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In the present paper, we consider processes involving the emission of soft photons in the presence of a
strong laser field. We demonstrate that the matrix element S for a process i — f + y, with a soft photon y,
can be expressed in terms of the matrix element S, for the process i — f through a simple multiplicative
factor in the integrand over ¢. This approximation enables a result that is exact in the phase and
approximate in the prefactor to order O(@/&qp, ), Where @ is the frequency of the soft photon and ey, is
the characteristic energy of the i — f process. We demonstrate several important applications of this
soft photon approximation. First, under soft photon approximation we compute the probabilities of
nonlinear Compton scattering and photon emission in the superposition of a laser and atomic fields and
compare obtained result with the exact one. Second, we demonstrate that the amplitude of » soft photons
emission has factorization, which corresponds to the independence of the emission of n soft photons.
Third, we use the discussed approximation to prove cancellation of real and virtual infrared divergences
for nonlinear Compton scattering and derive the finite radiative corrections. The soft photon
approximation is a useful tool for investigation of different QED processes in the presence of a strong
laser field. Also, it can be widely used for computation of infrared part of radiative correction for some

processes.
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I. INTRODUCTION

High-intensity laser pulses, enabled by chirped pulse
amplification [1], have great potential as a tool to probe
quantum electrodynamics (QED) in intense background
fields. The presence of intense background electromagnetic
fields open up new opportunities for experimental and
theoretical studies of QED in the nonlinear strong-field
regime, where background fields strongly affect the physi-
cal processes and dynamics of charged particles.

The theoretical description of basic strong-field QED
processes like nonlinear Compton scattering [2—12] and
nonlinear Breit-Wheeler pair production [2,5,13-21] was
studied in detail by approximating the laser field as a plane
wave; see reviews [5,22-26]. The results of computations are
much more difficult structure than the corresponding result in
the vacuum case, even for these 1 — 2 processes (nonlinear
Compton scattering and Breit-Wheeler pair production). The
processes 1 — 3 and 2 — 2, such as double nonlinear
Compton scattering, electron trident production, electron-
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positron annihilation into two photons, etc., have a much
more complex structure of theoretical results compared to the
1 — 2 processes in the presence of intense laser fields.
The complexity of the results increases exponentially
with the number of particles in the initial and final states.
Thus, developing approximate methods is critical. They
allow for deriving new results and analyzing and verifying
the exact results. There currently exist several approximate
methods for QED processes in intense laser fields, such as
the local constant field approximation [5,23,27], the qua-
siclassical approximation [23,28], see also reviews [25,26].
It is well known that the lower the photon emission energy,
the higher the emission probability. Therefore, studying
processes involving soft photon emission is essential.
The present work is devoted to studying this problem. We
demonstrate that the matrix element S for the process
i — f 4y involving a soft photon y can be expressed in
terms of the matrix element S, of the process i — f, where i
and f denote the set of initial and final particles. This
approximation is an analogue of the soft photon approxi-
mation for studying QED processes in the absence of strong
external fields. This substantially simplifies the matrix
element, making it an approximation of the prefactor while
retaining an exact phase. We discuss several simple appli-
cations of the soft photon approximation. We also examine
the factorization of n-photon emission amplitudes and the
cancellation between real and virtual infrared divergences.

Published by the American Physical Society
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II. AMPLITUDE OF SOFT PHOTON EMISSION

Let dW, be the probability (cross section) for a given
“hard” process i — f of charged particles in the presence of
a strong laser field, which may be accompanied by the
emission of a certain number of photons. Where i and f
denote the set of initial and final particles. Together with
this process, we will consider another that differs from it
only in that one extra photon is emitted. If the frequency w
of this photon is sufficiently small (the necessary conditions
will be formulated below), the probability dW for the second
process (i — f + y) is related in a simple manner to dW,,. In
this case, we can neglect the influence of the emission of this
quantum on the i — f process. The probability dW can
therefore be simply represented through dW, and the
probability dI of single photon emission in the collision
in the presence of a strong laser field.

The diagrams for the process involving an additional
photon are obtained from those for the original process by
adding an external photon line that “branches off” for an
(external or internal) electron line. It is easily seen that the
most important diagrams will be those in which this change
is made in external electron lines. If p and k are the
momenta of an external electron line and soft photon, the
Green’s function G(p + k) added to the diagram is near
the pole for small @ = k°. That is, when a photon is emitted
from an initial or final electron, it has a large formation
length [5,29]. However, for photon emission from an
internal electron line, the formation length is restricted
by the hard sub-processes in the diagram. In other words,
the matrix element with the photon emission from the
internal line will be suppressed in comparison to the matrix

element with the photon emission from the external line by

the factors \/Ef /@, where ¢?> is a virtuality of the
intermediate electron.

Resonances exist in many QED processes in the pres-
ence of a long laser pulse. These resonances relate to the
electron in the intermediate state being near the mass
surface, which leads to a cascade. The radiation in the
intermediate state will not be suppressed in this cascade.
However, the emission of soft photons in these cascade
processes falls outside the scope of this article and will not
be considered.

The matrix element of the “hard” processes S, can be
represented in the following manner:

Sy = / d*x0'5" (x)O(P. X)UR" (x), (1)

where O is an operator, which depends on the type of a
process, P and X are operators, and U ,(x) is an electron
wave function in the presence of a laser field (Volkov’s
solution) with an asymptotically four-momentum p, see
Eq. (A3). See also Sec. VI for definition and useful
formulas. Here, for simplicity, we assume that in the
process there is one initial and one final electron. The
results will be summarized below for the case of several
charged particles in the initial and final states. Matrix
element S can be represented as a sum § = §; + S,, where
S; and S, correspond to photon emission from initial and
final states, respectively. We neglect the contribution of
diagrams related to radiation in intermediate states. Matrix
elements S, have the following form:

1 \ X ny gy o(in
[I1(®) + mle*Xe* U™ (x),

S =e / d*x0'5" (x)O(P. X) —

S, = e/d4xl7§)?ut)(x)eikxé*[ﬁ(<l>) ]

(@) — m? + i0

1
[[(®)]? = m? + i0

O(P.X)UY (x), (2)

where operator O is the same as in Eq. (1), e is the electron charge, e and k* are photon polarization and momentum vector,

and [T# (@) = P* — eA#(®) with P* = id".

In order to simplify the expression for §; under the soft photon assumption, let us consider the quantity,

i 3 — |
= @) 0 1) e U ) =
: 1 pA
= e I o [ZHN (¢) +i " _(¢)

1
[[I(®) — k]2 — m? +i0

(@) — k + m)e* U™ (x)

n, — l%yi} e*’lUgn) (x).

Here we commute operators I1 and &* and use Dirac equation and the following identities:

() U (x) = [nﬁ,@s) n —] U (x).

end'(¢)
2p_
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where

epA@)
p_ 2p_

_8%4%¢) 1

7, (¢) = p* — eAM(¢) + n, (5)

is the classical kinetic four-momentum of an electron in the plane wave A#(¢), with lim,_ 7% (¢) = p*. Note that
7,(§) = p* and 7, () = p_.

Using the integral representation of the squared electron propagator Eq. (A6) and identities Eqgs. (A1) and (A2), we obtain
the following result:

- _l'eikX—i(PfT—xl'IM) /oo due_imzu{l _ eﬁ[ (¢u) _A(¢)]}e—ij;u du'lp—k ~eA  (¢,)]
0 2(p-— ko)

i AA/ 2 in
R P P L AT

A

— _jeikx=i(p-T-x1p1) / % due—in*u {1 _enfA(d) = A(d))]}e_i v du'lp i~k —eA (4,
0

. ,eﬁ;\/ ¢u o~ % in
et o )+ 1 P, U ), )

where ¢, = ¢ — 2u(p_ — k_) and the function U S“) () =U S“) (x)e!(P-T=%1P1) depends only on ¢. The quantity U 5,“‘)(4)“)
can be expressed through U E,m)(g{)) by the identity

4% (@)

o WAp,) — A i{—m(r/),,—(/))— Sy [-w;w+z,,_]} )
Ui ) = {1+ T AL, : vi).

The final result has the following form:

= _ieikX /oo due—imzueiﬁ)u d”/[”’p((lﬁz")—k]z{l _ eﬁ[ <¢u) _A(¢)]}

0 2(p-—k.)
o O, ]l A=
O (. .0
x [27;,,‘1(45“) + i@ n, — im} e*ﬁ{ 1+ eﬁ[ﬁ(‘ﬁz“; __ AW@) } Ui (x). (7)

Here we use a method similar to [30]. This is an accurate result because, up to this point, we have not yet used the smallness

of w. To obtain the result for k << p, we can neglect a term proportional to k# in the preexponential factor. It should be noted

that the quantity ’M;TW”) can be expressed in the form,

dA*(¢,) =1 d(A*(¢,) — A*())

d¢u 2(p— - k—) dl/t ’

and that following integration by parts, this term will be proportional to k and can also be neglected. Thus, the final result
has the following form:
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(T ()€U (2).
(8)

The amplitudes, which correspond to the photon emis-
sion by the final electron and the initial (final) positron, are
obtained in a similar way. The final result for all four cases
has the following form:

= —2jeikX /oo due—2i 0” du'(zy (¢,1)k)
0

1 . : _ . :
_ é*ethU(m> x) = F( ) eszU(ln) x),
F0ut) 1\ kX s 1 (+) ¢ py ikX (o)
U x)e' et — =F ety x),
1 Ax i oul i oul
f@mrnt V) =G @),
o (i) N kX 5 1 Ay ikx i)
V), (x)e"te* — =G etV (x),
e s = G e T 0
)
where
_ ¢ d(p _, 4 7, (¢)k .
P =i 1l J‘”‘””(np((p)e )
+oo (],
Fy(¢) = - / 0l Wz, (p)e).
¢ P—
- ¢ dp ;[P _(, '
GE? )(¢) = —l/ pw g kT (@ )k)(ﬂ_p(qo)e*),
Jrood —l 0 dy' 7, !\ k N
Gy = =i [ 7L e,
¢ p_
(10)

Note that the quantity z_,(¢) that occurs in the positron
factor (10) can be represented as —z,(¢) with the sub-
stitution e — —e, where e is an electron charge.

The matrix elements S;, have the following form

5, - / 0 (x)O(P, X) U () FS (¢),

S, = / dxF ()T () 0P X)US (),

S=si+8:= [ WS @OE @ +FP @) ()

[ dpSy(¢). Here we assume that S, depends
on one phase. In the general case, S, should depend on
several different phases ¢;. For example, for double
Compton scattering, the integrand S, depends on two
phases. In such a case, different factors will depend on
different phases. The characteristic phase difference is

Di — §j < Pehars Where @y, 1s the formation length of

where Sy =

soft photon emission. Thus, we can use the same phase for all
factors. The same reasoning holds if we consider the
probability of some given processes. After partial integration
over the phase space of the “hard” process, the phase
difference between the integrands S, and S; became
¢ - ¢/ < Pchar-

The recipe for using the soft photon approximation is as
follows. To obtain the amplitude S from the amplitude of
the “hard” process S, we should multiply the integrand S
with respect to the variable ¢ by the sum of the factors.
Where each factor corresponds to the photon emission from
a given external charged particle.

Note that the final result is a gauge invariant with the
required accuracy since, when replacing e with k* in the
integrand of F; we get the full derivative.

The conditions for the applicability of soft photon
radiation are as follows. First, we assume that w < ¢
and k_ < p_. Another condition is that we can neglect
the photon momenta in the amplitude S,. This condition
depends on the process and cannot be described in a
general way.

It is interesting to compare the obtained results with the
classical photon emission [31]. If we neglect k_ in
comparison with p_ in the phase, the result in (10) will
coincide with the classical one [31], obtained by discon-
tinuously changing current density four-vector. Note that in
the approximation under consideration, we neglect terms
proportional to k, only in the preexponential factors. We
calculate the phase multiplier exactly. The exact account of
k in a phase is very important even in the case of ® < € due
to the integration of a laser pulse length in phase. The
difference in phase in the order of unity significantly
changes the probability. Factors (10) are independent of
the spin of a particle and valid also for particles with
arbitrary spin.

A. Special cases

(i) For the absence of the laser field, factors F ;i) have
the following form

which coincides with the ordinary soft photon
approximation factor [31];

(i) In the case of p_wy < 7k, where w is a laser field
frequency, the result is significantly simplified to

7, ()¢
Sk

which corresponds to the local constant field
approximation. Note that in the case under consid-
eration, the process S, should also be considered in
the local constant field approximation.

Fp(p)™) = (12)
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—(e0,; —€A) -e,

—eA(T)) -e,

(80 i —€A(T')) e (13)

III. EXAMPLES

Here we present several examples of soft photon
approximation. The goal of this section is to show how
to use the obtained approximation and compare the
approximate result with the previously known exact results.

A. Nonlinear Compton scattering

(iii) For the high-energy particles counterpropagating to the laser field, we have
ki, = = (m? + (¢0, — A)? —
ﬂpfz—e(m + (60, —A)7), ne =
where @, = p, /e — k| /w. Here, we assume that the soft photon direction almost coincides with the charge particle
direction. This assumption is obvious because the character angle between an emitted photon and a charged particle
iS @nar ~ m/e. For such a case, we have
FS(T) = l/ ar iff AT (24 (60, —eA(T (50
T &
T W !
FOT) =i / AT i [ o+ e r”
© &
where we use the notations that are often used under these conditions. They differ from ours by replacing ¢ <> T;
|
(iv) In the case of a plane wave field with frequency w,
and conditions p_wg > pk, the result is simplified.
In this case we can use the average in the period
value. Thus, the 7r’;, = pt+ %n" does not depend
on ¢, and we can use Eq. (12) with r, discussed
above. Where &= |e|Ey/mw,, E,;, and w, are
the laser electric field amplitude and its angular
frequencys;
(v) If the direction of the emitted photon coincides with

the laser propagation direction of a laser field n, the
quantity kz,(¢) = p_w does not depend on ¢ and

7,(p)e" = (p — eA(p))e*, we have

_ P doy .
FO($)=—i / L el bo(p=ea(p))e

+oo dgg
R @)= [ e

Do (p—eA(p))er, (14)
This result is consistent with [32], where the
emission of photons collinear with the laser field
direction is discussed.

1

The nonlinear Compton scattering has been extensively
studied, see Refs. [2—12]. The matrix element has the form

S = / d*x (OU[)( )eikxé* Uﬁ,m) ()C),

where p, p’, and k are the momentum of the initial electron,
final electron, and emitted photon, respectively. e* is a
photon polarization vector.

At first glance, it seems that the soft photon approxi-
mation is not applicable for this process. There is no “hard
part” of the process. Nevertheless, we can apply this
approximation in the following way

S = ;/ﬁ4U@%mm@n—m

;/d“ (OUI)( ) lkXA*[ﬁ(‘D)—I—m]

(@) — m? + i0

[F1(®) + m]e*Xe* U™ (x)

1

[M(®))? = m? + i0

(@) — mUy" (x)

;/d“ 7low) ( )([]Z[((I)) - m]eikXng_>(¢) + F(er) (¢)eikx[ﬁ<q)) _ m}) Ugn)(x)

— (20)5(p, —p', k0 )5(p_— p. —k_) / ™ dp

s\ @ d’d—‘f/lr], Nk
(2, (B)er)e Surh Er@0) (15)

(=)

Here we use the symmetric form of the matrix element in order to retain a gauge invariant. We also use the fact that /', * and

F E:,r) have exactly the same phase in the integrand.

076002-5



P. A. KRACHKOV

PHYS. REV. D 109, 076002 (2024)

10°
&
Sl
5

100
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w/e
FIG. 1. The energy spectrum for nonlinear Compton scattering di% as a function of @/e, the photon angles are 6, = %, §, =, the

detail of numerical computation discussed in text. Black line correspond to the exact result, dashed line correspond to the soft photon
approximation result, dot-dashed line correspond to the classical result.

The electron-emission energy spectrum % has the
following form:

dE

Pk 420i 2 0ip? (|1 = Refof3) = | fol*l,
b (eAD)\ i [
. = P 1
si= [ d¢< mé) , (16)
where & = |e|Ey/may, E,, and wy are the laser electric field

amplitude and its angular frequency. The obtained energy
spectrum for nonlinear Compton scattering (16) coincides
with the classical result [5] if we replace p. — p_ in the
phase of f;. On the other hand, the result (16) coincides with
the exact energy spectrum for nonlinear Compton scattering
[10], with the leading order of the parameter w/e in the
preexponent and exactly in the phase factor.

In order to show the importance of an exact in phase
result, we plot the energy spectrum in Fig. 1. For numerical
evaluations, we consider electrons with initial electron
energy € = 10*m in head-on collisions with the linear
polarized laser pulse. Calculations have been performed for
a &= 1 and a pulse shape A(¢p) = cos[wyp|g(p)e,, with
the envelope function g(¢) = cos?(zwyp/27) for —t >
¢ > 7 and a zero otherwise, such that is the dimensionless
full width at half maximum (FWHM) pulse length with
7 = 20 corresponding to 9 fs FWHM for @, = 1.55 eV.

We see from Fig. 1 that the classical result coincides with
the exact one only in the narrow region w/e < 0.01, while
the soft photon well fits the exact result in a wider
range. The reason for the significant discrepancy between
classical and exact quantum results can be simply explained
as follows. Although the integrand in the phase differs
slightly in the classical and quantum results, the integral in
a wide range for a long laser pulse leads to a difference in
the phases of the order of unity. The difference in the phases
by the order of unity leads to a significant difference in the
spectrum. The phase in the soft photon approximation is
exactly the same as in the exact result, resulting in
significantly better accuracy compared to the classical
result.

Note that Fig. 1 has a logarithmic scale, so the difference
between the exact and the soft photon results seems small. As
can be seen from Fig. 2 the relative difference between the
exactand the soft photon results reaches 46% at = 0.2. The
presence of peaks in Fig. 2 is due to the fact that the functions
f; have a different resonant frequencies w.

B. High-energy photon emission in the
superposition of a laser and atomic fields

This process was considered in the different regimes in
[33-36]. We consider the special case where high-energy
electrons are counterpropagated by a laser field. In such a
case, there is an electron wave function in the superposition
of a laser and atomic fields [37]. The “hard process” is the
elastic scattering of electrons in the presence of a laser and
an atomic field. The amplitude of the elastic scattering can
be obtained by the asymptotic wave function at a large
distance [31]. The cross section of an elastic scattering doy
has the form

0.5

041 1

0.3F 1

0.2+ 1

0.1+ 1

0.0 ‘ : ‘
0.00 0.05 0.10 0.15 0.20

w/e

FIG. 2. The the relative difference § between the exact and the
soft photon energy spectra for nonlinear Compton scattering as a
function of @/, the photon angles are 6, = %, 0, = 2%, the detail
of numerical computation discussed in text.
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dp',
doy = R(A]) 2r)?
(A)) /dpldpze—mr(ﬂl—ﬂz)[eiV(Pl)—iV(l’z) —-1],
V(p) = / V(p,z)dz, (17)

a

0= 2y

R(A)If +a1

where A = p’ — p is a momentum transfer, p and p’ are the
momentum of the initial and final electrons, respectively, and
V(p, z) is an atomic potential. Note that this cross section is
independent of the laser field and coincides with the cross
section of the elastic scattering in the atomic field [38].
Using Egs. (13) and (17) one can straightforwardly
obtain the differential cross section of high-energy photon
emission in the superposition of a laser and atomic fields

dp', dk | dew
w 9’

fi= [T dresE L A AT g e (),
T

T :
g = / AT o [7 T (m (0 —eA(T
—0o0

The conditions of applicability in such a case are the
following: w < € and k; < A . Under this assumption,
this result is in agreement with [39] [see Eq. (10)].

IV. FACTORIZATION OF n SOFT PHOTON
EMISSION AMPLITUDE

As mentioned above, the soft photon approximation
result coincides with the classical one if we neglect k_ in
comparison with p_ in phase. It means that we neglect
retardation. Thus, the emission of several photons should
occur independently.

1
é * gikrX

—m—+i0
1

@) = o

_ é\z*ei(kl+k2)XF‘(,;T]2 (#) Ugn) (x)

(@) = m + i0

[11()]

(eapk —eA(T)). (18)

[

First, we show that the emission of two photons occurs
independently. There are three possibilities. Firstly, one
photon is emitted from the initial electron line, while a
second photon is emitted from the final electron. In this
case, factorization is obvious. The second and third cases
correspond to situations where both photons are emitted
from the initial and final electron, respectively.

The factor F(z_)(qﬁ) corresponding to the second case
(both photons are emitted from the initial electron) can be
found as follows:

&7 M XURY (x) + (ky < ky.ep <> €3)

—m—+i0

-+ (kl <> k2,€1 <> 32), (19)

where k; and e; are the momentum and polarization vectors of the emitted photon. To distinguish different photon factors,
we use the notation F ﬁ)l (¢), which corresponds to the F fni) (¢) from Eq. (10) with the replacement k — k;, e# — ¢!. Note

that the operator IT in the last line of Eq. (19) acts not only at U E,in) (x) but also at F’ ;_,Zl (¢). The result has the following form:

b _l p 4
o= [

7, () (ki +k2)) o [ doy ~ “2,,_1< »(@))k) .
D r)eg) [T 1)) +

oop— —®© P_
b dpy i [* 22, (g ko) o [ dor =i [P i) x
— - [F e LR e [T i) o e ) (0

By changing the order of integration in the second term, we obtain that factorization takes place,

- b dpy i [*L2n, (k) o [?do —:‘”,<n<>k) .
F£><¢>——/ e S @k (0 (50e3) WLt g ). 21)
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Factor F §+) (¢), which corresponds to the case where both photons are emitted by the final electron, possesses the analogous
factorization. The final result has the following form:

s= [ assuo)(Fo @)+ FL@) (FoL @)+ P L),

Note that here we neglected k; _ in comparison with p_ in the phase denominator, which corresponds to the classical
result. Without this simplification, there is no factorization. Thus, the emission of two soft photons occurs independently.
This method is trivially generalized by the case of n photon emission, where the same factorization takes place. For the

n-photon emission factor of the initial electron, we have

w2 [ ] st

S D>941)

ey [

© 6ES,
T [
ﬁ-J[/ doif\” >(¢,)]

where the sum is over all permutations ¢ of n elements,

() =

is an integrand of F( >((,/))

Thus, factorization takes place, and the emission of n soft
photons occurs independently. The matrix element for
process S with n additional photons has the form

> Po(n)>

H(x) is a Heaviside step function, and fl(._

(rpl)e;) =i [ 55y (oh)

s= [ asomzs (£ )+ 7L @)

V. CANCELLATIONS OF INFRARED
DIVERGENCES IN THE PRESENCE OF A PLANE
WAVE LASER FIELD

As is well-known [40], the infrared divergence term from
the virtual radiative corrections for arbitrary processes must
be canceled by the processes with additional soft photon in
QED. In this chapter, we will show that this statement holds
true for QED with the plane wave laser field background.
The infrared divergence in the laser field was previously
discussed in [41-44].

We consider the soft part of radiative correction for
nonlinear Compton scattering. The Feynman diagrams of a
virtual and real radiative correction are depicted in Fig. 3.
We will show that total probability is infrared finite, i.e. the
interference between Born and virtual radiative correction
matrix element [see Fig. 3(a)] cancels the infrared diver-
gence of real radiative correction [see Fig. 3(b)].

We start our computation with the vertex correction. For
the plane wave field background, it was discussed in [30].

d(plfl(_)((pl) Z H(¢ - (pﬂ(l))H((pa(l) - (pa(Z))"'H((pa(n—]) - (pa(n))

(22)

We consider the soft part of the radiative corrections and
restrict the integral over k in the following way:
A < |k| < A. The infrared cutoff A is some convenient
dividing point chosen low enough to satisfy the approx-
imations made above in Sec. II. In addition, we will also
impose a cutoff 1 in order to display the logarithmic
divergences as powers of logA. We take A very small in
particular, 4 < A so this cutoff only affects the infrared
lines because it is only these that give infrared divergences
for 1 =0.

The soft part of the one loop vertex correction matrix
element for nonlinear Compton scattering can be computed
by soft photon approximation. The matrix element

FIG. 3. Feynman diagrams corresponding to the one-loop
radiative corrections to the nonlinear Compton scattering. (a) Vir-
tual radiative correction diagrams. (b) Real radiative correction
diagrams.
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integrand over k corresponds to the emission of soft photon from the initial electron line with momentum k and absorption
of this photon from the final electron line, which corresponds to the emission of soft photon from the final electron line with
momentum —k. It has the following form:

Adk 1
Svertex = i€ | dp(2rn)36(p. —p', —q.)6(p_ — p. —q_)M /—7
vertex le/ ¢( 77") (pJ_ Dy qJ_) (p p q) 0(¢) ., (27[)4k2+lo
¢ d —i ‘ﬁﬂ” NVk—i +oo0 (] —i WZi”, /Vk—i
x/ %e ffm"*‘k*( p(ok O)n’;,(gal)/(ﬁ %e f¢ Ty (@)K 0)ﬂp/,y(¢2), (23)

where M, (¢) is an integrand over ¢ of the matrix element of single nonlinear Compton scattering,

/d4 out ( )eiqxé*Ugn) (x) _ /d¢(2ﬂ)35(pj_ _p’J_ — qj_)(s(p_ - p'_ - q_)M0(¢)- (24)

The limits on the integral in (23) refer to |k|. The integrand of (23) is analytic in kX except at the four poles. Only one pole
= |k| — i0 is in the lower half-plane. We close the k” contour with a large semicircle in the lower half-planes and compute
this integral by residue,

A Bk
Sverex = € | dp(27)36(p, —p', —q . )8(p_ — p'- — g_)M, /7
vertex e / ¢( ﬂ) (pJ_ Dy qJ_) (p p Q) 0(¢) f (27[)32|k|
b dov —i [z (0 +o dp, i [ (2 (0
X/ p(pl ol ')(q}l)k)ﬂ"j,(gol)/(p —p(eze frﬁzﬁ’—}k—( » (%)k)ﬂp/,p((,oz). (25)

In the following, we omit k_ compared to p_, p” in phase. Without this simplification, there is no factorization of matrix
element and no cancellation between real and virtual radiative corrections.

Another matrix element depicted in Fig. 3(a) can be obtained in a similar way. For example, the matrix element, which
corresponds to the second diagram in Fig. 3(a) can be obtained by F’ g_) (¢), see Eq. (21) by replacing k; — k, k, — —k with

the additional factor 1. The factor 1 is required because in F §_>(¢) computation, we took into account the sum of two

diagrams, whereas in this case there is only one diagram.
Matrix element of virtual radiative correction S,;; has the following form:

2

. , , A dPk
3/ dp(27)*6(p. —p' —q.)5(p- = . — q_)Mo(¢)A 2r)7 2k

’ /4 dgy i ¢,,_< PR (1) + / tedey i ;”2,,,_’<r:f<¢2>k)ﬂy ()
P v 4
o P-

Svirt =

2
, (26)

where we neglect k_ in comparison with p_ in the phase denominator. The cancellation of infrared divergences takes a place
only under this assumption.
The contribution to the probability dW ., from virtual radiative correction has the following form:

A Pk
AW i = €2RCA W/dﬁﬁdWMo(fﬁ)M?)((ﬁ/)dﬂf

b dpy =i [* 0 rody i [ ’
’/ 1 l o P Zp\@y 71';@”1)"’/(/} _/26 fdz p,(ﬂp (@) )ﬂ;/(wz) . (27)

where dp; is element of the final particle phase space for nonlinear Compton scattering, including é-functions.
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The real radiative correction, which corresponds to the double Compton scattering, has the following form:

E &k
AWy = —€* | ———— [ dpdg Mo()M5(¢p')d
v dg, _,ﬂ‘"w (@)K /+°°d€02 i [P )b )
X p VR v + b - 2 v,
([ o)+ [ : (02)
" d —i (/’/dw +oo d i 0200 7, (¢ :
y < / p«m ST ) /{/ prpz S, <w2>k>”2,(¢2)>, (28)

here we assume that the energy of the soft photon less than the detector’s efficiency E and greater than the infrared cutoff 4.

Note that for values of small k the integral over ¢,
converges at large distance |¢ — @1 5| ~ @char, Where @y, is
the formation length of soft photon emission, while
¢ — @' ~ Iy, where I, is the formation length of nonlinear
Compton scattering [5,29]. For small @ the formation

dWVirt + dWreal = é?

dy'
y ‘ / ¢ dgy i [
—eo D

Nk +00 (], . V‘z%ﬂ
. )ﬂ¢<¢1>+/ 02
¢ P-

Note that the last line in Eq. (29)isa =, |F§,_) (@) + Fij)((ﬁ)

length of a nonlinear Compton scattering is much smaller
than the formation length of soft photon emission. For this
reason, we can change ¢’ — ¢ in the last line of Eq. (28).
Then the sum of the real and virtual corrections becomes
finite and has the following form:

A Bk , o
/5 (27)%2[k| / dipdd Mo ()M (¢')dp;

2
p! ((/)/z)k) (29)

T, (¢2)

2, where the sum is taken by the photon polarization.

Thus, this answer can be trivially generalized by the arbitrary processes,

dw A
dWrad:/d(pd;( 2)/E o 32|k|Z’ZFp, P+ Fi (@)

, (30)

where dW is probabilities in the Born approximation and i, f is a set of charged initial and final particles. Note that in the

case of antiparticles, we should use G instead of F.

VI. CONCLUSION

In the present paper, we consider the processes involving
the emission of soft photons in the presence of a strong
laser field. We show that the matrix element S of the
process i — f + y with a soft photon y can be expressed in
terms of the matrix element S, of the process i — f. The
recipe for using the soft photon approximation is as
follows. To obtain the amplitude S from the amplitude
Sy, we should multiply the integrand S, with respect to the
variable ¢ by the sum of the factors (10), one for each
outgoing or incoming charged particle. These factors are
universal for a generic plane wave laser field background
and do not depend on the spin of the particle. This
approximation allows us to obtain a result that is exact
in the phase and approximate in the prefactor to order

O(w/ enar)» Where w is the frequency of the soft photon and
Enar 18 the characteristic energy of the i — f process.

We present several important applications of this soft
photon approximation. We compute the probabilities of
nonlinear Compton scattering and photon emission in the
superposition of a laser and atomic fields by soft photon
approximation and compare obtained result with the exact
one. We demonstrate that the amplitude of n soft photons
emission has factorization, which corresponds to the inde-
pendence of the emission of n soft photons. Third, we use the
discussed approximation to prove cancellation of real and
virtual infrared divergences for nonlinear Compton scatter-
ing and derive the finite radiative corrections.

The soft photon approximation is a useful tool for QED
studies in the presence of a strong laser field. For example,
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it can be used for nonlinear double Compton scattering in the
case of one or both photon are soft. It may helps also to obtain
the result for e™e™ — yy, in the case of one photon is soft.
Besides, soft photon approximation may be widely used for
computation of infrared part of radiative correction.

APPENDIX

This appendix provides additional details on the for-
mulas and notation used in the paper.

Let vector n define the propagation direction of the
plane wave. Vector potential A¥(¢) depends only on
¢ =t—n-x. We introduce four four-dimensional quan-
tities: n* = (1,n), #* = (1,—n)/2, and a’; = (0,a;), where
j =1,2. The four-dimensional quantities n*, 7#, and a’;
fulfill the completeness relation
H v H

MU — Ul TN _ v
' = n'n® 4+ nfn" — aja] — aya;.

Note that (nit) =1, (na;) = (fia;) =n*=n*=0,
a;a; = —6; ;. In what follows, we refer to the longitudinal
(n) direction as the direction along n and to the transverse
(L) plane as the plane spanned by the two perpendicular
unit vectors a;. The coordinates are

¢ T

i
X, =

= (nx) =1 —x,, = (Ax) = (1 +x,)/2,

_(aix)’

where x, =n-x. For an arbitrary four-vector p, we

introduce P—:(nP)ZPO—Pna P+:(ﬁP)Z(PO+Pn)/2,
and p, =(pL, ,Pi,z) =—((pa;).(pay)) = (p-a,.p-a,).
Thus,

px = px,n = (xn)(ph) + (pn)(xit) —x, -p,

=pT+pdp—x,-p,.

A
v = [1- 209,
ol el

i A i{—(m) I’ d(p[
— | u,C

o[- 2A0),

© DA A2
i{(px)Jr‘/:/) do |:(I (]} {".’p_( ):| }
v,€

{ ()= [, do

The momenta operators on this basis have the form,

P4, —16¢ — —(;IP) — —(i()t 6xn)/2
Py = —idy = —(nP) = —(id, + io, ),
P, = (P, ,P,)=—i(a;-V,a,-V).

They satisfy the following commutation relation:

[}, Py| = [T, Pr] =i, (X1 j P o] =idj
which are equivalent to the commutation relations
[X*, P*] = —in®, with P* = io".

We will need the following identities:

exp(i(Xq))g(P) exp(=i(Xq))
(

exp(i(Py))f(X) exp(=i(Py)) (A1)
where ¢* and y* are constant four-vectors.

In addition, the commutation relations [¢,P,] =
[T, P7] = i imply, in particular, the identities

exp(iag)g(Py) exp(—iap) = §(P, — a),

exp(ibPy)f(¢) exp(—ibP,) = f(¢ +b). (A2)

with a and b being two constants and f(¢) and §(P,) being
two arbitrary functions. For T', P, the identities are the same.

The Volkov states U ,(x) and V,(x) can be classified by
means of the asymptotic momentum quantum numbers p
(and then the energy € = /m? + p?) and of the asymptotic
spin quantum number s in the remote past, i.e., for 1 - —co
for (in)-state and for remote future for (our)-state.

Following the general notation in Ref. [31], these states
can be written as

2 ﬂ}

2p—

)

€2A2(w):| }
-

9’

(PA(@))
P—

e(PA(p)
e

’

2 2

~(px)+ [*_a [ (pA(p)

: (A3)
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where u, and v, are the free spinors. Here we have
introduced the notation » = y*v, for a generic four-vector
v*, with y# being the Dirac matrices.

The electron Green’s function G(x,x’) in the general
plane-wave background electromagnetic field described
by the four-vector potential A¥(¢) is defined by the
equation,

{rlio, — eA,(¢)] = m}G(x.x") = sW(x—x). (A4)
Here, we always assume the Feynman prescription corre-
sponding to the shift m — m — i0 [31]. Within the operator
technique, the operator G corresponding to the Green’s
function G(x,x’) is defined via the equation G(x,x’) =
(x|G|x), i.e., as

G_f[—n11—|—i0_<ﬁ+m)f[2—m2+i0_ﬁz—n112+i0(ﬁ+m)’ (43)
where [T# = P# — eA#(®). In [15] was shown that squared Green’s function can be written in the form,
= 12 — = (—i) /oo dse""”zsez"spf%e_"ﬁ ds'[P1—eA (®=25'Pr)P {1 -2 AJA(® —25P7) — A(CD)}}
1" —m* 4 i0 0 2Pr
— (=) A ” due""”z”{ 1+ éﬁr (@ + 2uPy) — A(cp)]}e—i o dlPL=eA (@+20Pr)P 2iup Py (A6)

2

where the prescription m? — m? — i0 is understood.
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