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Zusammenfassung

Relativistische Quantentheorie sagt die Existenz von virtuellen Elektron-Positron-Paaren
vorher, die innerhalb einer typischen Zeitskala, der Compton-Zeit des Elektrons, erzeugt
und wieder vernichtet werden. Diese virtuellen Dipole machen das Vakuum zu einem
polarisierbaren Medium, was zu einer Abanderung der klassischen Maxwell-Gleichungen
fithrt. Falls die Photonen eine Energie haben, welche deutlich kleiner ist als die Ruheener-
gie des Elektrons, werden diese Effekte durch die “Heisenberg-Euler”-Lagrange-Dichte
im Rahmen der Quantenelektrodynamik beschrieben. Fiir Feldstirken, die klein sind im
Vergleich zu dem “kritischen” Feld E.. = 1.3 - 1016 ch_l, konnen diese Korrekturen
zur Ausbreitung von elektromagnetischen Wellen explizit ausgewertet werden.

In dieser Arbeit werden die Maxwell-Gleichungen mitsamt dieser Korrekturen fiir schwa-
che Felder numerisch in einer Anregungs-Abfrage-Konfiguration von zwei zusammen-
stoflenden, ebenen Wellen geltst. Die entsprechende Wellengleichung wird dann analy-
tisch gelost. Die Anfangsbedingungen bestehen dabei aus einem (optischen) gaufschen
“Abfrage”-Puls, der sich entgegengesetzt der “Anregung” in Form eines nur schwach va-
riierenden, starken Hintergrunds, ausbreitet. Dabei werden Vakuumpolarisations-Effekte
wie Doppelbrechung und die Erzeugung von Harmonischen (dhnlich zu Prozessen in ei-
nem nichtlinearen Kerr-Medium) untersucht.

Der erste Teil dieser Arbeit befasst sich mit der Analyse der zeitaufgelosten Dynamik
der Kollision des Abfrage-Pulses mit einem gauf}férmigen, starken Hintergrund. Dabei
wird ein “Uberlappungs”-Feld identifiziert, welches nur im Wechselwirkungsbereich vor-
handen ist und verschwindet, wenn die Pulse weit voneinander entfernt sind.

Der zweite Teil untersucht die Erzeugung von héheren Harmonischen im Vakuum, wobei
der Hintergrund nun als ebene Welle mit verschwindender Frequenz gewéhlt wird. Falls
die Wegldnge des Abfrage-Pulses im externen Feld grofl genug ist, kénnen hchere Harmo-
nische durch hintereinander stattfindende Streuprozesse erzeugt werden. Fiir parallele
Polarisationen der beiden Pulse wird ein Multi-Skalen-Parameter identifiziert, welcher
angibt, wann diese Selbstwechselwirkung relevant wird. Wenn dieser Parameter gegen
eins strebt, entwickelt der Abfrage-Puls eine Unstetigkeit in der Trigerfrequenz, welche
auch “Schock” genannt wird.






Abstract

Relativistic quantum theory predicts the existence of virtual electron-positron pairs that
are generated and annihilated over a typical time scale given by the electron Compton
time. These virtual dipoles render the vacuum a polarisable medium thereby modify-
ing the classical Maxwell vacuum equations. For photons with energy much smaller
than the electron rest energy, these effects are well-described by the “Heisenberg-Euler”
Lagrangian within the framework of Quantum Electrodynamics. In the case of field
strengths that are small compared to the “critical” field E., = 1.3-10' Vem ™!, the re-
sulting nonlinear corrections to the electromagnetic wave propagation can be evaluated
explicitly.

In this thesis, Maxwell equations that include these weak-field corrections are solved
numerically for a “pump-probe” setup of two colliding plane waves. The corresponding
wave equation is then solved analytically. The inital configuration is a weak (opti-
cal) Gaussian probe pulse that counterpropagates with a slowly-varying strong “back-
ground”. Vacuum polarisation effects such as birefringence and the generation of har-
monics (similar to processes in a nonlinear Kerr-medium) are analysed.

The first part of the thesis is dedicated to the study of the time-resolved dynamics when
the probe collides with a Gaussian strong pulse and an “overlap” signal is identified,
which is only present in the interaction region and disappears when the pulses are well
separated.

The second part of the thesis considers vacuum high harmonic generation in a plane
wave background of vanishing frequency. If the propagation length of the probe in the
external field is long enough, higher harmonics of the probe frequency can be generated
due to multiple scattering events. For parallel polarisations of probe and strong pulse,
a multi-scale parameter is identified which indicates when this self-interaction becomes
important. If this parameter approaches unity, the probe pulse develops a discontinuity
or “shock” in the carrier wave.
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Chapter 1

Introduction

1.1 Classical Electrodynamics

Classical Maxwell theory describes an enormous variety of phenomena, ranging from
long radio waves (wavelength A ~ 108 cm) to microwaves A ~ 1 cm down to x-rays with
A~ 107® cm and even hard vy-radiation on the femtometre scale or smaller. Electromag-
netism is not only about the propagation of light in vacuum, but also the interaction
with charged, massive particles. The set of partial differential equations describing the
interaction of light with matter are the four Maxwell equations (in Gaussian cgs units
with ¢ = 1),

V AB - OE = 4nJ natter »
V - E = 47 pmatter »

VAE+0B=0,
V-B=0,

(1.1)

together with the Lorentz force equation

((ii—lt) =qE+vAB),
where E and B are the electric and magnetic field, Jpatter and pmatter are the current
and charge density, p = mv the momentum, ¢ the charge and m the mass of the particle.
One of the major characteristics of Maxwell equations is that they are a set of linear
differential equations and the superposition principle holds: The sum of two solutions to
(1.1) is again a solution. This is due to the fact that, classically, light does not interact
with light.

An alternative and equivalent formulation of the system of coupled first order differential
equations (1.1) are the inhomogeneous wave equations for the electric and magnetic fields
(which are derived in Appendix C.2)

DE(ta X) = _47Tvpmatter — 47O matter »
DB(t, X) =47V A Jmatter y

where [J := 97 — A is the d’Alembert operator. The Maxwell equations can also be
modified to describe wave propagation in media as we see in the next section.
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1.2 Electrodynamics in Media: Polarisation and Magneti-
sation

For electromagnetic waves in media, the equations (1.1) now include two additional fields

V - D = 47 pmatter ,
VAH - 0D = 4nJnatter ,

V-B=0,
VAE+ 0B =0

(1.2)

with the electric displacement field D and the magnetising field H. The electric dis-
placement thereby consists of two parts

D =E +47P . (1.3)

P is called polarisation and can be interpreted as the response of the medium when
an external field electric field E is applied. Due to the external field E, the electric
charges in the medium are separated and generate an additional polarisation field P,
the resulting field is then given by D.

Similarly, the magnetising field H consists of the sum of the applied magnetic field B
and the response in form of the magnetisation M:

H=B-47rM . (1.4)
‘We note that in vacuum the relations
E=D, B=H

hold as M =P = 0.
Since the fields P and M can be interpreted as the response to the external applied

fields, one can make an ansatz of a power series in the external fields [FW63] for both
fields:

Pi=2 (B + ) (X EE + ) (x)iju B EVE"
ik

J ' jkl
< . | (1.5)
M; = Z(Xg))ij‘B] + Z(xg))ijkBJBk + Z(Xr(ng))ijle]BkBl ,
J gk jkl

where Xé”r% are the n-th electric/magnetic susceptibility tensors. For example, XS) #0

corresponds to a linear dispersive medium and Xég) # 0 is typical for a nonlinear Kerr-
medium.

1.3 Development of QED and the Notion of Vacuum Po-
larisation

While Maxwell already formulated his theory of electromagnetism in 1863 [Max63], sev-
eral decades later, at the beginning of the 20th century, a new era of modern physics
began as (non-relativistic) quantum theory was invented by Planck, Einstein, Pauli,
Bohr and many others. It took more than 20 years to put it in its modern form of
matrix mechanics developed by Heisenberg, Jordan and Born and, equivalently, wave
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mechanics based on the Schrodinger equation.

The first relativistic theory of the electron was devised by Dirac in 1927 [Dir27]. The pos-
itive energy solutions to the Dirac equation, which is introduced later, were interpreted
as “holes” in the sense of a lack of electrons in the “Dirac sea”, an infinite accumulation
of particles with negative energy. Only four years later, Dirac postulated that these
holes should be interpreted as positrons [Dir31], the anti-particle of the electron with
identical quantum numbers but opposite charge.

That was the birth of what is today known as “Quantum Electrodynamics” (QED).

In the same period, Sauter [Sau31] solved the Dirac equation in a homogeneous electric
field and was able to confirm Bohr’s conjecture that finite field gradients comparable to or
higher than the rest energy of the electron mc? over a Compton wavelength A\c = h/mc ,
yield a finite probability to create real electron-positron pairs.

This led to the notion of the “critical” or “Sauter” field (later also called “Schwinger”
field)

m?2c?

~ 13101 (1.6)

E., =
¢ eh cm

E.; is the field needed to create the difference of potential energy of the size of the
electron rest energy over a Compton-wavelength Ac.

The associated “critical” magnetic field is By, = 4.4 - 1013 G. If not written explicitly,
we use natural units such that 7 = ¢ = 1 throughout such that the electric and magnetic
fields have the same units, F.. = Be;.

Soon afterwards, Halpern [Hal33] and Debye (see footnote in [EK35]) hypothesised the
interaction of light with light via virtual electron-positron pairs, which obviously violates
the classical superposition principle. Following this hypothesis, Euler and Kockel [EK35]
calculated the effective Lagrangian for light-by-light scattering in the limit of weak fields
compared to the critical field E., and low frequencies fuw < mc? and were the first to give
the order of magnitude of the light-by-light scattering cross-section, which is [BLP82]

973 w\6
7= To1a5r (E) A6 (L7)
in this limit and Ac = A¢/27 is the reduced Compton wavelength. For an optical
photon with fuv = 2 eV (corresponding to a wavelength A = 0.62 pm) the cross-section
iso,y=4.4- 107%* cm and as such, extremely small.
While Euler and Kockel calculated corrections nonlinear in the fields, Uehling [Ueh35]
and Serber [Ser35] calculated the corrections nonlinear in the coordinates, including a
logarithmic correction to the Coulomb potential at small distances induced from virtual
ete™ pairs.
In 1936, Heisenberg and Euler were able generalise the results from Euler and Kockel
to an analytical all-order expression for the nonlinear corrections in the electromagnetic
fields valid for arbitrary strong field amplitudes in the limit of constant fields [HE36].
Soon after the derivation of what is nowadays called the “Heisenberg-Fuler” Lagrangian
(HE Lagrangian), Weisskopf [Wei36] was able to re-derive the Lagrangian in a simpler
way and stated clearly, that empty space or the “vacuum” can be seen as a polarisable
medium with field-dependent electric and magnetic polarisability. For a more extensive
review of the historical developments, the reader is refered to [Dunl2].
The quantum vacuum can therefore be imagined as virtual electron-positron pairs that
are generated and annihilated within a reduced Compton wavelength and “live” for a

(reduced) Compton time tc = Ac/c as it is allowed by the time-energy uncertainty
[SN11]

AEAt~ . (1.8)
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This idea is illustrated in the left panel of Fig. 1.1 with a random orientation of the
dipole moments of the eTe™ pairs. The reduced Compton-wavelength Ac and reduced
Compton-time give therefore naturally the typical length- and timescales of QED with
[MNT15]:
Ac~3.86-10" em=3.11-10"" 4% |
tc~1.29-107' s =3.11-1077 % .

Electric Field E
>

@ o | « s
® s
) < %

S T « 3 <«

Figure 1.1: In the left panel virtual electron-positron pairs are created and annihilated in
vacuum within a Compton-wavelength Ac with a corresponding “life-time” (Compton-
time) tc with arbitrary relative orientation. If an electric field is applied, these pairs
polarise the vacuum as it shown in the right panel.

The behaviour of the virtual pairs changes in the presence of a background field as it is
shown for an electric field in the right panel of Fig. 1.1. The dipoles align according to
the external field similar to a “normal” polarisable medium. With the interpretation of
the vacuum as a polarisable (nonlinear) medium, one expects similar effects as in classi-
cal electrodynamics. Among the most prominent predictions are vacuum birefringence
[Tol52; BB67a] with resulting polarisation rotation [Kinl0], vacuum diffraction [DHKOG;
KPK10], the generation of higher harmonics [FNO7; BB81] and photon splitting [Ad171;
BB70]. The effects of birefringence and harmonic generation are studied in this thesis
and explained later in more detail, for a comprehensive review of the other phenomena,
the reader is refered to [MS06; Di +12; KH16].

In the next section we introduce the QED-action and make the connection between terms
in the Lagrangian and the polarisation P and magnetisation M.
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1.4 QED as a Lorentz Invariant Gauge Theory

As Maxwell’s theory is invariant under Lorentz transformations, it can also be put in a
manifestly covariant form. The equations (1.1) can then be compactly written as

OuFM = A Il ier s (1.9)

Oy xF" =0, (1.10)

where F),, is the Faraday tensor, F,, = 0,4, — 0, A, with A, being the gauge potential,
*F),, its dual and 7% .. = (Pmatter, Jmatter). The components of F and xF are given in
Appendix A.1.

There are two fundamental principles for modern quantum field theories. The first one
is the postulation of gauge symmetry under a certain gauge group, which is simply U(1)
in the case of QED. Furthermore, the equations of motion should be derived from an
action principle, which is in the Lagrangian description

5SQED = 5/d4$ L‘QED =0 N (1.11)

where the QED action Sqrp is given by the integral Sqrp = f dx Lqep over the
Lagrangian density LqgD-

The massive particles (electrons and positrons) in QED are represented as spinor fields
VU that are minimally coupled to the gauge (photon) field A,. The equation of motion
for the spinor fields is the Dirac equation

(i —m)¥ = (i —ed —m)¥T =0, (1.12)

where ) = v*D,, with v* being the Dirac matrices satisfying the Clifford algebra ~#~" +
YAk =2g" and D, := 0, +ieA, is the covariant derivative.
A suitable Lagrangian that reproduces (1.9) and (1.12) is given by

Lqoep = Lvw + ‘I’(lﬁ —m)¥

1 e " (1.13)

= _16771_FMVF + \Il(la - m)\Ij - AMJmatter ’
where we defined the free Maxwell Lagrangian as Lyw = —M%FWF’“’ , the current
JE ter = €¥Y*W and ¥ := U140 is the Dirac conjugate of ¥. §Sqrp = 0 is then

equivalent to the Euler-Lagrange equations

9 OLqep  OLqED
FOA)) DA,

OLqep  9LqED
"9(0,) oV

0Lqoep  O0LQED

a”a(a#q/)_ v 0

=0,

=0,

where the first equation yields (1.9) and the second and third equation yield the Dirac
equation (1.12) and its conjugate. We note that (1.10) is the Bianchi-identity [Szall]
which is automatically fulfilled due to the gauge symmetry.

The QED Lagrangian (1.13) is quadratic in the electromagnetic fields F},, which corre-
sponds to free photon propagation with one incoming and one outgoing photon. That
photons do not interact classically with each other (and the equations of motion are
therefore linear, as explained above) is a direct consequence of the fact that photons are
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uncharged under the Abelian gauge group U(1).
Now the only gauge and Lorentz invariants that can be constructed for the electromag-
netic field are (up to constants)

1

1
= __F, F*" = ~(E*> - B?
F 1l 2( )

1 (1.14)
g:—z w Y =E-B .
Since every interaction term for pure light-light interaction must be Lorentz and gauge
invariant, it can only be constructed as functions (most of the time polynomials) of F
and G, where each factor in the polynomials corresponds to two external photons. A
term ~ (9152 + g2G?) with some coupling constants g;, g» then describes four-photon
interaction and in general ~ gF'G%* corresponds to 2(i + 2j)-photon scattering, where
1,j are integers. We note that only even powers of G can appear as G is a pseudo-scalar
and the Lagrangian needs to be a proper Lorentz scalar.
So under the assumption that the Lagrangian includes an additional interaction Lin (F, G)
for purely photons (which corresponds to taking vacuum polarisation into account) that
depends only on the field invariants, it is shown in Appendix C.1 that these terms give
precisely contributions to the Maxwell equations (1.2) that can be interpreted as polar-
isation P and magnetisation M (as they are used in e.g. [BB81] or [DHKO06]) where

. aﬁint _ 8ﬁint
- OE M="8 -

P (1.15)

Being a relativistic effect however, the magnetic and the electric field appear in on an
equal footing in both P and M in contrast to the ansatz (1.5) in normal polarisable
media.

As we now have introduced the notion of vacuum polarisation and certain relations of
this effect to quantities in the Lagrangian, we give the outline of the thesis:

e In the next chapter we re-derive the HE Lagrangian for constant electromagnetic
fields. As a first step we briefly introduce generating functionals for correlation
functions in the path integral formalism. Then the effective action I' for QED
is introduced using Schwinger’s “proper time” method. The calculation of I' is
thereby reduced to finding the Klein-Gordon-propagator in position space in a
constant external field. Then a general formula for the propagator of an arbitrary
quadratic Hamiltonian with constant metric is derived. The case of the Klein-
Gordon-propagator is then an application of the result for a quadratic Hamilto-
nian and the HE Lagrangian is derived in its final form, where the details are
given in Appendix B. Employing a weak-field expansion, corrections (correspond-
ing to four-, six- and eight-photon scattering) to Maxwell’s equations and the
wave equation are derived and the pump-probe setup of two colliding plane waves
is introduced. As the effect of the strong pulse (pump) on the probe is treated
classically in the fourth chapter, dressed diagrams for the probe propagation are
also introduced.

e In the third chapter, the two different approaches to nonlinear wave propagation
used in this thesis are presented. First, the analytical solution of the wave equation
using an iterative ansatz based on the appropriate Green’s function in (1 4 1)



1.4 QED as a Lorentz Invariant Gauge Theory 7

dimensions is introduced that naturally leads to the notion of forward (along the
direction of the probe propagation) and backward scattered (along with the strong
pulse) signals. From the first iteration, the “overlap” signal is identified as a
boundary term in the integration of the wave equation, which is only present in
the interaction region of both pulses and disappears when both are well-separated.
Then higher iterations neglecting the change of the strong field are carried out
and interpreted using the dressed diagrams from chapter two. The second part
of the chapter is dedicated to the numerical solution of the Maxwell equations
including the weak-field nonlinearities. For the plane-wave setup, these equations
can be written in matrix form and brought to an explicit form of first-order partial
differential equations via matrix inversion. The equations are then discretised in
space using the “Pseudo-characteristic Method of Lines” yielding a coupled system
of ordinary differential equations (ODEs) and then integrated using the ODE-solver
CVODE.

e The fourth chapter is then the application of the numerical and analytical methods

and consists of two parts. The first one treats the time-resolved dynamics of
the interaction including four- and six-photon scattering of a Gaussian optical
probe and (strong) slowly-varying Gaussian pulse including an analysis of the
“overlap” signal introduced in chapter 2. Thereby changes in the first harmonic of
the probe can be interpreted as polarisation dependent vacuum birefringence due
to the strong pulse, but also higher harmonics of the probe pulse are generated.
The back-reaction of the probe on the strong pulse also leads to components with
frequencies much smaller than the probe frequency. Finally, a comparison between
the generation of the second harmonic from the asymptotic signal from six-photon
scattering and the overlap field from four-photon scattering is given.
In the second part of this chapter, the Gaussian background is replaced by a
“square pulse” with vanishing frequency. In the analytical model, an all-order-
solution for the forward-scattered probe field in the case of parallel polarisations
of the probe and strong pulse is derived. This solution can be written in terms
of the original probe with a probe-dependent refractive index and a multi-scale
parameter is identified. This parameter depends on the propagation length in
the strong background and it is found that if this parameter approaches unity, the
probe develops a discontinuity or shock due to high harmonics in the spectrum. For
non-parallel polarisations it is found numerically, that generation of these higher
frequency components is strongly suppressed and also very sensitive to dispersive
effects. Finally, we conclude with a comparison to plasma physics and a discussion
of the applicability and the possible generalisation of the results obtained in this
thesis.

e Appendix A summarises the conventions used in this thesis, in Appendix C the
formulas for the Maxwell and wave equations for additional photon-photon inter-
actions are derived. The general form of Maxwell’s equations for a Lagrangian
that depends on the secular invariants is calculated and the coefficients appearing
in this expression can be used to express the coefficient matrices for the numerical
method. In Appendix D the Green’s function for the wave equation in (1 + 1)
dimensions is derived. Finally, the formulas for the biased finite differences and
the nonlinear matrices used in the numerical simulation are given.
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Chapter 2

Effective Field Theory and
Modified Wave Propagation

We introduce path integrals and the one-loop effective action for QED using
Schwinger’s proper time method. The Heisenberg-FEuler Lagrangian, the ef-
fective Lagrangian for QED in constant electromagnetic backgrounds, is then
re-derived from the general expression of the Green’s function for a quadratic
Hamiltonian on phase space. A weak-field expansion of the Lagrangian is given
and the resulting nonlinear Maxwell and wave equations are derived. The setup
of two counter-propagating plane-wave pulses considered in the thesis is intro-
duced and we comment on the allowed possible processes for two colliding plane
waves.

2.1 Path Integrals in QFT and Generating Functionals

In this section we briefly review the concept of generating functionals for correlation
functions. We use the case of a free Klein-Gordon field to show how to obtain only the
connected correlation functions from the generating functional. The same argument is
then be used in section 2.3 to obtain the connected correlation function in the interacting
case, the fully dressed propagator. For an extensive introduction, the reader is referred
to standard text books like [PS95; Sch13; Ryd96].

Among the main (measurable) quantities one is interested in in Quantum field Theory
(QFT) are cross-sections and decay rates. Those quantities can be calculated using
the so-called S-Matriz. If one considers a process of incoming particles whose initial
configuration is « and end up in a final configuration 3, then the probability amplitude
for this process to happen is denoted as Sg,. The main idea is to consider the states «
asymptotically as free states, when all interaction is turned off. The transition amplitude
is then defined as

Sga = (B,t = oo|a, t = —o0) .

Via the LSZ-reduction formula, the calculation of the S-matrix can be related to the
calculation of n-point correlation functions Gy, (x1, xa, ..., x,) which are defined as time-
ordered vacuum expectation values of certain (possibly different) fields. Let us first
consider a free uncharged scalar field ¢ which satisfies the Klein-Gordon equation

(O+m*p(z) =0, (2.1)
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where O := 9? — A is the d’Alembert operator and we set i = ¢ = 1. Then the n-
point correlation functions Gy, (z1,x2, ..., x,) are defined as vacuum expectation values
of time-ordered products of the field ¢:

Gn(z1,22.. ., 20) = (0] T{p(z1)¢(22) ... ¢(20)} |0)

Now one way to calculate the vacuum expectation value of time ordered products of field
operators is via the path integral formulation:

T z9) ...z, ei5c1[¢]
<0’ T {gb(xl)d)(a:g) A ¢($n)} |0> = fD(b (b( 1}¢'(D(;)ei5c1[ﬁ]( ) ’

where D¢ means the integration over all classical field-configurations ¢(z) which are
weighted by the factor e*[¢! where Sy[¢] = [d*a L(¢) is the classical action.

To calculate the quantities [ Do d(x1)d(22) . .. d(2y) e5al?l it is convenient to introduce
an external source j (which is not to be confused with Jipatter) Which couples to the field
¢. Then one can define a generating functional Z[j] for the n-point correlation function
as the path integral

20 = [ Poexp(~i [ atalzo( +m? ~igp - o)) 2.2)

where the i€ is introduced to assure the proper boundary conditions. Then all correlation
functions can be expressed as functional derivatives of Z[j] with respect to the source j:
1 1 oz

in Z10] 65(x1) ... 07(xn)

O T {p(z1)p(x2) ... d(zn)}|0) =

=0
where one sets the currents j to zero after evaluating the derivatives. Using the identity
1 1, 4 _1
Doexp( ~[5(649) +b6] ) = exp( 5 (A7) ) det(4) " |

Z|j] can be written as

20 = Nep(3 [ ate aty @sea =i ). (2.3
where
N = /ngexp [—; /d4m (0 +m? — ze)qb]
is an (infinite) constant and Sp(x — y) is the Feynman propagator satisfying
(O +m? —ie)Sp(x — 2') = —id*(xz — 2) . (2.4)

Using the expression (2.3), one can expand the exponential pictorially (ignoring N)
which is shown in Fig. 2.1.

Apart from the first two terms, all higher graphs are disconnected. One can further
define a generating functional which only gives the connected Feynman diagrams,

WIj] = —iln 2 (2.5)

such that the only connected n-point correlation function generated by Wj] is the
Feynman propagator. So we note that taking the logarithm of the generating functional
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Z[j] =1+ — + :::+I I+><

»X—X
_|_ —x —|— eeoe
»¥—X

Figure 2.1: Pictorial expansion of the generating functional Z[j] (ignoring the constant
N) into a trivial part denoted by 1, the Feynman propagator as a straight line and
all higher order graphs that are disconnected consisting only of free propagators. The
crosses indicate the coupling to the current j.

of the free theory gives only the second term in Fig. 2.1, the free propagator when the
js are set to zero.

In the next section we introduce Schwinger’s proper time formalism which is used to
relate the Feynman propagator (the connected correlation function for the Klein-Gordon

equation) to the amplitude (x| e~*H |2/) with a certain Hamiltonian H and the additional
proper time parameter s, which is not to be confused with the proper time on the world
line of the particle, most of the time called 7. This connection is then used to motivate
the notion of the one-loop effective action.

2.2 Schwinger’s Proper Time Formalism

This section is based on [Sch13].

In non-relativistic quantum mechanics, the fundamental objects of interest are observ-
ables that are represented as self-adjoint operators like position # or mentum p whereas
time is mostly only considered as a parameter. Now for relativistic theories both time
and space must be on equal footings. So there are two possible ways out [Sre07]:
Introduce the notion of a time-operator or degrade also position to be a parameter or
label.

Pauli already pointed out in 1933 ([Pau33; Pau+58], see [Bus08] for an extensive re-
view) that the existence of a self-adjoint time-operator would lead to an energy spectrum
E € [—00,00] in the range of the entire real line. He concluded that for most physi-
cal relevant systems, which have discrete, bounded or semi-bounded energy spectra, the
concept of a self-adjoint time-operator “must fundamentally be abandoned” [Bus08]. Al-
though Pauli’s statement is not entirely correct, introducing a time-operator in quantum
mechanics is difficult in practice [Sre07]. The second choice, taking also the coordinates
Z as parameter, is the base of modern quantum field theory in which the main objects
are fields that are operators depending on the local coordinates (¢, ¥) as “parameters”.
Now Schwinger’s idea is to view the considered system as a four-dimensional non-
relativistic quantum mechanics with an additional (proper) time parameter s. To il-
lustrate further the interpretation of what is called “proper time method”, we consider
again the Feynman propagator of the Klein-Gordon-Equation

(O +m? —ie)Sp(x,z’) = —id*(x — 2') ,

where € > 0 is there to ensure the appropriate boundary conditions [Ryd96]. The key
observation for the whole formalism is the identity

i _ > (A—He) 9
A /0 ds €' (2.6)
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where again e > 0. Now we express Sp(z) by the inverse of its Fourier transform G (p, m):
d4p . N~
A —
Se(ana') = [ G € Glpm)

Here we assumed translational invariance such that the Fourier transform depends only
on the difference (z — 2). Applying the Klein-Gordon-operator 0O + m? — ie then yields

d4 . "o~
(O +m? —ie)Sp(x,2) = / (27£4 ePE=T) G (p, m)(—p? + m? — i€) . (2.7)

Using the identity

d4p ip(z—ax’
54(:1; —:L'/) — / (27T)4 ep( )

on the right-hand side of (2.4) then gives the expression for the propagator in momentum
space

~ 1

G ="
(p,m) p% —m? + ie
With (2.6), we can write
d4p ; / o0 o (m2 2.
N ip(x—z’) d is(p*—m=+ie) ) 2.
Sr(x,z") /(277)46 /0 se (2.8)

Now we proceed by introducing the one-particle Hilbert space with state vectors |z) , |p)
and introduce operators pt, &# satisfying the eigenvalue equations p# |p) = pt |p) and
# |z) = z# |x). Further, we assume that these states form a complete basis:

d*z d'p
1 :/(2704|x><x\ :/w!pxp! :

The momentum eigenfunctions in position space are given by
(lp) = &P .

Using these eigenfunctions, we can write

4 00 ' o ‘
SF(‘T7 xl) = / (;171?1 /0 ds elp(xfx )els(p27m2+ze)

d* o0 | |
:/ (271_1))4 /0 ds <x‘p> <p|xl> ezs(p27m2+le)

d*p & s 2
_ is(p*—m=+ie) | ./
[ Gl [ ase )

S . 2 . A2
_/ dS efzsm efse <x’ezsp ‘x/> )
0

Defining (proper) time-dependent states |z;s) := e *™ |z) with H = —p?, this can be
rewritten as

[e.@]
Sp(z; x') :/ ds e~ism® s (x| e |2")
0

0 L
:/ ds e e %€ <x;0|x';s> .
0

So apart from the factor e™*¢, which ensures convergence, and the mass-dependent quan-
tity e~5m* the propagator Sg(z;z") can be interpreted as the probability for a particle
located at time s = 0 at position x to propagate to position 2’ within the proper time s
and integrated over all possible values of the proper time.

S
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2.3 Effective Action for QED

An effective action is an action that approximates the “proper” action of the theory in
a certain parameter regime such that both actions yield the same correlation functions
under these assumptions. For the case of QED, the effective Heisenberg-Euler action
should be valid for photon energies much smaller than the rest mass of the electrons,
hw < mc?, as derivative expansions [GS96; GS99; DH99] and world line calculations
[GR11] suggest.

We already know from (1.13), that the full QED-Lagrangian is given by

1 =
EQED = _167 HVFNV + \I/(’Lw — m)\II .

Using the language of path integrals, one can use of the assumption of w < m to integrate
out heavy degrees of freedom [Din16], namely the massive fermions. The effective action
I'[A] is then defined via the path integral where the integration is only on the gauge
degrees of freedom:

/ DA = / DADYDY exp{i / d'z {—éFMVFW +U(ilp — m+ie)qzn
7'['
with
T4l — /mw exp{i/d4x [—1;FWFW + W (i) — m—|—ie)\ll]} : (2.9)
s

Now the path integral is an infinite version of a Gaussian integral over Grassman-valued
fields, which evaluates to the determinant:

/D\T/D\IJ exp{i/da:4 [U(il) — (m — i€)) V] } = N det (i) — m + ie)
with some infinite normalisation constant N. Therefore,

/pAeiF[A} — /DAeXp{i/dx‘l(_lé WF‘“’)}Ndet(z‘lD —m+ ie) .
™

Comparing the integrands and taking the logarithm on both sides, we obtain the explicit
expression for the effective action

il[A] = z’/dx4(1éFw,F“”) + Indet (i) — m +ie) + In N . (2.10)
™

Using the identity
TrinM = IndetM

for a diagonalisable matrix M, we can rewrite (2.10) as

iT'[A] = i/d%(—léFWF’“’) + Trin(i) — m +ie) + In N .
™

Since the trace is independent of the basis and we want to combine the logarithm into
an effective action, we chose the position basis |x) to evaluate the trace:

iT[A] = i/da:4 (—ém L P —itr (x| (i) — m + ie) \3«")) +InN
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and tr is the leftover trace over spinor indices. So the effective Lagrangian is given by

1

Lo —
off 167

F F* —itr((z|In(i) — m + i€) |z)) + const. . (2.11)
Following the analogy of the real Klein-Gordon-field in section 2.1, one can define a
generating functional Z4[j] for the n-point correlation functions where the vacuum |0) is
now replaced by an interacting vacuum [Q2) , with the gauge field A, present. The gen-
erating functional for the connected correlation functions is given by W[j] = —iln Z[j]
and we saw that taking this logarithm removed all unconnected correlation functions
and only the free propagator survived. In the same sense here now the fully dressed
propagator satisfying

(i) — (m —i€)) Sa(z — ') = —id(x — )

is obtained as the connected two-point-function. From the Schwinger-Dyson equation it
is known that S4 can be expanded perturbatively and this expansion has the following
pictorial representation, where the double-dashed line is the fully-dressed propagator:

A :x—x'{-xi gj’_l’_xﬁx/
LT

Figure 2.2: Tterative solution of the Schwinger-Dyson equation for the fully-dressed
fermion propagator with a classical electromagnetic field. Only even numbers of photons
are present due to Furry’s theorem.

Here we already anticipated Furry’s theorem that only an even number of external pho-
tons are allowed due to CPT-invariance [PS95].

Now taking the trace sets x = 2/, which means pictorially that one joins the ends of the
fermion lines in Fig. 2.2 such that one obtains the fully-dressed, closed loop shown in
Fig. 2.3 together with its perturbative interpretation. We note that this is similar to
the explanation of the proper time interpretation at the end of the last section for the
free case.

To further simplify the expression for the effective action, we go back to (2.11) and take
the derivative with respect to m? [Sch13]

OLer _ —1 0 ((x! ln(ilD —Vm2 + ie) \x>>

2 o2 tr
_ 2;"”tr<<1;y W |m>>
- (6l 2.

2m — )’ —m2 +ie

If one now makes a Taylor-Expansion of the 1/ (—122 —m? 4+ i€) term, one gets a power
series in even powers of y-matrices. Since this series multiplies the enumerator and the
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O - W+NQM+<>-
+@}+§§+...

Figure 2.3: Expansion of the effective action into a perturbative series of Feynman
diagrams. Only an even number of external photons are present due to Furry’s theorem.

trace over odd powers of Dirac-matrices vanishes, we are left with

e
amQ - 2 _wQ _m2 + de

1 [° ) 2
= 2/ dse e "M tr(<x|eﬂ s |x>> .
0

Integrating again with respect to m? one obtains

1 i 00 e—ism2 '12)2
_ 113% M —es /]
Leg 7167TF’WF + 2/0 dse . tr((x!e ]x>) ,

where we installed again the linear Maxwell Lagrangian and dropped the constant as it
does not effect the equations of motion. Now we can use

1
lp2 = 5 ({'Y/J)’YV} + [7#7’71/]) DuDu =D? + gUuVFuu
with

{47} = 2",
[D,, D] = ieF,,

where {A, B} := AB + BA, [A,B] := AB — BA and

o = %[w,ﬂ . (2.12)
By making the replacement
(O +ieA,) = 11, =p, —eA, (2.13)

we obtain
e e
w2 = D2—|—*20"U'VI'LL1/—>¢2——||2+*2O'“VF/“/

and therefore

1 i
Lo = ———F FM 4 ~
of = g vt T 2/0

= ds

S

—ism?

e S tr((z|e "M 7)) | (2.14)
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where we defined a proper time Hamiltonian
Hot = —H2 + —c"F, 2.15
pt 20 jrZas ( . )

We can interpret again the effective action as the propagation of a particle from position
x, time-evolved with the dressed Hamiltonian H,; and propagated back to position z,
integrated over all proper times s. It runs around a loop in proper time s where the
complete interaction with the external field A, is taken into account. Therefore, one can
interpret I'[A] = [ d*z L.g as the one-loop effective action for QED in agreement with
Fig. 2.3.

Now we reduced the problem of integrating out the fermion dynamics to finding an
expression for the propagator in position space

(] ei5Hor |y (2.16)
As we saw from (2.15), Hp¢ consists of two parts:
Hpt = Hi1+Ha

where H; = —I1% and Ho = S0t Fy,,. As we assume F),, in Hy to be a function of the
position operator,

Fu = F uv(i") )
we can write
(] e (TSP @) |y (] oI5 ) 8550 Fun(w) (2.17)
The main task is now to derive the explicit expression for
(a] i [y) (2.18)

In the next section we are going to derive an expression of the propagator for a general
quadratic Hamiltonian H with constant metric on a 2n-dimensional phase space using
techniques from symplectic geometry. This machinery then allows us to derive the
Heisenberg-Euler Lagrangian in an alternative way as a special case with n = 4.

2.3.1 Propagator for Quadratic Hamiltonians

It’s a pleasure to thank Michael M. Kay for showing and carefully explaining to me the
derivation presented in this section [Kay16].

In this section we derive an explicit formula for the propagator for an arbitrary quadratic
Hamiltonian on a 2n-dimensional phase space with constant metric:

(e |y) (2.19)
with a Hamiltonian

1
H = (3" G+ 37 Gop + pT Gai + ' Gap) | (2.20)

where & and p are operators on the 2n-dimensional phase space and the G; are constant
n X n-dimensional matrices with ¢ = 1,2, 3,4. We note that in the one-dimensional case
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with G; = G4 = 1 and G2 = G35 = 0, H is simply the Hamiltonian of a one-dimensional
harmonic oscillator

H= %(ﬁQ + &2 .
The connection between (2.19) and the propagator appearing in the effective Lagrangian
(2.14) is made explicit later.
In this chapter we change notation from Greek indices p,v,... to lowercase letters
i,k,l,... which run from 1,2,...,n where n is the dimension of the space. If we now
introduce the 2n-dimensional coordinate operator X = (zZ,p) , then we can write the
Hamiltonian as

2n
15 >\ . 1 i o J
H=3(X,GX) = QIEJ—:OX G X7, (2.21)

where (,) denotes the standard Euclidean scalar product. The capital indices I, J, ...

run from 1,...,2n over the whole phase space and the metric G is given by a the block
matrix
Gy G
G 1 G2
Gs Gy

The idea is now to view the propagator (x|e~ 7 |y) as the wave function (x|t (y,t)) of
the state |¢(y,t)) where

[Py, 1)) = e T Jy) (2.22)

and use that |¢(y,t)) is a solution to the Schrédinger equation

5 0, 0) = HI(, 1) (2.23)

with initial condition |¢(y,0)) = |y). This equation is hard to solve directly, but one
can replace it with a first order partial differential equation which is the statement that
|t(y,t)) is an eigenstate of a certain “time-evolved” operator. This condition then fixes
the state up to a phase which is in the end determined by explicitly requiring that the
constructed state solves the Schrodinger equation (2.23).

Specifically, we have

e~ iHt ghoiMto=iME ||\ — yko=iTit |y (2.24)

which follows from multiplying #¥ |y) = y* |y) with e~ from the left. So |1 (y,t)) is an
eigenstate of the “time-evolved” position operator

iF(t) i= e Mgkt (2.25)

In general, we define the time-evolved operators X% (t) as

A~

XK(t) — e—thXKeth '
The corresponding equation of motion for X () is then

—XK(t) = —i[H, XK (t)] (2.26)

— _Z»efi’}-lt[fH XK]eth )
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To further simplify this expression, we introduce the standard symplectic matrix €2 given

by
0 -1,
0= <1n 0 ) , (2.27)

where 1,, is the identity matrix in n dimensions. The canonical commutation relation
[&", px] = 10},
can then be written as
(X1, X7 =il

We note that that Q7 are the components of Q~!. For the commutator —i[H, XX] we
therefore obtain

2n
—i[H, XK = =i Y X'Gy[X7 XK (2.28)
1,J=0
2n .
=Y X'Gal¥ (2.29)
1,J=0
2n
==Y (Q'GFX! (2.30)
I1=0
2n .
= - AFX' (2.31)
1=0

where we used (271)T = —Q71 G = GT and defined
A= (Q71G) . (2.32)

The equation of motion (2.26) can be rewritten as

2n

d .

aXK(t) = - AFX'(t). (2.33)
1=0

Now we know that the general solution to (2.26) is given by the flow

pi(t, X) = (%i) = <x> et (2.34)

p

where a flow on a manifold M is defined as a map
p:RxM—-M

such that

pa(t, X) = S'X (2.35)
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where
Sti=e N, (2.36)

In Appendix B.1 it is shown that two flows on a manifold M are identical if their
derivatives at ¢ = 0 are identical. So since

d . o d
Seat. )| =i X = St %) (2.37)

it follows that @1 = 9. As a consequence the position operator #* obeys

2n
oMt sk iHE _ Z(St)l;‘XI ) (2.38)
I1=0

Now we need some information on the operator S* = e™**. We note that A is an element
of the Lie-Algebra sp(2n) of the symplectic group Sp(2n), whose defining property is

QM+ MTQ =0
for M € sp(2n). If we take M = Q71G, we have
ol +c@@hHTa=o0,

where we used Q7 = —Q and G = GT. Therefore, A € sp(2n).
Since A is an element of sp(2n), S is a symplectic matrix where the defining property of
the symplectic group Sp(2n) is leaving the standard skew-symmetric matrix €2 invariant:

PTQP =0 (2.39)

for P € Sp(2n). We denote the n x n-blocks of S* as

Stost
t __. 1 2
St = <S§ SZ) . (2.40)

The relation (2.39) gives certain conditions on the blocks S! which are collected in
Appendix B.2.

Now we use this information to derive a differential equation for the propagator in
position space.

As we have seen in (2.24), we have the eigenvalue equation

e Mk ™ |y (y, 1)) = yF [Y(y,t)) (2.41)

Using (2.38), this can be rewritten as

2n

D (SHEXT 0y, 1) = " [ (y. 1)) - (2.42)

I1=0

Multiplying (2.42) from the left with (z|, we obtain the differential equation

(Siz —i95V) (z|(y, 1)) = y (x|(y, 1))
or, equivalently,

(St — iS5V (x) = yiby () (2.43)
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where we defined

dy(@) = (v (y,1)) .

Now we want to solve (2.43) for V4! (z). This requires the inverse (S5)~!, which we
assume to exist for simplicity. Under this assumption we obtain

Vi () = i(S5) 7 (y — Siz)uy(a) (2.44)

which has the solution

Uh(@) = f(y, 8" exp (= 5@, (57 Sta) +i((85) "'y, ) (2.45)

7
2
with an arbitrary function f(y,S') which still has to be determined and we used that

(S5)~1St is symmetric, which follows from (B.5). As the time evolution is unitary, we
know

vy () = (2l |y) = v'(y) (2.46)

and therefore
U () = Flo 5 exp (S0, (5797157 —il(S5 ) ) - (247)

Now we can use (B.5) to rewrite (2.47) as

o i S , _
vy(a) = Flo, S exp (S, (55787 ") +il(@, S3')) - (2.48)
Comparing equations (2.45) and (2.48) yields

i

£(y,5") = N(S") exp (5

(W, (S7)71871)) - (2.49)
So the full propagator 1@(3:) is determined up to the unknown function N(S?):
t et
Yy (z) = N(S")®, () , (2.50)

where
7

s (S5 NS — o (597 1Ske) + () M) - (250)

®! () :=exp (
For later use we express

(85718 =—[(8)"17 ()"
~ iy

(which follows from (B.5)) and therefore

@) () = exp (— 5 (. S48 0) — &, (S5 Sta) + (5w ) )
Finally, we need to find the function
N(S)
for S in the Lie Algebra of Sp(2n). The condition (2.46) implies

N(S™H =N(S) .
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Now we consider the flow condition

;+t(1‘) — <x’ e—iHse—th ‘y> — /

d"u (] ™ Ju)ul = Jy)
Rn

= [ dmu gyl u) (2.52)

Rn
Setting x = y = 0 in this relation gives
N (S5t = N(SS)N(St)/ d"u @5 (0)Df(u) (2.53)

and the integral can be evaluated:

amu 0(0)@h(u) = | d"u exp( —(u, (S3(55) 7 + (S5 (SD)u)
. el )

= (—2mi)% det((S7)(53) ™" + (52) (1)~

[N

Next we manipulate further the determinant

So (2.53) is then given by

1
2

N(S*)N(S") = (=2mi) § N(S1)(det(S5)) " (det (S5)) % det(($°5%)2)*
which is satisfied if one defines

N(S) = <2’7r> * (det(S))FR(S") (2.54)

where R(S?) is an arbitrary function that fulfils
R(S®*)R(S") = R(S™) .

As a last step we show that actually R(S®) = 1 Va by requiring that 1! (z) satisfies the
Schrodinger-equation, which completes the calculation. This is done in Appendix B.3.
The final result is therefore given by

. i \"? i i
el = (5 ) (erst) 2 exp (= S0 515 ) — 3o (557151

2w
. exp (i((sg)*ly,@) . (2.55)

2.3.2 The Heisenberg-Euler Lagrangian

Now as we have the expression for the propagator for an arbitrary Hamiltonian H =
%(X ,GX) for a constant metric G, we can proceed to derive the Heisenberg-Euler La-
grangian. The expression we want to calculate is (2.14):

1 1% i *ds —ism?2 _—es —iHpts
Eeﬁ:—ﬁFuyF —1—5 ; - ¢ e tr((z|e”% |z)) .
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Now to use (2.55), we make the substitution s — —%, such that

1 [0 dt .
Leg = —MTWFWF“” + ;/ " e/ o tr((z| e |z))
—0o0

with Hamiltonian

1 e

and we saw in (2.17) that the propagator for the full Hamiltonian reduced to
(o] =P @) |y (] =31t |y 5o )

where II, = p — eA,. Now we assume constant electromagnetic fields such that F},, =
OuA, — 0,A, = const.. To describe constant fields F),,, we chose the Schwinger-Fock
gauge [Foc37; Schb1]

1
AM —§F“a$a
So I12 can be written as
e e
I* = 9" (pu + §Fua33a)(pu =+ §FV6xﬁ)
v € a "7 € N7 Jo] 62 « v B
=Pug Pv — §$ Fa,ug Py + §p,ug Fuﬁx - ZCC Faug FVBJ: . (2'56)

Now we introduce a metric G
o %FTQ—IF %FTg—l
SgTF g

such that (2.56) can be written as

1 _ e _
H=5(pyg p) + §<m7FTg 'p) +

1
= —(X,GX)
2
and we used that F' is anti-symmetric.
Then A is given by
s97'F g7t
CFg'F tFg!

A=Q7'G = (2.57)

As the next step we need to evaluate (2.55) with n = 4. For the exponential in (2.55)
we obtain (see (B.11) in Appendix B.4)

@Z(w) = exp [%((y —z),eF coth(gg_lFt) (y —x)) — iz, %Fy))] (2.58)

from which we infer that ®(x,z) = 1 since F is antisymmetric.
The determinant of (S%)~! (c.f. (B.10)) factorises into

-1
det (Sé)_l = det gF det exp(gglet) det sinh(gglet) . (2.59)
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In Appendix B.5 it is shown that
€ 1
det exp(ig Ft) =1

by using the antisymmetry of g~ 'F. Further, from (B.18) we know

1
ot sF 2 _; e2ab
sinh §g~1Ft 4sinh §at sin §bt

which is shown by determining the eigenvalues of g~ 'F and the secular invariants a and
b are defined as

o=\ WP @+F. b= VPG - F.

Therefore,

; e2ab
4sinh(§at) sin(%bt) '

(SIS

det(S3)

What is left to calculate the Heisenberg-Euler Lagrangian (2.14) is to evaluate
treietaoF = Z elehit — 4cosh(gat) cos(Ebt) (2.60)
- 2 2

which is done in Appendix B.6.

The effective Lagrangian is then given by

1 e2 O dt ¢ o e e
N A -/ 7 pigm h(, ) <, ) ]
Tor T 52 ) 3 e'2™ abcot 2at cot 2bt

Eeff = -
We note that we dropped the e-term as it is not needed here [Sch13]. Now we substitute
back t — —2s, rotate along the imaginary axis s — —is and apply Cauchy’s Theorem
to obtain

1 2 [*d
Lo = _KFWFW - 862/ e g cot(eas) coth(ebs) .
™ I

For later convenience, we rescale s — s/m? such that

Log = —LF FHY — ﬁ /OO ds e~* abcot(eas/m?) coth(ebs/m?)
¢ 167 812 Jy s
and introduce dimensionless variables e/m?a — a and e/m?b — b. The Heisenberg-Euler
Lagrangian is then

4 © q
Ly = —m—Q S e ab cot(as) coth(bs) (2.61)
8 0 S
and the effective Lagrangian reads
1 17
Leg = —FHVF“ + Lur .

167
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Now the damping term e™® in Lyg ensures convergence of the integrand for large values
of s, but if one expands the integrand for small values of s, one sees from

1 1 1

abcot(as) coth(bs) = — + g(—a2 +b?) — g(a4 + 5a%b? + bY)s? + O(s) (2.62)
s

that the integrand is divergent for small values of the proper time s. To renormalise

the Lagrangian we use “minimal substraction” [Sch13] and substract the divergent parts

from (2.62).

So the final result for the renormalised Heisenberg-Euler Lagrangian is

mA

> e
Ly = ——= ds
812 Jo 53

s 2
{s2ab cot ascothbs — 1+ %(aQ ). (2.63)

We note again that all fields appearing in (2.63) are normalised to Eq;.

2.3.3 Weak-field Expansion

In the case of fields with ' < 1, the full Heisenberg-Euler Lagrangian (2.63) can be
expanded into a power series and the integral evaluated explicitly for the first terms in
the expansion.

The applicability of this weak-field expansion is connected to the probability of real ete™-
creation. Schwinger [Sch51] was the first to give an explicit expression for the probability
of this process in a volume equal to the reduced Compton wavelength A = h/mc cubed
in the Compton time A/c:

P = E?exp(—n/E) /4> .

The non-perturbative character of the exponential leads to an exponential suppression
of real electron-positron pair-creation. So for ¥ < 1 a weak-field expansion should be
valid and dissipative effects like pair-creation heavily suppressed.

As we have already seen, the un-renormalised one-loop-effective action had the pictorial
representation Fig. 2.3. Using minimal substraction at the end of the last section, we
removed one diagram to ensure the correct normalisation for free photon propagation
and the graph corresponding to charge-renormalisation. The weak-field expansion of the
renormalised effective action is therefore pictorially:

@:§+Q+§}+m

Figure 2.4: Perturbative pictorial expansion of the renormalised effective action.

Now the Heisenberg-Euler Lagrangian is the effective Lagrangian in the limit w < m,
so the fermion loops are replaced by effective vertices as it is shown in Fig. 2.5. Due to
the shape of the original diagrams, we also refer to the effective diagrams for four-, six-
and eight-photon scattering as box-, hexagon- and octagon-diagrams interchangeably.
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Applying a weak-field expansion of (2.63) for £ < 1 yields:

4 o0
m
Lyp = — z; Li, (2.64)
i 2
L= [ B2 B’ +7(E- B)ﬂ , (2.65)
L2 =12 (B2 %) [2(F* - BY)" +13(E-B)’| , (2.66)
Ly="12[3(8? - B%)" +22(8* - 5%’ (E-B)’
+ 19(E-B)4} , (2.67)
where
o« o« Ao 9 68
M= 907 ST 3= 9457 - (2:68)

We note that £1, L5 and L3 have directly the interpretation of the effective vertices shown
in the right-hand side of Fig. 2.5. Indeed, it has been shown that the leading-order term
of the weak-field expansion agrees with the direct calculation of the four-photon box
diagram in the low-frequency limit fiw < mc? [KN50].

In the next section we give the corresponding Maxwell and wave equations that follow
from the Heisenberg-Euler Lagrangian.

wKLm
—

wLm
—

wLm
—

Figure 2.5: In the limit of photon energies w < m, the loop diagrams involving even
numbers of external photons are replaced by effective vertices denoted by solid dots as
they are described by the effective Lagrangian densities consisting of the corresponding
polynomials in the field in variants F and G.
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2.4 Modified Electromagnetic Wave Propagation

As it was derived in (2.63), the Heisenberg-Euler Lagrangian is given by

4 [ee] -5 2

Lug = LY [SQab cot ascothbs — 1 + %(az - bQ)} ,

87T2 0 83

where the secular invariants a and b are given by

o= [VPra 7" b= [vFrg - 7" (2.69)

and we recall that electric and magnetic fields are in units of the critical field E.;.
The linear Maxwell Lagrangian in this normalisation is then
4
m
L =———F,F" .
MW 6ma M

The equations of motion are obtained by applying the Euler-Lagrange equations to the
Lagrangian £ = Lyw + Lug. Therefore, the nonlinear Maxwell equations in covariant
form read

9, F" = 477((01 0 F™ + Oy FI 9, (FogFoP) + C3 %" 0, (xFagFP)
+ Cy[ %0, (Fog ) + F"”&u(*FaﬁFo‘ﬁ)D . (2.70)
Oy« FM =0.  (2.71)

The general expressions for the coefficients C; are derived in App. C.3.
For the first and second order weak-field expansion of (2.63), the coefficients C; in (2.70)
that follow from £; and L9 are given by

(6% (6%
Clibox = —— (E* — B? Cobox = —
1,box 9071'2( ) ; 2,box 1807’[’2 ;
) (2.72)
C’3,b0x = ZCQ,BOX ) C4,box =0 )
_ ¢ 2 22 2 __« 2 P2
Cihex = z5n5(6(E° = B+ 13(E-B)7],  Copex = ———(E” — BY),
6307 1057 (2.73)
13 13« )
C'3,hex - ﬂclhex ; C4,hex - - 12607‘1’2 ‘(E : B)| .

We note that only the dynamical equation that couples to matter is modified while the
Bianchi Identity (2.71) remains untouched.
Expressing Maxwell’s equations equations in electric and magnetic fields, we acquire

VAE+8B=0, (2.74)
V AB - O,E = 47J[E, B] (2.75)
with
J[E,B] = [C} (B,E — V AB) + (CE + C4B) 0y(F,, F*)
+ (CQB — C4E) A V(FNVF'“V) (2 76)
+ (C4B — C3E) A V(E,, xFHM) '
+ (O3B + C4E) 0y(Fuw xF*)] .
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We note that the current (2.76) is equivalent to
JE,B]=(VAM+9,P) (2.77)

as it is used in Appendix C.2 where the dimensionless magnetisation M and dimension-
less polarisation P are defined as

OLur p_ OLur ‘

M= ~ OE

Another way to study the modified propagation of light due to vacuum polarisation is to
solve the corresponding wave equation for the electric field (which is derived in Appendix
C.2)

OE = T[E,B], (2.78)
where [0 = 07 — V? and the source term is given by
T =—4r [VAOM+ /P —V(V-P)] . (2.79)

We note that T is related to the current J via T = —470,J + 47V (V - P). Since we
work with the weak-field expansion (2.64), we can write the current J and the source T
as

J= i']i , and T = iTi (2.80)
i=1 i=1

with
Ji = [V VAN Ml + 8tPZ] s
T, = —4n [VAOM,; + ;P; — V(V - P;)]
and the polarisations and magnetisations are correspondingly defined as

oL; _ oL;

M, = —— P, =
OB OE

(2.81)

Before proceeding further with the solution of the Maxwell equation and the wave equa-
tion, we introduce the initial setups studied in this thesis.

2.5 Scattering of Two Plane Wave Pulses

We consider a pump-probe setup of two counter-propagating pulses which are approx-
imated as plane waves. Thereby an optical probe with a finite envelope function and
carrier frequency w, propagates along the characteristic = := ¢ — z and collides with
a slowly-varying strong or pump pulse that counter-propagates along zt := t + 2. =&
are also called “light cone coordinates”. The analytic expression for the initial probe is
thereby taken to be

B () =B () = &y fyla /7) cos(wpa”) (2:82)
with EZ(,O) (x7) = Epfp(a™ /1) cos(wpz™), a field amplitude &,, the envelope function

fp with pulse duration given by 7, and a polarisation vector €,. The quantity w,z™
can be written as the Lorentz invariant phase ¢, := k,z = wpx™ with wave four-vector
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k, = wy(1,k,) and k, = (0,0,1). We use the space-time dependence E,(z~) and E,(p,)
interchangeably. The envelope function f,(z~/7,) is, if not mentioned otherwise, always
chosen such that

0,2 fp (2™ [7p)| < |wpfp(a™ /7p)| - (2.83)

So, apart from from the analysis of the overlap-signal in section 4.1 and the numerical
study of a few-cycle-pulse in section 4.3.1, we work in a slowly-varying-envelope approx-
imation [BC91] and neglect any contribution of the derivative of f,. In the numerical
solution no such approximation is made.
The initial strong pulse is assumed to be peaked around the carrier frequency ws =~ 0,
such that

EO(z7) = e, BO (aF) = e,& fs(x™ /1) cos (wsz™) (2.84)

S

SENNNCAE AN (2.85)

EY (x1) := Esfs(a™ /75) with amplitude &, polarisation vector €5, @5 = ksxt = wsz™
with wave four-vector ks = ws(1, ks) and ks = (0,0, —1). In contrast to the probe pulse,
we always assume in the analytical calculation

102 fs (@™ /)| > |ws fs (a7 /75)| (2.86)

such that only the derivative of the envelope has to be taken into account.
Since both probe and strong field are plane waves, we can express their magnetic fields
via the electric fields:

BO

) = kps NEY) (2.87)

p?s

In the following section we introduce the corresponding diagrams for the processes which
are allowed for our plane-wave pump-probe setup.

2.5.1 Diagrammatic Approach and Wave Mixing

The universality of the coupling allows us to simply insert the sum of field of the electic
fields E = E; + E, and magnetic fields B = B, + B, into the weak-field expansion
(2.64). For four-photon scattering (box diagram), the Lagrangian is given by (2.65),
which translates into

L= (B B + 7(E-B))

= Z—;T [4<(Ep . Es)2 —2(E, - E5)(By - Bs) + (By - B5)2>

+ 7((Ep ‘B,) + (E - Bp)ﬂ .

Here we used that the field invariants of the probe and strong field vanish separately.
If we now express the magnetic fields via the electric fields as explained above, it is
enough to consider the contributions from the electric fields and we can draw the vertex
diagrams for £; which is depicted in Fig. 2.6.

Let us for now look only at the energy-conservation from Fig. 2.6 as we are interested in
the mixed frequencies and higher harmonics later on. The full energy/momentum con-
servation then leads to certain further constraints as it is explained shortly. From the
viewpoint of energy conservation, the allowed processes are shown in Fig. 2.7, where the
right external leg in each diagram is taken to be the generated signal from the process for



2.5 Scattering of Two Plane Wave Pulses 29

Figure 2.6: Vertex for four-photon scattering in the plane wave pump-probe setup.

convenience. The plus/minus signs at the other legs correspond to the positive/negative
frequency components in the cos-terms in the initial pulse profiles (2.82) and (2.84).
Since also the observed resulting signal with frequency w; is real, we need here to treat
the positive and negative frequency contributions symmetrically.

Fwy, +wg
Fwy Tw; Fw, *wj
+ws +ws
(a) wj € {2w, + ws,ws} (b) w; € {wp,wp £ 2w}

Figure 2.7: Shown are the different combinations of frequencies that follow from pure
energy conservation in Fig. 2.6. We will see shortly that the assumption of plane waves
leads to further constraints on these processes. The right leg is chosen for convenience to
be the generated signal. The plus/minus signs indicate incoming/outgoing frequencies
as the initial pulses consist of positive and negative frequency components: cos(wz) =
%(e"‘*’r + e~™?). Since also the generated signal with frequency w; is real, we need to

consider +w; in the diagram.

If we consider the scattering process in Fig. 2.7a with the scattering of w), +wp+ws — w;
with the resulting frequency w; = 2w,+w,, we have to distinguish two different processes.
One where the wave vector of the outgoing signal is parallel to lzrp and therefore propa-
gating along the probe light cone, and the one which propagates in the opposite direction
along with the strong pulse. Therefore, the former signal is called “forward-scattered”
and the latter the ,,backward-scattered“ signal. Let us now consider energy/momentum
conservation for both cases.

For the forward-scattered signal we have

1 1 1
k] = Wj Ep = 2wp Ep + Ws _ﬁp y (288)
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where we used Ep = —ES. As the asymptotic signal with k; has to be on-shell with
(kj)2 = 0 when both pulses are well-separated again, we obtain the contradiction

0 = dwpws # 0 (2.89)

from (2.88) since k2 = k2 = 0 and we infer that this forward-scattering is not allowed.
The other possibility could be that the signal is backward-scattered, so we have

1 1 1
veo () =2 ) ()
—k, g k, —ky

from which we also get a contradiction. So both processes are actually not allowed.
We see that the assumption of plane wave pulses leads to such strong constraints that
it forbids “wave mixing” with w; = nw, + mw, due to energy-momentum conservation
[BKR16].

So, as we see in more detail in section 4.1, for Fig. 2.7a only w; = wy is allowed and can
therefore be seen as a change in the strong pulse. Similarly, in Fig. 2.7b only w; = wy, is
allowed and has to be interpreted as a change in the probe pulse.

The situation is different for the overlap signal, there also all mixed frequencies appear,
depending on the order of the weak-field expansion. So to observe wave mixing in the
asymptotic limit a non-vanishing angle between the k-vectors of the colliding pulses is
needed.

For six-photon scattering (the hexagon diagram), we have the Lagrangian density for
the plane-wave setup

Ly = Z% [2(E2 — B3 +13(FE* - B?)(E- B)2]
= 22[16(E, - E.)° ~ 16 (B, - B.)’ — 48(E, - E.)’ (B, - B,) + 14(E, - E,) (E, - B,)’
+14(E, - Es) (B, - Eo)” + 48(E, - Eq) (B, - B,)” + 28(E, - Eo)(E, - By)(B, - Ey)

—14(B, - B,) (E, - B,)” — 14(B, - B,) (B, - E,)> — 28(B,, - B,)(E, - B,)(B,, - ES)} :

The corresponding effective vertex is shown in Fig. 2.8. The possible processes allowed
from pure energy conservation are given by Fig. 2.9 and we note again that no mixed
frequencies like w; = 2w, £ 3w, in Fig. 2.9a or w; = 3w, + 2w, in Fig. 2.9b are allowed
due to the same argument of energy/momentum conservation as for the box diagram.
The detailed analysis of the allowed processes from the hexagon diagram is given in
section 4.1.

In general, the weak-field expansion leads to
L, ~ (B, Eg)"™ + similar terms ,

where the similar terms involve also the magnetic fields in expressions like (B, - E;), so
in the corresponding vertex diagram (n 4 1) legs stem from the strong and (n + 1) from
the probe field.

As we now have seen that the assumption of plane waves puts certain additional con-
straints of the allowed processes, we introduce the main setups considered in this thesis.



2.5 Scattering of Two Plane Wave Pulses 31

E; E;
EP EP
E, E,

Figure 2.8: Effective vertex from the hexagon diagram for a plane wave pump-probe
setup.

:l:ws :l:ws :l:ws :l:Wp
Fwy, *wj Fwy, *wj
Fwp twy Fwp Fwy
(a) wj € {2wp F Bws, wp + 3ws, Bws, ws } (b) w; € {Bwp F 2ws, wp F 2ws,wp }

Figure 2.9: Possible processes that are allowed from pure energy conservation for six-
photon scattering. The leg pointing directly to the right is taken for convenience to be
the generated signal by the considered process. We note that the generation of the mixed
frequencies like w; = 2w, + 3wy is forbidden asymptotically due to further constraints
from full energy/momentum conservation as it is explained for the box diagram.



2. Effective Field Theory and Modified Wave Propagation

32
2.5.2 Pump-Probe Setup with Quasi-constant Backgrounds
0.025 (a) (b)
0.02f z z )
1
: : l"= : SRS N S
0.015} i
: ; nE
, , N
L]
B 0.01f "
1
, , '
: : : : “I
0.005} ~ -
: : : '.' i
f oA
0 : % : A b : W
—().()Uoo 5 10 15 20 0 5 10 15 20
2/ 2/

Figure 2.10: Shown are the two main pump-probe setups considered in this thesis.
(a): An optical probe pulse collides with a strong Gaussian background. (b): An
optical probe pulse collides with a constant-crossed background. The different line styles

indicate different amplitudes & of the background field. The typical box length is

L=32-1073 cm.
Throughout the thesis, we take the probe pulse to have a Gaussian envelope

£)2

fole ) = o (5

9

such that (2.82) is given by

N2
E[()O) (mf) — EpEg(;O) (x*) = gpgpei<;> COS(wp.%i)

—\2
and E]E,O) (x7) = Epe(?) cos(wpz™). The specific choices for the strong background
envelope functions differ for the two main parts of the thesis. For the simulations of the
overlap signal in section 4.1, the strong field is given by a Gaussian background

"X,‘Jr 2
EY (@) = c‘?ssse*(?) (2.90)

) and ws = 0 in (2.84). A snapshot of

This corresponds to setting fs(zt/75) = ef<§

this simulational setup is shown in panel (a) in Fig. 2.10.

For the main analysis of the generation of higher harmonics in section 4.2, the background
is chosen to be a rectangular pulse profile
fs(zt/75) = Rect(z/75) , (2.91)

where

Rect(x® /75) = 0(xt /75 + 1/2) — O(xt /75 — 1/2) (2.92)
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and 6(x) is the Heaviside step function. Thereby, most of the time, w; is approximated
with ws = 0 as it is shown in panel (b) of 2.10.

As it will be further explained in section 3.2 for the numerical method, infinite gradients
as in (2.92) are difficult to treat numerically, therefore in the simulation we approximate
the rectangular pulse by some mirrored Fermi-Dirac potential

1
1 + exp (‘er‘_zm) ’

Zb

Rect(z" /75) ® FD(z7) :=

where the parameter 2z, and z,, play the role of the “temperature” and “chemical poten-
tial”. They control the steepness and width of the strong pulse and are always chosen
to be z, = 5-107° cm and z,, = 100 - z,. The definition of the pulse duration 7 is
given by (4.25) and defined by the analytical result for the generation of the second
harmonic. As we now commented on all possible lowest order processes from the box-
and hexagon diagram and gave the explicit expressions for the strong background, we
now further introduce dressed diagrams for the forward-scattered probe which are useful
in the interpretation of the analytical, iterative solution of the wave equation in section
3.1.4.

2.5.3 Dressed Diagrams for Four- and Six-photon Scattering

When we consider high harmonic generation in section 3.1.4, the frequency of the strong
pulse is approximated as ws = 0 and we want to neglect the back-reaction of the probe
pulse on the strong pulse. This corresponds to treating the strong pulse as a classical
source and it is convenient to introduce dressed photon lines where we omit all external
legs from the strong pulse. In the next chapter we solve the wave equation analytically
using an iterative ansatz and the diagrams are useful to illustrate the different steps
in the iteration. Since the effect of pure four-photon and six-photon scattering with a
classical source is of a different nature for the plane wave setup considered, we introduce
two different types of ,,dressing“ in the following.

Effective Four-photon Scattering

For four-photon scattering the two possible processes are shown in Fig. 2.7 and we note
again, that the assumption of plane waves forbids the asymptotic generation of mixed
frequencies like w, 4+ 2wo, as explained in section 2.5.1. In section 4.1 we see, that Fig.
2.7a asymptotically only generates the output frequency w; = w, and can therefore be
seen as a change in the strong pulse and is therefore left-travelling. For Fig. 2.7b it is
similar and only a w; = w), signal is generated, which is a change in the probe field and
therefore forward scattered. As explained above, we neglect the back-reaction of the
probe on the strong field, so the relevant dressed diagram is shown in Fig. 2.11, where
the interaction vertex with the classical background has been replaced by a square.

Effective Six-photon Scattering

The asymptotic forward scattered signal from the hexagon diagram, which is generated
by the process shown in Fig. 2.9b, consists of a signal with frequency 2w, and a dc
component which travel along the probe light cone as it is shown in section 4.1. The
other process in Fig. 2.9a is backward scattered and has again to be interpreted as an
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+wg
Fwy, :|ZOJJ' — Twp A~~~ W)

+ws

Figure 2.11: Dressed vertices for four-photon scattering of the probe where the pump
pulse is treated as a classical source. The interaction with the external field is replaced
by a black box as a new effective vertex. The right line indicates the generated signal.

action on the strong pulse. The effective vertex for the generation of the asymptotic
second harmonic together with a dc component of six-photon scattering is be denoted
by an empty circle and the dressed diagram for Fig. 2.9b is shown in Fig. 2.12:

Fwq Fwy, Fwp
(a) :]:wp % :tw]‘ — >_ :|:2wp,0
Fw, +w;, Fwy

Figure 2.12: Dressed diagrams for the asymptotic generation of the second harmonic
and a dc component. The effective vertex which incorporates the interactions with the
classical background is denoted by an empty circle. The horizontal right line is thereby
the generated signal of the process.

In the next chapter we are going to solve the wave equation analytically and explain the
numerical solution of the corresponding Maxwell equations.



Chapter 3

Solution of the Nonlinear
Equations of Motion

In the first part of this chapter we derive the solution of the wave equation for
the electric field from an iterative ansatz using the Green’s function in (1 4 1)
dimensions. From a suitable integration by parts, the forward- and backward
scattered fields are introduced and afterwards a surface term is derived which
we call the “overlap” field. This term appears in the first iteration as soon as
there is any kind of inhomogeneity in the strong field and it vanishes identically
in homogenous constant backgrounds. Afterwards, higher iterations for the
change in the probe field without taking the back-reaction on the strong pulse
are derived and the iterative solution is illustrated using the dressed diagrams
introduced in the previous chapter.

In the second part we treat the alternative formulation as coupled nonlinear
Maxwell equations, which are first order in time and space. For the case of (1+1)
dimensions, the linear Maxwell equations can be written in a simple matrix
form. The nonlinearities due to vacuum polarisation are then matrices that
extend the linear case. The system is discretised in space using the “Pseudo-
characteristic Method of Lines” and spatial derivatives are approximated with
finite differences. Using matrix inversion, the equations are then converted to a
system of ordinary differential equations (ODEs) and integrated in time using
the ODE-solver CVODE.

3.1 Analytical Solution of the Wave Equation

We want to solve the inhomogeneous wave equation
OE =T[E,B], (3.1)

where E = E,, + E; and the source term is given by (2.79). In the following we restrict
ourselves to fields which only depend only on one temporal dimension (¢) and one spatial
dimension (z) which means translational invariance in the x- and y-direction. Therefore,
the wave equation reduces to

(92 — O2)E(t, z) = T[E(t, 2), B(t, 2)] .
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The inital probe E,()O) and the strong pulse Ego)

tion

both satisfy the homogenous wave equa-

(07 = P (t,2) = (0] — F)EL (t,2) = 0

independently. Since all solutions to the homogeneous wave equation in (1 + 1) dimen—

sions are plane waves, the separate field invariants vanish identically with Q(O) g 0 =

§0) = f,go) = 0. Therefore, we can express their magnetic fields B,(,O) and Bg ) via their

electric fields, B,(,O) = I%p /\EZ(QO) and B{”) = ks ANEL). We also assume that the solution to
(3.1) is also a plane wave propagating along the same axis as the pump and the strong
pulse. Therefore, we can write T[E, B] = T[E]. Since the nonlinear corrections due to
vacuum polarisation depend on the field invariants G and F, we have

TEY] =0, TE]=0.

However, for an electromagnetic field E that consists of two counter-propagating plane
waves E = E, 4+ E;, these invariants do not vanish and we therefore have the wave
equation

(0F — 92)(Ep + E;) = T[E, + E,] . (3.2)
To solve (3.2), we employ an iterative procedure
(97 — 0B L E( ) = TEM + EM] (3.3)
We set E = E,, + E; in the following, such that (3.3) becomes
(82 — 2 )EHD = TE™M)] . (3.4)
The iterative solution is then given by
EM(t,2) = EQO(t, 2) + AEM(¢, 2) (3.5)
with

AEM(t,z) = / dt'dz'GR(t — ',z — )T (2, t') (3.6)

where T := T[E™)] and G(t, z) is the retarded Green’s function for the wave equation
n (1+ 1) dimensions (see App. D for a derivation)

Grlt, ) = %H(t)ﬁ(t Z 1)) (3.7)

3.1.1 Forward and Backward Scattering

The source term T is given by the sum

ZT[ ")tz}, (3.8)

where the index i denotes the order in the weak-field expansion and E(™ := EJ(D") +EM.
It is remarkable, that the charge density, which is given by —V - P and also appears in
T (see (2.79)) vanishes identically in (1+1) dimensions. Therefore, we have the relation

T = —470,J = —47(V A OM + 0?P) .
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In analogy to (3.8), we write
[e.e]
I (t,2) =S T [E(") (t, z)} : (3.9)
i=1

Now we integrate by parts in (3.6), which leads to

AEM(t,2) = —2m / dz'dt’ 6(t — )0t —t' — |z — 2/ NI (', ) (3.10)

- 27r/dz'dt’ 0t —t)o(t —t' — |z — NI, 2) .

Evaluating the integral over the Delta-distribution in (3.10) yields

AEM(t, 2) = —277/ dz’ J(")(t—z+z',z')—27r/ dz’ I (t+2—2,2") . (3.11)

—00 z

For a better interpretation of the two terms in (3.11) we now transform to light cone
coordinates x* = t £ z. In general, the current depends on z and t in the specific
combinations J( (t, 2) = J™(t — z,t + 2) = J™ (2=, 2T). So the transformed currents
are given by

I, z)’ = I (= 2T +2(2 - 2))

t=t—z+z2',z=2'

and

I, z)’ — I — 9 — 2), ) .

t=t+z—2',z=2'
Now we substitute y = 2(2' — 2) in (3.11) and obtain the general formula for the nth
iteration
0
AEM (2™, a%) = —7'('/

—0o0

dy J(”)($—7$+ +y) — 71-/ dy J(”)(x_ —y,xT) . (3.12)
0

This allows us to interpret the two different terms
AE®™ (2=, 2t) = AE™ (2, 2%) + AE™ (2™, ) (3.13)

as a sum of a forward and a backward scattered contribution, where

0
AE®™ (z7,2%) = —7r/ dy I (2=, 2T + ) (3.14)

is the forward-scattered (or right-scattered) field and
AE(")(m_,er) = —7r/ dy I™ (2= —y, ™). (3.15)
0

is the backward-scattered (or left-scattered) field. In the next section we see that both
terms in (3.12) consist of two different contributions which we call the “asymptotic field”
and the “overlap field”.
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3.1.2 Overlap and Asymptotic Field

The current J(™ (¢, z) we are interested in consists of two parts

I (= 2t = (8tP(") (27,2t + V AM® (27, zt))
= (8,5P(”) (z7,27) + kp A .M (27, zt)),

where P (2=, 21) := P[E™ (2, 2T)] and M™ (z~,21) := M[E™ (z~,2)]. Let us
first calculate the contribution from 9;P(™ to the first integral in (3.12), the forward
scattered field

0
AE®™ P (z~,2H)] = —ﬂ'/ dy o,P™ (z™, 2" +y)

—00

0 0 0
- _ _Y p®),— .t Y p@),— .+
ﬂ/oody [ax_P (x™,x +y)+8yP (7, x —I—y)]

’ 0 pt) (g ot

—00

—W(P(")(az,:ﬁ)— lim P(")(az,y)> . (3.16)

Yy—>—00

To illustrate the meaning of the two terms in (3.16), let us consider the case n = 0 and
1 =1 in the weak-field expansion, so we consider only four photon scattering. If we just
focus on the term which is proportional to the probe squared, then P(©) is of the form

PO~ 2") =¢ [EY (@7)PEL (1)
where we absorbed all constants in €. The contribution from the polarisation P to the
forward scattered field of the first iteration is then given by
0

AE©® POz 2h)] = —7T/

—00

- (P(O)(x_,x+) — lim P(O)(m_,y))

y——00

0
Y pO) (e .t
dy [630— (x7, @ —i—y)}

= re B0 [ ay Bty

y——00

— e [EV (27))? (E§0><m+)_ lim E§0>(y)> . (3.17)

We first consider the term involving the integral, for example, on the probe light cone
with 7 = 0. Let us further assume that the integral over the strong probe is non-
vanishing and we consider the limit ¢, 2 — oo such that the pulses are again well separated
after the scattering. Therefore, the integral gives a constant value and we refer to this
term as the asymptotic scattered field. In general we define the asymptotic iterated field
as

AE® (@)= lim AE®™ (2 2% |

zt—o00
(3.18)
AE;Z)(Q:+) = lim AE(")(x_,x+).
T —00

The second term in (3.17) is a direct product of the probe and the strong pulse. We
note that this term is only present if there is some inhomogeneity in the background,
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but not in homogeneous constant crossed or constant magnetic backgrounds as they do
not vanish at infinity. An analysis of inhomogeneities in the background was recently
carried out in [HH14] and it is shown in section 4.1 to correspond to the overlap signals
studied in this thesis. A similar effect in non-constant backgrounds also appeared as a
similar surface term in the analysis of the polarisation flip in four-photon scattering in
[Din+14b].

If not mentioned otherwise, we assume that all fields vanish at ¢ = +o00. Therefore, the
first iteration for the polarisation reduces to

ABOPO (2= 24) = —me 2 [EO (z7))? / ’ dy Bzt +y)

—me [EV(@)PEO(2T) . (3.19)
Since the probe and the strong pulse depend on 2% = t + 2 respectively and have a finite
envelope function, the product of both pulses is maximal if the pulses overlap directly
with 2T = 2= = 0. At this point also the field invariants F and G take their maximal
values. In the limit when both pulses are well separated again, this contribution tends
to zero. Therefore, this signal is referred to as overlap scattered field.

Similar to the calculation that led to (3.16), we can now calculate the contribution of
M) to the forward scattered field

~ 0 o
AE®M® (2=, )] =k, A / dy [aM(”) (27, at + y)}
X

— 00

- ﬂ'ﬁp AM®™ (27 27)

For the backward scattered field contribution from the polarisation P we obtain
AE®™ P (z~,2h)] = —71'/ dy [8P(”) (x7 — y,x"')} — 7P (27, 2™)
0 8x+
The contribution from Ep A 0,M is given by
Ox™t

AE® M(a, 2 )] = E10/\7T/ dy [8M(n) (7 — y,xﬂ} +77Ep/\M(”) (7, z7).
0

So the analytical expressions for the overall asymptotic forward and backward scattered
signal are

0 0
AE&Z)(QTixJF) = —/ dyaaT_U(”)(x*,er +y), (3.20)
A%g’sl)(gf,x*) — —/0 dy&irv(n)(x _ y,az*) ) (3‘21)

The total overlap field reads

AE™ (27 2%) = —27P™) (27, 2) | (3.24)
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where the vectorial part of P consists of the sum of the electric fields of the probe and
the strong pulse. This then defines the direction in which the signal travels. And we
note again that the overlap signal vanishes in the asymptotic limit of infinite separation
of the pulses

lim AE{™(z",2%)=0.

T—=—00

Further, we note that if one considers the setup where a probe is evolved from the infinite
past into a constant background, the appearance of the overlap signal is different from
the one in ever-present constant fields, where the overlap vanishes identically.

3.1.3 Lowest Order Iterations

In this section we calculate the first iteration

AEO(t,2) = AEQ(2,2%) + AEQ (27, 2") + AED (2™, 2) . (3.25)
for the box and the hexagon diagram. We write the electric fields as Eg)) = epEI(;O) and
E\” = &,5 which yields the field invariant

1 ~ ~
FO = EOED(ep -0~ (ky Aep) - (ks Aes)) (3.26)
Using the Lagrange identity [AWH12]
(aAb)-(cAd)=(a-c)(b-c)—(b-c)(a-d), (3.27)
(3.26) can be further simplified to
0) _ 72(0) (0
FO=EWED p, (3.28)
where p := 2 €, - €, holds. For the second invariant we can write
G=EVE"q (3.29)
with o 1= 2e; - (Ep NEp).
Box Diagram
For four-photon scattering the effective Lagrangian is given by
_ M 2 2
Ly ="—[4F+7G7] , (3.30)

4

where p1 = 55
To calculate the polarisation and magnetisation, we first observe the following identities

oOF 0G
9E B
OF g
B~ 9
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Furthermore, we have

k, \BO = _E(” + EQ (3.31)
k, NEO©) = BI(,O) ~-BO | (3.32)

The polarisation for four-photon scattering is in general
0Ly
OE

which can be written for the lowest order iteration in terms of the probe and strong field
as

P, = Z;T [8F E+14G B] , (3.33)

P = - L FOED + EO) +1460(BY + BO))] .
T
In analogy, the magnetisation for the box diagram is
0Ly m
M, = S5 = £L[— 8B + 14GE] . (3.34)
Using (3.31), we obtain
k, A MO = “1 ~[fFOEY - ED) + 1460 B - BY)] .

Then the vectorial quantities U from (3.22) and V from (3.23) for the forward- and
backward scattered field are given by

U = [4FOEO + 76OBO)] (3.35)
V( ) = [4F( )E(O) + 760 ]31(70 ] . (3.36)

Introducing two (constant) vectors
up = (4pe,—Tok, ey, (3.37)
vii=Ape,+Tok,Nep) . (3.38)

this can be written in a more compact way as
U2 ") = m[EQ (@ OPED (@
V%@, o) = mEP @B @ )Pv: -

From (3.20) and (3.21) we know the asymptotic field from the first iteration

0
Aﬁasl :—/ dy&f_Ugo)(x—,xﬂry),
d 0
AEaS :—/ dy —V() —y,z)
1 0 8 + ( )
and therefore
ABO) (x 9 po) ’ (0) (4 1 42
Do) = —mp = E06) [y B0 sy, (330

0 o _
ABY (a7, 2%) = 5 EO(z )/0 dy [EQ (@™ — ) v .
The overlap signal is calculated to
(x7,27) = 727TP§0)(£C_,$+) )

— il EQ @ PEO @) vi - EQO@HPED @) w . (3.40)

s
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Six-Photon Scattering

For six-photon scattering, the calculation is similar to the one for four-photon scattering,
so we state only the results.
The polarisation and magnetisation are given by

P, = Zi [(48F2 + 26G*)E + 52FGB] (3.41)
M, = Z; [ — (48F? 4 26G*)B + 52FGE] . (3.42)

The asymptotic fields for the first iteration of six-photon scattering are then

o 0

AR )——max—_w;o)(x—n? [ wEOe P, 3a)
0 * _

B ah) = e B0 [y (B =) ve

where we defined
—(24p% 4+ 130%)e, — 26po(k, A€s) (3.44)
—(24p% 4+ 130%)e, + 26p0(k, A€)) - (3.45)
The overlap signal is given by

AED (17, 2") = —pa[ B (a7 )PIED (@))% ua — o B ()P [ED (@) va

Eight-Photon Scattering

Although we do not consider eight-photon scattering explicitly in this thesis it is useful
to identify a corresponding nonlinearity parameter later for the effect on high-harmonic
generation and when eight-photon scattering can be neglected. As the calculation is
similar to the ones for four- and six-photon scattering, we only give the results. The
asymptotic fields are given by

Aﬁg as = —,uga E(O) / dy IL‘ + y)] us , (346)
9 ]
AR (o, 2t) = —ug(%i[Ego)(m+)]3 /0 dy [EO (@ — y)]* vs .

where we defined

uz = (96p> + 88po?)es — (88p%0 + 3803)(Ep NEs) ,
v3 = (96p° 4 88pc?)e, + (88p%c + 3803)(/1213 NEp)

and the overlap signal is given by

AEL) (27, 27) = —pa[EQ (@ )UED (@) ug — pa[EQ @) PIED (27)]* vs .
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3.1.4 Higher Iterations

In the second part of this work, we are interested in solutions which include self-
interaction of the probe that lead to a plasma-like vacuum instability and corresponding
electromagnetic shock. For that we adopt the iterative procedure (3.3) to solve the wave
equation that ignores the changes in the stronger background

(07 — 9HEY = TE( + E("] (3.47)
with the iterative solution

n+1 0 n
E{"™) =E + AE(M .

The change of the probe field is then given by
AE((t, 2) = / At A2/ Grlt — 1, = — )T (¢, ')

and in general

ZT [ EM(z —|—E(0)( M,

where the subscript ¢ is again the order of the weak-field expansion and the retarded
Green’s function is given by (3.7). The wave equation (3.47), which neglects the back
reaction of the probe on the strong pulse, simplifies the calculation of higher iterations
and should be justified as we always assume &, < &. And indeed, the numerical solution
of Maxwell’s equations, which is explained later, does not use this simplification and the
results show that this treatment is justified.

We first consider higher iterations for four-photon scattering.

Box Diagram

For simplicity and later use we only focus on the parallel setup with €, = &, in this
section.

From (3.35), we know that the vectorial part responsible for the forward scattered signal
depends only on the strong pulse. Therefore, we only need to replace

E](DO) (x7) — Eél)(x*, xT)

in the field invariant F to obtain the second iteration.
If one defines the auxiliary functions

o1(z) = / "y [EQ (y)]*
P (3.48)

pi(z) = / "y [EO () Pou(y) |

—00

then the first two iterations of the asymptotic probe field can be written as

AEQ (27, 27) = =8 B\ (27 )o1 (z)e,

p p
ABD (@™, ) = —8u B (e Jor (e + 642 B (@ )p (e

wh»

where the prime indicates the derivative with respect to x~.
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To get a better understanding of this expression, we insert the explicit expression for
the probe pulse

EY) (27) = Epp fo(ip) cos(py) (3.49)

and neglect the derivatives of the envelope function fy,(¢,). Thus we obtain the asymp-
totic signal

El(f)(a;*, ) = Epepfolep) ( cos(pp) + 8uiwy sin(pp)o1 (™)

- 64,u%wl2) cos(pp)p1 (:r+)> . (3.50)

We used that both probe and strong polarisations are parallel to combine the result in
one expression and we note that the functions o01(z") and p;(x™) yield constant factors
in (3.50) in the asymptotic limit 7 — oco. Using the dressed diagrams introduced in
section 2.5.3, Fig. 3.1 illustrates the general iteration of the wave equation.

Ei()n—l-l) E;O) AEgrL)

+ RARAEPA

0
Eg) ANANAANANAANNANL —+ ’\/\/\.\/\/\4
El(jz) ANANAANAANAANAANAN + o~ + ~~h

Figure 3.1: Shown is the iterative solution of the wave equation for the probe for four-
photon scattering with the first two iterations given explicitly.
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Hexagon Diagram

The calculation of the second iteration of the forward-scattered field for the hexagon
diagram is more involved than the one for the box diagram, so we also focus only on the
case of parallel probe and strong polarisations with €, = ;. In analogy to four-photon
scattering, we define similar auxiliary functions as integrals over the strong field

03(z) = / "4y [EO )P
p(o) = [ " dy [EO(y)Por(y) | (3.51)

@2(x) = / " dy [EO () Ploaw))? -

Then the first two iterations can be written as

AEI(,O) (z7,2") = —192u E;/;(O) (z7)oa(z 7 es (3.52)
AEZ(Dl)(x_,:B+) = — &, (192/@E]g0) (x_)E;(O) (z7)oa(z™)

— (19202)* 2B (@) [BO (2 7)]2 + [ (2712 E) O (7)) pa(a™)

+ (19212 B0 (27 B0 (o) (B0 @) + BO (@) ELO (a7 ))as (%) . (3.53)
Again, we can insert the explicit form of the probe pulse

EO(27) = &,y (12p) cos(i0p)

and neglect the derivative of the envelope function to obtain

B (o™, 0) = £ (o) (cosliey) — (19202 E32mal) £2(i) cos(p)
+ 96u2c‘fpwpf5(<pp)02(a:+) sin(2¢p,) — 2(192/¢2)28}3w§fp(¢p)2p2 (z1) cos(3¢p)
92 Ea ) [ ey sineey) ) . (354)
As the functions (3.51) yield finite values in the asymptotic limit 2 — oo in the main
setups considered in this thesis, we see from (3.54) that the second iteration of the wave

equation generates up to the fourth harmonic. The diagrammatic iterative solution with
the processes involved in the second iteration are shown in Fig. 3.2.
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+1 _
E(" = E, + AE
RAARANARARANA, = ANNANANANNNY +
E;SOO) . j:wp ANNANANANANAAN j:wp
Twp
Eé)l) . j:wp ANAANAANAANAANANANL iwp —|— IlZQCUp
Fw,
Fwp
E;S,Q) : thp ANnNANANANANNL :l:wp —I— :|:2wp
Twp
Fwy tw, tw,
+ tw 3wy, tw, -+ +4w,, 2w,
+wy +wy +wy,

Figure 3.2: Shown is the diagrammatic iteration of the solution of the wave equation for
the probe field for pure six-photon scattering together with the processes and resulting
signals from the first two iterations.
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3.2 Numerical Solution of Maxwell’s Equations

For the scenario of two colliding plane wave pulses, the modified Maxwell equations in
(2.74) and (2.75) can be written in matrix form:

(14 4+ X) f + (Q +Y) 0.f =0, (3.55)

where f = (E,, Ey, B, By)T7 14 is the identity matrix in four dimensions, Q is an anti-
diagonal matrix with Q = adiag(1l,—1,—1,1) and X and Y are the perturbations due
to the vacuum interaction given in a general form in App. E.2.

Our numerical method, which is explained in more detail in the following, is based
on inverting the matrix (14 + X) to convert (3.55) to a system of ordinary differen-
tial equations (ODEs), discretising in space using the “Pseudo-characteristic Method of
Lines” (PCMOL) [Car80] and integrating the equations of motion using the ODE solver
CVODE [Hin+05].

3.2.1 Linear Case

Let us first consider (3.55) with X =Y = 0, which is the 7 — 0 limit. This system is
hyperbolic [Str04], which means that we can find a basis u := Sf such that the matrix
A =SQS~! =diag(—1,—1,1,1) is diagonal with real eigenvalues:

By—E
1 /1001 1 (E+B.
S— <o 1 10) . wi=Sf=— [ B8 (3.56)
ANERE: Ve \ gt

In this new basis, we have an uncoupled system of advection equations
ou(t,z) + Aoyu(t,z) =0 .

The diagonal elements \; of A are called the “characteristic speeds® the system, where
i = £1 corresponds to a component travelling along the characteristics ® with the
speed of light. We proceed by introducing a co-located grid for the components u; with
N grid points. The field components u; on the grid are arranged block wise in a large 4 /N-
dimensional vector @ = (... u} ubububulul™ . .), where u} = u;(IAz) and 0 < I < N is
the index of the grid point. The PCMOL uses biased differencing for each component wu;
according to the sign of the corresponding characteristic speed A;, where the component
u; with A; > 0 (A\; < 0) is thereby differentiated using backward (forward) finite differ-
ences using fourth-order accuracy. In [Sch91] it is argued that this biased differencing
using five-point-stencils is an effective fixed grid method for first order hyperbolic partial
differential equations because it shows a good balance between introducing minimal nu-
merical diffusion and oscillations in the solution where steep gradients are present. The
derivatives at the boundary are also approximated using only field values inside the box.
Instead of transforming the system back to f (the tilde in this section indicates the dis-
cretised version on the grid), which is normally done in the PCMOL, the system is solved
for 1. This has the advantage of having open boundary conditions since the components
u; are only allowed to flow in one direction. If we take the system to be of size L and a
spatial resolution of N grid points, then distance is measured in units of Az = L/(N-1),
where N — 1 corresponds to the boundary conditions being taken into account. We are



48 3. Solution of the Nonlinear Equations of Motion

left with a system of ODEs @' (t) = g[ii(t), ], where g[ii(t),t] = —A D@, with the 4 x 4
matrix A being mapped onto a 4N x 4N dimensional block-diagonal one, A=1y®A
(® is the Kronecker product [LT85]) and D being the 4N x 4N matrix representing the
biased differencing explained above. For the detailed action of D on u see Appendix E.1.

The initial conditions are set up in f, the system is integrated in t using CVODE
and transformed back for output. CVODE is an ODE-solver that offers variable-order,
variable-step multi-step methods. Initially, we supply the “right-hand-side function”
glu(t),t] as above. Since both the linear and nonlinear cases are non-stiff (no rapidly-
damped modes are expected), we apply the Adams-Moulton-Methods together with the
variational method to solve the resulting linear system. This provides higher accuracy
with less computational effort compared to the offered Newton iterations, since neither
approximations nor an analytical expression for the Jacobian have to be provided. We
always use the parallel implementation of CVODE together with “extended” (long dou-
ble) precision. The simulations were also confirmed to be independent of the boundary
conditions as periodic boundary conditions yield the same results.

3.2.2 Nonlinear Case

By discretising the full nonlinear system (3.55), the matrices X and Y also become
AN x 4N dimensional. The system then can also be brought into ODE form @'(t) =
g[ii(t),t] by inverting the matrix (145 + X). Since X depends only on local field values,
it is of block diagonal form:

where @ is the direct sum and X! are the matrices X evaluated at grid point {. This
can be used to reduce the inversion of X to NN times the inversion of a 4 x 4 matrix. The
structure of X! allows us to rewrite X! as X! = G H! with

1 0

01 ! x! xt xt
G=1, ol Hl—<l“ zoor ) (3.57)
Lol Tgg Loz Loy
0 0

where the xéj are the values of the non-vanishing matrix elements of X given in App.
E.2, evaluated at position I. Then we can apply the Woodbury Formula [GVL12],

(Iy+XH ' =14 — G(1, + H'G)'H' (3.58)

to further reduce the inversion to one of the 2 x 2 matrix

14 2t !
(1, + H'G) = ( 1 12 ) .
ohy 1+ ahy

which is done via a LU-factorisation for all grid points using an LU-factorisation at each
evaluation of the function glu(t), t].

For the parameters considered, the nonlinear corrections X and Y do not change the
signs of the characteristic speeds, so we use the same biased differencing as in the linear
case. The nonlinear ODE-system is then given by

i (t) = —S(Iuy + X)"H(Q + Y)S D,
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WheTeS:ﬂN®87Q:1N®Qa

N
Y=Y, (3.59)
=1
in analogy to X and the inverse matrix
N
(Lav +X) ' =P+ X~ (3.60)
=1

is calculated block wise as in (3.58). All fields are normalised by E... The parameters
for CVODE are the same as in the linear case. The signals are analysed under the
assumption w = |k| using a spatial Fourier transform in Wolfram Mathematica [WR12].
As we later analyse harmonic spectra of the forward scattered probe field that are nor-
malised to the initial probe intensity, we give the conventions for the Fourier transform:

Ep(w):/mdx E,(z7) e (3.61)

—0o0

The initial probe intensity is defined as
10 (wp) = [ (wp)|? (3.62)

and the intensity of the forward-scattered field is then

() = |Ey(w)[? (3.63)
such that
~ 2
Iw) _ ]| p<w>|]
1wy LIED (wp)]
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Chapter 4

Harmonic-Generation and
Shockwaves

The first part of this chapter focuses on the time-resolved analysis of the
processes that arise from the first iteration of the wave equation (including
the overlap signal) for four- and six-photon scattering. The setup is chosen
as two colliding plane waves pulses where the strong background is Gaussian.
The main effects are birefringence, harmonic generation (also called photon
merging) and the back reaction of the probe on the strong background. We also
identify a certain parameter regime where the overlap can possibly dominate
the asymptotic signal. Finally, a comparison between the harmonic generation
considered and other vacuum processes like photon splitting and pair-creation
is made.

The second part investigates vacuum high harmonic generation (VHHG) due
to multiple consecutive scattering events in a quasi-constant, rectangular back-
ground with vanishing frequency. The nonlinear wave equation of the probe
pulse for the box- and hexagon-diagram is solved to all orders for the case of
parallel probe and strong polarisations. For six-photon scattering, this solution
can be written as a probe-dependent refractive index that leads to generation
of high harmonics and eventually to the development of a discontinuity in the
wavefront. This shocking appears after a characteristic propagation length in
the background that is quantified and the solution is compared to those solutions
known for the inviscid Burger’s equation. Further, the polarisation-dependency
of the harmonic generation is studied numerically and an outlook on ultra-short
probe pulses and the effect of inhomogeneities in the background is given. We
conclude with a discussion of similarities to harmonic generation in real plas-
mas, comment on the measurability of the effects studied and on the validity of
the approach.

4.1 Overlap Dynamics

4.1.1 Simulational Setup

In this part of the thesis we analyse the predictions from the lowest order iteration
of the wave equation leading to the nonlinear response (3.25) for four- and six-photon
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scattering. The strong background is thereby chosen to be a Gaussian as it is shown in
panel (a) of Fig. 2.10:

212
EO(z") = agese‘(?) :
Since we only consider the first iteration, we drop the iteration index n in this sec-
tion. To analyse the different frequency components, we simulate the same setup once
with linear propagation, once with only four-photon scattering, with only six-photon
and with both four-and-six-photon scattering included. The corresponding numerical
signal is transformed at each time step to k-space via a spatial Fourier transform using
Wolfram Mathematica [WR12]. Then the same step with only linear propagation is
also transformed to k-space and the linear spectrum substracted from the nonlinear one.
This allows for the analysis of the contributions to the fundamental harmonic and the
slowly varying dc component, since one needs to separate it from the linear probe and
strong background. The different frequency components are filtered under the assump-
tion w = |k| and then transformed back to coordinate space. In all figures the solid lines
are the theoretical predictions, the dashed lines represent the numerical signal. Since the
simulation gives only the sum of all contributions, we extract each different component
of a harmonic via substraction of the dominant analytical expression from the numerical
signal. All signals shown are in units of the probe amplitude &,.

Although both the analytical solution and the numerical simulation are able to treat ar-
bitrary relative polarisations of the strong and probe fields, we mainly focus on the cases
with parallel and perpendicular relative polarisations. The labels AEl and AEL rep-
resent the two cases €, - €, = 1 (parallel setup) and €, - €, = 0 (perpendicular setup).
The full angular dependency of the phase shift resulting from four-photon scattering and
the asymptotic generation of higher harmonics, which involve higher iterations in the
analytical solution of the wave equation, will be analysed in section 4.2.

The parameters for the simulations shown in this chapter were N = 4-10° grid points, the
box length L = 3.2-107° cm, the amplitude of the strong and probe pulse £ = 2 - 1072
and £, =5- 1073, The probe wave length is Ap =25 108 cm corresponding to a fre-
quency wy = 2.5-10% L. = 0.6 eV. The pulse durations are 7, = 5- A, and 7, = 9/7 - 7;,.
For a clearer arrangement, we separate each frequency and begin with the fundamental
probe frequency wj,, continue with the analysis of the second harmonic, followed by the
dc component and conclude with the third harmonic which is the only further higher
harmonic generated from four- and six-photon scattering within the lowest order itera-
tion of the wave equation. Afterwards, we compare under which circumstances photon
merging in a magnetic field background resulting in the 2w,-signal might be prevalent
compared to other vacuum polarisation effects like photon splitting and thermally in-
duced electron-positron pair-creation.

4.1.2 Fundamental Harmonic

One of the most prominent dispersive effects predicted from vacuum polarisation is vac-
uum birefringence. The birefringence manifests itself as an alternation of the refractive
index which is to lowest order independent of the amplitude of the probe field and de-
pends only on the strength of the strong background and the relative polarisation of the
probe and strong field. We see shortly how this effect arises in the asymptotic signal of
our analytical treatment. But first we consider the overlap signal.

Evaluating (3.24) for the overlap scattered field from the box diagram, we have the
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following contribution to the first harmonic w:

=+ 2 = 2
AE; o, (z7,2") = —ulc‘,’pfgeJ(?) ef(;> cos(wpz ™ )uy . (4.1)

The asymptotic change in the fundamental frequency is given by (see (3.39))

Tz 2 +
AElyasva(x*,er) = %,ul \/zgpﬁpr@e_(w) <1 + erf (ﬂx )> sin(wpz ™ )uy . (4.2)

Ts

The time development of the overlap (4.1) and asymptotic field (4.2) for different times
of the interaction in the parallel and the perpendicular setups is shown in Fig. 4.1 and
Fig. 4.2. One sees that the asymptotic signal dominates the overlap field.

E(U)(tQ, Z)

Figure 4.1: Time evolution in the parallel setup of the nonlinear response in the funda-
mental frequency w, at four different times ¢4 > t3 > o > t1. The upper panels show
the position of the probe and strong pulse in the simulation box. The lower panels show
the overlap and asymptotic fundamental harmonic w,, from four-photon scattering. Solid
lines are the analytical expressions and the dashes show the numerical signal. All fields
are in units of the probe amplitude &,.
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Figure 4.2: Time evolution of the change in the fundamental harmonic w, for four-
photon scattering in the perpendicular setup. The upper panels show the positions of
the different polarisation components of the initial probe and strong pulse at different
times t4 > t3 > to > t;. The dashes indicate the numerical signal. All fields are
normalised to &,.

As already mentioned, it is a well-known result that four-photon scattering in constant
crossed field backgrounds causes vacuum birefringence and as such it can be seen as a
change in the refractive index n =1 — n = 1 + dn; for the probe while passing through
the background. The change in the refractive index is given by [BB67b; DGO00]

ony = 4, E2 [4 (€p-€5)° +7(gp /\53)2] . (4.3)

We write ny where the index 1 indicates that this effect is caused by four photon scat-
tering. This change of the refractive index causes a phase shift in the carrier phase of
the probe field, cos(y,) — cos(vp — dgp).

For parallel and perpendicular polarisations, the asymptotic change in the probe field
(4.2) is always parallel to the probe field, so we can write

EI()I)(CL‘_, at) = 5p5pe_<%)2 (COS(SOP) +dpp(a™) sin(wpx_)>
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for dpp(x1) < 1. The phase shift dp,(z™) is then given by

zt
W
o) =2 [yl (4.4)

for the parallel and perpendicular case and the phase-dependent refractive index is de-
fined as

sl (y) = 2 [Ea(y))> (11 7 3) . (4.5)

We note that this phase-shift is in agreement with (4.2). The integral (4.4) over the
strong pulse is a measure for the energy density in the strong background and numerical
experiments showed that the expression for the phase shift is valid for all kinds of slowly-
varying backgrounds. This agrees with the observation in [Din+14b], where it is shown
that birefringence signals are dominated by the energy content of the strong pulse and
not by the specific shape. We note that the refractive index is, to lowest order in «,
independent of the probe amplitude. So after passing the strong pulse, the whole pulse
is shifted by the overall phase dypp:

. wp [
Spp = lim dp,y(zt) = p/ dy n!’L(y) . (4.6)

rt—00 2

If one also wants to interpret the overlap signal (4.1) as a refractive index different from
unity, one obtains

xt
w L

where the refractive index for the overlap signal is defined as [KBR16]

only () = 2m (11 F 3)%8+[E8(x+)]2 : (4.8)

If one takes a plane wave probe with 7, — oo, this agrees with eqs. (28) and (29) of
[HH14] for the parallel and perpendicular setup with the identifications wy = ws, w = wy,

E(p) = Ep(pp), wsl'a = %. But since the overlap signal is in phase with the probe
and contains the derivative of the strong field, the interpretation as a pure refractive
index needs further investigation including higher order processes of four-photon scat-
tering.

For the parameters considered, the asymptotic field exceeds the overlap signal. Only for
wpTs <K 1 the overlap signal dominates over the asymptotic one.

Although we made the assumption w,7, > 1, the numerical analysis also shows the
contribution from the derivative of the Gaussian envelope-function:

— == 2 +
Aﬁl,d’wp(g:*,gﬂr) — ul\/§5p5§%x6<“’> <1 + erf (ﬂx )) cos(wpz ™ )uy . (4.9)

Tp Tp Ts

Since we always assume w,7, > 1, the derivative of the envelope function only con-
tributes comparable to the overlap field for the current parameters (w,7, ~ 25). This is
shown in Fig. 4.3.



56 4. Harmonic-Generation and Shockwaves

z[r]

Figure 4.3: Comparison of the maximal overlap signal with the derivative of the envelope
function for the fundamental harmonic w), from four-photon scattering. The dashes show
the numerical signal.

From six-photon scattering we also obtain a contribution to the first harmonic which
is much smaller than the one from the box diagram since &,,&; < 1. For the overlap
signal this is given by

e

3 - 2 2
AEj o, (z7,27) = —4u2555§e_3(fp) e_Z(?) cos(wpz ™) vy . (4.10)

For the asymptotic signal, we see from (cos,)® = 1(3cosp), + cos3yp) that the w,
contribution stems from the current Jo where the vectorial part is of the probe and is

therefore left-travelling:

1 _o(zt)?
AB s, (27,0%) = puoVBrELEL T ¢ o(5) 2L

We note that the w,-dependence in (4.11) disappears asymptotically as the integral over
the probe pulse gives a constant (small) value, which is due to the absence of wave
mixing as explained in section 2.5.1. Snapshots of both signals for the maximal overlap
of the strong pulse and the probe pulse are shown in Fig. 4.4.

4.1.3 Second Harmonic

We note that there is no lowest order, forward-scattered signal of the second harmonic
from four-photon scattering since in this (1 4+ 1) dimensional setup as the generation
is suppressed for kinematical reasons [Adl71]. This is also in agreement with our ob-
servation that the forward scattered signal from four-photon scattering only gives a
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Figure 4.4: Overlap and left-travelling signal for the fundamental harmonic from six-
photon scattering. The dashes show the numerical signal.

contribution to the fundamental harmonic. But the 2w, signal can be generated as an
overlap signal from pure four-photon scattering:

N N2
AEl,o,pr(x_,x+) = —;ulggé’se_Q(ﬁ’) e7<?> cos(2wpx_)v1 . (4.12)

The asymptotic generation of the right-travelling asymptotic field is given by the hexagon
diagram:

z 2 +
AEQ,aS,pr(x_ax+) - ;uzgggg’\/?prse2(m) <1 + erf (\/gx ))

Ts
-sin(2wpz ™ )ug . (4.13)
A direct comparison of these two signals is shown in Fig. 4.5 and Fig. 4.6 for differ-

ent interaction times and the time development of the maximum of the overlap and
asymptotic field in the parallel setup is plotted in Fig. 4.7.
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Figure 4.5: Time evolution in the parallel setup of the second harmonic 2w, for the
overlap signal stemming from four-photon scattering and the asymptotic signal from
six-photon scattering. The dashes show the numerical signal. The overlap field signal
exceeds the asymptotic one.
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Figure 4.6: Time evolution in the perpendicular setup of the second harmonic 2w, for
the overlap signal stemming from four-photon scattering and the asymptotic signal from
six-photon scattering. The dashes show the numerical signal.
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Figure 4.7: Shown is the maximum of the amplitude of the second harmonic for the
overlap field (red dashed), the asymptotic field (green dashed-dotted) and the sum field.
The turquoise-black dots show the numerical results.

We see that the overlap field dominates over the asymptotic signal for our parameters. To
get a better qualitative understanding when this is the case, let us define a nonlinearity
parameter

I 2
¢= ; /Oodsos x(s)” (4.14)
where
N kp - Fs
x(ips) = AL (4.15)

m

is the quantum efficiency parameter [Rit85] for the probe photons and 7 := ’jg;’;s The
overlap field does not include any explicit integral of the strong field or the derivative of
the probe pulse, whereas the factor w,7s in ¢ (and the asymptotic signal) is a measure
for how many probe oscillations ,,fit“ into the strong background. For the current setup
X = \/ﬂgprn ~ 3-1072 and one sees that for ( < 1, the overlap field can dominate.
Apart from the two dominant overlap and asymptotic signals (4.12) and (4.13), there is
also a backward-scattered signal where the vectorial part of J; is of the probe pulse:

) 207 — iw,T>
AE o, (27,2 \/> g2 (%) o heint (2 +erf (\/ETP””)

227 + 1w,T
+ erf (71”7) Vi .
V2T, !

As we already had for the left-travelling first harmonic from six-photon scattering, the in-
)

terpretation of AE1 as24, (27,27 ) as an asymptotic 2w, signal is not completely correct
as the integral of the probe field squared,

& 1 1.2 2
EO 2 2
/; dy[ ]())(y)] 2\/75 (1+e 2 pwp) )
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yields a fixed value and therefore any dependence on 2w, disappears in the limit of
asymptotically separated pulses due to the absence of wave mixing. A snapshot of this
signal is shown in Fig. 4.8:

x10~1°

—AEL, (ts2)

1,as,2w,

1 0 1
z [TS]

Figure 4.8: Snapshot of the left-travelling asymptotic second harmonic of the box dia-
gram when probe and strong pulse show maximal overlap.

There are two further signals from the hexagon, the overlap field and the contribution
from the derivative of the envelope function:

2zt

1 = 2 2
AE270,2wp(5U_ax+) = —2M253355e_2(“’) eig(z) cos(2wpx_)u2 ,

— == 2 +
N (R CS)

p Tp Ts

-cos(2wpz T uy . (4.16)

A space-time plot of both fields is shown in Fig. 4.9 and we see that both signals are
negligible as w,7, > 1 and & > &,.

4.1.4 DC Component

For both four- and six-photon scattering there are signals which are quadratic in the
probe pulse

1 2(2=)’ 2(z=)°
[E](,O)(x_)F — 55}3 (e (ﬁ) +e (?) cos(2wpx_)> .
The signal therefore consists of two parts, one which contains only the envelope function
of the probe alone and one that contributes potentially to the second harmonic, as we
already encountered above. The first one is a signal which is peaked around w = 0 and
we therefore refer to it as the zeroth harmonic, dc component or rectification.
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Figure 4.9: The left panel shows the overlap field of the second harmonic from six-photon
scattering, the right panel shows the asymptotic field where the derivative acts on the
envelope function of the probe. Since w,7, > 1, the signal is much smaller than the
asymptotic signal shown in Fig. 4.5 and Fig. 4.6. The dashes show the numerical signal.

For four-photon scattering, this signal stems from the process in Fig. 2.7 (a) and since the
vectorial part in J; is here of the probe pulse, it is left-travelling and can be interpreted
as a change in or back reaction on the strong background caused by the probe pulse.
The lowest order contribution of the overlap and asymptotic signal is given by

N2 2
AEl,o,dc($_,l'+) = — 1/!15585672<%> e_<%) Vi,

=+\2 — (4' 7)
Aflasdc(x xt ,u1\/7 582 s) <1+erf(ﬂx ))Vl. 1

Tp

The time-development of the amplitudes and the space-time evolution for (4.17) are
shown in Fig. 4.10 and Fig. 4.11 and we see again that the overlap dominates the
asymptotic signal.

For six-photon scattering, the dc component can not be interpreted as a change in
background as the vectorial part in Js is of the strong pulse and the signal is right-
travelling. Since it contains frequencies of order ~ % < wp, the contribution only comes
from the derivative of the envelope function and if w,7, > 1, the right-travelling zeroth
harmonic mostly only show a small contribution to the overall dynamics. The analytical
expressions for the overlap and asymptotic field are

N2 9
B = Lateze (5 ),

- (=) + (4.18)
A eaela, o) Zm\/gﬁfé’ﬁ:;ze(m) <1+erf<\/§j ))uz‘

A space-time plot is shown in Fig. 4.12.
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Figure 4.10: Shown is the maximal amplitude of the dc component in the parallel case
from the box diagram as it travels leftwards with the strong probe. The red dashed line
is the overlap, the green dashed-dotted line the asymptotic and the black solid the sum
field. We see that also here the overlap signal dominates the asymptotic one.
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Figure 4.11: Time evolution of the left-travelling rectification from four-photon scatter-
ing.

%108 | x10~8
1.5+ - AE! ,as,dc tl? Z) AE%AS defl[ e AE? ,as,dc t27 - AE%&\ de
10— AEHO(C(tla Z) - A]Bf_,o,d(: _ AE!O(C(Q’ ) AE%O de
0.5
0 S
—-0.5
_1,
—1.5}
-3 2 1 0 1
2[4
x10~8 (
I [
1.5} = AEI as,de t37 A(EIL% deflf17 Afl as,dc t'l’ Z) AEIL% de
1= AEgodn(tQ)” Z) ~\ AElLo de _ AE!O(IL t'17 - AElLO(L
3 2 -1 0 1 3 -2 -1 0 1
2[T] z[7]




4.1 Overlap Dynamics

65

3x10°'3 x10_'!
- AE! as,dc tl’ Z) AB;IS de - AEQ as,dc tz’ Z) AB;IS de
2 |
- AE! ,0, dc(tl? Z) - AE%O de - AE! ,0, dc(t27 Z) - AE%O de
1fF
)] S— .-.-.v“"-.__-_-___.. I S —
1l : : :
—92l
-3 1 0 1 2 1 0 1 2
2[7] 2[7]
g3x10°'! x10~!'!
l Il
- ABQ as,dc t37 Z) AEQLLS de - ABQ as,dc t37 Z) AEQLLs de
2 |
- AE! ,0,dc t3’ 1 AE%O de - AE! 0, (lc(t37 Z) - AE%O de
0 ; z ‘
1}
—92l
-3 “1 0 1 2 “1 0 1 2
Z[TS] Z[TS]
Figure 4.12: Different snapshots of the parallel and perpendicular right-travelling dc

component from six-photon scattering.
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4.1.5 Higher Harmonics

The next higher harmonic would be 3wy, but the direct asymptotic generation of a 3w,
signal for the scattering of plane waves appears only in eight-photon scattering, as it is
shown in section 3.1.3 since the forward-scattered current J3 involves the probe cubed
and cos(z)® = 1(3cos(z) + cos(3z). To lowest order, there is no right-travelling third
harmonic from four- and six-photon scattering. But if the vectorial part of Jo is from the
probe field, the third harmonic is generated as an overlap and asymptotic left-travelling
signal:

T

_\2 2
) = _,#253526_3(%) e72<?) cos(3wpx_)V2 ,

+

+ 212 -4 L2
AEQ,aS,Swp(Z'_,.%'+) = 1#28352 E@Lei2<¥> e_% ng <2+erf <\/§($ + ngWp))

Tp

\/§ T — iTQw

—|—erf( ( 2P p)> vy . (4.19)
Tp

Two snapshots of both fields for the maximal overlap of the probe and strong field are

shown in Fig. 4.13. We note again that the 3w,-dependence of the asymptotic signal

disappears in the limit = — oo due to the absence of wave mixing.
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Figure 4.13: The third harmonic 3w, is generated as an overlap signal (left panel) and as a
left-travelling asymptotic signal (right panel) in six photon scattering. The perpendicular
generation is less efficient than the parallel case.

In general, the asymptotic n-th harmonic involves 2(n+ 1)-photon scattering amplitudes
for plane waves and can be directly calculated from the weak-field expansion (2.64) of
the Heisenberg-Euler Lagrangian. Both the overlap and the asymptotic field originate
from an integration of a single term in the wave equation. But since the overlap field
appears as a boundary term, it shows a different space-time dynamics compared to the
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asymptotic field. Nevertheless, they show the same selection rules for the polarisation
of the scattered photons of the higher harmonic. In the parallel setup, all harmonics are
generated in the parallel mode

=

where 7| is an incoming probe photon with a polarisation parallel to the strong pulse,
| € N and +' the scattered photon. For the perpendicular setup with &, - €, = 0, the
incoming probe photons 7| generate the even harmonics parallel to the strong field and
the odd harmonics parallel to the probe:

2y = (20— 1)y =L

For the direct generation from the corresponding weak-field expansion, the n-th harmonic
has a dependence E,, ~ S;LHEI’}prS following from the explanation above. But since we
are in a regime &, & < 1, the higher harmonics are strongly suppressed. In the second
part of this thesis we analyse a different mechanism for high harmonic generation, which
involves only the box and hexagon diagram, but requires longer propagation lengths
D = w,Ts .

4.1.6 Discussion

We saw from (3.17) that the overlap signal depends on the past of the background
field as it is a surface term stemming from an integral over the derivative of the back-
ground. As a consequence, it disappears for fields which are completely homogeneous
like homogeneous constant-crossed and constant, homogeneous magnetic fields. For the
overlap signal to appear, some inhomogeneity in the background is needed. Therefore,
it makes a difference whether one considers forever-constant fields or the propagation
of the photons into a background which is evolved from the past. We saw for quasi-
constant backgrounds that it is valid to integrate the change of the refractive index due
to four-photon scattering (see (4.3)) over the shape of the background since the effect
is only dependent on the energy density of the strong field. But as most of current
and future experiments use high-power lasers to measure vacuum polarisation effects,
the background can not be treated as constant. Therefore, it might be necessary to
include the overlap signal into this notion for recent and future experiments trying to
measure vacuum birefringence as it was analysed in [HH14]. Strong inhomogeneities in
the magnetic fields in the atmospheres of astrophysical objects like neutron stars might
also influence calculations which rely on locally constant field approximations such as
the so-called ,, vacuum resonance“ [HLO1; HLO4]. Such signals might be investigated with
missions similar to GEMS [Gho+13] or telescopes like NuSTAR [Har-+10].

The strongest magnetic fields available appear at neutron stars like Soft Gamma Re-
peater and X-Ray Pulsars. The field strengths surrounding such magnetars are close
or also above the critical field E.; and therefore the emitted radiation is very likely to
be subjected to photon-photon scattering effects while passaging the magnetosphere.
Polarisation measurements of the emitted X-Rays could be therefore very well suited to
study the nonlinear properties of the vacuum [Gho+13; Tav+13]. In such extreme envi-
ronments also the process of photon splitting v — 27 of one photon into two photons of
lower frequency is expected to be of particular importance. In the following we compare
the number of photons per unit volume which are merged into the second harmonic
from the overlap and the asymptotic field with the number of photons that are split in
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a quasi-constant magnetic background. The photon splitting density was calculated in
[PR72] and is given by

3119 1%L w\®
s L s <7) _ 4.20
P2 = g [31577] - \m/) P (420)

A = 27w/m is the reduced Compton wavelength, L is the propagation length, p is the
density of incoming photons of the probe with frequency w and B is the magnetic field
strength. We note that the splitting density (4.20) has strong dependence on (w/m)?
and in our case, where the magnetic field is perpendicular to the propagation direction
of the probe photons, also dispersion has to be taken into account. To compare this
expression with the result for photon merging, we take the plane wave limit of the probe
with 7, — 0o, the constant field limit for the background, 7, — oo and set the electric
fields to zero. To quantify the effect of the overlap signal, we define the relative field
variation A = AB/B of the background where AB is the difference in the magnetic field
over the propagation distance L of the probe. From (4.12) and (4.13) we then have the
following photon densities for the overlap and the asymptotic processes:

. 117377 w
Poy—ry' = 20[3 |: 1807 :| BQA2E(p7T)\3)p )
37+11]2 (4.21)
_ o3 2,2 W 3
P2y—ry = 8« |: 3157 :| B¢ m(pﬂ-)\ )P :

¢ is defined by ¢ = B?wL and the = is for the probe photon polarisation being parallel or
perpendicular to the magnetic background. Although the dependence of the generation
of the second harmonic on w/m is only linear compared to (4.20), for photon merging a
high density of probe photons in a cylinder of radius and height A along the probe light
cone is needed as it can be seen from (4.21). To get a more qualitative understanding
when harmonic generation is more dominant than splitting, let us consider a photon
gas in contact with a thermal bath at temperature 7. The number of photons per unit
volume with a certain energy in the interval [w,w + dw|, where dw < w, is then given by
a Bose-Einstein distribution

w?dw
exp(kBLT) 1
where kp is the Boltzmann constant. Using this expression in (4.20) and (4.21) yields
the following ratios for photon splitting and merging:

Prroy <mA)2)‘5W 1
w B? LmeXp<kBLT)_17

pf\J

Pry—2+

P2y—~! Léw

~

Py—2y/ exp(,@%) -1

Apart from dispersive effects also dissipative effects like eTe™ pair-creation can take
place. In [KDG12; KGDP13] two different mechanisms of thermal pair-creation were
considered. The first one is the scattering of two photons off each other with an internal
fermion propagator, which is then summed over the ensemble of the thermal photon gas
yielding a number density

2 (kT \> _2m
e 2t (2 (182 8, 422
v
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which is valid for kgT/m < 1. As this result originates from the integration over a
rectangular volume, the adjusted version for a propagation distance is given by

1L /saN2/[/kgT 3 _om
p2’7~>e+e* N2;X (%) <m> e kBT |

The second process considered is based on the interaction of the thermal photons with
the background photons via the polarisation operator. The rate of pairs produced via
this mechanism is then obtained via the optical theorem and given by

3/4q 1 L [(kgT\? 4
o2 = Z B 54T s 4.2
Pry—ete 4\/57_[_3/2 X3 A < m ) e vs ( 3)

Again, the length L was introduced in (4.23) and the result adapted for a constant
magnetic background with
kT
o= ()
2m

and 0 < 1. Both pair-creation rates (4.22) and (4.23) are exponentially suppressed for
kpT < m, whereas the splitting and merging rates are perturbative in kg7 /m. As the
temperature of most observable neutron stars is about 7' = 105K [HL06], this leads to
a ratio kgT/m =~ 10™*, so thermal pair-creation is exponentially suppressed compared
to photon merging and splitting.

After the analysis of the first iteration of the wave equation including the overlap signal
and a comparison between harmonic generation and other dispersive and dissipative
vacuum polarisation effects in this chapter, we now consider high harmonic generation
based on higher iterations of the wave equation.
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4.2 Higher-order Processes and VHHG

In this section we analyse a certain mechanism for vacuum high harmonic generation
(VHHG) which is based on multiple consecutive scattering events. As we have seen in
the previous chapter, four-photon scattering generates to lowest order a first harmonic
forward scattered signal in the scattering of two plane wave pulses. Six-photon scattering
then generated an asymptotic second harmonic and in general 2(n+ 1) photon scattering
leads to an asymptotic nth harmonic. But as we consider the case of &,,& < 1,
this direct harmonic generation is strongly suppressed as the nth harmonic scales as
5;"”*15]7}_1, leading to extremely small intensities. This type of vacuum high harmonic
generation has been investigated using the full polarisation operator in [DHKO05; FNO7]
and using the lowest order of the weak-field expansion in [Lun+06; KK12; KBR14;
GKS13].

If the fields’ spacetime extent is much larger than a single scattering length, multiple
scattering events can occur as we have already seen in Fig. 3.1 for four-photon scattering
and Fig. 3.2 for six-photon scattering. But also combined processes like four-photon
followed by six-photon scattering can occur. Usually it is assumed that the probability for
multiple scattering events is much lower than single scattering events and multiple events
are neglected. However, if the extent of the field is large enough, then the probability for
multiple scattering increases with the propagation length so that all orders of chained
processes have to be taken into account. This is the approach we take in the following
for high harmonic generation.

If a large number of higher harmonics are generated in the spectrum, the shape of the
electromagnetic plane waves also changes and this leads to the possibility of shock wave
generation. In the “shock regime” (which is quantified later), as all orders of scattering
can play a role in the generation, the spectrum is expected to be qualitatively different
from the perturbative case of having only a single scattering event, where four-photon
scattering is the most probable and higher harmonics are exponentially suppressed. Such
a type of shock generation is also known from nonlinear optics [AL83] and often com-
pared to the optical Kerr effect [Marl0].

There have been several studies of the consequences of this self-interaction. Lutzky and
Toll [LT59] showed that if G = 0, a current that depends nonlinearly on the invariant
F = —F?/AE?, = (E* — B?)/2 leads to the generation of an electromagnetic disconti-
nuity or “shock”. After identifying an application in magnetised neutron stars, shocks
were analysed in a constant magnetic field background using a first- [R0z93], second-
[ZF82] and several- [HH98; HH99] order weak-field expansion of the Heisenberg-Euler
Lagrangian with an all-order analysis performed by Bialynicka-Birula [BB81]. An as-
trophysical environment was further modelled by introducing nonlinear vacuum effects
into equations of relativistic magnetohydrodynamics [HH99] and into a dusty plasma
[MSEO05].

The outline of our analysis in this section is as follows:

First, we introduce the simulational setup, then we derive an all-order solution to the
phase shift arising from pure four-photon scattering in a constant crossed electromagnetic
background for the probe having parallel and perpendicular polarisations to the strong
field. This analysis allows us a to identify nonlinearity parameter which quantifies when
four-photon scattering is of importance in the generation of higher harmonics.
Afterwards, higher iterations of the wave equation for pure six-photon scattering in the
parallel setup are calculated and an all-order solution for the scattered field is given
which depends on another nonlinearity parameter that quantifies the transition from
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the perturbative regime to the “shock regime”. Then high harmonic generation from
chained pure four-photon scattering and from higher order weak-field terms are shown
to be negligible. This is followed by an extensive analysis of the transition into the
shock regime for the parallel case as the nonlinearity parameter approaches unity. The
angular dependency of the harmonics, the corresponding shockwaves and their interplay
with dispersive effects are studied. In the discussion, an outlook on ultra-short probe
pulses and harmonic generation in inhomogeneous backgrounds is given. This is followed
by a comparison of VHHG with harmonic generation in real plasmas and we comment
on the validity of the approach chosen in this thesis.

4.2.1 Simulational Setup

In this chapter we mainly focus on a pump-probe setup where the strong pulse is a
constant plane wave background. The analytical expression of the strong pulse is thereby
given by

EO (z1) = £,&Rect(z™) |

S

where Rect = 0(xt /75 +1/2) — (2~ /75 — 1/2) and 6(z) is the Heaviside step-function.
The simulational setup is depicted in Fig. 2.10 (b). As explained in section 3.2, for the
numerical simulation, we approximate the constant background as a mirrored Fermi-
Dirac-Pulse to avoid infinite gradients:

B 1
14 exp (7"#'*2’”)

Zb

Rect(z1) ~ FD(z") : (4.24)

To define a proper effective pulse duration 74 for the Rect- and the Fermi-Dirac-function,
we consider the asymptotic generation of the second harmonic of the hexagon diagram
in the parallel case with €, - €5 = 0. The analytical expression is then given by (3.43):

AE() . (z7)= lim 96us e, 556_2(%>02($+)Sin(2wp$_)

Pas zt—o0
203 —2(£> . —
= 96ugesE Ele "\ /T sm(2wp:r ) ,

where 03 is given by (compare (3.51))

0
oa(a) = €3 / dy[FD (" + y)]? |

—00

The analytic expression for the pulse duration is then

1
Te = —= lim 02(a:+):zb<

85’ T —00

4 1 zm
—_ — 2+210g(1+ezb)—3> . (4.25)
1+e (1+ez)

Simulation Parameters

Our analysis is valid when &, &, < 1 and we see shortly that the single parameter
relevant to high harmonic generation in the shock regime is v = 192/125?810(1) with
¢ = w,7s (see (4.31)). Now we wish to simulate the occurrence of a shock wave, for
which v, — 1, implying ® must be very large in order to compensate for the weak
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field strengths. However, a large ® is computational expensive to simulate. To compare
analytical and numerical results, we therefore extrapolate the theoretical result to values
of & 4 1, allowing a simulation for smaller ® to be performed, with the condition that
the physical prediction is only valid for a particular value of 1o when & < 1. For this
reason, we often quote simulation parameters in terms of shock parameters rather than
absolute field strengths and spatial extent.

If no other parameters are given, the probe amplitude was taken as &£, = 0.01 and
® = 387 with A\, = 1.6 - 10~* cm for all simulations shown. 7, = 9.85 - 1072 cm is
always given by (4.25) with 2z, = 5-107° cm and z,, = 100 - z;. Then the corresponding
amplitude of the strong field is given by the relation

" 1/3
=\ 77" = .
<192M25p¢)>

Most simulations were carried out with N = 10® grid points in this chapter to properly
resolve the high harmonics and it was checked that the results are robust against change
in the resolution.

The parameters for the simulations in section 4.2.6 were the same as for the parallel
case, except of the simulation in Fig. 4.28 and the left panel of Fig. 4.29 where we
used &, = 0.2, & = 1.44, A\, = 5.33 - 107 cm, for Fig. 4.30 and the right panel of Fig.
429 &, =0.01, & = 5.67 and \, = 1.6 - 10~% c¢cm and for the simulations in Fig. 4.31
E=2-107% & =144 and A\, = 5.33- 1077 cm.

4.2.2 All-order Phase Shift from Four-photon Scattering

In section 4.1.2 the phase shift from the box-diagram for parallel and perpendicular po-
larisations was given. Now we analyse the phase shift for arbitrary relative polarisations
and explain why the parallel and perpendicular setup have a distinct role. The depen-
dency of the phase shift of the probe on arbitrary relative polarisation of the strong and
probe pulse for the current setup with a square pulse is shown in Fig. 4.14. To obtain
the difference of the phases the same setup is simulated once without any nonlinearities
and once with four-photon scattering turned on. When both pulses are well-separated
again, each probe is transformed to Fourier space and the absolute phase is determined
by

ImFE
(p = arctan m~7(wp) ,

Re E(wp)

where the Fourier transform is defined in (3.61). The phase-shift is then simply given
by the difference of the absolute phases of the linear and the nonlinear probe pulse. The
theoretical prediction is given by (cf. (4.4) and (4.3))

w oo
dpp == | dym(y) (4.26)
where
dny = dpy £2 [4 (€p-€5)2+7(ep A 53)2] . (4.27)

If one takes an arbitrary relative polarisation, a certain ellipticity is introduced in the
probe field. This is a result of the two different refractive indices that act on the probe.
The part of the probe that is parallel to the strong field travels at a different velocity
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Figure 4.14: Shown is the angular dependency of the relative phase-shift due to four-
photon scattering of the probe pulse after passing the strong pulse. The solid line is
the theoretical prediction, the dots show the numerical result. 6 is the relative angle
between the polarisations of both pulses with &, - &5 = cosfl. The parameters for the
simulations were A\, = 1.6 - 10~ cm, E=5-1073,E=0.1and N =1.12- 10%.

than the part which is perpendicular to the strong field. So both parts get a different
phase shift. The situation is different if the probe is in one of the states with €,,-€; = 0 or
€p-€s = 1. Then the expression for the higher iterations simplify since for G = 0 (parallel)
or F = 0 (perpendicular) the polarisation vectors (3.35) and their higher iterated versions
only contribute to the same polarisation and there is no interaction between both modes
which simplifies the iterations. In both cases the nonlinear response is always parallel to
the probe field and the first two iterations in the limit 2+ — oo and the parallel setup
are then given by

x

2
A, (@) = 16mE2e,e (7) sin(upa) |

1,wp,as

2
AE( (x7) = 16/1,155251981,6_(;) (sin(wpr™) — 811E2Epep cos(wpz ™))

1,wp,as

and a similar expression is obtained for the perpendicular setup. Further analysis of the
next two iterations reveals the following pattern illustrated on the fourth iteration:

—\2 2
Eﬁ))p’as(x_) = pepe_<?) - (cos(wpz™) + vy sin(wpz ™) — (U21!) cos (wpz ™)
(v1)? (v1)*

sin (wpa:_) + cos (wpx_ ) ,

3! 4!

where we defined the multi-scale-parameter vy = Uﬂ’L for the parallel and perpendicular

setup of four-photon scattering as
1
ol = (11 7 3),620 = 5(sn!’icp , (4.28)
® = w7, and dny is the well-known vacuum refractive index (4.3):

snlt = 2011 £ 3)82 .
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The first two iterations are depicted diagrammatically in Fig. 3.1. If we make a trans-
formation of variables,

9 _, 9
ox= Py,

one finds in general for the summation of all diagrams for the forward scattered field

e (_Ul)n on
El,wp (@p) = Z n! 8@” E]()O)
' p

n=0

(¢p) -

We note again that we always neglect the derivative of the envelope function of the
probe. Interpreting this infinite sum as a shift operator yields the final result

9

Ei,(pp) = ¢ 7 EP (9y) = B (pp — 1) - (4.29)
Expression (4.29) is valid for the parallel setup with U‘ll and the perpendicular setup
with vi as in both cases the nonlinear corrections are parallel to the probe field. The
interpretation of (4.29) is the summation of all possible graphs of the higher iterations
in Fig. 3.1, giving a fully dressed electromagnetic field solution for the probe pulse
where all interactions with the external classical source (the strong pulse) are taken into
account.

This all-order solution to the phase shift in a plane wave propagating through a con-
stant background derived from the Heisenberg-Euler Lagrangian complements a recent
example solution of the phase shift derived from the Schwinger-Dyson equation applied
to the polarisation operator [Meu+15].

4.2.3 All-order Solution for Six-photon Scattering

As we already discussed in section 4.1, the direct asymptotic generation of the nth
harmonic involves the process of 2(n+ 1)-photon scattering for £ < 1. So for the second
harmonic, six-photon scattering is the dominant process, but we also saw that higher
iterations generated higher harmonics. For the parallel case, the first two iterations of
the wave equations in our setup are given by

=)
Ef,o) =Epepe \ 7/ cos(pp) ,

o

2
E](jl) — gpgpgf(?) [cos(gop) + % Sin@@p)} ,

E](f) = Epspe_(%) [(1 - % (%)2) cos(pp) + % sin(2¢p) (4.30)

_ g <%>2 cos(3gop) — % (U;)BSin(élcpp)] ,

2
where the quantity vy = 1/26_<;) is what we refer to as ,,shock parameter® for six-
photon scattering with

vy = 192012836, . (4.31)
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For the case with €,,-e5 = 1, each iteration only contributes a term which is parallel to the
probe pulse as the field invariants G = G = 0 vanish identically and are not affected
by higher iterations. So all harmonics are generated parallel to the probe field. The first
two iterations are shown diagrammatically in Fig. 3.2. Analysing higher iterations as
in the case of the box-diagram leads to the all-order solution for the forward scattered
probe pulse:

Joj (25v2)

sin(27
o sin(2jy)

E,(¢p) = 2Epe)p i(*l)jﬂ
j=1
J2j—1((25 — 1)vg)
(2j — 1)vg

Here Ji(-) is the lth-order Bessel function of the first kind [GRO7].

It is really remarkable that the all-order-solution (4.32) resembles the Bessel-Fubini
solution [FG35; Bla66] to Burger’s equation which describes the propagation of lossless
finite-amplitude planar acoustic waves in inviscid fluids [Ros07; Péc12],

cos((2j — 1)py)|  (4:32)

= J;(jver) . .
upr(t, z) = 2u 20 sin (Jwo(t — 2)) 4.33
Br (L, 2) 0; iy (Jwo(t — 2)) (4.33)

where the initial profile is given by a sinusoidal
upr(t =0, z) = up sin(wpz)

and 0 < vpr < 1 is a normalised propagation distance of the wave from the point of
excitation. Although the physics and the nonlinearities are of completely different origin,
vpr plays the same role as the shock parameter v, and many known behaviours of (4.33)
will be recovered in section 4.2.5 where the generation of shockwaves is analysed and the
similarities are shown explicitly.

We note that for the perpendicular setup, the first iteration is parallel to the strong pulse
and therefore the higher iterations mix. This can be seen from the vacuum current for
the hexagon diagram consisting of the polarisation (3.41) and magnetisation (3.42). In
the first iteration for the perpendicular case, the field invariant F(©) = 0. Now since the
first iteration gives a probe component parallel to the strong pulse, both quantities G
and F(™ become non-zero and develop a much more complicated space-time-dependency
compared to the parallel case. Both the parallel and perpendicular components therefore
interact via the G term in the current.

The selection rules are the same as we found in section 4.1 although the mechanism here
is different from considering the direct harmonic generation. The even harmonics are
generated parallel to the strong field and the odd ones parallel to the probe field.

The analysis of arbitrary relative polarisations turns out to be particularly difficult and
the harmonic generation is also seen to be highly suppressed in general compared to
the parallel case. In section 3.1.4 we derived a formula for the second iteration in the
parallel case and already the second iteration for arbitrary relative polarisations is quite
complicated and therefore even higher iterations become more and more involved.

4.2.4 Other Processes in Vacuum Harmonic Generation
VHHG from Higher Order Four-photon Scattering

As the calculation in section 3.1.3 shows, there is no generation of the second harmonic
as a lowest order process as the field invariants of the probe and strong field vanish



76 4. Harmonic-Generation and Shockwaves

separately. But this does not completely exclude the generation of the second harmonic
from four-photon scattering as it can be generated via a higher-order process. When the
probe and strong pulse overlap, their field invariants s, G, s do not vanish separately
anymore and this signal can be used as an input for a chained process as it is shown
in Fig. 4.15. To get a qualitative estimate for the intensity of the merged 2w,-field, we

+w;, Fws

Fps #0
+w, +2w,

Gp,s # 0

Fwg Fwy

Figure 4.15: Chained vertices for the asymptotic generation of the second harmonic from
four-photon scattering in the plane wave pump-probe setup.

assume that the incoming probe photon scatters once which leads to a change dn; =
1641E2 in the probe field and therefore in the field invariants F,G. This scattered
signal then scatters with an additional single probe photon as it is shown in Fig. 4.15,
which contributes an additional contribution v1 = 811E:£,® and results in a combined
contribution of

v = 2(8p1)%E2E,® . (4.34)

Since vo = 15 eXp[—($_/Tp)2] is bounded from above, vo < vy, we quantify the effect
of six-photon scattering to VHHG by 5. To compare the effectivity of the generation
of the second harmonic from four- and six-photon scattering, we therefore consider the
ratio

%1 o 7

vy 171457
So the generation of the second harmonic from the box diagram is always suppressed by a
factor of 10~% compared to the asymptotic signal from the hexagon diagram, independent
of the chosen parameters. This is also observed in the numerical simulations where the
ratio of the amplitudes of the second harmonic from the box- and hexagon-diagram is
given by

~2.6-107%. (4.35)

Thox (2

Doox(2p) _ 4 g 401
Thex (2wp)

which is close to the estimate (4.35). One can now even go further with the analogy to

the generation of higher harmonics and use the calculation of the hexagon diagram with

v1 as shock parameter. From (4.30) we then infer the relative intensities
I(2 2
e (-

Iy (wp)

2
1(3wp) _(%) — 107148

1" (wp

8
I(4Wp) _ (%) —10-230
B (wp)  \12

—_
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A comparison with a numerical simulation in which v = 3.3 - 107* (& = 5,& =
1072,® = 1550) is shown in Fig. 4.16. We see that the estimate (4.34) predicts the
numerical intensities correctly within one order of magnitude. The generation of higher
harmonics is less effective in the perpendicular setup than in the parallel one. This is
also common to six-photon scattering. As a comparison, the shock parameter for pure
six-photon scattering for this scenarios exceeds vy by several orders of magnitude since
Vo = 2.7> V.
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Figure 4.16: High harmonic generation from multiple four-photon scattering for vy =
3.3 x107%. el (e1) denotes the component parallel (perpendicular) to the probe field.

Dispersive Effects

Although we argued in the last section that the box-diagram gives only a negligible
(direct) contribution to harmonic generation, the dispersive effect with one incoming and
one outgoing probe photon might potentially influence the generated harmonic spectra.
Since we also introduced a parameter v; (see (4.28) and we set v = vy) to quantify the
dispersive effects, the ratio

vy 7

1%} N 24535]9

indicates when it should be a good approximation to only consider the hexagon diagram.
But for this ratio to be small, we would require

7
— =~ 0.1 4.
€p6'5>>48 0.15, (4.36)
which is not justified. We therefore study the cases without any (v; < 1), with weak

(v1 = 1) and with strong (vq > 1) dispersive effects separately.

Higher-order Weak-field Expansion

As we have seen in section 4.1.5, using the next term in the weak-field-expansion of
the Heisenberg-Euler Lagrangian, also the third harmonic can be directly produced as
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an asymptotic signal. Since we quantified six-photon scattering with 15 in the parallel
setup, we use the same argument to quantify the effect of eight-photon scattering using
the shock-parameter v3 = 1536;135;1513{) which is obtained from (3.46). To justify when
higher-orders in the expansion can be neglected, the quantity

vy 32EE,

) 3

must be small. Therefore, the condition for the hexagon diagram being the dominant
process in Harmonic generation is given by

32

3

which is fulfilled since we always consider £, < 1 and & < 1. Since higher terms in the
weak-field expansion introduce further factors of &£, and &, we take this as an indicator
that only considering six-photon scattering as the dominant process in vacuum harmonic
generation should be a justified approximation.

Eps <

4.2.5 VHHG and Electromagnetic Shockwave

It turns out that the most effective setup for high harmonic generation is the parallel
case with g, -, =1 (leading to G = 0), whereas all cases where G # 0 are substantially
suppressed compared to the case with vanishing G.

Therefore, we first consider only high-harmonic generation from pure six-photon scat-
tering in the parallel setup for different parameter regimes.

Perturbative Regime for VHHG (Parallel Case)

It was shown in section 4.2.3 that the all-order solution for the forward-scattered probe
field for v < 1 is given by a certain combination of Bessel functions (cf. (4.32)) that
depends on the shock-parameter v, which also serves as a perturbative parameter if
o < 1. This parameter range is what we call ,,perturbative - “ or ,,pre-shock regime*“.
To get a better qualitative understanding of the solution in this regime, one can expand
the Bessel-function J;(jre) in (4.32) as [Wat51]

B = s (%) + 0(my)

r'(+1)
for 0 < jro < v/j + 1. Let us define the coefficients a;(v) of the scattered field (4.32) as
2J;(7
a;(vs) = i) (4.37)
JV2

Then in the pre-shock regime with 19 < 1, the coefficients satisfy

vl = gy () + 004" (138)

Now for the higher harmonics with [ > 1, we can use the Stirling formula [AWH12]

T(1+j) =~ @(i)j
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to approximate the Gamma-Function and obtain

(vge)!

1973/24/2m

The ratio of two succeeding coefficients is then given by

|ay(v2)| = +0u™).

aj1(v2)

~ Uy
aj(v2)

from which we infer that the (n + 1)th harmonic is exponentially suppressed compared
to the nth harmonic.

This exponential suppression is also seen in the log-log-plot Fig. 4.17 of the normalised
intensity I(w)/ II(,O) (wp) and shows the excellence agreement of the perturbative expansion
(4.38) with the numerical simulation for v = 0.05 < 1, where the red dots indicate the
theoretically predicted peak intensity. We note that assuming s < 1 corresponds to
considering only the lowest order chained process to generate a given harmonic. Since
already the probability for two probe photons to generate the second harmonic is very
small, the merging of this signal into a third (or even higher) harmonic is exponentially
suppressed. If one gradually increases 5 such that vs < 1 is no longer fulfilled, one
could expect a change in the exponential behaviour of the spectrum since more and more
different processes can contribute to a given harmonic and v can no longer be seen as a
perturbative parameter. This is what we call the ,shock regime* and is analysed in the
next section.

I(w)/1)(wy)

| AL,

! 10

W/Wp

Figure 4.17: Normalised intensities of the harmonics generated in the perturbative regime
with v = 0.05. The higher harmonics are exponentially suppressed.

Shock Regime 1, — 1 (Parallel Case)

As we have seen in the previous section, the pre-shock regime was characterised by the
nonlinearity parameter being small, 5 < 1 and the generated harmonics in the probe
pulse are highly suppressed. As this parameter is increased from zero towards one, a
qualitatively different behaviour of the harmonic spectrum is observed as it is shown in
Fig. 4.18 for different values from vo = 0.05 up to v = 1.

Starting at approximately vo = 0.6, parts of the spectrum are no longer exponentially
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Figure 4.18: Harmonic spectra in the parallel setup for different values of v». The dots
show the leading-order perturbative term, the dashed line is the all-order analytical
solution and the solid line is from numerical simulation. The harmonics start showing
at approximately o =~ 0.6 a transition from exponential suppression to a power-law
behaviour.

suppressed but rather show the behaviour of a power law. This is the parameter range
which we call “shock regime”. Approaching o — 1, the intensities of all shown harmon-
ics obey

I(jwy) ~ 572, (4.39)

where j is the number of the harmonic and 7(r2) is a increasing function of v5. From
numerical results the exponent satisfies v(r2) < —3.4. From a physical point of view
this corresponds to summing all possible contributions to a given harmonic.

This can also be understood from the iterations of the wave equation. For example, the
third iteration of the wave equation also gives a contribution to the second harmonic,
but is suppressed by an additional factor of vo. But since also the coefficients of the
higher iterations grow with the order of the iteration, in the shock regime all the higher
terms can no longer be neglected. The perturbative expansion (4.38) is not even suitable
to reproduce the correct qualitative behaviour of the spectrum for 15 approaching one.
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Another consequence of the fact that a perturbative expansion is no longer valid comes
from the all-order solution (4.32) which depends not only on the parameter vo but on
quantity ve = 19 exp(—(az— / Tp)2>. To obtain the correct theoretical peak intensities that
match the numerical simulations for higher values of v», one has to transform the Bessel-
functions with the envelope function taken into account. This is done numerically using
Wolfram Mathematica.

Similar to the analysis of the perturbative case where we obtained the exponential sup-
pression of the higher harmonics, we can also observe the qualitative power-law from
the behaviour of the Bessel-functions. To do so, we take the infinite-plane-wave limit
Tp — 00 for the probe pulse which corresponds to setting the envelope function to one
and v = vo. The relative intensity of two consecutive harmonics is then given by

Jig1[(j + 1))

Jj(jv2) 2 (j i 1>2' (4.40)

Considering the higher harmonics with jry > 1, the absolute values of the Bessel-
functions can be approximated as [Watb1]

aji1(v2)[*
a;(v2)

. N1
| Jj(va)| ~ (2mj) ">,
where phase terms were neglected. The coefficients therefore obey

4 (v2)| ~ —— /= (4.41)

vejz ¥ T
2 . 3
a;(v2) j+1)

which correctly predicts a power-law dependence of the harmonics. For the normalised

and from (4.40) follows

intensity Ip(jwp)/ljgo) (wp), it follows from (4.41) that for v, = 1, the gradient in a log-
log-plot is given by

I,(jw a;
log (fo()j p) > ~ log J
Iy~ (wp)

ao

2 2
~ —log— —3logy .
T

Ju—00

The —3 is probably an overestimate, since vy = vy exp(—(x* / Tp>2) and for most parts
of the probe, va < 1. The numerical and theoretical exponent for the spectrum in the
last pane of Fig. 4.18 with v = 1 is found to be v = —3.4 which can be likely traced
back to the influence of the finite pulse duration 7,. A space-time plot of the deformed
probe field with vy = 1 is shown in Fig. 4.19.

We note that the all-order solution (4.32) can also be derived from a probe-dependent
refractive index n = 1 + dny with a phase-dependent refractive index for six-photon
scattering with o = dno®, where

6na|Ey, Bs) = 19215 B3 E,, . (4.43)
Then the asymptotic scattered field can be written as
Ep(pp) = Eggo)((ﬂp — o[Ep)) .

The solution shows that the parts of the probe with a higher (positive) amplitude travel
with slower phase velocity whereas the parts with smaller (negative) amplitude are ac-
celerated compared to the linear propagation where all parts travel with the same phase
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Figure 4.19: In the parallel setup the probe pulse develops a significant steepening while
passing a strong electromagnetic background which eventually leads to a discontinuity
if v5 — 1. The short black dashes show the analytical solution (4.32).

velocity. The effect is also typical of a second-order susceptibility [Rad+08]. Finally, the
steepening of the wavefronts becomes so high that a discontinuous shock is introduced
in the solution. Also the Bessel-Fubini solution (4.33) develops such a discontinuity as
vgr — 1 which is shown in Fig. 4.20.

In the left panel both expressions are evaluated for the same arguments and the right
panel shows that both graphs are related by a reflection z — —z and a phase shift of
—m/2. Using the established relation between both solutions, the critical value vy = 1
corresponds to the situation where the solution develops a discontinuous shock. Follow-
ing the argumentation from the inviscid flow, then dissipative effects need to be taken
into account. For our scenario this would correspond to electron-positron pair-creation.
Further, since so many high harmonics are generated in the spectrum, the condition
Jjwp < m is no longer valid, which questions the applicability of the Heisenberg-Euler
Lagrangian to effectively describe the light-light interaction due to the nonlinear quan-
tum vacuum.

Although we just argued that the predictions of v5 > 1 might be unphysical without
taking any further modifications into account, we study now the regime with v > 1
for completeness and the results are useful for the analysis of the influence of dispersion
relative polarisations on the generated spectrum for 1o = 1.

From the theory of the solution to Burger’s equation it is also known that the infinite
sum of Bessel-functions (4.33) becomes divergent for 9 > 1 and does not yield the
proper physical solution to the differential equation. The theoretical prediction for the
pulse shape from (4.32) for several values of 5 > 1 are shown in Fig. 4.21, which show
a drastically different behaviour than the solution for v, = 1. We note that the graphs
in Fig. 4.21 agree with those for the Bessel-Fubini solution shown in [She91].
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Figure 4.20: The left panel shows a comparison between the scattered probe field (4.32)
with v = 1 and the adapted Bessel-Fubini solution (4.33) with vgr = 1. Both graphs
show a similar steepening of the wavefronts, but the shock fronts appear on different
sides of the pulse different direction. The right panel shows that both solutions are
related to each other by z — —z and dp, = 7/2.

There exist several extensions of the Bessel-Fubini solution for Burger’s equation for
an infinite plane wave as initial condition. The general solution is thereby given by
the Cole-Hopf transformation [Whill] as a quotient between two Fourier series [EH04],
where one limit gives the Bessel-Fubini solution for vgg < 1 and the other one is known
as the Fay solution, valid for vgr > 1. In [EH99] a linear system of equations is found,
from which the coefficients in a series expansion of each Fourier coefficient can be derived
one by one for regions where both the Bessel-Fubini and the Fay solution yield wrong
solutions.

Since a similar analysis for our pump-probe setup is out of the scope of this thesis, we
only state the result that coefficients of the solution for v5 > 1 finally [EHO04] approach
those of a pure saw-tooth-profile [Rud95] in the probe field as vo — oo:

= : 2j — 1) | sin2jp
E(p) =€ (~1)1! [COS( , + B 4.44
() ;( ) 9 — 1 57 (4.44)

We note that only in the asymptotic limit o — oo all harmonics are generated with
a power-law dependence I(w) ~ w™2, for finite vy the exponent v is less, v < —2, and
there exists some kind of cut-off for the generation of high harmonics. In the numerical
solution, one might think that this is due to a finite grid resolution, but since we use
5000 grid points per wavelength in all relevant simulations and the theoretical limit
to resolve a given frequency is two points per corresponding wavelength given by the
Nyquist-Shannon-theorem [Nyq28; Sha49; PFT], frequencies up to w, ~ 500 should be
properly resolved and propagated. The result also turns out to be insensitive to higher
resolutions.

The qualitative behaviour of the spectrum with a power-law-exponential-transition with
a cut-off was also discovered using a simple-wave analysis of the propagation of a plane
wave in a strong magnetic field in [HH98].
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Figure 4.21: The behaviour of the all-order solution (4.32) changes drastically for vo > 1
which shows that the infinite sum of Bessel-functions is not convergent anymore, leading
to unphysical behaviour.

Several numerical spectra for 9 > 1 are shown in Fig. 4.22. The highest v5 that we were
able to achieve numerically was v5 = 1.4. The corresponding asymptotic probe is shown
in Fig. 4.23. For higher values of v2, the ODE-Solver did not show convergence in the
numerical solution, which indicates that higher resolutions would be needed. But this
leads to problems with the desired accuracy in the solution corelated with much more
computational effort. An alternative would be to adapt numerical “shock-capturing”
methods [LLV92; Torl3] or use “adaptive-mesh-refinement” [BC89; BO84; ER15].
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Figure 4.22: The numerical solution develops a shallower power law dependence as the
shock parameter 15 is increased above one. The universal exponent as predicted by the
analytical solution for Burger’s equation is thereby (v — o0) = 2, which is indicated
by the green short-dashed line. The power law with exponent given in the lower-left
corner is given by the long blue dashed.
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Figure 4.23: The numerical simulation of the probe after passing a strong field with
vy = 1.4 has such steep gradients that it introduces spurious oscillations in the numerical
solution.

Up to now we only considered six-photon scattering as single source of VHHG. But
as it was argued in section 4.2.4, the effect of a modified refractive index on harmonic
generation can not be neglected since we consider a parameter regime with &,,& <
1. For general arbitrary relative polarisations, the two different refractive indices lead
to complicated phase relations between the different harmonics. The case of parallel
polarisations is special since there all harmonics are generated parallel to the probe
pulse and are therefore exposed to the same change of refractive index. Since this
change is, to lowest order, independent of the frequency [Adl4-70], the phase lag is
common to all harmonics and the generated spectra are essentially unaffected by four-
photon scattering. The spectra for v, = 1 of pure-six- and combined four-and-six-photon
scattering are shown in Fig. 4.24 together with the absolute value of their difference. As
we already estimated in (4.35), the effect is of the order 10™% — 107 for the intensity
of the second harmonic. Although the spectra do not differ significantly, the dispersive
nature of four-photon scattering can be observed. In Fig. 4.25 a space-time plot of both
asymptotic signals reveals that the box-diagram causes a clearly visible phase-shift of
the entire probe pulse, without affecting its shape.

For arbitrary relative polarisations, the two different refractive indices introduce different
phase relations between the generated harmonics. As a consequence, the prevention of a
synchronous interplay between the frequency components lead to a suppression of VHHG
and also the nature of the deformation of the probe pulse in the shock regime shows a
strong dependence on the relative polarisations.

These effects are studied in the next section for different parameter regimes.
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Figure 4.24: The left panel shows the spectra for pure six- and combined four- and six-
photon scattering in the parallel case with v = 1. The right panel shows the difference
between the two spectra.
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Figure 4.25: Shockwave with v; = 2.57 and v5 = 1 for the hexagon diagram and com-
bined box and hexagon. The only clearly visible influence is the induced phase shift by
V1.

4.2.6 Polarisation Dependency

So far our discussion was for parallel probe and strong polarisations and we saw that four-
photon scattering does not contribute significantly to the generation of the shockwave.
We split the discussion of how dispersive effects on relative polarisations influence the
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generation of higher harmonics into three parameter regimes which are quantified using
the shock-parameter v; := vy (cf. (4.28)) for pure four-photon scattering. First we
consider the limiting case of absence of dispersion with v; < 1o, then the influence of
the dispersive vacuum with v; = 1o followed by an analysis of the strong dispersive

regime with vy > vs.

Dispersionless Vacuum: v < v»

In the non-parallel case with arbitrary relative polarisation between the probe and strong
pulse, the shock-behaviour of the pulse and the generated spectra are already different
from the parallel case for only six-photon scattering. This is demonstrated for the per-
pendicular setup for the values v = 0.05,0.6, 1 of the parallel shock-parameter in Fig.
4.26 where the different line styles indicate the relative polarisations of the harmonic to
the probe pulse. For the parallel setup, all higher harmonics were generated parallel to
the probe pulse. In the perpendicular case, all even harmonics are generated parallel to
the strong background while all odd harmonics are parallel to the probe pulse.
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Figure 4.26: Harmonic spectra from numerical simulation of the perpendicular setup for
different regimes of solution: (a) v2 = 0.05, (b) 2 = 0.6, (¢) vo = 1. The red solid lines
(blue dashed) peaks are harmonics parallel to the probe (strong) pulse.

The solution shows a much more complicated behaviour due to the asynchronous in-
teraction of the different harmonics which eventually leads to a suppression to VHHG
in this case. One might be tempted to think the form of the polarisation (3.41) and
the magnetisation (3.42) for the hexagon diagram that a similar analysis with another
shock parameter vy = 104E3€,® might be valid. But this is not the case due to the
complicated interaction of the different harmonics in different polarisations via the GF
mixing term in the current.

Although the all-order solution (4.32) is only valid for the parallel case, we use it to
explain the qualitative behaviour in the perpendicular setup. Therefore, we state the
solution again and split it into even and odd frequencies:

Ep(pp,12) = Egven(SOp» v2) + Egdd(QDp, v2) (4.45)
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where
[e.e] .
ven 1 J2j 2.7U2 . .
EZ " (pp, v2) = 2Ep€ Z(_l)]ﬂjg(jw) sin(2jp)
o pn (27— 1) (4.46)
o ; 2j—1{{4] — 1)v2 .
Epdd(SOp, v2) = 2Ep€p Z(_l)ﬁ_l ! 27— 1 cos((25 — 1)ep) -
=1 (27 — Dvo

x

2

and again vo = s e_(;) includes the envelope function of the probe. A space-time
plot of the corresponding numerical shock-wave for v = 1 in the perpendicular setup is
shown in the left panel of Fig. 4.27. The component perpendicular to the probe pulse
shows a similar behaviour as in parallel case, the development of a saw-tooth-profile,
but with double the probe frequency. In contrast, the superposition of harmonics with
polarisation parallel to the probe pulse show a different behaviour and tend to develop a
rectangular pulse shape. The split solution for the parallel case with 1o = 1 is shown in
the upper right panel of Fig. 4.27 which qualitatively explains the generated shockwave
form due to the selection rules for the polarisation of even and odd harmonics. The even
harmonics are generated parallel to the strong pulse such that this behaviour is similar
to E;Y*"(¢p, 1), the odd frequencies generate a pulse shape similar to Egdd(gpp, 1).

As in the parallel case, we expect both components to attend an asymptotic spectral

intensity I(w) ~ w™2 as 1o — 00, leading the following expressions for the scattered
field:
o0 .
_ 1yt cos(2j — 1)
EI‘eCt(SD) - gjz_:l( 1) 2] _ 1 )

o (4.47)
(_1)j+1 sin 2j¢p .
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The corresponding graphs of these asymptotic pulse shapes are shown in the lower right
panel of Fig. 4.27. As in the parallel case, both components develop a shock front.

In the next section we investigate the effect of a background with v, ~ vs.

Dispersive Vacuum v = v»

For the parallel case, dispersive effects from four-photon scattering did not influence the
shape of the generated shockwave since all harmonics were objected to the same disper-
sion relation and therefore gained the same asymptotic phase shift. For the perpendicular
setup, the different refractive indices lead to different phase relations between the har-
monics and therefore might potentially influence the shape of the generated shockwave.
For weak dispersion with v; = 0.5 and o = 1 the resulting shockwave is shown in Fig.
4.28.

Apart from a phase shift by —wvq, the the pulse shows a similar shape as in the non-
dispersive case shown in the left panel of Fig. 4.27 where only six-photon scattering was
considered. The corresponding spectrum for v; = 0.5 is depicted in the left panel of Fig.
4.29.

Further increasing the shock parameter v; leads to a significant change in the deforma-
tion of the probe pulse. This is shown for v; = 2.5 in Fig. 4.30.

The asymptotic component parallel to the probe pulse for v; = 2.5 develops a similar
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Figure 4.27: The left panel shows a space-time plot of the shockwave generated in the
perpendicular setup for 1o = 1 from pure six-photon scattering. The red solid line is the
shape of the component parallel to the probe pulse consisting only of odd harmonics. The
blue line with long dashes is the newly generated component parallel to the strong field
which is only formed from even frequencies. The short dashed line indicate the initial
probe profile. The upper right panel shows the split solution (4.46) of the parallel case
with 9 = 1 and the lower right panel show the limit of v — co (4.47) as a comparison.

deformation as it is observed for a pulse propagating in an optical Kerr medium, for
which the polarisation has the form

®) B,ELE (4.48)

1
P = X(‘)Ej + Xij

ij
where x9) is the jth susceptibility tensor. In this case, the refractive index depends
on the modulus of the electric field of the probe [MNO4], n = 1 + dn(|E,|?), and as a
result, the parts of the probe with higher amplitude travel with a smaller phase velocity
than those with a smaller amplitude. As we have seen, the parallel component of the
probe contains only the odd harmonics and therefore the behaviour described by (4.48)
is consistent, since the highest nonlinear term stems from Eg and all higher powers are
suppressed since &£, < 1. The perpendicular component does not show any particular
deformation.

The corresponding spectrum is shown in the right panel of (4.29) and we observe that
the ordering of the harmonics is no longer monotone and the higher even harmonics are
more suppressed that the odd one. This is due to the refractive index being smaller by a
factor of 4/7 for the component parallel to the probe and the perpendicular component
is objected to higher dispersive effects, leading to a more complicated phase relation
between the harmonics. In the parallel setup each generated harmonic experiences the
same dispersion relation and therefore the interaction of all generated signals can add
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Figure 4.28: Shockwave in the weakly dispersive, perpendicular setup with 1o = 1 and
v = 0.5. The red solid line indicates the component parallel to the probe field, the
long blue dashes field parallel to the strong pulse and the short dashes show the initial
pulse profile. Although both components are objected to different refractive indices, the
behaviour is still similar to the case of pure-six-photon scattering.

up synchronously.

For the perpendicular setup, the odd (even) harmonics are generated perpendicular (par-
allel) to the strong pulse and thus the different refractive indices induce different phase
lags between the harmonics. Each scattered signal, which might be the input for another
chained process, obtains a different phase. In contrast to the parallel case, these phase
mismatches lead to an incoherent summation of all possible processes. Therefore, the
generation of high harmonics is less effective and the development of shocks suppressed.

The problem and influence of different refractive indices on the generation of higher
harmonics is also common to nonlinear optics and known as “phase-matching” problem
[Tr&07]. The mismatch of phase relations between the interacting waves can lead to
a large suppression of the conversion into higher frequencies in nonlinear media. Our
observations of carrier-wave shocking are similar to those in reported in [Kin+07], where
numerical studies using a pseudospectral spatial-domain technique [TKNO05] were used
to model nonlinear light propagation and showed excellent agreement with theory in
the dispersionless limit. The authors also observed that a nonlinear refractive index has
potentially a large influence on the effectiveness of carrier-wave steepening due to the
phase mismatch.

In the next section even higher dispersive effects are studied and we will see that the
phase mismatch explained above leads to so heavy suppression of harmonic generation
that also the derivative of the envelope function become visible.
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Figure 4.29: Small dispersion (left panel with v; = 0.5) does not influence the harmonic
generation in perpendicular setup significantly. As dispersive effects become stronger
(right panel with v; = 2.5), the ordering of the harmonics is changed and the generation
of the perpendicular harmonics (blue dashed line) becomes higher suppressed compared
to the parallel component (red solid line).
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Figure 4.30: The shape of the generated shock wave changes significantly in the parallel
component (red solid) as dispersive effects become stronger (v; = 2.5, o = 1). The
perpendicular field (blue long dashes) is also generated, but the steepening is suppressed.
The initial pulse profile is indicated by the short dashes.
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4.2.7 Strongly-dispersive Vacuum v; > 1,

For the regime where four-photon scattering is much more prevalent than six-photon
scattering, a comparison of the different harmonic spectra for shock parameters v; = 25
and vo = 1 is shown in Fig. 4.31 for the perpendicular setup with comparison four—, six-
and four-and-six photon scattering.
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Figure 4.31: We consider strong dispersive effects with v; = 25 and 15 = 1 in the
perpendicular setup. The left pane shows the harmonic spectra generated from pure
four-photon scattering, the middle pane from just six-photon scattering and the right
pane for when both are combined. The red solid (blue dashed) peaks are harmonics
parallel to the probe (strong) pulse.

Again, the harmonic generation is highly suppressed due to the highly distorted phase
relations of the generated frequencies. Up to now we always assumed that the derivative
of the envelope function of the probe pulse can be neglected (cf. (2.83)), which turned out
to be a good approximation. In the numerical simulation, the derivative of the envelope
also appeared as it was analysed in section 4.1 in the discussion of the overlap signal. But
as we always treated the case w,7, > 1, the effect was never directly visible but only after
filtering the corresponding component. Now in the strongly dispersive case the phase
mismatch of the higher harmonics in the perpendicular setup is so high that already
the generation of the second harmonic is strongly suppressed and the deformation of
the probe pulse becomes clearly visibly. A space-time plot of the deformed component
parallel to the strong pulse is shown in Fig. 4.32.
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Figure 4.32: Shown is the probe component parallel to the strong pulse for the perpen-
dicular setup in the presence of strong dispersion with v; = 25 with 1o = 1. The effect
of high harmonic generation is strongly suppressed by dispersion and the deformation
of the envelope becomes visible.
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4.3 Discussion for VHHG

4.3.1 Ultra-short Probe Pulses

As we saw in the previous section, in the case of strong dispersion, the effect of the
derivative of the envelope function can also be directly observed. Up to now, we have
taken w,7, > 1 such that neglecting the envelope was a good approximation. If one
relaxes this condition and considers very short pulses, the all-order solution (4.32) could
possibly become invalid as w,7, > 1 was used in the derivation. Therefore, we simulated
a few-cycle-pulse with w,7, = 5 in the 15 = 1 parallel setup. The inital profile together
with the generated shockwave is shown in Fig. 4.33.

Ep

_gp

Figure 4.33: Shock wave induced in a few-cycle pulse with w,7, = 5 (red solid line)
together with the inital probe profile (blue dashed) in the parallel setup after passing a
constant background with v, = 1. The effect of pulse steepening is similar to the case
analysed in section 4.2.5 for long pulses with w,7, > 1.

The resulting spectrum together with the initial probe spectrum and a long pulse with
vy = 1 is shown in Fig. 4.34. The initial spectrum of the probe is much broader as
the pulse is shorter in position space. Again, the inclusion of four-photon scattering
has a negligible effect on the spectrum as it only causes a phase shift. As we see, the
spectrum of the shocked short pulse is much smoother than that of the long pulse, but
obeys essentially the same power law as the long probe. This can be understood from the
inital spectrum. In the long-pulse case, the initial spectrum is peaked strongly around wy,
with the limit of a §-peak for the plane wave limit 7, — co. Therefore, the nth harmonic
is sharply peaked around the well-defined frequency nw,. As the width of the initial
spectrum scales with ~ %, for the shorter pulse a much broader range of frequencies
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Figure 4.34: The spectrum of the few-cycle shock wave shown in Fig. 4.33 (red thick
line) compared to the spectrum of a long pulse (thin black line) in the parallel v, = 1
case. The spectra show the same power-law-scaling, but the peaks of the short pulse
spectrum are much more smoothened out compared to long pulse. This results from

the initial probe spectrum (blue dashed) containing much more frequencies which merge
into less sharply peaked sum frequencies.

can merge together into higher harmonics. So for n photons with individual frequencies
wp, from this larger spectrum, the resulting signal has a frequency at » ;' wp;. The
similarity of the power-law-behaviour of the spectrum is an indication that our original

analysis is also valid in the few-cycle case, but the extensive analysis of this case is
beyond the scope of this thesis.

4.3.2 VHHG in Inhomogeneous Backgrounds

As constant fields comparable to the critical field are very hard to generate in terrestrial
experiments, mainly focused laser beams are used to study vacuum polarisation effects.
Therefore, the assumption of a constant background, often assumed to be a “constant-
crossed-field” with |E| = |B| = const. and E - B = 0, is questionable. To study more
realistic scenarios, at least one single cycle in the background has to be considered. To
give an outlook on the study of inhomogeneities in the background, we have included a
single sinusoidal oscillation in the background as it is shown in Fig. 4.35. As we have
seen in (4.30), the second harmonic scales to lowest order in v with 1o ~ 3, the third
one with (v2)? and in general the nth harmonic with (£3€,)"!. So the even harmonics
originate from integrals over odd powers of the strong field, the odd ones from even
powers of the strong field. As we included a sinusoidal oscillation in the background,
one would expect the even harmonics to be heavily suppressed as opposed to the odd
ones because the integration over odd powers of a sinusoid vanishes. For the analysis of
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Figure 4.35: Simulational setup to study the effect of inhomogeneities in the background
on VHHG. The otherwise constant background now includes a single sinusoidal oscilla-
tion. The different line styles indicate different field strengths.

the odd harmonics, let us consider the third harmonic for simplicity. As we have seen,
the third harmonic scales with (15)? ~ €9, so it originates from an integral over sin® .

From the identity
sin® o, = 15—6 — ;—; cos 25 + 1—36 cosdps — 3% cos 6
we see that sin® o, also has a constant contribution. One could now think that only the
constant term with 1% is relevant to reach the same intensity for the third harmonic as
in the constant background. If this were the case, then a simulation with v = (%)1/ 2
with the oscillating strong field should lead to the same intensity of the third harmonic
as v = 1 with a constant background. The % would then compensate for the 1% in
the sin® ¢, to yield the same “effective” 1y for the generation of third harmonic. The
resulting spectrum for pure six-photon and combined four- and six-photon scattering is
shown in Fig. 4.36. We see that the harmonic generation is strongly suppressed compared
to the constant case although we adjusted the relevant value v5 to compensate for the
inhomogeneity. This suggests that the shape of the background introduces a much more
complicated interplay of the harmonics and cannot be compensated by a power scaling.
Also for the setup of a Gaussian background one might naively think that an “effective”
pulse duration 75 can be defined and the all-order solution (4.32) would apply. But there

was no numerical indication that this is the case.
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Figure 4.36: The red solid line is the generated spectrum for an optical probe after
passing a constant background with 5 = 1. The green long dashed line is the spectrum of
the probe with only six-photon scattering included after passing a sinusoidal background
as it is shown in Fig. 4.35 with an adjusted value vy — 1/2(%)1/ 2. The blue short dashes
are the probe spectrum with the additional inclusion of four-photon scattering in the

simulation. The generation of harmonics is heavily suppressed in both cases of a non-
constant strong pulse.

4.3.3 Comparison with Harmonic Generation in Laser-irradiated Plas-
mas

The results obtained in this thesis suggest a certain similarity of VHHG via the virtual
electron-positron “plasma” to the generation of high harmonics in laser-irradiated foils.
There are no nonlinear effects of light propagation for plane waves as the nonlinearity
only depends on the field invariants F and G and they vanish identically for plane waves.
In this sense, the quantum vacuum also shows a certain transparency to light propaga-
tion similar to the one of a plasma which is a linear medium for photon frequencies
above the plasma frequency [Bit13]. Unlike the plasma in a laser-irradiated foil, where
one assumes complete ionisation as the laser hits the target, the vacuum first has to
be “activated” by a strong background, which is similar to pump-probe experiments in
spectroscopy (see e.g. [SBN04; Lup+14]).

The rectangular function used to model the constant background in the current chapter
on VHHG is also used as an initial profile function for the electron density of a target in
a laser-experiment [McK+13] and for the laser profile used in capillary discharge waveg-
uides to produce Multi-GeV electron beams [Lee+14]. Another similarity is the selection
rules for harmonic generation, which are also present in the relativistic oscillating mirror
(ROM) model [Gor+05]. In our parallel pump-probe setup, all harmonics were generated
parallel to the probe pulse, while in the perpendicular case the even harmonics were gen-
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erated parallel and the odd ones perpendicular to the strong pulse. In the ROM-model,
selection rules for the generated harmonics for oblique incident of the laser on the target
are also found. Odd harmonics are generated in the p-polarisation (where p stands for
“parallel” to the plane of incidence) and the even ones in the s-polarisation (“senkrecht”,
so perpendicular to the plane of incidence [LJP96]). The more effective generation of
harmonics parallel to the probe pulse is also reminiscent of nonlinear Compton scatter-
ing [Kin14] where the emission of photons with polarisation parallel to the background
is preferred.

The power-law behaviour for the intensity of lower harmonics together with the exponen-
tial suppression of higher harmonics is also observed for the real plasma present in laser-
foil experiments. In the ROM-model, theoretical predictions with I(w) ~ w™%2[Gor+4-04]
and a universal exponent of I(w) ~ w? with with v = —8/3 [BGP06] have been derived.
Experimental values for such exponents were found for solid-state targets to be intensity
dependent with ranges from —5.50 to —3.38 [Nor+96]. For our vacuum high harmonic
generation, the power-law behaviour in the numerical and analytical spectra first ap-
pears evidently at shock parameters of 1o =~ 0.85. We found that the exponent increases
as a function v = y(v2) and yields similar values of —4.5 <~y < —2.

The existence of a cutoff harmonic for finite values of v is also found for photon merg-
ing, but unlike the ROM-model, no scaling behaviour for the cutoff frequency could be
determined from the numerical results as higher values with 1o > 1.4 were not feasible
to simulate.

The theoretical value v = —2 corresponds to the case v5 — oo and would only be ob-
tained for an infinite propagation distance. But this value is never reachable because of
the production of real electron-positron pairs from seeded pair-creation [Rei62; NR64].
Another possibility is the multi-photon Breit-Wheeler processes [BW34; Pik+14]| for
which a probe photon 7, with four-wave vector k, would have to interact with n pho-
tons from the background with wave vector kg satisfying [Sei+16]

s = (k+n kpg)? = 2wnu’ (1 — cos <i(kp, lgbg)> >d4m ,

where s is the Mandelstam variable [PS95], m is the mass of the electron and cos<(k, Ebg) =
—1 corresponds to our setup of counter-propagating pulses. Such relaxation effects would
likely lead to a depletion of the higher harmonics and therefore prevent the generation
of extremely high gradients in the probe. Further alternative possible mechanisms to
prevent the probe wave from developing a shock front are explained in the next sec-
tion on the validity of the approach chosen in this thesis. Also taking transverse pulse
dimensions into account leads naturally to dispersive effects [MNO4] that can possibly
dominate the vacuum nonlinearities.

The spectra of high harmonics generated in laser-gas and laser-liquid interactions shows
a qualitatively different behaviour, namely the development of a “plateau” region in the
spectrum which is not present in VHHG. The effect observed in these experiments is
the three-step recombination mechanism [Tra07; WSGO08]. The gas or liquid is used as a
target for a laser pulse whose amplitude is comparable to the Coulomb field experienced
by the electrons due to the nucleus. The electron can then tunnel outside the binding
potential of the nucleus (which is lowered by the laser) and additionally gets accelerated
by the external field. A recombination of the electron and the nucleus then leads to the
emission of high harmonics. As this effect is of completely different fundamental nature,
no such “plateau” region is observed in vacuum high harmonic generation as studied in
the present work.

Harmonic generation in the parallel setup was only minimally effected by dispersive
effects due to the non-unitary refractive index induced by the strong background. This



100 4. Harmonic-Generation and Shockwaves

is because all modes obtain the same phase lag and therefore the interaction lead to a
coherent summation of higher order processes, leading to a monotonic increase of the
higher harmonics with the propagation distance.

The perpendicular setup did not show such an effective harmonic generation since the
different harmonics interacted in a complicated, non-phase-synchronous way since the
possible chains leading to a given harmonic experienced different refractive indices for
different propagation distances. The summation of this incoherent, complicated phase
relation leads to an overall phase mismatch resulting in a suppression of harmonic gen-
eration. A similar effect is found for nonlinear optical materials in [Kin407] which
eventually leads to an attenuation of pulse-steepening effects.

4.3.4 Validity of Approach

With the generation of very high harmonics, the assumption that the variation of the
field inhomogeneity does not vary significantly over a Compton wavelength also becomes
invalid such that the applicability of the Heisenberg-Euler Lagrangian is questionable.
Extensions to the Heisenberg-Euler Lagrangian including derivatives of the field invari-
ants F and G also exist in the literature [MMES81; GS96; GS99; DH99]. Let us follow
the analogy from section 4.2.5 that the all-order solution of the scattered field for a La-
grangian can be obtained as a solution to a nonviscid Burger’s equation. We start from
a Lagrangian containing only polynomials of the field invariants F and G and obtain
schematically an equation

OEy(t,z) +c Ep(t, 2)0,Ep(t,z) =0 (4.49)

with some constant c¢. Then such a derivative term in the Lagrangian would naturally
introduce a second order derivative term in (4.49) possibly acting as a dissipative (vis-
cous) term [Thol3] which might prevent the wave from developing infinite gradients.
Similarly, also dispersive effects from the frequency dependent refractive index in a strong
external field as it was found by Toll in [Tol52], can be used to introduce a third deriva-
tive [ZF82] into Burger’s equation for constant magnetic backgrounds, finally leading to
a Korteweg-de-Vries-type equation. The Korteweg-de-Vries equation is known for allow-
ing Soliton-type solutions such that also dispersive effects might finally prevent the wave
from shocking. The detailed study of these effects is outside the scope of this thesis, but
may inform future research.

In the pump-probe setup considered in this thesis the effect of transverse directions and
therefore longitudinal polarisations was ignored. We note that the invariants F and G
also remain small for single focused laser pulses that have additional longitudinal field
components F, and B, opposed to counter-propagating pulses. For example, a radially
polarised Gaussian beam with amplitude Ejy, frequency w and wave vector k= ke, along
the z-axis exhibits G = 0, but

1

1
F = §(E2 - B~ 598E§ sin?(wt — kz2)

close to the focus [McDO00], where

Oy = — (4.50)
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is the diffraction angle and wg the width of the pulse in the transverse plane of the beam.
Then the limit wy — oo corresponds to the plane wave case with 8y — 0 and therefore
F — 0. To see in which parameter range the assumption of plane waves is justified, we
define the diffraction parameter

2
1= 20

4.51
ApTs ( )

where wy is the again the “waist” of the probe pulse. If one assumes that the extension
of the probe pulse in the directions perpendicular to the propagation is smaller than the
one of the strong background, then [ < 1 represents the “far zone” in which diffractive
effects play an important role whereas the “near zone” is characterised by [ > 1 and in
this regime neglecting diffraction should be a good approximation [Lev68|.

Another effect of transverse dimensions would be the enhancement of self-focusing [¢S00;
KTO07]. For six-photon scattering, the scattered field is a function of the field itself leading
to the generation of higher harmonics and an increase of intensities and some relaxation
effects, such as real electron-positron-pair creation might more relevant.

Neglecting transverse dimensions also leads to the vanishing of an asymptotic second har-
monic from pure four-photon scattering. In [KK12] it was shown that for non-parallel
probe and strong pulse wave vectors, elastic four-photon scattering (which corresponds
to four-wave mixing which is forbidden as explained in the last chapter) is permitted
and the scattered field obtains an additional factor 1 — cos(#) from non-parallel probe
and strong wave vectors. 6 is thereby the angle between the k-vector of the probe and
strong pulse such that 6 = 0 corresponds to parallel propagation and therefore vanishing
of all nonlinearities.

It is also shown that for long pulses with 7 > wy, the scattered field is dominated by the
focusing of the beam while for short pulses (7 < wq) the scattered field is dominated by
the longitudinal pulse shape.

Polarisation effects from heavier Standard Model particles like muons with mass 1, =~
200m were neglected as this would correspond to a change in the critical field E., —
200E.; and therefore these effects are heavily suppressed since all fields are normalised
by this factor.

Corrections from scattering with even heavier particles like pions (which comprise a
quark-anti-quark pair) or closed quark loops, were shown to be relevant only at much
higher energy scales than considered in this thesis [FDO08]. Therefore, considering ef-
fects of vacuum polarisation due to virtual electron-positron pairs should be a good
approximation.

4.3.5 Measurability

The analysis of high harmonic generation showed that the probe develops a discontinu-
ity as the shock-parameter vy = 192u2835p<13 =~ 1 in the parallel setup whereas in the
perpendicular case the generation of the high frequency components was suppressed and
also strongly sensitive to dispersion.

So in the ideal case one would consider six-photon scattering in the parallel setup (which
is insensitive to the leading-order vacuum refractive index). The current highest electric
field of a laser pulse produced in a laboratory is of the order E = 3 x 107*E,, [Yan+08].
Assuming both probe and strong field are of this order of magnitude, vo ~ E* and the
limit 9 — 1 would require extremely high pulse durations and/or frequencies. And as
the coefficient o = @/315% < 1, it is clear that the shock regime is currently well out of
the reach of optical laser-based experiments.
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Vacuum induced electromagnetic shock waves are more likely to be important in astro-
physical contexts like the the evolution of X-ray pulsars and strongly-magnetised neutron
stars or “magnetars” [Maz+79; CCY92; HLO3].

The surrounding magnetic fields of these objects are comparable to E.. or even higher
and are assumed to have a depth of 0.1-10 cm [HL06]. The current results were derived
for a constant crossed field background, but can be generalised to a constant magnetic
field, which should be a good approximation to the local field in strongly-magnetic pul-
sars, which is expected to be that of a dipole [HLO6] on the stellar scale. But also there,
the assumption of a completely homogeneous background is questionable and we have
seen that VHHG is strongly sensitive to shape of the strong field.

In laser-based experiments, vacuum polarisation will more likely be measured as elastic
photon-photon scattering [Men+06; Hei+06; Fer+07; TM10; KPK10; KDK10; KH11;
MK11; Din+14b; Din+14a; HH14; GKS13; KS15] or lowest-order photon merging
[BMS01; Lun+06; KK12; GKS14] . The current best experimental limits for photon-
photon scattering in an all-optical laser setup [Ber+00] and in setups combining magnetic
fields with resonant optical cavities [Zav+12; Cad+14] are still a few orders of magnitude
above the QED prediction.



Chapter 5

Conclusions and Outlook

5.1 Conclusions

Many predictions of vacuum polarisation effects are obtained for constant, homogeneous
backgrounds, but the analysis becomes difficult as soon as one considers fields that are
non-uniform in space and time.

This thesis is dedicated to the study of the propagation of optical radiation in electro-
magnetic backgrounds where the photon wavelength is much shorter than the typical
variation of the background. The main effects considered here are a probe-dependent
refractive index experienced by the probe due to the background and the generation of
higher harmonics.

After a short introduction to the notion of vacuum polarisation and a derivation of the
Heisenberg-Euler Lagrangian in chapter 2, the simulational setup of two plane wave
pulses, where a probe pulse collides with a strong “background”, has been introduced
and possible allowed processes for this setup in the case of weak fields have been dis-
cussed.

In chapter 3, the analytical, iterative solution to the wave equation in (1+1) dimensions
for the electric field has been introduced. The first iteration has led to the dynamically-
generated “overlap” signals that do not arise in standard scattering theory. Neglecting
the back-reaction of the probe on the strong pulse, further iterations have been calculated
and for six-photon scattering interpreted as processes that generate higher harmonics in
the probe spectrum.

In the second part of the chapter, a numerical method has been adopted to solve the
Maxwell equations that include the weak-field corrections from the Heisenberg-Euler
Lagrangian. This allows, to the best of our knowledge, the first direct numerical time
integration of the full quantum-modified Maxwell equations.

In chapter 4, both methods have been applied to pump-probe setups. In the first
part, the strong background has been a pure Gaussian envelope and the time-resolved
dynamics of the collision of both pulses has been studied. A complete analysis of all
processes from four- and six-photon scattering that arise from the first iteration of the
wave equation has been carried out with theory and simulation showing excellent agree-
ment. The main effects here have been birefringence, harmonic generation and also the
back reaction of the probe on the background. As the overlap signal can potentially
dominate the asymptotic signal in the presence of inhomogeneities, the question of the
validity of locally-constant-field-approximations arises and indicates the need of a more
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careful analysis of their applicability.

The second part of this chapter then has been dedicated to the study of the influence
of higher order processes. The strong pulse has been chosen to be a square pulse with
vanishing frequency. For this setup with parallel pulse polarisations, the wave equation
can be solved explicitly for four- and six-photon scattering and two analytical all-order-
solutions for the scattered probe pulse has been derived. One leads to an integrated
phase shift of the entire probe which originates from a linear refractive index indepen-
dent of the probe field. The other one can be compactly written as a refractive index
depending on the probe amplitude, leading to vacuum high harmonic generation in the
interaction region. Based on the weak-field expansion of the Heisenberg-Euler model,
the probe-dependent phase eventually leads to the development of a “shock” after a
characteristic propagation length. The process of high harmonic generation turns out to
be very sensitive to relative non-parallel polarisations and to dispersive effects similar to
the problem of “phase-matching” in quantum optics.

In the last part of chapter 4, a brief outlook on ultra-short pulses and the study of high
harmonic generation in inhomogeneous backgrounds based on the numerical method has
been given. In the discussion, a comparison with plasma physics has been made and the
validity of the approach using plane waves has been discussed.

5.2 Outlook

There are several experiments like PVLAS [PV] and the two upcoming ELI-NP [EL]
and HIBEF [HI] experiments that are designed to finally measure real photon-photon
scattering for the first time. Due to the smallness of the effect, extremely high intensities
and/or large field extents are required and hence many experiments rely on tightly-
focused lasers. We saw that in this case the assumption of plane waves becomes invalid
and deviations are expected. Therefore, generalisations of the methods used in this
thesis to more than (1 + 1) dimensions are desirable to connect to these experiments.
For the Green’s function approach, this has already been done successfully by several
authors, but only for the first iteration of the wave equation. The generalisation of the
numerical method to higher dimensions has already been developed with the advantage
to treat arbitrary pulse shapes and collision geometries which could be used to optimise
experimental setups. A further improvement will demand the inclusion of real electron-
positron pair-production, but up to now, no self-consistent model that includes dispersive
and dissipative vacuum polarisation effects has been developed.

There have been many different proposals to measure vacuum polarisation over the last
decades such that experimental data is much desired and needed. The experiments
will help to confirm a more than 80 years old prediction considered untestable at the
time when it was made. Additionally, the search can also lead to indicators of physics
“Beyond the Standard Model”. This could be the existence of new particles like “weakly
interacting sub-eV /massive particles” (WISPs and WIMPs), axion-like particles or gauge
bosons of a hidden U(1)-factor that extends the gauge group of the Standard Model.
Therefore, independent of the observation of light-by-light scattering, such experiments
will give insights, at least in terms of experimental bounds, on the existence of new
physics.
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Appendix A

Conventions and Notation

A.1 Conventions

Apart from the second chapter with the derivation of the propagator for arbitrary
quadratic Hamiltonians, Greek indices like p, v, o take values in 0,1,2,3. Small latin
indices like 4, j, k take the values 1,2,3. The metric tensor is defined as

g" = g = diag(1,—-1,-1,-1) . (A.1)

Scalar products are then defined as kx := g, ktzt = k929 — k - x with the Einstein
summation convention that summation over repeated indices is implicit.
If not written explicitly, we chose natural units with h = ¢ = 1.

The field strength or Faraday tensor is given by

0 —-E1 —FE, —F3

EFr 0 —Bs By

E> Bs 0 -B

Es —Bs B 0

The dual field strength is defined as

= (A.2)

1
*FW = eI Ey,

1234

where €777 is total anti-symmetric in all indices with e = 1. In components, xF*"

is given by
0 —By —By —Bs
By 0 Es —FEs

[
*F By —Es 0 B, (A.3)
Bs FEy, —F; 0
The following identities hold:
FO=F *xF0 = Bt (A.4)
Fii = _¢giikgk *xF = ikpk (A.5)

The field invariants are defined as

1 1
F == Fuw " = 5(E2 - B%),

1
G = Fu*"=E-B.
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The secular invariants are then defined in terms of F and G as

and satisfy

a::\/\/m—i-}-,
b=V G F

ab=G , (A.6)
a’? —b? =2F . (A7)
A.2 List of Symbols
Chapter 1
D H Electric displacement and magnetising field, first appearing in
(1.2).
P M Polarisation and magnetisation, appearing for the first time in (1.3)
and (1.4), properly defined in in (1.15).
X‘g% n-th electric/magnetic susceptibility tensors, first appearing in
(1.5).
h, c Planck’s constant, speed of light in vacuum.
e, et Electrons and positrons.
m, e Mass of the electron and the charge of the electron is —e < 0.
E¢;, B Critical field strength defined in (1.6) and below (1.6).
Ac Compton wavelength of the electron define on Page 3
Ty Cross section for light-by-light scattering, given by (1.7).
Ac, tc Reduced Compton-wavelength and Compton-time defined on Page
3.
F., xF,, Electromagnetic field strength or Faraday Tensor defined in (A.2)
and (A.3).
9", Guv Minkowski metric defined in (A.1).
F, G Electromagnetic field invariants defined in (1.14).
JL otter Matter four-current JE ... = (Pmatters Jmatter) introduced on Page
5.
Latw Maxwell-Lagrangian Lyrw introduced on Page 5.
A ~v-matrices satisfying y#~" + yHvY = 2g"¥.
ot Spin matrices defined in (2.12).
D, 11, Covariant, derivative defined on Page 5 and canonical momentum
given by (2.13).
A Feynman-slash notation with A := A,
U, 0 Dirac spinor and its Dirac conjugate with ¥ := W40
SqED; LQED QED action and QED Lagrangian defined in (1.11) and (1.13).
Lint(F,G) Interaction Lagrangian for effective photon-photon interaction, ex-
plained on Page 6.
Chapter 2
o(z) Scalar field satisfying the Klein-Gordon-equation (2.1).
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vV, A Nabla operator and Laplacian with A = V2.

O d’Alembert operator defined by O := g"*9,,0, = 07 — A.

Z1j] Generating functional for n-point correlation functions in presence
of a source j, defined in (2.2).

W1j] Generating functional for the connected n-point correlation func-
tions in presence of a source j, defined in (2.5).

Sp(z, ) Feynman propagator defined by (2.4).

T[A], Leg Effective action and effective Lagrangian for the photon field, de-
fined in (2.9) and (2.11).

Hpt Proper-time Hamiltonian defined in (2.15).

H General quadratic Hamiltonian defined in (2.20) with constant met-
ric G on phase space.

X = (z,p) Coordinate operator X := (z,p) on phase space consisting of the
position operator Z and position operator p, defined on Page 17

{,) Standard Euclidean scalar product on 2n-dimensional phase space
defined in (2.21).

Py () Wave function of [¢(y, t) with o} () = (z[¢(y,t)) and

[¥(y,t)) Y(y,t) := e~7y) is the time-evolved state of |y) defined in (2.22).

Z(t) Time-evolved operator & defined in (2.25).

Q Standard symplectic matrix given by (2.27).

1, n-dimensional identity matrix.

St = et Symplectic flow defined in (2.36) and its generator A defined in
(2.32).

St Blocks of the symplectic flow S, defined in (2.40).

fy, S Function used to define #f(z) in (2.45).

N(Sh) Function to further refine the expression of ¢}, (x) in (2.50) with

P! given by (2.51).

N(S?) Another function defined by (2.54) further refining v (z).

a, b Secular invariants defined in (B.15).

Lur Heisenberg-Euler Lagrangian given by (2.63), the Leg for constant
fields with F),, = const.

L, 1 i-th term in the weak-field expansion (2.64) of Lyg with coefficient
i given in (2.68).

Ci Coefficients in the covariant nonlinear Maxwell equations (2.70)
which are derived in App. C.3.

J[E, B] Vacuum current in the Maxwell equations (2.75) defined by (2.76)
and (2.77).

T[E, B| Vacuum source term in the inhomogeneous wave equation (2.78)
defined in (2.79).

J;[E, B], Source terms for the ith-order weak-field expansion, defined in

T;[E, B| (2.80).

M,;, P; Magnetisation and polarisation for the ith-order weak-field expan-
sion, defined in (2.81).

xt, T Light cone coordinates defined on Page 27.

EI(JO) (x7) Analytic expression for the initial electric field of the probe pulse

fp(x™)

given by (2.82).
Polarisation vector, carrier frequency, wave vector of the probe and
probe pulse duration, defined on Page 27.

Amplitude function and envelope function of the probe pulse de-
fined on Page 27.
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©p Lorentz-invariant phase of the probe pulse, introduced Page 27.
Ego) (xT) Analytic expression for the initial strong pulse given by (2.84).

Es, Ws, k& Ts
EQ (a1, fo(at)

Ps
B

Polarisation vector, carrier frequency, wave vector of the strong
pulse and pulse duration, defined on Page 27.

Amplitude function and envelope function of the strong pulse de-
fined on Page 27.
Lorentz-invariant phase of the probe pulse, introduced Page 27.

Initial magnetic fields of the pulses given by (2.87).

Chapter 3

AE™M (2~ zt)

AE® (x=,27)
AE™ (x=,27)
P M)

AED (27)

AED
U, v

=%

AES}n—Q—l)
g, p

Py, M,
u, Vi
u;, v;

0i(z),pi(z), ¢i(x)

Iterative solution to the wave equation for the electric field (3.3),
where n is the iteration index given by (3.5). In general, upper
right indices in parentheses indicate iterated quantities.

Nonlinear correction in the iterative solution containing the inho-
mogeneity of the wave equation, defined in (3.6).

Retarded Green’s function for the wave equation defined in (3.7).
Source term for the wave equation depending on the nth iteration
of the electric field, defined in (3.8).

Current in Maxwell equations and the integrated version of the it-
erated wave equation, depending on the nth iterated fields, defined
in (3.9).

Iterated electric field with arguments transformed to light cone
coordinates. Defined in (3.12).

Forward or right scattered field defined in (3.14).

Backward- or left scattered field defined in (3.15).
Polarisation and magnetisation which depend on the nth iteration
of the fields, defined on Page 38.

Asymptotic forward scattered field defined by (3.18).

Asymptotic backward scattered fields defined by (3.18).
Vectorial functions appearing in the asymptotic forward and back-
ward scattered fields, defined in (3.22) and (3.23).

Overlap field defined in (3.24).

Geometric factors depending on the relative polarisations of the
probe and strong pulse, defined in (3.28) and (3.29).

Polarisation and magnetisation for the box diagram, defined in
(3.33) and (3.34).

Polarisation and magnetisation for the ith term in the weak-field
expansion, depends on the n-th iteration of the electric and mag-
netic fields. In general, lower right indices refer to the order of the
weak-field expansion in this chapter.

Constant polarisation vectors for U; and V; defined in (3.37) and
(3.38).

Constant polarisation vectors for U; and V;.

A prime indicates the derivative with respect to x~.

Integrals over certain powers of the strong pulse defined for the box
diagram in (3.48) and in (3.51) for the hexagon diagram.

Q X, Y

Matrices appearing in the numerical formulation of Maxwell’s equa-
tions defined on Page 47.
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f Vector consisting of the electric and magnetic fields, defined on
Page 47.

u Electric and Magnetic fields in the eigenbasis of Q, defined in
(3.56).

S Transformation matrix between f and u, defined in (3.56).

A Diagonal matrix with the eigenvalues \; of Q, defined on Page 47.

a Discretised version of u on the grid. In general, tilde indicate the
discretised quantities on the numerical grid.

L, N, Az Box-length, number of grid points and spacing on the grid, intro-
duced on Page 47.

g[a,t] Right-hand side function of the ODEs in the numerical method,
introduced on Page 47.

X!yt The values of X and Y at grid point [, see Page 47.

G, H Matrices to factorise 14 + X!, defined in (3.57).

E,(w) Fourier transform of the probe field, defined in (3.61).

IZ(,O)( ) Intensity of the initial probe, defined in (3.62).

Ip(w) Intensity spectrum of the forward-scattered probe field, defined in
(3.63).

Chapter 4
AEll AE+ Components of the nonlinear field response in the parallel ()., =

1) and in the perpendicular (g, &5 = 0) setup, introduced on Page
52.

Nonlinear asymptotic scattered field of the ith weak-field expansion
with a frequency w, first used in (4.2).

Nonlinear overlap field, first used in (4.1).

Nonlinear field from a derivative function, ¢ is again the order of
the weak-field expansion and w the frequency of the signal.

ony Non-trivial refractive index from four-photon scattering in constant
crossed backgrounds, defined in (4.3).

0pp Phase-shift due to dn; introduced on Page 54.

0¢po Phase shift due to the overlap signal, given by (4.7).

¢ Nonlinearity parameter for the overlap signal, defined by (4.14).

X Quantum efficiency parameter, defined by (4.15).

) Propagation length introduced on Page 67.

Rect(z™) Rectangular function, defined on Page 71.

FD(z™) Mirrored Fermi-Dirac-potential defined in (4.24).

vy’l Multi-scale-parameter for four-photon scattering defined in (4.28).

U Shock parameter for six-photon scattering which includes the probe
envelope function f,(27), defined on Page 74 with

Vo Pure shock parameter for six-photon scattering, defined in (4.31).

Ji() Ith order Bessel function of the first kind, introduced on Page 75.

upr(t, 2) Bessel-Fubini solution to Burger’s equation, defined in (4.33).

VBF Normalised propagation distance appearing in the Bessel-Fubini
solution (4.33).

1 Shock parameter for chained four-photon scattering to generate a
second harmonic, defined in (4.34).

V3 Shock parameter for eight-photon scattering, defined of Page 78.

a;(v) Coefficients appearing in the all-order solution (4.32), defined in

(4.37).
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v(v)
5[’!2

Egven’ Egdd
Esquare; Esaw
bo

l

wWo

Variable exponent in the intensity of the harmonics, introduced in
(4.39).

Non-trivial refractive index from six-photon scattering, defined in
(4.43).

Even and odd frequency components of (4.32), defined in (4.46)
Square and Saw-tooth function, defined in (4.47).

Diffraction angle for a Gaussian pulse, defined in (4.50).
Diffraction parameter for a Gaussian pulse, defined in (4.51).
Width of the Gaussian pulse in the transverse plane, introduced on
Page 101.



Appendix B

Details for the HE Lagrangian

B.1 Uniqueness of Flows on a Manifold

We want to show that (cf. (2.34) and (2.35))
e XM — gt X | (B.1)
Now both sides of (B.1) define a flow, where a flow on a manifold M is a map
p:RxM—-M

such that

0(0,p)=p,
o(t, ¢(s,p)) = p(t +s,p) .

Suppose we have two flows ¢; and @9 and their derivatives at the origin are identical:
d d
—p1(t, = —pa(t, Vpe M .
gPitp)| = qeatp)| VP

Then it follows that both flows are identical, @1 = o.
In order to prove this, we first want to show that every flow ¢ satisfies an ordinary
differential equation of the form

%@(t,p) = X(p(t,p)) ,

which is not automatic since X could also be dependent on ¢ and p. If we define X
through

X(p) :

= —(t —

we have

d d
©(t,p) dsw( + 5,p)

dt
d
- — t
dsso(s, ©(t,p))

= X(p(t,p)) »

s=0

s=0
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which is what we wanted to show. Now we see that for a fixed point p € M, we have
an ordinary differential equation with initial condition ¢(0,p) = p. Since the differential
equation is completely specified by X, which is the derivative at ¢ = 0, we have shown
that if X (p) = Xa(p) for arbitrary p, then ¢ = @2 which follows from the uniqueness
of the solution to ordinary differential equations [CA92]. And since we have (cf. (2.37))

d N . d .
— X = [H,X]=— X B.2
et X)| =i X] = gt X)| (B.2)

(B.1) follows.

B.2 Relations Between the Matrix Blocks of S*!

We want to obtain certain relations of the symplectic flow (2.36) S* = e™*A where
A = Q7 'G. Since A is an element of sp(2n), S* = e*" is a symplectic matrix where the
defining property of the symplectic group Sp(2n) is leaving the standard skew-symmetric
matrix {2 invariant:

PP =0 (B.3)

for P € Sp(2n). We will denote the n x n-blocks of S* as

St st
t _ . 1 2
5= <S§ s&) |

The relation (B.3) gives the following conditions on the blocks S:

(53)
(81782 = (83)"55 ,

()85 = (85)"85 =1n,

(81781 - (85)"85 =1 .

The transpose of (B.3) yields the other relations

S1(8p)T = s5(sn)” (B.4)
S5(S5)" = Su(S5)"

SHSHT = 85(83)" = 1n

Si(SD" - 85(83)" = 1n

Using these relations one can easily write down the inverse matrix

e (5 5)- (B )

from which it follows that

Sit=(sHT, Syt =—(sHT, (B.5)
G Sit=—(sp".
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B.3 Proof of R(S") =1Vt

In the derivation of the propagator for an arbitrary Hamiltonian, we were able to derive
the explicit form up to an unknown function R(S!) which appears in (2.54). In the
following we will show that R(S?) = 1 V¢ by demanding that the solution must satisfy
explicitely the Schrodinger equation.

In terms of R(S?) the unitarity condition (2.46) becomes

R(S™!) = R(ST)

from which we infer

R(SHR(S™") = R(SHR(SY) = R(1) =1
and therefore
|IR(SY)|=1.

So R(S!) is only a phase. To finally fix this phase, we now require

(i+ﬁ%>%@0:0.

The time-derivative of ¢} (x) will contribute a term involving a trace as the derivative
of a determinant of one-parameter family of matrices A(t) is given by [Bel97]

%det A(t) = det A(t) Tr<A—1(t)5tA(t)> : (B.6)

Since wé(x) is a solution to the Schrodinger equation by construction, it is enough to
compare this term to the trace part stemming from iH;,(x) to finally fix R(S*).

Therefore, we need
d d
7st — 7‘915
dt 2 <dt )2

=~ (e74),
== (StA)Q
and so

-1d _
(85) " 3756 = —(S5) "1 (STA2 + S3A4)

= —(SH)TIStAy — Ay .

Inserting these relations into (B.6) gives

%(det S~/ = %(det SH~2 Ty [(55)—15§A2 + A4] . (B.7)

Now we look for this expression from iHy! (x). We started with a Hamiltonian (2.20)
such that

H = < ((z,Gix) + (2, G2p) + (p, G3x) + (p, Gap)) .

N
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Now A is defined as A = Q7 'G and therefore the components are related by

A~ A A\ [ Gy Gy
T \As Ay -Gy —-Go)

There are two trace-terms in H. The first one is

7 1 7
§<P7 Gzx) = B TrGs + §<G3«’L’,P>
1 7
= iTer + §<G3$7P>
1 7
— _5 TI'A4 + §<G3$,p> ’

where we used [z¢, p;] = 15; and that G as a metric is symmetric and therefore Gy = Gi.
The second term stems from (p, p), therefore we need the spatial derivatives of goZ(x):

0 exp [~ 1, 4S8 ) — S, (58) k) +i((55) 1y, )]

oz
—exp [ (i ((S5)7"Sta) +3 ((5)7y) )j .
The second derivative is then given by

82 i traoty—1 i t\—1 gt - t\—1
Sopexp | — 2(y, SH(S)Ty) — 5 (. (S5)7 Sta) +i((S5) "y, )]

= —exp[][(((8)7'8tx) — () 7'w) ) (((8)7'Stx) — () 7'w) ) +i((55)7's1) ]

and so

7

5 (P Gap) = L exp [ J{((58) " Sta) — ((S5)"y) . Ca ((55)*Sta) — ((58) "))

2
L T(Ga(sh) )
= Lexp [ (551 Sta) — ((55)719) . Aa (S8 52) — ((55)")

L Te(As(5)7'ST) (B.3)

Using the cyclicity of the trace, it follows from (B.8) and (B.7) that R(S") is independent
of ¢t and therefore

R(SY) =1 Wt

B.4 Symplectic Flow for Constant Electromagnetic Fields

To derive the Heisenberg-Euler Lagrangian as a special case of the propagator for arbi-
trary Hamiltonians, we need the blocks of the symplectic flow S* = e ** where A = QG
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is given by (see (2.57))
A=0Q7'G =
g 'F g
_FTg I _FTg!

g 'F gt
Fg'F Fg!

)

where F := SF. To calculate the symplectic flow (2.36), we observe

(g1F)? (g F)g7!

A2=2] i
Flg'F)? (Fg)?
and in general we have
—1\n —1F n—1
A — on-1 ~(g ) (g~ )"y
F(g7'F)"  (Fg~h)"
Therefore:
> ~1pyn —1f\n—1,-1
t F
St = exp (—tA) = +Z( ‘) gn—1 ~(9 ~) (9 ~) g
0 1 1 F(gle)n (Fgfl)”
with
1= (=20, =
t_ 1 n
51_1+27;1 —(g7'F)
(S
— — 1 n
(15 )
_1
2

p
= —exp(—tg_lﬁ> sinh(tg_lﬁ'>ﬁ'_1 (B.9)
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and by observing that

F(g'F)" 'gWF=F(g 'F)",

F((go'F)yYF~' = (Fg™')"
one finds

SL=FSLF |
Si=FSiF~t.

So we know from (B.9) we know that
Sh = — sinh(gilFN’t> exp(—gflﬁ’t> F1.
Therefore, the inverse is given by

(SHt=—F exp(gilﬁt> sinh(gilﬁ’t>_1
= —F(sinh <g_113‘t) + cosh (g_lﬁt>) sinh (g_lﬁ’t> o
=—F (1 + coth(g_lﬁ’t>> . (B.10)
To calculate the propagator, we need the following matrix products:
SL(SH ™t =—F cosh<g_11:"t> exp(—g‘lﬁ't) F'F exp(g‘lﬁ'> sinh(g‘lﬁt>71

= —F coth <g*113’t) ,

(58)7'84 = —Fexp(g'Ft) sinh (g~ Ft) " cosh (g7 Ft) exp( g~ Fi)
— —Feoth(g7'Ft) .
So for the exponential in (2.55) we have
®! () = exp [% ((y, F coth (g—lﬁt) y) + (z, F coth (g—lﬁt) z)
— Py, x) — 2F coth(g—lﬁt)y, @)}

= exp [%«y — 1), Fcoth<g—1ﬁt) (y — z)) —ilz, Fw)] , (B.11)

where we used that F coth (g_lﬁ’t> is symmetric. From (B.11) we infer that ®(z,z) =0

since F' is antisymmetric.

B.5 det exp(—g_lFt) and det(%F/ sinh(%g_lFt))

To finally calculate the Heisenberg-Euler Lagrangian, we saw from (2.59) that we need
the two quantities det exp(—g_lFt) and det (%F/ sinh(%g‘lFt)) which we now calculate.
If we define an operator

M= exp(gilFt)
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it follows that
(MHT = M~ = (MH)~!
and therefore
(det M2 =1.

Since M is path-wise connected to the identity and the determinant in continuous in t,
we have

det Mt =1 .

To calculate the object

det sinh gglet (B.12)
we need the eigenvalues of
0O E, E, E,
g 'F = g: E?z _[])32 —ng (B.13)
E. -By B, 0

We need the characteristic polynomial which is given by

-\ -B. B, E,

PA)=-A| B. -\ —-B,|—-E,det|E,
B, B, -\ E,

E. -\ B, E, -\

+E,|E, B. -B,|-E.|E, B.

E. —B, -\ E. —B,

The subdeterminants are given by

-\A —B, By
det | B, -\ —-B,
-B, B, -\

= -\A\+ B + B,(-B,\— B,B,) + B,(B.B, —
= - N4 \-B2-B% -

2
By)

= —-A(\*+ B} + B + B?)

= AN+ Bf) ,
E, —-B. By
det | B, -\ —B;
E, B, -\

~-B. B,

-\ -B,

By =\

—-B,

~A

B,
ABy)

= E,(\° + B2) + B.(—Ey\ + B,E.) + By(E,B, + \E.)

= \NE, + \(—E,B, + E.By) + E,B2 + E.B, B, + E,B, B,
= MNE, + N\(~E,B, + E.By) + By,(E,B, + E.B, + E,B,)
= MNE, + N(-E,B, + E.B)) + B,(E-B) ,
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E, -\ By
det | £, B. —B;
E., -B, -\

= E,(~AB, — B,B,) + \(-\E, + B,E.) + B,(—~E,B, — E.B.)
= -\NE, + \(-E,B, + B,E,) — E,B,B, — E,B,B, — B,E.B,
= —\E, + \~E.B, + B,E.) — B,(E-B) ,

E, -\ —-B,
det | B, B, -2
E. -B, B,

= E,(B.B; — \B,) + \(E,B, + \E,) — B,(-E,B, — E.B,)
= ME, + \(E,B, — E.B,) + B.(E-B) .

Therefore:

P(X) = X(\* + [B]?) = Ex(N’E; + M(—EyB. + E.By) + By(E - B))
+ Ey(~NE, + \(-E,B. + B,E.) — B,(E - B))
— E,(\°E, + \(E,B, — E,B,) + B,(E - B))
=X+ (B~ E)+AME-EAB) - (E-B)?
=X+ X*(B* ~ |E[*) - (E-B)?
=\ -2\ F - g?

and the eigenvalues of g~ ' F are therefore given by

At = VF-VE AP Ara=—Ami

g = \/J—“+ VF?+G? Apa=—Ap3 .
Now we express the eigenvalues using the secular invariants
a=dri= V1G4 F,
b:iAF,gz\/\/m—f.

(B.14)

(B.15)

Therefore,

det g'F = [ [ A = —a®?

and
det F = det gdet g 'F = ab? .

Now we diagonalise g~ 'F with an orthogonal matrix U such that UFU~! = A =
diag(/\Rl, )\F72, /\F,37 )\F,4) is diagonal. Then

detsinh(%g_lFt> = det (U smh( ) ) Hsmh( At) (B.16)

=— sth( 2at) sin (§bt) (B.17)

and therefore

F )1/2_ ) e2ab

€
det | —2—— = . B.18
¢ (sinhgg—lFt Zleinhgatsingbt ( )
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B.6 trexp (iita‘“’Fw)

We want to calculate trexp[it$o/” F,,] as it appears in (2.14) and (2.17), so it is useful
to find the eigenvalues of 0/ F),,. As the eigenvalues of a matrix squared are only the
eigenvalues squared of the original matrix, we make use the identity

1
(UF)2 = §FMVF)\H {O-/W7 U)\K}
=2 (Fu F* +iy°Fy, F™)
= -8 (.7:-1- Z"}/5g) y
where we used [DGOO]
1
5 {O_ul/’ o_)\n} — 5;1)\6111@ . 6#K6V)\ + ie,ul/)\/-i,}ﬁ (Blg)

and 7 = i7y19243 with (7°)? = 1. Since (7°)? = 1, its eigenvalues are given by =+1.

Let X4 be the eigenvectors of v°, then we have
(0F)?X = —8(F +i7G) X = —8(F £iG) X+

and therefore the eigenvalues are given by —8(F £ iG) and since the eigenvalues of a
matrix squared are simply the eigenvalues squared, the eigenvalues of (o F') are given
by \i = £/ —8(F £iG) with i = 1,2,3,4. For later convenience, we express these
eigenvalues by the secular invariants:

Ai = £/ —8(F £ iG) = +/—4(a £ ib)? = F2i(a + ib) . (B.20)

The trace evaluates then to

treltiol = Zeiit/\i = 4cosh(§at) cos(%bt) . (B.21)
i
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Appendix C

Maxwell and Wave Equations in

Polarisable Vacuum

C.1 Nonlinear Maxwell Equations from an Interaction La-

grangian L, (F, Q)

In the following we show that an interaction Lagrangian L (F,G) for pure photon-
photon scattering leads to contributions to Maxwell equations that can be interpreted

as polarisation P and magnetisation M similar to a nonlinear medium.

We start with a general Lagrangian (where we do not specify the kinetic term for the

fermions):
L= ‘Cmatter + *CMaxwell + [fint + Ecur
with
»CMaxwell = _EFMVF#V 3
£int — Eint (]:a g)
Lewr = _Aﬂjriatter :

The Euler-Lagrange equations with respect to the gauge field are given by

oL oL
o, — =0.
/ 0(0,A,) 0A,
Therefore:
1 aﬁint 6'/-:int
o 1228 puv uv v —_
47T8HF O ( o A4 G *F ) + Joatter =0

and we note in the case of Liy = 0 this yields Maxwell equations in vacuum

OuF = Am !

matter *

If one sets v = 0 in (C.2), one obtains

4i(%Fi0 10 <a£intFio + OLins *Fio) —Jo
™

8.7-" 89 matter

(C.1)
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or written in E- and B-fields:
8£int 1 8'Cint
EZ
oF T Tag

1 A A
—o;E" + 0; < Bl> = Pmatter - (C3)
4

We observe

8['int 8ﬁint _ aEint
(8]—“E+ a6 B)‘ R

such that (C.3) is given by

0L;
V“E:MWWM—MN-ﬁg
and a comparison with (1.2) suggests the identification
a»Cint
- OE

Now we take the spatial components v = j of (C.2):

OF 9
+&<meuﬁ““Fﬂ—J

(atFOJ + a Fz]) + at <8£1nt FOJ 4 O&ing aﬁlnt *F0j>

a]_- 89 matter

which translates into
(—815E + VA B) = dnJmatter + 47T(8tP + VA M) ,

where we defined

aEint
M = .
0B

We thereby observed that

] 8’Cint ij a»Cint ij a'Cmt jik pk 8'Clnt ]zk k
8Z<8J:F *ag *F> 8(8}" B g <k

can be written as

' aﬁint ij a»Cint iy J
@(8 I +ag*ﬁ>— (VAM),
where we used

O0Lsnt O0Lsnt OLint

oF B o U7 o

C.2 Wave Equation with Source Terms

In the following we will derive the wave equation for the magnetic field B and electric
field E. We start with the Maxwell equations

VAB — 0,E = 4rJ patier + 47J[E, B] |
VAE+9B=0,

V- D = 47 pmatter ,

V-B=0,

Q a aaq
J&o e
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where we defined
JE,B]:=0P+VAM).
To derive the wave equation for B, we take the curl of (C.4) and obtain
7B — AB = 47V A Jmatter + 47V A J[E, B]
where we used
VAVAB)=V(V-B)—-AB

together with (C.5) and (C.7).
For the wave equation for E we take the curl of (C.5) and obtain

V(V-E) — AE + 9?E + 470, J[E, B] + 470;J matter = 0
where we used (C.4). Now we know from (C.6) that
V - E = 47 ppatter — 47V - P
and therefore
O?E — AE = T[E, B] — 47V pmatter
with the field-dependent source
T[E,B] := —47(9}P + VA M — V(V - P))
and we note that J|E, B] and T[E, B] are related via

T[E, B] = —470,J[E,B] + 47V (V - P) .

C.3 Covariant Maxwell Equations with Coefficients C}

In the previous section we considered a general Lagrangian (C.1) of the form
L= Ematter + 'CMaxweH + Eint + £Cur .

Since we do not consider any massive particles in this thesis, we set Lmatter = Leur = 0.
In the following we will derive the Maxwell equations for a general Lagrangian £ =
LMaxwell + Lint(a, ), which is equivalent to £ = Lytaxwell + Lint(F,G) as we have the
relations

0= (\/WHE)W, (C.8)
b= (VPra-F)" (C.9)
ab=G , (C.10)

a® —b* =2F . (C.11)
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In the following we only consider the contributions from Lyt and install the free prop-
agation from Lyfaxwen in the final result. Before we proceed, we need the following
definitions and identities:

ri=a? + b =2/ F2+ G2, (C.12)
2F + 12 = 24? , (C.13)
2F —r? = — 2%, (C.14)
F 412 =13d® +v?) , (C.15)
OF
— _phv 1
20, Ay) ! (C.16)
og
S L 1
2(0,4,) (C17)

For the Euler-Lagrange equations we need

@Eint _ 8Lim da aﬁint ob
0(0,4A,)  da 0(0,4,)  0b 0(0,A,)
:aﬁim(@ 0 ba_OF )
da \0G 0(0,4,) = OF 9(0,A,)
OLing (81) oG ob  OF )
b

3G 0(0,4,) * 0F 0(9,4,)
YL TR Ty

int
F/I,I/ F/LI/
E)b ((K; (1; )

da 0G ob 0G

OLine Oa  OLine b\ 0
‘( da oF " o m)F ’

o (aﬁim da | OLine b ) L

where we used (C.16) and (C.17) in the third equality. We note that a derivative acts
only on the expression directly on the right and we write brackets when it acts on
products of functions. The equations of motion are given by
o, W _ o [(OLmda 0L ObY L.,
0(0,AL) da 0G ab oG
8£int 8& aﬁint 8b
_ el 7
On K da OF © ob a.r) }
OLuw D0 OLi Ob
da 0G ob 0G

= —xF"9, (
g, (9w 00 0L 0b
da OF ob OF
(P D0 D DY 5
da OF ob OF
where we used the Bianchi-Identity 0, 4"*" = 0. We proceed by calculating the quantities

T )
oG’ OF ' OF  0G

(C.18)

and the derivatives
da da ob ob OLing
oG or * YoF - Yag  °

8Eint
Ou " 0a ' On b
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2 2 1/2
ag ag (VF?2+G*2+ F)

10
_ 2 2
= %00 F2+4
1 9
2021 G2
b

r2’

(C.19)

where we used (C.10) and (C.12) in the last step.

(VF24+G2— F)/?
8g abg (C.20)

r2’

Similarly, we obtain

\/f2+g2+f1/2
2 2
= M (VF2+G2+ F)

2a(2}— + 1) (C.21)

1

= 2ur?
a

r2

8}"

(2]—"4—7*)

where we used (C.13) in the last step.

g; 8<¢f2+g2 F)I2
I LN

T 20F

21b <2}— B 1) (€:22)
1

= o2
b

r2

(27 -2

The last equality follows from (C.14). To obtain the derivates, we first calculate some
useful quantities:

Oa da
oo = 50,9 + 7=0,.9

1
= ﬁ(baug +ad,F) ,

which follows from (C.19) and (C.21).

0b 0b

1
= r—z(aaug —bo,F) ,
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where (C.20) and (C.22) were used in the last step. Furthermore, we need:

Our = 0, (5(3a% + %) — F)'?

1 7 (C.25)
=5 (3adua + bd,b — 0, F)

where the first equality is from (C.15). With these formulas we can now easily calculate
the derivatives:

da b 1 2b
8u@ = 5u (102) = ﬁa'ub — ﬁalﬂ"

1 b
= ﬁaub — Tj(Baaua + ba#b — 8u.7:)
= %4 [(r* = b%)9,b — 3abda — b0, F]

= %6 [a*(ad,G — b0, F) — 3ab(bd,G + ad), F) — br*0,F]

1 [a(a® — 3b*)0,G + b(b* — 3a®)9,F] ,

7’6
gy =0 (33) = sadua — 5ur
_ 7128ua — & [Bada + bub — 0,7
_ %4 [(r2 — 302),0 — abdyb + ad, F]
_ rlﬁ (6 — 242) (b0,G + ad,F) — ab(ad,G — b9, F) + ar?d, F]
_ %6 [b(b — 3a%)3,G + a(36 — a2)9,F] |

db b 1
3#@ =0, <T2> =5 [a(a® — 3b%)9,G + b(b* — 3a*)0,F|

and
1
%(98; = —8,32 =% [a(3b* — a®)9,G + b(3a® — b*)9,F] .
Additionally, we need
aﬁint o a2£int Bﬁint
o0 = 9a2 7 Gaan
1
= 5 [Laa(b0uG + aduF) + Lap(aduG — b0, F)]
1
= 5 [(0Lao + aLap)0uG + (aLaa = bLa) O F]
where
82Ein‘c
Lab = Fadn

and the other quantities are defined in an analogous way. For the derivative of 9Ly /0b
we have
aAcint 82 Eint aEint

T T ol T W

1
= 2 [ﬁbb(aﬁug — bf)u]-“) + [,ab(baug + a@u]-“)]

oua

1
- 772 [(a‘cbb + bﬁab>8ug + (aﬁab — bﬁbb)auf] .
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So we can finally calculate the quantities in (C.18). Let us begin with

8£int Oa aﬁint ab . aﬁa - bﬁb .
( da oF * on 8]—") o oG

where

a»Cint% 8’cintﬁ - a»Cint% 8’Cint % +9 a»Cintﬁ + 8’Cinta ﬁ
"\ 0a 0F T b 9F) " 8a OF = da MOF M 9b OF  9b MOF
1
= 1 [(0bLaa + 0*La)0uG + (0" Laa = abLa) O F]
F L b0 — 30%)0,G + a(38” — )0, ]
1
— 1 [(abLyp + V*La)0uG + (abLay — b L1) 0, F ]

+ r%ﬁb [a(3b° — a*)0,G + b(3a® — b%)0,.F|

1
=3 [a(362 —a®)Lq +b((3a® — b*) Ly

+12(a*Laq — 2abLep + 0°L13)]| 0y F
+ %ﬁ[b(bz —3a®) Ly + a(3b® — a®)Ly
+ 1% (abLaq + (a* = b*) Lap — abLyy)] 0,6
= 4Cy 5y]: +4Cy 8“9
= —C2 0, (FapFP) — C1 8, (xFapFP) |

where we defined

1
Cri=15 [a(3b? — a®)Lq + b((3a® — )Ly
+1%(a*Laq — 2abLay + > Lup)]

1
=15 [b(b* — 3a%) Ly + a(3b* — a®) Ly

+ 1%(abLaq + (a® — b*) Lap — abLyp)

Cy:
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We further obtain

OLiw 00, DL O _ o OLuw D0 | 0Ly Do o OLiw Ob , ILine , O
#\ Oa 0G ob oG) " da 0G da "0G ob oG ob "og

1
= [(b°Laq + abLap)0uG + (abLagq — b* L) 0, F ]

iz:a [a(a® — 3b%)9,G + b(b?* — 3a%)0,F]

7’6
1
= [(a® Ly + abLap)0uG + (a*Lap, — abLyy) 0, F]
1
=L [b(b* — 3a*)9,G + a(3b* — a*)0,.F|
1
=% [a(a® = 3b%) L, + b(b* — 3a®) Ly

+ 12 (V*Lag + 2abLap + a*L1)] 0,9
1
+5 [b(b* — 3a®) L, + a(3b* — a®) Ly,
+ 12(abLaq + (a* — b*) Lap — abLyp| O F
= 4(C}4 8ug +4Cy 8#‘7:
= —C30,(xFopFP) — C10,(FaFP) |

where

1
Cs:= 15 [a(a® — 3b%) L, + b(b* — 3a*) Ly,
r
+ 1202 Lag + 2abLap + a*Liyp)] -
Using these expressions, we can write the equations of motion as

0L Maxwell O0Lint
4 — 14 _— =
T 0.y gy

which yields

(=1 +47Cy) 9, F* + 4nCo FM 9, (Fop FP)
+ 47 3+ 0y (xFog FOP) + dm Cy [ xFM 0, (FogF*P) + FH 9, (xFagF*P)] = 0 (C.26)

or, equivalently,

OuF"™ = dr((C1OuF™ + Co PP 0, (FogF™)

+ Cy +F™ 0, (xFap FP) 4+ Cy #F™ 0,,(Fap F*P) +Fﬂ”a“(*paﬁpaﬁ)}) —0. (C27)
For a general scalar ¢ we have the identities

0, F" = (~OE+V AB)",
Floup = (~Edip —BA V),
*FH 9,0 = (-Bop + EA V),

so we can express the dynamical equations of (C.27) in E and B-fields:

(VAB - §E) = 4rJ[E,B] ,
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where

J[E,B] := C1(E — VAB) + Cy(E 0y(Fog F*P) + B A V(FogF*P))
+ C3(B 9y (xFog FP) — B A V(% Fog FP))
+ Cy(BOy(FopF*P) — E AV (FogFP) + E 0y (xFap FP)
+ B A V(*FosF)) .

This can be re-arranged to
JIE,B] = [C} (OE — V AB) + (C2E + C4B) 0y(Fos F*)
+ (CoB — C4E) A V(E,5F*P)
+ (C4B — C3E) A V(F,5 xF9)
+ (O3B + C4E) 0y(Fog xFP)] .
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Appendix D

Green’s Function for the Wave
Equation in (1 + 1) Dimensions

This section is based on [Mah02].
The defining equation for the Green’s function of the wave equation in (14 1) dimensions
is

2 2
(gﬁ _ a‘;) Glz,t) = 5(6)5(2) . (D.1)

Now we introduce the Fourier representation of the J-distribution and of the Green’s
function G(z,1):

5(z) = % /_Z dk e** (D.2)
Glz,t) = % / Z dk G(k, 1) &' (D.3)
where
G(k,t) = FT[G(z,t)|(k,t) = /Z dz G(z,t) e ™=,

Inserting (D.2) and (D.3) in (D.1) yields

1 82 82 > ~ ikz 1 * ikz

which leads to the equation

<§; + k;2> G(k,t) =4(t) . (D.4)

The homogenous part of (D.4) is just the differential equation for a harmonic oscillator.
So we make the ansatz Gy(k,t) := Gi(w,t) = Cj cos(wt) with the dispersion relation
w = k and a constant C;. To solve the inhomogeneous equation, we use the ,variation
of the constant“ [AWH12] and make the ansatz

G1(w,t) = C1(t) coswt . (D.5)
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The second time derivative of G is therefore given by
2
o2

So we obtain

2 ~ .. .
(gﬁ + w2> G1(w,t) = C1(t) coswt — 2wC (t) sinwt — w?Cy (t) cos wt 4 w? cos wt

G(w,t) = C1(t) coswt — 2wC (t) sinwt — w2, () sinwt .

= C1(t) coswt — 2wC (t) sin wt
= —wC(t)sinwt ,

where the last equality follows from integration by parts of one time derivative since the
equations always have to be understood applied to some test-functions:

C1(t) cos wt = wC (t) sinwt 4+ boundary terms .

The boundary terms vanish since we assume the solution to vanish at infinity. So we are
left with the equation

Ci(t) sinwt = —(SS). (D.6)

o(t)

This suggests the ansatz C1(t) = —=>, where 0(t) is the Heaviside step function with

%9(7&) = J(t) and we obtain

5(t)

0(t) sinwt = - (D.7)

But if we multiply (D.7) by an arbitrary test function f(¢) and integrate over ¢, we

obtain
_/Oo dt f(t)éff)sinwt = —/OO dtf(t)(sfut)

—00 —00

Using one of the defining properties of the d-distribution, namely ffooo dt f(t)o(t) = f(0),
we obtain the contradiction

f(0)sin0 = f(0),

and conclude that Gi(w,t) = —@
consequence, C(t) = 0. ) )
A second ansatz for the solution to (D.4) is given by Ga(k,t) := Ga2(w,t) = Cysin(wt),

which yields

coswt is not a valid solution to (D.4) and as a

2 =~ .. .
<88t2 + W2) Ga(w,t) = Ca(t) sinwt + 2wCs(t) cos wt

= wCy(t) cos wt
=4(t),

where we again integrated by parts from the first to the second line. The ansatz Co(t) =

o) yields

w

/OO dt f(t)(sfut) cos wt = /OO dtf(t)(sff)

—00 —00
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from which we obtain, again after multiplying with a test function f(¢) and integration
over t,

f(0)cos0 = f(0) .

So we see that G(w,t) = Ga(w,t) = ( ) sinwt is the general solution to (D.4). Since we
want to have an expression for G(z, t) we need to take the inverse Fourier transform of

G(w,1):
G(z,t) = 92(7? /_ " dk Sm](ft) —ikz

_H(t)/oo dk (sin(k:t) cos(kz)  sin(kt) sin(kz))

i
2 J_

- k B k
_0(t) /°° Ak sin(kt) cos(kz)

Y k ’

where we used e”* = cosx —isinx from the first to the second line. From second to the
third line, we used the fact that w is an odd function of k£ and therefore the

integration vanishes. Now we use the trigonometric identity
1
sinzcosy = Q(sin(x —y) +sin(z + y))

and obtain

Gty = 20 /OO dk (Sink(]z =2, Smk(;* Z)) . (D.8)

A J_

> sin ak
dk
It

we proceed by introducing the rectangular function

Rect(z/7) :=0(z/T7+1/2) — 0(2/T — 1/2) ,

To calculate the integral

which is just a square function of length 7 with value 1 for z € (—7/2,7/2) and zero
otherwise. We now take the Fourier transform of Rect(z/7):

00 ) T/2 ) Tk
/ dz Rect(z/7) e = //2 dz e7™** =2 smTz . (D.9)

If we set 7 = 2a in (D.9), we can write:

/ smak: / dk/ dz Rect (2/2a) e~
:a/ dy Rect(y )/ dk e~ %y

—77/ dy Rect(y)d(y)

= 7sign(«

From the second to the third equality sign, we made the substitution y = 2/2a and
interchanged the order of integrations, from the third to the fourth we used (D.2) and
the relation d(ky) = 9w)/|k|. The Green’s function (D.8) therefore reads

G(z,t) = 02&) [sign(t — z) + sign(t + 2)] .
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To further simplify this expression, we use

% [sign(t — x) + sign(t + z)] = 6(t — |z|)

and arrive at our final formula:



Appendix E

Numerical Method

E.1 Biased Finite Differences

The action of the matrix D on the vector a1 can be encoded in the use of an adaption of
the DSS020 function from [Sch91]:

d_(ul)
d—(u3)
dy(u3)
dy(uy)
Dii = | d-(u}) | |
d—(u3)
dy(u3)
dy (uf)
where the function d_(u') is defined as
d_(u') =
l=1:
q(—25ut + 48u? — 36u® 4 16u* — 3u)
l=N-2:
q(uN’4 —8uN 3 48Nt — uN)
l=N-1:
g(—uV ™ 4+ 60N 3 — 186N T2 4 10uN T 4 30N
l=N:
q(3u™N 4 — 160N 3 + 360N "2 — 48uN ! 4 25u7)
else :

q(=3u! 7t — 100! + 18ul Tt — 6ul T2 4 Wl
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with ¢ = /1242 and d (u!) as

q(—25u! + 48u? — 36u> + 16u* — 3u°)
q(—3u' — 10u* + 18u® — 6u* + )
q(u — 8u* + 8u* —u°)

q(3u™N ™ — 160N 73 + 36uN 72 — 48u™N L + 25u7)
else :

q(—ul72 4+ 6072 — 181 4 100! + 3ulTY).

E.2 Matrices X and Y

The Maxwell equations in the plane wave setup can be written in matrix form:
(It +X)of +(Q+Y)0.f =0, (E.1)

where f = (E,, E,, Bz, By)T, 14 is the identity in four dimensions, Q is an anti-diagonal
matrix with Q = adiag(1, —1,—1,1) and X = (2;;), Y = (y4;) are the vacuum pertur-
bation, where the non-zero elements are given by

z11 = 47 (C1 — Cop11 — C3p3z — 2Cyp13)
x12 = 41 (=Capr2 — C3p3s — Cu(pra + p23))
x13 = 41 ((C2 — C3)p13 + Cua(p33 — p11))

x14 = 41w (Cop1a — C3p23 + Ca(p3a — p12))
x91 = 4m (—Capiz — C3pzs — Ca(p1a + p23)) »
x99 = 4m (C1 — Capaz — C3pag — 2Cyup24)

x93 = 41 (Capag — C3pra + Ca(pss — p12))

o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~~~ o~~~

xog = 41w ((Co — C3)pas + Cu(paa — p22))
y11 = 41 (—Capra + C3p23 + Cu(p12 — p34))
y12 = 41 (—(C2 — C3)p24 + Ca(p22 — paa))
y13 = 41 (C2p3s + C3p12 — Ca(p1a + p23))
Y14 = 41 (C1 + Copaa + C3paz — 2Cypaa)
Y21 = 47 ((C2 — C3)p13 + Culpss — p11))
Yoz = 4w (C2p23 — C3p14 + Ca(p3a — p12))
Yyo3 = 41 (—C1 — Capzz — C3p11 + 2Cup13)
Youa = 4 (—Cap3s — C3p12 + Ca(p1a + p23))

where we define p;; := 4f; f; such that e.g. p14 = 4E, B, and the C; are given by (2.72)
and (2.73). .
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