), with @ = |q|, the generic on-shell
four-momentum of the photon and the two transverse
(linear) polarization states are conveniently identified by
means of the four-vector AY(q) = Af’q,/(q_A,) and the
pseudo-four-vector A% (q) = A%'q,/(q-Ay), which fulfill

the relations (A;(q)A;(q)) = —6,;, with j, j' =1, 2.

III. DECAYING ELECTRON/POSITRON STATES

Let us consider the Schwinger-Dyson equation (1) for
the electron-positron field, which we rewrite here in
the case of the plane-wave background field introduced
above,

wm@—awnﬂﬂww=/ww@wwwm (8)

where M, (x,y) is now the mass operator in the plane
wave.

Before we start solving this equation, we notice that, by
introducing the Volkov propagator Gy(x,y) (the usual
Feynman prescription is understood for avoiding the poles),
the solution of Eq. (8) can be formally written as the series
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FIG. 4. The thick lines indicate the exact incoming electron line (a) and the exact outgoing electron line (b) and are symbolically
expressed as series expansion in terms of Volkov propagators (double internal lines) and mass operators (shaded circles).

W) =¥y (x) + / Gy (x. y) M, (y.2) ¥y (2)

(a)

(b)

+/d4yd4zd4rd4sGV(x,y)ML(y,z)GV(z, )M (r,s)Py(s) + - 9)

depending on the corresponding (Volkov) solution ¥y (x) of the Dirac equation {y*[id, — A,(¢)] — m}¥y(x) = 0. By
imagining to use the state ¥(x) to compute a Feynman amplitude, we realize that the solution in Eq. (9) is appropriate for an

electron in-state ‘I‘S“) (x) [see Fig. 4(a)],
W (x) = W () + / d*yd*zGy (x, y)M (v, 2) ¥ (2)
i / dydtzd* rd*sGy (x, y)ML (3, 2) Gy (2, )M (r, s) P03 (s) + -+ (10)

For this reason, we rewrite Eq. (8) as
{7110, = A, ($)] = myE" (x) = / dty M (x. ) ¥ (). (11)
Now, for an exact electron out-state ‘P,(f)m) (x), one rather needs the series [see Fig. 4(b)]
P () = B () + / dhyd' 2 ()M (2. 3) Gy (. )

* / d4yd41d4rd4s‘i'£?\3t> ()M (s,7)Gy(r,2)M(z,y)Gy(y, x) +---, (12)

which is not simply the Dirac conjugated of Eq. (10). Thus, for computing the exact electron out-state lyé"“‘) (x), we need to

solve the Schwinger-Dyson equation
B () {7 [~i, — Ay (@) = m} = / dy B ()M, (3. ). (13)
or, equivalently, the equation
(110, = A D) = mp¥ ) = [ it (5,08 ). (14)

By recalling the Feynman rules for incoming and outgoing positrons, it is easy to derive that the Schwinger-Dyson
equations for the states ‘I’E,m) (x) and ‘Pg,out) (x) are

(110, — A, ($)] - m}i (x) = / T, (3. )W (), (15)
(110, — A, ()] = mPEE™ (x) = / dyMy () (). (16)

At this point, it is sufficient to outline the derivation of the solution of Eq. (11) as the other equations (14)—(16) can be
solved in an analogous way.
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As we explained in the Introduction, it is sufficient for
our purposes to consider the one-loop mass operator within

the LCFA, which we indicate as M (Ll) (x,y) (see Fig. 3). Itis

This object can be easily computed from the general
expression of the one-loop mass operator in a plane-wave
field [103] in the locally constant field limit £y — oo at

fixed y(, which, as mentioned in the Introduction, corre-
sponds to a plane wave with smaller and smaller central
frequency and fixed electric-field amplitude. The resulting
expression is given by

convenient first to consider the one-loop mass operator
Mf) (1,7') in momentum space, defined as

MO,y = / dxdyE(L MY (e )EW.y).  (17)

M (1) = a3 (1, —1)5(1- - 1) / depe i1 /

o ol B+ (1B {<2m_

oodu/oo dv
u Jo (1+0)?

5!
! >[e—’14ﬁ(f/)) @] e @0

1+v
2u?p? v uv hl c
| v 5 LYY U — 1 >
{m“ ( +3><lf (@)r) + i -0, F1(¢) — imuv— Z’((’b)yc}
(oot [1 = =] 2iup LT 2 (7 _ )15 1)
o 1+ v ’

where A2 is the square of the fictitious photon mass, which has been added for completeness and which will be ultimately set
equal to zero because we will only use the mass operator on the mass shell [2], where y;(¢) = (I_/p_)x(¢), with
2($) = —(p_/m)Agy’(¢)/Fe, where o* = (i/2)[y*,7*], and where ¢} = —Al’l,/(I_A,). As expected, the quantity

M Ll (1,1) is exactly the Fourier transform in ¢ of the corresponding expression of the one-loop mass operator in the
constant crossed field Fy'(Fy" = eF}’) found in Ref. [107], with the replacements F§* — F*(¢p) = Ay’ (¢) and

o0 — xi(¢). As a technical remark, we observe that the quantity M (L >(l ,1') in Eq. (18) is the renormalized expression of the

one-loop mass operator, the renormalization being carried out as in vacuum [103,107].
Going back to configuration space by using Egs. (5) and (6), we obtain

dldtl nEr = [ . z
P, >‘/ 2a)* @yt LM (Ll>E<l’y>/ e B0 M L p)E(LY). (19)

where

—z[ (14v)4 2+1} +o(l )]u

MY (1.4) =

/ du/ dv
2w

x| 2m - [e—év“x?(qﬁ)f — 1] + e n (@
1 + v

2u*v? v uv . 240 A
< P (14 3) 0P @) + 2 54— o T )77
1420 ~ ww(1—2
+ <2m - m) [1 iuv(1 2>} —2iuv 1—:_ UU (l — m)elub(l n]zz) }, (20)

over the variables /|, [_, and /. Only after one renames the
integration variable //, as /., one can express the result as
the four-dimensional integral over d*I. Second, the appear-
ance of the quantlty M (l ¢,) evaluated at ¢, looks

“asymmetric.” However, it arises because we have decided
to express the mass operator in Eq. (18) in terms of /> and

and where ¢, is the minus light-cone coordinate of the
spacetime point x.

Two observations are in order about this intermediate
step. First, in the second equality in Eq. (19), one exploits
the delta functions in Eq. (18) to take the integrals over d°l'
and dl" such that the integral over d*[ is originally given
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7.1t is easy to show that one can perform a shift in the
variable ¢ in Eq. (18) and obtain an equivalent expression
within the LCFA only in terms of /%> and 1. This would result
in an equivalent expression (within the LCFA) of

M(Ll)(x, y), where the quantity MS)(l,q[;y) appears on the
right-hand side of Eq. (19), with ¢, being the minus light-
cone coordinate of the spacetime point y. The expression

featuring the quantity M <Ll) (1, ¢,) has been chosen for later
convenience.

Now, similarly as in Ref. [117] and without loss of
generality, we decide to determine how the effects of the
mass operator in the right-hand side of the Schwinger-
(in)

[recall that p* = (e,p), with e = \/m? + p?]. Thus, we
seek for a solution of Eq. (11) of the form

“Pgin) (X) _ ei¢(i")(P)f§in) (p’ ¢)E(p, x)us (p)7 (21)

where fgin)(p,qb) is a function to be determined, which

satisfies the initial condition lim,_,_, '™ (p. ¢) = 1. This
initial condition corresponds to the physical requirement
that the electron state coincides with the free state
exp(—i(px))us(p) before the electron interacts with the
plane-wave field. By substituting the above expression of
w{"(x) in Eq. (11), by exploiting the relation in
Eq. (7), and by multiplying the resulting expression by

Dyson equation (11) modify the Volkov in-state Uy (p,x)  iiy(p)E(p, x), we obtain
|
(in)
. dfs” (p, ¢x)
2ip_ 0y ———F—
lp— SS d¢x
L E () 5 \E (i)
= | 4y iy (p)E(p, X)E(L, )M (1, g ) E(L, ) E(p, y)us(P)Ss 7 (P by), (22)

where we have used the relation iy (p)aug(p) = 2p_5,y.

Now, the integrals iny, = —((va,), (ya,)) and in 7, = (yo +n -y)/2 in Eq. (22) can be taken analytically because the
matrices E(p, x) depend on the transverse and the plus light-cone coordinates only linearly in the phase. Thus, these
integrals provide delta functions enforcing that/, = p |, and [_ = p_. By taking the corresponding integrals in/, and [_, we

obtain

(in)

. dfs ' (p.¢.)

2ip_8 g —— 122
lp sSs d¢x

Here, the four-momentum /# is intended to have light-cone
components p_, p,, and [, and it is important to notice
from Eq. (20) that [ only appears linearly in the exponents
via the squared four-momentum /> = 2p_I, — p? and also
linearly in the preexponential function via the matrix
1=1.A+ p_h—(pay)a, — (pa,)a,. This observation al-
lows us to take the integral in [, analytically. It is first
convenient to perform the change of variable from [, to
r,. =1, — p.. The result of the integral over r, is rather
cumbersome, but it can be simplified by means of the
following two remarks related to the dependence of
M<Ll)(l,qu) on [, and then on r, [see Eq. (20)]:
(1) The presence of the exponential functions
exp(2iuvp_r, /m?*) leads to the presence of the delta
function §(¢p, — ¢, + 2uvp_/m?*), which results in

the function f{™( p.¢,) to be computed at ¢, =
¢, — 2uvp_/m? for those terms. However, within the

LCFA and since the function f§in)(p,¢y) can be
a posteriori ascertained to be sufficiently smooth in

¢, one can approximate fgin)(p, ¢, —2uvp_/m?) ~
fﬁ“”( p. ) (see also below).

dl, . _ i
= [, ()M 1 b () (. ). (23)

|
(2) The terms proportional to r 7 in the preexponent
turn into terms containing the derivative of the
function f(p,¢,) also on the right-hand side of
Eq. (23). However, these terms can be easily proven
to have exactly the same structure of the left-hand
side of Eq. (23), apart of course, being already
proportional to a. Thus, after exploiting the delta
function in the light-cone times, by imagining to
combine these terms with the left-hand side of
Eq. (23) and to divide the resulting equation by

the overall coefficient of d f§m>( p.d,)/de,, one
finally concludes that these additional terms lead
to higher-order corrections in « and can be ignored
within our analysis.
By means of these considerations, it is straightforward to
obtain that

d Sin) ) in
ip_és;% = mMy(p. Df" (p.#). (24)
where M (p. ¢) = ay(p)M(p. ¢)uy(p)/a,(p)uy(p).
with
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a [odu [ dv . m i 4 i a0
M(p,p) = — = BT _emitud (g — [t _ -t (e
(. ¢) 27[A MA (1—|—U)ze {(m 1—|—v>[e J+em

2u?v?
x
m

= (145) 0P + o ) im0t (25)

It is worth noticing that the quantity M (p, ¢) does not contain vacuum terms and it vanishes if the plane wave vanishes. This
is in agreement with the well-known fact that on-shell states do not undergo radiative corrections in vacuum [8].
At this point, by using the properties of the free states u,(p), it is not difficult to prove that the matrix My (p, @) is

diagonal. Thus, we conclude that the function fﬁvin) (p, @) satisfies the equation

AR ) m
p

d¢

where

M(p.¢p) =

du/ dv

+e 9 {2u2y2 (1 + g)xz(cb) + is

M (p.d) " (p. b), (26)

—iv’u 1+2v [6_%1)412(45)“3 _ 1]
14+

]} (27)

1+wo

The quantity M(p, ¢) is easily shown, by means of changes of variables in u and v in the first term, to exactly coincide with
the spin-dependent mass correction in a constant crossed field, with the replacement yo — y(¢) [107,121],

a [ o dv
Molp) = mas [T au [T

e—iu[lJr%@uz] |:5 +7v+ 5’1] (¢)

LD i) 29

Now, Eq. (26) can be easily integrated. In fact, by imposing the initial condition limy_,_, f Q“) (p, @) = 1, we obtain that

the radiatively corrected positive-energy Volkov in-state U gn‘) (p, x), which includes the decay of the state itself, is given by

; iy g [
U (p.x) = e e [ e wE(,,,x)u (»)
= {1 +220 } ~(pr)= [, g M (ol () (29)
2p_ ’
[

Within the LCFA, this expression exactly coincides with VEQ“ (p. x)
the corresponding solution found in Ref. [117] (the addi- . .
tional term in the preexponential function in Ref. [117] can ~ _ [1 ”-’4(45)] ()= [* dgl 520 4 T M (~p )} (p)
be shown to be equivalent to one having the same matrix 2p ’
structure of the field-dependent term of the Volkov state (30)

and being smaller than that term by a factor proportional to
&y > 1, which can be ignored at the leading order in the
LCFA considered here). Also, we observe in relation to
point 1, below Eq. (23), that a shift of ¢ in the decaying
exponential function by a term scaling as p_/m? would
result into a correction of the order of a to the preexpo-
nential function, which can be neglected under our ap-
proximations.

Analogously, by solving the Schwinger-Dyson equa-

tion (15), one obtains that the positron state Vgin) (p,x)
turns into the radiatively corrected state

which includes the decay effects. Note that M (—p, @) =
M_,(p,¢) [see Eq. (28)], which correctly corresponds to
the interaction magnetic energy of the positron intrinsic
magnetic moment having the opposite sign of that of the
electron.

Note that the radiatively corrected electron in-states are
normalized as

— 2 Sl demM(pe] (31
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<!
==
oE
—

P X)Vi (p. %) _ 2 f? dgtmiM,(~p.g)
v5(p)vs(p)

(32)

In accordance with the optical theorem, it can be shown that
the quantity —(2m/p_)Im[M (£p, )] is the total proba-
bility per unit of light-cone time ¢ that an electron/positron
with initial four-momentum p* and spin quantum number s
emits a photon [103]. Then, these normalization conditions
exactly describe the decay of the state as due to the fact that
electron/positron states are unstable under emission of
photons in the presence of the plane wave.

Finally, by solving in a completely analogous way the
Schwinger-Dyson equations (14) and (16), one obtains the
following expressions for the radiatively corrected electron
and positron out-states:

U™ (p, x)

aA - o (pAQ)  A2@) | m e
_ {1 +%(¢U} P [ dg[P5 = s, My (p),

(33)

Vel (p,x)

~ . w4 (pAlg) | A2@) _ m
_ |:1 _n;lp<¢):| el{(PX)Jrfd, dyf - - M( PW]}US(p).
(34)

As expected and appropriate for out-states, in this case, the
decaying exponential functions feature light-cone integrals
from ¢ to oco.

IV. DECAYING PHOTON STATES

Analogously as in the previous section, we first observe
that the Schwinger-Dyson equation (2) applies to photon

in-states <7 £in) (x) and, in the case of a background plane
wave, can be rewritten as [see Fig. 5(a)]

0,04 (x) = / d'yPL A (x3) (" (3). (35)

where P4*(x,y) is the polarization operator in the plane-
wave field. The corresponding Schwinger-Dyson equation

for the photon out-state .«7\™" (x) is given by [see Fig. 5(b)]

0,0 (x) = / dyPi (v )/ (). (36)

By limiting to the case of photon in-states, we recall that
Eq. (35) has been solved in Ref. [101] for P¥*(x,y) being
replaced by the corresponding one-loop polarization oper-
ator within the LCFA. Here, for the sake of completeness,
we only present a few steps of the derivation in Ref. [101].

As we mentioned in the Introduction, the one-loop

polarization operator, denoted here as P(Ll)” “(x,y), was

computed in Refs. [101,104,105]. By limiting to the
contributions corresponding to photons with transverse

polarization, the polarization operator P(Ll)” v

the LCFA can be written in the form [101]

(x,y) within

, Flodr )
P(Ll)/‘ (x, y) = /W(2ﬂ>4 e—i(lx) (L)ﬂ (l l/) (37)

where

P (L) = —(2a)38* (1, —1))5(_ — 1) / dpe~i(l~1)0 zzﬂ m*<(¢)

/ duu/ dU 1—1} _m[l_ﬂ] 240 e "/(‘f’) 2]

3+v

(AT +

+(6 = 20%) Ay (NAS(D)] (38)

is the transverse part of the polarization operator in momentum space (for notational simplicity, we have used the same
symbol as the whole polarization operator). Note that the above expression of the one-loop polarization operator is exactly

()

(b)

FIG. 5.

The thick wiggly lines indicate the exact incoming photon line (a) and the exact outgoing photon line (b), and are

symbolically expressed as series expansion in terms of free photon propagator (thin wiggly internal lines) and polarization operators

(shaded circles).
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the Fourier transform in the light-cone time ¢ of the corresponding expression in a constant crossed field with the

replacement K, — /() = (I_/q_ (), with x(th) = —(q_/m)Agy'(§)/Fer [122-124],
Analogously as in electron/positron case, the polarization operator in configuration space can be written as

d*l . )
uv —i(lx Duv i(ly
P( u (x )’) /(271_)4 e (1 >P2 u (l, ¢x>e (Zy)’ (39)

where

21-2 | (=022 5

P ) = —5 - mR (@) [)m du Aldv(l—vz)e_i”“_m_z s Sl
X (3 + )AL (DAY (1) + (6 = 20) AL (DAY (D). (40)

Now, by using the above expression of the polarization operator, we investigate how radiative corrections represented by
the right-hand side of Eq. (35) modify the photon in-state 5275'2) (x) = exp(—i(gx))A;,(q) [recall that ¢* = (w,q), with
@ = |q|]. Thus, we seek for a solution of the Schwinger-Dyson equation (35) of the form

AWV (x) = ¢ (g $)e @A, (q). (41)

where the unknown function g (q ¢) has to fulfill the initial condition lim_,_, gj (q ¢) = 1. By substituting this

expression of " p ( ) in the Schwinger-Dyson equation (35), we obtain

m(Q¢) 'l 1w {(1—q)y) (i
2ig_5y; = = / &y are I OPI (LA (@) g (g 4y). (42)

The integrals over d’y | and dz, can be taken analogously as in the electron/positron case and result into the delta functions

(1, —q,) and 5(I_ — q_), respectively, such that the equation for gﬁm)(q, ¢) becomes

. dg " (q ¢) v in
gy — g = [ b, S e PN (0., (43)

where now the four-vector /# has light-cone components ¢g_, ¢, and [, . Due to the special dependence of the quantities
A”( ) on the four-momentum, one can already ascertain that the right-hand side is also diagonal on the indices j and j'.

Also, one can now take the integral over [, because P (l ¢.) contains [, only in the exponent via the squared four-
momentum /> = 2¢_I + — ¢3 . Exactly with the same reasoning as in the electron/positron case, we can show that within the

LCFA the function g (q ¢) has to fulfill the equation

dg," (a.¢) _

i1 Pi(a.4)9," (a.9). (44)
where
© 1 . (=022 204\ 2
P(q.¢) = —mK )/ duu/ dve™ = @wl(1 — 92)(3 4 1?), (45)
0 0
© 1 . (=22 5 2
Ps(q,¢) = —mlc )/ duu/ dve~ M1+ =m @Ol (1 = 2) (6 — 202). (46)
0 0

Note that since k(¢) is proportional to g_, both P(g,¢) and P,(g,¢) tend to zero in the limit of vanishing photon
momentum.
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By accounting for the initial condition on g
finally obtain

(g, ), w

%(in)

X l 4 d P
) (g,x) = 7@ [LLdoPilaon, (g). (47)

In a completely analogous way, by solving the Schwinger-
Dyson equation (36) for the photon out-state, we obtain

%(Out i(gx +lﬂf doP;(q. ‘/’)A

Rju(d:X) =€ (48)

j,/A(Q)-

As in the case of the electron/positron states, one can easily
recognize that the damping of the photon states physically
corresponds to the fact that photons can decay into
electron-positron pairs inside a plane wave. Indeed, in
agreement with the optical theorem, the quantity
—(2m/q_)Im[P(q, ¢)] corresponds to the total probability
per unit of light-cone time ¢ that a photon with four-
momentum ¢* and polarization j decays into an electron-
positron pair [105].

ie

V. PROBABILITIES OF NONLINEAR
COMPTON SCATTERING AND NONLINEAR
BREIT-WHEELER PAIR PRODUCTION
INCLUDING THE PARTICLES STATES DECAY

Having obtained the electron/positron and photon states
including the effects of the states decay, it is now straight-
forward to write down the probabilities of the basic strong-
field QED processes at the leading order in a but including
the mentioned effects of the decay of the states.

Concerning nonlinear Compton scattering, the leading-
order amplitude in a of the process is (we set for simplicity
the quantization volume equal to unity)

) o [ T P T 4.0 U )
\V2¢ V2w \/2—8
(49)

where the meaning of the quantum numbers of the initial
and final particles is clear.

After a few standard manipulations, this amplitude can
be reduced to a single-dimensional integral over the light-
cone time ¢,

gle—er) oV (27)38*(p', +q1 —p1)d(p +q_—p-)

8ec'w

x/d(be_’_ﬂ dgM(pg)=i [57 dplMy (' 9)+7-P;(q.9)]

. ) ! A) A%
(P, +gumpi )= [[7 do[ -5 0

» Alp)) A% (g
f/ d‘,,[“) (#)) (ﬁ)}}

()1 - A ]+ ;“p("’)] u(p). (50

Since the quantities M(p. ¢) and P;(q. ¢) are already computed within the LCFA, the above amplitude is meaningful only
within the same approximation, which we implement directly in the probability

ple—ey) _/—d3q d3pl S
(27)* (27)?

o

1622 p_p_w
X e

a

—lf d(/)iMr

2

ol

X

| (e=—e7y) |2

2P i(q.p)]+i

. ' A
{(PlAas=p) (@4t [ dolr?

/d¢d¢’ i [ doM,(p.g) +l—f¢ doM;(p.)

g oM (0 0)+ 2P (g.0)]

Llo)_(pAle)) | Lo)y

A((ﬁ)] Aa) [1 N

ot
o

p—

a A(p)

]<ﬁ+m><1 )

M] (3 +m)(1 +s’y5€“’)}’

o (51)
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where we have used the positive-energy electron density
matrix u,(p)ity(p) = (p +m)(1 4 sy°C)/2 and the analo-
gous for ugy(p')uy(p’) [8]. Indeed, by following the
procedure as outlined, for example, in Refs. [49,51], we
can pass from the variables ¢ and ¢’ to the variables ¢, =
(¢p+¢')/2and ¢p_ = ¢ — ¢, and expand the integrand for
¢_ around ¢p_ = 0. Since within the LCFA the phase wy¢_
can be estimated to be of the order of 1/&, and &, is
assumed to be much larger than unity, it is sufficient to
expand the preexponential function up to the linear order in

|
ple—ey) — /

&g «a

167% p_p_w

4

+ A (p)¢-/2]
2p_

14240

m{ [ doM,
/ d ¢+eZI {2 [*+ dom,(

m2 g 2 3
y / dp_e Sy L

]<ﬁ+m><1 st

alAp.) - Ap)p-/2]

2p.

(53)

and &(¢) = —A'(¢). Due to the inverse scaling of the
damping terms with the minus components of the momenta
in Eq. (51), one may think that a first-order expansion in ¢_
is required for those terms. However, one realizes that the
resulting terms would provide a local correction in ¢, of
the order of a to the term linear in ¢b_ in the phase, which
can be neglected within our leading-order treatment.
Equation (52) can be further manipulated and the
integrals in d¢_ and in d’q, can be taken analytically
with standard methods, as it has been carried out, for
example, in Refs. [49,51]: the integral in d¢_ results in
modified Bessel functions and the integral in d°q, is
Gaussian. Also, the Dirac trace is easily computed and
spin- and polarization-resolved probabilities of Compton
scattering are known [28,125—-129]. Our main remark here
is that these results can still be used here. The novelty of the
present analysis is, however, that the decay of the electron
and the photon states affects the total emission probability
and not simply as an overall damping factor (this was
already found within the probabilistic approach in
Ref. [87]). The precise structure of the decaying exponen-
tial functions depends on whether the corresponding
particle is either an incoming or an outgoing particle. In
the case of an incoming (outgoing) particle in a given state
and for a fixed light-cone time ¢, the decay exponent
corresponds to the total probability that the particle in that

Jorema e,

¢_ in order to obtain the leading-order result. For the same
reason, we expand the new terms in the phase, coming from
the decay of the states, at the zero order in ¢_, as they are
already within the LCFA (see also below). Finally, the
remaining terms in the phase, which contain large coef-
ficients, should be expanded up to the third order in ¢_, as
it is already known [2,28].

In this way, we arrive at the following expression of the
photon emission probability (see also Refs. [49,51] for the
expression of the probability without the decay of the states):

P,(/))+f;i dpl-My (p' ) +=Pi(q.0)]}

Aj(‘])

lA(g,) + A’<¢+>¢_/2J]
2pL

) [1 _AlA@.)

1!~

- A’<¢+>¢_/21]
2p_

(52)

|

state radiates a photon via nonlinear Compton scattering
(for electrons and positrons) or transforms into an electron-
positron pair via nonlinear Breit-Wheeler pair production
(for photons) from ¢ - —oo to ¢p = ¢y (from ¢ = ¢y to
¢ — o). For this reason, we can conclude that for y, ~ 1 or
Ko ~ 1, the effects of the particles states decay are important
for pulse phase lengths ®; such that a&y®; = 1 [2,28].

It is also important to stress that the decaying exponential
depends on all quantum numbers characterizing the par-
ticles, that is, not only on their momentum but also on their
spin (for electrons and positrons) and polarization (for
photons). These spin and polarization effects significantly
complicate the computations as they prevent using the well-
known spin and polarization sum rules [8,130].

Finally, we observe that if we ignore electron spin effects
and photon polarization effects [i.e., use probabilities
averaged (summed) over the discrete quantum numbers
of the initial (final) particles] as well as the decay of the
photon state, our results are in agreement with those in
Ref. [87].

We pass now to the case of nonlinear Breit-Wheeler pair
production. In this case, the leading-order amplitude in «
but taking into account the decay of the states is given by

Tl ) 1 (4.0) Vi (p)
V2¢é V2w V2e
(54)

So=ee) — _je

where, for notational convenience, we assumed that the
positron is produced with four-momentum p* and spin
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quantum number s. In fact, due to the symmetry structure of
the amplitude, we can already conclude that the probability
of nonlinear Breit-Wheeler pair production within the
|

LCFA and by taking into account the decay of the states
is given by (see also Ref. [51] for the expression of the
probability without the decay of the states)

Plroeet) — / dp «a / i, J7: dopitao)+ [ dotzm s (0 9) M (-p.o))}

167> q_ple

- b N 6ty 1 N " /277 .
X/d¢_e ZP—pL{[1+”2L,/)((/+)][/*+ m2 12 Ztr{ |:1 _n[A(¢+)+A(¢+)¢ / }:| Aj(q)

y [1 _AlA@g.) + A’(¢+>¢_/2]] (
2p_

A

[Ap,) = A ($)g-/2]

A n
X Aj(q) {1 + g

where p', =q, —p,. p. =q_—p_,

() :1’_i_&q_i+m,

56
m q_m m (56)

Ty p

and where we have also used the negative-energy electron
density matrix v,(p)7,(p) = (p—m)(1 +sy°8)/2 [8).
Analogous remarks about the importance of the particles
states decay effects and of the dependence of the decay
exponential functions on the electron/positron and photon
quantum numbers apply here too.

VI. CONCLUSIONS

In conclusion, we have derived analytical expressions of
the probability of nonlinear Compton scattering and non-
linear Breit-Wheeler pair production within the locally
constant field approximation by including the effects of the
decay of the particles states but still neglecting radiative
corrections of the order of a. The effects of the decay of the
states, in fact, are cumulative effects scaling with the laser
pulse duration and amount to exponential damping factors,
which take into account the fact that Volkov electron/
positron states and free photon states are not stable states in
a plane wave, once the interaction between the electron/
positron Dirac field and the electromagnetic field is taken
into account.

After solving the Schwinger-Dyson equations for elec-
tron, positron, and photon in- and out-states, we have
inserted them into the leading order in a amplitudes of
nonlinear Compton scattering and nonlinear Breit-Wheeler
pair production to determine the effects of the states
decay into the corresponding probabilities. We have found
that these probabilities can be expressed as integrals
over the light-cone time ¢ of the corresponding proba-
bilities without states decay per unit ¢ times a light-cone
time-dependent exponential damping function for each

2p.
b —m)(1+5752) [1 L AlAG) —221_(¢+>¢_/2]]

|
participating particle. The exponential function for an
incoming electron/positron (photon) at each light-cone
time corresponds to the total probability that the elec-
tron/positron (photon) emits a photon via nonlinear
Compton scattering (transforms into an electron-positron
pair via nonlinear Breit-Wheeler pair production) until that
light-cone time. Analogously, the exponential damping
function for an outgoing electron/positron (photon) at each
light-cone time corresponds to the total probability that the
electron/positron (photon) emits a photon via nonlinear
Compton scattering (transforms into an electron-positron
pair via nonlinear Breit-Wheeler pair production) from that
light-cone time on.

Interestingly, the exponential damping functions depend
not only on the particles momentum but also on their spin
(for electrons/positrons) and polarization (for photons).
An important consequence of this last dependence is
that the spin and polarization sum rules employed in
perturbative calculations cannot be used anymore.

Finally, since the exponential damping functions feature
light-cone-time-integrated  probabilities of nonlinear
Compton scattering and nonlinear Breit-Wheeler pair
production (computed for stable particles), the effects of
the states decay at y, ~ 1 or xy ~ 1 are expected to become
significant when the laser pulse length is sufficiently large
that ay®@; = 1.

ACKNOWLEDGMENTS

This publication is also supported and the work of T. P.
was funded by the Collaborative Research Centre 1225
funded by Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—Project-ID 273811115—
SFB 1225. Furthermore, this article comprises parts of the
Ph.D. thesis work of T.P., submitted to Heidelberg
University, Germany.

016014-14



FIRST-ORDER STRONG-FIELD QED PROCESSES INCLUDING ...

PHYS. REV. D 104, 016014 (2021)

[1] H. Mitter, Acta Phys. Austriaca XIV, 397 (1975).

[2] V.1 Ritus, J. Sov. Laser Res. 6, 497 (1985).

[3] F. Ehlotzky, K. Krajewska, and J. Z. Kaminski, Rep. Prog.
Phys. 72, 046401 (2009).

[4] H.R. Reiss, Eur. Phys. J. D 55, 365 (2009).

[5] A. Di Piazza, C. Miiller, K. Z. Hatsagortsyan, and C. H.
Keitel, Rev. Mod. Phys. 84, 1177 (2012).

[6] G.V. Dunne, Eur. Phys. J. Special Topics 223, 1055
(2014).

[7] T. G. Blackburn, Rev. Mod. Plasma Phys. 4, 5 (2020).

[8] V.B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii, Quan-
tum Electrodynamics (Elsevier Butterworth-Heinemann,
Oxford, 1982).

[9] E.S. Fradkin, D.M. Gitman, and Sh. M. Shvartsman,
Quantum  Electrodynamics with Unstable Vacuum
(Springer, Berlin, 1991).

[10] W. Dittrich and M. Reuter, Effective Lagrangians in
Quantum Electrodynamics (Springer, Heidelberg, 1985).

[11] J. W. Yoon, Y. G. Kim, I. W. Choi, J. H. Sung, H. W. Lee,
S.K. Lee, and C. H. Nam, Optica 8, 630 (2021).

[12] D. N. Papadopoulos, J. P. Zou, C. Le Blanc, G. Chériaux,
P. Georges, F. Druon, G. Mennerat, P. Ramirez, L. Martin,
A. Fréneaux, A. Beluze, N. Lebas, P. Monot, F. Mathieu,
and P. Audebert, High Power Laser Sci. Eng. 4, e34
(2016).

[13] Extreme Light Infrastructure (ELI), https://eli-laser.eu/.

[14] Center for Relativistic Laser Science (CoReLS), https:/
www.ibs.re.kr/eng/sub02_03_05.do.

[15] J. Bromage, S.-W. Bahk, 1. A. Begishev, C. Dorrer, M. J.
Guardalben, B. N. Hoffman, J. B. Oliver, R. G. Roides,
E. M. Schiesser, M. J. Shoup III, M. Spilatro, B. Webb, D.
Weiner, and J. D. Zuegel, High Power Laser Sci. Eng. 7, e4
(2019).

[16] Exawatt Center for Extreme Light Studies (XCELS),
https://xcels.ipfran.ru/.

[17] C. Bula et al., Phys. Rev. Lett. 76, 3116 (1996).

[18] D.L. Burke et al., Phys. Rev. Lett. 79, 1626 (1997).

[19] C. Bamber et al., Phys. Rev. D 60, 092004 (1999).

[20] J. M. Cole et al., Phys. Rev. X 8, 011020 (2018).

[21] K. Poder et al., Phys. Rev. X 8, 031004 (2018).

[22] H. Abramowicz et al., arXiv:1909.00860.

[23] S. Meuren, P.H. Bucksbaum, N.J. Fisch, F. Fiaza, S.
Glenzer, M. J. Hogan, K. Qu, D. A. Reis, G. White, and V.
Yakimenko, arXiv:2002.10051.

[24] W. H. Furry, Phys. Rev. 81, 115 (1951).

[25] D. M. Volkov, Z. Phys. 94, 250 (1935).

[26] I. 1. Gol’dman, Phys. Lett. 8, 103 (1964).

[27] A.1 Nikishov and V.I. Ritus, Sov. Phys. JETP 19, 529
(1964).

[28] V.N. Baier, V.M. Katkov, and V.M. Strakhovenko,
Electromagnetic Processes at High Energies in Oriented
Single Crystals (World Scientific, Singapore, 1998).

[29] D. Yu. Ivanov, G. L. Kotkin, and V. G. Serbo, Eur. Phys.
J. C 36, 127 (2004).

[30] M. Boca and V. Florescu, Phys. Rev. A 80, 053403 (2009).

[31] C. Harvey, T. Heinzl, and A. Ilderton, Phys. Rev. A 79,
063407 (2009).

[32] F. Mackenroth, A. Di Piazza, and C. H. Keitel, Phys. Rev.
Lett. 105, 063903 (2010).

[33] M. Boca and V. Florescu, Eur. Phys. J. D 61, 449 (2011).

[34] F. Mackenroth and A. Di Piazza, Phys. Rev. A 83, 032106
(2011).

[35] D. Seipt and B. Kéampfer, Phys. Rev. A 83, 022101 (2011).

[36] D. Seipt and B. Kdmpfer, Phys. Rev. ST Accel. Beams 14,
040704 (2011).

[37] V. Dinu, T. Heinzl, and A. Ilderton, Phys. Rev. D 86,
085037 (2012).

[38] K. Krajewska and J. Z. Kaminski, Phys. Rev. A 85, 062102
(2012).

[39] V. Dinu, Phys. Rev. A 87, 052101 (2013).

[40] D. Seipt and B. Kimpfer, Phys. Rev. A 88, 012127
(2013).

[41] K. Krajewska, M. Twardy, and J. Z. Kaminski, Phys. Rev.
A 89, 032125 (2014).

[42] T.N. Wistisen, Phys. Rev. D 90, 125008 (2014).

[43] C.N. Harvey, A. Ilderton, and B. King, Phys. Rev. A 91,
013822 (2015).

[44] D. Seipt, V. Kharin, S. Rykovanov, A. Surzhykov, and S.
Fritzsche, J. Plasma Phys. 82, 655820203 (2016).

[45] D. Seipt, A. Surzhykov, S. Fritzsche, and B. Kédmpfer, New
J. Phys. 18, 023044 (2016).

[46] A. Angioi, F. Mackenroth, and A. Di Piazza, Phys. Rev. A
93, 052102 (2016).

[47] C.N. Harvey, A. Gonoskov, M. Marklund, and E. Wallin,
Phys. Rev. A 93, 022112 (2016).

[48] A. Angioi and A. Di Piazza, Phys. Rev. Lett. 121, 010402
(2018).

[49] A. Di Piazza, M. Tamburini, S. Meuren, and C. H. Keitel,
Phys. Rev. A 98, 012134 (2018).

[50] 1. A. Aleksandrov, G. Plunien, and V. M. Shabaev, Phys.
Rev. D 99, 016020 (2019).

[51] A. Di Piazza, M. Tamburini, S. Meuren, and C. H. Keitel,
Phys. Rev. A 99, 022125 (2019).

[52] A. Ilderton, B. King, and D. Seipt, Phys. Rev. A 99,
042121 (2019).

[53] H.R. Reiss, J. Math. Phys. (N.Y.) 3, 59 (1962).

[54] N.B. Narozhny and M. S. Fofanov, J. Exp. Theor. Phys.
90, 415 (2000).

[55] S.P. Roshchupkin, Phys. At. Nucl. 64, 243 (2001).

[56] T. Heinzl, A. Ilderton, and M. Marklund, Phys. Lett. B
692, 250 (2010).

[57] T.-O. Miiller and C. Miiller, Phys. Lett. B 696, 201 (2011).

[58] A. 1 Titov, H. Takabe, B. Kdmpfer, and A. Hosaka, Phys.
Rev. Lett. 108, 240406 (2012).

[59] T. Nousch, D. Seipt, B. Kdampfer, and A. Titov, Phys. Lett.
B 715, 246 (2012).

[60] K. Krajewska, C. Miiller, and J. Z. Kaminski, Phys. Rev. A
87, 062107 (2013).

[61] M.J. A. Jansen and C. Miiller, Phys. Rev. A 88, 052125
(2013).

[62] S. Augustin and C. Miiller, Phys. Lett. B 737, 114
(2014).

[63] S. Meuren, C. H. Keitel, and A. Di Piazza, Phys. Rev. D
93, 085028 (2016).

[64] B. King, Phys. Rev. A 101, 042508 (2020).

[65] R.J. Glauber, Phys. Rev. 84, 395 (1951).

[66] A. Di Piazza, K. Z. Hatsagortsyan, and C. H. Keitel, Phys.
Rev. Lett. 105, 220403 (2010).

[67] N. Neitz and A. Di Piazza, Phys. Rev. Lett. 111, 054802
(2013).

016014-15


https://doi.org/10.1007/978-3-7091-8424-0_7
https://doi.org/10.1007/BF01120220
https://doi.org/10.1088/0034-4885/72/4/046401
https://doi.org/10.1088/0034-4885/72/4/046401
https://doi.org/10.1140/epjd/e2009-00039-3
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1140/epjst/e2014-02156-4
https://doi.org/10.1140/epjst/e2014-02156-4
https://doi.org/10.1007/s41614-020-0042-0
https://doi.org/10.1364/OPTICA.420520
https://doi.org/10.1017/hpl.2016.34
https://doi.org/10.1017/hpl.2016.34
https://eli-laser.eu/
https://eli-laser.eu/
https://www.ibs.re.kr/eng/sub02_03_05.do
https://www.ibs.re.kr/eng/sub02_03_05.do
https://www.ibs.re.kr/eng/sub02_03_05.do
https://www.ibs.re.kr/eng/sub02_03_05.do
https://www.ibs.re.kr/eng/sub02_03_05.do
https://www.ibs.re.kr/eng/sub02_03_05.do
https://doi.org/10.1017/hpl.2018.64
https://doi.org/10.1017/hpl.2018.64
https://xcels.ipfran.ru/
https://xcels.ipfran.ru/
https://xcels.ipfran.ru/
https://doi.org/10.1103/PhysRevLett.76.3116
https://doi.org/10.1103/PhysRevLett.79.1626
https://doi.org/10.1103/PhysRevD.60.092004
https://doi.org/10.1103/PhysRevX.8.011020
https://doi.org/10.1103/PhysRevX.8.031004
https://arXiv.org/abs/1909.00860
https://arXiv.org/abs/2002.10051
https://doi.org/10.1103/PhysRev.81.115
https://doi.org/10.1007/BF01331022
https://doi.org/10.1016/0031-9163(64)90728-0
https://doi.org/10.1140/epjc/s2004-01861-x
https://doi.org/10.1140/epjc/s2004-01861-x
https://doi.org/10.1103/PhysRevA.80.053403
https://doi.org/10.1103/PhysRevA.79.063407
https://doi.org/10.1103/PhysRevA.79.063407
https://doi.org/10.1103/PhysRevLett.105.063903
https://doi.org/10.1103/PhysRevLett.105.063903
https://doi.org/10.1140/epjd/e2010-10429-y
https://doi.org/10.1103/PhysRevA.83.032106
https://doi.org/10.1103/PhysRevA.83.032106
https://doi.org/10.1103/PhysRevA.83.022101
https://doi.org/10.1103/PhysRevSTAB.14.040704
https://doi.org/10.1103/PhysRevSTAB.14.040704
https://doi.org/10.1103/PhysRevD.86.085037
https://doi.org/10.1103/PhysRevD.86.085037
https://doi.org/10.1103/PhysRevA.85.062102
https://doi.org/10.1103/PhysRevA.85.062102
https://doi.org/10.1103/PhysRevA.87.052101
https://doi.org/10.1103/PhysRevA.88.012127
https://doi.org/10.1103/PhysRevA.88.012127
https://doi.org/10.1103/PhysRevA.89.032125
https://doi.org/10.1103/PhysRevA.89.032125
https://doi.org/10.1103/PhysRevD.90.125008
https://doi.org/10.1103/PhysRevA.91.013822
https://doi.org/10.1103/PhysRevA.91.013822
https://doi.org/10.1017/S002237781600026X
https://doi.org/10.1088/1367-2630/18/2/023044
https://doi.org/10.1088/1367-2630/18/2/023044
https://doi.org/10.1103/PhysRevA.93.052102
https://doi.org/10.1103/PhysRevA.93.052102
https://doi.org/10.1103/PhysRevA.93.022112
https://doi.org/10.1103/PhysRevLett.121.010402
https://doi.org/10.1103/PhysRevLett.121.010402
https://doi.org/10.1103/PhysRevA.98.012134
https://doi.org/10.1103/PhysRevD.99.016020
https://doi.org/10.1103/PhysRevD.99.016020
https://doi.org/10.1103/PhysRevA.99.022125
https://doi.org/10.1103/PhysRevA.99.042121
https://doi.org/10.1103/PhysRevA.99.042121
https://doi.org/10.1063/1.1703787
https://doi.org/10.1134/1.559121
https://doi.org/10.1134/1.559121
https://doi.org/10.1134/1.1349445
https://doi.org/10.1016/j.physletb.2010.07.044
https://doi.org/10.1016/j.physletb.2010.07.044
https://doi.org/10.1016/j.physletb.2010.12.023
https://doi.org/10.1103/PhysRevLett.108.240406
https://doi.org/10.1103/PhysRevLett.108.240406
https://doi.org/10.1016/j.physletb.2012.07.040
https://doi.org/10.1016/j.physletb.2012.07.040
https://doi.org/10.1103/PhysRevA.87.062107
https://doi.org/10.1103/PhysRevA.87.062107
https://doi.org/10.1103/PhysRevA.88.052125
https://doi.org/10.1103/PhysRevA.88.052125
https://doi.org/10.1016/j.physletb.2014.08.042
https://doi.org/10.1016/j.physletb.2014.08.042
https://doi.org/10.1103/PhysRevD.93.085028
https://doi.org/10.1103/PhysRevD.93.085028
https://doi.org/10.1103/PhysRevA.101.042508
https://doi.org/10.1103/PhysRev.84.395
https://doi.org/10.1103/PhysRevLett.105.220403
https://doi.org/10.1103/PhysRevLett.105.220403
https://doi.org/10.1103/PhysRevLett.111.054802
https://doi.org/10.1103/PhysRevLett.111.054802

T. PODSZUS and A. DI PIAZZA

PHYS. REV. D 104, 016014 (2021)

[68] N. Neitz and A. Di Piazza, Phys. Rev. A 90, 022102 (2014).

[69] N. V. Elkina, A.M. Fedotov, I. Yu. Kostyukov, M. V.
Legkov, N. B. Narozhny, E. N. Nerush, and H. Ruhl, Phys.
Rev. ST Accel. Beams 14, 054401 (2011).

[70] E.N. Nerush, I. Yu. Kostyukov, A. M. Fedotov, N.B.
Narozhny, N. V. Elkina, and H. Ruhl, Phys. Rev. Lett. 106,
035001 (2011).

[71] L. D. Landau and E. M. Lifshitz, The Classical Theory of
Fields (Elsevier, Oxford, 1975).

[72] J.D. Jackson, Classical Electrodynamics (John Wiley &
Sons, New York, 1975).

[73] E. Rohrlich, Classical Charged Particles (World Scientific,
Singapore, 2007).

[74] F. V. Hartemann and A. K. Kerman, Phys. Rev. Lett. 76,
624 (1996).

[75] J. Koga, Phys. Rev. E 70, 046502 (2004).

[76] A. Di Piazza, K. Z. Hatsagortsyan, and C. H. Keitel, Phys.
Rev. Lett. 102, 254802 (2009).

[77] G.Lehmann and K. H. Spatschek, Phys. Rev. E 84, 046409
(2011).

[78] C. Harvey, T. Heinzl, N. Iji, and K. Langfeld, Phys. Rev. D
83, 076013 (2011).

[79] S. V. Bulanov, T. Z. Esirkepov, M. Kando, J. K. Koga, and
S. S. Bulanov, Phys. Rev. E 84, 056605 (2011).

[80] N. Kumar, K.Z. Hatsagortsyan, and C. H. Keitel, Phys.
Rev. Lett. 111, 105001 (2013).

[81] R. Capdessus, M. Lobet, E. d’Humieres, and V.T.
Tikhonchuk, Phys. Plasmas 21, 123120 (2014).

[82] M. Tamburini, C. H. Keitel, and A. Di Piazza, Phys. Rev. E
89, 021201(R) (2014).

[83] A. Di Piazza, Lett. Math. Phys. 83, 305 (2008).

[84] A. Di Piazza, Phys. Lett. B 782, 559 (2018).

[85] T. Heinzl, A. Ilderton, and B. King, arXiv:2101.12111.

[86] A. Di Piazza, Phys. Rev. A 103, 012215 (2021).

[87] M. Tamburini and S. Meuren, arXiv:1912.07508.

[88] E. Lotstedt and U.D. Jentschura, Phys. Rev. Lett. 103,
110404 (2009).

[89] D. Seipt and B. Kampfer, Phys. Rev. D 85, 101701(R)
(2012).

[90] F. Mackenroth and A. Di Piazza, Phys. Rev. Lett. 110,
070402 (2013).

[91] B. King, Phys. Rev. A 91, 033415 (2015).

[92] V. Dinu and G. Torgrimsson, Phys. Rev. D 99, 096018
(2019).

[93] H. Hu, C. Miiller, and C. H. Keitel, Phys. Rev. Lett. 105,
080401 (2010).

[94] A. Ilderton, Phys. Rev. Lett. 106, 020404 (2011).

[95] B. King, N. Elkina, and H. Ruhl, Phys. Rev. A 87, 042117
(2013).

[96] V. Dinu and G. Torgrimsson, Phys. Rev. D 97, 036021
(2018).

[97] F. Mackenroth and A. Di Piazza, Phys. Rev. D 98, 116002
(2018).

[98] V. Dinu and G. Torgrimsson, Phys. Rev. D 101, 056017
(2020).

[99] G. Torgrimsson, Phys. Rev. D 102, 096008 (2020).

[100] S. Bragin and A. Di Piazza, Phys. Rev. D 102, 116012
(2020).

[101] S. Meuren, K.Z. Hatsagortsyan, C. H. Keitel, and A. Di
Piazza, Phys. Rev. D 91, 013009 (2015).

[102] A. Di Piazza and M. A. Lopez-Lopez, Phys. Rev. D 102,
076018 (2020).

[103] V.N. Baier, V.M. Katkov, A.I. Milstein, and V.M.
Strakhovenko, Sov. Phys. JETP 42, 400 (1976).

[104] W. Becker and H. Mitter, J. Phys. A 8, 1638 (1975).

[105] V.N. Baier, A. 1. Milstein, and V. M. Strakhovenko, Sov.
Phys. JETP 42, 961 (1976).

[106] S. Meuren, C. H. Keitel, and A. Di Piazza, Phys. Rev. D
88, 013007 (2013).

[107] V.L Ritus, Sov. Phys. JETP 30, 1181 (1970).

[108] N.B. Narozhny, Phys. Rev. D 20, 1313 (1979).

[109] N.B. Narozhny, Phys. Rev. D 21, 1176 (1980).

[110] D. A. Morozov, N. B. Narozhny, and V. L. Ritus, Sov. Phys.
JETP 53, 1103 (1981).

[111] E. K. Akhmedov, Sov. Phys. JETP 58, 883 (1983).

[112] E. K. Akhmedov, Phys. At. Nucl. 74, 1299 (2011).

[113] A.M. Fedotov, J. Phys. Conf. Ser. 826, 012027 (2017).

[114] T. Podszus and A. Di Piazza, Phys. Rev. D 99, 076004
(2019).

[115] A. Ilderton, Phys. Rev. D 99, 085002 (2019).

[116] A. A. Mironov, S. Meuren, and A. M. Fedotov, Phys. Rev.
D 102, 053005 (2020).

[117] S. Meuren and A. Di Piazza, Phys. Rev. Lett. 107, 260401
(2011).

[118] V. Dinu, T. Heinzl, A. Ilderton, M. Marklund, and G.
Torgrimsson, Phys. Rev. D 89, 125003 (2014).

[119] S. Villalba-Chavez, S. Meuren, and C. Miiller, Phys. Lett.
B 763, 445 (2016).

[120] A. Di Piazza, Phys. Rev. D 97, 056028 (2018).

[121] V. N. Baier, V. M. Katkov, and V. M. Strakhovenko, Sov.
Phys.-Dokl. 16, 230 (1971).

[122] N.B. Narozhny, Sov. Phys. JETP 28, 371 (1969).

[123] I. A. Batalin and A.E. Shabad, Preprint FIAN, N. 166
(1969).

[124] V.1 Ritus, Ann. Phys. (N.Y.) 69, 555 (1972).

[125] D. Seipt, D. Del Sorbo, C.P. Ridgers, and A.G.R.
Thomas, Phys. Rev. A 98, 023417 (2018).

[126] Y.-F. Li, R. Shaisultanov, K.Z. Hatsagortsyan, F. Wan,
C. H. Keitel, and J.-X. Li, Phys. Rev. Lett. 122, 154801
(2019).

[127] Y.-Y. Chen, P.-L. He, R. Shaisultanov, K. Z. Hatsagortsyan,
and C. H. Keitel, Phys. Rev. Lett. 123, 174801 (2019).

[128] Y.-E. Li, R. Shaisultanov, Y.-Y. Chen, F. Wan, K.Z.
Hatsagortsyan, C. H. Keitel, and J.-X. Li, Phys. Rev. Lett.
124, 014801 (2020).

[129] D. Seipt and B. King, Phys. Rev. A 102, 052805
(2020).

[130] M. E. Peskin and D.V. Schroeder, An Introduction to
Quantum Field Theory (Westview Press, Boulder, 1995).

016014-16


https://doi.org/10.1103/PhysRevA.90.022102
https://doi.org/10.1103/PhysRevSTAB.14.054401
https://doi.org/10.1103/PhysRevSTAB.14.054401
https://doi.org/10.1103/PhysRevLett.106.035001
https://doi.org/10.1103/PhysRevLett.106.035001
https://doi.org/10.1103/PhysRevLett.76.624
https://doi.org/10.1103/PhysRevLett.76.624
https://doi.org/10.1103/PhysRevE.70.046502
https://doi.org/10.1103/PhysRevLett.102.254802
https://doi.org/10.1103/PhysRevLett.102.254802
https://doi.org/10.1103/PhysRevE.84.046409
https://doi.org/10.1103/PhysRevE.84.046409
https://doi.org/10.1103/PhysRevD.83.076013
https://doi.org/10.1103/PhysRevD.83.076013
https://doi.org/10.1103/PhysRevE.84.056605
https://doi.org/10.1103/PhysRevLett.111.105001
https://doi.org/10.1103/PhysRevLett.111.105001
https://doi.org/10.1063/1.4904813
https://doi.org/10.1103/PhysRevE.89.021201
https://doi.org/10.1103/PhysRevE.89.021201
https://doi.org/10.1007/s11005-008-0228-9
https://doi.org/10.1016/j.physletb.2018.05.081
https://arXiv.org/abs/2101.12111
https://doi.org/10.1103/PhysRevA.103.012215
https://arXiv.org/abs/1912.07508
https://doi.org/10.1103/PhysRevLett.103.110404
https://doi.org/10.1103/PhysRevLett.103.110404
https://doi.org/10.1103/PhysRevD.85.101701
https://doi.org/10.1103/PhysRevD.85.101701
https://doi.org/10.1103/PhysRevLett.110.070402
https://doi.org/10.1103/PhysRevLett.110.070402
https://doi.org/10.1103/PhysRevA.91.033415
https://doi.org/10.1103/PhysRevD.99.096018
https://doi.org/10.1103/PhysRevD.99.096018
https://doi.org/10.1103/PhysRevLett.105.080401
https://doi.org/10.1103/PhysRevLett.105.080401
https://doi.org/10.1103/PhysRevLett.106.020404
https://doi.org/10.1103/PhysRevA.87.042117
https://doi.org/10.1103/PhysRevA.87.042117
https://doi.org/10.1103/PhysRevD.97.036021
https://doi.org/10.1103/PhysRevD.97.036021
https://doi.org/10.1103/PhysRevD.98.116002
https://doi.org/10.1103/PhysRevD.98.116002
https://doi.org/10.1103/PhysRevD.101.056017
https://doi.org/10.1103/PhysRevD.101.056017
https://doi.org/10.1103/PhysRevD.102.096008
https://doi.org/10.1103/PhysRevD.102.116012
https://doi.org/10.1103/PhysRevD.102.116012
https://doi.org/10.1103/PhysRevD.91.013009
https://doi.org/10.1103/PhysRevD.102.076018
https://doi.org/10.1103/PhysRevD.102.076018
https://doi.org/10.1088/0305-4470/8/10/017
https://doi.org/10.1103/PhysRevD.88.013007
https://doi.org/10.1103/PhysRevD.88.013007
https://doi.org/10.1103/PhysRevD.20.1313
https://doi.org/10.1103/PhysRevD.21.1176
https://doi.org/10.1134/S1063778811080035
https://doi.org/10.1088/1742-6596/826/1/012027
https://doi.org/10.1103/PhysRevD.99.076004
https://doi.org/10.1103/PhysRevD.99.076004
https://doi.org/10.1103/PhysRevD.99.085002
https://doi.org/10.1103/PhysRevD.102.053005
https://doi.org/10.1103/PhysRevD.102.053005
https://doi.org/10.1103/PhysRevLett.107.260401
https://doi.org/10.1103/PhysRevLett.107.260401
https://doi.org/10.1103/PhysRevD.89.125003
https://doi.org/10.1016/j.physletb.2016.10.068
https://doi.org/10.1016/j.physletb.2016.10.068
https://doi.org/10.1103/PhysRevD.97.056028
https://doi.org/10.1016/0003-4916(72)90191-1
https://doi.org/10.1103/PhysRevA.98.023417
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevLett.123.174801
https://doi.org/10.1103/PhysRevLett.124.014801
https://doi.org/10.1103/PhysRevLett.124.014801
https://doi.org/10.1103/PhysRevA.102.052805
https://doi.org/10.1103/PhysRevA.102.052805

