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Preface

One of the most striking predictions of Quantum Electrodynamics (QED) is the production of matter
from light. In the present thesis the focus is on two processes: Schwinger and Breit-Wheeler pair pro-
duction. Schwinger pair production occurs when the vacuum, under the influence of an extremely
strong electric field, generates particle-antiparticle pairs. Heuristically, it can be viewed as due to the
field pulling apart the virtual electron-positron pairs and, if strong enough, turning them into real
particles. With the addition of high-energy photons to catalyze the creation, the process is known
as Breit-Wheeler pair production. Due to its exponential scaling P ~ exp{—Es/E} with critical field
strength Eg ~ 10'® V/m much higher than those available at current strong laser facilities such as
the European X-Ray Free-Electron Laser Facility (XFEL) or the Extreme Light Infrastructure (ELI),
Schwinger pair production remains unobserved to this day. However, it has been possible to observe
Breit-Wheeler pair production at the E-144 SLAC experiment, where the photons were produced
from the scattering of a 46.6 GeV electron beam with a strong laser field. There are several theoreti-
cal methods to tackle these problems, all of them with their upsides and downsides, but one barrier
common to most of them is the difficulty one faces when considering fields with both space and time
structure. This work is an attempt to break down that barrier by providing quantitative results for
the spectra of particles produced by spacetime fields. While the focus is mostly on 2D fields, an in-
structive example of a more realistic 4D field with optimal spacetime focusing is also shown. Since
future experiments will reasonably involve highly focused pulses in both space and time, it is useful

to have a theoretical toolkit that allows us to access the spectra of spacetime fields.
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Introduction



CHAPTER 1. INTRODUCTION

Y7 E GIVE A GENERAL INTRODUCTION to the field of Strong-Field QED and list some known

results about plane waves that have been known for a long time. Using the Lehmann-

& Symanzik-Zimmermann (LSZ) reduction formula with open worldlines explained in the
present work, we rederive them to test the validity of this method. Then, we discuss briefly the two
processes studied throughout the rest of this work, i.e. Schwinger and Breit-Wheeler pair production.

In the end we give a short outline of the rest of the thesis.

1.1 Strong-Field QED

Without a doubt, Quantum Electrodynamics (QED), i.e. the quantum theory of matter and light, is
one of the most successful physical theories due its many accurate predictions including the well-
known agreement of the anomalous magnetic moment of the electron up to many digits of preci-
sion [1, 2]. This particular high-precision agreement, arising from a perturbative calculation at sev-
eral loop orders, could in principle allow for the discovery of unknown highly suppressed physics
from small discrepancies between the calculated and the experimental values. However, while in
the weak-field and high-energy regime perturbation theory is a powerful tool, it is not the best op-
tion if we consider the interaction of matter or hard photons with strong electromagnetic fields given
by a huge number of coherent low-energy photons. The prototypical example of this is the interac-
tion of matter with lasers. The standard method to get around this is splitting the electromagnetic
field into a classical background field given by the coherent sum of (typically optical) photons, and
a quantized radiation field describing the interaction with individual incoherent photons (typically
of much higher energy than the optical laser, such as X-rays or higher energy). This is known as
the Furry picture [3], and the study of the interaction of matter or high-energy photons with strong
background fields is then known as Strong-Field QED. In the past decades, partly because the tech-
nological advances will allow the experimental test of the predictions of Strong-Field QED, there has

been a great effort on the theoretical side [4} 5, 6} 7, 8].

We give now a very brief introduction to the main ideas necessary for this thesis. Throughout the
present work, unless stated otherwise, we work in natural units ¢ = h = 1 and absorb the electric
charge into the background field ¢4 — A. In Quantum Field Theory language, the splitting men-

tioned above implies in practice that we have a Lagrangian (before gauge fixing)
_ 1, _
L=V(i)—A-m)V - ZPL Fup — qA, AT (1.1)
where F,, = 0, A, — 0,A,, with the quantized photon field A,, and A, the classical background.

Since the field is very strong and we want to treat it exactly, only the last term is an interaction term

to be treated perturbatively in powers of . This is the so-called Furry picture [9].
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Given a field A, (z), one can show that any field invariant can be expressed in terms of
1

1 1
o P = —§(E2 ~-BY) 9Y=-%F,F"=-E-B (1.2)

o —
7= 4
where xF),, = %EWPUFW is the Hodge dual of F and ¢ is the Levi-Civita symbol. A well-known
class of fields used in practical calculations due to their simplicity are plane waves, namely fields

that depend only on ¢ = kx where k is a null vector k? = 0. For these fields
F=9=0. (1.3)

Plane waves are widely used because the solutions to the Dirac equation and the propagator have
a simple form and the effective field felt by a high energy particle is typically a plane wave. Let-
ting

¢
Spl) = —pr — Q;k "o (2pa(e) - 42(0)

(1.4)
Ko(o) =1+ 40
and uy, 5 be the free Dirac spinor with momentum p, one can see that
Ups(2) = Kp(9)e’™ ™ up s (1.5)
is an exact solution to
(i — A —m)¥, 4(x) =0. (1.6)

These functions are known as Volkov states [10]. To obtain the corresponding positron solution we
let p = —p and u, — v,. Although one could in principle find other solutions to the Dirac equation,
the Volkov states represent a basis, i.e. they are orthogonal according to a suitable scalar product and

they give a spectral resolution of the identity [11]].

Furthermore, one can see that

d4p ? +m 7% —ip-(y—x)—i fky V;
Sy, x) = /WKp(%)pg_m%Kp(%)@ ko TP (1.7)
is the exact (Volkov) propagator for a generic plane wave background [12} 13] with
_ 2pA— A?
‘/;) _— %T . (1-8)

One thing to point out is that the expression above looks like a Fourier transform but it is not. In
fact, the actual Fourier transform of the Volkov propagator has a much more complicated pole struc-

ture [14].

Although in this work we focus on spin-3 particles because we are interested in processes involving
electrons and positrons, one can derive similar results also for scalar particles. In particular the

Volkov states are obtained by simply dropping anything involving spin

O,(x) = "% (@) (1.9)
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and similarly for the propagator

d4p 1 . : rky
— —ip-(y—x)—i [0 Vp
G(y,x) / o) it e k . (1.10)

Armed with these exact solutions, one can derive the Feynman rules (in position space) for Strong-
Field QED in a plane wave background by simply replacing free propagators with S (or GG) and free
external states with Volkov states. However, there is no Schwinger pair production for fields with
vanishing field invariants such as plane waves, so the Volkov states/propagator cannot be used for

the Schwinger effect.

Y4
X

1.2 Schwinger and Breit-Wheeler pair production

It has been well-known for a long time that the presence of a background field changes the structure
of QED in drastic ways. One of the most fascinating and at the same time elusive phenomena is
Schwinger pair production. It has been speculated since about a century ago [15} 16} 17] that, given a
sufficiently strong electromagnetic field, the vacuum becomes unstable and pairs of charged particles
are created. Due to the extremely large field intensity required, of the ordelﬂ of Eg ~ 10¥V/m or
Is ~ 10 W/cm?, it has yet not been possible to verify the existence of such process experimentally
despite the significant effort in the development of strong lasers. To this day;, this is perhaps the most
remarkable yet untested prediction of QED. The process is challenging both experimentally (for said
reasons) and theoretically due to its nonperturbative nature. For a constant field, the rate of pair
production per unit volume scales a{]

]P’Nexp{—%} (1.11)

so it is highly suppressed for £ much smaller than the Schwinger limit Eg = 1. It is also inter-
esting to point out that this is the same exponential scaling of e.g. atomic ionization in an electric
field [20]

(1.12)

1V2 B
Pion ~ exp _gT

where Ej, is the binding energy, which also suggests that Schwinger pair production is a tunneling
process. In chapter 3, we will corroborate this interpretation using an instanton picture. For com-
parison, if we consider for example the binding energy of hydrogen [21], we get a critical field of the

order of 10° V/m, which is many orders of magnitude smaller than the Schwinger limit.

<+

! The Schwinger effect is an electric phenomenon, although it has been speculated the existence of an analogous effect
where pairs of magnetic monopoles are created in a strong magnetic field [18,19].

2 We have also set the electron mass to one, m = 1, so that the critical Schwinger field is Es = 1.
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There are various ways to generalize the calculation of of for more general fields. One can solve
numerically the Dirac equation in a background field [22, 23], but this is very complicated for realistic
spacetime fields. Other numerical methods are the Wigner formalism [24) 25| 26] and the quantum
Vlaslov equation [27, 128} 29,130]. Alternatively, there are also analytical semiclassical techniques such
as Wentzel-Kramers-Brillouin (WKB) [31],132}, 33| 34}, 35, 136, 37]] and closed instantons for the effective
action [38] 139 40, 41} 142} 43| 44]. For slowly varying fields, one can also use the locally constant field
method [40, 145] to obtain information about the total probability. There are upsides and downsides
to each of these. The WKB approximation is simple and very powerful for one-dimensional fields,
but it does not generalize in an obvious way to higher dimensional inhomogeneities (which is the
scope of the present work), although recently some progress has been made [46] 47]. The effective
action method works well analytically for one-dimensional fields but also numerically for higher
dimensional fields, as demonstrated in [41, 44]. However, the output is the total integrated proba-
bility and nothing is known about the spectrum of particles produced (although for time-dependent
fields there is a trick that allows one to find the spectrum as well [48]). The Wigner formalism does
give information about the spectrum, but it is numerically challenging to work with spacetime fields
(especially more than 2D). Spacetime fields have been considered with such quantum kinetic ap-
proaches in [26] 49, 50, 51]. The approach we present here, which uses open worldline instantons
at the amplitude level, allows us to work with spacetime fields and produces information about the
spectrum at generic electron/positron momenta independently of each other, while the Wigner for-
malism considers only one momentum variable. The only assumption we make everywhere is that
the field strength must be much smaller than the critical Schwinger limit £ < 1 so that we can work
in the semiclassical/saddle-point approximation. This regime will be interesting experimentally in
the future because the first tests of the Schwinger effect will reasonably be at field strengths smaller

than the Schwinger limit. Open worldlines have also been considered in [52} 53]

Being able to have quantitative results for spacetime fields is also useful because in order to obtain
the highest possible field strength at the peak it is essential to have a highly focused beam in both
space and time [54} 55|, so the constant field or time-dependent approximations would not be the
best options if w/E ~ O(1) where w is the laser frequency. It is also necessary to tell apart the signal
coming from Schwinger pair production from any other background noise inevitably present in the
data. To do this, it is very useful to predict what the spectrum of emitted particles is. While for fields
with only one peak the spectrum is always Gaussian in the £ < 1 regime, a realistic pulse will have
a nontrivial subcycle structure giving rise to a rich spectrum made out of several peaks and valleys
from the interference of the multiple peaks in the pulse [37, 48, 56, 57, 58]. The method presented
here also allows us to consider fields with multiple peaks. In principle, one could also tweak the field

parameters in order to produce a desired spectrum [59].

If one works with the effective action I'[A] defined from the vacuum persistence amplitude in the
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presence of a field A
T = 041 (0]0)in (1.13)

one can obtain the total pair production probability from the complement of the vacuum to vacuum
probabilityﬂ

Ppair = 1 — |out (0]0)in|* ~ 2Im I'[A] (1.14)

thus any information about the spectrum and spin is lost. If instead we obtain the amplitude from
the amputation of the propagator using the LSZ reduction formula [60], we can access the spectrum
and the spin as well. However, the usual LSZ is not suitable for this purpose because we would have
to work off the mass shell and take the on-shell limit at some point during the calculation, which is
not necessarily easy. An alternative way is to use the LSZ as in [52]] in which an asymptotic time limit
is present instead of a time integral and one can work on the mass shell from the very beginning. The
amplitude for the production of an electron with momentum p and a positron with momentum p’ is
given by

im [ &z, d_ PTG, (p) 70 S(ay, 22) 70 vy (p) (1.15)

—_— / . —_—
M - Out<p7p ’0>1n — ti1—>oo
where S(x,,z_) is the Dirac propagator in a background field A and @ and v are the free Dirac
spinors. The spectrum is then obtained by the modulus squared of the amplitude. For fields with

several peaks, the amplitude will be the sum of multiple terms, which can give interference.

We use the worldline representation of the propagator S in terms of a path integral over trajecto-

ries [61}, 162, 63
1 o0 T4 . 1d (‘12 T oA T v
S(ay.a-) = (i, — Alw) + 13 / o / Dge 'l Tt atEAp T o e (116)
0 T_

where T can be interpreted as the total proper time, P is the proper-time ordering operator, and
o = L[y* ~"]. For electromagnetic fields that depend on space and/or time, some of the integrals
in and cannot be done analytically, so we must use an approximation method. In the
E < 1regime, we can use the saddle-point method. The saddle-point equation for the path integral
in (1.16) is the Lorentz force equation

g =TF"™g, (1.17)

and the solutions are known as the instantons. A similar representation in terms of a single particle
path integral is used in [38, 39,40, 41] for the effective action as well, but in that case the path integral
is over trajectories with periodic boundary conditions ¢(0) = ¢(1), so the corresponding instantons

are closed as well, while in the case considered here they are open ¢(0) # ¢(1).

<
* We neglect the highly suppressed production of multiple pairs.
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From the saddle-point equations with respect to the variables 7" and x, we get respectivelyﬁ
=T (1) =Tp  (0)=—Tp;, (1.18)

where the first one is an on-shell condition and the other two fix the initial/final derivatives of the
instanton in terms of the asymptotic momenta. Since in the asymptotic time limit ¢, — oo the saddle
point value of the total proper time T also goes to infinity, and 7 represents the normalized proper

time, it is convenient to change the variable to u = Ts(7 — 1/2) so that (.17) and (1.18) do not

contain divergent variables. The boundary conditions can make it challenging to find the instantons
numerically because we have to use the shooting method [41] varying some initial condition (at v = 0

for convenience) until (1.18) are satisfied.

Considering the single pulse case for simplicity, at the end of the calculation we find [64)}165] that the

spectrum can be written as
B(p.p') = E“F(p.p') e 407 (1.19)

where A(p, p’) is an integral involving the instantons

A(p,p’) = 2Im / du g"9,A, % : (1.20)
F(p,p) is a numerical prefactor that can be calculated solving some second order linear ODE describ-
ing fluctuations of the Lorentz force equation around the instanton, and a is some real number.
We have extracted the dependence on E to make the point more clear. While this method in principle
allows us to find the spectrum at a generic momentum by finding the corresponding instanton that
satisfies (1.18), there is a simpler way. Since the integral A(p,p’) will have some maximum (ps, p))
and does not depend on the field strength E, for £ < 1 the spectrum is approximately a simple
Gaussian centered at (ps, p) with a narrower peak the smaller E is. This can be seen by Taylor ex-
panding A around (ps, p),). Since the peak is very narrow, we can approximate the prefactor F(p, p’)

by considering its value at the maximum F'(ps, p,).

The particular form of the spectrum will depend on the field considered. For time-dependent fields,
for example, the spatial momentum is conserved, so the spectrum will be proportional to a delta
function §(p + p’). If, on the other hand, we consider a field of the form F3(t, z) and all other com-
ponents equal to zero, the spatial dependence breaks momentum conservation along z so there are
more degrees of freedom. For such fields, it is convenient to change the variables to

1

P=c(s—ps) A=py+py (1.21)

and denote by p,, p/, the momentum values transverse to the polarization of the field = and y. Since
the field only depends on z, the transverse momentum is still conserved p, + p/, = 0 and the maxi-

mum is at p, = p/, = 0. For fields symmetric with respect to ¢ and z the spectrum is symmetric with

%
* x4 denoting the space components of the initial/final points z . of the propagator (T.16).
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respect to A — —A, so the saddle point is Ay = 0. Denoting & the nontrivial saddle point of P we

have

2 . 2 2
IED(p,p’)NeXp{—A— L Gl = } , (1.22)

E Ed&  Ed> Ed&
where A = A(ps,p),). The advantage is that the three widths d,, dp, and da in the spectrum can
be calculated numerically in a simple way by solving some ODE involving the instantons at the
maximum (ps, p,), therefore, instead of calculating many instantons and integrating them for each
value of the momenta, one has to do this only once. Furthermore, the instantons at the maximum are

numerically easier to find due to symmetry.

To lower the threshold for Schwinger pair production, one possibility is using colliding laser pulses
[66]. If we consider an e-dipole field [67, [68], a 4D field with optimal focusing, the spectrum has
more degrees of freedom because no momentum component is conserved. Defining variables as
before

1
Pi=5i—p)  Ai=pitp] (1.23)

we have, due to symmetry, P, = A, = A, = 0, so the only nontrivial momentum maximum is

& = P,,. The spectrum now has the form

A A% A Pt (P.—2)

P(p,p) ~exp{ —= — - - - . 1.24
#.7) eXp{ E Edi, Edi, Ed, Ed, } (1.2

The punchline is that we can find the spectrum in the semiclassical approximation using the follow-

ing simple recipe:
1. find the instanton ¢(u) at the momentum maximum
2. perform an integral involving ¢(u) to find A
3. solve some linear ODEs to compute the widths

We point out that, from a numerical point of view, this method is quite efficient and typically stable.
The point where we need to be the most careful is step 1 because, since we use the shooting method,
choosing a clever initial guess is essential, and even more so for very fast pulses with imaginary
poles [69], where the instantons have tricky branch cuts that require some care. Step 3 does not
require any shooting since the ODEs in question have simple initial conditions at u = 0. Once we
have all the widths, we find immediately the integrated probability and we can compare with the

effective action method.

The method outlined here is a considerable simplification compared to finding the spectrum on some
grid points around the maximum. If we have a more realistic spacetime field with several peaks this

method is even more powerful because the spectrum is no longer a simple Gaussian, so to resolve the
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multiple peaks properly we would need a great number of sample points, which is numerically very
intensive. For such fields the expansion above is slightly more general, but the idea is the same-we
find the instantons and then use them to calculate a small number of numerical parameters that give

the full spectrum in the saddle-point approximation.

These instantons also have a physical interpretation. The saddle-point method is a semiclassical ap-
proximation in which we only consider contributions from the solution to the classical equation of
motion plus Gaussian fluctuations around it. However, since we are dealing with a classically
forbidden process, namely particles tunneling from the vacuum, the instantons are complex func-
tions. Allowing also the proper time to be complex, i.e. choosing a complex contour u(r) in (1.17), we
find a particular contour which splits the instantons into a “creation” region and an “acceleration”
region. In the creation region the spatial components are real but time is imaginary so the particles
are tunneling, while in the acceleration region all components are real and the solution describes the
propagation of real particles accelerated by the field. Once we allow proper time to be complex, we
can interpret the instantons as analytic functions defined on some region of the complex u-plane. A
way to visualize them is to use domain coloring on the complex u-plane and add contour lines for
some desired quantity (e.g. modulus or real/imaginary parts) as in Fig. As we can see, analytical
continuation of the instantons on the complex plane encounters branch points, so in the plot we show
only one Riemann sheet. We show that such branch points are due to the singularities of the electro-
magnetic field F#. In Fig.[I.]|we can also see the physical contour mentioned above represented by

the green line.

The other process we consider is nonlinear Breit-Wheeler pair production, v — e"e*, i.e. we add a
high-energy photon to catalyze the process. The energy provided by the hard photon significantly en-
hances the probability [70] and the process remains nonperturbative if we are away from the regime
ag = F/w < 1 where w is the laser frequency. Similarly to the Schwinger effect, we can write the
spectrum in terms of some widths and saddle points. In addition, we study the effect of a Gaussian

wave packet for the photon momentum k on the spectrum and the total integrated probability.
We consider a 2D electric field E3(t, z) and a photon wave packet

"  (ky — 1))’ 195

f(k) ~ exp _ZT ; (1.25)
j=1 J

centered around /; > 0, lo = I3 = 0 with very narrow widths A1, Ay < 1 for the z and y momenta but

a generic A3 for the z momentum. We find that there is a phase transition at some finite critical size

of the wave packet A = A\. where the spectrum splits from one to two peaks as shown in Fig.|1.2land

the distance Ay of the two peaks behaves like an order parameter for a continuous phase transition.
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b b
2 /2
0 0
-m/2 -1/2
o -

Figure 1.1: Component z(u) (left) and ¢(u) (right) of the instanton for Schwinger pair production in a double
Sauter pulse F3(t,z) = Esech(wt)? sech(rz)?. The parameters are given by 7, = w/E = 1and v, = x/E =
1. The green line is the physical contour that produces the split into formation (vertical) and acceleration
(horizontal) regions. The color represents the phase according to the legend on the right. In particular, red
indicates a region with a large positive real part and light blue a region with large negative real part. The
white lines represent contour lines of |¢| and the black ones contour lines of Re(q) and Im(g). u. indicates the

zero of t(u), which is also a stationary point for the spatial component z’(u.) = 0.

2.0 [ 2.0

1.5 1.5

.10 10
2 L 2 L
05 05
0.0 0.0
-2.0 -15 -1.0 -0.5 0.0 -2.0 -15 -1.0 -0.5 0.0
Ps Ps

Figure 1.2: Longitudinal spectrum before (left) and after (right) the phase transition at p, = p, s with parame-
ters E = 1/20 and Q = v, = 7, = 1. The plot on the leftis at A\ = 2v/E and the one on the rightat A = 3.2VE.
The critical point is A, ~ 2.23v/E. The dashed line represents the set of points with A = 0.

Each peak of the spectrum has the form

A 2 1 _
Bo.) ~ exp{ =5 - - 1 -11)-d (111} (1.26)

10



CHAPTER 1. INTRODUCTION

where II = (p1, A, P) is a collective variable for all particle momenta. Compared to the previous case,
the spectrum has a more complicated structure encoded in the matrix d_2, but the general idea is the

same. One does not have to find the spectrum on a grid of momenta, but only the widths.
In this case, the Lorentz force equation receives an extra term k*d(u) from the photon

(51(5 = FW% + kHo(u) (1.27)
which begs the question about the meaning of §(u) when we choose a complex contour. The inter-
pretation is in fact quite simple. The delta function splits the instanton into two: at « > 0 (before
contour deformation) we denote the instanton by g(,(u) and at u < 0 by g(_(u) with a discontinuity
in the derivative at u = 0 due to the k#6(u) term

dQé) dq;’

—(0) - ﬁm) - (1.28)

We can view u = 0 as the value of proper time where the photon absorption happens and ¢, )(u)
and q(_)(u) as describing the electron/positron respectively. Both functions can be defined over the
whole complex plane (up to branch cuts), so if we want a single-valued instanton we can glue them
together defining

q(u) = a-y(u) - Im{u)>0 (1.29)

q(4)(u) Im(u) <0

obtaining Fig. In this case we choose the contour at an angle because the zeros u¥ of ¢(u) are not

along the imaginary axis.

1.3 Outline of the thesis

We begin with a brief introduction to the worldline formalism in chapter 2, used throughout the
following chapters, providing a representation of the spinor propagator in terms of a particle path
integral rather than an integral over fields. In chapter 3 we calculate the Schwinger pair production
spectrum for spacetime fields, first for 2D and then 4D fields. We compute probabilities and the
spectrum widths at various field parameters. We also explain the method for finding the instantons
and study their analytic properties as functions of a complex variable. We also show how the in-
terpretation of the pair production as a tunneling phenomenon arises naturally from the instantons.
Finally, for dipole fields we derive an analytic slow pulse approximation beyond the locally constant
field method. In chapter 4 we study the Breit-Wheeler spectrum for 2D fields and the properties of
the phase transition of the spectrum. We find that the spectrum becomes infinitely spread out in one

direction as we reach the critical point, indicating that the semiclassical approximation breaks down.

11



CHAPTER 1. INTRODUCTION

2

-m/2

=TT

Re(u) Re(u)

Figure 1.3: Components z(u) (left) and ¢(u) (right) of the instanton for Breit-Wheeler pair production defined
with (1.29) in a double Sauter pulse Es(t, z) = Esech(wt)? sech(rz)?. The parameters are given by v, = w/E =
1 and v, = k/E = 1 for the field, and {ky, ko, k3} = {1,0,1.15}, A = 3V/E for the incoming photon wave

packet. The green line is the physical contour that produces the split into formation and acceleration regions.

We look also at the spacetime trajectory of the pair after particle creation. In appendix A we explain
briefly the saddle-point ideas and calculate the worldline Green’s function for a time-dependent field.
In Appendix B we provide some basic notions of complex analysis and explain how we use them to
study the rich structure of the worldline instantons. In Appendices C and D we use the aforemen-
tioned representation of the propagator in the LSZ reduction formula to derive the exact solutions
of the Dirac equation and the propagator in a plane wave and in a constant electric field. We show
that, in a constant field, one has to choose the asymptotic states carefully to obtain the correct re-
sult, because the field extends infinitely and the particles are not free asymptotically. We also derive
the amplitude for Schwinger pair production (for the constant field) and Breit-Wheeler (for both the

plane wave and the constant field).
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Worldline formalism
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CHAPTER 2. WORLDLINE FORMALISM

R My . . . .
iﬁ;@(f lj , N THIS CHAPTER WE derive some basic results of the worldline formalism. The usual way
\L\‘a&: 77 to make quantum mechanics a relativistic theory is to treat space and time on the same

%5’

S,

TN R footing as labels on quantum fields constructing a quantum field theory. In this frame-
work, we either deal with operators or represent propagators as path integrals over field configura-
tions. However, in the worldline formalism approach, more similar to string theory, we represent
propagators and amplitudes in terms of single particle path integrals [61,62,63] as in nonrelativistic
quantum mechanics. The standard material is reviewed in [71,72]. In this thesis we do not examine
the foundations of the worldline formalism; we simply use worldline representations of the propa-
gators in the LSZ reduction formula to compute scattering amplitudes. While this is not the simplest
method to work with for plane waves, constant fields or one-dimensional fields, for which either

exact or WKB solutions are known, the main advantage is that it allows us to go beyond and study

spacetime fields quite effectively.

2.1 Scalar particle

Assuming that the Hamiltonian for a relativistic particle is the well-known energy

H=/p?>+m?, .1)

performing a Legendre transform we find
L=p-x—H=-mV1-x (2.2)

hence the action that describes a massive relativistic scalar particle is the integral of the line element

ds = v/ dt? — dx?
t1
S=m | dtv1-x*. (2.3)
to
However, this is not nice because it is not manifestly Lorentz invariant. We can perform a change of

variable to T with ¢t — (1)
1
S=m / dr V i? (2.4)
0

where now #(7)? = (7)? — x(7)%. Although the notation 7 resembles proper time, we can perform
a change of variable 7 — 7/ = F(7) where F(7) is any diffeomorphism from [0,1] to [0,1]. This
reparametrization invariance is a gauge symmetry because it reflects a redundancy in our descrip-

tion.

While (2.4) is manifestly Lorentz invariant, using it to perform a path integral is quite a challenge
since it is not quadratic. The trick to make it quadratic is straightforward: we add an extra degree of

freedom that is not dynamical (the action does not depend on its derivative) such that, if we solve

14



CHAPTER 2. WORLDLINE FORMALISM

the Euler-Lagrange equations for it, we obtain (2.4). Let us call this degree of freedom e(7). We must
reobtain (2.4) when we solve

oL
e = 0 (2.5)
and £ shall be quadratic. We can easily see that
2 m2e
L= 5 (2.6)

does the trick, since ¢ = v/i%/m. The field e(r) is called an einbein. Interestingly, also de-
scribes a particle propagating in 0+1 dimensional spacetime with external gravity goo(7) = e(7). The

corresponding Hamiltonian is obtained immediately with a Legendre transform

H=2(p* —m?). 2.7)
3

We can now compute a path integral with (2.6). Analogously to QED, integrating over all configura-
tions of z(7) and e(7) would produce an infinite result due to gauge invariance. One can show [72]
that the correct gauge fixed path integral is (denoting the integration variable path as ¢(7) and the
initial/final points x and y)

1 oo Y . 2 2
G(y,z) = 2/0 dT/ Dge i/ dmort 5T (2.8)

To check that this gives the Klein-Gordon propagator, the easiest way is in momentum space
Glorf) = [ dadty = 70Gy.2) 29)

The path integral can be computed by changing the variable to ¢(7) — = + (y — )7 + ¢(7) so that
¢(0) = ¢(1) = 0 using the normalization

i . 1
Dge ar i’ — _— 2.1
/ qe 2T onT)? (2.10)

The last integral over T is defined in terms of the analytic continuation of

/ dr eiT* = L 2.11)
0 z

from Re(z) > 0 to a purely imaginary exponent Re(z) = 0. This is equivalent to integrating along a
slightly tilted contour close to the real axis and letting e — 0
(1+ie)oo )
lim dT el = . (2.12)

e—=0t Jo

Up to a phase we obtain the Klein-Gordon propagator

. 1
Gpp) = —

e S(p+7p). (2.13)
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Y4
X

We can now couple the scalar particle to an external electromagnetic field A by minimal couplinﬂ

p — p — A in the phase space action

e

H
2

((p—A)* —m?) (2.14)

from which we Legendre transform it back to obtain

2 m2e

This gives us the representation for the exact dressed propagator
o0 . m2 Y . 42 .
G(y,z) = / dle 2T / Dge~ /4T ap A (2.16)
0 T

which will keep us company in the next chapters. Unlike the Quantum Field Theory representation,

here we have a path integral over real trajectories, which are functions of only one parameter .

We can derive this representation by brute force as well. By definition

1 i [ _iT m
G(y,x) = —(y\m!@ = 2/0 dT (yle™ = @+m)|z) (2.17)

so if we compare this expression with the propagatmﬂ (withm = 1)

{y, t|6_it_TV2 x,0) = / ’ Dqe~ih & (2.18)
we simply replace t — T and
V= -V =0 - = (") -q =7 (2.19)
to obtain (up to a phase)
Gy, z) = ;/OOO dT /que—ifﬂ;“ﬁ (2.20)

which is precisely (2.8).

b4
”x

There is a nice way to incorporate photons into this treatment. Usually, in Quantum Field Theory,
we add photons in the LSZ reduction formula as new external states and amputate to derive the
Feynman rules. In the Worldline Formalism, they appear as plane waves in the classical external field

A(x) [71}73]74], as we are going to show.

%
! The electric charge is absorbed into the definition of the field ¢A — A.

2 q denoting only the space components since in nonrelativistic quantum mechanics one uses a path integral over the

spatial coordinates only.
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CHAPTER 2. WORLDLINE FORMALISM

We begin with the LSZ formula for scalar QED with one outgoing photorﬁ with momentum [ and
polarization ¢ attached to a scalar line, i.e. with one incoming and one outgoing scalar particle with

momenta respectively p’ and p. In the LSZ we have an amputation for each external particle, i.e.
(pil,elp) = /d4$ d'y PV (8] 4+ mP) (0 + m?) /d4z e e, 02(QITo! (2)p(y) A* (2)|9).  (2.21)
Using the quantum field theory representation
(QIT¢! (2)d(y) A" (2)I02) = / DEDG DAt 41 ot inct b gf () o y) A¥ (2) (2.22)

where Lo = 0,¢" "¢ — m?¢1§, Liny = iA*(0,0" ¢ — $10,0) + A%9T¢, and Ly = —1F FH, we get

scattering at tree level by expanding the interacting Lagrangian at first order
e A Line 1 4 / d*w AY (w)(8,0" ¢ — ¢T0,0) . (2.23)

The zeroth order is of course zero, and at first order we contract the electromagnetic fields A*(z) and

AY(w) obtaining
[tz et et o) ana)ie) =
/ d*zd"w " e, 6" 02 A(w — 2) (0T () p(y) (Dyd(w) d(w) — ¢ (), b(w))]0)

(2.24)
where
O F(6,6) o) = [ Dol !0 (5, ) (2.25)
and
S A(z — w) = / DA AM(2)AY (w) €'/ £n (2.26)

is the photon propagator in real coordinates. Note that difference between (2.22) and (2.25) is that
€2) is the vacuum of the interacting theory, while |0) is the vacuum of the free scalar theory. This is a
great simplification because expectations values of the form (0|¢ ... ¢'...|0) are combinations of the

free scalar propagator that follow from Wick’s theorem.

Using 92A(w — z) = 6(w — 2) becomes

i / d*z e " (0T () p(y) (00" (2) B(2) — 61 (2)0ue(2))]0) =

: 5 (2.27)
[tz et 01T @00 Oao
where
5
5z T8 (@)6(w)[0) a0 (2.28)
<

3 We work in Feynman gauge for simplicity.
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is the functional derivative of the scalar propagator dressed with a classical field, subsequently eval-

uated at A = 0. The functional derivative pulls down a vertex.

At this point we can use the worldline representation of the dressed scalar propagator

1 ] ) . 512 m2T A
(0|To! (z)p(y)|0) 4 = 2/ dT/ quﬂfﬁJrTJr q (2.29)
0 x
so clearly
4, Jilz T
[tz e O @)o)I0) 4o
a2 2
/ dT/ DQ/ dr e Ume - g(ry)en ] St
:2/ dT/ Dyt et eaw) (2.30)
where

Au(q) =, e (2.31)

and “lin” means that we take the linear part of the exponent in (2.30) when Taylor expanded in ¢,

ie.

1
il A / dr e - (my) . (2.32)
0

lin

Putting everything together, Eq. (2.21) reduces to

(p;l,elp’) = % / d'w d'y eV (92 + m?)(92 + m?) /0 Car / ’ Dge LA L (239)
To summarize, going from to (2.33) we have dropped the photon amputation at the price of
adding a plane wave background field 4,(q) = €, ¢4 to the scalar propagator. This is a convenient
trick to add a photon because we now have only one scalar propagator (hence one path integral) and
no z-integral as in (2.21). This method generalizes for an arbitrary number of photons, and if we want
to have a background field on top of that, we perform the usual modifications to the scalar lines of
the LSZ and simply evaluate at A = Ay at the end. This allows us to deal with Breit-Wheeler with
the worldline formalism in a simpler way. A general formula for the N-photon scattering amplitude

is called a master formula, but we shall not pursue this here [73} 74, 75,176,177, (78, [79].

18



CHAPTER 2. WORLDLINE FORMALISM

2.2 Spinor particle

We have a number of different representations for the spinor propagator. The most straightforward

representation can be quickly derived analogously to the previous section

m—i—ijp

S(y, x) :<y‘m—17,I:D J?> =<y m 33>
. 1
= (iD, +m)<y D®  m2 4 iypyEy, ’x>
= (ily +m)Ka(y, ) (2.34)

where D is the covariant derivative D = 0 + iA (the electric charge being absorbed into the field)
and the heat kernel K 4 is the scalar propagator with an extra matrix valued potential, for which we
already know a worldline path integral representation. The matrix valued potential however forces
us to add a path ordering at the exponential, analogously to the Dyson series

o0 Y ; 2 | m?2 : i v
<y‘ 3 = ‘w> - 1/ dT/ Dge i Jo 47 33 HAGD T [ Fw (2.35)
D™ +m?2 + SyHyV Fy, 2.Jo x

where oV = %[7“, 7] and we used "~y F,, = " F),, thanks to the antisymmetry of F'.

The path-ordered exponent is a spin factor. In principle, we could rewrite it in terms of a path integral

over Grassmann variables as in [71], but for us it will be more convenient to keep it as it is.

b4
X

2.3 Effective action

We take now a quick detour into the world of closed loops. The effective action method with
closed worldline instantons has proved itself to be an effective tool for perturbative loop calculations
in QFT [71] and for nonperturbative Strong-Field QED calculations with plane waves [80, 81, 182],
constant fields [70}, 183} 184 185| 186} 187], one-dimensional fields [39] 40], and more general configura-
tions [41) 143} 144} 188]. The vacuum to vacuum amplitude in quantum field theory for a scalar particle

in the presence of an external electromagnetic field is given by
e = (0[0) 4 = / DgD* 199"l (2.36)
with
S[e, 6" A] = / d'z |Dg|? — m?|p[* (2.37)

where D = 0 + ¢A. This quantity is very useful for the computation of pair production. Since

probabilities must add up to one, we have the approximate relation

Poaie = 1= {0[0)4]* = 1 — |e"]? = 2m T (4] (2.38)
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thus from the imaginary part of the effective action we immediately obtain the total integrated prob-
ability. This method, however, does not allow one to obtain the spectrum of emitted pairs, since Fpair
is the overall probability that a pair is created, i.e. the integrated spectrum. In the next chapters we

will show how the spectrum can be obtained using open worldlines.

Using a well known property of Gaussian integral we simply find
; 1
iI'[A
et (239)
and, with the normalization e

(2.39) becomes an equality. The effective action is readily found

Ol = 1 due to the fact that the vacuum does not produce any pairs,

['[A] = ilndet(—D? + m?) = i TrIn(—D? + m?) (2.40)

and, since the trace is independent of the basis, we can choose a set of position eigenstates

TrO = /d4:z: (z|O|x) (2.41)
and use
o0 —dap AT
ng=— / are’ —¢* (2.42)
0 T
dropping the second term, we obtain
< dr i
T[A] = —i /0 = / dia (g]e F Dm0 (2.43)

The transition amplitude between two position eigenstates can be expressed in term of a particle path

integral [61], giving a final expression

o0 . .2 .
[[A] = —z'/ ar Dge™ Jo dr 3 +A (2.44)
o T Jppe
with
z(1)=x
Dq = / dz / Dyq . (2.45)
PBC z(0)=x

The spinor QED analog is simply multiplied by a spin factor
Lspin[A] = _ / ar Dq SGA Ty P e~ T [0 Fun (2.46)
2Jo T Jppc

This spin factor (now including a trace) can be expressed in terms of a fermionic path integral
/ D) o= 3 Jo AT Vu" TV F g (2.47)
$(0)=—v(1)

where v is a Grassmann, fermionic variable that makes the action supersymmetric [71].
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E PRESENT A WORLDLINE APPROACH with open instantons to compute the spectrum of

A /s pairs produced in spacetime fields. While this method can be used for simpler fields such

y 2
[
f

¥ as plane waves, constant fields, and 1D fields, its true potential is allowing us to make

the leap to a general spacetime field. The calculation is performed using the LSZ reduction formula
with the worldline propagator and the saddle-point method to approximate the nontrivial integrals.
We show how to obtain simple expressions for the spectrum widths and use them to compare with
the effective action method for a few example fields such as a simple product of Sauter pulses and the
e-dipole pulse. The instantons play a major role in finding the spectrum, and developing a systematic
way to find them is crucial. With a particular choice of parametrization for proper time, we find a
natural interpretation of the instantons as describing tunneling in the central region and free particles

asymptotically. The material in this chapter is taken from [64)} 65]].

3.1 Pair production amplitude in a 2D field
3.1.1 Definitions
We begin by writing the amplitude with the LSZ reduction formula
M= lim [ dz do_ P00 (p) 10 S, 1) ve (1) (3.1)

where p and p/’ are respectively the electron/positron momenta, @ and v the free Dirac spinors in the

basis
1
Us = R,
Q v/ 2po(po + p3) P+ (3.2)
vs(p) = —————(—p+ DR,

v/ 2po(po — p3)

with R, chosen such that 1/*3 R, = R, (s = 1,2), S the Dirac propagator in a background field 4,, in
the worldline representation (2.34)

1 o0 Tt . g2 . 2 v
S(»’v+7w-)=(ilpx++1)2/o R (33)

where D is the covariant derivative D = 0+iA, P is the proper-time ordering symbol, o* = %[v*,~"]
and we have set m = 1 so that all energy scales are relative to the electron mass. In this section we
consider an electric field Fs(t, z) polarized along the z direction with gauge potential A3(t, z). For
numerical computations, we specialize to a product of Sauter pulses

As(t,z) = £ tanh(wt) sech?(kz) . (3.4)

w

The asymptotic states are free because, although in this gauge As is nontrivial when ¢t — oo, the
instantons will satisfy |z| — oo as well. We may also choose a gauge where the potential manifestly

vanishes when t — oo such as Ay(t, 2) = —Z tanh(kz) sech?(wt). Since the electromagnetic potential
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A(q) is a nonlinear function of the path integral variable ¢(7), the integrand is no longer Gaussian so
some of the integrals cannot be performed exactly. Rescaling ¢ — ¢/E, 2. — 2z, /E,and T — T/E
we see that the scalar part of the exponent is proportional to 1/E

% (z’px++ip’:c_ —i/ol dT;J;—i-g—i-q-A(q/E)) (3.5)
so for field strengths much smaller than the Schwinger limit £ <« 1, which is what we consider in
this work, we use the saddle-point method [39] to compute the integrals. Since the spin factor in (3.1)

is of order O(EV), for the saddle point equations we only consider the scalar terms (3.5).

If we have a field that depends on some characteristic frequencies {wi,...,w,}, before computing
any integrals we already see that the terms inside the parenthesis in only depend on the field £
and the w; through the Keldysh parameters ~;

Y= (3.6)
so in what follows we always regard the +; as independent of E. In the saddle-point approximation
we consider the leading order contribution in F, so the spectrum and the integrated probability will
have a scaling of the fornﬂ

Alvi)

P(p, p) = B S(vs) e 72~ HM-TL)d 200 (-TL)  p_ pb 7)o 50 (3.7)

where a, b are some constants and A, S, F, and d~? are functions of the field parameters ;. Since the
dependence on F is trivial (3.7), in the present work we almost always focus on how the maximum
A, prefactor, widths, etc. change with the Keldysh parameters ~; without the overall factors of E
for convenience. In some cases, for example if we want to plot the spectrum for fields with several
peaks, we resurrect the factor of £ and fix it to some numerical value. For the 2D fields we consider

in this section we define

(3.8)

_IQ
%—E-

| €

Yw =

3.1.2 Exponent

To compute the exponent, we make no assumptions on the field other than the fact that it vanishes

asymptotically. The saddle point equations for the path integral are the Lorentz force equations
¢ =TF"q, . (3.9)

Multiplying by g,, we also see that ¢? is independent of 7. For the ordinary variables 7' and x..

respectively
T°=¢  ¢(1)=Tp;  (0)=-Tp;. (3.10)

4
! Extracting all factors of E for the sake of clarity.
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The first is an on-shell condition, the other two fix initial/final derivatives of the instanton in terms
of the momenta. They can be shown by considering a variation dg which is only nonzero at the
boundary. We can now evaluate the exponent using these instanton equations. We integrate [ ¢* by

parts and use

éll = TFMVQV = TauAqu - TAM (311)

from which

iT 1 q2 q 1 1
IR A-:_-f.‘ gt 0,A,q 12
5 Z/o 2T+ q l[T] qO—H/Oq@M q (3.12)
Using (3.10), these boundary terms cancel against the contributions from the asymptotic states ipz, +
ip'z_ in (3.I). Changing the variable to u = Ts(7 — o), where Ty is the saddle-point value of the 7-

integral and o is chosen so that at u ~ 0 the worldline passes through the field, the final exponent

becomes

=i /C du g a“A”% (3.13)

where the contour extends from —oo to 400 because T, i.e. the total proper time, goes to infinity in

the asymptotic limit as we show later.

The difference with the effective action [39] and open instanton results [89] in time-dependent fields is
that the final expression for the exponent explicitly contains the instantons. This will motivate
us to study their properties in detail and to develop a method to find them efficiently. For now it
is enough to point out that Cauchy’s theorem tells us that is manifestly independent of the
parametrization as long as C goes from —oo to +0o0 and we do not cross any poles or branch cuts
of the integrand. If we start with a real parametrization, it is not only convenient but sometimes
necessary to change it in order to find “good” instantons at all. Apart from the computational point
of view, some parametrizations allow for a clearer picture of what the instantons represent. Note that
the instanton appears to be traveling backward in time in the region (—o0, 0), i.e. where it describes

a positron, which agrees with the interpretation of positrons [90, 91].

As a final remark, one might be tempted to interpret the result above as a line integral of a differential
form. If such form is closed, one might hope that it is also exact and use Stokes” theorem. Defining
fu = q°0,A, the integrand becomes f,dg", which indeed has the structure of a 1-form. But such form

has no chance of being exact, since its differential
Oufv —0ufu=Fu +q¢"0,Fu (3.14)

is gauge invariant, and it is zero when F,, = 0. Assuming that our field is gauge equivalent to zero,

A, = 0,0, we immediately see that the integrand is exact

fu=a"0p0ua = 0u(¢"Opa — ) (3.15)
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therefore defining w = ¢”0,a — o we find
/ dq" 0w = w(oo) — w(—00) (3.16)
C

which gives a pure phase.

b4
#x

3.1.3 Path integral

As to the prefactor, one needs to be careful about the order in which one computes the integrals when
using the saddle-point method. Given an integral with respect to some variables z1,...z,, if we
compute e.g. x1 first then the exponent is evaluated at the saddle point for x; as a function of all the
other variables z15(z2, . . . z,,), hence when taking derivatives of the exponent with respect to zo, . . . z,

to compute the other integrals the dependence in z14(z2, . . . z,,) must be taken into account.

We start from the path integral with the Gelfand-Yaglom method [40]. Expanding the exponent
of (3.1) around the instantons ¢ — ¢ + d¢q, where g are now the instantons, we find

i 1 ot
exp _2T/0 <5t 5Z>A 5 , (3.17)
z

with

—%83 + Az Apz 4 A0:
At —0.A,  Lo2 - A

A=T (3.18)

where A;, = 0,0,A and so on. The path integral over transverse coordinates gives the free normal-

ization (2.10)

 d? 1
/ Dq el a1 = 57 (3.19)
while for the ¢, 2 components we have
i 1 1
D3q DS, e~ 2000 — 3.20
/ o= 27T \/det A (3.20)
with det A given by
1) (2
det A = det o1 0 (r=1) (3.21)
1) (2
by O3
where the ¢(?) are solutions to
Ao =0 D0y =0 ¢0) =0 3.22
¢ ¢;°(0) ¢ (0) =05 . (3.22)

Since we do not need the result for general ¢, but only in the asymptotic limit, there are considerable

simplifications. We expect to be able to write det A as

det A = (divergent terms)(finite numerical terms) (3.23)
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where the divergent terms contain some powers of ¢, and perhaps 7T'. In other words, we want to
analytically extract the divergent contributions in the asymptotic limit ¢, — oo and obtain a finite
numerical contribution. We expect this to be possible because the field is only nonzero in a bounded

region around u = 0. We briefly outline the idea but more details can be found in [64].

We begin by changing variable to u = T'(7—0) and letting ug = —T'o, u; = T(1—0), i.e. the initial and
final point of the worldline. In the asymptotic limit we thus have ug — —oo and u; — +o00. We also
define (1, @) to be the region where the field can be considered nonzero, which is finite as . — oo.

Since the field is zero in the region (uq, iip) and we have initial conditions (3.22) the solutions ¢(*) are

6D (itg) ~ (“‘0 - uo)/T) dz(l) (fig) ~ (1/ T) (3.24)
0 u 0

and similarly for ¢(2). Then, using

straight lines until ug

_ bogr ¢
o — ug = / o= 2+ 0(1) (3.25)
to pO
we can rewrite is as
to/ (TP
oW (i1g) ~ (°/< p0)> +O(1T). (3.26)
0

The subtle point, now, is where we are allowed to take the 7" — oo limit, since one might be tempted
to just set d¢/du to zero. However, doing so, we miss a necessary contribution. We can thus split ¢

into

50 — ¢<J> + % 0 (3.27)

1 doM 0
¢£zl)(ﬁo) = (0) ju (@g) = (0>
" (3.28)
¢\ (iig) = (0) df; (@) = (l> .
0 u 0

Plugging the expression for ¢ in terms of ¢4 and ¢,, into

with

det A = ({05 — 6861 (3.29)

we get contributions of the form ¢q¢4, ¢a¢n, and ¢, ¢,. One can show that the last type of terms can
be neglected, while the first two combine to give

it

det A =
Tpjypo

(i) (3.30)
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where h(u) = n'(u) with n(u) a solution to

0 = (E*+VE- - {,t})n (3.31)
with initial conditions

n(io) =1 n'(@) =0. (3.32)

The solution 7n(u) is therefore the only contribution we have to find numerically, and it is finite in the

asymptotic limit.

b4
”x

3.1.4 Ordinary integrals

After computing the path integral, the exponent is evaluated at the instantons ¢(u) for generic T
and initial /final points z,, t.. This makes the calculation of the integral with respect to 7" and z.
nontrivial because we do not know the analytical dependence of the instantons with respect to those
variables, and for the saddle point method we need to take derivatives of the exponent. Neverthe-
less, since we only need to compute them in the asymptotic limit ¢, — +o0, there are considerable
simplifications as for the path integral. We consider a contour u(r) with initial and final points ug
and u1, which we will eventually send to infinity. The transverse components are trivial. Shifting
g (1) = a + (x+ —x)7 +¢*(7) so that the path integral has boundary conditions ¢*(0) = ¢*(1) =0
and defining

1
Pt = i(xi + ) 0t =2t —at (3.33)

+ —

we simply get an overall momentum conserving delta function at the prefactor

/DqL /dlnr,ur drz_ — 2m)2 5. (p+7) . (3.34)

Note that we only obtain a momentum conserving delta function along the transverse components

because the z dependence of the field breaks translation invariance over z.

Let us consider the remaining nontrivial integrals over z_ = z(ug), z, = 2(u1), and T'. As we show in
Appendix|A} for the first derivative we only have to consider the explicit dependence of the exponent

on the variables since the implicit dependence due to the instantons drops out, hence

oy . oY [

5, = ilps = #(wo)] 9., — st )] on =gl - m) (3.35)

where a? = t? — 22, Note that the reason why these integrals are hard is that the three quantities
2'(up), 2'(u1) and a? are functions of the integration variables X := (z_, z,,T) that we do not know.

This also implies that we do not have explicit expressions of the saddle points. Fortunately, the
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asymptotic limit saves the day thanks to the following trick

zZ— t— / t_/
2—2:[ dz:/z dt;:—zmo)+0(1)

_ _ a? + 2/ (up)?

2+ t+ ty 2 (uq)
Z,—Z, = dz—/ dt= = —"~—2 _ 101 3.36
T /z+ it a? + 2/ (uy)? o (3.36)
Hdt t t
T=[ - —— + = +0(1
/t_ a2+ 2 (uw)? a2 (u)? @

obtained exploiting the fact that the instantons are nontrivial only in a bounded interval (g, ;) and

straight lines elsewhere. These equations can be inverted to find the saddle points themselves

/ e t% "Zz ’ 2y 12 — 22
Z(’UJO)—T<1+t2_22 z(ul)—? 1+W

+ (3.37)
a? =73 <\/t2—z2+\/t2—z§>
and, evaluating (3.36) at a®> = m? etc, we find
ot t t_ t
D3 b3t _ + (3.38)

2= ————— Zys = ———— T, = + .
Vmt +pf Vmi +p3 Vmi+pF  /mi+p)
We can now compute all the second derivatives, but their expressions look complicated on their own.

If we group them into a 3x3 Hessian matrix

3
/ dz_dz, dT — / d3X e XHX dzt - (3.39)

we find a nice and simple determinant

3../3
detH = —PoPo___ (3.40)
8m2t, t. T

We note that in the end we can take the limit analytically as all factors of ¢_, ¢ and T cancel

27rm _2mmI
\ / 3.41
27TT vdet A det popo ( )
where we have used (3.30).
3
3.1.5 Spin

The spin part is also very simple. With

d
@ ln(zl —+ t/) = E (342)
we find
T ! 1
—ZU"”/ dr F,, = —4%3np, (3.43)
4 0 2
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where

_ _Po—ps
Po — 3

(3.44)

Finally, integrating by parts the spatial derivatives and acting on the exponent with the remaining

time derivative we find
(iPy, +1) wp+1 (3.45)

therefore

. 1- 1
Sping, = iRS(}’j + 1)70@ + 1)ﬁ (o1 + VY1 - 7073) 70(_5525, + 1Ry = dssy\/P0p, - (3:46)

In this case the spin dependence is trivial, but for more general fields this is not the case. Once we

take the modulus squared and sum over spins we find

> " Ispin,, [ = 2popy - (3.47)

N2
A

3.2 Instantons

3.2.1 Pursuing instantons

We have seen that, in order to find the exponent and the prefactor, the key point is finding the instan-

tons. For the 2D electric fields we are considering, the Lorentz force equation (3.9) reduces to
t"(u) = BEs(t, 2)2' (u) 2" (u) = Es(t, 2)t' (u) . (3.48)

From the previous section we saw that we find the spectrum at momenta (p3, p5) by solving the
Lorentz force equation (3.48) with nonlocal boundary conditions on the derivatives

2 (uo) = p3 Z'(u1) = —p3 (3.49)

t'(uo) = —pp  t'(u1) =po .
However, numerically we need initial conditions from which we evolve the solutions in discrete
steps using (3.48), so we use the so-called shooting method [41]. Guessing some initial conditions
q(0) and ¢/(0) at w = 0, we “shoot” the solution by evolving it with the Lorentz force equation
numerically until the instantons are outside the field and the derivatives become constant. Looking
at the resulting values of the asymptotic derivatives, we adjust the initial conditions in a suitable way
to obtain momenta closer to the desired values, proceeding until a certain level of numerical precision
is obtained. In principle this method allows us to find the spectrum on a grid of momentum points,

but it is computationally intensive.
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Since we work in the saddle-point approximation, the peaks are very narrow so we can Taylor ex-
pand the exponent up to second order around the maximum and find the widths d 2 directly. The
spectrum then has the form (3.7). But in order to do so, we need to know the maximum. Again, we
could in principle start at some initial guess Igyess, find the instantons, integrate them to find the ex-
ponent Re 1) (IIguess ), and iterate until the maximum is found. This is also very computationally

intensive because at every step we need to use the shooting method and compute an integral.

Luckily, we can use asymptotic conditions that do not involve the momenta at all and find the instan-
tons at the maximum without knowing where the maximum is. First of all, we note that for symmetric
fields the maximum is at equal momentum values —ps = p4 = P. This is a significant simplifica-
tion because from and the symmetry of Es(t, z) the instanton has odd z-component and even
t-component, thus two conditions follow immediately 2(0) = #/(0) = 0. Furthermore, from ¢ = 1
we find 2/(0) = i, reducing the number of free parameters to one complex value ¢t = ¢(0), i.e. the

turning point. In the next section we show that at the maximum the instantons satisfy

0 B 2 (uq)
8—PRe1/} =Im )

t(ur) — z(ug)| =0 (3.50)

which we use an asymptotic condition in place of (3.49). We still need to use the shooting method,
but only once. The asymptotic momentum P at the maximum then follows as a consequence when we
evaluate the instantons simply from P = 2/(u;). Since the turning point ¢(0) is a complex parameter,
(3.50) is actually not enough to determine the instantons uniquely. There are in fact many solutions
that satisfy but have complex momentum, so we get rid of them by adding Im 2’(u;) = 0. To

summarize, we have

Initial conditions Constraints
t(0) =1
#(0) =0 Im [i,((sll))t(m) —z(u1)| =0
z(0) =0 Im 2/ (u1) =
2'(0) =1

For symmetric fields such as a product of Sauter pulses Fs(t,z) = sech?(wt) sech?(xz), the turning
point is in addition always imaginary for all values of w and &, therefore Im [2/(u;)] = 0 is actually
enough to find the instantons. However, one has to be careful because there are spurious solutions
which the algorithm might find. For better stability, it is convenient to start at 7, = 0 where we have
an exact expression of the turning point

P= L arctan(7,,) (3.51)

Yo

and perform a numerical continuation [44], i.e. increase ~; in small steps using the known turning

point at a given +;, as an initial guess at 3, + A~;. This allows us to go up to large values of ;.
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N7
N

So far we have not discussed the choice of contour. For practical calculations it is often convenient to
use a tilted straight line

du —i0

u(r)=ePr = f(r)= 5= (3.52)

with # > 0 and sufficiently small. The reason why we tilt it clockwise will be explained in the next
section. The drawback is that the asymptotic velocities as functions of r are not real due to the phase.
To fix this, another possibility is to consider an affine combination of a tilted parametrization when
r ~ 0and let f — 1 at large values of . We can construct it by letting +(r) be a normalized bump

function such as

1 r+ L —r+ L
60 = G <tanh [W] + tanh [ . ]) (3.53)

shown in Fig.[3.T|with adjustable parameters L and I, then define an affine combination of the trivial

einbein f = 1and f = e

fr)=1(1-9() +e ?y(r) (3.54)

so that f(r ~ 0) ~ e~ and f — 1 after some value in both directions. If we compare the instantons
obtained using (3.54) with the ones obtained using the tilted parametrization, we see that they are
equal for small r and separate when ¢ goes to zero as in Fig.

Although with this parametrization it is guaranteed that the imaginary parts do not grow linearly
with 7, one might wonder if we can find a set of parameters such that one or both components are
also purely real. Assuming that either z or ¢ becomes real, implies that the other component
is real as well. This is very promising. Since ¢ is purely imaginary, first of all we set § = % so that
t(r) travels along the imaginary axis towards the origin and fix W equal to some small value. At this
point we only need to fine-tune the size of the bump L so that it makes a turn right at the origin and

becomes real. Doing so we obtain the instantons in Fig.

We can interpret the region r ~ 0 as the formation region, i.e. where the particles are not real yet,
and the asymptotic parts as the regions after the particles have been created but are still inside the
field and keep being accelerated for a little longer. Note that for a time-dependent Sauter pulse the
turning point #(7,,) in gets closer to the origin as v, grows, which means that the formation
region shrinks and the probability is enhanced [39].

While one could in principle try different contours until the one that gives the instantons in Fig.
is found, we can directly use the shooting method with L as a free parameter as well. The conditions
that work best numerically depend on the field and the parameters, but in general for symmetric

fields we use the two real parameters L (real) and ¢ (imaginary) and conditions

Imt(ry) =Imz(ry,) =0 (3.55)
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Figure 3.1: Bump function with parameters L = 1.6 and W = 0.3 (left) and comparison of the ¢-component

obtained using the tilted and the affine contour (right).
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Figure 3.2: Complex instantons with fine-tuned parameters L = 1.1636 and W = 0.1 (left), real and imaginary

parts of ¢ (center) and z (right). The field parameters are v;, = 7., = 1.

or
Imt(ry) = Imt(ry) = 0 (3.56)

where r,, 17, = O(1) just need to be large enough to be in the acceleration region, i.e. where the

instantons are both real.

3.2.2 Instantons on the complex plane

Besides looking at individual contours, it would be nice to get a global picture of the instantons
viewed as complex variable solutions ¢(u) to the Lorentz force equations with fixed initial conditions.
An interesting feature of complex differential equations is that their solutions can have branch points.
Since there are in general an infinite number of contours that go from the origin to a given complex

value u, g(u) is not necessarily single-valued, even if the function is analytic. For this to happen,

32



CHAPTER 3. SCHWINGER PAIR PRODUCTION

letting C; and C; be two simple paths from the origin to u, the area enclosed by C; U C; must contain
a branch point. It is tempting to say that they are caused by singularities of the field, but we might
wonder what happens when the field is an entire function such as the Gaussian field E(t) ~ et
In this case the singularity arises due to the fact that along a real trajectory u(r) = r the component
t(r) is imaginary and keeps growing faster and faster, but the exponential function has an essential
singularity at infinity. Due to Liouville there are no analytic functions on the Riemann sphere apart
from constant functions, so we either have poles or essential singularities at infinity (the only entire
functions that have poles at infinity are polynomials, but a realistic field is bounded along the real

axis). Before discussing branch points, we notice that for a field with singularities like a Sauter pulse

or a Lorentz pulse

1
1+t

E(t) ~ (3.57)

the instantons cannot be entire functions. This is because, due to Picard’s little theorem, their image
would be C without at most a single point, therefore they would cross a pole of the field. At that

point however they cannot be analytic, so we have a contradiction.

We now show explicitly that the poles of the field are the source of the branch points, and for sim-
plicity, let us consider a time-dependent field. Let E(¢) be be a field with a pole of order j at ¢, and

expand the instantons around a point up with an ansatz

R

PO~

t(u) ~t, + c(u —up)” (3.58)

and similarly for z. Plugging this into the Lorentz force equation we see that o = 1/, therefore for a
field like a Sauter pulse with a double pole the branch point is like a square root ¢ (u) ~ t,+ci/u — up,
so the instantons remain finite. This method does not give the correct result for a field with a simple
pole like a Lorentz pulse, indicating that near the branch point the instanton is not approximated by
(u — up)® for any fractional power a. This is related to the fact that A(¢) itself has a branch point
of log-type when A’(t) = E(t) has a simple pole. On the other hand, one also sees that for the
Gaussian pulse we have t(u) ~ /In(u — up), so the instantons are divergent at branch points. Due
do Liouville’s theorem, we always have singularities except for constant fields. Indeed the constant

field instantons are trivially entire functions.

We can also obtain an explicit expression for the branch points. Let us use the initial condition ¢(0) =

t, starting with a Gaussian field. Letting u(r) be a contour such that ¢(r) = £ + ir, we have

/ i
T VT AG 1) (3:59)

where we have used t'(r) = i and 2/( A(t + ir). Integrating we obtain

(3.60)

,/OO dr
B=1 - .
0 1+ A(t+ir)?
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Since this integral is finite, ¢(u) reaches infinity along the imaginary axis for a finite imaginary value
up. Similarly, if the field has a pole ¢,, we simply integrate from 0 to the value r such that ¢t = t,,
Le.

KN dr
0o 1+ A{F+ir)?

Note that these equations are valid not only when ? is a turning point: if we consider e.g. particles

up =i (3.61)

initially at rest 2/(0) = 2(0) = t(0) = 0, (0) = 1, we have the same integrals but without . Evaluating
them explicitly we see that in this case the branch points are not on the real axis. This last observation
is nontrivial; from the initial conditions 2/(0) = i and #(0) = ¢ € iR, if we consider a contour along
the real axis, the instantons grow in absolute value but remain imaginary because E(t) is always real
when ¢ is imaginary, therefore it seems obvious that at some point ¢(u) either hits the pole or diverges.

But the initial conditions above are all real, so it is not so obvious.

To get an intuitive picture of the analytic structure of the instantons, such as the position of the branch
points, we want to plot them in the complex plane. To this end, we must make a choice regarding the
plotting method. Since we want to see the regions where the instantons are real or imaginary and the
cuts on the complex plane, we use domain coloring, i.e. we color the complex u-plane according to
the phase of g(u) (either ¢ or z). In addition, we use contour lines to keep track of |¢(u)| and Re g(u),
Im g(u). For fields where the instantons are known exactly [39], this allows us to obtain plots right
away. However, for spacetime fields we do not have an analytic expression of the instantons, so we
must solve the Lorentz force equation over a dense enough set of contours. Before doing so, we use
the shooting method so that = #(0) is known. Then, let us say that we want to find the value of
q(u) for some u # 0. Writing u = iR + r with r, R € R, we first solve numerically from v = 0 to
u = iR along the imaginary axis and then from u = iR to v = iR + r parallel to the real axis. Since
we want to find ¢(u) for many values of u, we need to solve along the imaginary axis only once so
that ¢(¢R) is known for all R in some domain and then solve parallel to the real axis using ¢(iR) (and
its derivatives) as the initial conditions. The result is that we find ¢(u) on a grid of points with an
implicit contour choice for every u. This choice of contours is arbitrary but it is motivated by the

periodic structure of the branch points.

We see the instantons obtained with this method in Fig.|3.4|for a spacetime Sauter pulse
Fs(t,2)/E = sech(wt)?sech(kz)? (3.62)
which is field with imaginary poles, and a Gaussian pulse
Bs(t, z)/E = e~ @0~ (52)? (3.63)
in Fig. which is an entire function. We clearly see in both cases branch points along the real axis

and periodicity along the imaginary axis. If we solve only along the imaginary axis we obtain the
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Figure 3.3: Comparison between the instantons at different -y, for a double Sauter pulse (3.62) obtained by solv-
ing along the imaginary axis using the turning point  found from the shooting method with (3.:50) (continuous
lines) and the discrete instantons from [44]. We also see that increasing 7, tends to expand the instanton along

the t-axis.

same closed instantons used in the effective action method [39]. The comparison in Fig.|3.3| with the
discrete instantons from [44] indeed shows exact agreement. If we use the tilted contour u = ¢r to
find the turning point, from the plots|3.4|it is now clear that we have to use # < 0 because rays with
6 > 0 (and small) go towards the region with the wrong asymptotic conditions ¢, — —oo (light blue
region of ¢(u), on the right of Fig.[3.4). We want contours that travel in the t, — +oc branches, i.e.
the red regions in the plot of #(u).

Besides the slightly different behavior near the branch point u g, the three plots look remarkably sim-
ilar. One might thus be tempted to think that for every pulse shape with a single peak the instanton
will look like Fig. However, this is not the case. The reason why the instantons look similar
is that the shapes and (3.63) are similar not only along the real axis but also along the imag-
inary one apart from having a singularity at finite ¢ and (3.63) at infinity. To see this, let us
consider a field that has a completely different behavior along the imaginary axis such as the double

supergaussian
Ey(t, 2)/E = e~ @'~ (s2)" (3.64)

As we can see Fig. the instanton now looks quite different. Note that in this case using a tilted
contour is not possible because the good asymptotic regions (red in the plot of ) are very thin, so a

contour of the form (3.54) is necessary.

Notably, the Sauter and Gaussian pulses grow very fast along the imaginary ¢-axis so there is a branch

point at real u, while the supergaussian is bounded for ¢ = i

Bs(t,z) ~ e @7 (3.65)
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-2 -2

Figure 3.4: Space (left) and time (right) component of the instanton with a double Sauter pulse (3.62) v, =
7 = 1. The green line is the physical contour that produces the split into formation (vertical) and acceleration
(horizontal) regions. u. and —u. represent electron and positron creation as they are at boundary between

creation/acceleration regions.

2 2

-2 -2

-IT

Figure 3.5: Space (left) and time (right) component of the instanton with a double Gaussian pulse (3.63) v, =
Ye = 1.

and goes to zero very fast when 7 >> 1 so the instanton is perfectly regular for u € R.

3.3 Spectrum and integrated probability

To summarize, we have shown that in order to find the spectrum for a particular momentum, we only

need to find the respective instanton numerically and solve an ordinary differential equation (3.31)
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2

-2 -2

=1

Figure 3.6: Space (left) and time (right) component of the instanton with a double supergaussian with
Yo = 0.8, v, = 0.32.

with initial conditions (3.32) to find h(@;). Since the exponent has the form

~ eE () (3.66)
we can integrate the spectrum using the saddle-point method to find the total probability. This allows
us to check with the discrete instanton method from [44]. We will see that the momentum widths can
be computed using only the instantons on the maximum. This is very good news because, due to sym-
metry, it is in general much easier to find instantons on the maximum of the spectrum. Furthermore,

we also gain information about the small ~;, behavior by taking the time-dependent limit.

3.3.1 Momentum widths

We want to calculate

3 3./ 2 / 4 2
IP:/ d’p_ d'p ‘ - l/ﬂdﬁd—pf—mie‘é““ (3.67)
(2m)3 (2m)3 (27)2 27 27 po pfy |h(11)]
where the perpendicular volume factor comes from the delta function and
dg”
A=2Im | duq¢"0,A,— . (3.68)
C du

Note that in order to have a nontrivial spectrum the integral above must have an imaginary compo-

nent, which is the case if and only if the instantons themselves do.

We begin with the simple transverse width. It is much simpler to consider .A before the simplifica-

tions. With

A =2l PR R
=2Im px++px_—5— OdTﬁ—i— - q (3.69)
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we only need to consider the explicit dependence on the momentum because all the rest will cancel
(see Appendix @ Furthermore, the maximum is p, = 0, so we have a transverse spectrum of the

form
Pre 9 . (3.70)

Taking the derivative of the exponent with respect to p, (i.e. either p; or po) we get

0A . t t
Sy = 2 lim Im <(u1)pL + (lio)pL +q (uy) —q* (uo)) (3.71)
2 —U0,U1 700 Po Py
but the transverse component of the instanton is trivially ¢*(u) = p*u = —p, u, therefore taking the

derivative again and evaluating at p, =0

102 t t
i 7% = lim Im < (u,O) + (1) —uy + u0> . (3.72)
2 apL uQ,u1—>00 Do Po

Such equation is valid for every contour, but we typically choose a symmetric contour and have sym-

metric momentaE] Py = pp- For a nontrivial contour such as (3.54), u1 — up can be found using

up —ug = /Tl dr f(r) (3.73)

0

where the parameters r; satisfy u(r;) = u;.

b4
”x

As to the longitudinal part, the symmetry under exchange of —p and p’ suggests to define some new

variables

A A
ps=—P+5 pg:P+5. (3.74)

Note that the symmetry implies that there are no mixed terms PA, therefore we have two indepen-
dent widths. We did not lose any degrees of freedom because in the Hessian matrix for (ps, p§) we

have two independent parameters (it is symmetric and the diagonal coefficients are equal).

We begin with the A width; since the instantons are functions of the momenta, we define

Sqa(u) = 8;2“) (3.75)

A=0

with boundary conditions obtained by taking the derivatives of both sides of

A A
2(uy) =P — 5 2 (up) = P + 5 (3.76)

+

? Note that the widths are evaluated at the momentum saddle point because we expand f(z) ~ f(zo) + & f” (z0)(z — z0)?

and the width corresponds to /" (zo).
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and similarly for #'(u 1), obtaining

P
0ta(uo) = 0tz (w) = =5~

1790 (3.77)
027 (u0) = —dzp(u1) = 5

i.e. 0ta is odd and dza even, satisfying

StA = E,62p 2 + Edta 2/ + Ed2y

(3.78)
dz\ = E.02at + Edtat + E6t)s .
Taking two derivatives with respect two A we find
19%A [ t P
—2
=——5 =Im |—= — —dta + 52A] (3.79)
4 20A2 2;0% Po U—00
or, defining 1, := 2po('dta — t'dza)
1 t
d? = —Im [ — 77&] (3.80)
A 2p% Po U—$00
such that 7}, (ug) = 1, (u1) = 1. Note that 1, is an antisymmetric solution which satisfies
ny :(E2 +E. t + E, z’)na (3.81)

which is a homogeneous equation, hence given some solution 7, , with 14, (0) = 0 and 1 ,,(0) = 1, the
asymptotic derivative will be some value 7, ,,(u1) in general different from one, but if we define

Na,n ()

(1) (3.82)

Na(u) ==

then it is clearly a solution and it has by construction the desired asymptotic condition. The punchline
is that we can find the width numerically with simple initial conditions, i.e. without the shooting

method.
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Now we consider an independent variation of P. From the first derivative

0A

5p = Im {Pt(ul) - z(u1)] (3.83)

Po

we can now calculate the width defining as before

_ 94(u)
Sqp(u) == L2 ’P:(@ (3.84)
with boundary conditions
/ / 1
—0tp(uo) = dtp(u1) = 5
1 (3.85)
02p(uo) = 0zp(w1) = 5
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combined into 7, := py(t'0pz — 2/ 0pt) with —n,(ug) = n}(u1) = 1 to give

2 t
d52 = S Im [ — ] ) 3.86
P p(2) Po " U—00 ( )

Of course as before we can use initial conditions 7, ,(0) = 1, 775 ,,(0) = 0 and divide by the asymptotic

derivative at the end.

3.3.2 Integrated probability and comparisons

It is now finally time to check these results with the closed worldline/effective action method. The
exponent can be compared directly, whereas we cannot check the individual widths as the effective

action produces only the total integrated probability. We can thus check the spectrum by comparing
its integral (3.67)

P=V, /dpL dPdAP(p., P,A)

3.87)
1 p2 (P _ 32)2 A2 (
P PAy = — AL Z) =
B0 P 2) = i) oot exp{ AR 2 2
which gives
1 -A
P=V, ¢ (3.88)

47T|h(ﬂ1)’p0p6 dIQ /d;2d£2 .

As mentioned above, we always start at 7, = 0 and increase in small steps A, to obtain better

convergence of the shooting method. The comparisons of the exponent and the prefactor of (3.88) are
shown in Fig.[3.7] the widths in Fig 3.8
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0.05f

15¢ 0.04f
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Figure 3.7: Comparison of the exponent and the prefactor (without the overall factors of E). The latter has been
multiplied by ~, to obtain a finite expression at v, — 0. The different colors of the curves represent different
values of 7, from 1 to 2 in equal steps of Ay, = 1. The solid lines are obtained using the methods explain in
this chapter, the darker dots from the effective action. We see perfect agreement between the two for a wide

range of parameters.

40



CHAPTER 3. SCHWINGER PAIR PRODUCTION

— 1 — 1
! 0.8 !
1 1
2 0.7} ] 2
& t Z 06l ] ¢
A — 1 = — 1
3 =

&~ .
5 0.5 5
4 4

0.4f
— 3 3
2 2
o o — ; 03f L . ;
0.05 0.10 0.50 1 5 10 I 0.05 0.10 0.50 1 5 10 I
Yk — 2 Yk — 2
e e e . — 1
2.5} ] —1! .
. 1
2.0} 7 2
3 3
~ 1.5}F \ 1 E 4
3 —1 3 — 1
= 10f 5
0.5f 5 3
—3 :
0.0[= o o ; A e L 7
0.05 0.10 050 1 5 10 i 0.05 0.10 050 1 5 10 T
i — 2 Yk —2

Figure 3.8: Saddle point value of the transverse momentum and all three widths (without the overall factors of
E). We see that as 7;, increases the maximum of the longitudinal momentum decreases; this matches with our

intuition that, as 7, increases, the physical size of the field becomes smaller, so the pairs are accelerated less.

In general we observe, as expected, that the probability is enhanced when +,, increases (faster pulse)
but suppressed when ;, increases (smaller field). This is consistent with the fact that time inhomo-

geneities increase the probability, spatial ones decrease it [39]].
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3.3.3 Time-dependent limit

We look at the time-dependent limits. Letting 7, — 0 we expect first of all that the exponent reduces
to [32,134]

1 2

e e —
E1+ /142

and indeed, if we divide the left side curves in 3.7/ by such value they all converge to 1. This also

A (3.89)
happens for the two widths

_ 1 T _ 1 T2
A2 —» ——— dp? » ——— 9
. P E (14 )32 (390

For the last width da, however, we cannot check its time-dependent limit analytically because da ~

i (see [64]), and as v — 0 it produces the momentum-conserving delta function. Since also h ~ 72,
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we can define da = &Ayk and h = BW}% so that the A part of the spectrum (3.87) gives

2 A~
1 -5 d
P(A) ~ ———e A% 5 — 5 §5(A) (3.91)
2mhy? 2y/mhyg

therefore the overall prefactor goes like 1/~ at small ;. This gives the regularized volume factor

Vs.

We also see that in the time dependent case (3.13)) reduces to the result obtained with the saddle-
point approximation of the Riccati equation [37]. In fact, let us consider a field A3(t) and all other
components equal to zero. We assume for simplicity A3(t) odd. We define u; to be a point in the
contour with Rewu; > 1 and t(u;) = t,. In the time-dependent case the instanton satisfy [39] (when

Rewuq > 0)

() = mo(p) = \fmd + (s — A®)? (0) =1 (392)

where ? is the turning point, so using the Lorentz force equation and integrating by parts we see

that

w=2 [ dut)i(u) = @] -2 [ dut'()?
/0 ’ /0 (3.93)

=2 /t dt mo(p) (+phase)

where the lower integration boundary is an arbitrary real number which just affects the phase.
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3.4 Other pulse shapes and dynamical assistance

3.4.1 Comparison with other pulses

We look at the shape dependence of the exponent .4, the prefactor, and the widths. We define

2 1

Fg(x) = sech(x)? Fg(x)=¢€e" Fr(z) = 5.2 (3.94)

and we refer to them respectively as the Sauter, Gaussian, and Lorentz pulse. They all have a maxi-

mum at z = 0 and are normalized so that
F(0)=1 F"(0)=-2. (3.95)

For example, in the previous sections we considered a field E3(t, z)/E = Fg(wt) Fs(kz). If we change
Fy for either Fi; or Fi, the normalized action and prefactor change as in Fig. [3.9|while the widths as
in Fig. We see that, while the time-dependent limit of the prefactor is the same for all pulses, the
da width for the Lorentz pulse is very different from the others for 7, — 0. This is because the Sauter

and Gaussian pulses decrease exponentially for ¢, z > 1 while the Lorentz pulse only like a power,
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so besides the 1/~ factor there is an additional log(v). Indeed, the scaling da ~ ~; holds for fields

that decrease faster than

1
E(t) ~ R (3.96)
16:’ 0025: -
1.5F — Sauter ] 0 020; ]
I — Gauss
S 14t b = L
5 t —— Lorentz = 0.015p 1
X of 9] b
= 1'3; ] & 0010: —— Sauter
N [ < 0. L ]
1.2 1 > [ — Gauss
1.1; ] 0.005f —— Lorentz .
1.0} —— . . 0.000f =
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Figure 3.9: Normalized exponents and prefactors (without the overall factor of E) for the pulses E3(t,z)/E =
F(v,t)F(yxz) with F(z) given by (3.94) at v, = 1 and different values of 7.
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Figure 3.10: Normalized widths (da without the factor of E)) for the pulses Es5(t, z)/E = F(wt)F(kz) with F(x)
given by (3.94) at v, = 1 and different values of ~;.

3.4.2 Asymmetric field

All the pulses considered so far are even with respect to ¢ and z independently; i.e.
E3(t7 Z) = E3(_t7 Z) = E3<t7 —Z) (397)

which implies that the Lorentz force equation (3.48) is consistent with solutions that are ¢-even and
z-odd. This is still true if we relax this condition and consider fields that are only symmetric with
respect to z, namely E3(t, z) = E3(t, —z). However, as soon as we break this symmetry the instantons
are no longer symmetric. First of all, since z(u) is no longer odd, A; # 0 and we can have mixed terms
in the spectrum ~ PA. Furthermore, since the dq defined in , are not symmetric as well,

the expressions for the widths are more complicated. The exact form is discussed in [64] and here we
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just focus on the spectrum. Letting IT = {A, P} and

2 d—2 d_2
d.j = LA [dan “ap (3.98)
2 01,0114 A2 dpd
we have a spectrum
2
exp{— _Z;—(H—ns)-dz‘-(n—ns)} (3.99)
1

and the prefactor (3.88) is slightly changed because the matrix of coefficients (3.98) is not diagonal,
thus

T 0.00F
0.8}
[ -0.05¢
g 0‘6: < 0.10
0.4} < R —6s=0
0.2} o015 6=1
[ 65=2
0.0 == ‘ ‘ ‘ ] ‘ ‘ ‘ ‘ ‘ ‘ ‘
_2 -1 0 1 2 00 05 10 1.5 20 25 3.0
zZ 6

Figure 3.11: (Left) field (3.100) at ¢ = 0 for some values of §. (Right) saddle point value A; as ¢ is increased at

v, = 1 and some values of ;.

For the numerical calculations we want some F(x; ) with a parameter ¢ such that /'(x;0) is even and
F(0;9) = 1 for all 6. We consider for example

(wt)2 (1 + 6)6_(Hz)2

E3(t7 Z)/E =e 1+ 56—(Hz)3

(3.100)

shown in Fig. for some values of §. As § — 0, everything reduces to the previous cases, and in
particular Ay(6 = 0) = 0. For increasing ¢, i.e. as field becomes more skewed, A4(d) increases as
shown in Fig. Since the field is skewed toward z > 0, more pairs are created in the z > 0 region
than z < 0, so positrons are accelerated more than electrons. Thus, the sign of A, turns out to be
negative. In Figs. and we also see how the exponent, prefactor, and widths change as J is

increased. For this field and the parameters considered
d 3 << dx,dp (3.101)

so the matrix is approximately diagonal and we simply rename d % — dx?, dpn — dp°.

e—A

1
P=V ; .
x| h(@)|poph g2 /det d 2

(3.102)

b4
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Figure 3.12: Exponent and prefactor (without the overall factors of E) as ¢ is increased at 7, = 1 and some

values of .
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Figure 3.13: Widths as ¢ is increased at -y, = 1 and some values of ;, (without the overall factors of E).

3.4.3 Dynamical assistance

The Schwinger pair production probability can be enhanced by superimposing a strong, slowly vary-
ing field and a weak, faster pulse, as shown in [92]. With the methods outlined here, we consider a

spacetime version of dynamical assistance with a field

Es(t,2)/E = sech(Qt)? + e sech(wt)? sech(k2)? (3.103)
withe, F < 1,Q) < w < 1 and k& < 1. Defining
Q
=5 (3.104)

we fix ¢ = 7q = 1/10 for the numerical calculations. As demonstrated in [92], for fields with poles,
dynamical assistance can be thought of as due to the additional imaginary pole of the fast field
i

tp:%

(3.105)

acting like a barrier and squeezing the time component of the instanton. On the other hand, as
noted in [39], adding a space dependence to the field tends to stretch the instantons along the time
component. In this case, it is stretched toward the pole as we see in Fig. This suggests
that the threshold should be sharper for larger 7, and fixed ¢, and this indeed is the case as we see
in Fig. Furthermore, from Fig. we see that the widths d, and dp are not very sensitive to

changes in 7%, while da changes significantly as -, is increased.
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Figure 3.14: Closed instantons (left) and exponent (right) as a function of ~,, and a few different values of ;.
In the exponent plot, the continuous lines represent the result with the methods outlined here and the darker

dots the result obtained from the effective action with discrete instantons, showing perfect agreement.
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Figure 3.15: Widths as functions of ,, for a few fixed values of -y, (without the overall factors of E).
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3.5 Spectrum for 4D e-dipole fields

3.5.1 Introduction

While it seems challenging to extend the WKB method even beyond 1D fields, we have seen how the
worldline formalism provides a powerful alternative way to access not only the integrated probabil-
ity but also the spectrum of Schwinger pairs produced in spacetime fields. However, the 2D fields
considered so far are not exact solutions of Maxwell’s equations without a curreniﬁ In this section
we turn to a realistic, exact, 4D class of solutions of Maxwell’s equations in a vacuum, called e-dipole
tields [67,68], which are also optimally focused in the sense that they maximize the peak electric field
for a given total energy. This class of fields is characterized by a single parameter +, apart from the
maximum field strength E. For slowly varying pulses v < 1 we can use the locally constant field

approximation as in [68]

4 z
P[CF = 2/d xT (2 )3 e @) (3106)

4
8 Although this may not be such a tremendous problem [69].
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where £2 = —F, uwH = E? — B2 (for these fields E- B = 0). When F < 1 we can perform the
integrals with the saddle-point method and obtain the leading order exponent and prefactor, but
for v ~ O(1) we cannot use this method. Here we show that one can obtain analytic corrections to
the LCF approximation in powers of v to the exponents and for the prefactor using open worldline
instantons. We will see that just from the first couple of terms we obtain a good approximation even

for values of the parameter that are not small.

An e-dipole field is defined as follows. Let g be an arbitrary function, r = /22 + y? + 22, and

Z=e, %[g(t +7r)—g(t—r)]. (3.107)

One can show that the electromagnetic field given by
E=-VxVxZ, B=-VxoZ (3.108)

is an exact solutions to Maxwell’s equations. As pointed out in [67], this field has the property of

having finite energy and a finite limit when  — 0 given by
E=Fe,q¢"(t), B=0. (3.109)

In practice, this means that we choose g(t) such that ¢"(¢) has a particular shape, such as Gaussian,

—(wty}

Lorentzian, Sauter, or even more “exotic” examples such as a supergaussian field "' () = e . For

the moment, we only assume that g(¢) has a single real maximum.

The calculation is more similar to the one in the previous section than one might initially imagine.
In this case, however, since the field is 4D, we cannot perform any of the integrals exactly, so we
use the saddle-point method for all of them. In the previous section we have derived the saddle-
point equation and exponent for a general spacetime field, obtaining in particular the Lorentz force
equation from the path integral. At first sight, it might seem that finding the instantons becomes
significantly more challenging in this case. However, we have already seen that we only need the
instantons at the saddle point of the momentum even for the widths, and for this class of fields we
have p, = p/, = 0 at the saddle point due to symmetry, which means we also have trivial transverse
components of the instanton ¢* = 0. Not only are we left with just two nontrivial components, but
we also have on this subspace B = 0, E; = E = 0, which means that at least the method for finding

the instantons fully reduces to the 2D case.

This is enough to obtain the exponent, but before moving on to the prefactor, we make an important
remark on contours. In the previous section we found it more convenient to use a tilted contour
u(r) = e~*r but also mentioned that there exists always a contour such that ¢ is purely imaginary
in a small interval and real everywhere else. We called these two regions respectively the formation

region and the acceleration region.

For dipoles, the field becomes wide when v < 1, and so does the region we have to consider in

order to see convergence to the asymptotics. Solving the Lorentz force equation over a large domain
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involves many time steps. However, using the physical contour (3.56) is much more convenient
because the search is restricted to the formation region, which is bounded by #(y = 0) = i and

L = ©/2 for a constant field. We can see the real and imaginary parts of the instantons for a small
and large value of v in Fig.

Figure 3.16: Real and imaginary parts of ¢ and real part of z for v = 1/10 (solid line) and v = 5 (dashed).
For small « the formation region is larger, approximately r. ~ 7/2 ~ 1.57, while for lager - it becomes tiny.

Furthermore, at v small the instantons also converge at large r.

This splitting is not just helpful for finding the instantons; it also allows us show that, while the indi-
vidual widths depend on the acceleration region, the total integrated probability depends only on the
formation region and not on what happens when the particles are accelerated. Similar contours have
been used in other contexts as well, including particles experiencing a time-dependent mass [93]],

nonrelativistic tunneling [94}95], and saddle points of fields [96, 97,98, 99].

14
N

Before moving on to the calculation, let us look closer at some properties of e-dipole fields. Letting
g1(t) and g»(t) be analytic functions, the field obtained by the sum of the two is simply the sum of the
fields obtained by the two functions alone, therefore we can view g(¢t) — (E, B) as a linear operator.
Furthermore, a second order polynomial at?+bt+c lies in the kernel of this operator, therefore we can
add or subtract any such function without changing the fields, which in practice means that we can

freely choose g(0) = ¢’(0) = ¢”(0) = 0. We further restrict to symmetric fields ¢"(t) = ¢"'(—t).

In terms of the function g, the electric field on the relevant subspace x = y = 0 simplifies to

3E

E3(t,z) = 2.2

(gt —2) —g(t+2)+ 2 ('t —2)+ ¢ (t+2))] (3.110)
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and taking z — 0 one immediately sees E(t, 2 = 0) = Eg"(t). We can see in Fig.[3.17|what Fs(t, z)
looks like as a function of z and different times ¢t. We remark in particular that for |z| > 1 the field
goes to zero like 1/|z|. From Fig. it seems like there are multiple stationary points and thus
multiple instantons, but the additional stationary points with respect to z are at ¢ # 0 and thus satisfy

0,E3 = 0 but 9,E3 # 0. The only true stationary point is at ¢t = z = 0 if ¢’”’(¢) has a single maximum.

1.0}

Figure 3.17: Es(t, z)/F as a function of z and fixed times with g(¢) chosen such that ¢"'(t) = e~ aty = 1.

Finally, we note that the fields are defined in terms of Z which is however not a gauge poten-
tial, so we need to construct some potential A, to calculate the exponent. Since B = —V x §;Z and the
space components satisfy B = V x A, it is natural to identify —0,Z = A (where {0,0,1} - A = —A3).
The relative Ay, if we define Z = Ze, is simply 0. Z, from which

A, ={0.2,0,0,0,Z} . (3.111)

The aforementioned gauge is advantageous with respect to the coordinate gauge [44, [100] in that it
avoids integrals that are not necessarily simple. Furthermore, the two components A, are automati-

cally zero.

3.5.2 Complex instantons

As in the previous section, once we have used the shooting method to compute the turning point
t = t(0), we can use the initial conditions to solve along a set of contours to visualize the instantons
on the complex plane. Although dipoles have a different structure (see Fig.|3.17) compared to the 2D

fields in the previous section, the instantons in the complex plane are very similar as we can see by

comparing with Figs. and
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-1t/2

-7t

Figure 3.18: Space z (left) and time ¢ (right) components of the instantons for the Gaussian dipole ¢"'(t) =
e~ with v = 1.
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=7t
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Figure 3.19: Space z (left) and time ¢ (right) components of the instantons for the Lorentzian dipole ¢"’'(t) =
(14 (wt)?)~t withy = 1.

b4
X

3.5.3 Amplitude

Since the result for the exponent of the previous section

v

d
=i / du qﬂaﬂAyd—iL (3.112)

was already valid for any field that is asymptotically zero, we just need to deal with the prefactor,

starting from the path integral. Expanding the exponent up to quadratic order in dg = ¢ — ginst We
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get
{
—— A .
5T dudq A dq (3.113)
where
Ay = T (=102 + Fuu0y + ¢P0,F,) - (3.114)

However, the calculation simplifies greatly because the field is to be evaluated at the instanton, which
has zero transverse components. However, while the only nonzero component of the field is E3, the
derivatives are to be computed first and evaluated at z = y = 0 only after, thus terms such as 0, F,

are not necessarily zero even though E, = 0. At the end one finds the following structure

Aop 0 0
A=| 0o A o0 (3.115)
0 0 A,

where Asp is the submatrix relative to the (¢, z) components identical to (3.18) and
A, =T%0% —t0,E, + 20, By) . (3.116)

Because the matrix is block diagonal, the determinant is the product of the determinants of the
blocks

det A = det Ayp (det A, )? (3.117)
with Ayp asin (3.18) and det A, given by
det A, = ¢(uy) , (3.118)

with [[101] ¢ a solution of

1

Alp=0  ¢lug) =0  ¢'(ug) = T (3.119)

As in the previous chapter, we would like to extract the dependence on the variables ¢, and 7" that
go to infinity.

Let (1, %) be some bounded interval where the field is nonzero. Since from ug to %o the solution is
a straight line, we get

ﬁ,o — Up t_

() =~ T STy (3.120)
so defining ¢ = ot /T p, we have new simple initial conditions for o
Slag) =1 &) =0, (3.121)
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where the second conditions follows from 7' — co. The determinant follows evaluating ¢(u;) and

separating the other asymptotic region where ¢ is a straight line

<t~ ot -1, it
det A, = ¢(uy) ~ ¢ (a1)(ug — ul)TTD{) ~ ¢ (ul)T;)opg . (3.122)
Thus, the overall determinant is given by
3
_ bt (o~ 2~ 2
det A = <Tp6p0) i (@) (¢> (ul)) . (3.123)

b4
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Concerning the ordinary integral, we use a similar procedure as in the 2D case. Writing the exponent

in its original form, we take first order derivatives with respect to x, and T’

N _ ilp; + ¢" (u1)] % _ il — 4" (uo)] g?

. =i[a® — 1 3.124
0 Pyl ile” =] (3.124)

where ¢'? = a?. Egs. (3.36) and (3.37) hold also in the 4D case for every spatial variable and with the

replacement t2 — 22 — 22 =2 — x2. Using

, z 2 , 2 2 2 2
@' (ug) = ——= (1 + \/\/i:;> ¢ (u1) = = <1 + g) a? = W , (3.125)

T +
we can calculate the second derivatives of the exponent and evaluate them at the saddle points

4 . ; t t_
o =Ty g = Py g2 (3.126)
Py Po bo Dy
Defining a collective coordinate X := (T',x,,z_) and §X = X — X; we expand the exponent up to

second order around X, and obtain

[ 7
v —6X-H-6X __ m
/d Xe =\ qeHm (3.127)

The Hessian matrix itself

1 d*y
Hyj = —— 12
! 20X,0X; (3.128)
does not have a nice form, but its determinant in the asymptotic ¢, — oo limit is
5./
det H = _20P0 (3.129)

BT

Finally, regarding spin, since we evaluate the spin factor at the instantons, i.e. in particular on the

subspace where x = y = 0, from B = 0 and F, = E, = 0 we immediately see that the structure is the

same as in Eq. (3.46), i.e.

1.
Spin_, = §Rs(' )Ry = 6591/ D0 DY - (3.130)
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Putting together all the contributions we find a spectrum

d3p d3pl 1 A dqu
P=2 - =21 dug’9,A,— 3.131
/ @) [h(an)| &' poply © A m/ O, (3.131)

where we remark that the only numerical contributions to the prefactor are due to the functions i (u)
and ¢(u), which are solutions to (3.31) and (3.119), thus require no shooting.

3
N
3.5.4 Fantastic widths and how to find them

In the same spirit as in the last chapter, we now compute the widths in terms of the variables p; =

—Pj+ % and p; = P; + %. Expanding around the saddle point A; = 0 we get
A(A) = A(0) + A A A5 (3.132)

where AZ-AJ is obtained as follows. Since the first order derivatives of the exponent are simply

94 _ 5im (q](ul) + Z)mg)

p;
! ) (3.133)
94 otm (g (uo) + Zt(uo) ) -
Ip; Py
we get, using the chain rule,
Ty =1 (s« ) om0+ )
—— =1Im (¢ (u1) + Zt(u1) | +Im ( ¢/ (uo) + =Ft(uo) | - 3.134
A, ¢’ () + 2 twn) ¢’ (uo) p,o(o) (3.134)
Now we simply need to perform a variation of the instantons (no sum over the index j)
" — " + A oqf + O(A?) (3.135)
with first order variations satisfying
dQ(S“*F‘“’d(S 0, F* ¢, 6q7 3.136
Ju 4y = Ju 4(j),v T 9p 9w 995 (3.136)
with boundary conditions
—0q(;)(uo) = 8q() (1) = i
() () ]23 (3.137)
— _ 4
5t/(j)(u0) = 5t/(j)(ul) = _2770
to obtain
1 9’4 ; P, tw) [, PP
A ) 4 ) (i}
S A | . — Ots — - — . 1
Aij 20A; 0A; o {5%)(%) 5t(j)(m)p0 * 2po <5J v} ﬂ (3.138)

Once we have computed the integrals over A, we can take the derivative with respect to P; to find

the maximum value

9P, 4Im [pot(ul) —q (ul)] =0 (3.139)
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analogous to the 2D case; we can now perform a variation

¢ =g+ A 6q6) (3.140)

and find
1 0%4

, P t(w) (., PP
P ._ _ i i J
Ay = 20P; 0P, =2Im _6q(j)(“1)+6t(j’po - Po <5'_ 5 ﬂ (G141

with boundary conditions

34(j)(uo) = dq(j (wr) = 3
P (3.142)

— _ 1y

Focusing now on dipole fields, we expect most coefficients of the widths to vanish. Indeed, since the
only nonzero derivatives areﬂ

1
% (3.143)
@cBy - —ame - 5

and since the variations satisfy the boundary conditions above, all mixed terms cancel A2 = A3 =
As3 = 0 and the perpendicular diagonal terms are equal A;; = Az (equalities holding for both A

and P terms).

In summary, we have only four independent nontrivial widths, namely Af} and A%} for the A com-
ponents and Af} and A%, for P. The terms A5, and AL, can be treated identically to the 2D case,
defining new 7 functions to reduce the degrees of freedom. As to the perpendicular ones we can
avoid using the shooting method as well as follows. Noting that P, = 0, the only function we have
to evaluate to find the widths is 6z (;) with certain boundary conditions that make it symmetric for A

and antisymmetric for P. Since the equation it satisfies is homogeneous
1
(535’(’1) = ('8, Ey — 2'0:By)dx (1) = —§VE A Yoy (3.144)
we can express a general solution as
dx(u) = cadzq(u) + csdxs(u) , (3.145)

where the subscripts a, s denote respectively antisymmetric/symmetric solutions with initial condi-

tions

0z4(0) =0 5z, (0) =1 dzs(0) =1 §2(0) =0. (3.146)

For A%}, the solution will be given by

1 0xs(u)

o) (u) = 2 dz! (00)

(3.147)

+

* Equalities between them following from Maxwell’s equation plus symmetry.
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because it satisfies the differential equation and it has by construction the appropriate boundary

conditions. Similarly, for AP we have

dxq(u)
dzy(u) = 52 (0) (3.148)
To summarize, the four widths are given by
d2 = ilm (t — 77“) d=2 = Elm (t — 775)
B2 opg \po o L B2pg \po (3.149)

1 t ox t ox
d% =ZIm | — - = dp? =2Im | — — —2
A, L 9 m <p0 Sx! > P, L m <p0 Sx! >

a

with all functions evaluated at u; — oo.

While the expressions above are valid for any contour, i.e. with u; going to infinity along any path
as long as we are on the appropriate branch, it is convenient to choose the contour with Im¢ = 0 for
r > r.. While it does not look like a big improvement to just drop the first addendum in all four
widths, we show later that this contour simplifies greatly the calculations of the v < 1 limits of the
widths and the total probability. In particular, we expect the total probability to depend only on the
formation region and independent of what happens in the asymptotic regions, i.e. when the particles
have already been created and are simply accelerated. On the other hand, the momentum widths
should be influenced by the acceleration region as well, therefore there must be some cancellations

between the various contributions which are not obvious at the moment.

Writing the real/imaginary parts explicitly such as 1, = s + i1s; we get

1 a w ars Tlai — 2 s sy /st
dp?, = 5 5Im (‘77/> = (?727,772) dp’, = —Im <_?7/> = ‘/V(gilz)
g2 llm _5$s - W(bzsr, dxs) =2 — olm _5% W (0zar, 02 a;) ’
At 9 ozl ) 2/0xl? Pt oxl ) |6zl |2
with W (f,g) = fg' — f'g the Wronskian of the functions f and g.
Furthermore, since h(u;) = n'(u1), we can express 7 as a linear combination of 7, and 7, and
find
Ns Na|
h[=2|—7—— (3.151)
but since the Wronskian is constant (ns7), — 1n,7%) = 1 we have
|a(un)| = 2lmgra| - (3.152)
Similarly, writing ¢ = c,074 + cs0z5 we find
0/ (u1)| = 2|6a.02"| . (3.153)

The reason why it is useful to express them in this form is not merely to make the result computa-

tionally more economic. This expressions (3.150) are effectively split into a local contribution, given
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by the Wronskians, and a nonlocal one, given by the denominators. The Wronskian is “local” because
atr > r. the real/imaginary parts are separately solutions so the Wronskian becomes constant. This
in turn implies that we can evaluate it at » 2 r., i.e. when the particles are created, instead of when

the field goes to zero (which is large when v < 1).

Y4
N

3.5.5 Spectrum and integrated probability

In terms of the widths calculated above the spectrum has the form

2e~A A2 A2 P? (P, 2)?
P(p,p) = o322 OXP TR - — 2 dQL - 2 (3.154)
(27T) |h¢ |p0 AL A,z P P,z

where A is the exponent at the saddle point and &7 is the saddle point of the longitudinal momentum

P,. The total probability

P = / d*p d*p’ P(p,p) (3.155)

is hence given by

(W (Mar, Dai)W (Nsr, Nsi)] “1/2¢=A

P =
32W (0xqr, 02 i)W (0 sy, 0 s;)

(3.156)

The reason why is significant is that all the nonlocal contributions cancel and we are left with
the local ones. As we mentioned, the widths themselves are affected by what happens in the whole
region where the field is nonzero, whereas the total probability only depends on the formation region
and not on what happens after r > r., where the particles are real and are just being accelerated. The

exponent and prefactor are shown in Fig.

b4
”x

3.6 Locally constant field approximation and beyond

In this section we show how to compute the limit v — 0 of the exponent and the prefactor of the total
probability and obtain analytic corrections to the locally constant field approximation in powers of
for both. In the LCFA, the probability is given by

igg ¢ T (3.157)

PLCF = 2/d41'

and one can show that, for any e-dipole field with a single peak, the integral above gives, in the

FE <« 1 limit,

e B (3.158)
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Figure 3.20: Exponent and prefactor obtained using the method outlined in this section and comparison with
the effective action method. On the left we see both for a Gaussian pulse, on the right the comparison with a
Lorentz pulse. The prefactor is normalized using the locally constant field result (3.158). The solid lines in the
plot on the left are obtained with open instantons and the LSZ formula, while the darker dots with discrete

closed instantons and the effective action. The dashed line represents the perturbative result v > 1in (3.179).

where the exponent is simply the constant field result. However, using this method, one cannot go
beyond the leading order result and it does not give information about the spectrum. We now show
how to obtain higher order corrections in v using open worldline instantons. First of all, we note
that in the constant field limit the field becomes larger so the pair is accelerated more the smaller v

becomes. In particular, letting
g(u) = G(wu)/w? (3.159)

the leading order approximation to the asymptotic momenta is given by [65]

SG//
P = po = t(o0) = SE () (3.160)
2y
so for the pulses we consider
3/ 3
yGauss = ZF > Lorentz = —— - (3161)
gl Ay

The normalized longitudinal momentum at various + is shown in Fig.

14
PA

To calculate the small v expansion of the exponent and the prefactor we express the instantons as

power series
tu) =Y ta(u)y™  z(u) =) z(u)y™ (3.162)
n=0 n=0

with ¢y(u) = icosh(u) and zp(u) = isinh(u) the constant field instantons. However, we must be
careful because the v — 0 limit is not uniform, i.e. when w is larger the convergence is slower (thus

the approximation is worse). This might be troublesome because, unlike the time-dependent limit
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7 — 7k in previous sections, the domain wherein the instantons are nontrivial grows when  becomes
smaller. Furthermore, while the derivatives of the instantons are bounded for all values of +, this is
clearly not true for the constant field instantons (and for the higher order corrections as well). At any
rate, we can dismiss this subtlety by assuming that we work in a bounded domain, which is good if
we focus on the exponent and on the total probability. Since for a constant field v = 0 the formation

region is u, = —, it is bounded for any ~.

We can find the next-to-leading correction to the instantons using the initial conditions z;(0) =
21(0) = t1(0) = 0, and ¢1(0) a constant to be found. Let u.(y) be the point such that ¢(u) = 0 for

a given 7; we can expand it

s
Up O ——
2

+ du~y? (3.163)

and determine the two constants du and ¢;(0) by demanding ¢(u.) = 2’(u.) =0

£(0) = —% Su = % (3.164)

from which

ti(u) = %[SU sinh(u) — 5 cosh(u) + cosh(3u)]

; (3.165)
z1(u) = %[871 cosh(u) — 11sinh(u) + sinh(3u)] .
To obtain the next-to-leading order (NLO) term in the exponent
1
A(y) ~ A(0) + 5A”(ow2 (3.166)
we begin by writing the exponent as

T 1

A(y) = 2Im [p:v+ +pr_ — 3 / dr AQ] . (3.167)
0

(3.167) is evaluated at all the saddle points as functions of v, but taking the derivative we only have
to consider the explicit dependence on ~ in the field A (cf. Appendix[A)). Furthermore, since there is

no O(y) term due to symmetry we have

1, _ o1 dA*

where the instanton ¢, is the constant field one. For all dipole fields, one finds (without the overall

factor of 1/E)

Loy = ™
A0 =% (3.169)

We note that, to obtain beyond the next-to-leading order order term we only use the local behavior of

the field A(¢q) near ¢ = 0 and the constant field instantons, so the correction is the same for all dipole
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tields. To go beyond NLO and obtain the next-to-next-to-leading order (NNLO), we also need (3.165).
One can generalize the previous argument and find (without the overall factor of 1/FE)

A~ (1 - 752 —[GD(0) — 28];;)) (3.170)

which shows that the NNLO correction depends on the shape of the field through G(7)(0).

Similarly, expanding the n’s and 6x’s one can show

Pref ~ (3.171)

5v/5 4557 — 22472 — 162G(M(0)
(27)3~4 1680 T

From (3.171)) we see that, unlike the exponent, the prefactor becomes larger or smaller depending on

the field shape. For example, for a Gaussian pulse we have

Pref
S~ 1402492 (3.172)
Pref LO
while for a Lorentzian pulse
Pref 9
~1-0.92 17
Prefro 0-92y (3173)

as we can see in Fig.[3.22

We stress that the next-to-leading corrections cannot be computed using the locally constant field
approximation, which only gives the trivial constant field result for the exponent and the ~ 1/44
term at the prefactor. A comparison with the various orders of approximation of the exponent can be

found in Fig. by plotting the relative error for the generic quantity @

Qexact
AQ = -1 (3.174)
Qapprox
for a Gaussian as well as for a Lorentzian pulse.
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Figure 3.21: Normalized longitudinal momentum for Gaussian and Lorentzian pulse (left) and relative error

at various order of approximation. The dotted line are LO, dashed NLO, solid NNLO.
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The computation of the nonlocal contributions to the widths is much more complicated and can be

found in [65]. As to the longitudinal widths, one can show that

’ A / iy
from which these simple results follow
1 9 3
GO CIUACO TR (3.176)
hence the widths become (without the factor of F)
dp, ~ 3 da , >~ ﬁ (3.177)
27y ’ Ty
which, remarkably, is the same for all e-dipole fields. For the transverse widths we find
1 C3
dp, ~ |c1ln [] + co da,, ~ — (3.178)
v v

where the constants ¢; are to be determined numerically as explained in [65]. Using these results we
normalize the widths obtained numerically in Figs. and The opposite limit, v > 1, can be

found in [65]]. For a Lorentzian pulse we find
4
A~ U /2 da~+\/27. (3.179)

Notably, the transverse and longitudinal widths converge as we see in Fig.
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Figure 3.22: Normalized and unnormalized widths for a Gaussian (left) and Lorentzian pulse (right). The
dashed lines on the right are the perturbative limits (3.179) at v > 1.
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Breit-Wheeler catastrophes
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chapter, we now include an incoming photon and apply the instanton techniques to

Breit-Wheeler pair production. In the previous chapter we used a semiclassical approx-
imation to obtain the pair production spectrum from the worldline instantons. In this chapter, using
the same techniques, we show that there is a phase transition in the momentum spectrum as the
incoming photon wave packet becomes more spread out in momentum space. From a mathematical
perspective, this is analogous to Landau’s theory of continuous phase transitions. The material in

this chapter is taken from [102].

4.1 Amplitude

We consider the LSZ formula from the previous chapter (3.1) with the replacement
Ay — Ay +e ek (4.1)

in the Dirac propagator to include the photon in the incoming state. We define I'(x,, z_; ¢, k) as
the spinor propagator after applying and taking the linear part in € and

M(k) = lim [ d*z, d*z_ P77 qu,(p) 7 D@y, 2 1,k) 7" vy (p) (4.2)

t4+—00
the amplitude at photon momentum k. We also call o the proper-time point in 7 when the photon is

absorbed. Including the effects of a Gaussian wave packet f(k) the amplitude is given by

d3k
M = / mf(k)M(k) (4.3)
with
~ (L)
f(k) = p(k)exp{ Y- —% + ibk; (4.4)
j=1 j
normalized according to
d3k
/(27r)32k:0|f(k)‘2 =1. (4.5)

We consider a wave packet centered around /3 = 0 and with no impact parameter v/ = 0. Further-

more, without loss of generality we set I = 0 and define 2 = ;.

We consider a 2D field of the form Ej(t, z) as in the previous chapter. For the numerical calculations

and the results shown in the plots we use a double Sauter pulse

As(t, z) = £ tanh(wt) sech(kz)? (4.6)
w
with
w K
M= I5 V2 = ok (4.7)
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As in the previous chapter, defining " = 21 — z* and shifting ¢*(7) — ¢*(7) + ¢* the ¢* integral

gives a delta function
/ dPp e PH R — (91)25, (p + 9 — k) (4.8)

which we use to perform the k, integrals in so that k, = p, + p/,. Assuming A, s to be very

small, we can perform the p/| integrals as

2,/ 2 / 2
p (pr+p) — 1)) A2
/ TFL exp 4 — Z )\E Fp,) ~ Ut —p1) - (4.9)
For time-dependent fields, if we assume the wave packet to be very narrow in the z direction as well,
we can completely neglect wave packet effects. However, the 2D fields we consider have a finite size
along z, so if A := A3 is small as well then the wave packet is highly spread out in space and the

overlapping with the field is small.

After calculating all the transverse integrals we arrive at our starting point for the calculation

€2 d2p, dpsdpl | [ dks k2711
P= 3 -3 4.1
FRETENY / 2m2 2m2 | Vo P [ 2)\2] (410

with M defined as the amplitude stripped off of the perpendicular delta function (4.8).

N2
”N

4.1.1 Exponent

The calculation of the wave packet independent exponent is nearly the same as in the previous chap-

ter. From

. , T .
w—sz+—|—7,px_—7—z 2—T—|—Aq+(5(7—0)kq (4.11)

we see that saddle point equations for 7" and x, are the same as for Schwinger pair production (3.10),

and from the additional do integral we have
(o) - k=0. (4.12)
However, the Lorentz force equation have an additional term due to (4.1)
i =TF"q,+Tk'o(T — o) (4.13)

which amounts to a jump in the derivative ¢(¢") — ¢(¢c~) = Tk. Using the saddle-point equa-

tions (3.10), (4.12), (4.13) and integrating by parts one sees

iT 1 -2 1
—% —i | dr 2(]7 +Ag= —ipz, —iplr_ +i / dr "0, Avi” — 3(r — o) kq (4.14)
0 0
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from which almost everything cancels and we are left with

Y= i/du q”@uA,,Cilq

where u = T(7 — o) extends from —oo to oo since Ty — co. A plot of the exponent at the probability

(4.15)
U

level

A= —2Re (4.16)

is shown in Fig.

Alyz)

0.1 0.5 1 5 10

Yz

Figure 4.1: Exponent (without the overall factor of 1/E) as a function of the size of the field v, for different

values of the photon energy 2 and 7, = 1 in the subcritical regime

Unlike in Schwinger pair production, where the only non-analyticity is given by the branch points,
the Breit-Wheeler instantons have now a kink at the origin u = 0 due to the delta function in the
Lorentz force equation (4.13). If we perform a change of contour and make u complex, it might not
seem obvious what the meaning of §(u) should be. As we discuss in more detail in the next section,

this simply splits each component of the instanton into two parts.

Y4
X

4.1.2 Scalar prefactor

The ordinary and path integrals are very similar to the previous chapter, and in some sense even sim-
pler. Starting with the path integral, we use the Gelfand-Yaglom method as in the previous chapter to
find the determinant of the operator A defined as in (3.18) with the only difference that the instantons

are not smooth at one point.

Since the field is zero in the asymptotic regions (ug, %p) and (@, u1) with some finite @, %, we can

write

(fio — )5} (4.17)
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and
- t_
fO (4.18)
uyp — ﬂl >~ = .
Pbo
Then, rescaling
_ Ty
b= qﬁ% (4.19)

we have new initial conditions at % independent of ¢_ and 7'

_ A d
=5 D=0, (420

Since the ¢ solutions are linear in the asymptotic region (@1,u;) as well, the determinant scales

quadratically with u

1D”(al)(u —iy)? (4.21)

Dl = (A3~ 0 3) (0 =~

where

L0 = (3057 - 50 ) ). 422

Using the relations above, the determinant follows immediately

= 21 "¢~ ~ \2
det A = ) §D (1) (u1 — 1)

2
— () Lo
Tpopy) 2 Y

As to the ordinary integrals, the difference with the Schwinger 2D case is that we have the extra o

(4.23)

t/2 _ Z/2

integral and is equal to two different constants before vs after absorption

T<O t? — 2% =4a?
(4.24)
T>0 t'Q—z'Q:ai.
Starting with the transverse integrals we get
[ ) =Carso+s —b)
(4.25)

/d29L Dq.(...) = e zloPi+-owi]

The remaining nontrivial integrals over X = (7, 0, z..) are treated as in the Schwinger 2D case where
we extracted the formally divergent contributions analytically. Since we have performed the path
integral, the exponent is evaluated at the instantons as functions of X, which we can only find nu-

merically. However, as shown in Appendix[A] for the first derivative the additional terms cancel and

we get
9] 9, 9,
o =in§ — ()] ai =ilps+ m)] 9L = ~iki(o)
- _ + (4.26)
—= f{ +(1—0)a? —[op? + (1 —0)p?]} .
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Due to the kink of ¢ at 7 = o, our first task is to make sense of the derivative with respect to o.

Using
kq(o) — kglo™) =Tk* =0 (4.27)
we find a well-defined expression
kilo) = 5 1a%(0%) — ¢*(0)] = (@ —a® =32 +57). 4.28)

To compute the second derivatives we use

o= / a7 = /t a? +_z Vaz + 2 (u)?

i+
T(1—-o0) / dT—/ dtz Ly
Va2 + 2 (u)?

(4.29)
t
S L O
it a? 4 2'(up)?
ty / / t
z+:,§+/ dtzlg&,
i t a? + 2'(uy)?
to rewrite
/ __ / - A+
Fwo) = -7, Alw) T - o)
2 _ 2 2 _ 2 (4.30)
o _ 220 o2 = b2
4= 12,2 * T2(1 —0)?
and to find the saddle-point values of the integration variables X
pét— _ Dpaty
T T T
t Ot to(t )\ &30
Ts=—+— asz,<,+*> :
Py Po Po \Po Do
Letting 6X = X — X, and expanding the exponent up to second order we find
4 6X-H-0X n?
d*Xe VN = —— 4.32
/ vdetH (.52)
where H;; = —(1/2)9%*y/(0X;0X;) is the Hessian matrix with determinant
2 /2T 2
detH = (p 0Po ) . (4.33)
At t_

We note that (¢.33) has the exact opposite asymptotic contributions with respect to (4.23), so the
factors of ¢, will cancel.

b4
”x
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4.1.3 Spin

As in the previous chapter, there is no on-shell contribution from the shift A — A + e~ in the A
term at the prefactor of I in (4.2). The two contributions, 77 and 75, are respectively from ¢ in the Ag

and o"” F},, terms. Defining

1
59\) — ]?0 (0, —ks, 0, k1) | EEL*) =(0,0,1,0) (4.34)

we express a general polarization state as

€, = COS (g) sﬂ‘) + sin (g) ei’\eff) , (4.35)
where p and A are two constants. The probability can be expressed in terms of the Stokes vector

N = {1, cos(\) sin(p), sin(\) sin(p), cos(p)} . (4.36)

In the perpendicular case we have 5(L)q’ (0) = 0 and hence no contribution from 7}, whereas in the

parallel case we find

—ieg'(0)y=1. (4.37)

For T} we have

T 1
Pexp{—i/ dTUWFW}
4 Jo

~ (4.38)
=ex <1 0,3 / d E)
=exp | 577 uk ) .
From the Lorentz force equation we find
d / /
Tu In[£t'(u) + 2'(u)] = £F , (4.39)
from which it follows that
0 _ (- 1(n-
/ duEz—ln( £(7) + #(0 )> (4.40)
—o00 Py + D3
and
00 10+ 1(0+
/ duE = —In (’W) . (4.41)
0 Po —P3
The values of the derivatives at zero are now functions of k3 which we show later to be
1 .
—t'(07) + 2/(07) = (ko + k3) (2 + kj) (4.42)
1
and
1 ‘
#(0%) + 2(0%) = (ko — ks) <2 n ;) . (4.43)
1
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T is proportional to

00 0
exp <17073/ du E> %j exp (17073/ du E) . (4.44)
2 0 2 2 e
Combining T} and 75 and using exp(7°y3z) = cosh(x) + sinh(z)7’+® we define
pop6 0 0 12
_ /
2 S = |uy"(p + 1)[eq' (0)@38) + @491 v|” . (4.45)

Although the rest of the calculation is linear algebra and can be done without choosing a represen-
tation of the Dirac matrices, it is convenient to use the spin basis in Eq. (8) in [89] for « and v. We
find

1
=S 5=N'-m, (4.46)
where N7 is the Stokes vector for the photon (4.36) and

m = {1+ 3p{,0,0,1—pi}, (4.47)

which is the same as in Eq. (154) in [89] or Eq. (44) in [103]].

4.2 Kinky instantons

In Sec. we mentioned that contour changes are perfectly fine despite the presence of the delta
function in the Lorentz force equation and postponed the discussion, so now we justify this state-
ment. From previous studies [104} [105] with simpler fields, it has been shown that the maximum
probability is obtained when the photon momentum is shared equally between the electron and the
positron, p = p’ = k/2. However, since we consider a spacetime dependent field which depends
on t and z, we do not expect the z components of the asymptotic momenta to satisfy this property
because the particles are accelerated along different trajectories thus feel a different field. Indeed,
in the previous chapter we showed that already for Schwinger pair production (which amounts to
setting k£ = 0 in the Lorentz force equation) this is not true for longitudinal momenta, so we expect
only the transverse component of the photon to be shared equally, p, = p/| = k, /2. In the next
section, we show that this assumption is correct so we look at the properties of the instantons setting
(p1,p2) = (k1/2,0). From the discontinuity in the derivative
t'(07) —t'(07) = ko

(4.48)
Z(0%) — 2(07) = —ks
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and the on-shell conditions ¢’(0*)? = 1 we find

k
zmﬂﬂ%—g
2'(07) = i:—(l) + %
and
t'(0%) = % - z:—i’
t'(07) = —% —z‘Z—i’ .

(4.49)

(4.50)

Since the initial velocities are already determined, the free parameters we have to vary to find the

instantons at some generic asymptotic momenta are only ¢(0) and z(0). Unlike Schwinger pair pro-

duction, the instanton components are now not even/odd, so z(0) is a free parameter.

2f 2}

Im(u)
o

Re(u)

TT/2

-71/2

-JT

Figure 4.2: Time components of g() and g_) with parameters ky = Q2 =~ =+, =1, k3 ~ 1.15,and A = 3VE

(i.e. in the supercritical regime, since \. ~ 2.23v/E. Gluing these two functions we obtain Fig.

To perform contour deformations, we note that the delta function in the Lorentz force equation sim-

ply tells us that there is a discontinuity in the derivative according to (4.48), therefore we can regard

the instantons before vs after absorption as distinct functions, ¢(,) and ¢(_), given by the solutions to

the Lorentz force equation with initial conditions

t(,(0) = % — z:—i‘
=i -3
and
NOE %4%
z(0) = i:—(l) + %
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defined over the whole complex plane. Their plots are shown in Fig. However, since we want
the asymptotic region u — oo to represent the solution with ¢(, ) and vice-versa, and we want a single

valued function ¢(u), we define

(4.53)

obtaining Fig.
When p; = k;/2, the initial conditions satisfy qz H(0) = —qéf) (0)*. Furthermore, when the impact pa-
rameter is zero, b = 0, the initial conditions are imaginary ¢(0) = —¢(0)* as well. From the uniqueness

theorem of ODEs
) (u”) = =q()(u)* (4.54)
which, in terms of the instanton defined by , implies
q(u*) = —q(u)* (4.55)

as shown graphically in Fig. For Breit-Wheeler, the physical contour (green line) that produces
the formation/acceleration region split is different from the Schwinger pair production case. In par-
ticular, the formation region is not along the imaginary axis because the zeros t(u¥) = 0 are not
imaginary. Of course the contour choice is arbitrary, but we want the acceleration regions to start at
uf because t = 0 represent the moments when the particles are actually created and time becomes
real hence physical rather than imaginary during tunneling. In the formation region shown in Fig.
time is actually not imaginary, but since ¢(0) € iR we could in principle achieve this by deforming
the contour. However, there are no practical advantages and it is very difficult because the contour

is some nontrivial curve on the complex plane.

b4
X

4.3 Spectrum and phase transition

4.3.1 Saddle points

At the amplitude level, since the derivatives of the saddle points do not contribute, we find

871& =1ip, (t(ul) — u1> —ip) (t(u/o) + u0> (4.56)
Po p

Op. 0

for the transverse momenta, and

oy [ ) }

— =i |z(u1) + =t(u1)

gp; i? (4.57)
_ 3

o i [z(uo) + p{)t(ug)}
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2

-2

=JT

Re(u) Re(u)

Figure 4.3: Space (left) and right (right) components of the instanton defined in (4.53). The time component is
obtained gluing the two functions shown in Fig. We denote by uZ the zeros of t(u).

for the longitudinal ones. Writing the exponent at the probability level as
Pre A (4.58)

we then have the saddle point equations

94 =1Im [z(ul) + 2Et(ul)} =0

Ops Po 4.59

DA s 5
04 =p.Im (t(ul) - u1> —p/ Im <t(u10) + Uo) =0. (4.60)
Op. Do Po

In the previous section we have considered p; = k1/2 and p, = 0, but since the instantons are not
symmetric, it was not so obvious that p; = k;/2 is also the momentum saddle point. Setting this

momentum value and considering the contour shown in Fig. [£.3|we have ¢(uo), t(u1) € R, thus

0A ky

—=—— . 4.61

p. 5 Im(u1 + uo) (4.61)
From the symmetry ¢(u*) = —¢g(u)* it follows that the contour has the form

Ul = Ue + T

(4.62)
Uy =u, — T
with r € R, therefore
0A k *
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hence p; = k;/2 is a saddle point.

Finally, from

o . ks
the saddle point equation for the k3 integral is given by
ke ko, ]
. [Zm) T kot(O)] _ (465)

which is of course a function of A\. On the momentum saddle point, the initial conditions ¢(0) are

both imaginary, therefore the solution £ is real.

4.3.2 Instanton variations

Since the spectrum at some momentum value is obtained after integrating over dks, the computation
is trickier than in the previous cases due to the wave packet integral. We begin by defining the partial

derivatives of the instantons at the saddle points as

_ Oq _ Oq
(5(]k - 8k3 5Qa - BHa

(4.66)

where a € {p1, A, P}, which amounts to considering variations ¢ — ¢ + dk3 dgi, or ¢ — q + 011, dq,.

All the instanton variations satisfy

§t" = E§Z + VE - {6t,02}72
(4.67)
82" = E6t' + VE - {6t, 62}t

but with different initial conditions. Since the equations are homogeneous, any solution can be writ-

ten as a superposition
4
Sq(u) = a; 8qp;(w) (4.68)
j=1
of some basis solutions dq(; (u) with initial conditions

oty (u) = oz (u) = 5t/[3} (u) = (5zf4] (u) =1 (4.69)

and all others zero. With some algebra, one can find the coefficients for all the solutions appearing in

the widths.

We can write the coefficients

0% X 0% X 0%

Xk = =5 a — aff —
T Ok2 kT Dksoll, TGP

(4.70)

in terms of the dg. We refer to [102] for their explicit expressions.

14
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4.3.3 Intermezzo: time-dependent field with large wave packets

Let us consider a time-dependent field. We focus only on the A integral, i.e. the one that receives a
contribution from the wave packet. The others components are not directly affected. After computing
the integrals at the amplitude level except k3 we are left with a delta function §(p3+p5—ks) = 6(A—ks)
from the spatial integral ¢ = $(z, + z_) and an exponent
12
Ya(ks, A) = —27;2 + ¥ (k3, A) (4.71)
where © is everything apart from the wave packet contribution evaluated at all the saddle points of
the ordinary and path integrals, which are functions of k3 and A. Due to the delta function, the k3
integral is trivial and it amounts to the replacement k3 = A at the exponent. Unlike Schwinger pair
production, we now have a nonzero da width even for a time-dependent field unless X is so small
that we can approximate the exponential with a delta function
A2
e 22 ~§(A). (4.72)
This is because a finite width A for the photon momentum k3 allows the absorption of photons with

k3 # 0, thus the creation of pairs with different asymptotic momenta

p3+p3=A=k3#0. (4.73)
Let us now look at the width
d*i
-2 _ a
d? = —Re g (4.74)

where d denotes total derivative with respect to A. Defining partial derivatives as before

9*q 8*q 9*1a
X AN = XA = X = —— 4.7
A8 T 9AZ” M2 T Oks0An M ok2 (4.75)
we find, applying the chain rule trivially to ¢, (ks = A, A) with k5(A) =1,
Xo= TV xan Xt X (4.76)
0= JR3 T AAA kA kk .
thus, defining X, := Re Xy,
e 4.77

If X, < 0 then the expression above is always positive so there is no problem, but since X, > 0

there exists a finite critical value of the wave packet size . such that

_ 1
dr? i Xor=0 (4.78)
given by
1
Ae = . 4.79
X()r ( )
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Furthermore, it seems like the width should actually be negative dZQ < 0at A > \;, which would
give a negative determinant of the Hessian matrix of the momentum integrals and thus an imaginary
prefactor. However, the width becoming negative simply means that the value k&3 = A = 0 is no
longer a maximum when A > ). and that the saddle point A = 0 is degenerate at A\ = A.. To see this

in a simpler example, consider the integral
I\ = / dz e~ 1@ (4.80)
with
f(@) = ezt + (e — N)2?. (4.81)

When e < 1 we can use the saddle point method and neglect the fourth order coefficient, obtaining

a width
_ 1d*f(=)

—2 .
7%= 5= (4.82)

evaluated at + = 0, which is always a saddle point of f(x), given by
d2=X—\, (4.83)

so that

I = \/d7T2 - \/AC7T . (4.84)

Here we have the analogous situation, namely a well defined result when A < )., a divergence when
A = A, and then an imaginary integral when A > A.. What has happened? Looking back at the
original function f(x) we see where the problem was: at A < \. the saddle point = 0 is a global
maximum of the exponent, therefore it gives the largest contribution to the integral, but then when

A > ). it becomes a local minimum instead, and there are two distinct maxima given by

:n:j:\//\;/\c. (4.85)

therefore the result above is only valid when A < A. simply because we have chosen the wrong

saddle point. When A > ). we evaluate the width at the two maxima above and sum the results

I = \/ % = \/ % . (4.86)

The neighborhood of A = ). is the trickiest regime: here the quadratic term vanishes or it is compa-

obtaining

rable in size to the quartic one, depending on the relative sizes of e and A — \., so the saddle point
approximation breaks down and we have to consider the quartic term. Performing the integral ex-
actly we obtain Bessel functions, which in the limit (A — A\.)? >> € reduce to either of the two results
above, depending on the sign of A\ — A\.. Going back to our original problem, the change in the sign

of d;? tells us that we are simply evaluating the width at the wrong saddle point.

14
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4.3.4 Phase transition

Letting

L

Yo =9 — 2)\2 hr = 2Re ), (487)

be the full exponent at the amplitude/probability level, the (in principle several) saddle points (&, IL;)

are the solutions to the set of equations

Qf@&ng—ﬁizo

ks A2

o (4.88)
o (ke 1) = 0.

Using the ideas of Appendix [A} from the implicit function theorem we find a local solution to the
second equation II(k3) in a neighborhood of ks with II(k,) = II,. Plugging it into the equation and

taking the total derivative with respect to k3 we get

dils dIl,,

— = —2 =R} 4.
Rag dks + Ry =0 — ks Ra Rﬁk (4.89)
where
Rag = 2Re Xaﬁ Rak = 2Re Xak . (490)
Plugging now II(k3) into the first equation and defining
9
k3) = —— (ks3,I(k 491
x(ks) (%3( 3, II(k3)) (4.91)
we get the single variable equation
k
x(ks) = 15 (4.92)

with both sides real. When A\ is sufficiently small, the left hand side grows slower than k3/ A2, there-

fore k3 = 0 is the only intersection point because

k3

v (4.93)

Ix(k3)| <

Vks # 0, but above some critical size A > \. the function x(k3) grows faster near k3 ~ 0 as we can
see in Fig. |4.4|so there are two new nonzero saddle points. In the language of catastrophe theory, this
is known as a cusp catastrophe or pitchfork bifurcation [106]. The critical size A is thus the value

where the two functions have the same slope at the origin, or
= =(0) (4.94)
from which we get

A

c= (4.95)
\/ka - XakR;éRﬁk
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0.3,
02
0.1
0.0/

-0.1}

-0.2¢ .

.3 T S R S E S S SRS B
-1.5 -1.0 -05 0.0 0.5 1.0 1.5
ks

Figure 4.4: x(k3) (solid red line) and k3/2\? for A = 2 and A = 3 in units of v/E (blue and green line). We see
thatat A = 2 only k3 = 0 is a solution to (4.92), while at A = 3 there are two additional intersection points. With

these parameters, 2 = v, = v, = 1, the critical wave packet size is A\, = 2.23VE.

where all coefficients are evaluated at k3 = 0. As we have mentioned in the previous section, the
critical point ). is finite even for a purely time-dependent field, which means that the existence of the

phase transition is not related to the fact that we have a spacetime-dependent field.

Since x is odd (Fig.[4.4), we have two nonzero saddle points k3 = £k, # 0 in the supercritical regime.
We stress that from the argument above we can only infer the existence of the nonzero saddle points,
but we know nothing about their nature, i.e. whether a particular k3 corresponds to a maximum of
the spectrum or not. To achieve this, we have to look at the eigenvalues of the Hessian matrix of the
spectrum, since some saddle point Il is a maximum if and only if all eigenvalues are positive. For

this we first need to find the instantons at the saddle points &;.

b4
”x

While in principle one could calculate the instantons at several k3 values until a solution to the saddle-

point equation is found, a better strategy is to use the saddle point equation for k3 (4.92) to find

2(0) = kg (;2 - té?) (4.96)

and then let ¢(0) and k3 be free parameters to vary using the shooting method until the particle
momenta saddle point equations (4.59) are satisfied as well. As we can see in Fig. the saddle
point splits from zero to £k at A = A.. The instantons at -k, are related by

{z(w), t(w)} = {=z(—w), t(-u)} (4.97)

so that, when k; = 0, the instanton components are respectively odd/even so the transforma-

tion (4.97) is a symmetry. implies that the momenta of the two saddle points £k, are related
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by
{pSSvpgs} > {_pésa _p3s} (498)

or equivalently P, +— P, and Ay <— —A, so the spectrum is still symmetric with respect to
A. Since the different k3 saddle points correspond to different momenta saddle points, there is no

interference term.

1.0} .

0.5F 1

As(A)
o
o

-0.5F 1

-1.0} 1

_1‘5;\ ey ]
0 1 2 3 4

E—1/2 A

Figure 4.5: Pitchfork bifurcation of the saddle-point value A, () with parameters 2 = v, = -, = 1. The critical
point is \. ~ 2.23v/E. A similar behavior can be seen in k().

To compute the widths, i.e. the spectrum, we begin with the k3 integral. For a given value of the

momenta II, we find in general a complex saddle point k,(II) satisfying ks(Ils) = ks, which means

that
81/}a !
II),I1) = 4.
i (k(11).10) £ 0 (499)
for every 1I, thus taking the partial derivative with respect to some component 11, and rearranging
we get
Oks _ 0% (0%
= — . 41
oI, 0k3011, < ok3 ) (4.100)

To find the widths, we first take the derivative of the exponent at the probability level
dp, Oy Oks 0 Oy

d, ~ ol | 2N Bl oks oI, (£.10)
then with the handy relation above we take another derivative and find a matrix of coefficients
d?1,
2d % = —ijl’mg
S gzghﬁ - Re g X (4102)
- _(% —NRe S
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thus we get the usual widths without the wave packet contribution, 9,03%,, and an extra term that
vanishes as A — 0. In the subcritical regime (A < A; and k3 = 0) there is no mixing with the P

componenﬂ due to Xip = Xap = Xap, =0, so the spectrum has the form

-2 —2
dplpl dplA 0

d?=|d2% di 0 |- (4.103)
-2
0 0 dpp

4.3.5 Critical behavior

Besides the splitting of the spectrum as shown in Fig. the behavior near the critical point shows
another interesting feature. Let us recalculate the prefactor at k3 = 0 in a different way rewriting the

integral inside the modulus squared as

2.0 g T T

1.5+

. LOF
4 L
0.5r
0.0+
-2.0 -1.5 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -0.5 0.0
Ps Ps

Figure 4.6: Longitudinal spectrum before (left) and after (right) the phase transition at p, = p, s with parame-
ters E = 1/20 and Q = ; = . = 1. The plot on the left is at A = 2¢/E and the one on the rightat A = 3.2VE.
The critical point is \. =~ 2.23v/E. The dashed line represents the set of points with A = 0.

'/dkg eWa (k3,1

and then calculating all the integrals, namely (ks, ks, IT), together. The saddle points are the same

2 -
_ / ks ey ¢tk T)-+va (s 10)* (4.104)

as before, with k, = k,. The total prefactor is then proportional to the determinant of the Hessian

matrix
82

i = g,

ks, TD) + o (s, T’ (4.105)

+

! This can be seen from the explicit expressions of the X in [102].
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where &;,§; € {ks3, k3, p1, A, P}.

The Hessian (£.105) has a natural block matrix structure consisting of the 2x2 (k3, k3) block, the 3x3

momentum block, and the mixed blocks. From k, = ks we find

Hyy, = Nz Xk
Hy = % — X, (4.106)
Hyp = Hpy =0
for the 2x2 block, then
Hop = —(Xap + X5p) = —Rap (4.107)
with R given by and «a, 3 € {p1, A, P}, and also
Hop = —Xor  Hj=—X5) . (4.108)

To visualize the next step better, we express H, as a column vector v and denote R the matrix of

coefficients R,g3, leading to

% - X kk 0 VT
H= 0 ==X (VD) (4.109)
v V* —-R
which shows the block structure
A B
H= . (4.110)
C D

A corresponds to the (ks, /;:3) block (@.106), D = —R the momentum block (@.107), and BT = C the
mixed blocks (4.108). From the property of determinants of block matrices, we have

det (@110) = det(A) det(D — CA™'B)

(4.111)
= det(D) det(A — BD'C)
corresponding to, respectively,
1
F — ka det d72 (4112)
and (with some algebra)
1 —1 ? —1 y* 2
det(—R) (|55 = Xk + Xar B Xon| — ’XakRa Xzl (4.113)

The two results (4.112) and (.113) are, respectively, what we would obtain if we integrated with

respect to k3 or particle momenta II first and they are equal

1 _ 2 s
5~ X — Xk + Xk R X a1 — (XakRalxﬁk

_ 1
det d™? = det(—R) ( Vi

2
) . (4.114)
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Noting that —R is the spectrum at A = 0, i.e. when the wave packet is a delta function around /3 = 0,
we conclude that det(—R) > 0 because only k3 = 0 can contribute, so it is a maximum. Furthermore,
since the instantons only depend on A through k3 and k3 = 0 in the subcritical regime A < A., det(—R)
is constant as we increase A all the way until the critical point A = A.. Thus, since the two equations

above must be equal, the determinant of the spectrum det d 2 vanishes if and only if

1 B 2 s |2
= — Xkk T+ XakRagXﬁkz = ’XakRalegk . (4.115)

)\2

From the definition of \. it follows immediately that the equality above is satisfied at A = )\, there-

fore

detd™?(\.) =0 (4.116)

so there exists at least one vanishing eigenvalue of d 2 corresponding to the momentum direction
where the spectrum spreads out. The eigenvalues as functions of A are shown in Fig. 4.7) for some
set of parameter values. Furthermore, detd™? < 0 at A\ > )., i.e. k3 = 0 no longer corresponds to
maximum of the spectrum. Furthermore, from numerical considerations using a product of Sauter
pulse we also see that d;le, daan — 0as A — A, from below, which means that the spectrum spreads

out in the A direction.

20m—m—mmm@m8Mm8M8m ———— 7+ r-———+—+—++—+—+—+—+————

Eigenvalue(A)

E 172 A

Figure 4.7: Eigenvalues of d;g without the overall factor of 1/E as functions of A at parameters ) = v, = v, =
1. The dashed lines represent the eigenvalues at k3 = 0 after the phase transition. The lilac line shows that one

eigenvalue becomes negative at the critical point \. ~ 2.23V/E.

Nevertheless, this only gives us local information about the spectrum close to the critical point, but
there is no reason why k3 = 0 should not become a maximum again. In fact, for some values of the
parameters, there is a second solution to (4.115)
~ 1
Ae = -
\/ka — XarR,51pk

4.117)
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where I, = 2iIm Xpgy, such that at A > XC all eigenvalues are positive and thus k3 = 0 corresponds

to a maximum again.

In conclusion of this section we point out an analogy between the calculation considered here and
Landau’s theory of continuous phase transitions [107]. If we look at the behavior of A, in Fig.4.5as a
function of A we might be reminded of the Ising model of ferromagnets, where the system undergoes
a continuous phase transition into one of two magnetization states as we lower the temperature. To
make this more precise, let us look at the exponent at A >~ ). for a generic A but on the saddle points

of P and k3. We have an expansion at b, A < 1
Yr(A) ~ a1 A + az(V)A? + ay A (4.118)

with a1 ~ band az(A) ~ A — A.. A plotof ¥,.(A) is shown in Fig. The order parameter Ay is given
by

Ny

=0. 4119
OA A=A, ( )

Since 1, (A) has the form of the free energy in Landau theory of continuous phase transitions, we

0.000015 - .
0.000010 - 1

5.x106 |

W (B)-y,(0)

0.000000 | .

-5.x10°0 | 1

S B S .
-0.10 -0.05 0.00

0.05 0.10

A

Figure 4.8: 1,.(A) defined in (#118) for parameters \ = 2.24\/E, Q = ; = 7, = 1. The value at the minimum
is ¢,.(0) ~ 1.535.

immediately conclude that the critical exponents defined as

Asb=0)~X" Ay\=A)~ b5

A, A<
Ob =0 15"y s ), (4.120)
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where g(A) = ¥, (Ag(\)) and A = (A = Ac) /A, are given by

1
a=d =0 625 y=4"=1 0=3 (4.121)

thus this phase transition falls in the universality class of mean field theory.

Y4
X

4.4 Integrated probability

To obtain the integrated probability we evaluate the exponent at the saddle points and collect all the

contributions to the prefactor. We write

= / d*p.dpsdps P(p.., ps, p) (4.122)

for the integrated probability and the spectrum. Writing the spectrum as P(p, p’) = N - M (p,p’) with
N given by (4.36), we have

M(p,p') =

2+¢ T 2
popOm / dky e > T (4.123)

Q@
VTA( Vko 27T +/det A VdetH
where det H is the determinant of the Hessian matrix of the {7, o, z, } integrals (4¢.33). Using the

results from the previous sections we obtain

ofl +3p3,0,0,1 —p3} e APP)

. (4.124)
213/ 2kopopym?3 A\ D" /2| ‘% — Xk

M(p,p') =

Since for A > )\, the spectrum has more than one peak, the probability is the sum of the contributions

of the individual peaks

P=>P,. (4.125)

n

Integrating over momenta we obtain

ofl+3p3,0,01-pd}va 1 e
20komporID" /2 |Xuk = 5a | fg2 dot a2

where d;? comes from the integration over p; and det d~2 from (py, A, P).

M =

(4.126)

We show the total probability as a function of A and all other parameters fixed (photon energy, field
strength, and ~’s) in Fig. At the phase transition, we clearly see a peak in the probability.

b4
”x
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Figure 4.9: Integrated probability P = M - N with M given by (4.126) as a functionof Aat £ = 1/10,Q =, =
v, = 1 and for perpendicular polarization N = {1,0,0, —1}.

4.5 Momentum at particle creation

For Schwinger pair production we see from Fig.|3.4that along the imaginary axis there are zeros tu,
of t(u) corresponding to the point where the particles become real. From the plot of z we also see that
they are stationary points of z(u), namely z’(+u.) = 0, which suggests that the particles are created
at rest. If we now look at the Breit-Wheeler complex plots we might expect that the absorption of
a photon with nonzero longitudinal component k3 # 0 gives an initial momentum to the pair. Let us
define u/ the zero of ¢(u) in the lower half plane (corresponding to the creation of the electron) and
u, the zero on the upper half plane (corresponding to the creation of the positron) as in Fig. Let

us denote by

pe = —2' (ul) pp =2 (uy) (4.127)

c Cc

the electron/positron momenta at creation. In Sec. 4.2 we showed that the instantons satisfy ¢(u*) =

—q(u)* for a generic k3 (not necessarily on the saddle point), therefore from z(u*) = —z(u)* and
ul = (ug)* and from the definition (4.127) we see that
Pe = Dp (4.128)

i.e. the longitudinal momentum is shared equally between the electron and the positron so that the
particles initially travel along the same direction. Note however that they are not created in the same
position because z(u}) # z(u, ). After creation, since the field accelerates one of them and decelerates
the other, the asymptotic momenta become different p3 # p5; when they are outside the field, and their

differences are given by the integral of £(t, z) along the respective worldline

po-pe= [ dutE(2)
o (4.129)
Phop=- [ dut(WE(2).

o0
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For time-dependent fields we have

k
pe = 53 (4.130)

or, defining the fraction of momentum given to each particle p

pi=Le
-

we have p = 1/2. As ~; is increased, thus as the field becomes smaller, p becomes smaller as well as

we see in Fig.

(4.131)

o0 — —
0.45}
0.40"
I :
0.35}

Figure 4.10: Particle momenta (4.131) normalized by k3 at creation with 7 = 1 and €2 = 1 as a function of the

longitudinal momentum at different fixed values of ..

We can also visualize the worldline trajectory of the particles after creation as follows. Let us define

the electron worldline as
{te(r), ze(r)} = {t(u; + 1), 2(u; + 1)} (4.132)
and similarly for the positron

{tp(r), zp(r)} = {t(uc —7), 2(uc =)} (4.133)

For r > 0, the functions defined above are always real because they are simply the instantons eval-
uated in the two acceleration regions. We can see them in Fig. At k3 = 0 (dashed lines), the
two particles are created with no longitudinal momentumE] then they accelerate for a while because
of the field until the velocities become constant when they exit the field. At k3 = 2 (solid lines), the
longitudinal component of the absorbed photon gives an initial and equal momentum to the two
particles. The positron however (blue line) is accelerated by the field while the electron (red line) is
decelerated until it changes direction completely. If we make k3 larger, the field does not manage to

change the direction of the electron and so both particles travel toward z < 0.
&

2 But with equal transverse momenta k1 /2.




Figure 4.11: Worldlines defined by Eq. (#132) and (@.133) for k3 = 0 (dashed) and k3 = 2 (solid). The red line

represents the electron and the blue one the positron. The parameters of the field are 7, = v, = 1 and the

incoming photon has transverse momentum 2 = 1.






Conclusions

"1,/ N THIS THESIS, the focus has been on Schwinger and Breit-Wheeler pair production mak-

e
QJ\Z}// ing use of an open worldline instanton formalism. While simpler field configurations
‘ )f\fﬁ such as constant fields, plane waves, and 1D fields have been considered for a long time,
methods that work for multidimensional fields are harder to come by. A similar formalism to the
one considered here, based on closed worldline instantons [41} 44], allows one to find the total pair
production probability for fields with both a spatial and temporal structure, but it does not give infor-
mation about the momentum spectrum or spin of the produced particles, which was the scope of the
present work. The first part was dedicated to Schwinger pair production in 2D electric fields and 4D
e-dipole fields [67,68], and the second one to Breit-Wheeler in 2D electric fields. Emphasis has been
placed on worldline instantons, as they play a key role in the calculation of the momentum spectrum.
In previous works, the instantons were considered along the imaginary axis [39}40] or along along a
zig-zag contour [48]. In this thesis, the instantons are considered along arbitrary contours and they
are plotted on the complex proper-time plane. This allows us to visualize the instantons and get an
intuition of their analytic properties such as the existence of branch points. Furthermore, it shows
that there exists a special contour consistent with the interpretation of particles tunneling from the
vacuum at the beginning and then accelerating due to the background field. Besides the physical

interpretation, this contour is useful in practice when the instantons are found with the shooting
method [41]].

A natural extension would be to study nonlinear Compton scattering in spacetime fields with open
worldline instantons, generalizing the results we obtained for time-dependent fields in [89)]. As
shown in [102] for Breit-Wheeler, the incoming wave packet plays a significant role, so it would
be interesting to study the implications of a nontrivial electron wave packet for Compton scattering.
The worldline formalism has also been shown to be able to deal with multiloop amplitudes quite
efficiently [108, 109} 110], thus one could consider loop corrections to the probability. One could also

consider subleading contributions in the semiclassical approximation

oo
P=eF Z cn, E
n=0

using Green’s function techniques analogous to Appendix[A] In this work we considered for the most
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part purely electric field where the spin contribution is trivial. It would be interesting to add a mag-
netic component and study the particle spins. Dipole fields, although having a magnetic component
as well, are very special in that at leading order there is a trivial spin structure. Another possible path
would be to consider a nonabelian background field such as a color field in SU(3) [111] or even a grav-
itational field to investigate Hawking radiation [112, (113} 114, [115] 116]. Finally, since instantons are
objects that arise naturally when one studies tunneling phenomena, one could use techniques anal-

ogous to the ones showcased here in the context of dynamically assisted nuclear fusion [117, [118].

Hic sunt Dracones
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Appendix A

Saddle points and Green’s functions

A.1 Saddle-point method

"y . . . .
¢, N THE CALCULATIONS INVOLVING spacetime fields, many integrals were approximated

o
1~/ using the so-called saddle-point or Laplace or steepest descent method [119]. In essence,

o »)J/rj
> what we have done is Taylor expanding the exponent part of the integrand up to quadratic

o) e
order, obtaining thus a Gaussian integral. In this appendix we provide some motivation for why this

can be done.

Let us consider an integral of the form
I(e) = / da e /@ (A1)
R

where € is small and f(z) has a unique maximum z = 0 which is also nondegenerate f”(z) # 0. If

we Taylor expand and rescale x — /ex we get an exponent

f(0) f”2(0)$2Jr f”’(g)xﬁngrO(e)

(A.2)

€

so we see that all the terms higher than quadratic are multiplied by positive powers of ¢, and are

therefore suppressed. Neglecting them we obtain at leading order a simple Gaussian integral

O = 2T 1)
1) =\ 7o) . (A.3)

In principle one could also expand the higher order terms at the exponent, obtaining at the prefactor

a power series in e.
We can generalize this method to integrals of the form

2TE —110) (A4)

) e @) 2me
/Rd h(z) W)\ Sorc3
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where h(z) is a slowly varying function, simply evaluating h(z) at the maximum = = 0. This is
because the domain where the exponential term of (A.4) is nonzero gets smaller and smaller as ¢ —
0", thus h(z) is roughly constant in such interval. The generalization in D dimensions is simple: if

Vf(0) =0, we get

2me)P 1
dPxh @) — h(0 _(@27e)” —<£(0) A.
/]RD vh(z)e 0) det Hf(())e (A-5)

where H(0) is the Hessian matrix of f evaluated at zero.

A further, less obvious, generalization is for complex-valued functions

/Rdx el @) (A.6)

with again ¢ — 0 and f’(0) = 0. Now the integrand does not go to zero as |z| — oo, but the
oscillations become faster and faster and cancel each other out in a sort of destructive interference.

The only region where this does not happen is near the stationary point z = 0, therefore

if(e 2mie 4
/R daet/) =\ [ et (A7)

In quantum mechanics, where we identify the small constant € with Planck’s constant € = 7, transi-

tion amplitudes are given by path integrals of the form
M= / Dy e 51 (A.8)
and using the saddle-point method we get
M ~ enSlal (A.9)

where ¢ satisfies the classical equations of motion

08

- =0 (A.10)
5q 9=4qc
so this is a semiclassical approximation because it takes into account the classical limit 2 — 0 plus

quantum fluctuations up to quadratic order.

If the saddle point is complex, the situation is trickier. One can show that the integral can be split
into a sum of steepest descent contours (i.e. with constant imaginary part) known as Lefschetz thim-

bles [120].

Addendum: perturbative corrections

The result above can be seen as the first order in an expansion of the form

o

2me  _1 n
T(O)e Ef(O)ZCnG (A].].)

n=0
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where the exponential term is the leading order nonperturbative result, and the power series in € are
perturbative corrections to the leading order exponential. The zeroth term is obviously ¢y = 1, and the

first term can be obtained expanding the cubic and quartic powers

TN NPT () I Lol ()

| 2302 " 4l (A12)

where we have neglected the cubic term proportional to /e because its integral is zero. Performing

the Gaussian integrals we get

2
€ —250)

70 (A.13)

5002 190)
1+6<Mﬂﬂ0_8ﬂmy>+0@%

b4
”x

A.2 Generalized saddle-point method

Now we construct a general way to compute an arbitrary number of path integrals and ordinary

integrals in the saddle-point approximation.

Let f(z,y) be a function with a unique minimum (g, yo). The saddle point method tells us

/dmdy e~ f(@y) ~ o e~ (20,90) (A.14)
ny(l‘o, yO)
with
fa(20,90) =0
fy(w0,90) = 0. (A.15)

However, suppose we want to compute the integrals one at a time. If we perform the x integral first,

we find a saddle point given by a function Z(y)

fe(Z(y),y) =0 (A.16)

where the equality holds for every y. In particular, we can take the derivative of (A.16) with respect
to y and find

= _dm (A.17)

faa

The saddle-point equation for y is the same because the extra term 7’ (y) f»(Z(y), y) due to the implicit
differentiation drops using (A.16)

dy f(Z(y),y) = ' (y) f2(2(y).y) + fy (@ (), y) = fy(E(y),y) =0 (A.18)
therefore the saddle point is still (xg, o). The second derivative gives

2
BIE0)9) = Foy 43 foy = fiy = T (A.19)
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therefore the prefactor is the expression above times f,, from the initial z integral
2

f:z:x [fyy - ﬁ} = fx:ﬂfyy - fgy (A20)

but this is precisely the determinant of the hessian matrix H,,, therefore the result is independent of

the integration order.

We can easily generalize this result to an n-dimensional x integral. Let us define

Jij = Oz, [
fiy = amlyf (A.21)
Jyy = ayyf

and Z;(y) to be the n saddle points as functions of y, which are solutions to f;(Z,y) = 0 and satisfy

(taking the y derivative)
B =—f;" fiy - (A.22)
The second derivative with respect to y then gives
df/f(:i’(y),y) = fyy + ﬁfiy = fyy — fiyfiglij : (A.23)

If we first integrate over d"« and obtain an n-dimensional Hessian H, = det( f;;), the global prefactor

is det( fi;) times the contribution from the y integral (A.23), therefore

det(Hzy) = det(fiy) |fn = Fiufiy Fin) (A24)

This is not surprising — in fact this is a well-known property of determinants in linear algebra. Sup-

pose we want to compute the determinant of the n + 1-dimensional hessian matrix

Juu fiz o fin Sy

: : : : (A25)
fnl fn2 fnn fny
_fyl fy2 oo fyn fyy_
then we have a block matrix of the form
A B
M = (A.26)
B D

where A = f;; is an n x n matrix, B = f;, is an n-dimensional vector, and D = f,, is a scalar. From

linear algebra we know
det(M) = det(A) (D — BA™'B) (A.27)

which is precisely (A.24).
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Suppose that we would rather compute the single integral over y first. The first contribution to the

prefactor is

) 3
/d”a: dy e~ f@y) — /d”x fie_f(x’y(x)) (A.28)
vy

where 3(x) is the y saddle point as a function of the n dimensional variable x (which in the continu-
ous limit becomes a functional §[x(7)]). This function is in general very complicated, but as before we
do not need to find it explicitly, we simply compute the n dimensional integral with the saddle-point
method. We must distinguish total derivatives with respect to z; and partial derivatives, since at the
prefactor we have total derivatives (using partial derivatives would amount to having a block diag-

onal hessian matrix (A.25)). Nonetheless, having computed the integral over y first, we have

0, (. 7(2)) = 0 (A29)
identically for every z, therefore
i, 3(0)) = 55, 5(0)
o 30)) = (0, §)) = il D) + 0, D) B = il i) (A30)
o
duf = Fy+is iy = gy = L2 (A3)

We can now compute the determinant of (A.31) using the matrix determinant lemma, which tells us

that
det(A + vTu) = det(A)(1 + vT A1) (A.32)
where A = f;;
el
det (fij — fyf]y) = det(fi;) [ 1 - Twlig Tiy (A.33)
f yy f 9y
but if we include the contribution from the y integral, i.e. f,,, we have
fiyfi _
fyy det <f’Lj — =) = det(fij) (fyy - fiyfijlij) (A-34)
Fuy
but notice that this is exactly (A.24). The generalization to several y-variables is straightforward:
the scalar terms of (A.24) become matrices, and the term f,,, — ... becomes the determinant of such
matrix.

In summary, we have shown in three different ways that the prefactor is (A.24): integrating over
d"x first (which represents a discretized path integral), integrating over dy first then using the matrix
determinant lemma, and computing them together and using the property (A.27) of determinants of

block matrices.
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This is useful if we have a path integral plus ordinary integrals. The determinant of the path integral
part A can be found using the Gelfand-Yaglom method, but the biggest problem is the computation

of the inverse G = A~!, which is difficult in general. If we have an explicit expression then

08

50 (A.35)

65)

fzyfzj 1ij — / deT ( W

) G oy (

Summary
We can summarize this result in the following proposition.

Given a path integral over the variable ¢(7) and and ordinary integral over y, the saddle point ap-

proximation of the combined integral is

- 1 det(Afree) 27
D /d e—fla(m)yl — A36
/ A VorT\| “det(A) \| Fuy — for - Gorr + Forr (A.36)

where A is the quadratic operator, G is its green’s function, and Agee = %83

N7
PAY

A.3 Time-dependent Green’s function

In this section we use the method outlined above to compute the fluctuation prefactor in a time-
dependent field. Let A(t) be an odd function such that A(c0) = A. Expanding the exponent up to

quadratic order around the instanton ¢ — ¢ + dq
/+A z—>/+A z—l—%éq‘/\-éq (A.37)

one finds a kinetic operator [89]

L2y ATy 1A,
A= [T TAE T . (A.38)
—0-(A") 702

We want to find the inverse the operator A, i.e. a matrix of Green’s function that satisfies
—12+ A" +A'0;\ [a(r,7) b(r,7) _ Srrr 0 (A39)
-0, (A") 102 c(r, ) d(r, 1) 0 O
with boundary conditions G; = 0 for all four components at the boundary of the square [0,1] X
[0,1]

Gi(1,0) = Gi(7,1) = G;(0,7) = G;(1,7) = 0. (A.40)

b4
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A.3.1 Computation of ¢ and ¢
We want to solve
—%82(1 + A0+ A'0c =6,
0%~ 9(A'a) =0, (A41)

The delta function in the first equation tells us that either a or c have a discontinuity in the derivative
of some order. From the second equation d,(A’a) ~ §2c we note that ¢ is more regular than a,
thus a must be continuous with a derivative jump and c continuously differentiable. We begin by

integrating the second equation
de=TAa+k (A42)

and plugging it into the first one
—%8% + (A" 4+ TA?) a4 k1A = 6,00 (A.43)

We now multiply both sides by #(7) and use

t o 1. N )
—Ta a= —Tﬁ(t da — at) —t(A": + TA%)a (A.44)
to rewrite it as
1_,. .. .
—Tﬁ(t da —at — kiTA) =16, (A.45)
We integrate it
tda — at = —TO,t(7") + TAky + ko (A.46)

and use #°9 (a/t) = # da — af. The solution is finally

. T TAky + ko — T0zn1 (7
a<T,T'):t(7)/ ar DA e 20T, (A-47)
0 t

where k1, kp are actually functions of 7" which we fix by imposing a(1,7") = 0 and ¢(1,7') = 0. We

define for convenience

- 1 (TA)n
I, = /0 o (A.48)

From a(1,7’) = 0 we find

1
ki1 + koly = Ti(TI)/

T

1
s (A.49)

/

We can now integrate (A.42)

TAk1 + ko — T@;T/i‘(T/)
22

c(r, ) =kt +/ dTT(A: — A)
0 t

(A.50)
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and from ¢(1,7’) = 0 we find

1

. 1 . TA
ki 4 TAs (k:lll + koo — TH) / ?) — kI — ki Iy + TH() / = =0 (A.51)

Putting them together with \ := Iy(1 — 1) + I3

; 7_/ 1 1 H 7_/
k() = Tti ) (Il / ;2—10 / Z;f) . Tti ) (0 - LIy(+)]

Ti(r' 'TA T Ti(r'
ko (7') = y) (.71 = t+a —IQ)/ t2> - y) (A= (1= L)Io(r) — LL(7)].  (A52)
It is easy to see that k1(0) = 0, k2(0) = T#(0) and k(1) = 0, k2(1) = 0, which imply a(7,0) = a(r,1) =
0 as well, thus our Green’s functions vanish over the boundary of the square [0, 1] x [0,1] as they

should. a(7,7’) is also symmetric, but it is not obvious in this form. A nicer way to write our Green’s

functions using (A.48) is

a(T, T/) = Tt(T)t(T/> |:i\ (10[1<T)Il(7'/) + ([2 — 1)[0(7')[0(7'/) — [1[0(7')[1(7'/) — 11[1(7')[0(7'/))

+ 07’7" IO (7_/) + HT/T IO (T) (A53)

c(r, ') =

%i(T’)TA(T) [Il (1) (Io11 (7") = ILIo(7")) + Io(7) (T2 — V) Io(7") — I Iy (T’))]

- %i(T’) [IQ(T) (IoL1(7") — LiIp(7")) + Li(7) (12 — 1) Io(7') — 11]1(7'))}
(A.54)

+Ti(7) [GTTf (TA(T)Io(7') = I(7")) + 0 (TA(T)Io(7) — I (T))]
+ T%i(T’) [Io]l(T,) — 11]0(7'/)]

Notice that a(r,7') is proportional to #(7)#(7'). At the end, we want to integrate by parts functions

like

/deT/ Ay A (T a(r, ") (A.55)
therefore it is convenient to define reduced green’s functions such as
- , a(t,7)
= —— A.56

so that
/ drdr’ A'(1) A (") a(r,7') = / drdr’ A(t) A(r")a(r,7') = / drdr" A(t) A(t)%a*(r,7')  (A.57)
where the dots denote derivatives with respect to 7 and 7’. It is easy to see that

. (IoT*A(n)A(T) = TH (A(1) + A(7)) =1+ 1) . (A58)
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A.3.2 Computation of b and d

We want to solve

1
—Ta% + A"+ Add =0

%a%z — O(A'D) = . (A.59)
We integrate the second equation
Od=oq +TO0.. +TAD (A.60)
and plug it in the first, finding
0 (19— ) + 0104 = ~TOAG.. (A61)
Using
[ F@8Ga ~ 0)do = [£() ~ Flan)] 6o~ 20) + ¢ (A.62)
the expression for b follows
b(r, ) = H(7) /O " 47 (TAar + ag + T2(A — 4,)6:,,) t12 (A.63)
from which we also find d
d(1,7") = T(1 — )00 + a7 + /0 ' T(A, — A);2 (TAcy + ag + T?(A — Arr)0:r) (A.64)

where «, oy are functions of 7. Setting b(1,7") = d(1,7") = 0 we find

ey = [ T2y (o [ sl )]

’ t t
[TAw (Ioli(7) = Io(7") 1) = A+ Io 7' + (') — ToIa(7')]

! t t

1 o 1 ,
052(7'/)21):[(1—[2)/ W_II<T/—1—/,TAZMT.2A)):|
% [TA (A~ Io(™)[1 - L] — L)L) — L + (1 — B)L(7) + LI(r)]

(A.65)

which satisfy a1(0) = =T, a2(0) = T? A and a;(1) = 0, az(1) = 0, from which b(7,0) = b(r,1) =
d(t,0) =d(r,1) = 0.
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One can show that ¢(7, 7') = b(7/, 7) and d(7, ') is symmetric with an expression

dir, ) = (A.66)

_ TSAAA [Lo11 (1) 11(7') = To(r)Io(')(1 = I2) = Lilo(T) 11 (+') — Ll (7)To(7')]

+ T2§4 = ROL(E) L = B + To() (7)1 = To) + KD I(r ) + L) lor’ — To()1|
Tzf L)L) L = L)L) o + L)) (1 = To) + Io(r) B () + (7)) Tor = To(7') 7]

+ % [IOIQ(T)IQ(T') — LL(r)L(7) = LL(T)L(T) = L) L)1 - L) + L(r) L7 + L(7) T

— L(n)Ior — L(TIor + Tor 7' | + T[(T = 7')0rm — 7]

+ T, [TA TA (7)) + I(r') — (TA; + TA) L (7)]

+ 1007 [TA: TAIo(7) + I(7) — (TAr + TAp ) [1(7)] (A.67)

b4
X

A.3.3 Integrating

We use the result from the previous section (A.36) with the Green’s function matrix to compute the
prefactor of Schwinger pair production in time-dependent fields from [89], where we have a path
integral over ¢. and ¢; and ordinary integrals over 7" and space variables 6" = 2’ — z* . For simplicity
we neglect the transverse integrals, which are trivial anyway. Letting 0 = 2z, — z_, 2(7) = 0 + ¢.(7),
we have an exponent

6> A .
= o7 /dT o o7 Alg) (0 +4q.) (A.68)

and mixed partial derivatives

B of g B of \ 4.
Jre = aT((Sqt(T)) N _Tit27 Jr= = aT((SqZ(T)> T2 (A.69)

Using b(,7') = ¢(7/, 7) we want to compute

a(7‘7 7‘/) b(T, T/)] |:th (7'/)] (A70)

C(Ta T/) d(T7 T/) fTZ (T/)

= /deT' fro(r) a(r, 7') fre(7") + 2f12(7) e(r,7') fre(7") + fro(7) (7, 7) fro (7).

frifii' fry —/deT/ {th(T) sz(T)} {

Term with a. With a(7,7') = a(7,7') #(7) t(7') we have

fri-a- fri = % /i(r)i(T)d(T, ) i(r)i(r) = 41T4/i2(7) *a*(r,7)’(r)
- % [14 + %(1013 — 20 Ip I3 — I3(1 — 12)} (A71)
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Term with c. Define c(7,7') = &(7,7') #(7'), k1(7') = k1 (') i('). The second term gives

2frz-c fre = -2 Zr)e(r, i) i) = —1/2(7) e (r,7) (7))

T4 T4
1 . e ~e .9
- - / A(r) [TA() & (r,7) + ()| (7)) (A72)
which receives two contributions from
1 ~0 N2/ 1 2 o~e0 2
~ors | To-(A@) @) = g [ 14 () 427
1 1
=5 [14 + (0§ = 2N IoIs = I5(1 — 12)] (A.73)
and
1 ~o . 1
~73 /A(T) ki (") tz(r’) =~y (Ig +T Il) (IoIs — I1 1) . (A.74)

Term with d. We have

~ / 3(r) d(r, ) 5(F) = T14 / (1) *d® (7, 7') 3(+")

_ L / A(r) A() [TA 0 (7,7') + () — T6,r]

sz'd'sz:

T2
1 . )
=75 /A(T) A(T") [TA e(r', ) +an (') — T(STT/}
1 1
= ogay s+ T°0) (IoIs + 2L T* + L) — = (I + LT?)
1 1
+ 475 {14 + A(IOI3 oL — I2(1 12)] sy (s + T20) (fols = L Io)
(A.75)
where we have used the derivative of with respect to 7’ to simplify the first line.
P
Final result
The final result for the total derivative with respect to 7" is then
Bt 82 gL To A76
) =0rf+ frif;; fT]__TW : (A.76)
which matches with Eq.(84) in [89]
1 -1 -1 . 1 Iy
- (GOO — GG GOk) — TR (A.77)

Let us include the integral over ¢ as well (the other spatial integrals are trivial). First of all, for
convenience we define a product Sy, := fuv + fuif, iglf v; so that the result for the 7" integral is simply

Str. For the spatial contribution we must calculate

See S 52
det |77 7T = 5pp {599 - T"] . (A.78)
Ste ST STT
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One can show that

I
Soo = foo + for - a- for = ’_]%\ (A.79)
I
Sro = fro+(fre-a+ frz ) for = 75 (A.80)
therefore
2
Sg — 59 _ 1 ! (A.81)

Srr T3I,  Gas

which matches with Eq. (91) in [89].
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Appendix B

Complex Analysis

“@ HROUGHOUT THE PRESENT THESIS, complex analysis plays a vital role. The central objects
N

i equations called instantons. Viewing them as complex variable functions shows their

of study, used to obtain everything else, are complex solutions to ordinary differential

analytical properties (branch points, zeros, regions where they are real/imaginary) and also allows us
to see directly the physical contour leading to the formation/acceleration regions and the tunneling
interpretation. To compute them in practice, we need to specify a particular contour and use the
shooting method to find the appropriate initial conditions, and in some cases, visualizing them on the
complex plane is helpful to come up with sensible asymptotic constraints. Many of the assumptions
made in the following, such as the smoothness of contours, are too strong and could be relaxed, but

for the purpose of this thesis this is not necessary.

N2
A

B.1 A dive into the complex world

In this section we review some of the main definitions and theorems used in this thesis. Proofs and

technical details are not addressed, but can be found in any complex analysis book such as [121].
Throughout the following, all functions of complex variable

f:D—C (B.1)

defined in some open subset D C C are continuous with respect to the complex norm. Furthermore,
we assume them to be differentiable almost everywhere in the complex sense for all a € D, i.e.
f'(a) := lim fz) = fla) (B.2)

z—a zZ—a

exists. Equivalently, f(z) is said to be analytic or holomorphic.
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Complex differentiable functions are very different from real ones. In the complex world, differen-
tiability at a point is enough to imply the existence of a convergent power series in an open neigh-
borhood of the point. Furthermore, analytic functions are also conformal mapping{] (they preserve
angles) in some U C D if f'(z) # 0 Vz € U. What is most relevant for this thesis, however, are the

properties of integrals over complex contours.

Given a smooth contour « parametrized by
u:R—C (B.3)

the integral over « is defined as

/a F(2)dz = /R £ (u(r)u!(r) dr . (B.4)

One can easily show that the integral above is independent of the parametrization u(r), so it is well-
defined.

The following theorem is the most important result of this section:

Theorem (Cauchy). Let f be an analytic function on a simply connected open D C C and o a simple contour

contained in D. The integral

/a f(2) d (5)

depends only on the initial and final points of the contour. Furthermore, integrals along closed loops always

vanish.

The assumption of D being simply connected is a crucial one. To put it another way, given two

contours «, $ with the same initial and final point, we have

/a F(z)dz = /ﬂ F(z)dz (B.6)

if a can be continuously deformed into 8 without going outside of the domain D where f is ana-

lytic.

B.2 Singularities as obstructions

The takeaway message here is that the Cauchy theorem is a topological one. If we deform the do-
main D without altering its topology, i.e. without creating/destroying holes, two contours o and 3
continue to be homotopic. If, on the other hand, there is some singularity 2, that prevent such de-

formation, the integral might in general be different. The singularities of f(z) behave as topological

+

! This is also visible in the complex plots shown later.
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obstructions in the deformation. The study of singularities of complex functions is a very fascinating

one. Perhaps the most deep and surprising result is a theorem by Liouville:

Theorem (Liouville). Let f be an analytic function over the whole complex plane C. If f is bounded, i.e. there

exists M > 0 such that | f(z)| < M Vz € C, then f is constant.

In other words, non-constant complex functions either have singularities or they diverge at infinity.
If a singularity z of f is a zero of 1/f and f is analytic in a neighborhood of zy, it is called a pole.
Intuitively, this means that near the singularity we have

1

(z — zp)"

f(z) ~ (B.7)

for some positive integer n. If a function has only poles, we call it meromorphic. This rules out for

example compactly supported bump functions.

Y4
X

Functions of complex variables can have another, radically different, type of singular point. Consider
the function f(z) = 2% and a contour z(r) = e*™". At the beginning of the contour, r = 0, we have
z =1land f = 1. As we run along the contour, when r = 1, we are back at z = 1, but the function now
gives f = —1. In this case, we say that z = 0 is a branch point because a contour that runs around zero
leads to a different value of f. Of course this is due to the fact that f(z) is the inverse of a noninjective
function, namely 22, therefore we can regard f as a multi-valued function. In order to get a single
valued function, we can restrict to a single value, i.e. for this function we choose arg z € (—m,7) and
throw away the negative real axis. This is called a “branch cut”, i.e. a restriction of the domain in

order to avoid loops around the origin causing troubles. Letting
B={ze€C|Im(z) =0, Re(z) < 0} (B.8)
be the branch cut, we have a well-defined, single-valued function
f:C\B—C. (B.9)
While this is the approach taken in this thesis, a more sophisticated way of dealing with such sit-

uations is to extend rather than restrict the domain. Since we run into problems insisting that the

domain should be the whole set of complex numbers, we can relax this condition and let
f:X—C (B.10)

for some surface 3 called a Riemann surface. The domain is now a complex manifold.

Depending on the approach one chooses, the two distinct values of f(1) = +1 are said to lie on

different branches or different Riemann sheets.
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Singularities of complex functions are important for the study of instantons because, as we see in
the main text, the singularities of the electromagnetic field have a profound effect on the instantons
as they lead to branch points. If we consider for simplicity a time-dependent field E(t), even if it is
a well-behaved function when ¢ is real, such as a Sauter pulse E(t) = E sech?(wt), as a function of
complex variable it can have poles. But even if it does not have poles, somewhere in the complex
plane it must become very large due to Liouville’s theorem. Since the instantons are necessarily
complex, they can (and typically do) travel towards a pole or a region where the field grows very

quickly.

B.3 Instantons as functions of complex variable

It is customary to regard the worldline instantons, namely solutions toE]

d2q# dQI/
= == B.11
du? du’ ( )

as complex valued functions of a real variable ¢ : R — C by fixing a particular contour u(r). In the
context of the widely studied closed instantons, the contour is a straight line along imaginary axis
u = —ir. Starting from the simplest case, namely a constant electric field, we would like to generalize

this idea and treat the worldline instantons as functions of a complex variable.
For a constant field we get the simple set of equations

t"(u) = 2/ (u)

2 (u) =t (u) .

(B.12)

With initial conditions #'(0) = z(0) = 0, 2/(0) = 4, t(0) = i, one readily verifies that the solutions are
given by

t(u) = icosh(u) z(u) = isinh(u) . (B.13)

Along the imaginary axis, © = —ir, the instantons become the well-known parametrization of a circle

in the (Re(z),Im(t)) plane as shown in [39]
t(u = —ir) = icos(r) z(u = —ir) =sin(r) . (B.14)

One can use such closed instantons to calculate the Schwinger pair production probability using
the effective action and then consider more general time-dependent [39] or spacetime-dependent

fields [41),44].

+

2 We work with the rescaled variables ¢ — ¢/E and u — u/F so there are no factors of E.
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In this work, on the other hand, we deal with open instantons. Furthermore, since the exponent of

final result at the amplitude level

dq”

i/duq“@uAV 7 (B.15)

u
is the integral of an almost everywhere analytic function, it is natural to consider contour deforma-

tions in u.

In addition, if we consider the instantons above as functions of a complex variable and interpret the
contour as a particular choice of gauge, we obtain much more information. A useful way to visualize
them is using domain coloring, i.e. coloring the complex u-plane according to the phase of t(u) or
z(u) and adding contour lines of their moduli. For convenience, we can also add contour lines of
the real/imaginary parts. Starting from some zero, which can be seen in Fig. as sets of white

circles, they allow us to visualize the contours along which the instantons are purely real or purely

imaginary.
3 w
2
/2
1
0 0
-1
-7/
-2
-3
=TIt

Figure B.1: Constant field instantons (B:13), z(u) on the left and #(u) on the right. The black contour, given
by (B.16), makes z always real and ¢ real asymptotically and imaginary in the formation region —3 < r < 3.

The legend on the right tells us the phase at each complex value w.

Looking at the plots, one might notice a special choice of contour. Letting

s s s
5 tr+3 r<—3

u(r) = q —ir —I<r<?® (B.16)
—Z4r-z r>3

we obtain the black zigzag contour starting at —oo + ¢7/2 running until i7/2 parallel to the real axis,
then until —i7 /2 along the imaginary axis, and finally to +o0o0 —i7 /2 parallel to the real axis again. We

call the vertical segment the formation region and horizontal segments the acceleration regions.
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While z(u) is always real, t(u) is purely imaginary along the creation region and purely real along the
acceleration regions. Along the creation region the particles are not real yet, then they are created at
u = Fu,, and finally travel accelerated by the field forever (since we consider a constant field). The
imaginary time in the creation process reinforces the interpretation of Schwinger pair production
as a tunneling process. With this contour, the integral above gives (restoring the factor of
1/E)

S S
7 /duz (u)t(u) = 5 + (imaginary terms) (B.17)

where the formally divergent imaginary contribution cancels at the probability level, leading to
Pre . (B.18)

Note that, since at the end we take the modulus squared, we can restrict the integral to the formation
region, as the instantons are purely real in the acceleration regions. This suggests that the total num-
ber of particles only depends on the small region where the particles are created and not on what

happens when the particles are accelerated by the field.

The constant field is useful to understand the analytic properties of the instantons and the exis-
tence of the tunneling contour, and almost everything generalizes to a time-dependent and even
spacetime-dependent field. We consider only fields with one stationary point for simplicity. For a
time-dependent Sauter pulse we have for example [39]

i ~ cosh (\/l—i—’y%)

t(u) = — arcsin

Y V14792

(B.19)
arcsin (’y sinh <\/ 1+ 7%))
z(u) =1
YV 1+72
with still z real and ¢ imaginary along the imaginary axis, t(u.) = 0 now at
wp = —— 1 (B.20)

2¢/1+~2

and both components real in the acceleration regions. However, the instantons are now no longer
entire functions due to the branch points where the argument of arcsin is equal to plus or minus one.

Such branch points are related to poles in the field, since we have
t(ug) = — (B.21)

which is exactly the pole of sech(vyt)2. Such branch points can be seen explicitly in Fig. Note in

particular that this implies that the instantons are multivalued (see also [122]).

2
N
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Unfortunately, in general we cannot find an analytic expression for the instantons for spacetime
fields, but from the saddle point equation for the longitudinal momentum
P
Im [t(u1) — 2(u1)—| =0 (B.22)
bo
we know that, if we find a contour such that one of the two components of the instanton become real
asymptotically, the other must also be real. In the main text we show that such contour is especially

useful for dipole fields to find an approximation in the locally constant field limit.

We now show how to plot the instantons on the complex plane. Since we do not have an explicit
expression for the instantons, we must solve the Lorentz force equation along a large set of contours.
If B is the set of branch cuts, we regard the instantons as functions on the complex plane minus
such set gc : C\B — C. Hidden in the definition there is also a choice of contour from the origin to
any v € C\B. From the exact Sauter pulse solution we find a periodic set of pairs of branch points,
therefore one possible choice can be the following: we start with a single contour along the imaginary
axis u;(r) = ir, so that we obtain solutions t;(r) := t(ir), z;(r) := z(ir). Now we treat ¢;(r) and z;(r)
as a set of initial conditions to solve parallel to the real axis along a contour ug(r) = iR + r with

conditions
tr(0) =tc(R)  tR(0) = —it,(R)
2r(0) = 2¢(R)  2R(0) = —iz(R)

(B.23)

so that effectively gr(r) = q(iR + r) because we first go from v = 0 to u = iR, then from u = iR to

u=1R+r.

With these contours we obtain the complex plot in Fig[B.2] We can immediately see both the “tunnel-
ing contour” and a periodic one. The physical contour that gives the tunneling interpretation is the
one traveling along the red region until the zero, then along the imaginary axis until the other zero,
then to the right in the other red region. Note that with this coloring red means real and positive and
yellow-green imaginary with positive imaginary part. If we instead look at what happens along the
imaginary part we see an alternating set of turning points and zeros. This is in fact no coincidence:
if we solve along a purely imaginary contour we obtain precisely the closed instantons used in the
effective action method. Surprisingly, we see that adding the space dependence does not change the

qualitative behavior of the field; it merely shifts the turning points and the branch points.

Finally, from these plots we can also interpret the numerical phenomenon discussed in [48]. Let us
compare the results obtained with two very similar contours such as u(r) = €r for || < 1 either
positive or negative. In both cases ¢(u) goes very close to the pole of the Sauter pulse, but when 6 > 0
it then makes a turn to the left towards —oo (light blue region in the u-domain in [B.2), whereas if
6 < 0 it turns to the right towards +oco (red region in the u-domain). We can now see that we need
to consider a phase that tilts the contour clockwise because, if we were to do the opposite, we would

obtain the wrong asymptotic behavior ¢ — —oo.
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. . \ T
3 — U
— ug
20 ]
2
1! ]
o b 0
-1/ 1
2/ ] -11/2
-3l 1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 T

Figure B.2: Imaginary contour and a few contours parallel to the real axis (left). Complex plot of ¢(u) for the
Sauter pulse with v = 1 (right). The color represents the phase, the white lines are contour lines of |¢(u)|, the
black ones constant real or imaginary part. The latter reveal a lot of information: starting from the zeros on the
imaginary axis we see that the real part of ¢(u) is constant and zero along the imaginary u axis, therefore ¢(u) is
purely imaginary. On the other hand, starting again from a zero but along a horizontal contour, ¢(u) is purely
real because they are contours of constant imaginary part. Lastly, the coloring tells us that the zeros are simple

zeros, i.e. t(u) ~ u — u,, and there are no poles.
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2{/:E PROVIDE A WORLDLINE derivation of basic Strong-Field QED results in a plane wave

A /s for both a scalar and a spinor particle. After a warm-up derivation of the Volkov prop-

y 2
[
f

‘.‘} agators and the exact solutions of the Klein-Gordon and Dirac equations, we compute
the amplitude for nonlinear Compton scattering. Finally, since the amplitude for vacuum pair pro-
duction is zero for plane waves, we conclude with a derivation of Breit-Wheeler pair production.
We will start every calculation off the mass shell and take the on-shell limit only towards the end.
The calculations shown in this appendix were performed as a preliminary check to compute known
quantities using the LSZ formula with the worldline representation of the scalar/spinor propagator.
During the course of the present work, the authors of [82] used the same techniques to generalize the

nonlinear Compton scattering result to a master formula with IV external photons.

C.1 Asymptotic states and amputation

We would like to construct an LSZ representation for generic processes involving plane waves. In

general, we want to study processes of the form

out (2, P'10)in = out(0]ay (00) ap(c0) [0)in (C.1)
for pair production, or

out(P'[P)in = out{0] @y (00) af(~00) [0)in (C2)

for nonlinear Compton scattering. Photons will always be added at the end using the substitu-

tion
Ay — Ay e, el (C.3)

As a warm-up, we provide a worldline derivation of the Volkov propagator. We define lightfront

coordinates by
et =242 2t = {2 2%} (C4)

and consider a plane wave A, (z*) with Ag = A3 = 0, A(—00) = 0 and A(co) = A If the electro-
magnetic field is zero asymptotically, we can always shift the gauge such that this holds. We start

from the worldline representation of the exact propagator (see (2.16) in the main text)

1 [ i 4 , 4> -
Gy, x) = 2/0 dTe2Tm2/ quﬂfo1 dr o7 +A4Q (C.5)

We rewrite a generic trajectory as ¢(7) — x + (y — z)7 + ¢(7) such that ¢(0) = ¢(1) = 0. Since the
perpendicular part of the path integral is Gaussian, it can be calculated by evaluating the exponent

at its saddle point

1
GH(r) = TA(r) = ¢ (7) = TA(r) — /0 At (C6)
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and using the normalizatiorﬂ up to a phase

.2
/Dqleifo1 a7 7 — %% (C.7)
giving
/DqL e o dripaaq 1 e%(fAz_(fA)Q) : (C.8)
27T

The path integral over ¢ ¢® looks very hard, but it is in fact simple. Since the field only depends on
g, we can change the variables to ¢* and ¢~ and integrate over ¢, obtaining an infinite dimensional

delta function §(¢™) which sets ¢* (7) = 0 [80, [123]. We have now

1 [ 1 oo (y—n)? 1, 4T 2 2
- T —m?—i 2 —i(y—a)- [ A—l——(fA —([A) ) ‘
2 /0 M omre® . o (C9)

where the field evaluated at A(z* + (y* — 2*)7). We can rewrite some parts of it as

1 e N L AT ([ A2 d4p 52 jp (y—z)—i—Lp [FY A
(27TT)2 e 2T (y )f(] 2 (I ) — / We 2 P -y p-kp fk:a: (Clo)
To see this, if we consider the p* p~ part of the exponent
! Tptp —(y" —2T)p —(y~ — 2" )p* C11
S\ TP = (" —aT)pm =y —a)p (C.11)

we integrate over p~ first, giving a delta function o (Tp+ —(yt —at )), sop-k=k-(y—x)/T, and
the last integral becomes
1 ky 1
—i——p- / dp A= —iTp - / dr A(z* + (y* —a™)7) (C.12)
Pk ks 0

changing the variable with ¢ = k, (z* + (y* — *)7). Similarly

iT [t i [F
2 Jo 7 2p-k/m ’ )
so we have now
4 S ;
2/ 2m* Jo

Finally, calculating the remaining trivial 7" integral and adding the ic prescription we find

dip o—ip-(y—2)=i [V Vp
G(y,z) = / Gt pPomiiic (C.15)

Adding spin is easy: looking at
1 o0 Y . g2 7n2 . i v
S(y,z) = (ip, +m)2/ dT/ Dq e~iJo dr dr A A p o= F [ 0" Fiw (C.16)
0 T

+

1 We omit the boundaries of the path integral whenever they are zero.
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we can see that the spin factor exponent becomeSEI

iT !

0

T
dr o"'F,, (:U + (y — :U)T)) ey

1
/0 driA’ (x +(y — :U)T))

_ FA(9y)  FA(S:)

N 2p-/Z 2k (€.17)

where A’ denotes derivative with respect to ¢. Since only the first term of the expansion of the spin

factor in (C.16)) is nonzero the expansion is simply

Pt lr i (14 O (LA C18)

We perform the integrals as before and introduce an integration over d*p

d4p . e (y—z)—i v, kA(¢y) kA(¢x)
/(27r)4 (i, = m) p? —m?+ie (1+ 2k )(1_ 2 - k ) : (C.19)

When we compute the covariant derivative, since @, ¥A(¢,) ~ k* = 0 it only acts on the exponent

and with some algebra with gamma matrices we obtain

_ d4p ? +m 7 —ip-(y—z)—1 fky V,
S(y,z) = / @n)i Ky PR Ky e ke (C.20)
where
B FA()y) = Ot 0 FA(¢z)

which matches with [12, [13]].

We want to show now how the propagator can be amputated to derive the Volkov solutions. We

have the general form
(exact) = / (asymptotic) (amputation) (exact propagator) (C.22)

which we can see, in a sense, as extracting the exact state from the propagator by ”projecting” it, i.e.
taking the scalar product with its asymptotic version. Note that the propagator contains information

about the exact states because it can be expanded precisely in terms of such solutions [124].

Since A(—oo0) = 0 asymptotically, we have an amputation of the form

op(y) = / d*z e (92 + m*)G(y, x) . (C.23)

Of course, one could in principle amputate (C.15) directly to obtain ¢, but we want to show how this
can be done with the scalar propagator in its worldline representation (C.5) without going through
the usual form (C.15). In doing so, we are compelled to work off the mass shell p # m? and take the

4
2 Recall that the path integral gives ¢* = 0.
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on-shell limit at the end as in [82]. Integrating by parts and defining § = p? — m? gives us (up to a
sign)

. oo 7 Y . q2 .
;/d4m5elm/ dT e~ 5™ / Dq e~ilo dr dr+ A (C.29)
0 T

As before, we shift the variable in the path integral ¢(7) and calculate it identically
% / Tar / Py 5 e v Em? =Y i) [} A+ ([ AP=(f AY?) (C.25)
0

after which we change the variable to + — y = 6 and perform the ¢ integrals. The perpendicular
ones are trivial, and from the 6~ integral we get 6 = —T'p*. Since the field is now evaluated at

A(y* + Tp* (1 — 7)), we change the variable to ¢ = k, (yJr + Tpt(1—7))

e—ipy% / AT 6 ¢ =1 oy -zoi Vo (C.26)
0
which is now the right moment to take the on-shell limit. Given an integral of the form, we will show
that
lim dT 5T f(T) = if(o0) (C.27)
§—0t Jo

in two ways. If we integrate by parts

00 [o.¢]
lim AT 6O f(T) = —i lim 1° f(T))Oo — i lim T e f(T)
-0+ Jo 6—0t 0 §—0* Jo

:z'f(O)—z lim, OodTei”f( T)
0

_if(0) — / AT /(T = i f(c0) (C.28)
or we can simply change the variable to 7" — 7'/
lim dT seTof(T / dT e’
=0t Jo
=if(o0 (C.29)

Note that the on-shell limit simplifies and makes the T integral possible: if we tried amputating the

propagator off the mass shell, we would get stuck at this point.

Let us assume that the field is essentially zero for ¢ < ¢y, so that

by b
—i / Vo, —i | (C.30)
by—Tpk o1

giving us finally

e—iry=i [* Vs (C.31)

where we have dropped the lower integration variable because changing it only changes the overall

phase.
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Adding spin is not too difficult at this point. The amputations are slightly different
. <
[ dtae S, a)(id, + (o) (C32)
and the propagator becomes

1 o0 Y . 3'02 m2 . @ v
S(y,x) = (iBy +m); /0 dT / Dy eiJo 7 sp+5 +oAp o= [0 Fuw (C.33)

r v _ 1 ky / %A(‘%)
T e M 3

and since k* = k - A = 0 the exponent is truncated at first order

Pe—F fo# F _ 1 4 % . (C.35)

The amputation becomes —p + m, which is zero on-shell because p us(p) = mus(p). It is nonetheless

convenient to do the following

(—p+ m)us(p) = 5 (—p+m)(p-+ mus(p) = 5 (7 + mhus(p) >~ -us(p)  (C36)

so that we can perform the on-shell limit as before. Since (i/), + m) can be pulled out of the integral,

we perform the same steps as before to obtain

(i, +m) o—Py—i [V, (1 + %)} _ omiy—i [PV, (1 + %) (p+m). (C.37)
The last term finally acts on the spinor
1
%(}’j + m)us(p) = us(p) (C.38)
and we obtain
i (14 %i(sz)>us(p) _ (C.39)

which agrees with the amputation performed in [14].

Y4
LA

The other amputation is essentially identical, but here the outgoing particle classically has a Lorentz

momentum

o o 20 As — A%
7T/ = p/ — AOO + k‘/;,/ ‘/;7/ = 2])/—]{} . (C4:0)

To guess the asymptotic form, we just take the ™ — oo limit of the exact Volkov solution

outgoing Volkov ~ ¢i(™ A=)y (C.41)
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and at the prefactor we cannot simply have 85 + m?, because we would not get zero on-shell. We
can simply amend it by switching to the asymptotic covariant derivative D2 + m?, i.e. we obtain the

asymptotic Klein-Gordon operator. To summarize, we want to calculate
/d4y e+ 4y (D2 4 m?)G(y, x) (C.42)

similarly to before, going off the mass shell first and taking the limit at the end. Since 7 = p?, we

can simply define § = p’?> — m?. As before, we integrate over D first
;/OOO dT /d4y5ei(ﬂ'+Aoo)yi2Tm21'<y2;)2i(yl“)'fol A+%(fA2*(f A)Q) (C.43)
and afterward over the variable y — z = 6
ez'(ﬂ"Jero)x% /Ooo IT 5 L 5L L drav, (C.44)
with the field now evaluated at A(z* + Tp'*7), where
OV =Vy = V5°. (C.45)

We change the variable in the integral at the exponent to ¢ = k, (z* + Tp'*7) and use (C.27) to

conclude

ei(ﬂ"—i—Aoo)x—if(z)z 5Vp/ . (C.4:6)
In the spinor case we obtain
[ty A () (i e+ ) (0, 2) (C47)
so, proceeding as before, we get a spin factor (truncated at first order)

P [ Fuw _ 4 + W . (C.48)

We also integrate by parts to obtain
(=iBy o0 +m)(iBy +m) = (= +m)(F' + Ao = Aly) +m) (C49)

but A(y) = A(6 + x) and 0+ = Tp'* — oo, so effectively A, — A(y) — 0. At the end we have

Uy (Fl)él_{p’z ei(ﬂ’-‘ero)SC—i f¢z 5Vp/ (C.SO)
where
=, K — FA(s)
6Ky =1+ ool (C.51)

b4
”x
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C.2 Scalar nonlinear Compton scattering

As before, one could in principle calculate the amplitude for Compton scattering using the Volkov
states derived above, and the result would follow very quickly. However, our goal is to show that this
can be done without using the Volkov states at all because when we consider more complicated fields
we do not have access to such solutions. What we want to do instead is computing the amplitude

using the inclusion of the photon with the replacement
Ay, — Ay +e, el (C.52)
in the worldline propagator, as mentioned at the beginning of the chapter.

The method outline here is equivalent but slightly different to that used in [82] in that the authors
use a representation of the spin factor in terms of a Grassmann path integral (see previous chapter).

We want to calculate
) - g (1 4 Sl g2 .
M = /d4a:d4y e~ tpati(m +A"")y(ﬁi + m2)(’D§(oo) + m2)/ 2/ do / D e o T sp A G+ g )
0 0 T n
(C.53)
where
J(t) = =16(r —0) —eb(r —0) (C.54)

such thate-l = |2 = e-k = 0. The last condition is satisfied simply by choosing the so-called lightfront
gauge ¢ = 0. The first step is to integrate by parts with both momenta off-shell, so that

(02 + m?)(D2(00) + m?) — (p* = m®)(p* — m?) (C.55)

and perform the path integral. We write as usual ¢(7) — « + (y — z)7 + ¢(7) and get rid of the linear

terms in ¢ by shifting ¢ — ¢ + g where ¢ satisfies q; = 0 and
A (C.56)

where 75" = J4+ — A Since J© = J* = —IT§(m — o), this part is actually trivial. In general we
can use the standard method of Green’s functions to solve (C.56): given a differential equation of the

form

Lyu(y) = f(y) (C.57)

if we find a function G(y, «) such that L, G(y, z) = 6(y — z), then the solution is given by

u(y) = [ dyGly)f(a) (C58)
In our case, the Green’s function of the operator 0?2 is well-known [74, [71]]
o /
Gﬁmq:rﬂ+“27’—727 (C.59)
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so we have

1
() =T / dr' G(r, 7 T (). (C.60)
0
With this substitution
1 (-]2 1 q2
—1 dr — S dr — 61
2/0 T2T+J q— JGJ /0 ToT (C.61)

where the dot stands for 7 integral and spacetime scalar product at once. We can now perform the
path integral and expand the first term. Since G has a trivial diagonal structure proportional to 7,
we use J? = 0 and integrate by parts some terms to find

T -
_LJ q .

J =

iT ) 2 1 1
2[//1 —(/A) —1—2/ drA-l1(c+0(r—0)—1) —2/ drA-e(1-06(r—0))

0 0
(C.62)

and recognize the first two terms, already present in the amputations. Note that the field is evaluated
atz* + (y* —2*)7 + ¢ (1) where
qy(t)=-TI*"G(r,0) . (C.63)

The ordinary integrals are very simple, we simply shift the y variable y = = + 6 and perform every-

thing except z*. We haveﬂ

/dl‘LdSU 6i(7r/+Aoo+l7p)m — (27T)35J_7_(p/ 41— p)ei(ﬂ/JeroJrl*P)-mE'*'

‘ (C.64)
/d49 el) = (2nT)2e (U 7'+ Ammetol-A)2
Adding together the path integral and 6 contributions we find
. 1
ZT[/ dT<A2+2(9(T—0)—1)A-l—2A-p'>
2 1Jo
—2p' e +20(p' + kVpy(00)) -1+ 2A(0) - e+ p? + 245 - p/ — AL (C.65)

with the field now evaluated at 6* = T'(p'* + ol™). Shifting 2™ — 2™ — T'p*o the argument becomes
zt 4+ T (1 — o)[p*t — 6(7 — 0)l"], which looks like the worldline with momentum that jumps from p*

to p™ — I (hence emits a photon) at 7 = 0. We can now also take the linear part in ¢
—iTe - (p — 2A(0)) =: —iTn(0) - € . (C.66)

Collecting everything else together and performing some algebraic manipulations, we are faced with

the following expression (up to the delta function)
(p? — m? / da* / dr / do fg (o)l +As—p Dt
6% [( 0)(2Ac0-p' —AZ))+o(p>—m?)+(1—0) (p'*—m?)— [ dr (2Ap A2) fal dr (2A-p’fA2)] . (C.67)

+

% There is an overall factor of two from the Jacobian when we go to lightfront coordinates.
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Before taking the on-shell limit, it is convenient to change the variable in the last integrals similarly

to the previous section ¢ = k. [z7 + T (1 — o)(p™ — 6(7 — 0)I"] so that the integrals become

iT o kx
= dT(2A-p—A2):—i/ Vo
2 Jo ka—Tokp
iT 1 kx+T(1—0)kp’
-5 [ dr (240 - AY) = —i /k V. (C.68)

We are now ready to go on the mass shell. The expression looks like we should change the variables

to o7 and T'(1 — o) instead, so we do that but also include a factor of two

v = % w = T(lz—a) . (C.69)
We have the following structure
[e'e] 1 T fe’e) 00 ) .
(p? —m?)(p? - m2)/ dT/ do Z( )= / dv/ dw & §' eV £y, w) (C.70)
0 0 0 0

that we immediately recognize to be very similar to what we had before, but with more variables.

We shift v — v/6 and w — w/¢’ and perform the on shell limit

lim dv/ dw 6 8T £y ) = — f (00, 00) (C.71)
0 0

8,0'—0+
with the usual analytic continuation.

As before we define ¢; and ¢ such that A can be neglected for ¢ < ¢ and A(¢) = A when ¢ > ¢o.

Such values exist because we assume A(¢ — —oo) = 0 and A(¢ — +00) = Ax. Then

kx kx
—1 / Vp — —i / Vi
kx—Tokp b1

iV, (00) (k + T(1 — o)l - k) — z/k

kx+T(1—0)kx ¢2
VZD/ — Z‘/},/(Oo)d)g —1 V;O/ (C.72)
kx

where the iV, (co)kz term is taken from izt (7’ + A),. Performing some manipulations one can

show
p-l -l o p-l
Vo=t Vet v AL —p) =o (C.73)
which gives the final result (where ¢ = k - x)
3 ’ 1 ’Lfd) -l
M= (@05, +1-p)y [ o T e (o) C74)
+

It is quite clear that this approach, at least for plane waves, is significantly more challenging, or at
least more involved, than the approach with Volkov states. This is because the Volkov states are
effectively already amputated, whereas here we perform the amputation and go on-shell during the

calculation. But for spacetime fields where no exact states is known, this route is not available.

14
PA

120



APPENDIX C. PLANE WAVES

C.3 Spinor nonlinear Compton scattering

Most of the calculation in the previous section is identical for a spinor particle; in particular, the
exponent is exactly identical. The part which requires the most care is the evaluation of the spin

factor. To begin with, the inclusion of a photon via the replacement
A= Ateel® (C.75)
does not affect the prefactor since the extra term we would obtain from
iy — A(y) +m — id, — A(y) — #e'™ +m (C.76)
is zero on-shell because it corresponds to a photon being absorbed outside the field.

Regarding the spin factor, we must now be more careful because the path ordering cannot be simply
dropped because we have two contributions Flf}/ + F, with
1 /
T IEL = kA (7)

Z[’y“,v”]FZV =if¢ e (C.77)

although fortunately most terms cancel because k* = 0 and we must take the linear part in ¢

P62 Jo dr kA +ilg et =1+ / dr %’A + Zl;f e”x) & / drdo (%A l¢970 + lﬂéA HUT) il (o)

T3 )
n % " drdodr’ OroO0rs B, IEHA, €17 (C.78)
0

This is not the end of the story, however, since we have the scalar contribution with ¢ - & at the
exponent, but this just means that at the end of the calculation we multiply the terms in the spin
factor without ¢ by —iTe - n(7 = o)

zT(l—i— /dT FAL ) (¢) - e+l¢+€2/ C(RALTE O+ TERAL O5rr)

ZT3
dT dr (}éA l¢ %A 0, 0907) . (C.79)

Expanding everything carefully, one sees that we always have
lin, — / do (...)e" (o) (C.80)

The only thing we need to deal with is now the prefactor in the limit v,w — oo (with variables
defined in the previous section); recall that after computing the path integral and ordinary integrals
the argument of the field is ¢ = k,[z* + T(7 — 0)(p* — 6(7 — 0)I"] therefore we use this as the new

variable at the prefactor as well, and in the on-shell limit we find

A | kA — KA FAL — k4
_2<1+2p-k+ 2% -k >()'5+l¢+< 2% -k

M FA — kA, KA
) o -k / ¢2p k-
(C.81)

l¢+l¢
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Regarding amputations, since A(y*) = A(0*+2) — Ao, the term from the propagator becomes
iy — Aly) +m — ¢t +m (C.82)
so we combine it with —#’ + m to get —¢’, whereas for the other we simplify it as follows

(—p+mhus(p) = 5 (—p m)(p -+ mhua(p) = —5 ). C8)

We can rewrite the prefactor (C.81) as
K, (27T(¢) - l¢) K, (C.84)

and using the following identities, together with a - b = ¢p + pd

ﬁ(éb)Kp = Kpi’ M_{p”/f/(ﬁf)) = ﬁgo‘s-f{p’
/ _ p-l . p-l -l
(p+l—p)+—k+m Vp—X/;,/er—ﬂ
we find
SKAFO)K + SR (H0) ~ )EK = 2mOREK + by (35)

where we let P and 71‘{)0 act on the spinors to simplify the expression. The factor 2m cancels, and the

last term is a total derivative and we can get rid of it. Finally, using

us/(Wéo)éf{p’ = ﬂs/(p,)Kp/. (C.86)

we obtain the final amplitude

M= @r)35, () +1 - p)—— / do e T uy () Ky £K, s (p) (C.87)

which agrees with [12]].

C.4 Breit-Wheeler pair production

A minor variation of the nonlinear Compton calculation gives us the amplitude for Breit-Wheeler
pair production v — efe™. Intuitively, we are taking the Feynman diagram for Compton scattering
and changing the orientation of two arrows. The photon becomes incoming, so we simply change
its momentum [ — —[; we do this at the end of the calculation. The incoming fermion line, on the
other hand, now becomes outgoing, so we change the spinor from u, to vs and take some care with
its momentum. The outgoing positron, just like the electron, will receive some modifications due to

Aso.
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We use the LSZ
Dadty oot As)y=i(Toot Aso)eg (1 \[_i [§%° Ao
vty el g (1) =i D + m)S (g, )i D + ]y (o) (C.88)
where
/ / 2p' - Aso — Ago /
—2p - Ay — A2
Moo = —p— Ay — k—2 X = _p— A —kV, (C.89)
2p - k

where the opposite sign for the positron follows from the fact that we have absorbed the charge of
the electron in A, and 7o, = 7(—p, 00). Substituting A — A + ¢/ in the worldline representation of

S(y, z), shifting y = 6 + z in the path integral, and performing a few more steps gives

00 1
ig(p/ +p+ Dy (7o) [, + m] /0 dT/0 do /da:*d”‘@ Dq (', + Ao — A0+ 2) +m)

2 2
(T oot ot —i - L g

, . .2 ~
. (mhe—Too+lo—e—[ A)0—i [ L+ q Spin[A] [~ + m]vs(Teo) (C.90)

where the spin prefactor Spin[A] is given by

1 i i 2 1 , ,
Spin{A] = (1+ /0 ar’ b ime + 1+ O /O (KA 14 0,00+ [48AL 0,00)
+ T 1 drdodr’ 0ro0c7 %ATI¢%AT/ (€91
0

and
S +p+0)=02m)36, @ +p+1) (C.92)

Where there is no lin. we simply ignore the ¢ contribution that will come from the exponent. The
integrations over dff and Dgq are no different from Compton scattering. We have delta functions

which set

yt =T o +p')

|7 — o] T+J}

n it
qt(r) = =TI [7’0’—1- 5 5

(C.93)

We also shift x* — x* + T'p* o (opposite sign with respect to Compton). By going on shell we have

To, T(1— o) — oo, so the exponential becomes

b2 @2
i(p +p+1),at —i/ —V_p—i/ Ve (C.94)
@ ¢
so using
+ / l o pl
at(p' + +p)+——¢p,_k,
p-l T_p-l
V)y=¢op—+V_, — C.95
p ¢p/ + p p/k ( )
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where —m = p + A, — kV_,, we get an exponential

_,/¢7T_p-l
7 P

The spin prefactor on the other hand
2n_p 0Ky 6K_, + 0Ky ¢16K_,
can be manipulated using the following properties

f (@)K p= 0K, 0Ky g'(¢) = fo 0Ky

to giveﬂ
21y €0Ky 6K _p + 6Ky ¢10K_,, = 0Ky #0K_,(% +m).
Also using
Uy (mho) OK i (p) Ky 0K _pvs(moo) = K_pvs(p)
we get

Tl

1 </ _if¢77P7 NG
ﬁé(p +l+p) [doe Pk Uy (p') Ky d K_pvs(p) -
+

(C.96)

(C.97)

(C.98)

(C.99)

(C.100)

(C.101)

We should also substitute | — —[ such that the photon is incoming. Here —m_, = p+ A — kV_,

because it is for the positron.

+

* The rightmost factor (7 __ + m) combines with the spinor truncation.
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tion, but in principle it is possible to generalize to a general constant electromagnetic
field F),, with all non-zero electric and magnetic components. The biggest complication is that the
asymptotic states are no longer free, so the usual LSZ reduction formula must be modified in a non-
trivial way. We start with a derivation of the exact propagator, then move to the amputations and
obtain the exact solutions to the Dirac equation in a constant electric field, which are well-known,
in terms of parabolic cylinder functions. After these preliminary calculations, we compute the am-
plitudes for Schwinger pair production and Breit-Wheeler pair production. We consider only the
spinor case, as it is the most relevant, since we are typically interested in studying electrons in an

electromagnetic field.

D.1 Propagator

As in the previous appendix we start with a worldline derivation of the exact propagator. We con-
sider a constant electric field Fy3 = —F39 = E with a gauge A3(t) = Et. From here on, we label =

the initial point and x the final point. The worldline representation is still the same
S(zy,z) = (l@u — Bt +m)Kg(z,,z_) (D.1)
and for the most part we focus on the heat kernel Kg(z,,z_)

dT _im? T+ g . i v
Kg(z,,x )= 76_ T / Dge ') artA Pe 't o P (D.2)
X —

Since F),, = const, the spin factor is easily expanded

e 27 = cosh(%) (1 + 7043 tanh(?)) . (D.3)

As to the path integral, we compute the exponent and the prefactor separately. Since it is Gaus-
sian, we compute the exponent by evaluating it with the solutions to the equations of motion. The

perpendicular components are trivial §*-(7) = 0, while two nontrivial components satisfy

t(r) = TE 3(7)
(1) =TE(T) (D.4)

with boundary conditions t(0) = ¢_, t(1) = t,, 2(0) = z_, 2(1) = z,. Evaluating at the instantons we

get
L) () o (@)
/0 dr =55 T EUT)A(T) = 5 = (D5)
E E ET (zt —at)? '
St +1)(z =2 )+ 7 coth <2> ((t+ L z,)2) -
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As to the prefactor, we can compute it in two ways. We can simply use the Gelfand-Yaglom method [40]:

collecting the symmetrized second order terms at the exponent we can write it as

1

—3T drq-A-q (D.6)
where ¢ = {t, 2}
-0  ETO-.
~ETo, 92
We must find two solutions that satisfy
A =0 o) =0 P 0) =0 (D8)

to obtain the prefactor from

1 1
(27T)2 V det A (D)

with
det A =(¢{Mo) — oV)| . (D.10)
It is easy to verify that the solutions are given by
sinh(ETT) cosh(ETT)—1
1) () — ET @) () — ET
¢ (7—) | cosh(ETT)-1 ¢ (T) B sinh(ETT) (Dll)
ET ET
from which we immediately see
sinh? (%)
detA=— 2/ (D.12)
(%)
2
so the prefactor is
1 ET
2 . (D.13)
(27T)? sinh %)
Alternatively, we can find the eigenvalues of
Apn(T) = A pn(T) (D.14)

which we do by solving the equation above with ¢,,(0) = 0 and finding the values ), for which

©n(1) = 0. One can show that the eigenvalues are given by

Ay = n2n2+(?)2 . (D.15)
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The prefactor is therefore given byﬂ

1 M 1 1 _ ! e (D.16)
(27T)? - An (2772 1L, (1 + 55%2) (2nT)? sinh(%) ' '
The heat kernel K is finally
9] 2T - E iep-a)? ET 2 2
KE<I'+,{L'_) _ / dT e*ZT7z§(z+fz_)(t++t_)+szZ coth(T)((t+ft_) —(z4—2-) )
0
(D.17)
%coth(%) L0 h<ET>>
2(27T)2 ( T
In order to write it in terms of a Fourier transform, we use
ET ET)
2 COth( 2 ) e%—i% coth(£L) ((t+—t,)2—(z+—z,)2) _
(2nT)? (D.18)
4 2 tan Er
/ d’q e—iq(m—mf)—iyﬁ(qg—ﬁ)#
(2m)*
and let the derivatives act
. E
i, —v3 Bt +m — ¢+ 5((24 — 2z ) =t =t )Y +m. (D.19)

Finally, since the extra E terms are precisely the saddle point values of the ¢° and ¢® integrals, we can

substitute
FE ET E ET
E(tJr —t_) = qo tanh(T) 5(,2+ —z.) = —q3 tanh(—2 ) (D.20)
so finally
1 . E d4q o0 3 ‘m2T ,qiT 9 5 tanh(%)
S(zy,x_) :§ i3 (=2 )(tr+t-) / o) /0 AT e—ia(@s—o_)=im5 T =it i —af) ———~
ET ET
g +m— (g07° + ¢37°) tanh| —| ) (1 +~°+* tanh | — (D.21)
2 2

which is the well-known result [17]].

D.2 From asymptotic states to pair production

Analogously to the plane wave case, we derive the exact solutions from the asymptotic ones by
amputating the propagator. From now on, we set m = 1 so that all energy scales are relative to

the electron mass. For constant fields, the particles are never free asymptotically, so we cannot use

+

! There is no square root because the eigenvalues are doubly degenerate.
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plane waves as outgoing states in the LSZ as we do for all the other cases. We use instead the WKB

approximations [49) 125| [126]

Us(t,p) = (707r0 + i + 1)G*(p,t)Rs

(D.22)
Vi(t,—p) = (=m0 +~'mi + 1)G" (¢, p) Rs
where 7, = p,, m? =1+72 , w3 = p3 — A3(t), 1o = \/m2 + 73, and
Ry = (0, cos p,sing,0), Ry = (0, —sin ¢, cos ¢, 0)
G (t.q) = ! eFil'mo (D.23)

2mo(mo £ 73)

with R chosen to satisfy 7'y R, = R;. The LSZ for Schwinger pair production in a constant electric
tield will then look like

lim [ dz, dPe PO (p ) (O TW (@)U (a )|0) A0 Vy(plst ). (D24)

t4+—00

2
X

We consider one amputation first. We want to calculate

lim [ 3z, eP*a(p,t,.) " Gz, z.) (D.25)

ty—00

where we write G(z,,x_) as

%
Gry,z.)=Kplz,,z ) (—id, — Alz_)+1) (D.26)
and
| £ ET ET
Kg(x,,z_) = / ar 5 ET2 (cosh [7] + %43 sinh [7} )
0 sinh <T> i(2nT)? (D.27)
T .E et —o)? g ET 2 2
x 6—15—15(z+—z,)(t++t,)+T—zz coth(T) ((t+—t,) —(z4—2-) )
<_
For convenience, we can omit the operator (—i @, — A(x_) + 1), since it can simply act at the
end
— — ;
(i — Al )+1) = (—i0, +m' +1). (D.28)
We derive the asymptotic expansion of the WKB state
u(p.ty) = lim Us(p.t.) (D.29)
ty—00
from the exponent
ty B —
/ dt \/ m?2 + (Et — p3) (D.30)
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defining a new variable v := (Et — p3)/m, (and v = (Et, — p3)/m,) so that

\/1+@2~@+i (D.31)

2v

gives us, defining n = m? /E,
77/ do\/1+ 702 ~ g (v +1n(v)) . (D.32)

We also simplify the prefactor and find

1 _
uX(p,t.)y° = mie?"(vz“n(”)) Ry (y*mo+1)7°. (D.33)

We can immediately perform the d3z, integrals as well and redefine T' — T/ E, obtaining

. 1 - 1 T
ipx_ 1 L 0 ( 0.3 [7})
e vlggomLRs(v m+ 1)y “47rE 1+ ~"v° tanh 5

/ > dT o2 (v2 Hlog(v)~T—§ coth(T/2) (v —v)? ~ § tanh(T/2) (' +v)?)
0 24y/coth(T/2)

(D.34)

For the T integral, we have to figure out a way to take the limit explicitly, but once we find it, the T

integral actually becomes doable. As it is now, it is very hard.

Notice that when 7' — oo the v? terms simply cancel, and the infinite terms at the exponent are only
In(v) — T. If we perform the substitution 7" — 7' + In(v) and take the v — oo limit, we cancel the
logarithmic divergence and obtain the desired 7" — oo limit. We can expand the hyperbolic functions
at the exponent as follows

coth (g) ~(l+e™)(1+e+e )1 +2 7422

; (D.35)
tanh (5) ~(l—e(1—e®+e ) ~]1 -2 T 42 2

and we are almost ready to take the limit. It is convenient to actually change the variable as T' =

/ dTl = dT—>/ d—T (D.36)
0 o T o T

obtaining a finite exponent when v — oo

In(v/7) so that

% (_U/Q — 972 + 47‘1/) + <2277 — 1> ln(T) . (D.37)

We already know that the result will contain parabolic cylinder functions, so we just have to find the

integral representation that is most convenient. Changing the variables to

ri=/2ne'i 1 2= /2n€'i v (D.38)

our exponent looks like (removing the phases)

r? 22 rin mm 1
- - — ——1)1 — + —In(2 D.
o= 4 (5 - 1) () + T+ S n(2n) (D.39)
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and all together

i = n 0 1 jus/} i 2 2 in 1
eP* Ry(ym + 1)y 47rEe8 dre 2 =7T pa—l,
0

This is precisely the integral form [127]

(e o] IQ
D,(z)= / dre s g7v1
0

so we are almost done. Acting with

. < . — 0 .
P ( —if. — Alz_) + 1) =e'P- ( — 1007 +v'm + 1)

we have

. F(iﬂ) _ . - 4

ip-X— 2 1 0 = ) _ ! iy _ 0 A

e 2m\/ﬁﬂs(v pr+ 1 e¥ D_w(— /20" e ( i907° + i +1) .
and using

, 1
D) (z) = _§ZDV(Z) +vD,_1(z)

we obtain

D_w(— 20/ é%) (= idor® + iy +1) =
2

D_iy(=+/2n0 ) (piy" +1) + 2Eei§gD_m_1( — /200 €'5)5°
2 2

therefore, up to a phase, the full result is

ePX— 1 _mn - . Y i
e BoD i (—+/2nv e'x \/ﬁmeDi7 _2/Z4>
°“t<0|0>inme <mL 0 *5’( \/777)6 )+ e 19 77’*1( \/771)6 )
where
0 1 N
BO ::’Y Rs Bl = 7(1+,y pJ_)RS
my
_7
_ i [T g (me/me) g
OUt<0’0>in__22\/>»€ 4( n
nT(3)

in agreement with [124].

(D.40)

(D.41)

(D.42)

(D.43)

(D.44)

(D.45)

(D.46)

(D.47)

At this point, most of the work to compute the the pair production amplitude is done. By definition

we have

lim [ d®z, d®z_ PP (1, p) 7 Grs,x )70 Valt_,p')

t4+—00

but we have already carefully shown that

lim APz P Us(p,ts) 7 Gz, z-) = (DA6)

t4—o00
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so the integral over dBr_ gives us a delta function

/ B — 21)36(p +p') (D.50)
and the asymptotic v state can be expanded as follows letting v' = m (Et, + ps) = m (Et_ —
p3)

1 1 ;rt— i ’ /
— = (=m0 ++*m3) Ry — —2m V' Ry e T TP
Dy — ) | 2m.v
(D.51)

Finally, the parabolic cylinder functions have an asymptotic expansion

M

z

D,(z) ~e 5 2¥ (D.52)

where —27 < arg(z) < 2Z. In our case we have a phase —e't = ¢t , which matters because it gives

a real contribution at the exponent
(e7"T) 2 =eF . (D.53)
The leading order v" — oo of is the first term, so up to a phase we have
¢S D_ i (— V2 ') ~ e~ e F ) (D.54)

which precisely cancels the infinite part from v°°; this gives us an amplitude

1 n
— . (27)35(p +p)e 2 |. D.55

The presence of the normalization factor 4, (0|0)i, tells us that the worldline propagator S(z,,z_)is

not the same as o, (0|TY(x, )V (z_)|0)i, but rather [52] [124]

out (O] T (2, )W (2_)|0)in
0ut<0‘0>in ’

Since we want to use oyt (0|TU(x, )W (x_)|0)iy rather than S itself in the LSZ, we get rid of the factor

S(zy,x_) =

(D.56)

out (0]0)in and integrate over the momenta

2

d3p d3p/ dpidps _ . E® _x
> /Wj Jout (0]0)in | ||2:EV42/ () © T=Vigge ® (D.57)

where we used [ dps = EVj. Note that this gives the total probability to produce just one pair, so it
is different from the vacuum decay rate, which includes the probability to produce any number of

pairs [17].
Of course, one can show that amputating the propagator with the positron asymptotic state gives the
same result. The exact solution produced in that case is given by

P Xt 1

N 2nve’s 2Ee™'s B D_; 2nve' D.58
out 010)in V2E BoD gy (= V2vet) 1Dy (—V2n0e)) (D58)
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where

By =7"Ry By = m—(m — 7" pL) Ry (D.59)

1

b4
”x

D.3 Breit-Wheeler pair production

We consider a photon with momentum [,, which decays into an electron with momentum p and a
positron with momentum p’ in a constant electric field E along the z axis. The gauge is always
As(t) = Et. Explicitly, we take the photon momentum to be [, = Q(1,sin 6§, 0, cos §) and consider two
polarization vectors el = (0, —sin#, 0, cosf) and ) = (0,0, 1, 0). Since the maximum probability is
when the photon is perpendicular to the electric field, we consider the case 0 = 5 orl, = Q(1,1,0,0).
From the amplitude, we obtain the total probability by integrating the modulus squared over outgo-
ing momenta and summed over spins. One momentum integral is solved by the delta function, and
we can solve the other with the saddle point method. One can show [104} [105] that the biggest con-
tribution is when p’ = p = 1/2. In order to make things more precise, especially with the expectation

of generalizing to spacetime fields, we consider a photon wave packet in the incoming state

3
Lehn = [ g f el (B0 (D.60)

where f(k) is a probability distribution peaked around k = 1 and normalized as

d3k 9
Choosing a Gaussian wave packet
S (- 1)?
fk) ~expq —# +ibk; (D.62)
j=1 J
we get a normalized distribution
Fhy = | L2020 o Isn G (D.63)
O\ w320 000 P = 2)\? T ’

In this chapter we choose the wave packet to be so sharply peaked that we can effectively neglect
all wave packet effects. However, as we show in chapter 4, a large wave packet leads to interesting

consequences.

Since the field is space-independent, from the spatial integral over ¢’ = (2% + 2’ ) we obtain a delta

function

/ A3 ' PitikDY — (9my3 5(p + p — K) (D.64)
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which we can use to perform the k integrals. Then, we assume that the \; are so small that

dgp’ 3 (k‘ _ l-)2 A AgAs
/ (2m)? P {2333 F(p') =~ 55 F1-p) (D.65)
]:

so that at the prefactor (D.65) cancels with the factor of (27)% and the normalization of f(k) to give in
the end

e2 d®p
P=_c Z/ Gy |M|? (D.66)

where Q) := [y = kg and M is the amplitude stripped off of the delta function Defining the amplitude
M as

@2m)38(p +p — DM = ou(p, 59, 5|1, )in - (D.67)

Eq. is our starting point.

In principle we could find the stimulated pair production amplitude using the LSZ and the exact

states
(0[0)* lim [ d’z,d’z d' et =il 7 (b)Y Gay,x) ¢ Gz, z ) Ve (t_, p') (D.68)
4+ —00
simply amputating both propagators to obtain

[dtae i gy @0 v (D.69)

where 1, (x) and _1,(x) are the exact solutions which represent a single electron and a single
positron at co, shown in the previous section. The resulting spatial integrals give a delta function,
and the time integral can be computed using the saddle point method when £ < 1. Since we use the
saddle point method, it actually makes no difference if we use the WKB approximations instead of

the exact solutions with parabolic cylinder functions.

Our goal, however, is to use the worldline representation with the photon introduced as a plane wave

A Atee il

1 [ T i (g 42 T Agte-ge—ild ETn0,3_5T¢] [ e—ila
D(zi,z_sle) = (iD,, +1)2/ dT/ Dgetho ddptgtAdteqe ™ poy TPy —ild] [ e
0 T_

line

(D.70)

where the ¢ term from P,,, gives zero as for plane waves.
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D.3.1 Exponent

We want to calculate

lim [ &, P PTHE-T(, p) A T (e, x i Le) 0 Vet p) . (D.71)

t4+—00
We begin with the path integral: the instantons now satisfy ¢ = TF""q,, +T J* with J# = " §(1 —0),

or in components
i° = ET¢® + TI° (1 — 0)
i =ET® + T3 (1 — 0) (D.72)
Gg-=TI"6(r—o0).

The path integral is Gaussian, so evaluating it at the instantons is exact.

(" +2")and ¢ = (2, — z") we

We turn to the spatial integrals: changing the variables to ' = L

1
2
immediately integrate over d3¢ to obtain a delta function (27)353(p + p’ — [). Since the d30 integral
is Gaussian, we can solve it exactly by evaluating the exponent at the saddle point. We redefine the

limit ¢ — ¢ — p3/E so that p3 drops from the expression.

As to the last two 7" and o, we have to use the saddle point method. As we show in Appendix
we can find the saddle points for 7" and o from the initial exponent (i.e. not evaluated on the other

saddle points)

l-q(c)=0 (D.73)

but they are implicit equations; we can obtain a more useful asymptotic expression as follows: using

T? = ¢?, and since t goes to infinity, we must have

H7) = TOr0\/m2 + (ps — BUT))? — Thor/m!, + (ps — BU(r))? | (D.74)

When 7 = o there is a turning point: comparing the equation above with ¢(c 4+ ¢*) — t(c — &) = TQ

we see that

0= \/mi + (p3s — Et)2 + \/mg2 + (p3 — Et)2 (D.75)
where we have defined ¢ = (o). At the momentum saddle point and shifting ¢ so that p; disappears

we find a much simpler condition

Q 02 - ~ 1
— =4\/14+ —+(Et)2 =t=— D.76
From (D.74) we find (changing the variable to get rid of p3)
o 1 t N 1 1
=T / T / _ / i +
0 o t \/mi + EQEQ \/m/J_Q + EQEQ
arcsinh (f—j) — farcsin (%) arcsinh ( Tf,t ) — farcsin (ml, )
= + = a (D.77)

E E
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In particular this tells us that 7" goes to infinity parallel to the real axis but slightly shifted. This
imaginary contribution to 7" is important because at the end we take the modulus squared so the real

phases get canceled.

Notice that, for generic momenta, even if we take the limit along¢ =t, =t¢_, we do not have o = %,
since from
arcsinh <mij) — g arcsin (mﬂ)
E
arcsinh ( Lt ) — 7 arcsin ( m )
my
E

[

To =

3
B

T(1-0)= (D.78)

wehave To =T (1 —0),hence o = %, if and only if m, = m/,. This implies that, when evaluating the
exponent at the saddle points for 7" and o but before the momentum integrals, we cannot simply set

o =

N[ =

Writing the exponent explicitly as a function of 7" and ¢ gives a complicated expression, but we only
need to consider the asymptotic limit 7' — oo. Furthermore, when we integrate over perpendicular

momenta, we find a saddle pointatp, =p/ = % ; at the probability level we have the exponent

% <S22— (1 + (f) arctan(é)) (D.79)

which is the result obtained in [70].

D.3.2 Prefactor

As for the path integral, since the current is zero almost everywhereﬂ we solve the Lorentz force
equations in the regions [0, o) and (o, 1] separately and match the solutions at 7 = o; we assume for
simplicity /3 = 0. Since §* contains a delta function, ¢* makes a jump ¢* (7 +¢*) — ¢*(r —et) =T I*
and ¢* is continuous. The path integral normalization is unchanged with respect to the vacuum case

since only the instantons change but the kinetic operator does not depend on them

o 1 ET/2
/x_ ba = (27T)? sinh (ET/2) (D.80)

The spatial variables give

47 tanh (%)

= (D.81)

/d% d*0 — (2n)%5(p' +p —1) 27T

whereas the Hessian matrix for 7" and o gives a very complicated expression for general time and
momenta, but in the asymptotic limit and on the momentum saddle point

22
ET (i4+w/2) Vw

/ dTdo — (D.82)

+

2 In a measure-theoretic sense, the single point 7 = ¢ has measure zero in the open interval [0, 1].

136



APPENDIX D. CONSTANT FIELD

At the prefactor the term (i, + 1) can be simplified by integrating the spatial derivatives by parts

and letting J;, act on the exponent, giving us
: t(1
0, et ) = E/Z(T)T = (T) =}
where after taking the derivative we set t = ¢, and integrate by parts the 7 integral.

As to the spin factor, we have a scalar addendum

. . ET_ 0.3
ilé‘.qegvfy

and a spinor one

ET,_0.3_iT 1T BT 0.3/1_ ET_0.3
Pez VT = ez " (1=0) [4 6550

2

For the scalar one we simply have —ic - (o) = Te3 and

1 - 1
m—Ri(pﬂl+1)70(¢7py+1)(...)e%¢733j N m—RIijie%
1

L
whereas for the spinor part we have

T 1 - .
—%iRi(pr + 1Y D, + 1)()e 2 109 [g e TR,
my

o ET
1T e2
2

1 LW
ERZ (’yo(pgyL +1) <’L - 5) + mi) I¢ R;
where in the last line we have inverted the instanton relation (D.77))

ET

2Et:(i—|—%)67.

At this point one can see that all functions of 7" cancel in prefactor, so that the limit is finite.

Defining
N ol A e T YY) 2 2| R
M;j := —R| Yoyt + )i+ 5 ) +m? ) If +ml| R;
m, 2 2
we have the following sum over spins
Z |Mij|2 = Qmi .
Y]
Finally, integrating over momenta yields a contribution

TF

/ = \/amtan [2] (avetan [£] - +£5)

p|  1+p?

(D.83)

(D.84)

(D.85)

(D.86)

(D.87)

(D.88)

(D.89)

(D.90)

(D.91)

for the transverse momenta, while since the integrand does not depend on p3 we get a volume fac-

tor

/dpg — EVy.
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Putting everything together

P aEV)y e%(p_(l-i-ﬁ)arctan[%])
T
pw \/arctan[ﬂ (arctan[%} — 1fp2> -
PO = 2 pi),
1+ pQ

where p = % The results agree with [70].
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