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Abstract

The Sauter–Schwinger effect predicts the creation of electron–positron pairs
from the vacuum due to a quasiconstant electric field Estrong. The pair-crea-
tion yield can be exponentially enhanced without destroying the tunneling-
like nature of this mechanism by adding a weaker temporal Sauter pulse
Eweak/ cosh2(ωt) with ω above a certain threshold ωcrit. In this original form
of the so-called dynamically assisted Sauter–Schwinger effect, ωcrit is inde-
pendent of Eweak � Estrong. Via the semiclassical solution (contour integral)
of the Riccati equation in 1+1 spacetime dimensions, we find that a Gauss-
ian-shaped pulse Eweak exp[−(ωt)2] assists tunneling in a similar way but
with ωcrit depending on Eweak. This remarkable sensitivity to the pulse shape
arises due to the different pole structures of the vector potentials for complex
times. We also study dynamical assistance by an oscillation Eweak cos(ωt) as
a model for counterpropagating laser beams and find another dependence
ωcrit(Eweak).

The largeness of the Schwinger limit EQED
crit ≈ 1018 V/m has rendered the

observation of this nonperturbative pair-creation mechanism impossible so
far. In order to facilitate a better understanding of this effect and its dynami-
cal assistance via experiments, we propose an analog of the many-body Dirac
Hamiltonian in direct-bandgap semiconductors. The nonrelativistic Bloch-
electron Hamiltonian is restricted to the valence and conduction bands in
reciprocal space, which correspond to the two relativistic energy continua.
Similar models have been considered before—but mainly for constant exter-
nal fields. Here, we present a detailed derivation of the analogy between the
long-wavelength parts of both Hamiltonians for spacetime-dependent elec-
tric fields E(t, x) in 1+1 dimensions. Based on this analogy, we propose ex-
perimental simulations of the above-mentioned pair-creation mechanisms in
gallium arsenide (GaAs), for example Landau–Zener tunneling assisted by a
carbon dioxide laser. The electron mass and the vacuum speed of light take
on much smaller, effective values in the semiconductor analog, which dras-
tically reduces the equivalent of the Schwinger limit (EGaAs

crit = 565 MV/m),
thus simplifying such experiments. As an outlook, we calculate the exact
two-band Bloch-electron Hamiltonian in 2+1 dimensions for perpendicular,
constant electric and magnetic fields and show that the corresponding local
dispersion relation for long wavelengths approximately coincides with the
relativistic form.





Zusammenfassung

Der Sauter-Schwinger-Effekt bezeichnet die Erzeugung von Elektron-Posi-
tron-Paaren aus dem Vakuum durch quasikonstante elektrische Felder Estrong.
Die Paarausbeute kann unter Beibehaltung des zugrundeliegenden Tunnel-
mechanismus exponentiell gesteigert werden, indem ein schwächerer zeitli-
cher Sauter-Puls Eweak/ cosh2(ωt) mit einem ω oberhalb eines bestimmten
Schwellwerts ωcrit hinzugefügt wird. In dieser ursprünglichen Form des so-
genannten dynamisch assistierten Sauter-Schwinger-Effekts hängt ωcrit nicht
von Eweak � Estrong ab. Wir zeigen mithilfe der semiklassischen Lösung
(Konturintegral) der Riccati-Gleichung in 1+1 Raumzeitdimensionen, dass
ein gaußscher Puls Eweak exp[−(ωt)2] Tunneln in ähnlicher Weise verstärken
kann, wobei ωcrit hier von Eweak abhängt. Der Grund für diese auffällige Puls-
formabhängigkeit liegt in den unterschiedlichen Polstrukturen der Vektorpo-
tentiale im Komplexen. Wir behandeln außerdem eine assistierende Oszilla-
tion Eweak cos(ωt) als Model gegenläufiger Laserstrahlen und erhalten eine
andere Abhängigkeit ωcrit(Eweak).

Aufgrund des hohen Wertes des Schwinger-Limits EQED
crit ≈ 1018 V/m ist

es bisher nicht gelungen, diese nichtperturbative Paarerzeugung zu beobach-
ten. Um durch Experimente ein besseres Verständnis dieses Effekts und seiner
dynamischen Verstärkung zu ermöglichen, stellen wir ein Analogon des Di-
rac’schen Vielteilchen-Hamiltonians in direkten Halbleitern vor. Der nichtre-
lativistische Hamiltonian der Bloch-Elektronen wird im reziproken Raum auf
Valenz- und Leitungsband beschränkt, welche den zwei relativistischen Ener-
giekontinua entsprechen. Ähnliche Modelle wurden bereits im Falle konstan-
ter externer Felder betrachtet. Wir leiten die Analogie zwischen den beiden
Hamiltonians im Langwellenbereich hier für raumzeitabhängige elektrische
Felder E(t, x) in 1+1 Dimensionen her. Auf dieser Grundlage schlagen wir
experimentelle Simulationen der oben genannten Paarerzeugungsmechanis-
men in Galliumarsenid (GaAs) vor, zum Beispiel durch einen Kohlenstoff-
dioxidlaser assistiertes Landau-Zener-Tunneln. Die Elektronenmasse und die
Vakuumlichtgeschwindigkeit nehmen im Halbleiteranalogon kleinere, effek-
tive Werte an. Dadurch wird das Äquivalent des Schwinger-Limits drastisch
reduziert (EGaAs

crit = 565 MV/m) und somit Experimente deutlich vereinfacht.
Als Ausblick berechnen wir den exakten Zweiband-Hamiltonian für Bloch-
Elektronen in 2+1 Dimensionen im Falle zueinander senkrechter, konstanter
elektrischer und magnetischer Felder. Wir zeigen, dass die zugehörige lokale
Dispersionsrelation für große Wellenlängen in guter Näherung mit der relati-
vistischen Form übereinstimmt.





Notations and conventions

Abbreviations

BZ (first) Brillouin zone
Ch(s). chapter(s)
Eq(s). equation(s)
Fig(s). figure(s)
GaAs gallium arsenide
JWKB Jeffreys–Wentzel–Kramers–Brillouin (approximation)
p. page
pp. pages
QED quantum electrodynamics
Ref(s). reference(s)
Sec(s). section(s)

Units

We use SI units throughout, except in Secs. 2.4.3–2.4.4 and in Part II, in which
we employ natural units with c = h̄ = 1.

Mathematical notation

1 identity matrix or operator
v vector in R3

r position vector r = xex + yey + zez
~v More general vector in Rn.

In Sec. 2.1: vector in Euclidean spacetime (R4).
In Ch. 9: vector in two-dimensional space (R2).

C contour of integration in the complex plane
z∗ complex conjugate of z ∈ C

arg z ∈ (−π, π] argument (principal value) of a complex number z√
z principal value

√
|z|ei arg(z)/2 of the complex square root

Mᵀ transpose of the matrix M
Â† Hermitian conjugate of Â
ḟ (t) = d f (t)/dt time derivative
{Â, B̂} = ÂB̂ + B̂Â (anticommutator of operators/matrices)
I0(x), I1(x) modified Bessel functions of the first kind

Temporal Fourier transform

f̃ (ω) = Ft[ f (t)](ω) =
1√
2π

∞̂

−∞

f (t)e+iωt dt
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f (t) = F−1
ω [ f̃ (ω)](t) =

1√
2π

∞̂

−∞

f̃ (ω)e−iωt dω

Spatial Fourier transform (one dimensional)

f̃ (k) = Fx[ f (x)](k) =
1√
2π

∞̂

−∞

f (x)e−ikx dx

f (x) = F−1
k [ f̃ (k)](x) =

1√
2π

∞̂

−∞

f̃ (k)e+ikx dk

Electric and magnetic �elds and the corresponding potentials

E(t, r) = ∇Φ(t, r) +
dA(t, r)

dt
(electric field)

B(t, r) = −∇× A(t, r) (magnetic field)

Fundamental physical quantities

ε0 vacuum permittivity
µ0 vacuum permeability
c = 1/

√
ε0µ0 speed of light in vacuum

h Planck constant
h̄ = h/(2π) reduced Planck constant
kB Boltzmann constant
m electron/positron rest mass
q absolute value of the electric charge of an electron or

positron
λC = h/(mc) Compton wavelength of an electron or positron
λ̄C = h̄/(mc) reduced Compton wavelength
EQED

crit Schwinger limit [EQED
crit = m2c3/(h̄q)]

BQED
crit critical magnetic field strength [BQED

crit = EQED
crit /c]

Four-vector notation

ηµν Minkowski metric [ηµν = diag(−1, 1, 1, 1)]
xµ = (ct, r) contravariant four-vector components
xµ = (−ct, r) covariant components
Aµ = (Φ/c, A) contravariant components of the four-potential (Φ and A

generally depend on t and r)
Aµ = (−Φ/c, A) covariant components
∂µ = (∂t/c,∇) four-gradient
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Minimal coupling for electrons (with charge −q)

p̂ = −ih̄∇ → p̂ + qA(t, r) (momentum operator)

ih̄∂t → ih̄∂t + qΦ(t, r) (energy operator)

ih̄∂µ → ih̄∂µ − qAµ(t, r) (four-vector notation)

Other physical quantities

c? effective speed of light in the semiconductor analog
χ = E/EQED

crit dimensionless substitute for a constant electric field E
E energy
Eg bandgap
ε = Eweak/Estrong dimensionless substitute for the amplitude of a weak time-

dependent electric field which is added to a strong qua-
sistatic field (“background field”)

fn(K, r) wave function of the Bloch state in the nth energy band
with the quasi-wave vector K

ϕk(t) phase function appearing in the integrand’s exponential
part e2iϕk(t) in the integral representation of Rout

k
γω temporal Keldysh parameter γω = mcω/(qEmax) associ-

ated with an inverse timescale ω
γk spatial Keldysh parameter γk = mc2k/(qEmax) associated

with an inverse length scale k
γc combined Keldysh parameter γc = mcω/(qEstrong) of a

time-dependent (ω) weak electric field plus a quasicon-
stant strong field (“background field”)

ĤD Many-body Hamiltonian of the quantized Dirac field cou-
pled to an external electromagnetic field

Ĥfull
S Many-body Hamiltonian of the quantized Schrödinger

field (describing spinless Bloch electrons) coupled to an ex-
ternal electromagnetic field

ĤS Ĥfull
S restricted to the valence band and the conduction

band (two-band Hamiltonian)
K quasi-wave vector of a Bloch electron in a periodic lattice

(modulo h̄: crystal momentum or quasimomentum)
κ = h̄k/(mc) dimensionless substitute for the canonical wave vector k

(one spatial dimension)
κ complex off-diagonal element of the momentum matrix

(divided by m) in the Bloch-wave basis for a two-band
semiconductor
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κ0 > 0 positive, real value (without loss of generality) of κ at the
center of the Brillouin zone K = 0

` lattice constant
m? effective rest mass of an electron in the semiconductor ana-

log
m?,e effective electron mass at the conduction-band minimum

(band curvature)
m?,h effective light-hole mass at the valence-band maximum

(band curvature)
Ne+e− number of created electron–positron pairs per unit volume

(density)
Ṅe+e− pair-creation rate per unit volume
Ṅe−–hole electron–hole pair-creation rate per unit volume in a semi-

conductor
Ωk(t) positive instantaneous relativistic energy of an electron

with a canonical wave vector k (one spatial dimension)
coupled to the vector potential A(t)

Pe+e− (total) electron–positron pair-creation probability
Pe+e−

k pair-creation probability for the mode given by the con-
served canonical wave vector k (one dimensional)

Pe+e− pair-creation probability per unit four-volume
v = h̄ω/(2mc2) dimensionless substitute for the angular frequency ω
Rout

k outgoing value (t → ∞) of the solution Rk(t) of the Riccati
equation in 1+1 spacetime dimensions for the mode given
by the canonical wave vector k

T = it imaginary-time coordinate in Euclidean spacetime
τ dimensionless substitute for the time t (definition depends

on context)
t?, τ? “temporal turning points” in the complex plane [singular-

ities, most of them zeros of Ωk(t)]
un(K, r) lattice-periodic Bloch factor for the state in the nth energy

band with the quasi-wave vector K
V potential energy (in Part III: lattice-periodic crystal poten-

tial)
vgr group velocity
V volume
Vcell volume of a unit cell in a crystal lattice
x? classical turning point (one spatial dimension)
Ξk(t) nonexponential part of the integrand in the integral repre-

sentation of Rout
k
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Bra�ket notation for Bloch states (Part III)

〈n, K|Â|n′, K′〉 =

˚

R3

f ∗n (K, r)Â fn′(K′, r)d3r

〈n, K|Â|n′, K′〉cell =
2π

`

`ˆ

0

u∗n(K, x)Âun′(K′, x)dx

(unit-cell scalar product in 1+1 spacetime dimensions;
`: lattice constant)

〈n, ~K|Â|n′, ~K′〉cell =
4π2

Vcell

¨

cell

u∗n(~K,~r)Âun′(~K′,~r)d2r

(unit-cell scalar product in 2+1 spacetime dimensions;
Vcell: volume of a unit cell)
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1. Historical development

The early 20th century was a fruitful time for our understanding of physics.
During this period, the fundamentals of the two pillars of modern physics
were developed: the general theory of relativity and quantum theory. Broadly
speaking, Einstein’s general relativity describes the large-scale structure of the
universe (e.g., the formation and movement of stars, planets, galaxies, etc.)
while the laws of quantum theory dominate the physics of the smallest con-
stituents of matter like elementary particles, atoms, molecules, etc. If gravita-
tion is weak compared to other forces in a certain system under consideration
(which is assumed throughout this thesis), the phenomenon of spacetime cur-
vature in general relativity can be neglected. The resulting “smaller” theory
of special relativity still predicts significant deviations from Newton’s laws of
physics when parts of a system move with a velocity of the order of c, the
speed of light in vacuum, such as Lorentz contraction and time dilation.

Origins of quantum physics

The new concepts introduced by quantum physics into our understanding
of nature are (arguably) even more counterintuitive than relativistic effects.
One of these concepts is wave–particle duality, the idea that all quantum
objects exhibit both wavelike and particlelike behaviors or properties. As
a consequence, a single quantum object (like an electron) is described by a
time-dependent wave function ψ(t, r) to account for its wavelike propaga-
tion through space. Erwin Schrödinger published a famous equation in 1926 Schrödinger

equationwhich governs the evolution of such a wave function [4]:

ih̄∂tψ(t, r) =

[
− h̄2∇2

2m
+ V(r)

]
ψ(t, r), (1.1)

where h̄ denotes the reduced Planck constant, m is the mass of the quantum
object (always electrons in the following), and V(r) is an (optional) external
potential. The particle character of the quantum object manifests itself, for
example, in the conservation of the norm

〈ψ|ψ〉 =
˚

R3

|ψ(t, r)|2 d3r, (1.2)
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1. Historical development

which, as a consequence, allows for the statistical (Copenhagen) interpreta-
tion according to which |ψ(t, r)|2 is the probability density to find the object
at the location r at the time t.

The wave equation published by Schrödinger has two drawbacks: First,
it is not Lorentz invariant, that is, not compatible with the laws of special
relativity. This is because the equation was inspired by the energy formula
E = Ekin + Epot for a nonrelativistic classical particle (Ekin = mv2/2). The sec-
ond drawback of Schrödinger’s original equation is that it ignores the spin
of the quantum object. This property is another quantum-theoretical phe-
nomenon which has no counterpart in classical physics; however, its exis-
tence had already been postulated for electrons in 1925 by Uhlenbeck and
Goudsmit [5, 6] based on experimental results (Stern–Gerlach experiment,
anomalous Zeeman effect, etc.) before Schrödinger published his equation.
This inspired Wolfgang Pauli to derive a refined version of the Schrödinger
equation for spin-1/2 particles (such as electrons), which he published in
1927 [7]. Although the Pauli equation could successfully explain the obser-
vations in the Stern–Gerlach experiment, for example, it is a bit unsatisfactory
from a theoretical point of view that the spin had to be incorporated explicitly
into the equation, purely based on phenomenological reasons.

Relativistic quantum physics

Paul Dirac showed in 1928 that this whole situation becomes much more ele-Dirac equation
gant when quantum theory is formulated in accordance with special relativi-
ty [8, 9]. Due to the formal similarity between time and space coordinates in
special relativity, he chose a linear combination of first-order time and space
derivatives plus a mass term as an ansatz for his relativistic wave equation
for a free quantum object. This wave equation can be written in the covariant
form (

ih̄γµ∂µ −mc
)

ψ(t, r) = 0, (1.3)

where ∂µ = (∂t/c,∇) is the four-gradient, and we sum over µ ∈ {0, 1, 2, 3}
(Einstein notation). In order to find the right “coefficients” γµ, Dirac required
the squared equation to be compatible with the relativistic energy–momen-
tum relation

E2 = m2c4 + c2 p2, (1.4)

with the electron rest mass m and its relativistic momentum p. This assump-
tion led to the conclusion that the “coefficients” must be quadratic matrices
which obey the Clifford algebra

{γµ, γν} = γµ · γν + γν · γµ = −2ηµν
1. (1.5)
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In this equation, we have defined the anticommutator {A, B} = A · B + B · A
and the Minkowski metric ηµν = diag(−1, 1, 1, 1). As a consequence of the
fact that the γµ are matrices, the wave function ψ (Dirac spinor) has multiple
components. In the wave equation (1.3), these matrices automatically account
for the spin of the quantum object. The minimal possible matrix size (4× 4)
yields a wave equation for spin-1/2 objects (such as electrons), which is now
known as the Dirac equation, the relativistic version of the Pauli equation.
A well-known representation of the corresponding gamma matrices, written
with 2× 2 submatrices, is

γ0 =

(
1 0
0 −1

)
, γn =

(
0 σn
−σn 0

)
(1.6)

with the Pauli matrices

σ1 = σx =

(
0 1
1 0

)
, σ2 = σy =

(
0 −i
i 0

)
, and σ3 = σz =

(
1 0
0 −1

)
.

(1.7)
The fact that the spin character naturally comes into play when constructing
a quantum-theoretical wave equation which is consistent with special rela-
tivity can be interpreted as a hint for the reasonability of this ansatz from a
theoretical standpoint.

However, many physicists were confused by some puzzling features of the Two energy con-
tinuaDirac equation. Dirac himself found that the dispersion relation of his wave

equation consists of both the positive and the negative solutions of the rela-
tivistic energy–momentum relation:

E±(p) = ±
√

m2c4 + c2 p2 (1.8)

(for a free electron) [10]. According to that formula, electron energy has no
lower bound, so each electron could be a source of arbitrary amounts of en-
ergy—a feature which is manifestly not observed in reality. Dirac proposed a Vacuum state
solution to this problem by assuming that the state we know and perceive as
vacuum is actually the state in which precisely all negative-energy states are
occupied with electrons. An additional positive-energy electron on top of this
Dirac sea thus cannot get into the negative energy continuum due to the Pauli
exclusion principle. Although the Dirac sea is not an entirely satisfactory solu-
tion to the problem of the negative-energy states (since it also implies infinite
charge and mass densities in vacuum, for example), it is a useful picture to
understand physical phenomena like electron–positron pair creation from the
vacuum. We will thus refer to this picture frequently throughout this thesis.
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1. Historical development

Positrons and pair creation

The Dirac-sea picture immediately suggested the possibility to excite an elec-Positrons: holes
in the Dirac sea tron from the Dirac sea into the positive energy continuum by providing the

required amount of energy via a high-energy photon, for example [10]. The
remaining “hole” in the Dirac sea effectively behaves like an electron but with
the opposite sign of the electric charge. This can be understood as follows: If
the Lorentz force exerted by an electromagnetic field pushes a Dirac-sea elec-
tron into the hole (which is actually a free electron state in this picture), the
hole effectively moves to the former position of this electron, that is, exactly
into the opposite direction. The hole thus “feels” the inverted Lorentz force
of the electron, which corresponds to the Lorentz force on a particle with the
inverted electric charge. Furthermore, Dirac-sea holes have the remarkable
feature that they can be filled up with electrons from the positive energy con-
tinuum (“real” electrons). This recombination process restores the vacuum
state (completely filled Dirac sea) and goes hand in hand with the emission
of the energy the electron loses during the transition from the positive to the
negative energy continuum. All in all, the holes comply with the common
conception of antiparticles of electrons (positrons): they share the same prop-
erties except for the inverted electric charge; pairs of electrons and positrons
can be created from the vacuum if the required energy is provided (via, e.g., a
high-energy photon1), and electrons and positrons can annihilate each other
under the emission of radiation energy. Dirac thus predicted the existence
of the positron (although he erroneously identified the holes with protons at
first, which can be seen in the title of his article [10]). Only two years later,
Carl Anderson was the first one to report on the detection of positrons in the
laboratory [13, 14], which marked one of the great successes of Dirac’s theory.

One important consequence of these findings was that a consistent relativis-Variable number
of real particles tic theory of electrons (and positrons) cannot be formulated for a fixed number

of real particles because the electric charges of these particles give rise to elec-
tromagnetic fields, which could excite pairs from the vacuum. Ironically, this
contradicts Dirac’s initial motivation to work on his wave equation: he aimed
to derive a relativistic wave equation with a conserved current which could be
interpreted as a probability current (i.e., with a non-negative Noether charge,
like |ψ|2 in Schrödinger’s nonrelativistic theory) in order to describe a single,
real particle. (The relativistic, second-order Klein–Gordon equation [15, 16],

1A single on-shell photon is in fact not sufficient to excite an electron–positron pair from
the vacuum since both the total momentum and the total energy must be conserved by this
process. One possible solution is pair creation by a high-energy photon within the Coulomb
field of an atomic nucleus (Bethe–Heitler pair creation [11]). Another way, the simplest
pair-creation mechanism relying on photons only, is the Breit–Wheeler process [12], which
requires two (or more) photons.
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which had already been known before, does not meet this condition and fur-
thermore describes spin-0 particles.) The conserved probability current of
the Dirac equation reads

0 = c∂µ

[
ψ†(t, r)γ0γµψ(t, r)

]
= ∂t

[
ψ†(t, r)ψ(t, r)︸ ︷︷ ︸
probability density

]
+∇ ·

[
cψ†(t, r)γ0γψ(t, r)︸ ︷︷ ︸

probability current density

]
(1.9)

with γ = γ1ex + γ2ey + γ3ez. However, interpreting ψ†(t, r)ψ(t, r) as the
local probability density to find a single, real electron is wrong in the pres-
ence of electric fields due to the possibility of pair creation. This led to some
confusion shortly afterwards Dirac had published his equation: When Os-
kar Klein applied the Dirac equation to calculate the transmission and reflec-
tion coefficients for (positive-energy) electrons at a potential step [17], he en-
countered some unexpected results like a nonvanishing transmission coeffi-
cient for potential steps much larger than the kinetic energy of the incoming
electron. Fritz Sauter tried to “resolve” this so-called Klein paradox a few
years later by replacing the delta-peak-shaped electric field (potential step)
with a constant, finite electric field [18] or a smooth and finite electric peak
Emax/ cosh2(kx) [19], which is also known as (spatial) Sauter pulse. However,
Sauter’s results confirmed the puzzling effects found by Klein. It was not un-
til the existence of negative-energy states, positrons, and pair creation by the
electric field in Dirac theory were taken into account that these results could
be understood. See, e.g., Ref. [20] for a recent discussion of the Klein paradox.

Quantum �eld theory

The modern framework to treat problems involving a variable number of par-
ticles is quantum field theory; see, for example, Ref. [21] for a detailed intro-
duction to this topic. Quantum field theory unifies the classical concepts of
particles and fields by describing every elementary physical entity by a wave
equation (wave character) but interprets the former wave function ψ as a field

operator, which creates (Ψ̂†) or annihilates (Ψ̂) particles (particle character).
Like the classical wave function, the field operators satisfy a wave equation
(e.g., the Dirac equation) and furthermore obey canonical equal-time com-
mutation or anticommutation relations, depending on whether the quantum
field is bosonic or fermionic.

In the case of electrons (fermions), we assume the canonical anticommuta- Quantized Dirac
field
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1. Historical development

tion relations {
Ψ̂i(t, r1), Ψ̂j(t, r2)

}
= 0,{

Ψ̂†
i (t, r1), Ψ̂†

j (t, r2)
}
= 0, and{

Ψ̂i(t, r1), Ψ̂†
j (t, r2)

}
= δ(3)(r1 − r2) δij, (1.10)

where Ψ̂i with i ∈ {1, 2, 3, 4} is the ith component of the Dirac field operator
Ψ̂. Such a field operator can be expanded in the classical solutions of the
Dirac equation, also in the presence of an external electromagnetic four-po-
tential Aµ = (−Φ/c, A), which couples to the four-gradient ∂µ = (∂t/c,∇)
via minimal coupling

ih̄∂µ → ih̄∂µ − qAµ(t, r) ⇒ ih̄∂t → ih̄∂t + qΦ(t, r),
−ih̄∇→ −ih̄∇+ qA(t, r) (1.11)

with q denoting the absolute value of the electron charge. By multiply-
ing the explicitly covariant form of the Dirac equation (1.3) with γ0 =
diag(1, 1,−1,−1), inserting the covariant derivatives (1.11), and rearranging,
we arrive at the Schrödinger form of the classical Dirac equation in an externalDirac equation in

Schrödinger form electromagnetic field:

ih̄∂tψ(t, r) =
{

cα · [−ih̄∇+ qA(t, r)] + γ0mc2 − qΦ(t, r)
}

ψ(t, r), (1.12)

where the vector α of 4× 4 matrices is defined by

α =

γ0 · γ1

γ0 · γ2

γ0 · γ3

 ⇒ αn =

(
0 σn
σn 0

)
for n ∈ {1, 2, 3} (1.13)

with the Pauli matrices (1.7). Say we have a complete set of classical so-
lutions ψ

~s
(t, r) of the Dirac equation (1.12), ~s denoting a vector of suitable

quantum numbers. By means of the (time-independent) scalar product

〈ψ
~s1
|ψ

~s2
〉 =
˚

R3

ψ†
~s1
(t, r)ψ

~s2
(t, r)d3r (1.14)

between two solutions of the Dirac equation, we assume that our basis of
classical solutions is orthonormalized according to

〈ψ
~s1
|ψ

~s2
〉 = δ(~s1 −~s2), (1.15)
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where δ(~s1−~s2) is meant to denote a product of delta distributions for the con-
tinuous quantum numbers and Kronecker deltas for discrete numbers (e.g.,
the spin state).The Dirac field operator can now be expanded in these classi- Creation and

annihilation oper-
ators

cal solutions:
Ψ̂(t, r) =

ˆ

~s

∑ ψ
~s
(t, r) â~s. (1.16)

Projecting the field operator onto a classical mode thus isolates the corre-
sponding operator

â~s =
〈

ψ
~s

∣∣∣ Ψ̂
〉

⇒ â†
~s =

〈
Ψ̂†
∣∣∣ψ

~s

〉
(1.17)

due to the orthonormality relation (1.15). Using the canonical anticommuta-
tion relations (1.10) of the field operator, we find the anticommutation rela-
tions of the â~s operators:{

â~s1 , â~s2

}
=
{

â†
~s1

, â†
~s2

}
= 0 and

{
â~s1 , â†

~s2

}
=
〈

ψ
~s1

∣∣∣ψ
~s2

〉
= δ(~s1 −~s2). (1.18)

These are the canonical anticommutation relations of fermionic creation and
annihilation operators. The operator â†

~s creates an electron in the mode
ψ
~s
(t, r) while â~s removes an electron from this mode.
This whole approach turned out to be very useful to deal with the problems Advantages of

quantum field
theory

of the older quantum-theoretical constructs (“first quantization”) above:

• It allows for a variable number of particles. The creation and annihi-
lation operators (as well as the field operators) act on the Hilbert-space
vector representing the state of the quantized Dirac field, which can hold
an arbitrary number of excitations (particles). Pair production is thus
not problematic within this framework.

• The interpretation of ψ†ψ as a probability density to find a particular
considered electron (which is not a valid interpretation in the case of the
classical Dirac equation anyway as indicated by the Klein paradox, for
example) is not required in quantum field theory, which is a many-body
framework. Ironically, the original motivation of Dirac to search for his
wave equation was his dissatisfaction with the lack of a positive Noether
charge density in the case of the Klein–Gordon equation. But within
quantum field theory, the Klein–Gordon equation [15, 16][

−h̄2∂µ∂µ + m2c2
]

φ(t, r) = 0 (1.19)

is a perfectly valid, relativistic wave equation for a scalar wave function
φ(t, r), which describes spin-0 particles.
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1. Historical development

• The introduction of the Dirac sea can be avoided by exchanging the
roles of creation and annihilation operators for electrons in the negative
energy continuum; that is, the sum/integral in the expansion (1.16) of
the Dirac field operator is split into two parts corresponding to the up-
per and lower energy continuum, respectively, and â~s is replaced by b̂†

~s
for the negative-energy/-frequency states. This way, positrons become
a second type of particle within quantized Dirac theory (correspond-
ing to the absence of negative-energy electrons in the Dirac-sea picture).
There is no need for a Dirac sea in the resulting theory of electrons and
positrons anymore because both particle sorts have a positive energy.

• Introducing antiparticles in order to solve the problem of negative en-
ergies (which occurs in every relativistic theory, not just in the case of
spin-1/2 fermions) does also work in the bosonic case, in which a Dirac-
sea-like concept would not help due to the lack of Pauli’s exclusion prin-
ciple.

A well-known quantum field theory is quantum electrodynamics (QED),
which incorporates the quantized electromagnetic field and a quantum field
of charged particles coupled to the electromagnetic field. In our case, the
charged field is the quantized Dirac field of electrons and positrons (spinor
QED). Another possible option is the spin-0 (i.e., bosonic) Klein–Gordon field
(scalar QED).

QED e�ects in strong electromagnetic �elds

One outstanding feature of quantum theory is the phenomenon of vacuum
fluctuations. In a simple, intuitive picture, the vacuum (i.e., the ground state,
in which no real particles are present) is filled with so-called virtual pairs of
electrons and positrons, which are constantly created and annihilated again.
Since the Dirac field is coupled to the electromagnetic field, real excitations of
the quantized electromagnetic field (photons) can interact with these virtual
electron–positron pairs. In simple words, pair creation then corresponds to a
virtual pair gaining sufficient energy during an interaction with the electro-
magnetic field to become a real pair. However, even if no real electron–pos-Light-by-light

scattering itron pairs are ultimately created2, photons may interact with virtual pairs
which then interact with other photons and so on. What we observe in this
case is thus an effective photon–photon interaction in the vacuum. This is
one prominent example for a pure QED effect, which does not occur in the
classical theory of electromagnetism and has been observed recently in the
ATLAS experiment at the CERN [24].

2This is a reasonable assumption if only photons with energies much smaller than the rest
energy 2mc2 ≈ 1 MeV of an electron–positron pair are present [22, 23].
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The effective interaction between photons and the Dirac vacuum (see, e.g.,
the reviews [25, 26]) can be described via additional, nonlinear terms in the
Maxwell equations which correspond to terms of higher order than E2− c2B2

(and including also the other Lorentz invariant E · B) appearing in an effective
Lagrangian density of the electromagnetic field. In their famous paper [22] Heisenberg–Eu-

ler effective La-
grangian

from 1936, Werner Heisenberg and his student Hans Euler derived this ef-
fective Lagrangian LHE

eff in the limit of low photon energies (quasiconstant E
and B fields) and for only one virtual electron–positron pair mediating the
effective interaction (in simple words). This one-loop effective Lagrangian
density for spinor QED they found reads

LHE
eff (E, B) =

ε0

2
F+

q2

hc

∞̂

0

e−ξ

ξ3

ξ2G
Re cos

(
ξ
√
F+ 2iG/EQED

crit

)
Im cos

(
ξ
√
F+ 2iG/EQED

crit

)
+
(

EQED
crit

)2
− ξ2

3
F

dξ (1.20)

with the vacuum permittivity ε0, the Planck constant h = 2πh̄, the critical
electric field strength

EQED
crit =

m2c3

h̄q
≈ 1.3× 1018 V

m
(1.21)

(also known as Schwinger limit today and often denoted by ES in the litera-
ture), and the two Lorentz invariants

F = E2 − c2B2 and G = cE · B. (1.22)

The invariant F is given by the contraction of the electromagnetic field tensor

Fµν = ∂µ Aν − ∂ν Aµ ⇒ (Fµν) =


0 Ex/c Ey/c Ez/c

−Ex/c 0 −Bz By
−Ey/c Bz 0 −Bx
−Ez/c −By Bx 0

 (1.23)

[with Aµ = (−Φ/c, A) denoting the covariant four-potential] via

F = − c2

2
FµνFµν, (1.24)

and

G = − c2

4
GµνFµν (1.25)
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1. Historical development

is related to the dual field tensor

Gµν =
1
2

εµν$ςF$ς ⇒ (Gµν) =


0 −Bx −By −Bz

Bx 0 Ez/c −Ey/c
By −Ez/c 0 Ex/c
Bz Ey/c −Ex/c 0

 (1.26)

with the Levi-Civita symbol εµν$ς.
Shortly afterwards, Weisskopf calculated the counterpart of LHE

eff in scalar
QED [23]. Both papers [22, 23] show that the nonlinear QED vacuum effects
act like an E- and B-field-dependent permittivity/permeability of the vac-
uum, at least for the low photon frequencies under consideration. Further-
more, the nonlinearities are negligibly small for fields far below the criticalNonlinear QED

effects in slow
fields require
high field intensi-
ties

limit (1.21). The huge value of EQED
crit shows that nonlinear vacuum effects

due to virtual electron–positron pairs do not play any significant role in our
everyday life. They only become important at extreme field strengths of the
order of EQED

crit . Such intense fields are composed of a huge number (� 1) of
low-energy photons, and thus these electromagnetic fields may be treated as
classical fields in this realm of QED (like in [22, 23], for example).

32



2. Nonperturbative pair creation in

QED: the Sauter�Schwinger e�ect

The critical field strength EQED
crit in Eq. (1.21) had already been identified by

Sauter in his works [18, 19] on the Klein paradox as the required slope (ap-
proximately) for an electric potential variation in space to give rise to what
Sauter interpreted as an incoming electron traversing the reflecting barrier to
arrive at the region of “negative momentum” or “negative kinetic energy”.
Later, when holes in the Dirac sea were identified with positrons, it was re-
alized [22] that this effect was actually a pair-creation process induced by a
constant [18] or Sauter-pulse-shaped [19] electric field.

While Sauter studied the classical Dirac wave equation, Schwinger [27] re-
considered nonlinear QED phenomena two decades later from the point of
view of quantum field theory. He also addressed the constant-field case (i.e.,
constant E and B fields) and thus rederived the Heisenberg–Euler effective
Lagrangian LHE

eff in Eq. (1.20). As had already been suggested by Heisenberg ImLHE
eff 6= 0 leads

to pair creationand Euler [22], he realized that this effective Lagrangian has a nonvanishing
imaginary part in the case of a constant E field (plus the B field under certain
restrictions, but let us concentrate on the pure electric case first for simplicity).
This imaginary part gives rise to electron–positron pair creation because LHE

eff
is related to the vacuum persistence amplitude 〈0out|0in〉 of the Dirac field
(which is coupled to the external electromagnetic field) via

〈0out|0in〉 = ei
´

dt
˝

d3rLHE
eff /h̄ = eiV4LHE

eff /h̄ (2.1)

according to Schwinger [27], where |0in/out〉 denotes the initial/outgoing vac-
uum state of the Dirac field1, and V4 is some finite four-volume within which
we consider the effective action

´
dt
˝

d3rLHE
eff here in the constant-field

case in order to avoid infinities. Since only the vacuum state of the Dirac field
is empty of real particles, vacuum decay (i.e., | 〈0out|0in〉 | < 1) is associated
with the creation of electron–positron pairs. The probability for pair creation

1Initial and outgoing Dirac vacua can in fact only be defined properly if the external field
vanishes asymptotically for t → ±∞. This condition is not met in the constant-field case
considered here, but we may instead focus on the decay of the Dirac vacuum within a unit
four-volume instead (i.e., vacuum decay per unit time and unit volume).
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

therefore reads

Pe+e− = 1− | 〈0out|0in〉 |2 = 1− e−2V4 ImLHE
eff /h̄ ≈ 2

V4

h̄
ImLHE

eff , (2.2)

where the approximation is justified by the fact that |V4 ImLHE
eff /h̄| is a very

small number for typical, realistic quasiconstant electric fields, which always
have a finite spatial and temporal extent measured by V4. The pair-creation
probability per unit time and volume is thus given by the imaginary part of
the Heisenberg–Euler Lagrangian density (1.20) (with F = E2 = E2 and G =
0) as stated above:

Pe+e− =
Pe+e−

V4
≈ 2

h̄
ImLHE

eff =
q2E2

4π3h̄2c

∞

∑
n=1

e−nπEQED
crit /E

n2 . (2.3)

This expression for ImLHE
eff was calculated by Schwinger [27]2. One way to

derive this formula (or at least the exponents) is via the worldline-instanton
method, which will be introduced in Sec. 2.1 below.

The series in Eq. (2.3) reflects the infinite number of possible ways for theInterpretation of
the pair-creation
probability

considered unit four-volume of vacuum to decay: via the creation of n = 1
pair, or two pairs, etc.; see Ref. [28] for a detailed discussion on the physical
meaning of the expression (2.3). However, the contributions from the terms
with n > 1 are negligible even for relatively strong fields: for example, the
n = 2 term is suppressed by the factor exp(−10π)/4 < 10−14 with respect to
the n = 1 term for E = EQED

crit /10. We may thus approximate the pair-creation
probability per unit volume by

Pe+e− ≈
q2E2

4π3h̄2c
e−πEQED

crit /E. (2.4)

Note that the first term (n = 1) in the series (2.3) does furthermore coincide
with the expected number of pairs Ṅe+e− created per unit time and volume
in a constant electric field, so

Ṅe+e− =
q2E2

4π3h̄2c
e−πEQED

crit /E. (2.5)

This fact was found by Nikishov [29] and is explained in much more detail in
Ref. [28].

In conclusion, equation (2.3) describes the creation of electron–positronNonperturbative
pair creation pairs by a static and homogeneous electric field. This process is called the

2There is a typo in Schwinger’s paper [27] in the second line of Eq. (6.41): α2 should be α.
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Sauter–Schwinger effect (other common names in the literature are Schwinger
effect or Schwinger mechanism); see Ref. [30] for a recent review. One im-
portant characteristic of this effect is the exponential function in Pe+e− with
EQED

crit /E = m2c3/(h̄qE) in its argument: this term cannot be reproduced by a
Taylor series in E or q (the coupling constant between the electromagnetic field
and the Dirac field) around the unperturbed case qE = 0, in which the Dirac
vacuum remains stable. Hence, the Sauter–Schwinger effect cannot be de-
scribed by any perturbation series including a finite number of powers of the
small quantity E/EQED

crit only and is thus a nonperturbative QED effect. This
fact can also be understood nicely as follows [30]: in frequency space, a static
electric field only has a time-independent component ∝ exp(−it× 0) = 1, so
the field can be thought of as being composed of zero-energy photons only
(E = h̄ω). A finite number of these photons cannot provide the energy 2mc2

required to create an electron–positron pair, and thus we have to take an in-
finite number of photons into account—which means that pair creation in a
static field is a nonperturbative phenomenon.

Required electric �eld strengths

As a consequence of the nonperturbative term exp(−πEQED
crit /E) in Ṅe+e− , the

pair-creation rate decreases rapidly to negligible values for field strengths E
far below the Schwinger limit. Let us do a simple estimate to illustrate this
point.

A realistic electric field always has a finite spatial (and temporal) extent, so
we can estimate its total pair-creation rate by integrating the density (2.5) over
the spatial field volume V , which simply yields the product Ṅe+e−V . Say the
pair-creation rate must be of the order of 1 s−1 in order to be measurable. We
rewrite Eq. (2.5) as

Ṅe+e− = 4π
c

λ4
C

(
E

EQED
crit

)2

e−πEQED
crit /E

≈ 1
λ3

C
× 1020 × 4π

(
E

EQED
crit

)2

e−πEQED
crit /E 1

s
(2.6)

and now see the dependence of Ṅe+e− on E/EQED
crit more clearly. The quantity

λC =
h

mc
≈ 2.4× 10−12 m (2.7)

is the Compton wavelength of electrons and positrons. Equation (2.6) tells
us that V , measured in units of λ3

C (“Compton volumes”), must compensate
the smallness of 4π × 1020 × (E/EQED

crit )2 × exp(−πEQED
crit /E) for the field to
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Figure 2.1.: Pair-creation rate (pairs per second) of one Compton volume λ3
C

in a constant electric field as a function of the field strength E over EQED
crit ; see

Eq. (2.6).

produce a measurable pair-creation rate; that is, the weaker the field, the
larger its spatial extent must be. This factor is plotted in Fig. 2.1. We see
that one Compton volume λ3

C produces approximately one pair per second
at E ≈ 0.075EQED

crit . However, at E = 0.01EQED
crit ≈ 1016 V/m, which is still an

enormous field strength, we already need 10120 Compton volumes to attain
the same total pair-creation rate. This is the volume of a cube with an edge
length of 1040λC ≈ 1028 m—which is larger than the diameter of the observ-
able universe! An experimental realization of the (pure) Sauter–Schwinger
effect thus requires very strong electric fields between one and two orders of
magnitude below EQED

crit .

2.1. Worldline-instanton technique for scalar QED

One way to calculate the vacuum persistence amplitude 〈0out|0in〉 of the Dirac
field [and thus the pair-creation probability according to Eq. (2.2)] under the
influence of an external electromagnetic four-potential Aµ = (−Φ/c, A) is the
worldline-instanton technique [31, 32, 33, 34, 35, 36, 37, 38]. Since we will refer
to results obtained via this method at some points in this thesis, we will give a
brief introduction to this method in this section. See, e.g., [39, 40] for more-de-
tailed derivations. Furthermore, this method is suitable to derive Schwinger’s
result (2.3) for a constant electric field as a simple example (see Sec. 2.1.1).
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2.1. Worldline-instanton technique for scalar QED

Note that the nonexponential prefactors in the pair-creation probabili- Focus on expo-
nents in the effec-
tive action

ty (2.3) will change if we neglect the spin of electrons/positrons by applying
scalar QED instead of spinor QED, but the exponents are not sensitive to this
approximation [34]. Since the exponent in the leading-order term in Pe+e−

is our main interest (it dominates the behavior of Pe+e−), we will present the
worldline-instanton method for scalar QED here for simplicity.

Derivation

The derivation starts with the action functional of the scalar (Klein–Gordon)
field φ(t, r), which is coupled to the external four-potential via the covariant
derivatives (1.11) [we omit to write the dependence of φ and Aµ on the space-
time coordinates xµ = (ct, r) explicitly here for brevity]:

AKG[φ, Aµ] =

∞̂

−∞

˚

R3

c
h̄

[
−|(ih̄∂µ − qAµ)φ|2 −m2c2|φ|2

]
d3r dt

=

˘

R4

φ∗
[

h̄c
(

∂µ + i
q
h̄

Aµ
) (

∂µ + i
q
h̄

Aµ

)
︸ ︷︷ ︸

�Aµ

−m2c3

h̄

]
φ

d4x
c

, (2.8)

where we have shifted a covariant derivative from φ∗ to φ in the second line
via integration by parts. Note that �Aµ

coincides with the usual d’Alembert
operator in the case of a vanishing external potential:

�Aµ=0 = −∂2
t

c2 +∇2. (2.9)

By means of the action (2.8), the vacuum persistence amplitude of the Klein– Path-integral
expression for
〈0out|0in〉

Gordon field can be expressed as a path integral over the two independent
fields φ and φ∗ with the boundary condition that the initial and the final state
is the vacuum:

〈0out|0in〉 =
out vac¨

in vac

eiAKG[φ,Aµ]/h̄DφDφ∗

=

¨
ei
ˇ

φ∗[�Aµ−m2c2/h̄2]φ d4x DφDφ∗

=

¨
ei
ˇ

φ∗[�Aµ−λ̄−2
C ]φ d4x DφDφ∗, (2.10)

where we have defined the reduced Compton wavelength

λ̄C =
h̄

mc
=

λC

2π
(2.11)
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

of electrons/positrons.
We now perform a Wick rotation; that is, we transform to the imaginaryImaginary time

time coordinate3

T = it ⇒ dT = i dt ⇒ ∂t = i∂T , (2.12)

and we combine the resulting spacetime coordinates T and r to form a four-
dimensional vector

~X =

(
cT
r

)
=


cT
x
y
z

 = Xi~ei with i ∈ {1, 2, 3, 4}. (2.13)

This is a useful notation in this context because the squared Euclidean norm
of ~X coincides with the relativistic invariant xµxµ:

~X2 = c2T 2 + r2 = −c2t2 + r2 = xµxµ. (2.14)

For this reason, the Xi’s are also known as the coordinates of Euclidean space-
time. Expressing the d’Alembertian in Eq. (2.8) in terms of these coordinates
yields

�Aµ
= −

(
∂t

c
+ i

q
h̄

A0

)(
∂t

c
+ i

q
h̄

A0

)
+

(
∇+ i

q
h̄

A
)
·
(
∇+ i

q
h̄

A
)

= −
(

i∂T
c

+ i
q
h̄

A0

)2

+

(
∇+ i

q
h̄

A
)2

=

[
∂T
c

+
q
h̄

A0(t = −iT , r)︸ ︷︷ ︸
−Φ/c

]2

+

(
∇+ i

q
h̄

A
)2

=

[
∂T
c

+ i
q
h̄

i
Φ(t = −iT , r)

c

]2

+

(
∇+ i

q
h̄

A
)2

=
[
~∇~X + i

q
h̄
~A(~X)

]2

= ∆~A (2.15)

with

~∇~X = ~ei∂Xi =


∂T /c

∂x
∂y
∂z

 (2.16)

3Note that we omit carefully taking care of the rotation of the integration contour for the
resulting T integral here for brevity. See, e.g., Ref. [36] for more details on that point.
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2.1. Worldline-instanton technique for scalar QED

and the Euclidean four-potential

~A(~X) =

(
iΦ(−iT , r)/c

A(−iT , r)

)
, (2.17)

so �A coincides with the Laplace operator in Euclidean spacetime, with ~∇~X
being minimally coupled to the four-dimensional Euclidean vector potential
~A(~X), which is related to the “ordinary” four-potential according to Eq. (2.17).

The vacuum persistence amplitude in Eq. (2.10) thus becomes (d4x = Euclidean-space-
time expression
for 〈0out|0in〉

c dt d3x = −i d4X)

〈0out|0in〉 =
¨

e−
ˇ

φ∗[−∆~A+λ̄−2
C ]φ d4X DφDφ∗ (2.18)

after the Wick rotation. Since −∆~A + λ̄−2
C is a positive operator in Euclidean

spacetime, the path integrals are analogous to a finite-dimensional Gaussian
double integral of the form

¨
e−~v

† M~v dNv dNv∗ ∝
1

det M
, (2.19)

where M is a Hermitian, positive-definite N × N matrix. In analogy to this
formula, the vacuum persistence amplitude in Eq. (2.18) is proportional to the
reciprocal of the functional determinant of the positive operator:

〈0out|0in〉 ∝
1

det(−∆~A + λ̄−2
C )

. (2.20)

In order to cancel the constant of proportionality, we consider the ratio of
〈0out|0in〉 to the vacuum persistence amplitude for Aµ = 0 (in which case we
do not expect any pair creation) in the following:

〈0out|0in〉
〈0out|0in〉Aµ=0

=
det(−∆~A=0 + λ̄−2

C )

det(−∆~A + λ̄−2
C )

. (2.21)

Note that this is equivalent to adding a constant (which is not of any physical
importance) to the resulting effective action below.

Both functional determinants are the products of the (positive) eigenval- Calculations of
the functional
determinants

ues λi of the respective operator, so the logarithm of the determinant in the
denominator reads

ln det(−∆~A + λ̄−2
C ) =

ˆ

i

∑ ln λi = tr ln(−∆~A + λ̄−2
C ), (2.22)
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

and we thus get

〈0out|0in〉
〈0out|0in〉Aµ=0

=
etr ln(−∆~A=0+λ̄−2

C )

etr ln(−∆~A+λ̄−2
C )

= exp

[
− tr ln

(
−∆~A + λ̄−2

C

−∆~A=0 + λ̄−2
C

)]
. (2.23)

The relation between the vacuum persistence amplitude and the effective ac-
tion/Lagrangian density of the external electromagnetic field has been intro-
duced in Eq. (2.1) for spinor QED in Minkowskian spacetime; cf. [27]. Since
dt → −i dT in Euclidean spacetime, the Euclidean form ΓEucl

eff of the effective
action is given by

〈0out|0in〉
〈0out|0in〉Aµ=0

= eiΓeff[Aµ]/h̄ = ei
ˇ
Leff[Aµ]d3r dt/h̄ = eΓEucl

eff [~A]/h̄. (2.24)

Comparing this equation to the result (2.23) above yields an expression for the
Euclidean effective action:

ΓEucl
eff [~A] = −h̄ tr ln

(
−∆~A + λ̄−2

C

−∆~A=0 + λ̄−2
C

)
. (2.25)

The real part of ΓEucl
eff is thus related to the pair-creation probability since it

determines the modulus of the vacuum persistence amplitude.
In order to calculate this effective action, we make use of the integral repre-Calculation of the

effective action sentation

− ln
( a

b

)
=

∞̂

0

e−aξ − e−bξ

ξ
dξ for a, b > 0, (2.26)

so we get

ΓEucl
eff [~A]→ h̄ tr

∞̂

0

e−ξ (−λ̄2
C∆~A+1)

ξ
dξ = h̄

∞̂

0

e−ξ

ξ
tr
(

eξλ̄2
C∆~A

)
dξ, (2.27)

where we have omitted the ∆~A=0 term since it does not contribute to pair
creation. As the next step, we have to evaluate the trace. Note that

Ĥ4 = −
h̄2∆~A
2m

=

[
−ih̄~∇~X + q~A(~X)

]2

2m
(2.28)
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2.1. Worldline-instanton technique for scalar QED

[cf. Eq. (2.15)] can be interpreted as the nonrelativistic Hamilton operator
of an electron coupled to the space-dependent vector potential ~A(~X) in four
space dimensions (i.e., the imaginary-time coordinate X1 = cT is also in-
terpreted as a spatial coordinate). We choose the position eigenstates |~X〉 in
four-dimensional Euclidean space, which satisfy

〈~X1|~X2〉 = δ(4)(~X1 − ~X2), (2.29)

as a basis in order to calculate the trace in Eq. (2.27). Since this trace is the
integral over all diagonal elements of

eξλ̄2
C∆~A = exp

[
− i

h̄
Ĥ4

(
−2i

λ̄C

c
ξ

)]
(2.30)

with respect to this basis, we get

ΓEucl
eff [~A] = h̄

∞̂

0

e−ξ

ξ

˘

R4

〈
~X
∣∣∣∣ exp

[
− i

h̄
Ĥ4

(
−2i

λ̄C

c
ξ

)] ∣∣∣∣ ~X〉︸ ︷︷ ︸
“propagator”

d4X dξ. (2.31)

Nonrelativistic propagator in three-dimensional space

Let us turn to a standard 3+1-dimensional scenario for a moment: We consider
the nonrelativistic motion of an electron in an external vector potential A(r).
Say the electron is located at r′ at the time t = 0. The probability amplitude
to find this electron at r′ again after the time ∆t has elapsed is given by the
matrix element 〈r′|Û(∆t)|r′〉, where

Û(∆t) = exp
(
− i

h̄
Ĥ3∆t

)
with Ĥ3 =

[−ih̄∇+ qA(r)]2

2m
(2.32)

is the time-evolution operator, and Ĥ3 is the Hamilton operator. This matrix
element (propagator) can be expressed as an integral over all classical paths
r(t) which satisfy the boundary conditions r(0) = r(∆t) = r′. Each path is
weighted by its classical action via

〈r′|Û(∆t)|r′〉 =
r(∆t)=r′ˆ

r(0)=r′

exp

 i
h̄

∆tˆ

0

L(ṙ(t), r(t))dt

D[r(t)] (2.33)

with the Lagrange function

L(ṙ, r) =
m
2

ṙ2 − qṙ · A(r). (2.34)
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

Substituting the dimensionless time variable u = t/∆t yields

〈r′|Û(∆t)|r′〉

=

r(1)=r′ˆ

r(0)=r′

exp

 1ˆ

0

im
2h̄∆t

(
dr(u)

du

)2

− iq
h̄

dr(u)
du

· A(r(u))du

D[r(u)]. (2.35)

Calculation of the Euclidean e�ective action

Since Ĥ4 in Eq. (2.28) is a formal generalization of Ĥ3 in Eq. (2.32) to four
spatial dimensions (with r → ~X,∇→ ~∇~X, and A→ ~A), we can directly infer
a path-integral expression for the “propagator” in Eq. (2.31) by analogy with
Eq. (2.35) (setting ∆t→ −2iλ̄Cξ/c):

ΓEucl
eff [~A] = h̄

∞̂

0

dξ
e−ξ

ξ

˘

R4

d4X′
~X(1)=~X′ˆ

~X(0)=~X′

D[~X(u)]

× exp

− 1ˆ

0

1
4λ̄2

Cξ

(
d~X(u)

du

)2

+
iq
h̄

d~X(u)
du

· ~A(~X(u))du

 . (2.36)

This expression can be simplified since

˘

R4

d4X′
~X(1)=~X′ˆ

~X(0)=~X′

D[~X(u)] . . . =
ˆ

~X(0)=~X(1)

D[~X(u)] . . . ; (2.37)

that is, we integrate over all closed paths in Euclidean spacetime, the paths be-
ing parameterized by the dimensionless variable u, and obtain the final exact
expression

ΓEucl
eff [~A] = h̄

∞̂

0

dξ
e−ξ

ξ

ˆ

~X(0)=~X(1)

D[~X(u)]

× exp

− 1ˆ

0

1
4λ̄2

Cξ

(
d~X(u)

du

)2

+
iq
h̄

d~X(u)
du

· ~A(~X(u))du

 . (2.38)

Semiclassical approximation of the Euclidean e�ective action

We now apply two (semiclassical) approximations in order to calculate
ΓEucl

eff [~A]. First, note that the dominating contribution to the path integral (2.38)
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2.1. Worldline-instanton technique for scalar QED

comes from the closed path ~Xdom(u) with the minimal (real part of the) clas-
sical action (u integral) due to the exponential suppression of the contribu-
tions from the other paths. Since the action is necessarily stationary at an
extremum, ~Xdom(u) must satisfy the Euler–Lagrange equations, the u inte-
grand in Eq. (2.38) being the Lagrange function, and u corresponds to the
time in classical mechanics. The resulting classical equations of motion in Eu-
clidean spacetime are

d2Xi(u)
du2 =

2iqλ̄Cξ

mc
FEucl

ij (~X(u))
dXj(u)

du
(2.39)

with i, j ∈ {1, 2, 3, 4}, where we have defined the Euclidean electromagnetic
field tensor

FEucl
ij (~X) = ∂Xi Aj(~X)− ∂Xj Ai(~X)

⇒
(

FEucl
ij

)
(~X) =


0 −iEx/c −iEy/c −iEz/c

iEx/c 0 −Bz By
iEy/c Bz 0 −Bx
iEz/c −By Bx 0


∣∣∣∣∣∣∣∣t=−iX1/c
r=(X2,X3,X4)

ᵀ

(2.40)

in analogy to Eq. (1.23). Every closed [i.e., ~X(0) = ~X(1)] solution of the
Eqs. (2.39) is called a worldline instanton, and we consequently call the
Eqs. (2.39) the instanton equations. Note that the (dimensionless) “speed”

vinst[~X(u)] =
1

λ̄C

∣∣∣∣∣d~X(u)
du

∣∣∣∣∣ (2.41)

of each instanton is constant since

d
du

(
d~X(u)

du

)2

= 2
d~X(u)

du
· d

2~X(u)
du2 ∝

dXi(u)
du

FEucl
ij (~X(u))

dXj(u)
du

= 0 (2.42)

due to the antisymmetry of FEucl
ij . By means of the saddle-point approxima- First saddle-point

approximationtion, the instanton ~Xdom(u) with the minimal action

1ˆ

0

1
4λ̄2

Cξ

(
d~Xdom(u)

du

)2

+
iq
h̄

d~Xdom(u)
du

· ~A(~Xdom(u))du

=
v2

inst[~Xdom(u)]
4ξ

+
iq
h̄

1ˆ

0

d~Xdom(u)
du

· ~A(~Xdom(u))du (2.43)
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dominates the path integral in Eq. (2.38), so we get

ΓEucl
eff [~A] ∝ h̄

∞̂

0

1
ξ

exp

{
−v2

inst[~Xdom]

(
ξ

v2
inst[

~Xdom]
+

1
4ξ

)}
dξ

× exp

− iq
h̄

1ˆ

0

d~Xdom(u)
du

· ~A(~Xdom(u))du

 . (2.44)

We did not write the (nonexponential) prefactor from the saddle-point ap-
proximation explicitly here since we will focus on the exponent governing the
size of ΓEucl

eff in the following for simplicity4.
If we furthermore assume that v2

inst[~Xdom] is a large number—that is,Second saddle-
point approxima-
tion v2

inst[~Xdom(u)]� 1 (2.45)

(one has to check the validity of this inequation later when considering instan-
tons for concrete field profiles in order to ensure that the results are consistent
with the assumptions made here)—we may solve the remaining ξ integral in
Eq. (2.44) using the saddle-point approximation as well, the relevant saddle
point being ξ = vinst[~Xdom]/2. Thus, we get our end resultResult

ΓEucl
eff [~A] ∝ h̄ e−Ainst[~Xdom(u)] (2.46)

with the (dimensionless) instanton action

Ainst[~X(u)] = vinst[~X(u)] +
iq
h̄

1ˆ

0

d~X(u)
du

· ~A(~X(u))du, (2.47)

and the instanton equations (2.39) become

d2Xi(u)
du2 = i

qλ̄Cvinst[~X(u)]
mc

FEucl
ij (~X(u))

dXj(u)
du

. (2.48)

The Euclidean effective action determines the vacuum persistence amplitude
of the Klein–Gordon field according to Eq. (2.24).

4The prefactor has been considered in, e.g., Refs. [36, 41] within the worldline-instanton for-
malism. Note that we cannot reproduce the exact prefactors in Schwinger’s result (2.3) here
anyway since we consider the worldline-instanton technique for scalar QED for simplicity.
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2.1. Worldline-instanton technique for scalar QED

2.1.1. Example: constant electric �eld (Sauter�Schwinger e�ect)

Let us apply the worldline-instanton method to a constant electric field E =
Eex with E > 0 in the following (cf. [34]). This calculation reproduces the
exponents of all terms in Schwinger’s result (2.3) for the imaginary part of the
effective action in spinor QED.

We choose the temporal gauge A = Etex (Φ = 0) here, so the Euclidean-
spacetime vector potential (2.17) reads (X1 = cT = ict)

~A(X1) = (0,−iEX1/c, 0, 0)ᵀ (2.49)

in this example, which leads to the instanton equations [cf. Eq. (2.48)]

d2

du2


X1
X2
X3
X4

 = i
qλ̄Cvinst[~X(u)]

mc


0 −iE/c 0 0

iE/c 0 0 0
0 0 0 0
0 0 0 0

 d
du


X1
X2
X3
X4



= D
d

du


X2
0
0
−X1

 with D =
E

EQED
crit

vinst[~X(u)] (2.50)

in matrix form. Since a worldline instanton must be a closed path [i.e.,
~X(0) = ~X(1)], we set dX3/du = dX4/du = 0 and choose X3 = X4 = 0
for simplicity (i.e., the resulting instanton trajectories lie in the T –x plane).
The two remaining coupled differential equations can be combined into one
harmonic-oscillator equation and are thus solved by a circular path parame-
terized by

X1(u) = R sin(Du) and X2(u) = R cos(Du) (2.51)

with a radius R > 0. Note that we have centered this instanton trajectory
at the origin—this arbitrary choice does not have any influence on the corre-
sponding instanton action. The radius is fixed by the equation

v2
inst[~X(u)]

(def.)
=

(d~X/du)2

λ̄2
C

=
R2D2

λ̄2
C

=
R2

λ̄2
C

(
E

EQED
crit

)2

v2
inst[~X(u)]

⇒ R =
EQED

crit
E

λ̄C =
mc2

qE
. (2.52)

In order to satisfy ~X(0) = ~X(1), we demand

D !
= 2πn with n ∈N, (2.53)
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

which fixes the instanton “velocity”

vinst[~X(u)] = 2πn
EQED

crit
E

. (2.54)

Each of these possible instanton solutions has the same circular trajectory, but
n determines the number of (full) turns around the origin.

Remember that we have assumed in Eq. (2.45) that vinst[~X(u)] is a largeValidity of the
semiclassical
approximation

number, so the electric field must be far below the Schwinger limit (semiclas-
sical range) in principle—however, the worldline-instanton method yields the
correct exponents governing the vacuum persistence amplitude in this simple
example for any value of E.

Insertion of the instanton trajectory into Eq. (2.47) yields the resulting in-
stanton actions:

Ainst[~X(u)] = 2πn
EQED

crit
E

+
qE
h̄c

1ˆ

0

dX2(u)
du

X1(u)du

= 2πn
EQED

crit
E
− qE

h̄c
m2c4

q2E2︸ ︷︷ ︸
R2

2πn

︸︷︷︸
D

1ˆ

0

sin2(2πnu)du

︸ ︷︷ ︸
1/2

= πn
EQED

crit
E

. (2.55)

We see that n = 1 is the dominating instanton solution (minimal instan-
ton action) and corresponds to the leading-order exponent −πEQED

crit /E in the
imaginary part of the Heisenberg–Euler effective action (2.3) calculated by
Schwinger. Furthermore, even the subleading exponents are reproduced cor-
rectly by the higher-order instanton solutions (n > 1) in this example.

2.2. Tunneling picture of nonperturbative pair creation

In this section, we introduce the well-known tunneling picture of nonpertur-Single-electron
picture bative pair creation from the Dirac vacuum via a given electromagnetic field.

Since we ignore the interaction between the created electrons and positrons as
well as their backreaction on the electromagnetic field throughout this thesis,
we may apply the classical Dirac equation (1.12) for a single electron (“first
quantization”) with an external electromagnetic field. Within this formalism,
the creation of a pair manifests itself in the transition of a Dirac-sea electron
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2.2. Tunneling picture of nonperturbative pair creation

to the upper energy continuum, leaving behind a hole in the Dirac sea (posi-
tron) [30].

The special case of a static, homogeneous electric field leads to the Sauter– Constant E field
Schwinger effect. Such a field E = Eex can be described by the scalar po-
tential Φ(x) = Ex via E = ∇Φ (with zero vector potential). In a simple,
semiclassical picture, Φ(x) gives rise to a position-dependent potential-ener-
gy contribution qΦ(x) to the two energy continua E± = ±

√
m2c4 + c2 p2 of

the free Dirac equation. The edges of both continua are given by the electron
states with zero momentum (p = 0). Due to the constant E field, the energy
levels of these edge states are tilted in space and read E p=0

± = ±mc2 − qEx
(see Fig. 2.2). The other states with p 6= 0 lie above/below these two borders.
Now, how can an electron from the lower continuum (Dirac sea) get into the
upper continuum? Electron energy is conserved due to the time-independent
gauge, so electrons can only move along paths of constant energy (constant
height in Fig. 2.2). The quantum-mechanical tunneling effect allows a Dirac-
sea electron on the edge of the lower continuum (at some spatial point x−? ) to
tunnel through the classically forbidden region against the electric force until
it eventually arrives at the lower edge of the upper energy continuum at some
other position x+? ; see Fig. 2.2. The endpoints x±? of the tunneling region are Turning points

and tunneling
length

usually referred to as the (classical) turning points, because this is where the
classical motion of a point charge stops and changes its direction. The length
of the tunneling region is given by

∆x? = |x+? − x−? | =
2mc2

qE
=

λC

π

EQED
crit
E

(2.56)

(cf. Fig. 2.2). We have estimated above that a measurable pair-creation rate is
expected in the range E/EQED

crit = 0.01–0.1, which thus roughly corresponds to
tunneling lengths ∆x? of 3–30 Compton wavelengths.

In order to calculate the tunneling probability, one has to find the energy
eigenfunctions of the Dirac equation within the linear potential qEx. This is
precisely what Sauter studied in his work [18]: the wave function of a Dirac-
sea electron decays exponentially along the way through the forbidden re-
gion, which leads to the nonperturbative, exponential factor exp(−πEQED

crit /E)
in Eq. (2.4) suppressing the pair-creation rate/tunneling probability [30].

Hence, the Sauter–Schwinger effect can be understood as the quantum tun-
neling phenomenon depicted in Fig. 2.2 according to the single-electron pic-
ture. In order to derive also the (nonexponential) prefactor in Pe+e− within Effective mass for

states with trans-
verse momenta

this formalism, one has to integrate over all possible electron states which con-
tribute to the total tunneling current (all transverse momenta p⊥ ⊥ E ‖ ex). A
nonzero transverse momentum p⊥ (which is conserved since Φ only depends
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x★
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x★
+

x

ℰ
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-mc2 ℰ+
p0(x)

ℰ-
p0(x)

tunneling

Δx★

Figure 2.2.: Relativistic energy continua (blue and red areas) in space, tilted
by a constant electric field E = Eex. The edges E p=0

± = ±mc2 − qEx are
separated by the mass gap 2mc2. The filled (empty) circles represent occupied
(free) electron states on these edges. Dirac-sea electrons may tunnel through
the classically forbidden gap along a line of constant energy (e.g., the bold,
horizontal arrow). The borders of the tunneling region (for a given E ) are the
so-called (classical) turning points x±? .
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2.3. Space-dependent electric fields

on x) lowers the tunneling rate because such an electron cannot move directly
from x−? to x+? parallel to the x axis—it also moves into the direction of p⊥
during tunneling, which increases the tunneling length and thus decreases
the corresponding probability (exponentially). This whole effect can be eas-
ily incorporated into the single-electron formulas by substituting the electron
rest mass m with an effective mass

mp⊥ =

√
m2 +

p2
⊥

c2 ≥ m, (2.57)

which depends on the transverse momentum of the considered electron
state [18, 29, 42, 43, 44]. We may thus concentrate on electron states with
p⊥ = 0 in the following for simplicity.

2.3. Space-dependent electric �elds

Since the spatial extent of any realistic electric field is finite, it is appropriate
to study the effect of space-dependencies of the electric field strength on tun-
neling pair creation. We restrict ourselves to the 1+1-dimensional case here;
that is, E = E(x)ex, so we focus on the effect of a variable field strength along
a straight electric field line. This static field can still be derived from a suitable
scalar potential via E = ∇Φ(x), which gives rise to the same tunneling in-
terpretation of pair creation as above in Sec. 2.2, but with a more complicated
shape of the E p=0

± (x) curves than the straight lines in Fig. 2.2.
First, note that if the electric field strength changes very slowly in space, Constant-field

approximationwe may approximate E(x) at each point in space by a locally constant field
and simply reuse the Sauter–Schwinger result (2.5) with E → E(x) to calcu-
late a local density of the pair-creation rate at x (which can then be integrated
over the field volume to find the total pair-creation rate). This constant-field
approximation should provide good results if the function E(x) varies negli-
gibly over the tunneling length (2.56) associated with E(x); see, e.g., Ref. [45].

2.3.1. Spatial Sauter pulse

If the constant-field approximation is not justified, the full Dirac equa-
tion (1.12) with the potential qΦ(x) has to be considered in principle. One
well-known example, in which case the Dirac equation is exactly solvable in
terms of hypergeometric functions, is the electric field profile

Emax

x

E

E(x) =
Emax

cosh2(kx)
(2.58)
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

that was studied by Sauter [19]. This profile is therefore also known as (spa-
tial) Sauter pulse in the literature. The peak value Emax of the electric field
is located at x = 0, and the pulse width is described by the quantity k > 0
(k = 0 is the limiting case of a homogeneous field). The corresponding scalar
potential

x

Φ

Φ+∞

Φ-∞

Φ(x) =
Emax

k
tanh(kx) (2.59)

approaches the values Φ±∞ = ±Emax/k far away from the maximum (x →
±∞), so this function is like a smooth potential step of height

∆Φ = Φ+∞ −Φ−∞ =
2Emax

k
. (2.60)

The plots of the space-dependent upper and lower edges of the two relativistic
energy continua in the case of an external Sauter-pulse field,

E p=0
± = ±mc2 − qEmax

k
tanh(kx) (2.61)

(semiclassical picture), in Fig. 2.3 show that it makes sense to distinguish be-
tween three different regimes in the magnitude of ∆Φ [2] (see also Ref. [35]
for a related discussion).

If the energy step q∆Φ is much larger than the mass gap 2mc2 [seeThree regimes
Fig. 2.3(a)], the minimal possible tunneling length, which is located around
the pulse center, falls well within the range |kx| � 1 where the Sauter pulse is
approximately constant. We consider the minimal tunneling length because
tunneling occurs there with the highest probability. Hence, this tunneling
length ∆x? = |x+? − x−? | approximately coincides with the constant-field re-
sult (2.56) with E → Emax, and so this is the case in which the constant-field
approximation works well (in the vicinity of the pulse maximum at least,
which, however, generates the dominant contribution to the total pair-crea-
tion rate).

If q∆Φ is close to 2mc2 but still greater than the mass gap [see Fig. 2.3(b)],
the turning points x±? will be significantly greater than in the quasiconstant
case. We also see in Fig. 2.3(b) that the bent parts of the energy curves E p=0

±
are now part of the tunneling region, so the constant-field approximation is no
longer applicable here, and thus the full Dirac equation must be taken into
account in this regime. In the limit q∆Φ ↘ 2mc2, the turning points diverge
to infinity: x±? → ±∞.

This is precisely the transition to the third regime q∆Φ < 2mc2, within
which tunneling (pair creation) is impossible because there is no constant-
energy line connecting the upper Dirac-sea edge E p=0

− with the lower edge
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2.4. Time-dependent electric fields

E p=0
+ of the positive energy continuum anymore [see Fig. 2.3(c)]. This result

is manifestly incompatible with the constant-field approximation, according
to which a nonvanishing electric field always gives rise to a nonvanishing
pair-creation rate [46].

All these conclusions, which have been drawn from the simple, semiclas-
sical picture, are confirmed by more exact studies: Nikishov’s work [29], for
example, is based on the exact solutions of the Dirac equation with an exter-
nal, spatial Sauter pulse. Other analytic studies like [33, 34, 35, 36, 47, 45]
apply the worldline-instanton technique.

E�ect of space-dependent electric �elds on pair creation

The above explanation of tunneling pair creation induced by a spatial Sauter
pulse serves as an example for the effect of space-dependencies of the elec-
tric field: if the field varies too rapidly in space, tunneling pair creation may
no longer be understood as a local process (approximation of the local field
strength as constant) [46], but the full Dirac equation must be considered,
which can result in a much smaller tunneling rate than the constant-field ap-
proximation would predict (even zero if the field does not provide sufficient
electrostatic energy q∆Φ to create a pair). This seems to be a general phe-
nomenon in the context of the Sauter–Schwinger effect [34, 36, 48].

2.4. Time-dependent electric �elds

Let us now turn to the effect of (pure) time dependencies of the electric field
strength on tunneling pair creation; that is, we now assume that there is a
homogeneous, time-dependent external field E = E(t) with a fixed direction,
say ex, as before. It is often advantageous to use the temporal gauge when
treating this kind of fields, so the field is given by

E(t) =
dA(t)

dt
= Ȧ(t)ex (2.62)

with a time-dependent vector potential A, while the scalar potential Φ is zero.
For simplicity, we ignore all electron states with nonvanishing transverse mo-
menta p⊥ again (quasi-1+1-dimensional case) since these can be covered eas-
ily by substituting the effective electron mass (2.57).

One important difference to the space-dependent case above is that the sim- No simple tunnel-
ing pictureple tunneling picture used before does not work here since energy is not a

conserved quantity in a time-dependent scenario, and we do not have a space-
dependent potential energy here. However, we still get the same result (2.4)
for a constant E field of course, which corresponds to A(t) = Et in temporal
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(a) Quasiconstant case q∆Φ� 2mc2.
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(b) Intermediate case q∆Φ & 2mc2.
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(c) No-tunneling case q∆Φ ≤ 2mc2.

Figure 2.3.: Space-dependent edges (2.61) of the relativistic energy continua
plotted for three different values of ∆Φ [(a)–(c)]. The turning points x±? cor-
responding to the minimal possible tunneling lengths (horizontal arrows) are
marked in (a) and (b), respectively. The dotted line in (c) indicates that tun-
neling between the continua is impossible.
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2.4. Time-dependent electric fields

gauge [42, 49]—but the appearance of the nonperturbative, exponential factor
exp(−πEQED

crit /E) in Pe+e− is (arguably) not as easy to understand as in the
tunneling picture.

2.4.1. Nonperturbative and perturbative regimes

As in the space-dependent case, one might ask under which circumstances the Constant-field
approximation for
time-dependent
fields?

constant-field approximation (2.5) is appropriate for a time-dependent elec-
tric field5. This approximation works well in a space-dependent field which
hardly varies over the local tunneling length (2.56) [45]. The problem is that
this condition cannot be simply transferred to the time-dependent case be-
cause this would require us to specify a tunneling time—a concept which is
not well defined.

So how can we find a critical time/frequency scale for tunneling-type pair Pair-formation
timecreation in a constant E field described in temporal gauge? A first guess could

be the QED timescale set by the electron/positron mass: h̄/(mc2); however,
this corresponds to the photon energy mc2, so electric fields with frequencies
of this order will predominantly produce pairs via multiphoton processes—
which is not the nonperturbative effect we are interested in here. The simplest
timescale which can be associated with a constant electric field strength is
obtained by multiplying E with other physical constants appearing in QED
such that we get a quantity with the dimension of time:

tform =
mc
qE

=
EQED

crit
E

h̄
mc2 . (2.63)

This timescale decreases with increasing E and diverges in the limit E→ 0 just
like the tunneling length ∆x? ∝ 1/E. It therefore seems to be a good candidate
for a timescale associable with the formation of a pair via tunneling.

This was indeed confirmed in the works [43, 50, 51] (see also [34] for Keldysh parame-
teran alternative approach using the worldline-instanton technique), in which

the authors studied pair creation by a sinusoidal electric field E(t) =
Emax cos(ωt)ex, that is, a field with a definite frequency ω. Inspired by
Keldysh’s famous paper [52] on the ionization of atoms in an electromagnetic
wave, it was found that the dimensionless so-called Keldysh (adiabaticity)
parameter

γω =
mcω

qEmax
=

EQED
crit

Emax

h̄ω

mc2 (2.64)

5In this case, the field strength E(t) inserted in Ṅe+e− yields an instantaneous pair-creation
rate, which can then be integrated over time to calculate the number of pairs created by the
time-dependent field (per unit volume).
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

indicates whether the temporal variation of E(t) affects tunneling pair cre-
ation in QED or not. Interestingly, γω coincides with the ratio of the field
frequency ω to the frequency scale 2π/tform corresponding to the forma-
tion time (2.63), a frequency scale associated with tunneling in the field
Emax; cf. [52, 43, 50, 51]. There are thus two well-distinguishable asymptotic
regimes: If the field remains approximately constant during the “tunnelingTunneling regime

γω � 1 timescale” (in which case γω � 1), the time dependence of E(t) will not in-
terfere with tunneling, so the pair-creation process will still be tunneling-like
and can be described well by the constant-field approximation (instantaneous
pair-creation rate) [43, 50, 51].

On the other hand, a large Keldysh parameter γω � 1 implies that the fieldMultiphoton
regime γω � 1 varies much more rapidly than “tunneling can happen”, so the process will be

manifestly non-quasistatic. The resulting pair-creation probability (per unit
four-volume) can be approximated by the leading-order term with respect to
the small quantity 1/γω in this case, which leads to

Pe+e− ∝ E2
max

(
qEmax

mcω

)4mc2/(h̄ω)

for γω � 1 (2.65)

according to [43, 50, 51] and also [34]. Note that half the exponent, N ≈
2mc2/(h̄ω), equals the number of photons required to create an electron–pos-
itron pair. We can interpret the expression (2.65) as a perturbation series
of Nth order in [qAmax/(mc)]2, with Amax = Emax/ω denoting the ampli-
tude of A(t). Such a perturbation series arises when the external poten-
tial A(t) is treated as a small perturbation to the free Dirac equation, and
N is the minimal order required to describe pair creation in the sinusoidal
field [43, 50, 51, 34]. This leads to the conclusion that pairs are created via the
absorption of a finite number of photons (multiphoton pair creation) in this
γω range—which is not the nonperturbative, tunneling-like Sauter–Schwing-
er effect with Pe+e− ∝ exp(−πEQED

crit /E) we are interested in.
Since every realistic electric field involves a time dependence of E, which

can be associated with a finite value of γω, every real pair-creation process
will be a mixture of tunneling and multiphoton pair creation, especially in the
intermediate regime γω ≈ 1, which is referred to as “nonperturbative mul-
tiphoton regime” in [53]. However, the nonperturbative dependence of the
(pure) Sauter–Schwinger effect on qE is preserved in slowly varying fields
(γω � 1). This is the regime we are primarily interested in throughout this
thesis because tunneling pair creation from the Dirac vacuum has not been
observed directly yet [54]—in contrast to pair creation in the perturbative
regime (multiphoton absorption), which has been experimentally verified in
a famous experiment [55] at the Stanford Linear Accelerator Center (SLAC).
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2.4. Time-dependent electric fields

Note that the concept of an adiabaticity parameter, which measures the Temporal Sauter
pulse“quasi-staticness” or ”nonperturbativeness” of a time-dependent E field, is

not only applicable in the case of a sinusoidal (i.e., a single-frequency) field:
another well-known example is the time-dependent version of the spatial
Sauter pulse (2.58), a temporal Sauter pulse

Emax

t

E

E(t) =
Emax

cosh2(ωt)
. (2.66)

In this context, ω > 0 specifies an inverse timescale which is related to the
pulse width/duration. Figure 2.4 shows that this parameter ω also deter-
mines the order of the highest frequencies in the pulse. The low-frequency
limit ω → 0 consequently leads to a static field (pure tunneling pair cre-
ation). Deviations from this result for finite values of ω were studied in
Refs. [44, 34, 56]. It turned out that the same Keldysh parameter (2.64) as
in the sinusoidal case above [but with Emax and ω from Eq. (2.66)] is appro-
priate to describe the adiabaticity of the temporal Sauter pulse. Hence, there is
a nonperturbative regime γω � 1 and a perturbative regime γω � 1 (as well
as a mixed intermediate regime) also for this pulsed field profile; see also [57].
In the nonperturbative regime, tunneling in a quasistatic electric field is the
dominant pair-creation mechanism.

2.4.2. Scattering picture

The problem we have to solve when considering the (classical) Dirac equa- Time-dependent
energiestion with a time-dependent vector potential in order to calculate pair-crea-

tion probabilities is as follows (see [42, 43, 44, 50, 58]): The vector potential
becomes part of the relativistic electron energy levels via minimal coupling
p̂ → p̂ + qA(t), so the resulting energies are time dependent. We use the
separation ansatz ψ(t, r) = φ(t) exp(ik · r) for the (multicomponent) wave
function in the Dirac equation, which corresponds to states with a defined
canonical momentum (p̂→ p = h̄k), and we can thus write the instantaneous
electron energies of these states as

E±(t) = ±
√

m2c4 + c2[h̄k + qA(t)]2. (2.67)

An unambiguous particle interpretation is only possible for a vanishing ex- In and out fre-
quenciesternal field (constant energies) [30]. Let us therefore assume that the field

vanishes asymptotically for t → ±∞, which corresponds to A(t) and thus
E±(t) becoming asymptotically constant:

A(t→ ±∞) = A±∞ = const. (2.68)
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Figure 2.4.: Fourier transform
√

π/2Emax/ω2
pls×ω/ sinh[πω/(2ωpls)] of the

temporal Sauter pulse E(t) = Emax/ cosh2(ωplst) plotted over ω. We see that
the highest frequencies which contribute significantly to the pulse are of the
order of the pulse’s frequency parameter ωpls.

There are thus two allowed frequencies

ωin
± =

E±(t→ −∞)

h̄
= ±1

h̄

√
m2c4 + c2(h̄k + qA−∞ex)2 ≷ 0 (2.69)

for an electron at early times, and we can uniquely identify the lower, negative
frequency ωin

− with a Dirac-sea state. Since our initial condition is the Dirac
vacuum (all electrons are in the Dirac sea), the time-dependent part of the
wave function of each electron (which are indexed by k) must satisfy φ(t) ∝
exp(−iωin

− t) for t→ −∞.
At late times, we can then decompose the wave function into the two pos-

sible outgoing frequencies

ωout
± =

E±(t→ +∞)

h̄
= ±1

h̄

√
m2c4 + c2(h̄k + qA+∞ex)2 ≷ 0. (2.70)

The ratio of the ωout
+ component to the amplitude of the initial wave function

∝ exp(−iωin
− t) gives the probability (via squaring the absolute value of this

ratio) of finding the electron in the upper energy continuum after the electric
field has been “active”, so this corresponds to the pair-creation probability of
the considered electron state. In conclusion, the time dependence of A(t) has
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2.4. Time-dependent electric fields

the potential to scatter a certain amount of the incoming negative-frequency
wave into the outgoing positive-energy state (pair creation).

It is possible to derive a quite intuitive picture for this scattering process: Harmonic-oscil-
lator picture for
|E(t)| � EQED

crit

if the electric field strength E(t) = Ȧ(t) is always well below EQED
crit (subcriti-

cal), which we assume throughout this thesis, the equations for the upper and
lower components6 of φ(t) decouple (approximately), and both equations can
be combined, yielding a harmonic-oscillator equation for one of the compo-
nents7 (say the upper, φ+),

d2φ+(t)
dt2 + ω2

k(t)φ+(t) = 0, (2.71)

with the time-dependent eigenfrequency [43, 44, 50, 58]

ωk(t) =
1
h̄

√
m2c4 + c2[h̄k + qA(t)]2. (2.72)

Such a problem can be formulated equivalently as a nonrelativistic, one-di- Scattering picture
mensional Schrödinger scattering problem in space by interpreting t as a
spatial coordinate [44, 58, 59]. Comparing Eq. (2.71) to the time-independent
Schrödinger equation

− h̄2

2m
d2ψ(x)

dx2 + V(x)ψ(x) = Eψ(x), (2.73)

we see that the harmonic-oscillator equation (2.71) describes scattering for
the state with the “energy E = 0” by the “space-dependent potential8”
−h̄2ω2

k(t)/(2m); see Fig. 2.5 for an example. Our initial condition φ+(t →
−∞) ∝ exp(−iωin

− t) corresponds to a wave escaping to minus infinity with
the “wave vector” −ωin

− at the left end of the t axis. On the right (t → +∞),
there is an “incoming” wave T exp(−iωout

− t) from plus infinity, which is partly
reflected at the inhomogeneous “potential” −h̄2ω2

k(t)/(2m) and thus gives
rise to the third wave R exp(−iωout

+ t) with the reflection coefficient R. Note
that these waves oscillate for all times since our “potential” is always negative
while we consider the state “E = 0”, so our waves can never meet a classically
forbidden region (no tunneling). Let us assume that we adjust the coefficient
T in a way that the initial wave φ+(t → −∞) ∝ exp(−iωin

− t) on the left-hand

6We assume scalar upper and lower components of the wave function here (no spin), which
corresponds to the Dirac equation in 1+1 [Eq. (2.74)] or 2+1 [cf. Ch. 9] spacetime dimensions.

7In scalar QED, we have a scalar wave function and the Klein–Gordon equation is equivalent
to the harmonic-oscillator equation (2.71) in the first place.

8Note that the physical dimension of this “potential” is not that of an energy since t and x do
not have the same dimension.
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Figure 2.5.: Scattering picture of pair creation in a homogeneous, time-de-
pendent electric field of the form E(t) = Ȧ(t)ex. The normalized wave
∝ exp(−iωin

− t) at early times corresponds to a Dirac-sea electron. Due to the
electric field (time-dependent ωk), the final state is a mixture of the two possi-
ble frequencies ωout

± , with coefficients T and R. The probability |R|2 of finding
the electron in the positive energy continuum in the final state is the pair-cre-
ation probability.

side is normalized. Then, the initial condition (electron starts in the Dirac sea)
is satisfied and |R|2 is the pair-creation probability. This whole process is
depicted in Fig. 2.5.

2.4.3. Riccati equation in 1+1 spacetime dimensions

The problem of finding the reflection coefficient R (see Fig. 2.5) by solving
the second-order harmonic-oscillator equation (2.71) can be reformulated in a
way to obtain R more directly: it is possible to derive a first-order and nonlin-
ear Riccati equation which is equivalent to the Dirac equation. The outgoing
value (t → +∞) of the solution of this Riccati equation yields the reflection
coefficient and thus the pair-creation probability. The Riccati-equation for-
malism was developed and used in [44, 58, 59, 60, 61, 62, 63, 1], for example,
and we will present it here for a 1+1-dimensional spacetime with an external
electric field E(t) = Ȧ(t)ex (there are no magnetic fields in 1+1 dimensions).

In order to keep the following equations concise, we use natural units inNatural units
accordance with c = h̄ = 1 in this subsection.

Derivation

The derivation starts with the Dirac equation (1.3) in 1+1 spacetime dimen-Dirac equation in
1+1 dimensions
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2.4. Time-dependent electric fields

sions (i.e., with a single spatial coordinate x). The vector potential couples to
the electron-momentum operator via minimal coupling (1.11), so the result-
ing classical Dirac equation (single-electron picture) reads

iγ0∂tψ(t, x) = {γ1[ p̂x + qA(t)] + m}ψ(t, x), (2.74)

where ψ denotes the Dirac spinor

ψ(t, x) =
(

ψ+(t, x)
ψ−(t, x)

)
, (2.75)

which has two scalar components in 1+1 dimensions (no spin). For the two
gamma matrices in this case, we choose the representation

γ0 = σz =

(
1 0
0 −1

)
, γ1 = iσy =

(
0 1
−1 0

)
(2.76)

in terms of the Pauli matrices (1.7). Multiplying Eq. (2.74) by γ0 yields the
Dirac equation in the Schrödinger form:

i∂tψ(t, x) =
(

m −i∂x + qA(t)
−i∂x + qA(t) −m

)
ψ(t, x). (2.77)

We now express this Dirac equation in momentum space by inserting the Transformation to
momentum spaceinverse Fourier transform of ψ̃(t, k), the Dirac spinor in k space:

ψ(t, x) =
1√
2π

∞̂

−∞

ψ̃(t, k) eikx dk. (2.78)

The derivatives ∂x in the Dirac equation (2.77) only act on the factor exp(ikx)
appearing in this inverse Fourier transform, so inserting Eq. (2.78) into
Eq. (2.77) gives

∞̂

−∞

[
1i∂t −

(
m k + qA(t)

k + qA(t) −m

)]
ψ̃(t, k) eikx dk = 0. (2.79)

Since this equation must be satisfied for all x and the functions exp(ikx) are
linearly independent for different values of k, the integrand must vanish for
each k, so each Fourier component satisfies an independent Dirac equation in
momentum space:

i∂tψ̃(t, k) =
(

m k + qA(t)
k + qA(t) −m

)
︸ ︷︷ ︸

Hk(t)

ψ̃(t, k). (2.80)
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The fact that the k modes decouple implies that the canonical momentum k
is a conserved quantity here (as expected in the case of a purely time-depen-
dent equation of motion). We may thus study the pair-creation probability for
each k (specifying an independent electron state) separately, so k becomes a
parameter in our following consideration of a single mode.

The single-electron Hamiltonian Hk(t) in the momentum-space Dirac equa-Diagonalization
of the Hamilto-
nian

tion (2.80) above is a simple, k- and t-dependent 2× 2 matrix, which can eas-
ily be diagonalized in order to obtain the instantaneous energy eigenvalues
Ek(t) of the considered k mode. Solving the characteristic-polynomial equa-
tion det[Hk(t)− Ek(t)1] = 0 yields two different energies

E±k (t) = ±
√

m2 + [k + qA(t)]2︸ ︷︷ ︸
Ωk(t)

R ±m, (2.81)

where the ± solution corresponds to a state in the upper/lower relativistic
continuum [cf. Eq. (2.67) in the previous subsection]. The associated normal-
ized Dirac eigenspinors read

u+
k (t) =

1√
1 + d2

k(t)

(
1

dk(t)

)
and u−k (t) =

1√
1 + d2

k(t)

(
−dk(t)

1

)
(2.82)

with the abbreviation

dk(t) =
k + qA(t)
m + Ωk(t)

, (2.83)

and they satisfy the (instantaneous) eigenvalue equation

Hk(t)u±k (t) = E
±
k (t)u±k (t) = ±Ωk(t)u±k (t). (2.84)

We now want to project the Fourier component ψ̃(t, k) appearing in theProjection onto
the eigenspinors Dirac equation (2.80) onto the eigenspinors (2.82). To this end, we expand

ψ̃(t, k) in terms of u±k (t). During times of constant A(t) (no electric field), the
eigenspinors merely oscillate in time according to the Dirac equation (2.80),
with the frequencies ±Ωk(t). Since Ωk(t) ≥ m, these oscillations are much
more rapid than the frequencies appearing in A(t) for electric fields incor-
porating only photon energies (frequencies) much smaller than the mass gap
(|ω| � 2m). In our expansion, we will separate the rapid oscillations due to
Ωk(t) from the slower time development caused by the slowly varying A(t).
To this end, we define the phase functionPhase function

ϕk(t)

ϕk(t) =

tˆ

t0

Ωk(t′)dt′ (2.85)
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2.4. Time-dependent electric fields

(with an arbitrary t0) and write the corresponding phase factors explicitly in
the expansion:

ψ̃(t, k) = αk(t)e−iϕk(t)u+
k (t) + βk(t)e+iϕk(t)u−k (t). (2.86)

This way, only the slowly varying A(t) will cause the expansion coefficients
αk(t) and βk(t) to change in time9.

When inserting this expansion into the Dirac equation (2.80) and using Evolution of
αk(t) and βk(t)i∂t exp[∓iϕk(t)] = ±Ωk(t) exp[∓iϕk(t)] and the eigenvalue equation (2.84),

the remaining terms are[
α̇k(t)u+

k (t) + αk(t)u̇+
k (t)

]
e−iϕk(t) +

[
β̇k(t)u−k (t) + βk(t)u̇−k (t)

]
e+iϕk(t)

= 0. (2.87)

Since the two eigenspinors are orthogonal, we can obtain two independent
equations by projecting this equation onto u±k (t), respectively. The fact that
our u±k (t) are normalized implies that

u±k (t) · u
±
k (t) = 1 d/dt⇒ u±k (t) · u̇

±
k (t) = 0, (2.88)

and from the orthogonality of u±k (t) follows that

u+
k (t) · u

−
k (t) = 0 d/dt⇒ u̇+

k (t) · u
−
k (t) = −u+

k (t) · u̇
−
k (t) = Ξk(t). (2.89)

We calculate Ξk(t) by using this orthogonality and by inserting the eigenspin- Calculation of
Ξk(t)ors (2.82) and the abbreviations therein:

Ξk(t) = u̇+
k (t) · u

−
k (t) =

ḋk(t)
1 + d2

k(t)
=

d
dt

arctan[dk(t)]

=
d
dt

arctan

 k+qA(t)
m

1 +

√
1 +

(
k+qA(t)

m

)2


=

d
dt

1
2

arctan
[

k + qA(t)
m

]
=

qȦ(t)
2m

1 +
(

k+qA(t)
m

)2 =
mqE(t)
2Ω2

k(t)
. (2.90)

Taking the dot product of Eq. (2.87) with u±k (t), respectively, using the rela-
tions (2.88)–(2.89), then yields the evolution equations

α̇k(t) = Ξk(t)e2iϕk(t)βk(t) and β̇k(t) = −Ξk(t)e−2iϕk(t)αk(t) (2.91)
9Note, however, that this is merely one possible way to define the coefficients and does not

involve any approximations/assumptions yet.
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

of the expansion coefficients (also known as Bogoliubov coefficients in the
literature). These two equations are completely equivalent to the Dirac equa-
tion.

Using the evolution equations (2.91), it is easy to show thatConserved norm

|αk(t)|2 + |βk(t)|2 = const. (2.92)

is a conserved quantity since

d
dt

[
|αk(t)|2 + |βk(t)|2

]
= α̇∗k (t)αk(t) + α∗k (t)α̇k(t) + β̇∗k(t)βk(t) + β∗k(t)β̇k(t)

= Ξk(t)
[
e−2iϕk(t)β∗k(t)αk(t) + α∗k (t)e

2iϕk(t)βk(t)

− e2iϕk(t)α∗k (t)βk(t)− β∗k(t)e
−2iϕk(t)αk(t)

]
= 0. (2.93)

Assuming that the external electric field vanishes in the initial state [i.e.,Initial condition:
Dirac vacuum A(t → −∞) = const.], the negative energy eigenvalue −Ωk(t) can be clearly

identified with the Dirac-sea state of the considered electron at early times, so
our initial condition is

αk(t→ −∞) = αin
k

!
= 0 (2.94)

because only then the initial state is proportional to u−k (t), the eigenspinor cor-
responding to the negative eigenvalue. This initial condition is valid for each
mode, so every electron is initially located in the Dirac sea (Dirac vacuum).
Furthermore, we normalize the initial state by setting

βk(t→ −∞) = βin
k

!
= 1, (2.95)

so that
|αk(t)|2 + |βk(t)|2 = |αin

k |2 + |βin
k |2 = 1 ∀t (2.96)

due to the conservation law (2.92).
At late times t → ∞, when the external field vanishes (asymptotically)Out state

again, there is a simple relation between the outgoing value αout
k = αk(t→ ∞)

of the coefficient αk and the probability Pe+e−
k of finding the considered elec-

tron in the positive-energy state (pair-creation probability for this mode), due
to the conserved norm (2.96):

Pe+e−
k = |αout

k |2 =
|αout

k |2

|αout
k |2 + |βout

k |2
=

∣∣∣ αout
k

βout
k

∣∣∣2∣∣∣ αout
k

βout
k

∣∣∣2 + 1
=

|Rout
k |2

|Rout
k |2 + 1

, (2.97)
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2.4. Time-dependent electric fields

where we have defined the outgoing value Rout
k = Rk(t→ ∞) of the ratio

Rk(t) =
αk(t)
βk(t)

. (2.98)

Comparing our definitions here to the scattering picture for pair creation in- Scattering picture
troduced in the previous subsection (see Fig. 2.5), we see that αout

k corresponds
to the reflection coefficient R (whose absolute value squared gives the pair-
creation probability), while βout

k coincides with the transmission coefficient T.
Despite the symbol R, the outgoing value Rout

k is thus different from the reflec-
tion coefficient in general. However, for small outgoing values |Rout

k | � 1, we
may approximate the pair-creation probability (2.97):

Pe+e−
k = |Rout

k |2 +O(|Rout
k |4) ≈ |Rout

k |2, (2.99)

so Rout
k approximately equals the reflection coefficient R in this case.

According to Eq. (2.97), it is sufficient to integrate the ratio Rk(t) from the Riccati equation
initial to the final state in order to obtain the pair-creation probability, in-
stead of integrating both coefficients αk(t) and βk(t). The differential equa-
tion which describes the evolution of Rk(t) can be derived by differentiating
Eq. (2.98) with respect to t and then inserting the evolution equations (2.91) of
αk(t) and βk(t). This way, we get

Ṙk(t) =
α̇k(t)βk(t)− αk(t)β̇k(t)

β2
k(t)

=
Ξk(t)e2iϕk(t)β2

k(t) + Ξk(t)e−2iϕk(t)α2
k(t)

β2
k(t)

(2.100)

and thus arrive at the Riccati equation

Ṙk(t) = Ξk(t)
[
e2iϕk(t) + e−2iϕk(t)R2

k(t)
]

, (2.101)

which is a nonlinear, first-order differential equation for Rk(t). The initial
conditions (2.94) and (2.95) translate to

Rk(t→ −∞) = 0. (2.102)

The corresponding solution of the Riccati equation gives us the pair-creation
probability for the considered electron state (k) in the external field E(t) =
Ȧ(t). To this end, we have to evaluate Rk(t → +∞) = Rout

k and insert this
value into Eq. (2.97).

This is the exact Riccati-equation formalism, which allows us to treat pair-
creation problems in time-dependent electric fields (here: in 1+1 spacetime
dimensions), and this approach is completely equivalent to obtaining the pair-
creation probability by solving the Dirac equation.
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

2.4.4. Linearized Riccati equation (semiclassical approximation)
and its solution

The fact that the exact Riccati equation (2.101) is nonlinear makes it difficult
to find analytic solutions, even for relatively simple vector potentials A(t). So
let us look for an approximation which is appropriate for the field profiles we
are interested in. We continue to use natural units with c = h̄ = 1 in this
subsection.

In subcritical electric fields |E(t)| � EQED
crit we expect small pair-creationAssumption:

|Rk(t)|2� 1 ∀t probabilities Pe+e−
k � 1, which correspond to small values |Rout

k |2 � 1 ac-
cording to Eq. (2.99). Unfortunately, small outgoing values |Rout

k |2 � 1 do
not necessarily require |Rk(t)|2 to be small for all times—however, we assume
that many typical field profiles with |Rout

k |2 � 1 do also fulfill |Rk(t)|2 � 1
for all t.

Numerical example

Let us consider a temporal Sauter pulse

E(t) =
Emax

cosh2(ωt)
⇐ A(t) =

Emax

ω
tanh(ωt) (2.103)

as an example to test this assumption. We introduce the dimensionless quan-
tities

χ =
Emax

EQED
crit

, v =
ω

2m
, and τ = ωt (2.104)

for brevity in calculations, where v (the ratio of the frequency scale to the
mass gap) can also be expressed via the temporal Keldysh parameter (2.64),
which measures the “nonperturbativeness” of the pair-creation process in the
time-dependent electric field:

γω =
mω

qEmax
=

2v

χ
⇔ v =

χγω

2
. (2.105)

We only consider the mode k = 0 in this example for simplicity. The corre-
sponding Riccati equation (2.101) (in terms of the dimensionless time variable
τ = ωt) reads

dR0(τ)

dτ
=

e2iϕ0(τ) + e−2iϕ0(τ)R2
0(τ)

2γω cosh2(τ)

[
1 +

(
tanh τ

γω

)2
] (2.106)

with the rapid-phase function

ϕ0(τ) =
1

χγω

τˆ

0

√
1 +

(
tanh τ′

γω

)2

dτ′ (2.107)
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Figure 2.6.: Numerical solution (squared modulus) of the nonlinear Riccati
equation (2.106) for the temporal-Sauter-pulse profile E(t) = Emax/ cosh2(ωt)
and the mode k = 0. The parameter values are χ = Emax/EQED

crit = 0.1 (strong
but subcritical) and v = ω/(2m) = 0.05, which corresponds to the Keldysh
parameter γω = 1 (i.e., between the tunneling regime and the multiphoton
regime). Note that the initial condition R0 = 0 has been imposed at the fi-
nite value −τmax = −10 in this numerical example, and the outgoing value
|Rout

0 |2 ≈ 5× 10−12 was evaluated at τmax.

[where we have set t0 = 0 in Eq. (2.85)] for this field profile. The numeri-
cal solution of this Riccati equation (2.106) is plotted in Fig. 2.6 for the pa-
rameter values χ = Emax/EQED

crit = 0.1 and γω = 1 [corresponding to v =
ω/(2m) = 0.05]. These parameter values are rather high [yet they still satisfy
|E(t)| � EQED

crit and ω � 2m fairly well], so we expect larger values of R0(τ)
in this example than for weaker field configurations. We see in Fig. 2.6 that
|R0(τ)|2 is indeed much larger than the outgoing value |Rout

0 |2 ≈ 5× 10−12

(pair-creation probability) during intermediate times |τ| . 1, but the assump-
tion |R0(τ)|2 � 1 is still justified there (and thus for all τ).

Linearized Riccati equation

Inspired by the numerical example, we assume that |Rk(t)|2 � 1 ∀t is a valid Approximation:
neglect the non-
linearity

statement for many realistic field configurations within our boundaries (sub-
critical fields, frequencies below the electron mass). In this case, the nonlinear
term ∝ R2

k(t) in the Riccati equation (2.101) is always tiny in comparison to
exp[2iϕk(t)], which has an absolute value of 1. Neglecting the nonlinear term
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

should thus be a good approximation. Note that this approximation is known
to leave the exponential dependence of Rout

k on parameters (such as Emax ap-

pearing in, e.g., |Rout
k |2 ∝ e−πEQED

crit /Emax for a quasistatic field) invariant, but the
nonexponential prefactor changes due to this approximation [64, 65, 66, 1].
However, we are mainly interested in the exponents governing the pair-cre-
ation probability in this thesis, so this approximation is appropriate for our
purpose.

After neglecting the nonlinearity, we arrive at the linearized form of the
Riccati equation [1]

Ṙk(t) ≈ Ξk(t)e2iϕk(t). (2.108)

This differential equation can be integrated directly [with the initial condi-Solution of the
linearized equa-
tion

tion (2.102)] in order to calculate Rout
k :

∞̂

−∞

Ṙk(t)dt = Rk(t→ ∞)︸ ︷︷ ︸
Rout

k

− Rk(t→ −∞)︸ ︷︷ ︸
=0

, (2.109)

and thus we obtain an integral representation for Rout
k according to the

above approximation, which is essentially a form of the semiclassical Jeffreys–
Wentzel–Kramers–Brillouin (JWKB) approximation within the Riccati-equa-
tion formalism:

Rout
k ≈

∞̂

−∞

Ξk(t)e2iϕk(t) dt

=

∞̂

−∞

mqȦ(t)
2Ω2

k(t)
exp

2i

tˆ

t0

Ωk(t′)dt′

 dt. (2.110)

In the second line of this expression, we have inserted the functions Ξk(t) and
ϕk(t) from Eqs. (2.90) and (2.85). The quantity

Ωk(t) =
√

m2 + [k + qA(t)]2, (2.111)

which has been introduced in Eq. (2.81), denotes the (positive) instantaneous
eigenfrequency/relativistic energy of the considered electron.

In conclusion, given the vector potential A(t) of an electric field, finding the
pair-creation probability (for a mode k) by means of the semiclassical approx-
imation comes down to the calculation of the integral (2.110).
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2.4. Time-dependent electric fields

2.4.4.1. Contour-integration method (complex times)

When calculating Rout
k according to Eq. (2.110), the integration from the initial Deformation of

the integration
contour

state (t→ −∞) to the outgoing state (t→ +∞) along the t axis may be shifted
into the complex t plane by means of Cauchy’s integral theorem; that is, while
holding the endpoints fixed, we may arbitrarily deform the integration con-
tour connecting these points as long as we do not cross any singularities or
branch cuts in the integrand during this (continuous) deformation process.
The underlying motivation to shift the contour of integration is to make the
(outer) integrand Ξk(t) exp[2iϕk(t)] exponentially small, which becomes pos-
sible through the phase function ϕk(t) acquiring a nonzero imaginary part
for complex t. However, the singularities of the (analytic continuation of the)
integrand in the complex plane prevent us to shift the contour arbitrarily far
away from the real t axis—and thus these singularities ultimately determine
the value of the integral (2.110).

It makes sense to distinguish between two groups of singularities of the
outer integrand Ξk(t) exp[2iϕk(t)]:

• On the one hand, the analytic continuation of the vector potential A(t) Singularities: in
A(t) or . . .could have singularities in the complex plane, which then automatically

become singularities of the integrand. In this thesis, singularities of this
type only occur in Sec. 2.4.6 on tunneling in a constant E field assisted by
a temporal Sauter pulse (the original form of the dynamically assisted
Sauter–Schwinger effect [67]).

• On the other hand, the nonexponential prefactor Ξk(t) in the integrand . . . at t?k given by
Ωk(t?k ) = 0clearly has poles at the zeros of Ωk(t), which we denote by t?k . These

zeros are thus given by the solutions of the equation

Ωk(t?k ) = 0 ⇔ A(t?k ) =
−k± im

q
, (2.112)

so these singularities are totally independent of the singularities (if any)
of the complex continuation of A(t).

Note that the singularities at t?k are not simply poles of the integrand (2.110) Branch cuts origi-
nating from t?ksince Ωk(t) itself has a square-root-type branch point at each t?k , which gives

rise to a branch cut (or even multiple branch cuts in the case of higher-order
zeros of the function underneath the square root in Ωk) originating from the
respective t?k . As a consequence, the phase function ϕk(t) will have branch
cuts along the very same paths in the complex t plane, as will the whole inte-
grand. In conclusion, the integrand (2.110) diverges at the zeros t?k of Ωk(t),
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

and branch cuts originate from these singularities. When deforming the inte-
gration contour, we thus have to circumvent the singularities t?k as well as the
associated branch cuts.

The paths the branch cuts take in the complex plane ultimately depend onPaths of the
branch cuts the definition of the square root in Ωk(t). Throughout this thesis, we consis-

tently define the square root of a complex number z by its principal value

√
z =

√
|z|ei arg(z)/2 with arg z ∈ (−π, π]. (2.113)

According to this definition, Im
√

z is discontinuous on the negative real axis
(branch cut), and Re

√
z ≥ 0 ∀z, where the case of equality (Re

√
z = 0) is only

true on the branch cut (apart from the branch point z = 0). Since Ωk(t) is a
square root, we may infer that

Ωk(t) = Re Ωk(t)︸ ︷︷ ︸
>0

+i Im Ωk(t) (2.114)

as long as we stay away from the branch points (t?k ) and cuts of Ωk(t).
Now let us consider how the exponential factor exp[2i

´
Ωk(t′)dt′] in theMaking the inte-

grand exponen-
tially small

integrand (2.110) changes when we go upwards in the complex plane by an
infinitesimal step, that is, dt′ = i dξ with dξ > 0: during this step, 2iΩk(t′)dt′

is added to the argument of the exponential function, and since

Re
[
2iΩk(t′)dt′

]
= Re

{
−2
[
Re Ωk(t′)︸ ︷︷ ︸

>0

+i Im Ωk(t′)
]
dξ
}

= −2 Re[Ωk(t′)]dξ < 0, (2.115)

going upwards in the complex plane suppresses the integrand (2.110) expo-
nentially.

Our general approach when calculating Rout
k is thus as follows: We shift theChoosing the in-

tegration contour integration contour from the real t axis into the upper complex half-plane
as far as possible (up to infinity) because the integrand (2.110) decays expo-
nentially there and thus does not yield any finite contribution to the integral.
But we have to integrate around all singularities t?k and the corresponding
branch cuts in the upper half-plane, which generates nonvanishing contribu-
tions to Rout

k (we do not need to consider the integrand in the lower half-plane
in the following). If a particular vector potential A(t) introduces additional
singularities in the upper half-plane as well, we also have to circumvent these
nonholomorphic regions, of course.
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2.4.5. Singularity structure in the complex plane

While understanding nonperturbative pair creation in the case of slowly vary-
ing time-dependent electric fields via the “over-the-top” scattering picture
(see Fig. 2.5 on page 58) is not as intuitive as in the case of space-dependent
fields, to which the tunneling picture applies, the semiclassical contour-inte-
gration method introduced in the previous subsection makes it much easier to
understand the appearance of the nonperturbative factor exp(−πEQED

crit /E) in
the pair-creation probability in the case of a constant E field (Sauter–Schwing-
er effect).

According to this method, every field profile E(t) = Ȧ(t)ex has a char-
acteristic singularity structure in the upper complex half-plane (the lower
half-plane is not interesting for us), consisting of the zeros t?k of Ωk(t) [see
Eq. (2.112)] plus the singularities of A(t) itself at complex times. When cal-
culating Rout

k via the integral (2.110), these singularities limit the way we can
shift the integration contour upwards into the complex plane where the inte-
grand is exponentially suppressed due to the term exp[2iϕk(t)]—and thus the
minimal possible exponential suppression of the integrand at a singularity
is given by the (absolute value) of exp[2iϕk(t)] at this singularity.

Let us consider a subcritical constant electric field |E| � EQED
crit (such that Example 1: con-

stant E fieldwe may apply semiclassical methods) as an example [1]. The vector potential
A(t) = Et itself does not have any singularities in this case, and there is just
one zero of Ωk(t) in the upper complex half-plane for each mode k:

t?k =
−h̄k + imc

qE
⇒ Ωk(t?k ) =

1
h̄

√
m2c4 + c2[h̄k + qA(t?k )]

2 = 0. (2.116)

The exponential suppression of the integrand (2.110) at this singularity is
given by

∣∣∣e2iϕk(t?k )
∣∣∣ = exp

−2 Im

t?kˆ

0

1
h̄

√
m2c4 + c2(h̄k + qEt′)2 dt′

 = −π

2
EQED

crit
E

,

(2.117)
so we may conclude

Pe+e−
k ≈ |Rout

k |2 ∝ e−πEQED
crit /E, (2.118)

which means that the exponent appearing in the pair-creation probability
of each mode coincides with the leading-order exponent in Schwinger’s re-
sult (2.4). This example illustrates the origin of the nonperturbative factor
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exp(−πEQED
crit /E) in a time-dependent setting within the Riccati-equation for-

malism. We will calculate the contour-integral representation of Rout
k for a

constant E field in much more detail in Ch. 3.
Note that the complex singularity positions can be considered as the ana-Analogy to turn-

ing points log of the spatial turning points x? in the tunneling picture (introduced in
Sec. 2.2) [62]. The analogy becomes especially clear within the worldline-
instanton formalism: For a constant E field, the instanton trajectory in Eu-
clidean spacetime is a circle around the origin with radius mc2/(qE) [see
Eqs. (2.51)–(2.52) in Sec. 2.1.1], so it intersects the imaginary-time axis at
±T0 = ±it0 = mc/(qE)—exactly at (±) the imaginary part of the singular-
ity t?k above in Eq. (2.116).

Another field profile which can serve as an example for this analogy isExample 2: tem-
poral Sauter pulse the temporal Sauter pulse A(t) = Emax tanh(ωt)/ω with the correspond-

ing Keldysh parameter γω = mcω/(qEmax). The resulting instanton trajec-
tory [34] is parameterized by

x(u) =
mc2

qE
arsinh[γω cos(2πu)]

γω

√
1 + γ2

ω

and

T (u) = mc
qE

1
γω

arcsin

[
γω√

1 + γ2
ω

sin(2πu)

]
(2.119)

with u ∈ [0, 1]. It is ellipse-like shaped, centered at the origin of the T –x plane,
and intersects the T axis at

± T0 = ± mc
qEmax

1
γω

arcsin

(
γω√

1 + γ2
ω

)
= ±arctan γω

ω
. (2.120)

When treating the same field profile within the Riccati-equation formalism
(we consider only the mode k = 0 here for simplicity), the zero of Ω0(t) which
lies closest to the real axis in the upper half-plane is given by

t?0 = i
arctan γω

ω
. (2.121)

So, again, the extent of the instanton trajectory with respect to the T axis coin-
cides with the imaginary t region confined by (±) the singularity (2.121). NoteSingularities of

A(t) that the vector potential A(t) itself has singularities at t = ±iπ(1/2 + n)/ω
with n ∈ N0 in the case of a temporal Sauter pulse; however, all poles of
the tanh function in the upper half-plane are always located above t?0 since
arctan γω < π/2, so the position of t?0 determines the exponential suppres-
sion of Rout

0 when solving the contour integral (2.110).
In conclusion, we have briefly discussed the singularity structures of two

Singularities de-
termine expo-
nents
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simple field profiles. The singularities determine the exponents in Rout
k and

are thus highly relevant for us when studying pair creation in time-dependent
electric fields. More sophisticated field profiles generally lead to more com-
plicated singularity structures. It may also happen that several singularities
lie similarly close to the real time axis, in which case all of those singulari-
ties must be considered since no singularity clearly dominates—this can lead
to interference patterns in the momentum (h̄k) spectrum of the pair-creation
probability [68, 69, 60, 70, 61, 38, 62, 63].

Furthermore, the way singularities depend on the parameters of the field “Movement” of
the singularitiesprofile (like Emax and ω) can tell us something about the associated pair-crea-

tion mechanism—consider the temporal Sauter pulse above again: For small
Keldysh parameters γω � 1 (quasistatic regime), we can approximate the
dominating singularity (2.121) by

t?0
γω�1
≈ i

γω

ω
= i

mc
qEmax

, (2.122)

which equals the imaginary part of the singularity (2.116) in the constant-field
case (with E ↔ Emax), so tunneling pair creation dominates in this regime.
For large γω � 1 (multiphoton regime), on the other hand, we may use the
identity arctan(1/x) = π/2− arctan x for x > 0 to approximate the singular-
ity (2.121). This yields

t?0
γω�1
≈ i

ω

(
π

2
− 1

γω

)
= i
(

π

2ω
− qEmax

mcω2

)
∼ qEmax (2.123)

and leads to pair-creation probabilities depending perturbatively on q and
Emax [49, 44, 58, 34]. In conclusion, the way in which (crucial) singularities
“move” in the complex plane when parameters are varied is related to the
pair-creation mechanism.

2.4.6. Dynamically assisted Sauter�Schwinger e�ect

The problem with observing nonperturbative pair creation out of the Dirac
vacuum, which has not succeeded yet [54], is the huge critical field
strength (1.21): EQED

crit ≈ 1018 V/m. Time dependencies of the field can sig-
nificantly reduce the exponential suppression of pair creation [49, 44, 50, 58,
34, 36]—but for too large adiabaticity parameters (γω ≈ 1 or higher), the un-
derlying process can no longer be identified with the Sauter–Schwinger effect,
like in the SLAC experiment [55].

In order to render also the verification of the nonperturbative aspect
of pair creation in the laboratory possible (despite the limited available
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

field strengths), the dynamically assisted Sauter–Schwinger effect was pro-
posed [67]. The specific field profile considered in Ref. [67] consists of a strong
and slow electric Sauter pulse combined with a weak and fast one:

t

E

E(t) =
Estrong

cosh2(ωslowt)
+

Eweak

cosh2(ωfastt)
. (2.124)

The Keldysh parameter of the first pulse should be small (γωslow � 1); that
is, this pulse is supposed to induce tunneling pair creation. Its peak field
strength Estrong must be subcritical (Estrong � EQED

crit ) to allow for semiclas-
sical techniques (contour-integral representation of Rout

k , worldline-instanton
method, etc.), but in principle Estrong should be as strong as practically possi-
ble, which, unfortunately, does not lead to a measurable number of created
pairs with present-day technology. The second pulse is intended to assist
the tunneling process by adding a component stimulating multiphoton pro-
cesses. The time dependence of this pulse should therefore be much faster
(ωfast � ωslow) but still sufficiently far below 2mc2/h̄ in order to suppress
pair creation via this pulse alone. Furthermore, the pulse amplitude Eweak is
assumed to be very small (Eweak � Estrong), which is also realistic from an
experimental point of view, but it must still be large enough to allow for the
classical-field picture. All in all, the second pulse pulse alone cannot create a
significant number of pairs as well, and its Keldysh parameter will be large
(γωfast � 1), which corresponds to the multiphoton regime.

The outstanding finding in Ref. [67] is that the combination of the twoEffect of the com-
bined pulses pulses (2.124) will produce a much larger number of pairs than just the sum of

the pairs created by the individual pulses (which would be a tiny number). In
the context of this dynamically assisted Sauter–Schwinger effect, the so-called
combined Keldysh (adiabaticity) parameter

γc =
mcωfast

qEstrong
=

EQED
crit

Estrong

h̄ωfast

mc2 (2.125)

determines whether pair creation will be enhanced due to this effect or not.
For small values γc < γcrit

c with the critical threshold

γcrit
c =

π

2
, (2.126)

the effect of the fast pulse is negligible, so we essentially just get Sauter–
Schwinger pair creation due to the first pulse then, which leads to a density of
created pairsNe+e− ∝ exp(−πEQED

crit /Estrong); cf. Eq. (2.4). But for γc above the
critical threshold value (2.126), the fast pulse actively enhances pair creation
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2.4. Time-dependent electric fields

exponentially by (effectively) modifying the pure Sauter–Schwinger expo-
nent −πEQED

crit /Estrong [67]:

0

1

γc/γc
crit

factor

1 2

Ne+e− ∝ exp

−πEQED
crit

Estrong

2
π

arcsin
(

γcrit
c
γc

)
+

γcrit
c
γc

√
1−

(
γcrit

c
γc

)2


︸ ︷︷ ︸
factor (see marginal plot)

 (2.127)

for γc ≥ γcrit
c . Note that our primary interest in the context of assisted tun-

neling pair creation is always the change of the exponent in Ne+e− since it
describes the main effect (exponential enhancement of Ne+e−). This simplifi-
cation has recently been proven to be justified [41] by showing that the (non-
exponential) prefactor in Ne+e− does not interfere negatively with the main
features of various forms of dynamical assistance (via a weak, assisting Sauter
pulse as above, as well as for an assisting oscillation or Gauss pulses etc.,
which will be studied in Part II).

The enhancement of the pure Sauter–Schwinger exponent due to the addi-
tional factor in Eq. (2.127) can have a huge effect on the pair-creation yield. For
example, the factor is 1/2 for γc ≈ 3.9, which corresponds to an effective dou-
bling of Estrong. For Estrong = EQED

crit /40, for example, dynamical assistance thus
has the potential to make the difference between exp(−πEQED

crit /Estrong) ≈
10−55 and exp[−πEQED

crit /(2Estrong)] ≈ 10−27.
A very simple picture illustrating the exponential enhancement of tunnel-

ing pair creation due to an additional multiphoton component (the fast pulse)
is that its photons “lift” the Dirac-sea electrons up into the mass gap, which
decreases the remaining tunneling length (see Fig. 2.7) [67]. However, this
picture is incomplete because it cannot explain, for example, why the expo-
nential amplification of Ne+e− only works for fast pulses with ωfast above a
certain critical value corresponding to γc = γcrit

c (for a fixed Estrong).

2.4.6.1. Singularity structure

A better approach to understand the dynamically assisted Sauter–Schwing-
er effect is to consider the singularity structure of the field profile (2.124) in
the complex t plane; see [67, 62, 1]. Since the slow pulse is approximately
constant during the time the fast pulse is “active” (because ωslow � ωfast), we
may treat the slow pulse as a constant background field Estrong when trying
to understand the impact of the fast pulse on tunneling, so we study the field
profile given by

A(t) = Estrongt +
Eweak

ωfast
tanh(ωfastt) (2.128)

73



2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

x★
-

x★
+

x

ℰ

mc
2

-mc2 ℰ+
p0(x)

ℰ-
p0(x)

pure tunneling

ℏω

dynamical assistance

Figure 2.7.: Simplified picture of the dynamically assisted Sauter–Schwinger
effect. The slow temporal Sauter pulse in Eq. (2.124) tilts the relativistic en-
ergy continua, which allows for tunneling pair creation along the gray arrow
(ordinary Sauter–Schwinger effect). We can think of a photon with frequency
ω provided by the additional fast pulse as lifting a Dirac-sea electron up by
h̄ω into the mass gap (vertical part of the black arrow), which reduces the re-
maining tunneling length (horizontal part). A shorter tunneling length leads
to an exponential increase of the tunneling probability.
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2.4. Time-dependent electric fields

in the following.
The singularities t?k of the integrand in Eq. (2.110), the contour-integral rep-

resentation of Rout
k , fulfill Ωk(t?k ) = 0 with

Ωk(t) =
1
h̄

√
m2c4 + c2

[
h̄k + qEstrongt +

qEweak

ωfast
tanh(ωfastt)

]2

. (2.129)

After introducing the dimensionless quantities

ε =
Eweak

Estrong
, κ =

h̄k
mc

, and τ = ωfastt, (2.130)

the equation Ωk(t?k ) = 0 [see Eq. (2.112)] can be cast into the compact form Singularity equa-
tion

τ? + ε tanh τ? = (−κ ± i)γc (2.131)

(we omit to add a mode index to a solution τ? of this equation for brevity).
Unfortunately, this is a transcendental equation which cannot be solved for τ?

in closed form, but we can utilize our assumption ε� 1 to solve this equation
approximately. Let us just consider the dominating mode κ = k = 0 here
for simplicity10. Due to the symmetry Ω−k(−t) = Ωk(t), we look for the
crucial singularities on the imaginary τ axis, so we make the ansatz τ? = iv in
Eq. (2.131), which leads us to the real equation

v + ε tan v = γc, (2.132)

where we skipped the minus case in Eq. (2.131) since we are only interested
in singularities in the upper half-plane (v > 0). Due to the periodicity of
the tangent function, this equation has infinitely many solutions—however,
the singularity with the smallest imaginary part determines the exponential
suppression of the leading-order term in Rout

0 , so we focus on that “main”
singularity.

For very small ε, the term ε tan v in Eq. (2.132) can be neglected, provided Subcritical
regime: γc < γcrit

cwe stay away from the pole of the tangent at v = π/2 (see Fig. 2.8). Hence, if
γc < π/2 = γcrit

c , the crucial solution of the singularity equation is v = γc (in
the limit ε→ 0), so

τ?
main

γc<π/2
≈ iγc =

imcωfast

qEstrong
⇒ t?0,main

γc<π/2
≈ imc

qEstrong
. (2.133)

10The fact that A(t) in Eq. (2.128) is an odd function leads to a k ↔ −k symmetry, so k = 0
is a preferred canonical momentum for this reason. It has been shown in [62] that this
momentum makes the largest contribution to the total pair-creation yield for the field pro-
file (2.128).
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0 1
π

2

v0

π

2

γc  1

γc  2

v + ε tan v

Figure 2.8.: Graphical solution of the singularity equation (2.132) for ε =
10−4. We see that the left-hand side of the equation, v + ε tan v (blue plot line),
is approximated well by the straight line v for v < π/2, so the intersection
point with a γc < π/2 (e.g., the horizontal red line) is located at v ≈ γc (ordi-
nary Sauter–Schwinger effect). At v = π/2, however, the tangent has a pole
which makes the blue function diverge abruptly. Thus, the blue graph inter-
sects a γc > π/2 (such as the red dotted line) always at v ≈ π/2, which leads
to an effective reduction of the tunneling exponent (dynamical assistance).
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2.4. Time-dependent electric fields

This result coincides with the (single) singularity (2.116) from the con-
stant-field case (Estrong only), which gives rise to the ordinary exponential
Schwinger factor: Rout

0 ∝ exp(−πEQED
crit /Estrong). In conclusion, the influence

of the fast Sauter pulse on pair creation can be neglected for subcritical values
of the combined Keldysh parameter (γc < γcrit

c ), and thus we get the pure
tunneling result due to the strong, (quasi-)static field Estrong in this range (or-
dinary Sauter–Schwinger effect).

Above the threshold (γc ≥ γcrit
c ), however, Im τ?

main stops increasing with γc Supercritical
regime: γc ≥ γcrit

cbecause the pole of the tangent function in Eq. (2.132) acts like a “wall” in the
limit ε→ 0 (see Fig. 2.8), so

τ?
main

γc≥π/2
≈ iπ

2
⇒ t?0,main

γc≥π/2
≈ iπ

2ωfast
. (2.134)

That is, the fast pulse manifestly influences the position of the main singu-
larity in this γc range (dynamical assistance). The leading-order exponential
suppression of Rout

0 is given by exp[−2 Im ϕ0(t?0,main)]. We may neglect the
contribution from the fast pulse to Ω0(t) [i.e., the tanh function in Eq. (2.129)]
when evaluating the phase function at t?0,main since this approximation hardly
changes the result. We get

− 2 Im ϕ0(t?0,main)

= − 2 Im

t?0,mainˆ

0

Ω0(t′)dt′

≈ − 2 Im

iπ/(2ωfast)ˆ

0

1
h̄

√
m2c4 + c2(qEstrongt′)2 dt′

= − 2
EQED

crit
Estrong

Re

π/(2γc)ˆ

0

√
1− ξ2 dξ

= −
EQED

crit
Estrong

arcsin
(

γcrit
c
γc

)
+

γcrit
c
γc

√
1−

(
γcrit

c
γc

)2
 (2.135)

for γc ≥ γcrit
c = π/2. From Rout

0 ∼ exp[−2 Im ϕ0(t?0,main)] and the fact that k =
0 is the dominating mode, we conclude that Ne+e− ∼ exp[−4 Im ϕ0(t?0,main)],
which coincides with the reduced Schwinger exponent (2.127) from [67].

Additional remarks

Note that the resulting number (density) of created pairs (2.127) is still non-

Perturbativity
with respect to
the fast field
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

perturbative in the slow field Estrong; that is, the tunneling character of pair
creation due to the slow field is preserved, but this process is assisted by the
additional fast field. It has recently been shown that dynamical assistance by
a fast Sauter pulse can be described well using first-order perturbation theory
in the small quantity Eweak/Estrong around the exact tunneling solution for the
slow background field only [71]. However, for other types of time-dependent
assisting fields (such as a Gauss pulse or a harmonic oscillation, which will
be considered in Part II), first-order perturbation theory is not sufficient in
general according to that reference.

For other modes (k 6= 0), the singularity associated with tunneling inInterference ef-
fects the constant background field Estrong is not located on the imaginary t axis

[see Eq. (2.116)], but rather has a nonvanishing real part ∝ k. Close to the
critical threshold (γc ≈ π/2), this singularity is approximately at the same
“height” (iπ/2 in the τ representation) as the first pole of the hyperbolic tan-
gent ε tanh τ in the upper half-plane, which is always located on the imag-
inary axis. Hence, there are two competing singularities in this situation,
which leads to an interference pattern in the momentum spectrum in this γc
range [70, 62].

Goals in this thesis

The goal in Part II of this thesis is to study dynamically assisted tunneling for
other fast-field profiles than a temporal Sauter pulse (see also, e.g., [72, 73, 74,
75, 76, 77, 78]). We will consider a temporal Gauss pulse ∝ exp[−(ωfastt)2]
and see that, although it “looks” very similar to a Sauter pulse, it behaves
differently in the context of dynamical assistance because the corresponding
vector potential has no singularities in the complex plane—in contrast to the
Sauter-pulse potential ∝ tanh(ωfastt).

We will also study an oscillating electric field ∝ cos(ωfastt), which should
be good model for dynamical assistance via continuous laser beams. This
profile is especially interesting when transferred to the analog of QED pair
creation in semiconductors (electron–hole pair creation), which is the topic of
Part III.

2.5. Spacetime-dependent electric �elds

In the previous two sections, the external field depended either on the space
coordinate (we consider a 1+1-dimensional spacetime here for simplicity) or
on the time coordinate. Unfortunately, the simple physical pictures known
from these cases—the tunneling picture (see Fig. 2.3 on page 52) for space-
dependent fields and the scattering picture (see Fig. 2.5 on page 58) for time-
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dependent fields—are not applicable if the field is genuinely spacetime de-
pendent11. Hence, studying nonperturbative pair creation in spacetime-de-
pendent electric (or electromagnetic) fields is considerably more difficult, and
thus most of the existing studies [86, 87, 88, 89, 90, 91, 92, 93] on this topic
apply numerical methods. In the recent paper [90], the dynamically assisted
Sauter–Schwinger effect (with an assisting temporal Sauter pulse) is derived
analytically for an inhomogeneous, static background field (spatial Sauter
pulse) via the worldline-instanton technique; see below for some results of
this paper.

Goals in this thesis

Since spacetime-dependent fields are a more realistic model when it comes to
possible experimental realizations of nonperturbative QED pair creation via
laser beams/pulses, for example, it is desirable to learn more about the rela-
tion between pair creation and the shape of the stimulating field. However,
the real QED effect is still a great challenge to observe experimentally [54],
so condensed-matter analogs of QED in external fields could be a valuable
“playground” to study nonperturbative pair creation in the laboratory since
those analogs typically exhibit much less extreme scales. Such an analogy
for QED in semiconductors which also works for spacetime-dependent field
profiles will be derived in Part III of this thesis, and various results for the dy-
namically assisted Sauter–Schwinger effect in QED will be transferred to this
analog.

2.5.1. Dynamically assisted Sauter�Schwinger e�ect with a spatial
Sauter pulse as background �eld

Let us consider the analytic results in Ref. [90] a bit closer because we aim to
adapt these results from QED to the semiconductor analog later (in Sec. 8.3).

In [90] as well as in the original paper [67] on the dynamically assisted
Sauter–Schwinger effect, the worldline-instanton method (see Sec. 2.1) is ap-
plied to calculate pair-creation probabilities for specific electric-field profiles.
Both references [67, 90] employ a temporal Sauter pulse Eweak/ cosh2(ωfastt)
to assist tunneling, but the (approximately static) background field is homo-
geneous in [67], while [90] assumes a localized electric field with the shape of

11Note that if the external field depends only on one composed coordinate, such as on one of
the light-cone coordinates ∝ ct± x as in [79, 80, 81, 82, 83, 84, 85] (see also [48]), for example,
the pair-creation problem can still be formulated as an ordinary differential equation. As
a consequence, useful techniques (such as the JWKB approximation) and intuitive pictures
known from the space- or time-dependent cases remain applicable in a properly adjusted
way.
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a Sauter pulse (we denote ωfast by ω here for brevity):

E(t, x) =
Estrong

cosh2(kx)
+

Eweak

cosh2(ωt)
, (2.136)

where k > 0 is an inverse wavelength scale describing the width of the spatial
Sauter pulse (strong background field), and ω > 0 is the frequency scale of
the weak, assisting Sauter pulse.

Note that there are three different Keldysh parameters related to that fieldKeldysh parame-
ters: γω, γk, γc profile: The assisting temporal Sauter pulse is associated with a Keldysh pa-

rameter γω = mcω/(qEweak) as defined in Eq. (2.64). The idea is that this
pulse provides a weak-intensity (Eweak � Estrong) multiphoton contribution
to the total pair-creation mechanism, so this Keldysh parameter should be
large (γω � 1). The spatial Sauter pulse, in contrast, has a vanishing tem-
poral Keldysh parameter because this field is static (pure tunneling regime).
However, we can define a dimensionless spatial Keldysh parameter for thisSpatial Keldysh

parameter γk background field in analogy to the temporal Keldysh parameter in Eq. (2.64):

γk =
mc2k

qEstrong
. (2.137)

The third interesting dimensionless quantity is the combined Keldysh param-
eter γc = mcω/(qEstrong) known from Eq. (2.125), which compares the fre-
quency scale of the assisting temporal pulse to the maximum field strength of
the static (or, in practice, very slow) and strong background field.

Let us discuss the meaning of γk. We assume that the maximum fieldThree regimes of
γk strength of the spatial Sauter pulse is fixed and subcritical (Estrong � EQED

crit ), so
that we may apply semiclassical techniques (such as the worldline-instanton
method). The limit k → 0 and thus γk → 0 corresponds to an infinite pulse
width; that is, the background field becomes constant, so the temporal pulse
will assist tunneling for ω > ωcrit with ωcrit corresponding to γcrit

c = π/2
[see Eq. (2.126)] according to the “ordinary” dynamically assisted Sauter–
Schwinger effect [67]. For k > 0, the spatial pulse length scale is finite and we
can distinguish between three regimes, which have already been discussed in
Sec. 2.3.1 on the spatial Sauter pulse (see also Fig. 2.3 on page 52): If the pulse
is broad (γk � 1) as in Fig. 2.3(a), there are many possible tunneling transi-
tions near the pulse center which may be treated with the constant-field ap-
proximation. As γk increases (i.e., the pulse becomes narrower), the number of
possible transitions gets lower, so the associated tunneling current decreases.
For γk . 1, the remaining tunneling transitions are significantly influenced by
the exponential tails of the tanh potential corresponding to the spatial pulse
[see Fig. 2.3(b)], so the tunneling lengths are larger than they would be in a
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constant field Estrong. The minimal tunneling length approaches infinity in the
limit γk ↗ 1, so this is precisely the no-tunneling limit, above which (γk > 1)
tunneling due to the spatial background pulse is not possible [see Fig. 2.3(c)].
Since assisted tunneling is only a meaningful concept if the background field
allows for tunneling without the temporal Sauter pulse, we focus on the range
γk < 1 in the context of the dynamically assisted Sauter–Schwinger effect in
inhomogeneous background fields.

In order to understand how a localized background field affects dynamical Dynamical assis-
tance for γk = 0assistance within the worldline-instanton formalism, we start with the homo-

geneous-field limit [67] (here: k = γk = 0). The instanton trajectory of the
constant background field Estrong alone is a circle with radius mc2/(qEstrong)
in the cT –x plane of Euclidean spacetime, centered at the origin [34] [see
Eqs. (2.51)–(2.52)], so it intersects the x axis at the spatial turning points
±x?(γk = 0) with

x?(γk = 0) =
mc2

qEstrong
(2.138)

[cf. Eq. (2.56)] and the T axis at ±T0(γk = 0) with

T0(γk = 0) =
mc

qEstrong
(2.139)

[this coincides with the imaginary part of the constant-field singularity
t?k (2.116) which appears within the Riccati-equation formalism]. The vector
potential Eweak tanh(ωt)/ω of the additional temporal Sauter pulse becomes
singular in Euclidean spacetime at ±Tsing with

Tsing =
π

2ω
(2.140)

because tanh(ωt) = −i tan(ωT ) has poles there. Provided that its amplitude
is small (Eweak � Estrong), the temporal pulse only has a negligible influence
on the instanton trajectory of the background field (here: the circle) as long
as the trajectory stays away from the singularities ±Tsing (just as in Sec. 2.4.6).
We may thus think of the assisting pulse as establishing “walls” which are
parallel to the x axis and located at ±Tsing in Euclidean spacetime (see Fig. 2.9
and cf. Fig. 2.8 on page 76). Only when the instanton trajectory touches these
walls, it will be “reflected” and thus be influenced by the temporal Sauter
pulse—which is the effect of dynamical assistance in the worldline-instanton
picture [90]. Figure 2.9 allows us to easily identify the onset frequency scale

81



2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

ωcrit for dynamical assistance (for the present case γk = 0):

π

2ωcrit(γk = 0)
!
= T0(γk = 0) =

mc
qEstrong

⇒ γcrit
c (γk = 0) =

mcωcrit(γk = 0)
qEstrong

=
π

2
, (2.141)

which is precisely the result of [67].
If we now increase k (and thus γk), the instanton trajectory in Fig. 2.9 be-γk > 0 case:

ωcrit(γk) de-
creases

comes that of a spatial Sauter pulse (provided it does not touch the “walls”),
which is parameterized by [34]

x(u) =
mc2

qEstrong︸ ︷︷ ︸
x?(γk=0)

1
γk

arsinh

 γk√
1− γ2

k

sin(2πu)

 and

T (u) = mc
qEstrong︸ ︷︷ ︸
T0(γk=0)

1

γk

√
1− γ2

k

arcsin[γk cos(2πu)] (2.142)

with u ∈ [0, 1]. This instanton loop is ellipse-like shaped because the intersec-
tion points with the axes, T0 and x?, depend differently on γk:

T0(γk) = T0(γk = 0)
arcsin γk

γk

√
1− γ2

k

, (2.143)

x?(γk) = x?(γk = 0)
1
γk

arsinh

 γk√
1− γ2

k

 . (2.144)

Both values are strictly increasing with respect to γk and diverge in the no-
tunneling limit γk ↗ 1. This growth of the instanton trajectory immediately
makes clear (in view of Fig. 2.9 again) that ωcrit(γk) decreases as we increase
γk because

π

2ωcrit(γk)
!
= T0(γk) ⇔ γcrit

c (γk) =
mcωcrit(γk)

qEstrong
=

π

2

γk

√
1− γ2

k

arcsin γk
;

(2.145)
cf. Ref. [90]. For a background field close to the tunneling threshold (γk ↗ 1
limit), we thus have

γcrit
c (γk) ∝ ωcrit(γk) ∼

√
1− γ2

k , (2.146)
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x



0(0)

-0(0)

0(γk)

-0(γk)

x★(0)-x★(0) x★(γk)-x★(γk)

π/(2ω)

-π/(2ω)

γk  0

γk  0.6

Figure 2.9.: Instanton trajectory (blue loops) of a static electric field
Estrong/ cosh2(kx) in Euclidean spacetime [see Eq. (2.142) for the parame-
terization]. The red horizontal lines represent the “walls” [singularities at
±Tsing = ±π/(2ω)] introduced by an additional temporal Sauter pulse
Eweak/ cosh2(ωt) with a weak amplitude Eweak � Estrong. For a constant back-
ground field (γk = 0), the instanton trajectory is a circle (solid loop) around
the origin with radius cT0 = x? = mc2/(qEstrong). For γk > 0, the instan-
ton trajectory expands (dashed loop) and thus T0 and x? increase according to
Eqs. (2.143) and (2.144).
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so ωcrit(γk) approaches zero in the no-tunneling limit.
In conclusion, the physical effect of an inhomogeneous and localized back-

ground field (instead of a constant field as in the purely time-dependent
case [67]) on the dynamically assisted Sauter–Schwinger effect is that the crit-
ical frequency scale ωcrit for dynamical assistance via the temporal Sauter
pulse decreases and can even become arbitrarily small for static fields close
to the tunneling threshold q∆Φ = 2mc2 ⇔ γk = 1. However, keep in mind
that the tunneling current induced by the static field also decreases consid-
erably when the spatial pulse is narrowed (by increasing k) [34], so even the
assisted tunneling current may become too tiny to observe when approaching
the tunneling threshold too close.

Just like ωcrit(γk) approaches zero according to a characteristic scaling
law (2.146) in the limit γk ↗ 1, the pure tunneling current (without dynami-
cal assistance) also exhibits a characteristic functional form in this limit. This
form depends on the way the static field approaches zero asymptotically for
x → ±∞—see Refs. [94, 95] for more information on this kind of universal
phenomena in the no-tunneling limit.

Goals in this thesis

One of the goals in this thesis is to transfer this QED scenario to the semicon-
ductor analog and to show that—even though the spatial Sauter pulse in the
field profile (2.136) considered here is a rather specific background-field pro-
file—the scaling law (2.146) for ωcrit in the no-tunneling limit should also be
valid for such an analog (see Sec. 8.3.1).

Furthermore, we will estimate how dynamical assistance via a temporal
harmonic oscillation Eweak cos(ωt)—which is considered in Ch. 5 with a con-
stant background field—is influenced by choosing a spatial Sauter pulse as
background field instead (see Sec. 8.3.2). A harmonic oscillation is a better
model for continuous, counterpropagating laser beams, for example, than a
temporal Sauter pulse, and thus this profile could be useful to describe tun-
neling in semiconductors assisted by such beams.

2.6. Magnetic �elds

Going from 1+1 to 2+1 or 3+1 spacetime dimensions makes it possible to add
also magnetic components to the external field, and thus the question arises
of how magnetic fields B influence the process of pair creation via tunneling
induced by electric fields E.

Heisenberg and Euler [22] as well as Schwinger [27] studied constant exter-Constant E and B
fields nal E and B fields (low-energy limit, i.e., fields varying very slowly in space
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2.6. Magnetic fields

and time). In this simple case, the (homogeneous) effective Lagrangian den-
sity LHE

eff (1.20) can be expressed as a function of two numbers, the Lorentz
invariants F = E2− c2B2 and G = cE · B, which were introduced in Eq. (1.22).
An interesting special case is E · B = 0, that is, perpendicular (“crossed”) elec- Crossed fields

(E · B = 0)tric and magnetic fields. Note that if the fields are crossed in one coordinate
system, they will be crossed in any inertial frame since E · B is invariant under
Lorentz transformations. If the other invariant, E2 − c2B2, is positive, we can
always find a Lorentz-boosted frame with respect to which there is only an
electric field E′ and no magnetic field (“electric-type” crossed fields) [27]. The
strength of this purely electric field is reduced [96] since

|E′| =
√

E2 − c2B2 = |E|

√
1−

(
c|B|
|E|

)2

︸ ︷︷ ︸
<1 for B 6=0

. (2.147)

This reduced field will produce a certain number of pairs via the Sauter–
Schwinger effect, which can also be observed in the original frame since the
number of particles is Lorentz invariant. In conclusion, a not too strong Perpendicular

B diminishes
tunneling

(|B| < |E|/c) perpendicular magnetic field lowers the effective pair-creat-
ing field strength

√
|E|2 − c2|B|2, and tunneling vanishes completely in the

limit |B| ↗ |E|/c [25].
In a simple, semiclassical picture, this effect can be understood as follows:

Imagine a Dirac-sea electron tunneling through the forbidden region, against
the force exerted by the E field (as depicted in Fig. 2.2 on page 48). An ad-
ditional, perpendicular B field will prevent the particle from moving straight
through the barrier but instead force it to move along a circular path (around
the vector B), thus increasing the tunneling length—which corresponds to an
effective decrease of the pair-creating field strength. The stronger the B field,
the smaller the radius of the circular motion, so tunneling becomes impossi-
ble when the circular paths fit completely into the forbidden region, which
happens at the threshold |B| = |E|/c.

A convenient way to explain the suppression of tunneling in a perpendicu- Dispersion rela-
tion in crossed
fields

lar B field more precisely (still in the semiclassical picture) is to consider the
local energy levels of electrons in a crossed-fields setup. Say our constant,
crossed fields are E = Eex and B = Bez. We can choose the corresponding
potentials in a way such that they do only depend on x:

Φ(x) = Ex and A(x) = −Bxey. (2.148)

The unperturbed relativistic energy levels are E± = ±
√

m2c4 + c2 p2 (observ-
ables are treated like numbers/vectors in this semiclassical picture). Coupling
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

the scalar potential to this relation via E± → E±+ qΦ(x) tilts the energy levels
in space, which leads to the tunneling picture of the Sauter–Schwinger effect
(see Fig. 2.2). The vector potential couples to the momentum, p→ p + qA(x),
and thus gives rise to an additional space dependence of the energy levels.
We set p = 0 and thereby obtain the local edges of the two energy continua:

E p=0
± (x) = −qEx±

√
m2c4 + c2q2B2x2. (2.149)

These levels are plotted in Fig. 2.10 for different magnetic field strengths.
Asymptotically (|cqBx| � mc2), these energy levels have the functional form

E p=0
± (x) ∼ −qEx± cqB|x| = −qE|x|

(
sgn x∓ cB

E

)
, (2.150)

so they are linear for large |x|. However, we see that a strong magnetic field
(cB/E > 1) changes the asymptotic direction (decreasing versus increasing
with respect to x) of E p=0

± on one side, respectively, and thus prevents tunnel-
ing completely as a consequence (cf. Fig. 2.10). Such strong magnetic fields
correspond to E2 − c2B2 < 0, the “magnetic-type” regime of crossed fields.
For this type of fields, there is always an inertial observer that “sees” a purely
magnetic field—which does not generate pairs since the corresponding effec-
tive Lagrangian density is real [27].

The remaining class of constant fields is given by E · B 6= 0. Such fieldsE · B 6= 0: ef-
fectively parallel
fields

cannot be perpendicular in any Lorentz frame. Instead, it is always possible
to find a frame according to which the transformed electric and magnetic field
vectors are (anti-)parallel [25]. The effect of a parallel B field on tunneling due
to an E field was studied in Refs. [42, 44, 35, 47, 45] (QED) and [97] (interband
tunneling in semiconductors), for example. The B field does not impede the
tunneling motion against the electric-field force in this case, but the transverse
motion becomes quantized (Landau levels) in this setting—whereas the trans-
verse electron momentum p⊥ is a conserved quantity and can take any value
in the absence of a parallel B field (p⊥ has been introduced in Sec. 2.2). Since
a parallel B field merely increases the prefactor in the number of produced
pairs per unit time and volume in QED a bit,

0 1

1
2

cB

E

factor

Ṅe+e− =
q2E2

4π3h̄2c
πcB

E
coth

(
πcB

E

)
︸ ︷︷ ︸

additional factor due to the parallel B field (see marginal plot)

e−πEQED
crit /E (2.151)

(see [42, 35]), but leaves the exponent unchanged, we will not consider this
field profile further in this thesis.
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2.6. Magnetic fields

x

ℰ

mc
2

-mc2

Figure 2.10.: Upper (red graphs) and lower (blue graphs) relativistic local
electron energies (2.149) for p = 0 (edges of the energy continua) in crossed
fields Eex and Bez, plotted for three different magnetic field strengths. The
solid graphs represent the pure Sauter–Schwinger case (B = 0; coincides with
Fig. 2.2). The dashed graphs correspond to 0 < B < E/c, the regime in which
tunneling is still possible but reduced by the B field; consider, e.g., the x axis,
which is also a line of constant energy: the red as well as the blue dashed
graphs intersect the x axis, so tunneling transitions between the two relativis-
tic continua are possible, but the tunneling length is larger than in the case
B = 0. The third case is B > E/c (dotted graphs). We see in the plot that
E p=0
+ (x) is always above the x axis in this case, while the corresponding lower

energy curve is always below this axis, so there are no allowed tunneling tran-
sitions.
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2. Nonperturbative pair creation in QED: the Sauter–Schwinger effect

Beyond the constant-field approximation, there are some exact results forNonconstant
fields the effective Lagrangian density/action in nonconstant magnetic fields, such

as spatial Sauter pulses Bex/ cosh2(kx) [98, 99] (which do not give rise to pair
creation, however). Another important exact result was given by Schwing-
er [27]: a plane electromagnetic wave in vacuum cannot create any pairs, no
matter how high its intensity or frequency is, so pair production by a sin-
gle laser beam is not possible. This result is interesting because it cannot be
explained without taking the magnetic component of the wave into account
since a time-dependent and purely electric field will always create pairs [86].
Hence, the presence of magnetic fields and their spacetime dependence can
have a significant influence on pair creation; see, e.g., [33, 35, 47, 45, 86, 100, 92]
for studies on that topic.

To circumvent the problem that single laser beams cannot create pairs, an al-Counterpropagat-
ing laser beams ternative setup consisting of two coherent, counterpropagating beams is often

considered; see, e.g., [101] and also [102, 103], which deal with pair produc-
tion via X-ray free-electron lasers. In the region where the two beams overlap,
they form a standing wave (which can create pairs), and the magnetic com-
ponents even cancel each other completely (under ideal conditions). For this
reason, B fields are often ignored in the context of pair creation from the vac-
uum—an approximation which seems to be justified for low laser frequencies
(tunneling regime) according to numerical studies like [86, 92].

Goals in this thesis

The major part of this thesis is devoted to QED pair creation and its anal-
ogy in semiconductors for spacetime-dependent external electric fields in 1+1
spacetime dimensions, that is, without magnetic fields. However, we will
also begin to generalize the analogy to 2+1 dimensions in Ch. 9, with spe-
cial emphasis on pair creation in crossed, constant E and B fields—which
is a simple yet interesting field profile illustrating how perpendicular mag-
netic fields can interfere with tunneling in QED (see [100]), and there are also
existing results regarding interband tunneling in semiconductors for crossed
fields [104, 96, 105, 97, 106].
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Schwinger e�ect in
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In this part, we study electron–positron pair creation in time-dependent,
subcritical electric fields E(t) = Ȧ(t) � EQED

crit in 1+1 spacetime dimensions
by means of the Riccati-equation formalism introduced in Secs. 2.4.3–2.4.4.
Within the semiclassical (JWKB) approximation, Rout

k is given by the inte-
gral (2.110). The singularities t?k of the integrand in the upper complex half-
plane determine the exponents in Rout

k . Each of the following chapters is de-
voted to a specific field profile, respectively: we study

1. pure tunneling in a constant electric field,

2. assisted tunneling via a temporal Gauss pulse Eweak exp[−(ωt)2], and

3. assisted tunneling via an oscillation Eweak cos(ωt).

Most of the results presented in this part have been published in the article [1],
which is partly based on the thesis [107].

We choose units with c = h̄ = 1 throughout this part for brevity. Natural units
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3. Pure tunneling in a constant

electric �eld

In this chapter, we evaluate the integral representation (2.110) of Rout
k for a

constant electric field, so

A(t) = Et ⇒ E(t) = E > 0 (3.1)

with E � EQED
crit (in order for the underlying semiclassical approximation to

be valid). This profile tilts the Dirac sea as depicted in Fig. 2.2 on page 48 and
thus gives rise to the ordinary Sauter–Schwinger effect.

We treat this simple case since the integral (2.110) is easier to calculate thor-
oughly (using the contour-integration method explained in Sec. 2.4.4.1) than
for the field profiles considered later. In particular, we will calculate the con-
tribution from the branch cut originating from the single crucial singularity in
this case.

3.1. Singularities and integration contour

• The vector potential (3.1) is an entire function, so there are no singular- Singularities
ities originating from A(t) itself.

• Equation (2.112) determining the zeros of

Ωk(t) = m

√
1 +

(
k + qEt

m

)2

(3.2)

only has one solution in the upper complex half-plane here:

t?k =
−k + im

qE
. (3.3)

The corresponding branch cut originating from t?k runs upwards in the com- Branch cut
plex plane, parallel to the imaginary t axis (see Fig. 3.1), according to the def-
inition (2.113) of the square root in Ωk(t). Hence, we choose the integration
contour depicted in Fig. 3.1 here, which circumvents t?k and the branch cut
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3. Pure tunneling in a constant electric field

“-∞” -k/(qE) “+∞”
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Figure 3.1.: Sketch of the integration contour for the calculation of Rout
k ac-

cording to Eq. (2.110) in the constant-field case A(t) = Et. The contour starts
at t → −∞ (initial state), and we basically want to integrate to t → +∞ (final
state) along an arc of infinite radius through the upper complex half-plane,
where the integrand is exponentially suppressed. However, the first part of
this arc (C−◦ ) hits the branch cut (dashed line) originating from the singularity
t?k (red cross) at Re t = −k/(qE). We circumvent this “barrier” by integrating
along the left side of the branch cut (C−b ) all the way down to the singularity,
then around the singularity (Cs), and finally upwards again (Im t→ ∞), along
the right side of the branch cut (C+b ). Then, the contour continues on the path
of the large arc (C+◦ ) until it arrives at the endpoint.

(our strategy of how to choose the integration contour has been explained in
Sec. 2.4.4.1).

3.2. Calculation of the contour integral

In order to actually perform the contour integration for a constant field, let us
first write the integral (2.110) in a more explicit and convenient way.

We start with the phase function ϕk(t) =
´ t

0 Ωk(t′)dt′ and substitute the
dimensionless “time” variable

τ =
k + qEt

m
⇒ dt =

m
qE

dτ, (3.4)
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3.2. Calculation of the contour integral

which is, in this form, quite useful in the constant-field case. We get

ϕk(t) =

tˆ

0

m

√
1 +

(
k + qEt′

m

)2

dt′

=
EQED

crit
E

(k+qEt)/mˆ

k/m

√
1 + τ′2 dτ′

=
EQED

crit
2E

[
φ

(
k + qEt

m

)
− φ

(
k
m

)]
, (3.5)

where we have defined the auxiliary function

φ(z) = z
√

1 + z2 + arsinh z (3.6)

(cf., e.g., Refs. [67, 62, 1]). The prefactor function (2.90) reads

Ξk(t) =
mqE

2 [m2 + (k + qEt)2]
=

m
2

E

EQED
crit

1

1 +
(

k+qEt
m

)2 . (3.7)

Inserting Eqs. (3.5) and (3.7) into the general integral representation (2.110) Integral represen-
tation of Rout

kand substituting τ from Eq. (3.4) again then yields

Rout
k ≈

∞̂

−∞

m
2

E

EQED
crit

exp
{

i EQED
crit
E

[
φ
(

k+qEt
m

)
− φ

(
k
m

)]}
1 +

(
k+qEt

m

)2 dt

=
1
2

e−iφ(κ)/χ

∞̂

−∞

eiφ(τ)/χ

1 + τ2 dτ

=
1
2

e−iφ(κ)/χ

∞̂

−∞

ei(τ
√

1+τ2+arsinh τ)/χ

1 + τ2 dτ, (3.8)

where we have introduced the dimensionless parameter values

χ =
E

EQED
crit

and κ =
k
m

(3.9)

for clarity.
We see in Eq. (3.8) that the substitution of t by τ allowed us to write the re- Integration con-

tour
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Figure 3.2.: Integration contour from Fig. 3.1 after the substitution of t by
the dimensionless variable τ defined in Eq. (3.4). In the τ representation, the
singularity t?k is fixed at the position i (for all k and E), and the branch cut runs
along the imaginary axis.

maining integral in a way that is independent of the considered longitudinal
conserved momentum (i.e., k or κ). Furthermore, the singularity (3.3) becomes
fixed at the position τ(t?k ) = i due to the substitution, which makes the pa-
rameterization of the integration contour a little bit easier; see Fig. 3.2 for our
integration contour in the complex τ plane.

In the following subsections, we will evaluate the integral (3.8) along the
individual (named) sections of this contour.

3.2.1. Integration along the arcs

The arcs in the contour in Fig. 3.2 are parameterized byParameterizations

C±◦ : ϑ 7→ lim
r→∞

reiϑ with

{
ϑ : ϑ+

1 = π
2 ↘ 0 = ϑ+

2 ,
ϑ : ϑ−1 = π ↘ π

2 = ϑ−2 .
(3.10)

Calculating the contributions from these parts of the contour to the τ inte-Contributions
to the contour
integral

gral (3.8) yields

ˆ

C±◦

eiφ(τ)/χ

1 + τ2 dτ =

ϑ±2ˆ

ϑ±1

lim
r→∞

ei[reiϑ
√

1+r2e2iϑ+arsinh(reiϑ)]/χ

1 + r2e2iϑ ireiϑ dϑ. (3.11)
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3.2. Calculation of the contour integral

For large r, we may approximate 1+ r2e2iϑ ≈ r2e2iϑ. Furthermore, the absolute
value of

arsinh τ = ln
(

τ +
√

1 + τ2
)

(3.12)

grows merely logarithmically with respect to |τ| , much slower than τ (1 +
τ2)1/2 ∼ |τ|2, so we may neglect arsinh(. . .) in the limit r → ∞. This way,
Eq. (3.11) becomes

ˆ

C±◦

eiφ(τ)/χ

1 + τ2 dτ = i

ϑ±2ˆ

ϑ±1

lim
r→∞

ei(r2eiϑ
√

e2iϑ)/χ

reiϑ dϑ. (3.13)

We see that r in the denominator suppresses the integrand. However, we also
have to check how the exponential function in the nominator behaves for large
r.1 The absolute value of this function reads∣∣∣ei(r2eiϑ

√
e2iϑ)/χ

∣∣∣ = exp
[
− r2

χ
Im
(

eiϑ
√

e2iϑ
)]

. (3.14)

On the path C±◦ , the principal value (2.113) of the square root is
√

exp(2iϑ) =
±eiϑ, so∣∣∣ei(r2eiϑ

√
e2iϑ)/χ

∣∣∣ = exp
[
− r2

χ
Im
(
±e2iϑ

)]
= exp

[
∓ r2

χ
sin(2ϑ)

]
. (3.15)

Since sin(2ϑ) ≥ 0 on C+◦ and ≤ 0 on C−◦ , the exponent is always ≤ 0, and
thus the absolute value of the exponential function in the nominator in the
integrand (3.13) has an upper bound of 1. The integral therefore vanishes in Result
the limit r → ∞, so the arcs do not contribute to Rout

k :
ˆ

C±◦

eiφ(τ)/χ

1 + τ2 dτ = 0. (3.16)

This result was expected because of the exponential suppression of the in-
tegrand (2.110) in the upper complex half-plane. Only the circumvention of
branch cuts and singularities is expected to generate nonvanishing contribu-
tions to the contour integral.

3.2.2. Integration around the singularity (�residue�)

As the next step, we perform the integration around the singularity at τ = i. Parameterization

1In fact, we have already shown in Sec. 2.4.4.1 that the integrand will always be suppressed
exponentially when going upwards in the complex plane (as long as we avoid singularities
and branch cuts). But we do the explicit check here nonetheless because it is easy to carry
out in the constant-field case.
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3. Pure tunneling in a constant electric field

We do this along a circle of infinitesimal radius (see Fig. 3.2), so our parame-
terization of Cs is

Cs : ϑ 7→ i + lim
r↘0

reiϑ with ϑ : −3
2

π ↗ π

2
. (3.17)

The corresponding contribution to the integral (3.8) readsContribution
to the contour
integral ˆ

Cs

eiφ(τ)/χ

1 + τ2 dτ =

π/2ˆ

−3π/2

lim
r↘0

ei[(i+reiϑ)
√

2ireiϑ+r2e2iϑ+arsinh(i+reiϑ)]/χ

2ireiϑ + r2e2iϑ ireiϑ dϑ

= i

π/2ˆ

−3π/2

ei

iπ/2︷ ︸︸ ︷
arsinh(i) /χ

2i
dϑ = πe−π/(2χ). (3.18)

This result is proportional to the square root of the characteristic, expo-

nential Schwinger factor exp[−π/(2χ)] =
√

exp(−πEQED
crit /E), so the ap-

proximate pair-creation probability |Rout
k |2 will therefore be proportional to

exp(−πEQED
crit /E) (at least, according to this singularity contribution). This is

exactly what we expect in a constant electric field.
Note that the only reason why we get a nonvanishing result in Eq. (3.18) isRelation to a

residue because we integrate around a pole, a zero of the denominator 1 + τ2—the
argument ∝ φ(τ) [defined in Eq. (3.6)] of the exponential function in the nom-
inator has a branch point at the singularity τ = i, but φ(τ) is continuous at
this point in the sense that φ(i+ reiϑ) approaches the well-defined value iπ/2
in the limit r ↘ 0, independently of the direction ϑ. Hence, we may effec-
tively set the exponential function to its value at the position around which
we integrate, exp[iφ(i)/χ], and then write this constant factor before the inte-
gral: ˆ

Cs

eiφ(τ)/χ

1 + τ2 dτ = eiφ(i)/χ

ˆ

Cs

dτ

1 + τ2 . (3.19)

The remaining integrand is free of branch cuts; it merely has a pole at τ = i
(an isolated singularity), and it is thus manifestly no longer important to let
the integration along Cs begin at ϑ = −3π/2 and to let it end at π/2—the
essential information is that we integrate once around the pole in a counter-
clockwise manner, which corresponds (up to a factor of 2πi) to the residue of
the remaining integrand at the singularity τ = i, so

ˆ

Cs

eiφ(τ)/χ

1 + τ2 dτ = eiφ(i)/χ

ˆ

Cs

dτ

1 + τ2 = 2πi eiφ(i)/χ Resi
1

1 + τ2 . (3.20)
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3.2. Calculation of the contour integral

3.2.2.1. Exact contribution from the integration around a singularity for a

general vector potential

The above argumentation leading to Eq. (3.20) can be generalized for a large
class of vector potentials (including the field profiles treated in the following
chapters), which even allows us to calculate the exact result for the integration
around a singularity in the general case. Suppose that

• we consider a particular zero t?k of Ωk(t) in the upper complex half- Assumptions
plane,

• and our vector potential A(t) is holomorphic in a domain containing t?k

• with Ȧ(t?k ) = E(t?k ) 6= 0.

Since Ωk(t?k ) = 0, we have [k + qA(t?k )]/m = ±i [i.e., plus or minus; cf. One branch cut
originating from
t?k

Eq. (2.112)]. The condition Ȧ(t?k ) 6= 0 then leads to

d
dt

[
1 +

(
k + qA(t)

m

)2
]∣∣∣∣∣

t=t?k

= 2
k + qA(t?k )

m︸ ︷︷ ︸
±i

qȦ(t?k )
m

6= 0, (3.21)

which means that the expression underneath the square root in Ωk(t) [see
Eq. (2.111)] has a first-order zero at t?k , and thus there is only one branch cut
originating from t?k in the complex t plane2.

The integration contour we choose according to Sec. 2.4.4.1 for the calcula- Integration
around t?ktion of the integral (2.110) representing Rout

k must consequently go around t?k
completely (e.g., along a full, infinitesimal circle again) in order to get from
one side of this branch cut to the other side. Since Ωk(t) is a square root, it
has a branch point at t?k ; however, Ωk(t) is nonetheless continuous at t?k in
the above sense that Ωk(t → t?k ) → 0 independently of the direction, so the
the phase function ϕk(t) =

´ t
t0

Ωk(t′)dt′ must also be continuous at t?k in this

sense. Say C t?k
s is the infinitesimal circle around t?k , with the parameterization

C t?k
s : ϑ 7→ t?k + lim

r↘0
reiϑ with ϑ : ϑ0 ↗ ϑ0 + 2π (3.22)

and an arbitrary ϑ0 ∈ R. Then, the phase function has a well-defined, constant
value ϕk(t?k ) on that path, and the corresponding contribution to the contour

2A higher-order zero of the radicand leads to multiple branch cuts in the principal
value (2.113) of the square root which all originate from this particular zero. For exam-
ple,
√

z3 has three different branch cuts originating from z = 0.
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3. Pure tunneling in a constant electric field

integral thus reads
ˆ

C
t?k
s

Ξk(t)e2iϕk(t) dt = e2iϕk(t?k )
ˆ

C
t?k
s

Ξk(t)dt = 2πi e2iϕk(t?k ) Rest?k Ξk(t), (3.23)

which is the generalization of Eq. (3.20).
The residue integral can be calculated exactly. We start by inserting theCalculation of the

residue general expression for Ξk(t) from Eq. (2.90), which has a pole at t?k , and the
parameterization (3.22):

ˆ

C
t?k
s

Ξk(t)e2iϕk(t) dt =
e2iϕk(t?k )

2m

ϑ0+2πˆ

ϑ0

lim
r↘0

qȦ(t?k + reiϑ)

1 +
[

k+qA(t?k+reiϑ)
m

]2 ireiϑ dϑ. (3.24)

Since A(t) is per assumption analytic at t?k , we may Taylor expand A and Ȧ
around t?k , which allows us to perform the limit and to obtain the exact and
general result

ˆ

C
t?k
s

Ξk(t)e2iϕk(t) dt

=
i

2m
e2iϕk(t?k )

ϑ0+2πˆ

ϑ0

lim
r↘0

q

6=0 per assumption︷ ︸︸ ︷
Ȧ(t?k ) +O(r)

1 +
[

k+qA(t?k )
m︸ ︷︷ ︸

±i since Ωk(t?k )=0

+
qȦ(t?k )

m reiϑ +O(r2)

]2 reiϑ dϑ

=
i

2m
e2iϕk(t?k )

ϑ0+2πˆ

ϑ0

lim
r↘0

qȦ(t?k ) +O(r)

±2i qȦ(t?k )
m reiϑ +O(r2)

reiϑ dϑ

= ± 1
4

e2iϕk(t?k )

ϑ0+2πˆ

ϑ0

lim
r↘0

1 +O(r)
1 +O(r) dϑ

= ± π

2
e2iϕk(t?k ), (3.25)

where the sign is the same as in the equation

k + qA(t?k )
m

= ±i ⇔ Ωk(t?k ) = 0, (3.26)
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3.2. Calculation of the contour integral

[cf. Eq. (2.112)], which t?k satisfies per assumption.
Let us check whether the general formula (3.25) yields the correct result for Comparison with

the known con-
stant-field result

the only singularity t?k [see Eq. (3.3)] with Im t?k > 0 in the case of a constant
electric field. This singularity satisfies the plus case of Eq. (3.26), so the general
formula (3.25) yields [ϕk(t) and φ(z) have been defined in Eqs. (3.5) and (3.6)]

ˆ

C
t?k
s

Ξk(t)e2iϕk(t) dt =
π

2
e2iϕk(t?k )

=
π

2
exp

{
i

EQED
crit
E︸ ︷︷ ︸

1/χ

[
φ

(
k + qEt?k

m︸ ︷︷ ︸
i

)
− φ

(
k
m︸︷︷︸
κ

)]}

=
π

2
e−iφ(κ)/χei

iπ/2︷ ︸︸ ︷
arsinh(i) /χ

=
π

2
e−iφ(κ)/χe−π/(2χ). (3.27)

This coincides with our result in Eq. (3.18) when the prefactors from Eq. (3.8)
are also taken into account:

1
2

e−iφ(κ)/χ

ˆ

Cs

eiφ(τ)/χ

1 + τ2 dτ =
π

2
e−iφ(κ)/χe−π/(2χ). (3.28)

3.2.3. Branch-cut integral

The last step in our evaluation of the constant-field integral (3.8) is the calcu- Parameterizations
lation of the contributions generated while integrating along both sides of the
branch cut (see the contour in Fig. 3.2). The corresponding parameterizations
are

C±b : ξ 7→ (1 + ξ)i± lim
ε↘0

ε with

{
ξ : 0↗ ∞,
ξ : ∞↘ 0.

(3.29)

Remember that the branch cut in the integrand originates from the phase func- Contributions
to the contour
integral

tion ϕk(t) only, which is related to the auxiliary function φ(τ) via Eq. (3.5) in
the constant-field case, so we may simply set ε = 0 in the integrand’s denom-
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3. Pure tunneling in a constant electric field

inator:

ˆ

C±b

eiφ(τ)/χ

1 + τ2 dτ = ±
∞̂

0

limε↘0 eiφ[(1+ξ)i±ε]/χ

1− (1 + ξ)2 i dξ

= ∓i

∞̂

0

limε↘0 eiφ[(1+ξ)i±ε]/χ

ξ (2 + ξ)
dξ. (3.30)

In order to perform the limit ε ↘ 0, we express the term arsinh τ in φ(τ)Limit ε↘ 0
[defined in Eq. (3.6)] via a complex logarithm [see Eq. (3.12)], which yields

φ(τ) = τ
√

1 + τ2 + ln
(

τ +
√

1 + τ2
)

. (3.31)

We see that φ(τ) depends on the principal value of
√

1 + τ2, which is sensitive
to the side of the branch cut considered. On the paths of C±b , this square root
becomes

lim
ε↘0

√
1 + [(1 + ξ)i± ε]2 = lim

ε↘0

√
1− (1 + ξ)2 + ε2 ± 2(1 + ξ)εi

= lim
ε↘0

√
−ξ (2 + ξ) + ε2︸ ︷︷ ︸
<0 for ξ>0 when ε↘0

± 2(1 + ξ)ε︸ ︷︷ ︸
>0

i

= ±i
√

ξ (2 + ξ) (3.32)

since the radicand approaches the negative real axis from above/below in the
limit ε↘ 0. The argument of the logarithm in Eq. (3.31) along C±b is thus

(1 + ξ)i± lim
ε↘0

ε± i
√

ξ (2 + ξ) =

[
1 + ξ ±

√
(1 + ξ)2 − 1︸ ︷︷ ︸
>0

]
i± lim

ε↘0
ε. (3.33)

Since the principal value of the complex logarithm [according to arg(. . .) de-
fined in Eq. (2.113)] is continuous on the positive imaginary axis, we may
simply set ε = 0 in the above equation. With that, we have taken care of all
possible discontinuities of φ(τ) at ε = 0. By means of the last three equations,
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3.2. Calculation of the contour integral

we therefore get

lim
ε↘0

φ[(1 + ξ)i± ε] = (1 + ξ)i× (±i)
√

ξ (2 + ξ)

+ ln
{

i
[

1 + ξ ±
√

ξ (2 + ξ)

]}
= ∓ (1 + ξ)

√
ξ (2 + ξ)

+ ln
[
1 + ξ ±

√
ξ (2 + ξ)︸ ︷︷ ︸

>0

]
+

iπ
2

(3.34)

along C±b .
Having performed the limit ε ↘ 0, we insert the above equation into the Simplification of

the branch-cut
contributions

integral contributions (3.30) and continue with the calculation:

ˆ

C±b

eiφ(τ)/χ

1 + τ2 dτ

= ∓ i

∞̂

0

ei
{
∓(1+ξ)

√
ξ (2+ξ)+ln

[
1+ξ±
√

ξ (2+ξ)
]
+iπ/2

}
/χ

ξ (2 + ξ)
dξ

= ∓ ie−π/(2χ)

∞̂

0

ei
{
∓(1+ξ)

√
ξ (2+ξ)+ln

[
1+ξ±
√

ξ (2+ξ)
]}

/χ

ξ (2 + ξ)
dξ. (3.35)

Note that both branch-cut contributions are proportional to the square root
exp[−π/(2χ)] of the Schwinger factor [just like the singularity contribu-
tion (3.18)], which arises from the imaginary part π/2 of the complex loga-
rithm in the phase function. In order to simplify the remaining integrals a bit,
we substitute

µ =
√

ξ (2 + ξ) =
√
(1 + ξ)2 − 1 ∈ [0, ∞) ⇔ 1 + ξ =

√
1 + µ2

⇒ dξ =
µ√

1 + µ2
dµ, (3.36)

so the integral contributions become

ˆ

C±b

eiφ(τ)/χ

1 + τ2 dτ = ∓ie−π/(2χ)

∞̂

0

ei
[
∓µ
√

1+µ2+ln
(√

1+µ2±µ
)]

/χ

µ
√

1 + µ2
dµ. (3.37)
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3. Pure tunneling in a constant electric field

Since

ln
(√

1 + µ2 − µ

)
= ln

(
1 + µ2 − µ2√

1 + µ2 + µ

)
= − ln

(√
1 + µ2 + µ

)
, (3.38)

we may write

ln
(√

1 + µ2 ± µ

)
= ± ln

(√
1 + µ2 + µ

)
(3.39)

in Eq. (3.37) and thus get

ˆ

C±b

eiφ(τ)/χ

1 + τ2 dτ = ∓ie−π/(2χ)

∞̂

0

e∓i
[
µ
√

1+µ2−ln
(√

1+µ2+µ
)]

/χ

µ
√

1 + µ2
dµ. (3.40)

By adding both integrals together, we obtain the exact expression for theTotal contribution
from the branch
cut

total contribution from the branch cut to the contour integral:

ˆ

C+b

eiφ(τ)/χ

1 + τ2 dτ +

ˆ

C−b

eiφ(τ)/χ

1 + τ2 dτ

= ie−π/(2χ)

∞̂

0

ei
[
µ
√

1+µ2−ln
(√

1+µ2+µ
)]

/χ − c.c.
µ
√

1 + µ2
dµ

= − 2e−π/(2χ)

∞̂

0

sin
{

1
χ

[
µ
√

1 + µ2 − ln
(√

1 + µ2 + µ
)]}

µ
√

1 + µ2
dµ

= − 2e−π/(2χ)

∞̂

0

sin
[

1
χ

(
µ
√

1 + µ2 − arsinh µ
)]

µ
√

1 + µ2
dµ

︸ ︷︷ ︸
Ib(χ)

. (3.41)

For a given χ = E/EQED
crit , the remaining, real integral Ib(χ) has to be evalu-

ated, which can be done numerically. The integrand of Ib(χ) oscillates rapidly
for large µ and is suppressed by 1/µ2 asymptotically. Note that the inte-
grand does not diverge at µ = 0, but rather vanishes there because the nom-
inator approaches zero like µ3 (modulo constant factors) for µ ↘ 0 [since
µ
√

1 + µ2 − arsinh µ = O(µ3); see Eq. (3.42) below] while the denominator
approaches zero like µ. The parameter χ � 1 appears as an inverse factor
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3.2. Calculation of the contour integral

1 2 3 4
μ

-0.5

0.5

1

Ib(χ) integrand for χ  1/10

(a)

1 2 3 4
μ

-2

-1

1

2

Ib(χ) integrand for χ  1/100

(b)

Figure 3.3.: Integrand of Ib(χ) defined in Eq. (3.41) plotted as a function of µ

for the electric field strengths (a) χ = E/EQED
crit = 1/10 and (b) χ = 1/100.
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3. Pure tunneling in a constant electric field

in the sine function and thus allows us to scale the overall rapidness of the
oscillation. The integrand is plotted for two different values of χ in Fig. 3.3.

In view of these plots, the major contribution to the integral Ib(χ) seems toApproximation of
Ib(χ) for small χ be generated over the first few cycles of the integrand, where the oscillation is

still slow and the amplitude (comparatively) high. The smaller χ, the smaller
values of µ are required to describe this essential range. Hence, for sufficiently
small χ, the first cycles will be covered by very small values µ � 1 already.
This motivates the following approximation of Ib(χ): We construct a simpler
integrand of the same form (sine function over a suppressing denominator) by
requiring this approximate integrand to coincide with the original integrand
of Ib(χ) for µ � 1. Technically, we do this by Taylor expanding the argu-
ment of the sine function and the denominator in the original integrand with
respect to µ (around zero) and neglecting everything except for the leading
order, respectively. The resulting integral can be solved analytically:

Ib(χ) =

∞̂

0

sin
[

1
χ

( 2µ3/3+O(µ5)︷ ︸︸ ︷
µ
√

1 + µ2 − arsinh µ
)]

µ
√

1 + µ2︸ ︷︷ ︸
µ+O(µ3)

dµ

χ�1
≈

∞̂

0

sin
(

2µ3

3χ

)
µ

dµ =
π

6
≈ 0.524, (3.42)

which should be a good approximation of Ib(χ) for sufficiently small χ. In-
terestingly, the approximated value is independent of χ.

In order to evaluate the accuracy of this approximation, we compare π/6Quality of the
approximation to numerically calculated values of Ib(χ). For a relatively strong electric field

with χ = E/EQED
crit = 1/10, π/6 deviates by about 6.3% from the numerically

calculated value Ib(1/10) ≈ 0.493. This deviation can be explained by recon-
sidering the integrand in Fig. 3.3(a) again: the assumption that the first cycles
of the integrand are completed over small µ � 1 is manifestly not correct for
χ = 1/10. We see in Fig. 3.3(b) that χ = 1/100 is in better accordance with
this assumption, in which case the approximation deviates from the numeri-
cal result Ib(1/100) ≈ 0.517 by about 1.4% only.

3.3. Results and conclusion

In this section, we have evaluated the integral representation (3.8) of Rout
k for a

constant electric field along the contour depicted in Figs. 3.1 and 3.2. PuttingResulting Rout
k
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3.3. Results and conclusion

our results in Eqs. (3.16), (3.18), and (3.41) together, we get

Rout
k ≈ 1

2
e−iφ(κ)/χ

 ˆ
C−◦

eiφ(τ)/χ

1 + τ2 dτ +

ˆ

C−b

. . . dτ

+

ˆ

Cs

. . . dτ +

ˆ

C+b

. . . dτ +

ˆ

C+◦

. . . dτ


=

1
2

e−iφ(κ)/χ
[
π − 2 Ib(χ)︸ ︷︷ ︸

≈π/6

]
e−π/(2χ)

≈ π

3
e−iφ(κ)/χe−π/(2χ) (3.43)

where we have inserted Ib(χ) ≈ π/6 from Eq. (3.42) in the last line since
this approximation gives the correct order of magnitude of Ib(χ), even for
relatively strong fields (less than 7% deviation from the numerical result for
χ = E/EQED

crit = 1/10, for example). According to Eq. (2.99), the corresponding
pair-creation probability for the considered k reads

Pe+e−
k ≈ |Rout

k |2 ≈
π2

9
e−π/χ =

π2

9
e−πEQED

crit /E. (3.44)

This probability is independent of k, as expected in a constant electric field
since a shift in k simply corresponds to a shift in time in this case—see [42],
for example, and the τ substitution in Eq. (3.4). Furthermore, our analy-
sis has reproduced the exact leading-order exponential Schwinger factor
exp(−πEQED

crit /E), which is known from the total Schwinger pair-creation
probability (2.3) per unit four-volume.

Note that the contribution from the branch cut to Rout
k is of the same order Branch-cut contri-

butionas that from the circumvention of the singularity (interestingly, the branch-
cut contribution even counteracts the singularity’s contribution a bit, at least
in this case). Since the branch-cut integrals are much more difficult to handle
for the following field profiles, we take our result here as a hint that the error
introduced into Rout

k by neglecting the branch cuts is merely a factor of order
O(1)—especially the exponents in Rout

k are not affected by this simplification.
Even though we have calculated the full integral representing Rout

k here, Prefactor in Pe+e−
k

the prefactor in the resulting pair-creation probability (3.44) is nevertheless
incorrect due to the semiclassical approximation (linearization of the Riccati
equation), even in the limit E → 0—according to [64, 65, 66], the prefactor
should be 1 in the adiabatic limit (corresponding to E → 0 here) instead of
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3. Pure tunneling in a constant electric field

π2/9 ≈ 1.097. The same artifact (π2/9 instead of 1 in the prefactor) does
also occur when calculating the rate of electron–hole pair creation in insu-
lating crystals exposed to constant electric fields (Landau–Zener tunneling)
by means of the JWKB approximation [see Eq. (6.13) and the text below this
equation in Sec. 6.2].
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4. Dynamical assistance by a Gauss

pulse

In this chapter, we study tunneling in a strong, constant (“background”) field
Estrong assisted by a weak (i.e., Eweak � Estrong) temporal Gauss pulse

Emax

t

E

E(t) = Eweake−(ωt)2
(4.1)

with an associated frequency scale of ω > 0 (as in the case of a temporal Sauter
pulse, ω determines the order of the highest frequencies which significantly
contribute to the pulse; see the Fourier spectrum in Fig. 4.1). Compared to
the temporal Sauter pulse Eweak/ cosh2(ωt) (the dotted graph in the marginal
plot), the Gauss pulse looks very similar; it just decays faster and is thus a lit-
tle bit thinner (considering the full width at half maximum). Intuitively, one
would probably not expect that this fact makes a significant physical differ-
ence—however, we will show in this chapter that there are remarkable dif-
ferences between the Sauter pulse and the Gauss pulse in the context of the
dynamically assisted Sauter–Schwinger effect; that is, tunneling pair creation
seems to be very sensitive to the pulse shape of the assisting time-dependent
field.

Our analysis in this chapter is analogous to that in Sec. 2.4.6.1 on the “orig-
inal” dynamically assisted Sauter–Schwinger effect (with a temporal Sauter
pulse assisting tunneling).

4.1. Main singularity

At first, let us focus on the main singularity t?k,main of the field profile con-
sidered here (constant field plus Gauss pulse), which can be described by the
vector potential

A(t) = Estrongt +
√

π

2
Eweak

ω
erf(ωt) (4.2)

with the (Gauss) error function

x

erf x

1

-1

erf x =
2√
π

xˆ

0

e−(x′)2
dx′. (4.3)
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0 1 2 3 4 5

ω

ωpls
0

0.2

0.4

0.6

0.8

1

ℱt[E(t)] (ω)

ℱt[E(t)] (0)

Figure 4.1.: Fourier transform Eweake−(ω/ωpls)
2/4/(

√
2ωpls) of the temporal

Gauss pulse E(t) = Eweake−(ωplst)2
plotted over ω. The highest significant

frequencies are of the order of the pulse’s frequency parameter ωpls, as in the
case of a temporal Sauter pulse (cf. the spectrum in Fig. 2.4 on page 56).

The main singularity is the only singularity which remains for Eweak = 0,
in which case it is given by Eq. (3.3) and corresponds to the pure Sauter–
Schwinger effect. Increasing Eweak affects the position of the main singularity
in the complex t plane and gives rise to additional singularities which do
not exist in the constant-field case Eweak = 0 (these will be treated in the next
section).

As always, the singularities t?k (for a given canonical momentum k) are de-
termined by the singularity equation (2.112), which can be written as

τ? +

√
π

2
ε erf τ? = (−κ ± i)γc (4.4)

here, with the dimensionless quantities

τ = ωt, ε =
Eweak

Estrong
� 1, κ =

k
m

, (4.5)

and the usual combined Keldysh parameter γc = mω/(qEstrong). As in
Sec. 2.4.6.1, we concentrate on the dominating momentum κ = k = 0 in the
following for simplicity. This canonical momentum is preferred due to the fact
that A(t) is an odd function (cf. Sec. 2.4.6.1), and it generates the leading-order
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4.1. Main singularity

exponent (the quantity we are interested in) in the pair-creation probability.
As in the case of an assisting Sauter pulse, we suppose the main singularity
to be located on the imaginary axis for symmetry reasons, which yields a real
equation for the imaginary part by setting τ?

main = iv in Eq. (4.4):

v +

√
π

2
ε erfi v = γc (4.6)

with the imaginary error function

10

20

x

erfi x

0 1 2

erfi v =
2√
π

vˆ

0

ex2
dx = −i erf(iv). (4.7)

We omitted the minus case from Eq. (4.4) here because we are interested in
singularities in the upper complex half-plane only.

The transcendental equation (4.6) can be solved graphically for given values Onset of dynami-
cal assistanceof ε and γc; see Fig. 4.2 and cf. Eq. (2.132) and Fig. 2.8 on page 76 from the

Sauter-pulse case. The essential difference between both cases is that tan v in
Eq. (2.132) (Sauter-pulse case) has a pole at the fixed position v = π/2 while
erfi v in Eq. (4.6) is always finite. As a consequence, the point vcrit where the
(exponentially increasing) Gauss-pulse contribution begins to dominate the
linear term v on the left-hand side of Eq. (4.6), which happens (roughly) at

ε erfi vcrit

vcrit
= O(1), (4.8)

becomes arbitrarily large (vcrit → ∞) in the limit ε → 0—in contrast to the
Sauter-pulse case, in which the pole at v = π/2 acts like a fixed “wall” in this
limit1. Due to this fact, the critical threshold γcrit

c for dynamical assistance by
the Gauss pulse scales with ε for the following reason: The leading-order term
in the asymptotic expansion of the imaginary error function reads [108]

erfi x x→∞∼ ex2

√
πx

, (4.9)

so in the limit ε→ 0 (i.e., when vcrit grows large), we have

O(1) = ε erfi vcrit

vcrit
∼ ε

ev2
crit

v2
crit

= ε exp
(

v2
crit − 2 ln vcrit︸ ︷︷ ︸

subdominant

)
∼ εev2

crit (4.10)

1Note that Eq. (4.8) is merely intended to provide an order-of-magnitude estimate—it is not
meant to be a precise definition.
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4. Dynamical assistance by a Gauss pulse

and thus

v2
crit ∼ lnO(1)︸ ︷︷ ︸

constant

− ln ε ⇒ vcrit ∼
√
− ln ε =

√
| ln ε| (4.11)

since ε � 1. The value of the left-hand side of Eq. (4.6) at vcrit (i.e., where
the exponential Gauss-pulse contribution begins to dominate the linear, pure-
tunneling term v) is a possible definition for γcrit

c (at least to find out how γcrit
c

scales with ε), so we have

γcrit
c ∼ vcrit +

√
π

2
ε erfi vcrit = vcrit

(
1 +
√

π

2
ε erfi vcrit

vcrit︸ ︷︷ ︸
O(1)

)
ε→0∼

√
| ln ε| (4.12)

and thus γcrit
c → ∞ for ε → 0 in the Gauss-pulse case—whereas γcrit

c ap-
proaches the constant value π/2 in the Sauter-pulse case, which is a remark-
able physical difference originating from the fact that tanh τ has poles in the
complex plane (assisting Sauter pulse) while erf τ (Gauss pulse) has not.

4.1.1. Leading-order exponent

We assume here that the main singularity t?0,main = τ?
main/ω generates the

leading-order term in Rout
0 (we will check the validity of this assumption in

the next section), so we have Rout
0 ∼ exp[−2 Im ϕ0(t?0,main)] and thus expect

Pe+e− ∼ |Rout
0 |2 ∼ e−4 Im ϕ0(t?0,main) (4.13)

since k = 0 is the dominating momentum. This main exponent is the quan-
tity we want to determine. In terms of the dimensionless quantities (4.5), the
phase function [see Eq. (2.85)] for the Gauss profile reads

ϕκ(τ) =
1

χγc︸︷︷︸
m/ω

τˆ

0

√
1 +

[
κ +

τ′ +
√

πε erf(τ′)/2
γc

]2

dτ′, (4.14)

where we have introduced the dimensionless quantity

χ =
Estrong

EQED
crit

� 1 (4.15)

again, which measures the strength of the (subcritical) background field.
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0 1 2 3 4
v0

1

2
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γc  1

γc  3.5

v +
π

2
ε erfi v

ε  10-7
10-6

10-5
10-4

10-3

Figure 4.2.: Graphical solution of the singularity equation (4.6) for the main
singularity τ?

main = iv. The left-hand side of the equation (blue plot lines)
is linear for small v but becomes dominated by the exponentially increasing
Gauss-pulse contribution ∝ ε erfi v above some vcrit roughly given by Eq. (4.8).
Since vcrit ∼

√
| ln ε| for small ε [see Eq. (4.11)], the threshold for dynamical

assistance, γcrit
c , depends on ε here, even in the limit ε → 0 (in contrast to the

Sauter-pulse case in Fig. 2.8 on page 76). The red γc = 1 line intersects all
blue plot lines over their respective linear domains (i.e., where the contribu-
tion from the Gauss pulse is negligible), so this value of γc is subcritical (no
dynamical assistance; pure tunneling due to Estrong) for all blue graphs in this
plot. The higher value, γc = 3.5, still looks subcritical for ε = 10−6 and 10−7

in this plot, but it clearly intersects the ε = 10−3 graph within its nonlinear
domain, which means that the Gauss pulse corresponding to these values of
ε and γc would assist tunneling in the background field Estrong significantly.
The exact value of γcrit

c for every ε, however, is a matter of definition (we will
do this in Sec. 4.1.1).
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4. Dynamical assistance by a Gauss pulse

Analytical approximation of the exponent

Unfortunately, we cannot find an exact expression for τ?
main = iv since Eq. (4.6)

is a transcendental equation, and the integral in the phase function (4.14) is
also too difficult to solve. However, we may expand the main exponent (4.13)
in powers of the small quantity ε (for fixed values of χ and γc), which mea-
sures the amplitude of the assisting Gauss pulse. For ε = 0, the Gauss pulse
vanishes, and we get τ?

main(ε = 0) = γc and the ordinary Sauter–Schwinger
exponent −πEQED

crit /Estrong = −π/χ [cf. Eq. (2.117)–(2.118)]. As we increase ε,
the main singularity τ?

main(ε) starts to move, and thus the exponent changes.
For sufficiently small ε, this change is described well by the linear order in
ε. Hence, let us calculate this first-order correction of the Sauter–Schwinger
exponent due to the additional Gauss pulse.

We start with the value of the phase function at τ?
main(ε) (for the dominating

momentum κ = 0):

ϕ0(τ
?
main(ε))

=
iπ
4χ

+
1

χγc

d
dε

τ?
main(ε)ˆ

0

√
1 +

[
τ′ +
√

πε erf(τ′)/2
γc

]2

dτ′

∣∣∣∣∣∣
ε=0

ε +O(ε2). (4.16)

The constant term (∝ ε0) corresponds to the Sauter–Schwinger exponent. Note
that we have to apply the Leibniz integral rule to calculate the integral ap-
pearing in the first-order term because the upper limit depends on ε as well,
not just the integrand. The general rule reads

d
dε

b(ε)ˆ

a(ε)

f (x, ε)dx = f (b(ε), ε)︸ ︷︷ ︸
=0 above

db(ε)
dε
− f (a(ε), ε)

da(ε)
dε︸ ︷︷ ︸

=0 above

+

b(ε)ˆ

a(ε)

∂ f (x, ε)

∂ε
dx.

(4.17)
When applied to the above integral in Eq. (4.16), the first term vanishes since
τ?

main(ε) inserted into the integrand yields exactly zero (because the singular-
ities are precisely the zeros of the square root). The lower integral limit is
constant, so the second term does also vanish, and we consequently get

ϕ0(τ
?
main(ε)) =

iπ
4χ

+
1

χγc

τ?
main(0)ˆ

0

2 τ′

γc

√
π

2γc
erf τ′

2
√

1 + (τ′/γc)2
dτ′ ε +O(ε2)

=
iπ
4χ

+

√
π

2χγ3
c

iγcˆ

0

τ′ erf τ′√
1 + (τ′/γc)2

dτ′ ε +O(ε2)
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4.1. Main singularity

=
iπ
4χ
−
√

π

2χγc

1ˆ

0

ξ erf(iγcξ)√
1− ξ2

dξ ε +O(ε2)

=
iπ
4χ
− iπ

4χ
eγ2

c /2
[

I0

(
γ2

c
2

)
− I1

(
γ2

c
2

)]
ε +O(ε2), (4.18)

where In(x) denotes a modified Bessel function of the first kind. The main Result

exponent in Eq. (4.13) for the Gauss profile thus reads (χ = Estrong/EQED
crit )

1
50
100

γc

factor

0 1 2

− 4 Im ϕ0(t?0,main)

= −
πEQED

crit
Estrong

{
1− eγ2

c /2
[

I0

(
γ2

c
2

)
− I1

(
γ2

c
2

)]
︸ ︷︷ ︸

factor in marginal plot

ε +O(ε2)

}
. (4.19)

This result is confirmed in Ref. [1] via the worldline-instanton method. Ne-
glecting the terms of order O(ε2) should approximate the actual exponent Validity condition
well as long as the first-order correction is small; that is,

1� εeγ2
c /2
[

I0

(
γ2

c
2

)
− I1

(
γ2

c
2

)]
γc→∞∼ εeγ2

c
√

πγ3
c

, (4.20)

where we have used the asymptotic expansions [108]

I0(x) ∼ ex
√

2πx

[
1 +

1
8x

+O(x−2)

]
and (4.21)

I1(x) ∼ ex
√

2πx

[
1− 3

8x
+O(x−2)

]
. (4.22)

De�nition of the critical combined Keldysh parameter

The main exponent facilitates a precise definition of the critical threshold for
dynamical assistance: given an ε� 1, say γcrit

c (ε) is the value of the combined
Keldysh parameter for which the first-order correction in the curly brackets
in Eq. (4.19) measures 1/100 (i.e., the Sauter–Schwinger exponent is lowered
by 1%):

e[γ
crit
c (ε)]/2

[
I0

([
γcrit

c (ε)
]2

2

)
− I1

([
γcrit

c (ε)
]2

2

)]
ε

!
= 0.01. (4.23)

In the limit ε → 0, when γcrit
c (ε) approaches infinity, we may infer from the

scaling law in Eq. (4.20) that

γcrit
c (ε)

ε→0∼
√
| ln ε| (4.24)
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4. Dynamical assistance by a Gauss pulse

in accordance with Eq. (4.12). The approximation of the main exponent in
Eq. (4.19) should be good up to the critical point (and maybe even a little bit
above) defined by Eq. (4.23).

Note that the reduction of the Sauter–Schwinger exponent by 1% can have aEnhancement at
the threshold significant effect on the pair-creation yield: for Estrong = EQED

crit /10, this reduc-
tion enhances the expected number of pairs per unit volume (approximately)
by

Ne+e− ∼ e−πEQED
crit /Estrong (1−0.01) = e−πEQED

crit /Estrong eπ/10︸ ︷︷ ︸
≈1.37

, (4.25)

that is, by 37%. If the background field is weaker, the enhancement will be
even stronger: for Estrong = EQED

crit /100, we get

Ne+e− ∼ e−πEQED
crit /Estrong (1−0.01) = e−πEQED

crit /Estrong eπ︸︷︷︸
≈23

. (4.26)

Critical pulse amplitude

Unfortunately, we can only calculate γcrit
c (ε) numerically since Eq. (4.23) can-

not be solved for γcrit
c (ε) analytically. However, we can easily calculate the

inverse relation, that is, the critical ε for a given γc:

εcrit(γc) =

{
100eγ2

c /2
[

I0

(
γ2

c
2

)
− I1

(
γ2

c
2

)]}−1

. (4.27)

This quantity is plotted in Fig. 4.3.

Comparison with the numerically calculated main exponent

Our analytical approximation of the main exponent in Eq. (4.19) is plotted in
Fig. 4.4, together with the corresponding numerically calculated values. We
see that our approximation coincides well with the numerical results up to the
critical threshold, at which the tunneling exponent is lowered by 1%. Above
the threshold, the analytical approximation drops significantly faster than the
numerical results. This deviation occurs because the validity condition (4.20)
is no longer satisfied well above the threshold.

4.2. Additional singularities

After studying the main singularity (which lies on the imaginary t axis for
k = 0) and the corresponding exponent in Rout

0 in the previous section, we
now consider the contributions from the additional singularities. These are
the solutions of the singularity equation (4.4) which vanish to infinity in the
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Figure 4.3.: Critical value of ε according to the definition in Eq. (4.27) as
a function of γc. At the critical threshold, the Sauter–Schwinger exponent
−πEQED

crit /Estrong is lowered by 1% due to dynamical assistance by the Gauss
pulse.

limit ε → 0 (only the main singularity remains finite in this limit)2. Our main
intention in this section is to show that the contributions from these addi-
tional singularities will be negligible if the Gauss pulse is not too far above
the critical threshold for dynamical assistance. We focus on the dominating
momentum k = κ = 0 again.

4.2.1. Asymptotic solution of the singularity equation for
low-intensity Gauss pulses

Say we consider an additional-singularity solution τ?
add = r exp(iϑ) to the sin-

gularity equation (4.4) in the limit ε→ 0, so r → ∞. For κ = 0, the singularity
equation is invariant under τ? → −τ? and τ? → (τ?)∗ (complex conjugation).
We may therefore concentrate on additional singularities in the first quad-
rant (Re τ?

add > 0 and Im τ?
add > 0), so we assume ϑ ∈ (0, π/2) here. Later,

we can simply mirror these additional singularities into the second quadrant
(Re τ?

add < 0).

2Note that all additional singularities of the Gauss profile must diverge in the limit ε → 0
because the error function in the singularity equation is finite everywhere. This is different
from the Sauter-pulse case since the tanh function appearing in the corresponding singu-
larity equation (2.131) has poles in the complex plane, which coincide with the additional
singularities in the limit ε → 0 (cf. Fig. 2.8 on page 76); that is, the additional singularities
do not approach infinity for ε→ 0 in the Sauter-pulse case.
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4. Dynamical assistance by a Gauss pulse

-6 -5 -4 -3
log10 ε0.9

0.95

1

-4 Im φ0t0,main
★  / (-πEcrit

QED/Estrong)

εcrit(γc  3) ≈ 5.3 × 10-5

(a) Main exponent over ε for γc = 3.

0 1 2 3 4
γc0.9

0.95

1

-4 Im φ0t0,main
★  / (-πEcrit

QED/Estrong)

γc
critε  10-4 ≈ 2.9

(b) Main exponent over γc for ε = 10−4.

Figure 4.4.: Main exponent in the pair-creation probability for the Gauss pro-
file, in units of the pure Sauter–Schwinger exponent −πEQED

crit /Estrong. The
blue, solid line is the analytical approximation in Eq. (4.19), and the red,
dashed line is the numerical result [calculated by solving the singularity equa-
tion (4.6) and the integral in the phase function (4.14) numerically]. The crit-
ical values are given by Eqs. (4.23) and (4.27), respectively (the former was
solved numerically).
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4.2. Additional singularities

Since r is large for sufficiently small ε, we may insert the asymptotic Asymptotic sin-
gularity equationterm [108]

erf τ?
add

r→∞∼ 1− e−(τ
?
add)

2

√
πτ?

add
(4.28)

(note that this expansion is valid for all ϑ we consider) into the singularity
equation (4.4) and obtain

±iγc ≈ reiϑ +

√
π

2
ε

[
1− e−r2 exp(2iϑ)

√
πreiϑ

]

= reiϑ +

√
π

2
ε

[
1− e−r2 cos(2ϑ)e−ir2 sin(2ϑ)

√
πreiϑ

]
. (4.29)

Since − cos(2ϑ) ≤ 0 for ϑ ≤ π/4, the term in square brackets vanishes for
these ϑ in the simultaneous limits ε→ 0 and r → ∞, and therefore we end up
with just the main singularity iγc in this case, which is not a consistent solu-
tion here. Hence, each additional singularity (in the first quadrant) must have
a corresponding ϑ ∈ (π/4, π/2) asymptotically, which leads to cos(2ϑ) < 0,
so exp[−r2 cos(2ϑ)] can compensate the smallness of ε for these ϑ. Neglecting
the terms±iγc

3 and
√

πε/2 in Eq. (4.29), which become negligible in the limit
r → ∞, the asymptotic singularity equation can be cast into the form

reiϑ ≈ ε

2
e−r2 cos(2ϑ)e−ir2 sin(2ϑ)

reiϑ

⇔ 2r2

ε
er2 cos(2ϑ)︸ ︷︷ ︸

modulus

ei [r2 sin(2ϑ)+2ϑ]︸ ︷︷ ︸
phase

≈ 1. (4.30)

The modulus on both sides must be the same. After taking the logarithm, we
thus get

r2 cos(2ϑ)︸ ︷︷ ︸
→−∞ for r→∞

≈ ln ε︸︷︷︸
→−∞ for ε→0

− ln(2r2)︸ ︷︷ ︸
�r2 for r→∞

, (4.31)

which can be approximated by Asymptotic r

r2 cos(2ϑ)︸ ︷︷ ︸
<0

≈ ln ε︸︷︷︸
<0

⇒ r ≈

√∣∣∣∣ ln ε

cos(2ϑ)

∣∣∣∣. (4.32)

3Note that the fact that ±iγc can be neglected for large r implies that each +iγc solution
approaches the corresponding −iγc solution in the limit r → ∞. Keep in mind that each
approximate solution τ?

add we derive in the following thus corresponds to a pair (± cases)
of actual solutions to the exact singularity equation (4.4).
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4. Dynamical assistance by a Gauss pulse

The angle in the complex plane must also be the same on both sides of
Eq. (4.30), so we demand

r2 sin(2ϑ)︸ ︷︷ ︸
>0

+ 2ϑ︸︷︷︸
∈(π/2,π)⇒ n∈N (not Z)

!≈ 2πn with n ∈N. (4.33)

By means of Eq. (4.32), this equation becomesImplicit ϑ

− | ln ε| tan(2ϑ) + 2ϑ ≈ 2πn. (4.34)

We may solve this transcendental equation numerically for a given n. How-
ever, in order to derive an analytical approximation for large | ln ε|, we substi-
tute 2ϑ by ϑ′ = π − 2ϑ ∈ (0, π/2) for the moment. Due to the periodicity of
the tangent function, we get

−| ln ε| tan(π − ϑ′) + π − ϑ′ ≈ 2πn

⇔ | ln ε| tan ϑ′ − ϑ′ ≈ π (2n− 1). (4.35)

In the limit ε → 0, the factor | ln ε| is large [more precisely: if | ln ε| �
(2n − 1)π for a fixed n], so small values of ϑ′ on the left-hand side of this
equation are sufficient to “reach” the number (2n − 1)π on the right-hand
side. For these small ϑ′, we may approximate tan ϑ′ ≈ ϑ′, and thus find aApproximated ϑ

corresponding phase angle ϑ = (π − ϑ′)/2 after resubstitution:

ϑ′ ≈ π
2n− 1
| ln ε| − 1

⇔ ϑ ≈ π

2

(
1− 2n− 1
| ln ε| − 1

)
for each n ∈N. (4.36)

In conclusion, we get one solution of the formAdditional singu-
larities

τ?
asymp,n = rneiϑn =

√∣∣∣∣ ln ε

cos(2ϑn)

∣∣∣∣ eiϑn for each n ∈N (4.37)

from the asymptotic form (4.30) of the singularity equation (4.4) for k = 0,
with ϑn ∈ (π/4, π/2) given implicitly by Eq. (4.34) or approximately by
Eq. (4.36). Remember that we have neglected the term ±iγc which appears
in the exact singularity equation during the derivation of this asymptotic ap-
proximation—as a consequence, each τ?

asymp,n corresponds to two different
additional singularities (± cases).
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4.2. Additional singularities

Distribution of the additional singularities in the complex plane

Each asymptotic solution (4.37) satisfies

Re2 τ?
asymp,n − Im2 τ?

asymp,n = r2
n (cos2 ϑn − sin2 ϑn)

= r2
n cos(2ϑn)

= −| ln ε|

⇔ Im τ?
asymp,n︸ ︷︷ ︸
>0

=
√
| ln ε|+ Re2 τ?

asymp,n , (4.38)

so the additional singularities lie on a hyperbola asymptotically (i.e., for ε→
0)4. This hyperbola intersects the imaginary τ axis at i

√
| ln ε|, that is, far

above the main singularity τ?
main ≈ iγc for subcritical γc < γcrit

c (ε) ∼
√
| ln ε|.

4.2.2. Comparison with numerically calculated singularities

The movement of the (numerically calculated) singularities τ? for the domi- Moving singular-
ities for varying
ε

nating momentum κ = 0 is depicted in Fig. 4.5 for varying ε, together with the
asymptotic approximations (4.37) of the additional singularities. The agree-
ment between the numerical and the asymptotic results is not perfect be-
cause the asymptotic approximation requires | ln ε| to be a very large number.
However, values of ε which are too tiny are probably not interesting from an
experimental point of view. For example, if we set the background field to
Estrong = EQED

crit /100, we have Estrong ≈ 1016 V/m, and thus ε = 10−15 (which
only yields | ln ε| ≈ 34.5) corresponds to Eweak ≈ 10 V/m, which is a quite
small pulse amplitude. We see in Fig. 4.5 that the main singularity (on the
imaginary axis) remains approximately fixed at the “tunneling position” iγc
as long as ε < εcrit(γc). The additional singularities lie far above the main
singularity in the complex plane for small ε. As ε grows, the additional sin-
gularities approach the real axis. The movement of the main singularity (to-
wards the real axis) approximately begins when the additional singularities
get close. The main singularity is always the one closest to the real axis. This
fact indicates that its contribution to Rout

0 (we only consider the exponent) al-
ways dominates, even above the critical threshold ε > εcrit(γc). We will check
this assumption below.

In the next figure 4.6, we see the moving singularities for varying γc. In Moving singular-
ities for varying
γc

the subcritical regime γc < γcrit
c (ε), the main singularity moves like τ?

main ≈
iγc (pure Sauter–Schwinger case), and the additional singularities lie much

4Note that this derivation is not based on the approximation made in Eq. (4.36) [linearization
of the tangent function in Eq. (4.34)].
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× ×
×

× ×
×

× ×
×

×
×

×

×
×

×

×
×

×

×
×

×

×

×

×

×

×

×

×

×

×

0 1 2
Re τ0

1

2

3

4

5

Im τ

Figure 4.5.: Numerically calculated solutions τ? (colored dots) of the singu-
larity equation (4.4) in the complex τ plane, with κ = 0 (dominating mo-
mentum) and γc = 3 fixed, and varying ε = 10−10 (blue), 10−9 (ocher), . . .,
10−1 (olive). According to Eq. (4.27), εcrit ≈ 5.3× 10−5 here. Only the first
three “columns” of pairs of additional singularities are included in this plot.
The second quadrant is just the mirror image of the first quadrant. The col-
ored crosses are the asymptotic solutions (4.37) [which lie on one of the gray,
dashed hyperbolas (4.38) for each ε] which approximate the additional singu-
larities, with n ∈ {1, 2, 3}. The angles ϑn of the asymptotic singularities were
calculated numerically from Eq. (4.34). Each cross corresponds to one pair of
additional singularities (dots) since we neglected the term ±iγc to derive the
approximated equation (4.30).
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4.3. Results and conclusion

deeper in the complex plane. For each pair of additional singularities (±iγc
solutions of the singularity equation), the two respective singularities lie very
close to each other in the subcritical regime. As a consequence, the sum of
their contributions [residues (3.25)] to Rout

0 becomes small since each pair is
made up of one + and one − solution [if both singularities merge, which
happens in the limit γc → 0, their contributions cancel each other out com-
pletely according to Eq. (3.25)]. The threshold for dynamical assistance (ap-
proximately) coincides with the moment when the main singularity is at the
same height as the (closest) additional singularities. Then, the movement of
the main singularity slows down exponentially, and it looks like the main
singularity “pushes” the additional singularities upwards. The distance be-
tween two additional singularities making up a pair starts to grow when this
“pushing” process begins, which means that the mutual cancellation of the
additional singularities decreases. Hence, the relative contribution from the
additional singularities to Rout

0 seems to be the higher the greater γc is.
Let us conclude our study of the additional singularities by comparing the Exponents

numerically calculated exponent in the contribution from τ?
main to Rout

0 (which
has already been plotted in Fig. 4.4) to the exponents corresponding to the
contributions from the additional singularities plotted in Figs. 4.5 and 4.6. See
Fig. 4.7 for the result. We see that the main singularity always generates the
smallest exponent (i.e., minimal suppression), so our guess above [Eq. (4.13)]
that the main singularity determines the leading-order term in Pe+e− was jus-
tified (at least when considering exponents only). When ε is increased for a
fixed γc, the difference between the main exponent and the smallest expo-
nent corresponding to an additional singularity is approximately constant, at
least in the range considered in Fig. 4.7(a). The main exponent decreases for
ε > εcrit (dynamical assistance), and the exponents of the adjacent additional
singularities seem to follow. Figure 4.7(b) indicates that the relative difference
between the main exponent and the exponents of the additional singularities
is mainly determined by γc. The decrease of the main exponent begins at
γcrit

c (ε).

4.3. Results and conclusion

Let us summarize the main results of this chapter on the dynamically assisted
Sauter–Schwinger effect via a temporal Gauss pulse.

Critical Keldysh parameter scales with the pulse amplitude

The critical value of the combined Keldysh parameter scales with the pulse
amplitude in the low-amplitude limit ε → 0: γcrit

c ∼
√
| ln ε|. This is a crucial

123



4. Dynamical assistance by a Gauss pulse
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Figure 4.6.: Movement of the numerically calculated singularities τ? [colored
dots; solutions to Eq. (4.4)] close to the imaginary axis in the complex τ plane
as γc increased from 1 (blue) to 5 (purple) in steps of 1. Again, we consider the
dominating momentum κ = 0, and ε = 10−4 is fixed, so γcrit

c ≈ 2.9 according
to Eq. (4.23).
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(a) Exponents over ε for γc = 3.
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(b) Exponents over γc for ε = 10−4.

Figure 4.7.: Numerically calculated exponents −2 Im ϕ0(τ?) [see Eq. (4.14)
for the definition of ϕκ(τ)] appearing in the contributions (to Rout

0 ) from the
singularities plotted in Figs. 4.5 and 4.6 above, in units of the Sauter–Schwing-
er tunneling exponent. The blue plot line corresponds to the main singular-
ity τ?

main = iv, whose imaginary part can be found by solving the real equa-
tion (4.6) numerically. The red dots represent the exponents of the adjacent
additional singularities, for the respective values of ε and γc.
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4. Dynamical assistance by a Gauss pulse

difference to the “original” dynamically assisted Sauter–Schwinger effect [67]
via a temporal Sauter pulse, in which case γcrit

c → π/2 in the limit ε → 0.
Although both pulse shapes look rather similar, the structures of their corre-
sponding vector potentials (tanh versus erf) in the complex plane are different:
the (first) pole of tanh leads to γcrit

c → π/2, while erf is an entire function and
thus γcrit

c → ∞ for ε → 0. Dynamical assistance therefore strongly depends
on the shape of the assisting field.

It has been shown recently [71] that the difference between the frequency
spectra of both pulse shapes becomes important when dynamical assistance
is considered as a small perturbation of the pure tunneling result in the slow
background field: for the Sauter pulse, first-order perturbation theory is suffi-
cient to describe assisted tunneling well, while the dominant correction (to the
tunneling result) in the Gauss-pulse case generally comes from a higher-order
perturbation term.

Main singularity generates the dominating exponent

The contribution from the main singularity to Rout
0 is always that with the

smallest exponential suppression (see Fig. 4.7). The momentum k = 0 we
concentrated on is preferred for symmetry reasons [A(−t) = −A(t)], and
we assume that it generates the dominant contribution to Pe+e− , in analogy
to the Sauter-pulse case (see [62]), so the main exponent (4.19) appears in the
leading-order term in Pe+e− .

We ignored all nonexponential prefactors here. It has been shown recent-
ly [41] that the typical features of dynamical assistance which are derived from
the behavior of the exponents basically remain unaffected when taking also
the prefactors into account.

Critical threshold for dynamical assistance

For a Gauss pulse, the threshold is not as sharply defined as in the Sauter-
pulse case (γcrit

c = π/2). The analytical first-order (in ε) expression for the
main exponent in Eq. (4.19) offers a possibility for such a definition: at the
threshold, the tunneling exponent is lowered by 1% (by the first-order term)
according to our definition, and the resulting relation εcrit(γc) is plotted in
Fig. 4.3. In a strong background field Estrong = EQED

crit /10, this small decrease in
the exponent enhances the pair-creation yield via tunneling by approximately
37% (we ignore the effect of the nonexponential prefactor here). For weaker
background fields, the relative enhancement is even stronger.
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5. Dynamical assistance by a harmonic

oscillation

In complete analogy to the previous chapter, we study assisted tunneling in a
strong, (quasi-)constant background field plus a weak harmonic oscillation,

E(t) = Estrong + Eweak cos(ωt) (5.1)

with ω > 0 and Eweak � Estrong, in this chapter. Although the Gauss pulse
is qualitatively different from the oscillation on the real t axis, the complex
structures of the corresponding vector potentials are in fact quite similar and
thus the analysis regarding dynamical assistance.

We consider this field profile as a model for tunneling assisted by contin- Laser-assisted
tunnelinguous, counterpropagating laser beams. In the next part of this thesis (on the

analog of Dirac theory in semiconductors), we will refer to this form of the
dynamically assisted Sauter–Schwinger effect again when proposing experi-
mental scenarios.

Dominant momentum

The vector potential we choose to describe E(t) reads

A(t) = Estrongt +
Eweak

ω
sin(ωt). (5.2)

This is an odd function, so we have the k ↔ −k symmetry again (cf.
Sec. 2.4.6.1), and thus the canonical momentum k = 0 is preferred. How-
ever, E(t) is also invariant under t → t + 2πn/ω with n ∈ Z here. The vec-
tor potential (5.2) is not invariant under this transformation, but A(t) always
appears in terms of the form k + qA(t) in physical equations (the covariant
operator p̂x in momentum space), so any discrete time shift t → t + 2πn/ω
in A(t) can be compensated by a shift k → k− 2πnqEstrong/ω in momentum.
However, a time shift along the real t axis is irrelevant, since the physically
meaningful quantity is Rout

k , which is an integral over all t. Two momenta k
and k′ separated by k − k′ = 2πnqEstrong/ω are therefore physically equiva-
lent, and thus there is no single dominating momentum here.

From the facts that E(t) has a local maximum at t = 0 and is an even Focus on k = 0
in most of this
chapter

function (like the Sauter pulse and the Gauss pulse considered before), we
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5. Dynamical assistance by a harmonic oscillation

infer that k = 0 is one of the dominating momenta in the case of the oscil-
lating profile (5.1). We will thus concentrate on k = 0 for simplicity in the
following again, which acts as a representative for the dominating momenta
2πnqEstrong/ω with n ∈ Z.

5.1. Main singularity

The general singularity equation (2.112) for the vector potential (5.2) reads

τ? + ε sin τ? = (−κ ± i)γc, (5.3)

where we have used the dimensionless quantities (4.5) introduced in the pre-
vious chapter. For κ = k = 0, the main singularity is located on the imaginaryMain singularity

for k = 0 axis again, so we insert τ?
main = iv and get

v + ε sinh v = γc. (5.4)

The graphical solution of this real equation is plotted in Fig. 5.1 and looks
rather similar to the corresponding plot in Fig. 4.2 on page 113 (Gauss pulse).
The exponential term sinh v (coming from the oscillation) begins to dominate
that left-hand side of Eq. (5.4) at

ε sinh vcrit

vcrit
= O(1), (5.5)

which roughly corresponds to the threshold for dynamical assistance. In the
limit ε→ 0, we have vcrit → ∞, so we may insert

sinh vcrit =
1
2
(
evcrit − e−vcrit

) vcrit�1
≈ evcrit

2
(5.6)

then. The resulting equation

εevcrit

2vcrit

ε→0∼ O(1) (5.7)

leads to
vcrit ∼ | ln ε| (5.8)

in analogy to Eq. (4.11), and thusScaling of γcrit
c

with ε

γcrit
c (ε) ∼ vcrit + ε sinh vcrit ∼ vcrit

ε→0∼ | ln ε|. (5.9)

This result resembles γcrit
c ∼

√
| ln ε| from the Gauss-pulse case.
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v + ε sinh v

ε  10-710-610-510-410-3

Figure 5.1.: Graphical solution of the singularity equation (5.4) for the main
singularity τ?

main = iv. As in the Gauss-pulse case (Fig. 4.2 on page 113),
the left-hand side of Eq. (5.4) (blue plot lines) is linear for small v until it be-
comes dominated by the exponential term ε sinh v, approximately at some vcrit
roughly given by Eq. (5.5). The red γc = 4 line represents a subcritical value
(no dynamical assistance) of the combined Keldysh parameter since it inter-
sects all blue graphs over their respective linear domains, where the exponen-
tial contribution from the oscillation is negligible. The other value, γc = 12,
however, looks like an overcritical value for ε = 10−3, for example, in this
plot.
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5. Dynamical assistance by a harmonic oscillation

5.1.1. Leading-order exponent

As in Sec. 4.1.1, we assume that the leading-order exponent in Pe+e− is due to
the exponent corresponding to τ?

main for k = 0 (we will check this assumption
later) and calculate this main exponent up to the linear order in ε. The phase
function (2.85) for the oscillating profile reads

ϕκ(τ) =
1

χγc

τˆ

0

√
1 +

[
κ +

τ′ + ε sin τ′

γc

]2

dτ′ (5.10)

with χ = Estrong/EQED
crit , so we get [in analogy to Eqs. (4.16)–(4.18)]

ϕ0(τ
?
main(ε)) =

iπ
4χ

+
1

χγc

d
dε

τ?
main(ε)ˆ

0

√
1 +

(
τ′ + ε sin τ′

γc

)2

dτ′

∣∣∣∣∣∣
ε=0

ε

+O(ε2)

=
iπ
4χ

+
1

χγc

τ?
main(0)ˆ

0

2 τ′

γc
1
γc

sin τ′

2
√

1 + (τ′/γc)2
dτ′ ε +O(ε2)

=
iπ
4χ

+
1

χγ3
c

iγcˆ

0

τ′ sin τ′√
1 + (τ′/γc)2

dτ′ ε +O(ε2)

=
iπ
4χ
− i

χγc

1ˆ

0

ξ sinh(γcξ)√
1− ξ2

dξ ε +O(ε2)

=
iπ
4χ
− iπ

2χ

I1(γc)

γc
ε +O(ε2). (5.11)

The resulting main exponent is thus

1
50
100

γc

factor

0 2 4 6

− 4 Im ϕ0(τ
?
main) = −

πEQED
crit

Estrong

[
1− 2I1(γc)

γc︸ ︷︷ ︸
factor in marginal plot

ε +O(ε2)

]
. (5.12)

The validity condition for the first-order approximation reads

1� 2I1(γc)

γc
ε

γc→∞∼
√

2
π

eγc

γ3/2
c

ε, (5.13)
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Figure 5.2.: Critical value of ε defined in Eq. (5.15) as a function of γc. At
the critical threshold, the oscillation lowers the Sauter–Schwinger exponent
−πEQED

crit /Estrong by 1% via dynamical assistance.

where we have inserted the leading-order asymptotic term of the Bessel func-
tion [see Eq. (4.22)].

It is shown in Ref. [1] that the worldline-instanton technique leads to the
same result.

Critical threshold for dynamical assistance

Again, we define the critical threshold as the point at which the Sauter–
Schwinger tunneling exponent in Eq. (5.12) is reduced by 1% due to the linear
term in ε. That is, when varying γc, γcrit

c (ε) is given implicitly by

2εI1
(
γcrit

c (ε)
)

γcrit
c (ε)

!
= 0.01 (5.14)

(this equation has to be solved numerically for γcrit
c ), or we have

εcrit(γc) =
1

200
γc

I1(γc)
(5.15)

when ε is variable. The function εcrit(γc) is plotted in Fig. 5.2.

Comparison with the numerically calculated main exponent

The analytical approximation (5.12) of the main exponent is plotted in Fig. 5.3,
together with the corresponding numerically calculated values. Again, the
approximation is good up to the threshold defined by Eqs. (5.14) or (5.15).
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εcrit(γc  10) ≈ 1.9 × 10-5

(a) Main exponent over ε for γc = 10.
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(b) Main exponent over γc for ε = 10−6.

Figure 5.3.: Main exponent in the pair-creation probability for the oscillat-
ing profile, in units of the pure Sauter–Schwinger exponent −πEQED

crit /Estrong.
The blue, solid line is the analytical approximation in Eq. (5.12), and the red,
dashed line is the numerical result [calculated by solving the singularity equa-
tion (5.4) and the integral in the phase function (5.10) numerically]. The criti-
cal values are given by Eqs. (5.14) and (5.15), respectively.
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5.2. Additional singularities

5.2. Additional singularities

5.2.1. Graphical solution of the singularity equation

We will consider the positions of the additional singularities more precisely
here than in the Gauss-pulse case because the full singularity equation (5.3) is
relatively easy to solve graphically. We start to solve the singularity equation
by inserting

τ? = u + iv with u, v ∈ R, (5.16)

which gives
u + iv + ε sin(u + iv)︸ ︷︷ ︸

sin u cosh v+i cos u sinh v

= (−κ ± i)γc, (5.17)

so we get two real equations, one from the real part and one from the imagi-
nary part of this equation:

u + ε sin u cosh v = −κγc, (5.18)
v + ε cos u sinh v = ±γc. (5.19)

Let us focus on the momentum κ = 0 again for simplicity. k = 0 in the
following

Upper equation

For the special case sin u = 0, the upper equation (5.18) reads u = 0 (since
κ = 0), which means that there is exactly one solution τ? = iv in this case.
However, we have already identified this solution on the imaginary axis as the
main singularity in the previous section, so all additional singularities τ?

add =
u + iv must satisfy

sin u 6= 0 ⇔ u 6= nπ with n ∈ Z. (5.20)

Hence, for all additional singularities, the upper equation can be written as

cosh v︸ ︷︷ ︸
≥1

= −1
ε

u
sin u

= − |u|
ε sin |u| . (5.21)

This equation is solvable (i.e., additional singularities may exist) only if Re τ?
add only in

allowed “π inter-
vals”

sin |u| < 0, in which case we find a unique imaginary part v > 0 in the upper
complex half-plane:

v = arcosh

(
− u

ε sin u︸ ︷︷ ︸
�1 since−u/ sin u>1 and ε�1

)
> 0 for |u| ∈

(
(2n− 1)π, 2nπ

)
with n ∈N︸ ︷︷ ︸

“π intervals”

.

(5.22)
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5. Dynamical assistance by a harmonic oscillation

Note that since −u/ sin u > π on each of these allowed “π intervals”1 andAsymptotic be-
havior of Im τ?

add 1/ε > 1 (or rather� 1), arcosh in Eq. (5.22) is well approximated by

arcosh x = ln
(

x +
√

x2 − 1
) x�1≈ ln(2x) (5.23)

for all relevant u. We can thus provide a lower bound for the imaginary parts
v of all additional singularities:

v ≈ ln
(
− 2u

ε sin u

)
= ln 2− ln ε + ln

(
− u

sin u︸ ︷︷ ︸
>1

)
> ln 2 + | ln ε|. (5.24)

Hence, the distance of each additional singularity from the real axis diverges
(v → ∞) in the limit ε → 0. It is also possible to obtain a u-dependent lower
bound since −1/ sin u ≥ 1 on the allowed π intervals, so

v > ln 2 + | ln ε|+ ln |u|. (5.25)

Note that this result is only meaningful over the π intervals (where additional
singularities can exist), but especially not between the positive and the nega-
tive n = 1 intervals (i.e., |u| < π), where ln |u| diverges to −∞ at the imagi-
nary axis (u = 0).

The result (5.25) can be compared to the hyperbolas (4.38) on which all
additional singularities lie asymptotically in the Gauss-pulse case. Since
γcrit

c (ε) ∼ | ln ε| for the oscillating profile, the lower bound (5.24) suggests
that the main singularity will approximately remain at the position iγc (pure
Sauter–Schwinger effect) when increasing ε, until the additional singularities
come close (this conjecture is confirmed in Fig. 5.5 below).

Lower equation

Since Im τ?
add = v > 0 (upper half-plane), sinh v in the lower equation (5.19)

can be expressed via

sinh v =

√
cosh2 v− 1, (5.26)

so inserting Eq. (5.22) into the lower equation yields the real singularity equa-Real singularity
equation tion for the real parts u = Re τ?

add of all additional singularities:

arcosh
(
− u

ε sin u

)
+ ε cos u

√( u
ε sin u

)2
− 1︸ ︷︷ ︸

Fε(u)

= ±γc. (5.27)

1In the first (n = 1) π interval (π, 2π) in the positive u range, the smallest value of the
nominator u is π, and the maximum (absolute) value of the denominator sin u is 1—hence
our simple estimate for the lower bound: −u/ sin u > π.
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5.2. Additional singularities

This equation can be solved graphically over the allowed π intervals speci-
fied in Eq. (5.22). For each solution u, the imaginary part of the correspond-
ing singularity is given by Eq. (5.22). See Fig. 5.4 for an example. Note that u↔ −u symme-

try for k = 0Eqs. (5.22) and (5.27) are invariant under u → −u, so we may concentrate
on positive u in the following and just mirror the results into the negative u
range.

Number of additional singularities per π interval

Figure 5.4 suggests that the function Fε(u) in Eq. (5.27) increases strictly from
−∞ to ∞ over each allowed positive π interval, respectively (and vice versa in
the negative u range). Let us check this assumption. By means of the deriva-
tive

d
dx

arcosh x =
1√

x2 − 1
for x > 1, (5.28)

we get

d
du

Fε(u) =
−1 + ε cos u u

ε sin u√( u
ε sin u

)2 − 1

d
du

u
ε sin u

− ε sin u

√( u
ε sin u

)2
− 1

=
−1 + u cot u

ε
√( u

ε sin u

)2 − 1

sin u− u cos u
sin2 u

−
ε2 sin u

[( u
ε sin u

)2 − 1
]

ε
√( u

ε sin u

)2 − 1

=

≥0︷ ︸︸ ︷
(−1 + u cot u)2 +

>0︷ ︸︸ ︷
ε2 sin2 u

[( u
ε sin u

)2
− 1
]

−ε sin u

√( u
ε sin u

)2
− 1︸ ︷︷ ︸

>0

> 0 (5.29)

since sin u < 0 on each π interval. The slope of Fε(u) is thus always positive
on the positive π intervals, which confirms our above assumption, so there
are exactly two different solutions (one for the +γc case and one for the −γc
case) to the real singularity equation (5.27) per π interval.

In conclusion, the graphical solution method provides a systematic way to
find all additional singularities which occur for the oscillating field profile
(at least for the canonical momentum k = 0 we consider here).
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(a) Step 1: graphical solution of Fε(u) = ±γc.
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u0
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v

(b) Step 2: corresponding imaginary parts v.

Figure 5.4.: Graphical solution method which yields all additional singular-
ities τ?

add = u + iv for k = 0 (the negative u range is just the mirror image).
The allowed “π intervals” have a light-blue background. The parameter val-
ues in these plots are ε = 10−4 and γc = 8. (a) Step 1: The function Fε(u)
(blue, solid graphs) defined in Eq. (5.27) is plotted. Each position u at which
Fε intersects either +γc or −γc (horizontal, red lines) is the real part of an ad-
ditional singularity. The dashed, blue lines are the tangent lines to Fε at the
interval centers un (blue points). Asymptotically (large n), the tangent lines
approximate Fε well at the heights ±γc (see the rightmost π interval). (b) Step
2: Equation (5.22) (blue graph) evaluated at the above solutions yields the
corresponding v values. The gray, dashed graph is the lower bound (5.25) for
these imaginary parts.
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5.2. Additional singularities

5.2.2. Approximation of the real singularity equation and
asymptotics for large real parts

The graphical method presented in the previous subsection is exact in the
sense that it is equivalent to the complex singularity equation (5.3) for κ = 0.
In this subsection, we will apply approximations in order to study the posi-
tions of the additional singularities in the complex plane further.

Approximate real singularity equation (dependence on ε)
Since −u/(ε sin u) � 1 for ε � 1 [see Eq. (5.22)], a very good approximation
of Fε(u) in the real singularity equation (5.27) is

Fε(u) = arcosh
(
− u

ε sin u

)
+ ε cos u

√( u
ε sin u

)2
− 1

≈ ln 2− ln ε + ln
(
− u

sin u

)
+ ε cos u

∣∣∣ u
ε sin u

∣∣∣
= ln 2 + | ln ε|+ ln

(
− u

sin u

)
− |u| cot u, (5.30)

where we have used Eqs. (5.23)–(5.24) and | sin u| = − sin u. The approxi-
mated real singularity equation thus reads

ln
(
− u

sin u

)
− |u| cot u = ±γc − | ln ε| − ln 2. (5.31)

In this form, the left-hand side is independent of the parameter ε, which only
appears on the constant (u-independent), right-hand side. The effect of chang-
ing ε in the graphical solution (Fig. 5.4) becomes manifest in Eq. (5.30): essen-
tially, changing ε shifts the graph of Fε(u) up or down.

Approximation of additional singularities with large real parts

The number of additional singularities is always infinite (for ε > 0) since there
are infinitely many π intervals [see Eq. (5.22)], and two different τ?

add exist per
interval. For large |u| = |Re τ?

add|, that is, for π intervals with large n, far away
from the imaginary axis, we can solve the real singularity equation (5.27) ap-
proximately and thus find an asymptotic expression for the additional singu-
larities.

We start by evaluating Fε(u) at the midpoints

un =

(
2n− 1

2

)
π with n ∈N (5.32)

of the allowed π intervals (the negative u range is just the mirror image, so
we do not consider it here for simplicity). Since sin un = −1 and cos un = 0,
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we get

Fε(un) = arcosh
(

4n− 1
2ε

π︸ ︷︷ ︸
�1

)
Eq. (5.23)
≈ ln

(
4n− 1

ε
π

)
∼ ln n, (5.33)

so these function values increase logarithmically with n (and thus with the
real parts of the additional singularities). The slopes of Fε(u) at the midpoints
are found by inserting un into the derivative given in Eq. (5.29):

dFε(u)
du

∣∣∣∣
u=un

=
−1

ε

√(
un

ε sin un

)2
− 1

sin un

sin2 un
−

ε2 sin un

[(
un

ε sin un

)2
− 1
]

ε

√(
un

ε sin un

)2
− 1

=
1 +

[
(4n− 1)2 π2/4− ε2

]
√
(4n− 1)2 π2/4− ε2

ε�1≈
1 +

[
(4n− 1)2 π2/4

]
√
(4n− 1)2 π2/4

n�1≈
√
(4n− 1)2 π2/4

= (4n− 1)
π

2
= un ∼ n, (5.34)

so the slopes at the midpoints diverge linearly with n [faster than the function
values Fε(un) ∼ ln n] for π intervals far away from the imaginary axis.

Now consider the real singularity equation Fε(u) = ±γc, where γc is some
fixed value. For large n � 1, we may linearize Fε(u) around un over each
π interval, respectively, in order to calculate the two corresponding solutions
(±γc cases):

Fε(u)
|u−un|�π/2
≈ Fε(un) +

dFε(u)
du

∣∣∣∣
u=un

(u− un)
!
= ±γc, (5.35)

which yields the two approximated solutionsApproximated
Re τ?

add over π
intervals with
large n

u± =
±γc −

∼ln n︷ ︸︸ ︷
Fε(un)

dFε(u)
du

∣∣∣∣
u=un︸ ︷︷ ︸

∼n

+ un︸︷︷︸
∼n

≈ ±γc − ln[(4n− 1)π/ε]

(4n− 1)π/2
+

(
2n− 1

2

)
π. (5.36)
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For small n, this approximation may be bad because the quantity

|u± − un| ≈
∣∣∣∣±γc − ln[(4n− 1)π/ε]

(4n− 1)π/2

∣∣∣∣ ∼ ln n
n

(5.37)

could be even greater than π/2 (depending on the values of ε and γc); that
is, the approximated real parts u± of the two singularities could be outside
the corresponding π interval, which cannot happen with the exact equation
Fε(u) = ±γc [cf. Fig. 5.4(a)]. In order for the approximation to be consis-
tent with the above linearization of Fε(u), the value (5.37) must be much
smaller than π/2, which is true for sufficiently large n [rightmost interval
in Fig. 5.4(a)].

Convergence of the contour integral

The “residue” [see Eq. (3.25) for the general formula] of each singularity in the
upper complex half-plane contributes to the contour integral Rout

0 . This raises
the question of whether the infinite series of residues converges. The residue
sum of a finite number of singularities is always convergent, but we have an
infinite number of additional singularities here (two over each π interval).

However, we see in Eq. (5.37) that the two singularities with real parts u±
over a π interval far away from the imaginary axis (n � 1) merge at the
interval center; that is, u± → un for n → ∞. Since the imaginary part of an
additional singularity is a function of the corresponding real part in the case
of the oscillating profile [see Eq. (5.22)], the two singularities really merge in
the complex plane asymptotically. Their residues (3.25) thus coincide up to
the sign since u± corresponds to a “plus/minus solution” of the singularity
equation. As a result, the two residues cancel each other in the limit n → ∞.
This fact ensures the convergence of the series of residues.

Note that we have ignored the branch cuts since we assume that their con-
tribution to Rout

0 is of the same order as that of the residues (inspired by the
constant-field case; see Sec. 3.3).

5.2.3. Numerical results: singularity movement and exponents

The movement of the (numerically calculated) singularities τ? in the complex Moving singular-
ities for varying
ε

plane for varying ε is depicted in Fig. 5.5. The imaginary part of the main
singularity τ?

main = iv is given by Eq. (5.4). The additional singularities are ob-
tained by solving Eq. (5.27) over the allowed π intervals, and then we insert
the resulting real parts into Eq. (5.22) in order to calculate the corresponding
imaginary parts. The intuitive picture conveyed by Fig. 5.5 is similar to the
Gauss-pulse case (Sec. 4.2.2): as ε is increased, the additional singularities ap-
proach the real axis, and τ?

main remains fixed at iγc (pure tunneling), until the
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Figure 5.5.: Numerically calculated solutions τ? (colored dots) of the singu-
larity equation (5.3) in the complex τ plane, with κ = 0 (one of the dominating
momenta) and γc = 12 fixed, and varying ε = 10−10 (blue), 10−9 (ocher), . . .,
10−1 (olive). The second quadrant (Re τ < 0) is just the mirror image. Ac-
cording to Eq. (5.15), εcrit ≈ 3.3× 10−6 here. We see the first three allowed
π intervals (gray) in this plot (n = 1, 2, 3), each of them containing two ad-
ditional singularities. The dashed lines are the Re τ- and ε-dependent lower
bounds (5.25) for the imaginary parts of the additional singularities within the
π intervals.

additional singularities in the first π intervals come close. This approximately
happens when | ln ε| = O(γc) since the lower bound of Im τ?

add (dashed lines
in the plot) scales with | ln ε|—which is also consistent with our finding from
Sec. 5.1 that γcrit

c ∼ | ln ε|. Above the critical threshold, the additional singu-
larities seem to “push” the main singularity towards the real axis (dynamical
assistance). Note that additional singularities far away from the imaginary
axis vanish logarithmically in the complex plane, which indicates that their
contribution to Rout

0 is less important. This is confirmed (considering expo-
nents only, again) in Fig. 5.7 below.

In the next plot (Fig. 5.6), we see the singularities moving as γc is increased.Moving singular-
ities for varying
γc

As in the Gauss-pulse case, the main singularity moves like iγc below the crit-
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Figure 5.6.: Movement of the numerically calculated singularities τ? [colored
dots; solutions to Eq. (5.3)] in the complex τ plane as γc increased from 8 (blue)
to 18 (brown) in steps of 2. Again, we consider κ = 0, and ε = 10−6 is fixed,
so γcrit

c ≈ 13.4 according to Eq. (5.14).

ical threshold (pure Sauter–Schwinger effect) and reaches the height of the
first additional singularities approximately at γcrit

c (ε). Then, it slows down
exponentially and seems to “push” the additional singularities upwards (dy-
namical assistance).

The exponents in the “residues” corresponding to these singularities (each Exponents
residue contributes to Rout

0 ) are shown in Fig. 5.7. Again, the exponent gen-
erated by τ?

main (main exponent) is always the smallest one (least suppres-
sion), and thus we treat it as the exponent governing the pair-creation prob-
ability. However, the exponents associated with the additional singularities
near τ?

main become comparable to the main exponent above the critical thresh-
old, which will probably give rise to interference effects in the momentum
spectrum (cf. [70, 62]).

5.3. Results and conclusion

The main results we found in this chapter are:

• The critical threshold γcrit
c (ε) scales with | ln ε| in the limit ε → 0. The γcrit

c
ε→0∼ | ln ε|

analysis leading to this result is very similar to the Gauss-pulse case: sin
and erf, the functions which appear in A(t) for these field profiles, are
both odd and entire functions, but sin x increases like exp(Im x) in the
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(a) Exponents over ε for γc = 12.
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Figure 5.7.: Numerically calculated exponents −2 Im ϕ0(τ?) [see Eq. (5.10)
for the definition of ϕκ(τ)] which appear in the contributions (to Rout

0 ) from
the singularities plotted in Figs. 5.5 and 5.6 above, in units of the Sauter–
Schwinger tunneling exponent. The blue, solid plot line corresponds to the
main singularity τ?

main = iv, whose imaginary part can be found by solving
the real equation (5.4) numerically. The dashed plot lines represent the ad-
ditional singularities in the first three π intervals (n = 1: red; 2: ocher; 3:
green).
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upper half-plane, while the exponential increase of erf x is governed by
exp(Im2 x) there (hence γcrit

c ∼
√
| ln ε| in the Gauss-pulse case).

• We defined a critical threshold for dynamical assistance in Eqs. (5.14) γcrit
c (ε), εcrit(γc)

and (5.15); see also Fig. 5.2 on page 131. At this threshold, the Sauter–
Schwinger tunneling exponent is lowered by 1% due to the first-order
correction (with respect to ε) from the oscillation [see Eq. (5.12)].

• We developed a method to find all additional singularities for k = 0 Graphical solu-
tion methodgraphically; see Fig. 5.4 on page 136. This method allows us to enu-

merate all additional singularities and thus provides a systematic way
to calculate them numerically. Furthermore, the method helped us to
understand the asymptotics of τ?

add for large Re τ?
add, for example (see

Sec. 5.2.2).

• As in the Gauss-pulse case, the dominating exponent in Rout
0 comes from Main exponent

the main singularity τ?
main; see Fig. 5.7. Above the critical threshold,

though, the exponents associated with the nearby additional singulari-
ties take on similar values.
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6. Basics and known results

The largeness of the Schwinger limit EQED
crit ≈ 1018 V/m makes it difficult to Quantitative

analogiesstudy nonperturbative pair creation from the (spinor-)QED vacuum experi-
mentally—so far, this effect has not been observed [54]. This fact motivates
the search for analogs of this effect in other physical systems. We are talking
about quantitative analogies in this context, which means that the essential
physical laws underlying spinor QED with external, classical fields (i.e., the
Dirac equation with minimally coupled fields plus the Dirac sea as the initial
vacuum state) can be formally recognized in the analog system. All physical
effects which are derived from these underlying laws in the original system,
such as the Sauter–Schwinger effect, then have a natural counterpart in the
analog system since, to quote Richard Feynman [109], the same equations
have the same solutions. Analog systems are especially interesting if they
are easy to access experimentally and if the scales in the original system have Effective scales
counterparts in the analog system which take on less extreme values and thus
facilitate experiments. Here, c, m, h̄, and q appear in the Dirac equation (1.12)
with external fields. Note that not all of these fundamental scales will nec-
essarily be different in the analog system—in the semiconductor analog con-
sidered in this thesis, for example, only the vacuum speed of light c and the
electron rest mass m have different (“effective”) values c? and m?, while the
reduced Planck constant h̄ and the elementary charge q remain the same as in
spinor QED. As we will see in this part, the effective scales in typical, suit- Analog of the

Schwinger limitable semiconductors are much smaller than their QED counterparts (i.e.,
c?/c � 1 and m?/m � 1), so that the analog of the Schwinger limit (1.21)
reads

ESC
crit =

m2
?c3

?

h̄q
=
(m?

m

)2 ( c?
c

)3

︸ ︷︷ ︸
�1 in typical semiconductors

EQED
crit

(typically)
� EQED

crit (6.1)

in such a semiconductor. Hence, the field intensities required to induce the
analog of nonperturbative electron–positron pair creation via strong and slow
external electric fields is drastically reduced in semiconductor analogs.

There are further options to simulate spinor QED and the Sauter–Schwing-
er effect experimentally, for example ultracold atoms in optical lattices [110,
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6. Basics and known results

111, 112], trapped ions [113], or graphene [114, 115, 116, 117, 118]1.

The analogy in semiconductors

Let us summarize the aspects of Dirac’s theory which are important for the de-Dirac’s theory
scription of the strong-field QED phenomena considered in this work: As ex-
plained in Sec. 2.2, we ignore the interaction between created electrons and
positrons2 and their impact on the field which created them (i.e., we ignore
backreaction) throughout this thesis. We may thus work within the frame-
work of first quantization (classical, single-particle Dirac equation) with pre-
scribed external fields. In this picture, particles are not actually created, and
there is only one sort of particles (electrons). However, we need to distinguish
between occupied states in the upper relativistic continuum, which are inter-
preted as real electrons, and unoccupied electron states in the lower contin-
uum (“holes”), which represent real positrons. The vacuum state is defined as
the absence of any real particles, so the upper continuum is completely unoc-
cupied in this state, while all states in the lower continuum must be occupied
by electrons (Dirac sea). Dirac-sea electrons may be excited into the upper
continuum (electron–positron pair creation) under the influence of the exter-
nal field. For example, the pure Sauter–Schwinger effect (constant external
E field) can be interpreted as a tunneling transition between the two energy
continua according to this picture (see Fig. 2.2 on page 48).

Another well-known physical system in which electron energies are con-Semiconductor
analog fined to certain energy bands are crystalline solids. In simple words, the

atomic/molecular orbitals (electron states with discrete energies) of the con-
stituents overlap in the crystal, leading to the formation of energy bands [122].
In the limit of an infinitely large crystal, each band is a finite interval of con-Assumption: per-

fect crystalline
structure

tinuously distributed allowed electron energies. In the ground state (low tem-
peratures), all electron states up to the Fermi energy are occupied by electrons,
while all energy states above this level are empty. The highest energy band
containing electrons in the ground state is called the valence band. If the
number of valence electrons of the constituents leads to a completely filled
valence band in the crystal and if the next higher band (conduction band) is
separated from the valence band by a nonzero energy gap/bandgap Eg, the
crystalline material will be insulating. Insulators with bandgaps up to about
3 eV (corresponding to the upper frequency edge of the visible spectrum) are

1Note, however, that the bandgap in ordinary graphene [119, 120] is zero, and thus this mate-
rial is only appropriate to simulate the creation of massless Dirac fermions in 2+1 spacetime
dimensions. Generating a nonzero bandgap in graphene is possible by using appropriate
substrates for a layer of graphene [121], for example, which could then be used as an analog
of spinor QED with massive particles [118].

2We will provide a simple estimate on why this approximation is justified later in Sec. 8.4.1.
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6.1. Bloch band structures in semiconductors

commonly called semiconductors. Electrons can be excited into free states
of higher energy (including band transitions) via external forces—for exam-
ple, by absorbing an incident photon. If the photon energies provided by
the external field do not exceed the bandgap too much, only transitions from
the valence band to the conduction band will be likely to occur; that is, the
filled bands below the valence band will be practically inert, and the bands
above the conduction band will remain empty. In this situation, we may treat Approximation:

two-band modelthe semiconductor as if only the valence band and the conduction band were
present (two-band model). Within this model, the valence band, which is
completely filled with electrons in the ground state of the semiconductor, is in
some way analog to the Dirac sea in spinor QED, while the conduction band
resembles the positive relativistic energy continuum. There is thus at least a
qualitative analogy between electron–hole pair creation due to slowly vary-
ing fields in two-band semiconductors and electron–positron pair creation in
Dirac theory. (This qualitative analogy is well known; see Sec. 6.2 below for
an overview.)

The main objective in this part is to show that this is a true quantitative anal- Goals in this the-
sisogy, and we will work out the assumptions which are required to draw this

analogy. Under these assumptions, a suitable semiconductor could thus be
used to simulate nonperturbative electron–positron pair creation in the labo-
ratory.

6.1. Bloch band structures in semiconductors

While the existence of two distinct energy continua in Dirac theory is a con-
sequence of the relativistic invariance of the Dirac equation, the physics in
semiconductors at low temperatures and with slowly varying external fields
(photon energies up to the bandgap, i.e., a few electronvolts) is described well
by nonrelativistic quantum mechanics. This theory is usually associated with
only one (positive) energy branch since the dispersion relation of a free elec-
tron is E = (h̄k)2/(2m) according to the Schrödinger equation. However,
electrons within a solid “feel” a potential created by the atomic nuclei/ion
cores (i.e., the electrons are not free), and this potential has the same spatial
periodicity as the crystal lattice. According to the Bloch theorem, it is this
periodic crystal potential V(r) which leads to the formation of electronic en-
ergy bands in crystals [122]. Throughout this thesis, we make the following
assumptions about our semiconductor, which allows us to apply this theorem:

• We assume that vibrations of the ion cores (phonons) can be neglected, Semiconductor:
assumptionsso V(r) should have a unique lattice symmetry and should be time in-

dependent.
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6. Basics and known results

• Electron–electron interactions are neglected3; each electron is subject to
the same crystal potential. This assumption allows us to work in the
one-electron picture.

• Any backreaction of the electrons, which are much lighter particles than
the ion cores, on the crystal lattice is neglected.

Furthermore, we add the assumption that

• the semiconductor should be in its ground state initially (filled valence
band, empty conduction band), which requires a temperature T far be-
low the bandgap (kBT � Eg, where kB is the Boltzmann constant). This
is in accordance with the assumption above that phonons can be ne-
glected.

In the absence of any external field, the wave functions of the Bloch electrons
within the semiconductor are then given by the solutions of the nonrelativis-
tic, stationary Schrödinger equation (we ignore spin effects here, which usu-Neglect electron

spin ally play a minor role in the tunneling pair-creation phenomena we are inter-
ested in [97, 34]) [

− h̄2∇2

2m
+ V(r)

]
fn(K, r) = En(K) fn(K, r). (6.2)

The Bloch theorem states that the Bloch (wave) functions have the formBloch theorem

fn(K, r) = eiK·run(K, r), (6.3)

where the functions un(K, r), which we call Bloch factors here, have the
same spatial periodicity as the crystal potential V(r). The Bloch states are
indexed by the quasimomentum4 or crystal momentum K and the band in-
dex n ∈ N. We assume the energy bands to be indexed in ascending order,
i.e., E1(K) ≤ E2(K) ≤ . . . ∀K. The quantity K is called quasimomentum be-
cause it shares some properties with the ordinary momentum of an electron.
Consider the Bloch-wave form (6.3), for example: except for the cell-periodic
Bloch factors, the Bloch functions have the form of free-electron eigenstates
eiK·r, in which case h̄K would be the associated momentum. However, as
a consequence of the lattice periodicity of V(r), the quasimomentum K + G,
where G is an arbitrary reciprocal-lattice vector, is equivalent to K in the sense
that these two quasimomenta refer to the same Bloch state (for a fixed n)—a
fact which distinguishes K from an “ordinary” electron wave vector k. TheK lies in the first

Brillouin zone
3We will present a simple argument which supports this approximation later in Sec. 8.4.1.
4Note that these names should be understood modulo h̄.
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6.1. Bloch band structures in semiconductors

quasimomentum of a Bloch state can thus always be chosen to lie within the
first Brillouin zone in K space, and we will adopt this convention throughout
this thesis (reduced zone scheme).

In summary, each Bloch band within a semiconductor is associated with a
function En(K) which is defined over the first Brillouin zone and is a contin-
uous function of the quasimomentum. This band structure can be formally
compared to the relativistic energy–momentum relation (dispersion relation)
E±(k) = ±

√
m2c4 + (ch̄k)2 of a free electron in Dirac theory.

6.1.1. Analogy in 1+1 spacetime dimensions

The relativistic “band structure” for free electrons in one-dimensional space Dirac theory
is plotted in Fig. 6.1(a). The minimal difference between both branches of the
energy–momentum relation measures 2mc2 (mass gap) and is located at k = 0
in momentum space.

In the semiconductor, the band structure depends on the concrete shape of Semiconductor
V(x). There is only one type of lattice symmetry in one spatial dimension: the
crystal potential must satisfy

V(x) = V(x + `) ∀x (6.4)

with the lattice constant ` > 0. The first Brillouin zone then corresponds to

K ∈
(
−π

`
,

π

`

]
. (6.5)

We are only interested in the valence band (band index−) and the next higher
band, the conduction band (+), because of the two-band approximation. Such
a two-band Bloch structure is plotted in Fig. 6.1(b). Although this plot is only
an example, we assume that the band structures of the semiconductors con-
sidered in this thesis have the following properties, which are also visualized
in this plot:

• The minimal difference between the conduction band and the valence Semiconductor:
further assump-
tions

band (i.e., the bandgap Eg) should be located at a reciprocal-space posi-
tion K where the valence band E−(K) has a maximum and the conduc-
tion band E+(K) has a minimum; that is, we consider only semiconduc-
tors with a direct bandgap. According to this well-known definition,
the mass gap in Dirac theory [see Fig. 6.1(a)] is also a “direct bandgap”,
and it seems plausible that a semiconductor should share this generic
property in order to serve as an analog for Dirac’s theory since the ma-
jority of excitation processes via low-energy effects usually occur near
the gap.
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(b) Semiconductor analog

Figure 6.1.: Comparison between the electronic band structures in recipro-
cal space for the two systems under consideration in 1+1 spacetime dimen-
sions. Both plots illustrate the respective ground state; filled/empty circles
indicate occupied/free electron states. (a) Dirac theory: the two branches
E±(k) = ±

√
m2c4 + (ch̄k)2 of the relativistic energy–momentum relation. (b)

Semiconductor analog: two-band structure E±(K) with a direct bandgap at
the zone center (Γ point).
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6.1. Bloch band structures in semiconductors

• The bandgap should be located at the center of the Brillouin zone
(K = 0), often denoted by Γ in band-structure plots. Although this as-
sumption is probably not required to derive the analogy, we make it here
for convenience.

A suitable semiconductor meeting these assumptions is gallium arsenide Gallium arsenide
(GaAs) [122], which will be considered as a promising candidate for the semi-
conductor analog throughout this part.

6.1.2. Problems in 3+1 spacetime dimensions

Unfortunately, a real probe of GaAs, for example, is of course a three-dimen-
sional object, and for this reason the band structure is in fact more complex
than the simple 1+1-dimensional model depicted in Fig. 6.1(b). Drawing the
analogy to Dirac theory thus becomes more difficult (or, requires more ap-
proximations) mainly for the following two reasons:

• Anisotropy: The shape of the dispersion curves E±(K) in the semicon-
ductor usually depends on the direction in reciprocal space along which
the curves are considered. That is, even if the plot in Fig. 6.1(b) is valid
for a given semiconductor and for a given spatial direction, the band
plot will probably look different when considered for another direction
(although the position of the bandgap at the zone center is universal).
Dirac theory, in contrast, is isotropic because E±(k) = ±

√
m2c4 + (ch̄k)2

depends on |k| only, not on the direction of k, and the physical constants
m, c, and h̄ are scalar.

• Multiple valence bands: A Bloch electron moving through a crystal
“sees” the positive charges of the nuclei/ion cores. These charges give
rise to a magnetic field in the rest frame of the Bloch electron, which cou-
ples to its spin (spin–orbit interaction) [122]. The resulting splitting of
energy levels (which would be degenerate without this effect) leads to
the existence of multiple valence bands in crystals5. Due to the absence
of positive charges in the Dirac vacuum, this effect has no counterpart
in Dirac theory [123]—there is only one lower relativistic energy contin-
uum E−(k).

We will discuss these problems with particular regard to the band structure of
GaAs in the following, but there are many other direct-bandgap semiconduc-
tors with a similar band structure.

5We are describing the effects of spin–orbit interaction in III–V semiconductors such as GaAs
here, the type of semiconductors we are primarily interested in.
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GaAs belongs to the group of III–V compound semiconductors and has a
Zincblende structure, which means that the ion positions are the same as in
the diamond lattice, but the gallium ions and the arsenide ions are arranged
alternatingly at the lattice positions. The electronic band structure within this
lattice structure has been studied in [124, 125] via K · p perturbation theory.
This approach for calculating band structures can be understood by consider-K · p perturbation

theory ing the Schrödinger equation for the lattice-periodic Bloch factors for a given
quasimomentum K [we insert the Bloch-wave form (6.3) into Eq. (6.2)]:[
− h̄2∇2

2m
+

h̄
m

K · (−ih̄∇)︸ ︷︷ ︸
perturbation

+
h̄2K2

2m
+ V(r)

]
un(K, r) = En(K)un(K, r). (6.6)

Suppose we know all Bloch factors and energies at the bandgap (here: K = 0);
these can be obtained from measurements or computer simulations, for exam-
ple, if a direct calculation is not possible. These Bloch factors un(0, r) form a
complete set of basis functions for arbitrary lattice-periodic functions and are
thus also appropriate to express the Bloch factors at other K values. For small
K vectors close to the bandgap (i.e., if |K| is much smaller than the size of
the Brillouin zone), the term containing K · p̂ in Eq. (6.6) may be treated as a
small perturbation (hence the name), and time-independent perturbation the-
ory may be applied to calculate En(K) and un(K, r) from En(0) and un(0, r)
with sufficient precision (see [122] for more details). Since the influence of the
n′th band on the nth band is suppressed by the factor 1/|En(0)− En′(0)| ac-
cording to perturbation theory, it is often practically sufficient to include only
corrections from adjacent energy bands in such perturbational approaches.
Applying the two-band approximation in this context means that we onlyTwo-band ap-

proximation consider the valence band and the conduction band and their mutual influ-
ence via K · p perturbation theory.

The band structure close to the bandgap in GaAs is depicted in Fig. 6.2 [122].Band structure in
GaAs All bands can be approximated by parabolas around K = 0 because they have

an extremum there. For a given direction (say Kx, as in Fig. 6.2), each band
thus has the form

E(Kx) = const.± h̄2K2
x

2m?
(6.7)

near the gap, where m? is the effective electron/hole mass6 associated with
that band (and direction!). There is one (nondegenerate) conduction band,
which originates from s-like molecular orbitals. It is isotropic around the
gap. This part of the band structure is approximated well by the conduction

6Symbols denoting effective masses always represent positive values here.
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6.1. Bloch band structures in semiconductors

band in the 1+1-dimensional model in Fig. 6.1(b). The p-like valence orbitals,
in contrast, form three different valence bands due to spin–orbit interaction.
The upper two ones, the light-hole band and the heavy-hole band are both
separated by Eg from the conduction band, respectively, and they are degen-
erate at the gap. The corresponding effective masses are mlh

? ≈ 0.076m and
mhh

? ≈ 0.5m in GaAs [126]. As we will derive later, these effective masses play
the role of the ordinary electron mass m in the semiconductor analog. Since Neglect heavy-

hole banda higher mass suppresses pair creation via the Sauter–Schwinger effect expo-
nentially (because EQED

crit ∝ m2), we ignore the heavy-hole band in our semi-
conductor analog. Furthermore, the heavy-hole band does not couple to the
conduction band according to first-order K · p perturbation theory [125, 127],
which hints that this is a good approximation.

The third valence band is the split-off band. In GaAs, it lies ∆ ≈ 0.34 eV ≈
0.24Eg below the upper two valence bands, and the corresponding effec-
tive mass, mso

? ≈ 0.15m, is approximately twice as large as the light-hole
mass [122]. For these two reasons, we expect this band to contribute much
less to tunneling pair creation than the light-hole band. However, the split-off
band couples to the conduction band in first-order K · p perturbation theory,
and thus it was suggested that it might contribute appreciably to tunneling
currents in GaAs [128, 127, 129]. This question was addressed in [130]; it Correction due to

the split-off bandwas found that the exponent in the factor exp(−πEGaAs
crit /|E|) appearing in

the tunneling pair-creation rate in GaAs (for a constant external E field, i.e.,
the analog of the Sauter–Schwinger effect) is reduced by the factor

√
(5 + 4α)(1 + 2α)

(2 + 2α)(3 + 4α)
≈ 0.95 for α =

∆
Eg
≈ 0.24 in GaAs (6.8)

when tunneling from the split-off band is taken into account. Hence, the in-
corporation of the split-off band may lower the equivalent of the Schwinger
limit in GaAs by about 5%. This correction is useful to keep in mind (e.g., in Neglect split-off

bandorder to interpret experimental results better), but the light-hole band seems
to be crucial in the context of tunneling pair creation [131], so we will ig-
nore the split-off band in our two-band semiconductor analog since it has
no counterpart in Dirac theory.

All in all, we will base our semiconductor analog of Dirac’s theory in ex-
ternal fields on the 1+1-dimensional two-band structure shown in Fig. 6.1(b)
with the valence band corresponding to the light-hole band, which is fortu-
nately only slightly anisotropic in semiconductors with a Zincblende structure
like GaAs [122].
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Kx

ℰ

conduction band ℰ+(K)

heavy-hole band

light-hole band ℰ-(K)

split-off band

ℰg/2

-ℰg/2

Δ

Figure 6.2.: Schematic band structure of GaAs in the vicinity of the bandgap
(at K = 0, the Γ point) along the Kx direction (arbitrary choice) in reciprocal
space. Empty/filled circles indicate free/occupied electron states; this plot de-
picts the ground state. In our semiconductor analog of Dirac theory, the con-
duction band E+(K) corresponds to the upper relativistic energy continuum,
while the light-hole band E−(K) corresponds to the Dirac sea. The heavy-hole
band and the split-off band are ignored (assumed to be inert) in our analogy.
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6.2. Known results concerning the analogy

When a direct-bandgap semiconductor (in its ground state) is exposed to Constant E field
a constant external E field, the energy continua representing the valence
band and the conduction band become tilted in space just like the rela-
tivistic continua in Fig. 2.2 on page 48 (tunneling picture of the Sauter–
Schwinger effect). This tilt of energy levels renders interband tunneling of
electrons possible, which leads to an electric current—that is, tunneling is
one mechanism of electrical breakdown in insulating crystals. This effect
has been described for two-band crystals in [132, 133, 134] and is therefore
referred to as Landau–Zener tunneling. The theory was further refined
in [135, 136, 137, 138, 128, 139, 127, 140]. The tunneling picture immedi-
ately suggests the analogy between Landau–Zener tunneling and the Sauter–
Schwinger effect, which has also been discussed in the literature; see, e.g.,
[141, 142, 143, 144, 115].

When applying Kane’s model [125] in 1+1 spacetime dimensions to derive Relativistic anal-
ogythe electronic band structure in a direct-bandgap semiconductor close to the

gap (using various approximations), only taking into account one conduction
band and one valence band (both nondegenerate), one finds that the Bloch
electrons in these bands obey an effective Dirac equation. This relativistic
analogy was derived and/or discussed for constant external fields in [145,
104, 97, 123, 146, 142, 147, 148], for example. The difference between Dirac
theory and the semiconductor analog are two scale substitutions, which can
be understood intuitively via the following considerations (see, e.g., [128, 104,
96, 97, 146]):

• The mass gap 2mc2 in Dirac theory corresponds to the bandgap Eg in Scale substitu-
tionsthe semiconductor, which is an obvious analogy in regard of the band

diagrams in Fig. 6.1 on page 152;

2mc2 ↔ Eg. (6.9)

• In Dirac theory, the inertial mass of electrons (and positrons) is the
electron rest mass m (for nonrelativistic velocities). In semiconductors,
charge carriers close to the bandgap will change their quasimomentum
K in the presence of an external electric field according to a different,
effective mass m?, so we have the correspondence

m↔ m?. (6.10)

In Ref. [96], for example, the authors assume that electrons in the con-
duction band have the same effective mass m?,e as (light) holes in the
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valence band (m?,h), in which case m? = m?,e = m?,h. It was found in
Ref. [128], however, that the analogy does also work for m?,e 6= m?,h
(which is usually true) in the case of constant external electric fields.
Then, the effective mass in the sense of Eq. (6.10) is given by the har-
monic mean

m? =
2

1
m?,e

+ 1
m?,h

, (6.11)

which is closely related to the reduced mass known from two-body
problems in Newtonian mechanics.

• The vacuum speed of light c is a characteristic velocity in Dirac theory
due to its relativistic nature. Formally, c can be obtained from the mass
gap and the electron mass by taking the square root of the mass gap
over twice the electron mass:

√
2mc2/(2m) = c. In the semiconductor,

we may use the same relation to derive the equivalent of c: according
to the above scale substitutions, we have to set 2mc2 to Eg and m in
the denominator to m? in the semiconductor analog, thus obtaining the
effective speed of light;

c↔ c? =

√
Eg

2m?
. (6.12)

In conclusion, it is well known that for constant external fields the differ-
ences between Dirac theory and a direct-bandgap two-band semiconductor
are merely the scale substitutions m ↔ m? and c ↔ c?. In the case of a con-Analog of the

Sauter–Schwinger
effect

stant E field, we just have to substitute these scales in the Sauter–Schwinger
pair-creation rate (2.5) and get

Ṅe−–hole =
q2|E|2

4π3h̄2c?
exp

(
−πm2

?c3
?

h̄q|E|

)

=
q2|E|2

2
√

2π3h̄2

√
m?

Eg
exp

−π
√

m?E3
g

2
√

2h̄q|E|

 , (6.13)

the expected Landau–Zener electron–hole pair-creation rate (per unit volume)
in the semiconductor. Almost the same expression was found in [128], the
only difference being a little, constant deviation in the prefactor: 1/(4π3) in
Eq. (6.13) versus 1/(36π) in [128]7. By considering the argument of the expo-
nential function in Eq. (6.13), we can read off the equivalent of the Schwinger

7The reason for this discrepancy probably lies in the (semiclassical) JWKB approximation
used in [128]: Remember that we studied QED pair creation by a constant electric field in
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limit, which is valid in the semiconductor analog [see also Eq. (6.1)]:

EQED
crit ↔ ESC

crit =
m2

?c3
?

h̄q
=

√
m?E3

g

2
√

2h̄q
. (6.14)

The expression exp(−πESC
crit/|E|) with this analog of the Schwinger limit (al-

though not referred to as such) can be found in many papers dealing with
electron–hole pair creation in constant electric fields [149, 128, 127, 139, 52,
140, 97, 96, 142].

Goals in this thesis

The goal in the following chapters is to derive the quantitative analogy be-
tween Dirac theory and electrons in a two-band semiconductor with a direct
bandgap from scratch, carefully keeping track of further required approxima-
tions, and allowing also for time- and spacetime-dependent external fields.
Our basis will be the semiconductor model consisting of two nondegenerate
energy bands in 1+1 spacetime dimensions [see Fig. 6.1(b) on page 152], which
has been explained in this chapter. We will then do first steps to generalize the
analogy to 2+1 spacetime dimensions in the case of crossed, constant electric
and magnetic fields (see also [104, 96, 97]), which is the simplest field profile
including electric and magnetic components in 2+1 dimensions.

Furthermore, we will apply the gathered knowledge about the analogy by
proposing ways to simulate various mechanisms of dynamical assistance
for the Sauter–Schwinger effect (such as dynamical assistance in inhomoge-
neous fields [90]) via semiconductor analogs in GaAs. Such analogs could
help us to observe and to verify these mechanisms in the laboratory, which
in turn could pave the way towards the observation of the Sauter–Schwinger
effect.

Most of the results presented in this part have been published in the arti-
cle [2].

Ch. 3 by means of the linearized Riccati equation, which also involves a form of the JWKB
approximation. The prefactor in the resulting pair-creation probability deviated by a factor
of π2/9 from the expected result [in the limit E → 0; see Sec. 3.3 and Eq. (3.44)]—which
exactly coincides with 1/(36π) divided by 1/(4π3).
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7. Analogy in 1+1 spacetime

dimensions for time-dependent

electric �elds

We start to study the quantitative analogy between Dirac theory and the two-
band semiconductor model we have developed in the previous chapter for
a time-dependent, homogeneous external electric field E(t). We choose the
temporal gauge with a purely time-dependent vector potential (which only
has one component in 1+1 spacetime dimensions):

E(t) = Ȧ(t). (7.1)

7.1. Many-body Hamiltonians

We consider the many-body Hamiltonians (“second quantization”) of both
systems here and compare them with each other in order to find out in how
far they are equivalent (except for different scales).

7.1.1. Dirac theory

Let us start with the Hamiltonian ĤD(t) of the quantized Dirac field coupled
to the prescribed external electric field. The general real-space expression for
this operator reads

ĤD(t) =

∞̂

−∞

Ψ̂†
(t, x)Ĥone

D (t, x)Ψ̂(t, x)dx, (7.2)

where Ψ̂ is the field operator of the quantized Dirac field. It has two compo-
nents in 1+1-dimensional spacetime, which obey the canonical anticommuta-
tion relations (1.10). The 2× 2 matrix Ĥone

D , a matrix of operators acting on the
field operator, is the same single-particle Hamilton operator which appears in
the classical Dirac equation [cf. Eq. (2.77)]:

Ĥone
D (t) =

(
mc2 −ich̄∂x + cqA(t)

−ich̄∂x + cqA(t) −mc2

)
. (7.3)
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7. Analogy in 1+1 spacetime dimensions for E(t)

Since the analogy between Dirac theory and our two-band semiconductorTransformation to
k space model is most obvious in (crystal) momentum space (remember the band

structures plotted in Fig. 6.1 on page 152), we transform to the k-space rep-
resentation of ĤD by inserting the Fourier-space expression

Ψ̂(t, x) =
1√
2π

∞̂

−∞

ˆ̃Ψ(t, k) eikx dk (7.4)

of the field operator into Eq. (7.2). This yields

ĤD(t) =
1

2π

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k) e−ikx dk

∞̂

−∞

H̃one
D (t,k′)︷ ︸︸ ︷(

mc2 ch̄k′ + cqA(t)
ch̄k′ + cqA(t) −mc2

)
· ˆ̃Ψ(t, k′) eik′x dk′ dx

=

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k)H̃one

D (t, k′) ˆ̃Ψ(t, k′)
1

2π

∞̂

−∞

ei(k′−k)x dx

︸ ︷︷ ︸
δ(k′−k)

dk′ dk

=

∞̂

−∞

ˆ̃Ψ
†
(t, k)H̃one

D (t, k) ˆ̃Ψ(t, k)dk. (7.5)

We now diagonalize the single-particle Hamiltonian in k space, H̃one
D (t, k),Diagonalization

of H̃one
D which is a simple 2× 2 matrix. This will allow us to see the analogy between

ĤD(t) and the semiconductor Hamiltonian, which we will cast into the same
form, more easily. We already know the diagonal form of the matrix H̃one

D from
Sec. 2.4.3 [see Eqs. (2.80)–(2.84)], so let us just summarize the results here: we
have

OD(t, k) · H̃one
D (t, k) ·OᵀD(t, k) =

(
ED(t, k) 0

0 −ED(t, k)

)
(7.6)

with the instantaneous energy eigenvalues ±ED(t, k), where

ED(t, k) =
√

m2c4 + c2[h̄k + qA(t)]2, (7.7)

and the orthogonal matrix

OD(t, k) =
1√

1 + d2
D(t, k)

(
1 dD(t, k)

−dD(t, k) 1

)
(7.8)
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7.1. Many-body Hamiltonians

(so OD ·OᵀD = OᵀD ·OD = 1) with the abbreviation

dD(t, k) = c
h̄k + qA(t)

mc2 + ED(t, k)
. (7.9)

Hence, by transforming the standard k-space field operator ˆ̃Ψ(t, k) to the in-
stantaneous energy eigenbasis via

Υ̂(t, k) = OD(t, k) ˆ̃Ψ(t, k), (7.10)

the single-particle Hamiltonian is diagonalized, so we get

ĤD(t) =

∞̂

−∞

Υ̂
†
(t, k)

(
ED(t, k) 0

0 −ED(t, k)

)
Υ̂(t, k)dk (7.11)

from Eq. (7.5). Note that the “rotation” (7.10) of the spinor field operator pre-
serves the canonical anticommutation relations (1.10) and is thus a Bogoli-
ubov transformation. In the new particle basis, the upper (lower) component
of Υ̂ annihilates particles in the positive (negative), instantaneous energy con-
tinuum.

7.1.2. Semiconductor

In accordance to our model introduced in Sec. 6.1, we only take into account
the (movable) Bloch electrons in the semiconductor and describe them as ex-
citations of the quantized Schrödinger field (nonrelativistic motion, neglect
of spin). The corresponding many-body Hamiltonian (which includes all
Bloch electrons) has the same form as in the Dirac case [Eq. (7.2)], but the
field operator ψ̂(t, x) is scalar (no spin) and the single-particle Hamiltonian
is the nonrelativistic Hamilton operator in the external electric field and the
lattice-periodic crystal potential V(x) = V(x + `):

Ĥfull
S (t)

=

∞̂

−∞

ψ̂†(t, x)
{
[−ih̄∂x + qA(t)]2

2m
+ V(x)

}
ψ̂(t, x)dx

=

∞̂

−∞

ψ̂†(t, x)

{
− h̄2∂2

x
2m

+ V(x) +
q2A2(t)

2m
+

qA(t)
m

(−ih̄∂x)

}
ψ̂(t, x)dx.

(7.12)
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7. Analogy in 1+1 spacetime dimensions for E(t)

Note that we may absorb the purely time-dependent A2 term into the poten-A2 term not rele-
vant tial energy, which would leave the resulting force (partial derivative with re-

spect to x) invariant, so this term can simply be ignored without any physical
consequences. We thus redefine

Ĥfull
S (t) =

∞̂

−∞

ψ̂†(t, x)

[
− h̄2∂2

x
2m

+ V(x) +
qA(t)

m
(−ih̄∂x)

]
ψ̂(t, x)dx. (7.13)

The analog of plane waves in the vacuum are Bloch waves fn(K, x) [seeTransformation to
K space (crystal
momentum)

Eqs. (6.2) and (6.3)] in the periodic crystal potential. Hence, instead of insert-
ing the spatial Fourier transform of ψ̂, we expand the field operator in terms
of these Bloch waves (at each instant t):

ψ̂(t, x) =
∞

∑
n=1

π/`ˆ

−π/`

fn(K, x)ân(t, K)dK. (7.14)

This Bloch-wave expansion allows us to transform Ĥfull
S to the so-called “crys-

tal-momentum representation”; see, e.g., [136, 137, 150, 151]. The operators
ân(t, K) play the role of expansion “coefficients” in this context. According to
the Bloch theorem, the Bloch states form a complete set of basis states, pro-
vided that we include all energy bands (all n ∈ N) and the entire Brillouin
zone K ∈ (−π/`, π/`], so Eq. (7.14) is just a basis transformation and does
not involve any approximation. In the following, we assume throughout that
the Bloch states are orthonormalized according to the relationBra–ket notation

〈n, K|n′, K′〉 =
∞̂

−∞

f ∗n (K, x) fn′(K′, x)dx !
= δnn′δ(K′ − K), (7.15)

where we have also introduced the bra–ket notation for Bloch states (a su-
perscript ∗ denotes complex conjugation). Then, Eq. (7.14) can be inverted to
yield

ân(t, K) =

∞̂

−∞

f ∗n (K, x)ψ̂(t, x)dx ⇒ â†
n(t, K) =

∞̂

−∞

fn(K, x)ψ̂†(t, x)dx. (7.16)

Using the canonical anticommutation relations (1.10) which the (one-compo-
nent) Bloch-electron field operator ψ̂ satisfies per assumption, we calculate
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7.1. Many-body Hamiltonians

the anticommutators of the â operators:

{ân(t, K), ân′(t, K′)} =
∞̂

−∞

f ∗n (K, x)ψ̂(t, x)dx

∞̂

−∞

f ∗n′(K
′, x′)ψ̂(t, x′)dx′

+

∞̂

−∞

f ∗n′(K
′, x′)ψ̂(t, x′)dx′

∞̂

−∞

f ∗n (K, x)ψ̂(t, x)dx

=

∞̂

−∞

∞̂

−∞

f ∗n (K, x) f ∗n′(K
′, x′) {ψ̂(t, x), ψ̂(t, x′)}︸ ︷︷ ︸

0

dx′ dx

= 0 (7.17)

and, in total analogy,

{â†
n(t, K), â†

n′(t, K′)} = 0 (7.18)

and

{ân(t, K), â†
n′(t, K′)} =

∞̂

−∞

f ∗n (K, x)ψ̂(t, x)dx

∞̂

−∞

fn′(K′, x′)ψ̂†(t, x′)dx′

+

∞̂

−∞

fn′(K′, x′)ψ̂†(t, x′)dx′
∞̂

−∞

f ∗n (K, x)ψ̂(t, x)dx

=

∞̂

−∞

∞̂

−∞

f ∗n (K, x) fn′(K′, x′) {ψ̂(t, x), ψ̂†(t, x′)}︸ ︷︷ ︸
δ(x′−x)

dx′ dx

=

∞̂

−∞

f ∗n (K, x) fn′(K′, x)dx

= δnn′δ(K′ − K). (7.19)

The â (â†) operators are thus instantaneous annihilation (creation) operators
for Bloch electrons.

By means of the orthonormality relation (7.15) and the energy-eigenvalue
equation (6.2) which the Bloch states solve, inserting the Bloch-wave expan-
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7. Analogy in 1+1 spacetime dimensions for E(t)

sion (7.14) into the semiconductor Hamiltonian (7.13) yields

Ĥfull
S (t)

=

∞̂

−∞

∞

∑
n=1

π/`ˆ

−π/`

f ∗n (K, x)â†
n(t, K)dK

[
− h̄2∂2

x
2m

+ V(x) +
qA(t)

m
(−ih̄∂x)

]

×
∞

∑
n′=1

π/`ˆ

−π/`

fn′(K′, x)ân′(t, K′)dK′ dx

=
∞

∑
n=1

∞

∑
n′=1

π/`ˆ

−π/`

π/`ˆ

−π/`

â†
n(t, K)ân′(t, K′)

∞̂

−∞

f ∗n (K, x)

×
[
En′(K′) +

qA(t)
m

(−ih̄∂x)

]
fn′(K′, x)dx dK′ dK

=
∞

∑
n=1

∞

∑
n′=1

π/`ˆ

−π/`

π/`ˆ

−π/`

â†
n(t, K)ân′(t, K′)

[
En′(K′)δnn′δ(K′ − K)

+
qA(t)

m
〈n, K| p̂x|n′, K′〉

]
dK′ dK

=
∞

∑
n=1

π/`ˆ

−π/`

En(K)â†
n(t, K)ân(t, K)dK

+
qA(t)

m

∞

∑
n=1

∞

∑
n′=1

π/`ˆ

−π/`

π/`ˆ

−π/`

〈n, K| p̂x|n′, K′〉 â†
n(t, K)ân′(t, K′)dK′ dK. (7.20)

7.1.2.1. Momentum matrix elements in the Bloch-wave basis

In order to calculate 〈n, K| p̂x|n′, K′〉 in Eq. (7.20), we first derive a general for-
mula which is very useful for many computations in the Bloch-wave basis (cf.,
e.g., Ref. [151]).

Be g(x) = g(x + `) a lattice-periodic function. We can thus write it as aGeneral formula
complex Fourier series

g(x) =
∞

∑
j=−∞

g̃je2πijx/` (7.21)
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with coefficients

g̃j =
1
`

`ˆ

0

g(x)e−2πijx/` dx. (7.22)

Be furthermore k ∈ (−2π/`, 2π/`). Now, let us calculate the integral

∞̂

−∞

g(x)eikx dx =
∞

∑
j=−∞

g̃j

∞̂

−∞

ei(2π j/`+k)x dx

= 2π
∞

∑
j=−∞

g̃j δ

(
k +

2π j
`

)
. (7.23)

The argument of the delta distribution is always nonzero for j 6= 0 since
|k| < 2π/`, so j = 0 is the only term that can contribute to the integral1

(cf. Ref. [152]):

∞̂

−∞

g(x)eikx dx = 2πg̃0 δ(k) =
2π

`

`ˆ

0

g(x)dx δ(k). (7.24)

This formula is useful when evaluating a momentum matrix element in the Momentum
matrix element
〈n, K|p̂x|n′, K′〉

Bloch-wave basis. After inserting the general Bloch-wave form (6.3), we get

〈n, K| p̂x|n′, K′〉

=

∞̂

−∞

e−iKxu∗n(K, x)(−ih̄∂x)eiK′xun′(K′, x)dx

=

∞̂

−∞

ei(K′−K)x
[

h̄K′ u∗n(K, x)un′(K′, x)︸ ︷︷ ︸
`periodic

−ih̄ u∗n(K, x)
∂un′(K′, x)

∂x︸ ︷︷ ︸
`periodic

]
dx. (7.25)

The difference K′ − K in the exponential function satisfies |K′ − K| <
2π/` since both crystal momenta are elements of the first Brillouin zone
(−π/`, π/`]. The terms within the square brackets in the above equation
are lattice periodic (with respect to the x argument) because all Bloch factors

1According to Ref. [151], this statement is not true for |k| approaching 2π/`—however, the
physical results derived in this and the following chapters will not be sensitive to this detail
since we will focus on long-wavelength processes (corresponding to |k|much smaller than
2π/`) anyway.
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7. Analogy in 1+1 spacetime dimensions for E(t)

are lattice periodic. Hence, we may apply the general formula (7.24), which
gives the well-known result

〈n, K| p̂x|n′, K′〉

=
2π

`

`ˆ

0

h̄Ku∗n(K, x)un′(K, x)− ih̄u∗n(K, x)
∂un′(K, x)

∂x
dx δ(K′ − K)

=
(

h̄K 〈n, K|n′, K〉cell + 〈n, K| p̂x|n′, K〉cell

)
δ(K′ − K) (7.26)

(cf. Ref. [153]), where we have introduced the unit-cell-product notation

〈n, K|n′, K′〉cell =
2π

`

`ˆ

0

u∗n(K, x)un′(K′, x)dx. (7.27)

Note that we were allowed to set K′ = K for all Bloch factors after the first line
in Eq. (7.26) because the delta distribution δ(K′ − K) makes the result vanish
in any other case anyway.

We may also apply formula (7.24) to the Bloch-wave orthonormality rela-Orthonormality
of the Bloch fac-
tors for fixed K

tion (7.15):

δnn′δ(K′ − K) !
=

∞̂

−∞

f ∗n (K, x) fn′(K′, x)dx

=

∞̂

−∞

ei(K′−K)xu∗n(K, x)un′(K′, x)dx

Eq. (7.24)
=

2π

`

`ˆ

0

u∗n(K, x)un′(K, x)dx δ(K′ − K)

= 〈n, K|n′, K〉cell δ(K′ − K). (7.28)

Our Bloch factors are thus always orthonormal on a unit cell at a fixed K:

〈n, K|n′, K〉cell =
2π

`

`ˆ

0

u∗n(K, x)un′(K, x)dx !
= δnn′ . (7.29)

Insertion into Eq. (7.26) yields the formula for a general momentum matrixResult
element:

〈n, K| p̂x|n′, K′〉 =
(

h̄Kδnn′ + 〈n, K| p̂x|n′, K〉cell

)
δ(K′ − K). (7.30)
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7.1.2.2. Diagonal elements of the momentum matrix: group velocities

Equation (7.30) shows that the momentum matrix in the Bloch-wave basis is
always diagonal with respect to the crystal momenta; however, it is gener-
ally not diagonal with respect to the band indices (which would imply that no
electron transitions were possible in the external field). The diagonal elements
〈n, K| p̂x|n, K〉 have a special physical meaning: they are related to the expec-
tation values of momentum in the Bloch states. Due to the delta distribution
δ(K′ − K) in our Bloch-wave orthonormalization, however, these diagonal el-
ements diverge, so we consider the distribution

〈n, K| p̂x|n, K′〉 =
(

h̄K + 〈n, K| p̂x|n, K〉cell

)
δ(K′ − K) (7.31)

[a special case of Eq. (7.30)] instead.
It is well known [154] that the expectation value of the momentum in a Calculation of

〈n, K|p̂x|n, K〉cellBloch state |n, K〉 coincides with the electron mass m times the group velocity

vgr
n (K) =

1
h̄

∂En(K)
∂K

, (7.32)

which is the speed a wave packet centered around K propagates at. This gives
us a hint on how to find a simple expression for 〈n, K| p̂x|n, K〉cell appearing in
Eq. (7.31): Since

p̂x fn(K, x) = −ih̄∂xeiKxun(K, x) = eiKx( p̂x + h̄K)un(K, x) (7.33)

and the Bloch waves satisfy the stationary Schrödinger equation (6.2), the
Bloch factors solve the equation[

h̄2

2m
(−i∂x + K)2 + V(x)− En(K)

]
un(K, x) = 0. (7.34)

The partial derivative with respect to K of this equation yields[
h̄2

m
(−i∂x + K)− ∂En(K)

∂K

]
un(K, x)

= −
[

h̄2

2m
(−i∂x + K)2 + V(x)− En(K)

]
∂un(K, x)

∂K
. (7.35)

Now we “project this equation onto un(K, x)” by applying the operator
(2π/`)

´ `
0 u∗n(K, x) . . . dx to both sides. Via integration by parts (IBP), the re-
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sulting right-hand side becomes

− 2π

`

`ˆ

0

u∗n(K, x)

[
h̄2

2m
(−i∂x + K)2 + V(x)− En(K)

]
∂un(K, x)

∂K
dx

(IBP)
= − 2π

`

`ˆ

0

∂un(K, x)
∂K

[
h̄2

2m
(i∂x + K)2 + V(x)− En(K)

]
u∗n(K, x)︸ ︷︷ ︸

=0 [complex conjugate of Eq. (7.34)]

dx

= 0. (7.36)

Note that the boundary terms associated with the integration by parts cancel
due to the ` periodicity of all x-dependent functions which are involved here.
Using the unit-cell bra–ket notation and the Bloch-factor orthonormality from
Eq. (7.29), the projected Eq. (7.35) consequently reads

0 =

〈
n, K

∣∣∣∣∣ h̄2

m
(−i∂x + K)− ∂En(K)

∂K

∣∣∣∣∣ n, K

〉
cell

=
h̄
m
〈n, K| p̂x|n, K〉cell +

h̄2K
m
− h̄vgr

n (K), (7.37)

and thus
h̄K + 〈n, K| p̂x|n, K〉cell = mvgr

n (K). (7.38)

Inserting this equation into Eq. (7.31) yields our end result for the diagonalResult
elements of the momentum matrix:

〈n, K| p̂x|n, K′〉 = mvgr
n (K) δ(K′ − K), (7.39)

(cf., e.g., Ref. [148]).
Gathering our knowledge [Eqs. (7.30) and (7.39)] about the momentum ma-Resulting K-space

expression for
Ĥfull

S (t)
trix elements, we can write the crystal-momentum representation of the full
semiconductor Hamiltonian (7.20) as

Ĥfull
S (t) =

∞

∑
n=1

π/`ˆ

−π/`

[
En(K) + qA(t)vgr

n (K)
]

â†
n(t, K)ân(t, K)

+
qA(t)

m

n′ 6=n

∑
n′∈N

〈n, K| p̂x|n′, K〉cell â†
n(t, K)ân′(t, K)dK. (7.40)
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7.1.2.3. Two-band model

As explained in Ch. 6, we neglect the contributions from all energy bands
except for the valence band (we denote its band index by “−”) and the next
higher band, the conduction band (+), in our semiconductor analog; that is,
we effectively set ân(t, K) = 0 for “n /∈ {+,−}”. The resulting two-band
version of the full Hamiltonian (7.40) reads

ĤS(t) =
π/`ˆ

−π/`

â†(t, K)
(
E+(K) + qA(t)vgr

+ (K) qA(t)κ∗(K)
qA(t)κ(K) E−(K) + qA(t)vgr

− (K)

)
â(t, K)dK (7.41)

in matrix notation, with the analog

â(t, K) =
(

â+(t, K)
â−(t, K)

)
(7.42)

of the two-component Dirac spinor in k space and the abbreviation

κ(K) =
〈−, K| p̂x|+, K〉cell

m
, (7.43)

which quantifies the single off-diagonal element of the momentum matrix2

appearing in the two-band model. This is the Hamiltonian we want to com-
pare to the Dirac Hamiltonian ĤD.

But first, we will bring the matrix in ĤS above into a diagonal form. Note Making the diag-
onal elements in
ĤS symmetric

that the eigenvalues of this matrix will not be symmetric around zero [in con-
trast to the eigenvalues ±ED(t, k) in the Dirac case; see Eq. (7.11)] in general;
however, by means of the band-difference quantities

∆E(K) = E+(K)− E−(K) > 0 ∀K (no band crossing) (7.44)

and

∆vgr(K) = vgr
+ (K)− vgr

− (K) =
1
h̄

∂∆E(K)
∂K

, (7.45)

2The off-diagonal elements are also referred to as “optical matrix elements” in the literature.
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we can write Eq. (7.41) as

ĤS(t) =
π/`ˆ

−π/`

â†(t, K)

(
∆E(K)

2 + qA(t)∆vgr(K)
2 qA(t)κ∗(K)

qA(t)κ(K) −∆E(K)
2 − qA(t)∆vgr(K)

2

)
â(t, K)dK

+

π/`ˆ

−π/`

[
E+(K) + E−(K)

2
+ qA(t)

vgr
+ (K) + vgr

− (K)
2

]
â†(t, K)â(t, K)dK. (7.46)

The diagonal elements of the matrix in the upper line are now symmetric
around zero, so its eigenvalues will also be. Now consider the additional
term in the lower line: The operator

â†(t, K)â(t, K) = â†
+(t, K)â+(t, K) + â†

−(t, K)â−(t, K) (7.47)

counts the total number of electrons in the valence band and in the conduc-
tion band which have a crystal momentum of h̄K at the time t. Since theK is conserved
(general) semiconductor Hamiltonian in Eq. (7.40) has the form Ĥfull

S (t) =´
Ĥfull

S (t, K)dK, this operator can only perform particle transitions at constant
K, so K is a conserved quantity for every electron3. Our initial state (t→ −∞)
is always the ground state, in which every valence-band state is occupied by
one electron and every conduction-band state is empty. Within the two-band
approximation, only transitions between these two bands are possible. Since
K is conserved, there is always exactly one electron per K, which must be
either located in the valence band or in the conduction band at any time, so

â†(t, K)â(t, K)
(two-band model)

= 1. (7.48)

As a consequence, the lower line in Eq. (7.46) merely yields a time-dependent,
additive constant in ĤS(t), which effectively causes an insignificant phase
transformation of the quantum-field state vector. We thus redefine the semi-
conductor Hamiltonian again:

ĤS(t) =
π/`ˆ

−π/`

â†(t, K)

(
∆E(K)

2 + qA(t)∆vgr(K)
2 qA(t)κ∗(K)

qA(t)κ(K) −∆E(K)
2 − qA(t)∆vgr(K)

2

)
â(t, K)dK. (7.49)

Now, we can diagonalize the 2 × 2 matrix in ĤS in analogy to the DiracDiagonalization
of the matrix

3In total analogy, the k-space Dirac Hamiltonian in Eq. (7.11) has the form ĤD(t) =´
ĤD(t, k)dk, which means that the canonical wave vector k is conserved in the Dirac case.
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case [see Eqs. (7.5)–(7.11)]. Its instantaneous energy eigenvalues are±ES(t, K)
with

ES(t, K) =

√[
∆E(K) + qA(t)∆vgr(K)

2

]2

+ q2A2(t)|κ(K)|2. (7.50)

The unitary matrix

OS(t, K) =
1√

1 + |dS(t, K)|2

(
1 d∗S(t, K)

−dS(t, K) 1

)
(7.51)

with

dS(t, K) =
qA(t)κ(K)[

∆E(K) + qA(t)∆vgr(K)
]
/2 + ES(t, K)

(7.52)

“rotates” â(t, K) to the instantaneous energy eigenbasis via

b̂(t, K) = OS(t, K)â(t, K), (7.53)

so the diagonalized K-space expression for the two-band semiconductor Result
Hamiltonian reads

ĤS(t) =

π/`ˆ

−π/`

b̂
†
(t, K)

(
ES(t, K) 0

0 −ES(t, K)

)
b̂(t, K)dK. (7.54)

7.2. Quantitative analogy between the Hamiltonians

In this section, our goal is to point out in how far the two-band semiconductor
Hamiltonian ĤS(t) in Eq. (7.54) is analog to the Dirac Hamiltonian ĤD(t) in
Eq. (7.11). Both Hamiltonians have the same overall form; the only differences
are the eigenvalues of the 2× 2 matrices [i.e., ES(t, K) versus ED(t, k)] and
the ranges of the (quasi-)wave vectors, i.e., K ∈ (−π/`, π/`] versus k ∈ R.

Since each electron in the semiconductor (Dirac) case is associated with a
unique, conserved value of K (k), it makes sense to compare each K mode in
the semiconductor to a corresponding k in Dirac theory, respectively. So, let
us put the question like this: Say we have a fixed external electric field [i.e.,
A(t) is fixed], and we consider a particular Bloch electron in the semiconduc-
tor with the canonical crystal momentum K ∈ (−π/`, π/`]. Is this electron
suitable to mimic a Dirac electron with a certain canonical wave vector k [for
the same external A(t)]? (Note that k may depend on the chosen K and ma-
terial constants of the semiconductor.) The answer to this question is yes if
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7. Analogy in 1+1 spacetime dimensions for E(t)

ES(t, K) has the same functional form as ED(t, k) for all times t. The radicand
in ES(t, K) [Eq. (7.50)],

E2
S(t, K) =

∆E2(K)
4

+
∆E(K)∆vgr(K)

2
qA(t)

+

{
|κ(K)|2 + [∆vgr(K)]2

4

}
q2A2(t), (7.55)

must thus be formally equivalent to the radicand in ED(t, k) [Eq. (7.7)],

E2
D(t, k) = m2c4 + c2h̄2k2 + 2c2h̄kqA(t) + c2q2A2(t), (7.56)

for each power of the arbitrary time-dependent function A(t).
Let us start with the q2A2(t) terms in the above two equations: both termsEquating coeffi-

cients: q2 A2(t)
terms,

are equivalent, but the vacuum speed of light is substituted by a material- and
K-dependent effective speed of light

c?(K) =

√
|κ(K)|2 + [∆vgr(K)]2

4
(7.57)

in the semiconductor.
Note that we could also define an effective electron charge q?(K) instead,

or an effective vector potential—concepts known from the simulation of the
Sauter–Schwinger effect via ultracold atoms trapped in optical lattices [110,
111]. However, since the effective speed of light is an established concept
in semiconductor physics [128, 104, 96, 97, 146], we go for this option here.
Furthermore, the resulting effective mass which we will define below is then
closely related to the usual definition of effective masses in solid-state physics
(we will discuss this point later).

The coefficient of the linear term in the Dirac case (7.56), 2c2h̄k, will thusqA(t) terms,
take on the value 2c2

?(K)h̄k when simulated in the semiconductor. The as-
sumption that this term equals the coefficient of the linear term in Eq. (7.55),
∆E(K)∆vgr(K)/2, yields the equation

k(K) =
∆E(K)∆vgr(K)

4h̄c2
?(K)

. (7.58)

This formula determines the canonical wave vector of the Dirac electron
which can be simulated by the particular Bloch-electron state corresponding
to K.

Finally, the constant term ∆E2(K)/4 in the semiconductor case formallyand constant
terms.
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7.2. Quantitative analogy between the Hamiltonians

equals its counterpart m2
?(K)c4

?(K) + c2
?(K)h̄

2k2(K) in Dirac theory if we sub-
stitute an effective electron rest mass m?(K) which is given by

m2
?(K)c

4
?(K)

!
=

∆E2(K)
4

− c2
?(K)h̄

2k2(K)

=
∆E2(K)

4
− ∆E2(K)[∆vgr(K)]2

16c2
?(K)

=
∆E2(K)

4

{
1− [∆vgr(K)]2

4c2
?(K)

}
=

∆E2(K)
4

4|κ(K)|2 + [∆vgr(K)]2 − [∆vgr(K)]2

4c2
?(K)

=
∆E2(K)|κ(K)|2

4c2
?(K)

, (7.59)

and therefore

m?(K) =
∆E(K)|κ(K)|

2c3
?(K)

. (7.60)

In summary, each Bloch electron in the two-band semiconductor model, Analogy in the
entire Brillouin
zone

which has an associated K in the first Brillouin zone, is suitable to simulate
a state k(K) in Dirac theory, with the effective physical constants m?(K) and
c?(K). The functional forms of these quantities depend on the specific crystal
potential of the considered semiconductor. This is the general result of the
present chapter concerning the analogy in time-dependent electric fields.

7.2.1. Simulating nonperturbative pair creation: analogy for
long-wavelength modes

The general form of the analogy for time-dependent electric fields is not en-
tirely satisfactory because the effective constants m?(K) and c?(K) depend on
the Bloch state considered. Let us thus be specific about what we intend to
simulate in our semiconductor analog in the following: We are interested in
(assisted) tunneling pair creation in QED. This process is associated with
long wavelengths because it happens between classical turning points (points
of zero momentum) in the tunneling picture. Long wavelengths correspond to
small wave vectors with |k| � mc/h̄, which constitute a small region around
the mass gap where the energy curves E±(k) [see Fig. 6.1(a) on page 152] are
approximately parabolic. By analogy, tunneling in a semiconductor from the
valence band to the conduction band will also most likely occur close to the
(direct) bandgap, where the energy difference between the bands is minimal.
Since the bandgap is located at the zone center here per assumption, this pro-
cess is associated with small crystal momenta which satisfy |K| � π/` [see
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7. Analogy in 1+1 spacetime dimensions for E(t)

Fig. 6.1(b)]. Hence, in order to simulate the pair-creation process in the semi-
conductor, the quantitative analogy between ĤD and ĤS must only be good
for long wavelengths/small (quasi-)wave vectors.

Note that, as a consequence of choosing the temporal gauge E(t) = Ȧ(t) inImplications of
the temporal
gauge

this chapter, the evolution of each Dirac (Bloch) electron is described on the
basis of plane (Bloch) waves for an individual, canonical value of k (K), respec-
tively. This picture must of course lead to the same physical results as other
gauges, but remember that we did only include the valence band and the
conduction band in our semiconductor Hamiltonian ĤS (two-band approxi-
mation). In order to describe all possible dynamics of a Bloch electron using
Bloch wave functions for a single K only, a complete basis of Bloch states is
required, which must include all energy bands. However, our main focus here
are electron tunneling transitions (which are predominantly long-wavelength
processes as explained above) between the valence band and the conduction
band, and thus the long-wavelength modes (small K) in our two-band model
ĤS are the most suitable choice to describe these tunneling transitions. In
conclusion, if the quantitative analogy between ĤD and ĤS holds for small
(quasi-)momenta—|k| � mc/h̄ on the one hand and |K| � π/` on the other
hand—then the semiconductor analog should be appropriate to simulate (as-
sisted) nonperturbative pair-creation processes well.

However, the trajectories of the constituents of created pairs (formed atPost-creation
trajectories small k’s or K’s), which are then accelerated by the external field E(t), will

not be the same! In Dirac theory, electrons and positrons will be accelerated
in accordance with the relativistic energy–momentum relation. In contrast to
that, the dispersion relation of Bloch electrons in the semiconductor is usually
more complicated and depends on the concrete crystal potential, so the semi-
conductor analog is not suited to simulate the post-creation trajectories of
QED particles in general.

E�ective constants in the in�nite-wavelength limit

Let us start with the central mode in the Brillouin zone, K = 0, which corre-
sponds to infinite wavelengths. Since our semiconductor has a direct bandgap
at the zone center per assumption [see Fig. 6.1(b) on page 152], the energy dif-
ference at K = 0 equals the bandgap Eg and the group velocities in both bands
vanish because the K derivatives of E+(K) and E−(K) are zero at K = 0, so

∆E(0) = Eg > 0 and ∆vgr(0) = 0. (7.61)

The off-diagonal element κ(K) is typically nonzero at the gap, and we choose
the global phases of the Bloch bands in a way that

κ(0) = κ0 > 0 (7.62)
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in the following for convenience [in general, κ(K) is a complex quantity].
Inserting these material constants into Eqs. (7.57), (7.58), and (7.60) then yields Analogy

K = 0↔ k = 0the analogies

K = 0 ↔ k = 0,
c?(0) = κ0 ↔ c,

m?(0) =
Eg

2κ2
0
↔ m (7.63)

between the two-band semiconductor and Dirac theory. There is thus a quan-
titative analogy between the infinite-wavelength mode K = 0 and its QED
counterpart k = 0. Note that the corresponding effective quantities satisfy

2m?(0)c2
?(0) = ∆E(0) = Eg ⇔ c?(0) =

√
Eg

2m?(0)
; (7.64)

that is, the role of the mass gap 2mc2 is taken by the bandgap in the semicon-
ductor analog, which seems like a natural analogy. These formulas were also
found in Refs. [128, 104, 96, 97, 146], for example. Our results here, however,
show that the relations (7.64) are only correct for K = 0 but not for all K in
general [cf. Eq. (7.59)].

E�ective constants for long, �nite wavelengths

As the next step, we study how the effective constants change in the vicinity
of K = 0. We do this by evaluating the derivatives of c?(K), m?(K), and k(K)
with respect to K at K = 0.

For the effective speed of light [Eq. (7.57)] in the semiconductor, we get Exact derivatives

dc?(K)
dK

∣∣∣∣
K=0

=

∣∣∣κ(K)dκ(K)
dK

∣∣∣+ ∆vgr(K)
4

d∆vgr(K)
dK

c?(K)

∣∣∣∣∣∣
K=0

=

∣∣∣∣dκ(K)dK

∣∣∣∣
K=0

(7.65)

since ∆vgr(0) = 0 and c?(0) = κ0. For the same reasons and because of
d∆E(K)/dK = ∆vgr(K), the result for the effective electron mass (7.60) reads

dm?(K)
dK

∣∣∣∣
K=0

=

[
∆vgr(K)|κ(K)|+ ∆E(K)

∣∣∣dκ(K)
dK

∣∣∣] c3
?(K)

2c6
?(K)

∣∣∣∣∣∣
K=0

−
3∆E(K)|κ(K)|c2

?(K)
dc?(K)

dK
2c6

?(K)

∣∣∣∣∣
K=0
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=
Eg

∣∣∣dκ(K)
dK

∣∣∣
K=0

κ0 − 3Egκ0

∣∣∣dκ(K)
dK

∣∣∣
K=0

2κ4
0

= −
Eg

κ3
0

∣∣∣∣dκ(K)dK

∣∣∣∣
K=0

. (7.66)

Finally, the canonical Dirac-electron wave vector k(K) [see Eq. (7.58)] corre-
sponding to the mode K in the semiconductor changes near K = 0 according
to

dk(K)
dK

∣∣∣∣
K=0

=

{
[∆vgr(K)]2 + ∆E(K)d∆vgr(K)

dK

}
c2
?(K)

4h̄c4
?(K)

∣∣∣∣∣∣
K=0

−
2∆E(K)∆vgr(K)c?(K)

dc?(K)
dK

4h̄c4
?(K)

∣∣∣∣∣
K=0

=
Eg

4h̄κ2
0

d∆vgr(K)
dK

∣∣∣∣
K=0

. (7.67)

Hence, in order to evaluate these derivatives, we need to determine theK · p perturbation
theory first K derivatives of κ(K) and ∆vgr(K) at K = 0. One way to do this is via

K · p perturbation theory: According to this application of (nondegenerate)
time-independent perturbation theory to the Schrödinger-like equation (7.34)
the Bloch factors solve, we can express un(K, x) for any K 6= 0 as a power
series in K with only the Bloch factors un′(0, x) at the zone center appearing in
the coefficients. Up to the first order, the general result of this perturbational
approach reads [122]

un(K, x) = un(0, x) +
h̄K
m

n′ 6=n

∑
n′∈N

〈n′, 0| p̂x|n, 0〉cell
En(0)− En′(0)

un′(0, x) +O(K2). (7.68)

Note that the resulting Bloch factors at K 6= 0 are not normalized on a unit
cell [assuming that the Bloch factors at K = 0 are normalized according to
Eq. (7.29)]. However, Eq. (7.68) yields

〈n, K|n, K〉cell = 〈n, 0|n, 0〉cell +O(K2) = 1 +O(K2), (7.69)

so normalizing the result (7.68) by multiplying it with a factor of the form

1√
1 +O(K2)

= 1 +O(K2) (7.70)

will not change the K0 and the K1 terms in Eq. (7.68).
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According to Eq. (7.68), every energy band (at K = 0) can contribute to Two-band ap-
proximationun(K, x) with K 6= 0 in principle; however, the first-order correction is sup-

pressed by the band-energy difference, so the main corrections will come from
bands adjacent to n. We will stick to the two-band approximation here, which
means that the n′ sum in Eq. (7.68) is taken to run over “{+,−}” only instead
of N. This approximation yields the following Bloch factors in the conduction
band and the valence band:

u±(K, x) = u±(0, x) +
h̄K
m
〈∓, 0| p̂x|±, 0〉cell
E±(0)− E∓(0)

u∓(0, x) +O(K2)

= u±(0, x)± κ0h̄K
Eg

u∓(0, x) +O(K2). (7.71)

Taking into account the first-order term in K only should provide a good ap-
proximation as long as the correction is small; that is,∣∣∣∣κ0h̄K

Eg

∣∣∣∣� 1 ⇔ |K| �
Eg

h̄κ0
. (7.72)

The Bloch-factor expansion (7.71) allows us to calculate κ(K) up to the first κ(K) in the two-
band modelorder in K. Using the orthonormality (7.29) of the Bloch factors at K = 0 again,

we get

κ(K) = 1
m
〈−, K| p̂x|+, K〉cell

=
1
m
〈−, 0| p̂x|+, 0〉cell

+
κ0h̄K
mEg

(
〈−, 0| p̂x|−, 0〉cell︸ ︷︷ ︸

=mvgr
− (0)=0 [see Eq. (7.38)]

− 〈+, 0| p̂x|+, 0〉cell︸ ︷︷ ︸
=mvgr

+ (0)=0

)
+O(K2)

= κ0 +O(K2), (7.73)

and thus dκ(K)/dK vanishes at K = 0, which means that c? and m? are Results
approximately constant near K = 0 according to K · p perturbation theory
within the two-band approximation:

dc?(K)
dK

∣∣∣∣
K=0

=
dm?(K)

dK

∣∣∣∣
K=0

(two-band model)
= 0. (7.74)

Note that the incorporation of more energy bands into the perturbational cal-
culation [i.e., taking the full n′ sum in Eq. (7.68)] will produce a nonvanishing
first-order K term in κ(K) in general; that is, the effective constants m? and
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c? will probably not be perfectly constant around the zone center in a real
semiconductor.

The perturbational approach is also appropriate to calculate the K depen-∆vgr(K) in the
two-band model dence of the band energies. The general expansion around K = 0 reads [122]

En(K) = En(0) +
h̄2K2

2m

[
1 +

2
m

n′ 6=n

∑
n′∈N

| 〈n′, 0| p̂x|n, 0〉cell |2
En(0)− En′(0)

]
+O(K3). (7.75)

In the two-band model, this expression becomes

E±(K) = E±(0) +
h̄2K2

2m

[
1 +

2
m
| 〈∓, 0| p̂x|±, 0〉cell |2
E±(0)− E∓(0)

]
+O(K3)

= E±(0) +
h̄2K2

2m

[
1± 2mκ2

0
Eg

]
+O(K3). (7.76)

The quadratic approximation of E±(K) should be good as long as the
quadratic K term is much smaller than Eg/2 since we may set E±(0) to ±Eg/2
without loss of generality:

h̄2K2

2m

∣∣∣∣1± 2mκ2
0

Eg

∣∣∣∣� Eg

2
. (7.77)

Note that
2mκ2

0
Eg

=
2mc2

?(0)
2m?(0)c2

?(0)
=

m
m?(0)

� 1 (7.78)

is always true in typical semiconductors, so the validity condition (7.77) is
practically equivalent to

h̄2K2

2m
2mκ2

0
Eg

�
Eg

2
⇔ |K| �

Eg√
2h̄κ0

, (7.79)

which is basically the same condition as in Eq. (7.72) for the Bloch factors.
From the two-band results (7.76), we obtain

∆E(K) = E+(K)− E−(K) = Eg +
2κ2

0 h̄2K2

Eg
+O(K3) (7.80)

and

∆vgr(K) =
1
h̄

d∆E(K)
dK

=
4κ2

0 h̄K
Eg

+O(K2). (7.81)

Inserting this result into Eq. (7.67) finally yieldsResult

dk(K)
dK

∣∣∣∣
K=0

(two-band model)
= 1, (7.82)

which means that k(K) coincides with K for long-wavelength modes ac-
cording to the two-band approximation.
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Summary and additional notes

In this subsection, we showed that the long-wavelength modes of the semi-
conductor Hamiltonian are suitable to simulate the corresponding QED
modes (in the sense that k = K). The QED constants m and c take on the ef-
fective, material-dependent values m?(0) and c?(0) given by Eq. (7.63) in the
semiconductor, which are approximately universal for all long-wavelength
modes. We derived these findings by applying K · p perturbation theory
up to the first nonvanishing order. The validity condition for this approach
is Eq. (7.72), which thus determines what we mean by “long-wavelength
modes” in this context (i.e., how small |K| must be). Note that the perfect
analogy for these modes is only correct within the two-band approximation—
taking also the coupling of other bands to the valence band and the conduc-
tion band into account would change the picture a bit. It is thus desirable
to select a semiconductor with small optical matrix elements (ideally much
smaller than κ0) between the valence/conduction band on the one hand and
one of the adjacent energy bands on the other hand since then the two-band
approximation is good [cf. Eq. (7.68)].

Note that the usual notion of effective masses (at the bandgap) in solid- Effective masses
state physics is that they describe the bending of the dispersion curves in the
semiconductor according to

E+(K) = E+(0) +
h̄2K2

2m?,e
+O(K3) and

E−(K) = E−(0)−
h̄2K2

2m?,h
+O(K3), (7.83)

where m?,e > 0 is the effective electron mass in the conduction band, and
m?,h > 0 is the effective (light-)hole mass in the valence band. Com-
paring this definition to the full perturbational expansions (7.75) of E±(K)
yields [122]

1
m?,e

=
1
m

[
1 +

2
m

n 6=“+”

∑
n∈N

| 〈n, 0| p̂x|+, 0〉cell |2
E+(0)− En(0)

]
and

1
m?,h

= − 1
m

[
1 +

2
m

n 6=“−”

∑
n∈N

| 〈n, 0| p̂x|−, 0〉cell |2
E−(0)− En(0)

]
, (7.84)

so all energy bands at the zone center can contribute to the effective mass in
a given band. If we only consider the mutual influence between the valence
band and the conduction band again and neglect all other bands (two-band
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7. Analogy in 1+1 spacetime dimensions for E(t)

approximation), these relations simplify to

1
m?,e

=
1
m

(
1 +

2mκ2
0

Eg

)
and

1
m?,h

= − 1
m

(
1− 2mκ2

0
Eg

)
. (7.85)

Adding both equations and comparing it to Eq. (7.63) yields

1
m?,e

+
1

m?,h
=

4κ2
0
Eg

=
2

m?(0)
. (7.86)

Hence, if other bands are neglected, “our” effective mass m?(K) coincidesRelation between
the effective-mass
concepts

with the harmonic mean (twice the reduced mass) of the two effective charge-
carrier masses at the zone center:

m?(0) =
Eg

2κ2
0

(two-band model)
=

2
m−1

?,e + m−1
?,h

, (7.87)

so both concepts are closely connected. This result was also found in Ref. [128]
for constant electric fields, and we can confirm it here for electric fields with
an arbitrary time dependence. Note that m?,e and m?,h [i.e., the parabolic band
curvatures of E±(K) near the zone center] do not need to be equal in order to
draw the analogy here in the purely time-dependent case.

The use of Eq. (7.87) is twofold: On the one hand, it provides a way to calcu-
late m?(0) approximately from m?,e and m?,h (quantities which can be found
in standard textbooks for many typical semiconductors). On the other hand, if
we know the optical matrix element κ0 [and thus can calculate m?(0) directly],
the degree to which Eq. (7.87) is satisfied tells us how good the two-band ap-
proximation works for the considered semiconductor because the coupling of
other bands to m?,e and m?,h has been neglected in this equation.

7.3. Analog of the Sauter�Schwinger e�ect and

dynamical assistance in GaAs

Now that we know that the two-band semiconductor analog is suitable to
simulate (assisted) nonperturbative QED pair creation with effective parame-
ters m → m?(0) and c → c?(0) (we will just write m? and c? in the following
for brevity when referring to the effective constants at K = 0), we will con-
sider some experimental scenarios with time-dependent electric fields in this
section. As pointed out in the introduction of this part (Ch. 6), we focus on gal-
lium arsenide (GaAs) here, which is a semiconductor with a direct bandgap
at the zone center. Table 7.1 lists the crucial properties of GaAs.
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Property Value in GaAs Reference

Lattice constant `GaAs = 0.565 nm [126, p. 789]

Bandgap EGaAs
g = 1.5 eV [126, p. 789]

Effective electron mass mGaAs
?,e = 0.063m [126, p. 789]

Effective light-hole mass mGaAs
?,h = 0.076m [126, p. 789]

Optical matrix element κGaAs
0 = 0.0050c [122, p. 104]

Dielectric-breakdown field EGaAs
BD = 30–90 MV/m [126, p. 790]

Table 7.1.: Properties of gallium arsenide which we will use throughout this
thesis. Some values were rounded for simplicity.

The resulting effective constants within the semiconductor analogy are cal-
culated by Eq. (7.63):

mGaAs
? = 0.058m and cGaAs

? = 0.0050c. (7.88)

According to the two-band approximation, these constants are valid for the
long-wavelength modes in GaAs which satisfy Eq. (7.72):∣∣∣∣ K

π/`GaAs

∣∣∣∣� EGaAs
g `GaAs

πh̄κGaAs
0

= 0.27. (7.89)

The harmonic mean of the effective charge-carrier masses,

2
1/mGaAs

?,e + 1/mGaAs
?,h

= 0.069m, (7.90)

deviates from mGaAs
? above by about 19.4%. In principle (ignoring measure-

ment errors etc.), this deviation is caused by other bands coupling to the va-
lence band and the conduction band [see Eqs. (7.84)–(7.87)]. As explained in
Sec. 6.1.2, a major part of this deviation could come from the split-off band,
which is neglected in the two-band model.

7.3.1. Constant electric �eld

A constant electric field gives rise to purely nonperturbative pair creation. The
analogy between the Sauter–Schwinger effect and Landau–Zener tunneling
is well known (see Sec. 6.2); we just have to substitute the Schwinger limit

183



7. Analogy in 1+1 spacetime dimensions for E(t)

EQED
crit ∝ m2c3 by

ESC
crit =

m2
?c3

?

h̄q
Eq. (7.64)

=

√
2m?E3/2

g

4h̄q
Eq. (7.63)

=
E2

g

4h̄qκ0
(7.91)

in the semiconductor (cf. [149, 128, 127, 139, 52, 140, 97, 96, 142]). The analog
of the Schwinger limit in GaAs thus measures

EGaAs
crit = 5.65

MV
cm

= 5.65× 108 V
m

, (7.92)

a typical value [129, 131], which is 10 orders of magnitude smaller than
EQED

crit ≈ 1018 V/m.
Note that EGaAs

crit is roughly one order of magnitude stronger than the di-Critical field ver-
sus breakdown
field

electric-breakdown field strength EGaAs
BD found in the literature (see Table 7.1).

This ratio makes sense because tunneling (one of the seeds for dielectric break-
down) is strongly suppressed far below EGaAs

crit , while the tunneling current
becomes huge close to the critical field, so a value of EGaAs

BD approximately one
order of magnitude below EGaAs

crit seems reasonable. Compare this to the situa-
tion in QED where we expect a significant pair-creation rate for E ≈ EQED

crit /10
but only a very tiny (about 120 orders of magnitude smaller) tunneling current
for E ≈ EQED

crit /100; see Fig. 2.1 on page 36.

7.3.2. Dynamical assistance by a temporal Sauter pulse

One way to assist tunneling in a constant (“background”) electric field EstrongIn QED

is via an additional time-dependent Sauter pulse Eweak/ cosh2(ωt) with
Eweak � Estrong—the dynamically assisted Sauter–Schwinger effect [67] (in-
troduced in Sec. 2.4.6). In QED, the combined Keldysh parameter (2.125)
reaches its threshold value π/2 when the pulse’s frequency-scale parameter
is given by

h̄ωQED
crit =

π

2
Estrong

EQED
crit

2mc2

2
, (7.93)

so, for a rather strong background field Estrong = EQED
crit /10, we get

h̄ωQED
crit = 80 keV, (7.94)

a photon energy in the hard X-ray part of the spectrum. Since ωQED
crit ∝ Estrong,

this value will be correspondingly lower for weaker background fields.
When we transfer this scenario to the semiconductor analog, we have toAnalog in GaAs
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substitute EQED
crit → ESC

crit and 2mc2 → Eg [see Eq. (7.64)] in Eq. (7.93) so that

h̄ωSC
crit =

π

2
Estrong

ESC
crit

Eg

2
. (7.95)

Assuming Estrong = EGaAs
crit /10 in analogy to the QED case above, we get

h̄ωGaAs
crit = 0.12 eV (7.96)

in GaAs, which lies in the infrared part of the spectrum.

7.3.3. Dynamical assistance by a harmonic oscillation

As we have studied in Ch. 5, tunneling in a constant field Estrong can also
be assisted by a sinusoidal oscillation Eweak cos(ωt), which is a good model
for assistance via counterpropagating laser beams. Let us consider a specific
example for our GaAs analog here: The oscillation is generated by a car-
bon-dioxide (CO2) laser, which has a wavelength of 10.6 µm, correspond-
ing to a photon energy of h̄ω = 0.117 eV.4 If we set the background field to
Estrong = EGaAs

crit /10 again (i.e., approximately just below the breakdown field),
the combined Keldysh parameter (2.125) will take on the value (remember
2mc2 → Eg)

γc = 2
EGaAs

crit
Estrong

h̄ω

EGaAs
g

= 1.56. (7.97)

This value is fixed since the laser frequency is fixed and we assume that Estrong
is kept constant. However, the laser intensity and thus Eweak are easy to vary.
According to Eq. (5.15), the critical amplitude of the oscillation is given by

Ecrit
weak

Estrong
=

1
200

γc

I1(γc)
= 0.0075, (7.98)

I1(x) denoting a modified Bessel function of the first kind. Remember that we
have defined the critical threshold as the point at which the magnitude of the
leading-order exponent suppressing tunneling is decreased by 1% via dynam-
ical assistance. For Estrong = EGaAs

crit /10, this corresponds to a 37% increase
of the pair-creation yield [cf. Eq. (4.25)] when considering the exponential
function only (i.e., when ignoring the minor effect [41] of the nonexponential

4This photon energy measures 7.8% of the bandgap EGaAs
g and thus corresponds to an oscil-

lation with h̄ω = 80 keV in QED (7.8% of the mass gap).
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prefactor). The resulting critical amplitude and the corresponding intensity
read5

Ecrit
weak = 4.2

kV
cm

⇒ Icrit =
cε0(Ecrit

weak)
2

2
= 23.7

kW
cm2 . (7.99)

One might ask whether a high-quality probe of GaAs, which does not ab-Laser-induced
probe damage sorb too much energy via defects etc., will sustain this amount of incident ra-

diation without being damaged. According to the studies [155, 156, 157], the
above value of Icrit should not be problematic; Reference [157], for example,
reports a threshold of the order of 10 MW/cm2 for GaAs surface damage via
CO2-laser radiation. Note that these studies only consider laser pulses with
durations in the 10−8–10−7 s range. Let us compare these pulse durations with
the timescale associated with tunneling in the background field Estrong (“for-
mation time” of an electron–hole pair): the analog of Eq. (2.63) for our GaAs
setup,

tGaAs
form =

EGaAs
crit

Estrong

h̄
mGaAs

? (cGaAs
? )2 =

EGaAs
crit

Estrong

2h̄
EGaAs

g
= 8.8× 10−15 s, (7.100)

is more than six orders of magnitude smaller than the pulse durations consid-
ered in Ref. [157]. Hence, even these short laser pulses could be slow enough
to assist tunneling effectively via a temporal oscillation Eweak cos(ωt) for a
sufficient amount of time. Furthermore, since Icrit is almost three orders of
magnitude smaller than the damage threshold given in Ref. [157], chances
are that it is possible to keep the assisting laser switched on for even longer
periods of time without damaging the GaAs probe.

7.4. Summary

Assuming a 1+1-dimensional spacetime and a purely time-dependent exter-
nal field E(t) = Ȧ(t) in temporal gauge, we have shown in this chapter that
the evolution of each K mode in a two-band semiconductor is formally equiv-
alent to that of a k = k(K) mode in Dirac theory with effective physical con-
stants m → m?(K) and c → c?(K) given by Eqs. (7.57), (7.58), and (7.60).
The K dependence of the quantities is unfavorable in the context of quantum
simulation; however, when we restrict ourselves to long-wavelength modes
only (small |K|), which describe (assisted) nonperturbative pair-creation pro-
cesses for example, we then may assume k = K and constant effective values

5If we set Estrong = EQED
crit /10 and h̄ω = 80 keV in QED, we get the same value of γc as in

Eq. (7.97), and the resulting critical intensity reads Icrit = 1.3× 1023 W/cm2.
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7.4. Summary

QED quantity Semiconductor analog

electron mass ↔ effective electron mass

m m? = Eg/(2κ2
0)

(GaAs)
= 0.058m

speed of light ↔ effective speed of light

c c? =
√
Eg/(2m?)

(GaAs)
= 0.0050c

mass gap ↔ bandgap

1 MeV = 2mc2 Eg
(GaAs)
= 1.5 eV

Schwinger limit ↔ critical field
EQED

crit = m2c3/(h̄q)

= 1.3× 1018 V/m

ESC
crit =

√
2m?E3/2

g /(4h̄q)
(GaAs)
= 5.65× 108 V/m

Dynamically assisted Sauter–Schwinger effect (Sauter pulse)
Estrong = EQED

crit /10

h̄ωQED
crit = 80 keV

↔
↔

Estrong = EGaAs
crit /10

h̄ωGaAs
crit = 0.12 eV

Dynamically assisted Sauter–Schwinger effect (oscillation)
Estrong = EQED

crit /10
h̄ω = 80 keV

IQED
crit = 1.3× 1023 W/cm2

↔
↔
↔

Estrong = EGaAs
crit /10

h̄ω = 0.117 eV (CO2 laser)

IGaAs
crit = 23.7 kW/cm2

Table 7.2.: Comparison between various QED scales and their counterparts
in the semiconductor analog.

m?(0) and c?(0) [see Eq. (7.63)] in the semiconductor analog. This analogy
is valid by means of the two-band approximation. The coupling with other
energy bands in the semiconductor gives rise to deviations, so a careful se-
lection of the semiconductor is required. We focus on GaAs throughout this
part, and we demonstrated the effect of the smaller scales in the semiconduc-
tor analog (in comparison to QED) on the required external field strengths
and photon energies by considering some example field profiles giving rise to
(assisted) nonperturbative pair production. The results of this comparison of
scales between QED and the GaAs analog are summarized in Table 7.2.
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8. Analogy in 1+1 spacetime

dimensions for spacetime-

dependent electric �elds

The goal in this chapter is to generalize the analogy between Dirac theory and
a two-band semiconductor for external electric fields depending not only on
time but also on the space coordinate: E = E(t, x). In order to describe such a
field, we choose the gauge

E(t, x) = ∂xΦ(t, x) (8.1)

with A = 0 throughout this chapter. It is always possible to find a suitable
scalar potential because force fields in 1+1 dimensions are always conserva-
tive.

8.1. Many-body Hamiltonians

In this section, we will derive the many-body Hamiltonians in the present
gauge (8.1) for both systems and bring them into a form which facilitates their
comparison. We will proceed in analogy to the purely time-dependent case
(Sec. 7.1).

8.1.1. Dirac theory

The Dirac Hamiltonian ĤD(t) in second quantization has the same general
form as in Eq. (7.2), but the single-body Hamilton operator is different due to
the gauge (8.1):

Ĥone
D (t, x) =

(
mc2 −ich̄∂x
−ich̄∂x −mc2

)
− qΦ(t, x)1. (8.2)

In order to transform ĤD(t) to the k-space representation, we insert the in-
verse Fourier transform (7.4) of the field operator and also that of Φ(t, x),
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which yields

ĤD(t)

=
1

2π

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k) e−ikx dk

∞̂

−∞

(
mc2 ch̄k′

ch̄k′ −mc2

)
ˆ̃Ψ(t, k′) eik′x dk′ dx

− q
√

2π
3

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k) e−ikx dk

∞̂

−∞

Φ̃(t, k′′) eik′′x dk′′

×
∞̂

−∞

ˆ̃Ψ(t, k′) eik′x dk′ dx

=

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k)

(
mc2 ch̄k′

ch̄k′ −mc2

)
ˆ̃Ψ(t, k′) δ(k′ − k)dk dk′

− q√
2π

∞̂

−∞

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k)Φ̃(t, k′′) ˆ̃Ψ(t, k′) δ(k′′ − k + k′)dk dk′ dk′′

=

∞̂

−∞

ˆ̃Ψ
†
(t, k)

(
mc2 ch̄k
ch̄k −mc2

)
ˆ̃Ψ(t, k)dk

− q√
2π

∞̂

−∞

∞̂

−∞

ˆ̃Ψ
†
(t, k)Φ̃(t, k− k′) ˆ̃Ψ(t, k′)dk dk′. (8.3)

The matrix in the first line of the resulting ĤD is diagonalized by the sameMatrix diagonal-
ization “rotation” ˆ̃Ψ(t, k) → Υ̂(t, k) of the field operator as in the previous chapter,

but we have to set A(t) = 0 when reusing the corresponding Eqs. (7.6)–(7.10)
here. As a consequence, all quantities related to the diagonalization are time
independent in this chapter. We thus get the Dirac Hamiltonian

ĤD(t) =

∞̂

−∞

Υ̂
†
(t, k)

(√
m2c4 + c2h̄2k2 0

0 −
√

m2c4 + c2h̄2k2

)
Υ̂(t, k)dk

− q√
2π

∞̂

−∞

∞̂

−∞

Υ̂
†
(t, k)Φ̃(t, k− k′)MD(k, k′)Υ̂(t, k′)dk dk′ (8.4)
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with the matrix

MD(k, k′)
= OD(k) ·OᵀD(k

′)

=
1√[

1 + d2
D(k)

] [
1 + d2

D(k′)
] ( 1 dD(k)
−dD(k) 1

)
·
(

1 −dD(k′)
dD(k′) 1

)
(8.5)

and the abbreviation

dD(k) =
ch̄k

mc2 +
√

m2c4 + c2h̄2k2
=

h̄k/(mc)
1 +

√
1 + [h̄k/(mc)]2

. (8.6)

Note that h̄k coincides with the mechanical momentum in the present Momentum h̄k
not conservedgauge (since A = 0). This momentum is not conserved in the presence of

an electric field ∂xΦ since the term in the lower line of the Hamiltonian (8.4)
(“Φ part”) couples particle states with arbitrary wave vectors k and k′. The
transition amplitude is governed by the Fourier transform Φ̃(t, k− k′).

8.1.2. Semiconductor

The derivation starts with the full (all bands) Bloch-electron Hamiltonian

Ĥfull
S (t) =

∞̂

−∞

ψ̂†(t, x)

[
− h̄2∂2

x
2m

+ V(x)− qΦ(t, x)

]
ψ̂(t, x)dx, (8.7)

which is just Eq. (7.12) in the present gauge. The transformation to K space
and the two-band approximation can be performed in one step by expanding

ψ̂(t, x)
(two-band model)

=

π/`ˆ

−π/`

f+(K, x)â+(t, K) + f−(K, x)â−(t, K)dK. (8.8)

The resulting two-band semiconductor Hamiltonian ĤS(t) is equal to its
counterpart (7.41) from the previous chapter with A(t) set to zero and with
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an additional term due to the scalar potential (“Φ part”):

ĤS(t)

=

π/`ˆ

−π/`

â†(t, K)
(
E+(K) 0

0 E−(K)

)
â(t, K)dK

− q

∞̂

−∞

π/`ˆ

−π/`

[
f ∗+(K, x)â†

+(t, K) + f ∗−(K, x)â†
−(t, K)

]
dK Φ(t, x)

×
π/`ˆ

−π/`

[
f+(K′, x)â+(t, K′) + f−(K′, x)â−(t, K′)

]
dK′ dx

=

π/`ˆ

−π/`

â†(t, K)
(
E+(K) 0

0 E−(K)

)
â(t, K)dK

− q

π/`ˆ

−π/`

π/`ˆ

−π/`

â†(t, K)MS(t, K, K′)â(t, K′)dK dK′ (8.9)

with the Φ matrix in the Bloch-wave basis

MS(t, K, K′) =
(
〈+, K|Φ(t, x)|+, K′〉 〈+, K|Φ(t, x)|−, K′〉
〈−, K|Φ(t, x)|+, K′〉 〈−, K|Φ(t, x)|−, K′〉

)
(8.10)

[the bra–ket notation has been introduced in Eq. (7.15)]. In analogy to the Φ
part in ĤD, the scalar potential manifestly couples Bloch states with different
crystal momenta here, so K is not conserved in this chapter.

Note that the matrix in the Φ-independent part in ĤS is already diagonal in
the crystal-momentum representation, so no Bogoliubov transformation (“ro-
tation”) of â is required here.

In the purely time-dependent case, we were able to make the eigenval-Difference from
the time-depen-
dent case

ues of diag (E+(K),E−(K)) symmetric around zero by setting them to
±∆E(K)/2 [where ∆E(K) = E+(K) − E−(K)] via a suitable phase/gauge
transformation; see Eqs. (7.41)–(7.49). Trying the same approach here leads
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us to the equation [cf. Eq. (7.46) with A(t) = 0]

ĤS(t) = (Φ part) +

π/`ˆ

−π/`

â†(t, K)

(
∆E(K)

2 0
0 −∆E(K)

2

)
â(t, K)dK

+

π/`ˆ

−π/`

E+(K) + E−(K)
2

[
â†
+(t, K)â+(t, K) + â†

−(t, K)â−(t, K)︸ ︷︷ ︸
=â†(t,K)â(t,K)

]
dK. (8.11)

The expression E+(K) + E−(K) is generally K dependent, and K is not a con-
served quantity in the present gauge. Therefore, moving a particle from the
Bloch state |±, K〉 to a state |±, K′〉 with K′ 6= K (i.e., accelerating the particle)
changes the value of the expression in the lower line in Eq. (8.11), so this term
has an effect on the particle dynamics and thus cannot simply be ignored.
We will see in the next section that this fact has an important physical con-
sequence for the analogy in spacetime-dependent fields. In conclusion, the
Hamiltonian in Eq. (8.9) is our end result in this subsection.

8.2. Quantitative analogy for long-wavelength modes

As in the purely time-dependent case, our primary interest are pair-creation
processes via (assisted) tunneling, which is a long-wavelength phenomenon
and thus predominantly occurs at small k or K. Hence, we will compare
the actions of the Hamiltonians ĤD and ĤS on states with small (crystal)
momenta, that is, |k| � mc/h̄ (nonrelativistic regime) and |K| � Eg/(h̄κ0)
[where K · p perturbation theory up to the first nonvanishing order is a good
approximation according to Eq. (7.72)]. Figure 6.1 on page 152 shows that the
dispersion relations in both systems are parabolic for these (crystal) momenta,
which facilitates the quantitative analogy.

Analogy between the potential-independent parts of the Hamiltonians

Let us start to compare the 2× 2 matrices in the Φ-independent parts of the
Hamiltonians [see Eqs. (8.4) and (8.9)]. We do this by expanding these matri-
ces around the mass gap/bandgap at k = K = 0 up to the first nonvanishing
order in k or K, respectively. Using Eq. (7.83) and setting E±(0) = ±Eg/2 in
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the semiconductor case without loss of generality, we get√
m2c4 + c2h̄2k2

(
1 0
0 −1

) (
E+(K) 0

0 E−(K)

)

=

[
mc2 +

h̄2k2

2m

](
1 0
0 −1

)
↔ =

( Eg
2 + h̄2K2

2m?,e
0

0 − Eg
2 −

h̄2K2

2m?,h

)

+O
[(

h̄k
mc

)4
]

+O
[(

h̄Kκ0

Eg

)3
]

. (8.12)

We see that the quantitative analogy can only work if m?,e = m?,h in theAdditional as-
sumption in the
spacetime-depen-
dent case

semiconductor. These effective masses then play the role of the effective elec-
tron mass within the analogy with QED:

m? = m?,e
!
= m?,h. (8.13)

This additional assumption is required here because it is not possible, as ex-
plained in the previous section, to make the diagonal elements E±(K) sym-
metric around zero [i.e., ±∆E(K)/2] via a gauge transformation in the case
of a spacetime-dependent E field—in contrast to the purely time-dependent
case, in which m?,e and m?,h may be different and m? is their harmonic mean
(within the two-band approximation); see Eq. (7.87).

Assumption (8.13) is of course not perfectly satisfied in many semiconduc-Example: GaAs
tors. In GaAs, mGaAs

?,h = 0.076m is 20.6% greater than mGaAs
?,e = 0.063m, which

is a significant deviation. However, the deviation measures several hundred
percents in other typical direct-bandgap semiconductors (see, e.g., [126]).

Let us assume m? = m?,e = m?,h in the following. Then, K directly corre-
sponds to k for long-wavelength modes, and by defining an effective speed
of light in the semiconductor via m?c2

? = Eg/2, we get the same relation

c? =

√
Eg

2m?
(8.14)

as in the time-dependent case in the long-wavelength limit [see Eq. (7.64)].

Analogy between the potential-dependent parts

In the Dirac Hamiltonian (8.4), the spatial Fourier transform Φ̃ of the scalarQED
potential couples states with different k. Note that E(t, x) typically only in-
corporates photon energies h̄ω � 2mc2 in the context of assisted tunneling
pair creation, so Φ̃(t, k) is only nonvanishing for wave vectors which sat-
isfy |k| � 2mc/h̄ since ω = c|k| in the vacuum. A long-wavelength particle
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8.2. Quantitative analogy for long-wavelength modes

state with a small |k′| � mc/h̄ can thus only be coupled (directly) with an-
other long-wavelength state |k| � mc/h̄ via Φ̃(t, k− k′). For such transitions
near the mass gap, the matrix MD(k, k′) in Eq. (8.5) may be approximated by
expanding it up to the first order in one of the small quantities around the
mass gap:

MD(k, k′) =
(

1 0
0 1

)
+

h̄(k− k′)
2mc

(
0 1
−1 0

)
+O

[(
h̄k
mc

)2
]
+O

[(
h̄k′

mc

)2
]
+O

[
h̄2kk′

m2c2

]
. (8.15)

In the two-band semiconductor Hamiltonian (8.9), Φ appears in the ele- Semiconductor
ments of the matrix MS(t, K, K′), which are all of the form

〈n, K|Φ(t, x)|n′, K′〉 =
∞̂

−∞

f ∗n (K, x)Φ(t, x) fn′(K′, x)dx

=

∞̂

−∞

e−iKxu∗n(K, x)

∞̂

−∞

Φ̃(t, k)√
2π

eikx dk eiK′xun′(K′, x)dx

=

∞̂

−∞

Φ̃(t, k)√
2π

∞̂

−∞

u∗n(K, x)un′(K′, x)ei(k+K′−K)x dx dk (8.16)

with n, n′ ∈ N. When we calculate this expression for particle transitions
near the bandgap, we have |K| � π/` and |K′| � π/`, but what can we say
about Φ̃(t, k)?

In analogy to the Dirac case above, we assume that the energies of the Slowly varying
potentialphotons making up the external field are all well below the bandgap: h̄ω�

E g . Within the semiconductor crystal, photon frequency and wave number
are related via

ω =
c

nref
|k|, (8.17)

where nref denotes the refractive index (which might depend on k) in this
context, so the Fourier components Φ̃(t, k) should vanish except for small

|k| �
nrefEg

h̄c
. (8.18)

We may estimate the quantity on the right-hand side of this inequality by
using that Eg is always (much) smaller than the Fermi energy in the empty
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8. Analogy in 1+1 spacetime dimensions for E(t, x)

lattice,

EF =
h̄2(π/`)2

2m
(8.19)

(i.e., the kinetic energy of a free electron at the zone boundary), according to
the nearly-free electron model, which works well for GaAs [122]. We thus get

|k| �
nrefEg

h̄c
<

nrefEF

h̄c
=

nref

h̄c
π2h̄2

2m`2 =
π

`

nref

4
λC

`
. (8.20)

The value of nref/4 is usually of order 1; in GaAs, for example, we have
nGaAs

ref ≈ 3.7 at the bandgap (i.e., at h̄ω = 1.5 eV) and even smaller values of
nGaAs

ref for lower frequencies (see [158] and cf. [126]). Since the lattice constant
(e.g., `GaAs = 0.565 nm) is always much greater than the Compton wavelength
of the electron, λC ≈ 10−12 m, we infer from the inequality (8.20) that Φ̃(t, k)
is only nonzero for |k| � π/` in typical semiconductors if the photon en-
ergies are all well below the bandgap, which was our initial assumption. An
equivalent form of this statement can be obtained by inserting |k| = 2π/λ
and then rearranging Eq. (8.20) into the form

λ�

&1︷︸︸︷
8

nref

`

λC︸︷︷︸
�1

`
(typically)
� `. (8.21)

That is, the external electric field is composed of wavelengths which are all
much greater than the lattice constant—the corresponding potential is thus
slowly varying in space.

In conclusion, for such a slowly varying potential, we may assume |k| �〈n, K|Φ|n′, K′〉
for slowly vary-
ing potentials

π/` when calculating Eq. (8.16) since Φ̃(t, k) is zero for greater k anyway. The
x integral in Eq. (8.16) can be calculated by means of the formula (7.24) since
the Bloch factors are ` periodic and |k + K′ − K| < 2π/` is certainly true near
the bandgap (|K|, |K′| � π/`), so we get

〈n, K|Φ(t, x)|n′, K′〉 =
∞̂

−∞

Φ̃(t, k)√
2π

2π

`

`ˆ

0

u∗n(K, x)un′(K′, x)dx δ(k + K′ − K)dk

=
Φ̃(t, K− K′)√

2π
〈n, K|n′, K′〉cell . (8.22)

The Bloch factors appearing in the unit-cell product are well approximatedK · p perturbation
theory

196



8.2. Quantitative analogy for long-wavelength modes

near the gap by first-order K · p perturbation theory. Inserting the perturba-
tional expansions from Eq. (7.68) and using the orthonormality (7.29) of the
Bloch factors at K = 0 yields

〈n, K|n′, K′〉cell

=

〈
un(0, x) +

h̄K
m

ñ 6=n

∑
ñ∈N

〈ñ, 0| p̂x|n, 0〉cell
En(0)− Eñ(0)

uñ(0, x) +O
[(

κ0h̄K
Eg

)2
]∣∣∣∣∣

un′(0, x) +
h̄K′

m

ñ′ 6=n′

∑
ñ′∈N

〈ñ′, 0| p̂x|n′, 0〉cell
En′(0)− Eñ′(0)

uñ′(0, x) +O
[(

κ0h̄K′

Eg

)2
]〉

cell

= δnn′ +
h̄K
m

ñ 6=n

∑
ñ∈N

〈ñ, 0| p̂x|n, 0〉cell
En(0)− Eñ(0)

δñn′ +
h̄K′

m

ñ′ 6=n′

∑
ñ′∈N

〈ñ′, 0| p̂x|n′, 0〉cell
En′(0)− Eñ′(0)

δñ′n

+O
[(

κ0h̄K
Eg

)2
]
+O

[(
κ0h̄K′

Eg

)2
]
+O

[
κ2

0 h̄2KK′

E2
g

]
︸ ︷︷ ︸

second order

= δnn′ +
h̄K
m
〈n′, 0| p̂x|n, 0〉cell
En(0)− En′(0)

(1− δnn′) +
h̄K′

m
〈n, 0| p̂x|n′, 0〉cell
En′(0)− En(0)

(1− δnn′)

+ second order

= δnn′ +
h̄ (1− δnn′)

m [En(0)− En′(0)]

(
〈n′, 0| p̂x|n, 0〉cell K− 〈n′, 0| p̂x|n, 0〉∗cell K′

)
+ second order. (8.23)

Note that the terms proportional to 1− δnn′ are meant to vanish for n = n′.
The last two equations allow us to write the matrix (8.10) which appears in
the Φ part of ĤS as

MS(t, K, K′)

=
Φ̃(t, K− K′)√

2π

(
〈+, K|+, K′〉cell 〈+, K|−, K′〉cell
〈−, K|+, K′〉cell 〈−, K|−, K′〉cell

)
=

Φ̃(t, K− K′)√
2π

{(
1 0
0 1

)
+

κ0h̄(K− K′)
Eg

(
0 1
−1 0

)
+O

[(
κ0h̄K
Eg

)2
]

+O
[(

κ0h̄K′

Eg

)2
]
+O

[
κ2

0 h̄2KK′

E2
g

]}
(8.24)

near the bandgap and for slowly varying potentials. Comparing this result to
the Dirac-case matrix MD(k, k′) in Eq. (8.15)—note that the prefactor Φ̃(t, k−
k′)/
√

2π does not appear in MD because it is an explicit part of the Dirac
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8. Analogy in 1+1 spacetime dimensions for E(t, x)

Hamiltonian (8.4) according to our definition—we see that the quantitative
analogy will be correct close to the bandgap/mass gap if 2mc in Dirac theory
corresponds to E g/κ0 in the semiconductor analog.

Let us check whether this is true. The term 2mc becomes 2m?c? in the semi-Two-band ap-
proximation conductor analog, where m? = m?,e = m?,h according to our above assump-

tion (8.13) and c? =
√
Eg/(2m?) in order to render the analogy possible for

the Φ-independent parts of the Hamiltonians:

2mc↔ 2m?c? = 2m?

√
Eg

2m?
=
√

2m?Eg. (8.25)

According to the two-band approximation, there is a relation between m? and
κ0 given by Eq. (7.87), which yields

2mc↔ 2m?c?
(two-band model)

=

√
2
Eg

2κ2
0
Eg =

Eg

κ0
, (8.26)

so we have confirmed the quantitative analogy between the long-wavelengthResult
components of ĤD and ĤS within the two-band approximation for a space-
time-dependent, spatially slowly varying potential Φ(t, x).

8.3. Dynamically assisted Sauter�Schwinger e�ect in

GaAs with a space-dependent background �eld

8.3.1. Assisting temporal Sauter pulse

Tunneling in QED in a strong, space-dependent background field (Sauter-QED
pulse shape) assisted by a temporal Sauter pulse was studied in Ref. [90] via
the worldline-instanton method1. The electric-field profile considered was
therefore

E(t, x) =
Estrong

cosh2(kx)
+

Eweak

cosh2(ωt)
. (8.27)

The spatial width of the localized, static background field is characterized by
the quantity

L =
2π

k
. (8.28)

It was found that the critical threshold ωQED
crit (k) for dynamical assistance de-

creases according to Eq. (2.145) when k is increased (i.e., when the background

1We have introduced the concepts and results from Ref. [90] in Sec. 2.5.1.
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field gets “narrower” due to an decreasing L), until ωQED
crit becomes zero pre-

cisely when the spatial Keldysh parameter

γk =
mc2k

qEstrong
=

EQED
crit

Estrong

h̄k
mc

=
EQED

crit
Estrong

λQED
C
L

(8.29)

attains the value 1 (no-tunneling limit).
Due to the quantitative analogy between the Hamiltonians ĤD and ĤS for Semiconductor

analoglong-wavelength processes, we may directly transfer these results to the two-
band semiconductor analog, with m → m? and c → c? from Eqs. (8.13)
and (8.14). Hence, we substitute EQED

crit → ESC
crit again, and the Compton wave-

length also takes on an effective value within the semiconductor analogy:

λQED
C =

h
mc
→ λSC

C =
h

m?c?
=

m
m?

c
c?︸ ︷︷ ︸

typically�1

λQED
C . (8.30)

In GaAs, for example, we have (we use the GaAs values from Table 7.2 on
page 187 in the following again)

λGaAs
C = 3437λQED

C = 8.34 nm. (8.31)

The electric field must be slowly varying in space in order for the analogy Spatially slowly
varying back-
ground field?

to hold. The spatial pulse width L must thus be much greater than the lattice
constant `, or, equivalently, k must be much smaller than the width 2π/` of
the Brillouin zone. The minimum value of L we are interested in corresponds
to the no-tunneling limit γk = 1 (where ωcrit approaches zero), so

ESC
crit

Estrong

λSC
C

Lmin
= 1 ⇔ Lmin =

ESC
crit

Estrong
λSC

C . (8.32)

A spatial Sauter pulse with this L can be considered to be slowly varying if
Lmin � `, which is equivalent to

Estrong

ESC
crit
�

λSC
C
`

(GaAs)
= 14.8. (8.33)

We see that this condition is always satisfied in GaAs since we assume electric
field strengths well below ESC

crit throughout (as required by the worldline-in-
stanton method, the JWKB approximation, etc.)

Let us thus consider a concrete example for GaAs: We assume that there is a Example for GaAs
localized, static electric field of the form Estrong/ cosh2(kx) in a probe of GaAs,
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8. Analogy in 1+1 spacetime dimensions for E(t, x)

with a maximum field strength of Estrong = EGaAs
crit /10 at the position x = 0.

The band bending caused by this built-in field—which could be induced by a
suitable doping profile, for example—matches the relativistic energy continua
plotted in Fig. 2.3 on page 52 (with 2mc2 → EGaAs

g ). In the limit L → ∞
(so k → 0), the background field becomes a constant field Estrong. We know
from Sec. 7.3.2 that the temporal Sauter pulse will assist tunneling above the
threshold

h̄ωGaAs
crit (L→ ∞) = 0.12 eV (8.34)

in this case. For a finite L, however, the critical frequency decreases according
to Eq. (2.145) (remember m→ m? and c→ c?),

h̄ωSC
crit(L) =

π

2
h̄qEstrong

m?c?

γk

√
1− γ2

k

arcsin γk

=
π

2
h̄qEstrong

m?c?
ESC

crit
Estrong

λSC
C
L

√
1− γ2

k

arcsin γk

=
π

2
m?c2

?

λSC
C
L

√
1− γ2

k

arcsin γk

=
π

4
Eg

λSC
C
L

√
1− γ2

k

arcsin γk
, (8.35)

until it reaches zero at the pulse width given in Eq. (8.32), which reads

LGaAs
min = 83.4 nm (8.36)

in this example. The dependence of ωGaAs
crit on L is plotted in Fig. 8.1.

In summary, by lowering the width L of the built-in field in a semiconduc-
tor, the critical frequency scale for dynamical assistance by a temporal Sauter
pulse should be reduced in a semiconductor.

Shape of the built-in �eld

Inspired by Ref. [90], we have assumed that the built-in field has the form
of a spatial Sauter pulse (i.e., a tanh-shaped band bending in space) in this
example. Realizing this background-field profile in a semiconductor requires
a very specific doping profile. However, even if the built-in field only roughly
has the form of a generic spatial pulse with a maximum field strength of
Estrong and a width quantified by L, it seems likely that some features of the
dynamically assisted Sauter–Schwinger effect with a spatial Sauter pulse as

background field [90] remain: the scaling ωSC
crit ∼

√
1− γ2

k [see Eq. (2.146)] in
the no-tunneling limit γk ↗ 1.
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ℏωcrit
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ℏωcrit
GaAs(L → ∞)

Lmin
GaAs

Figure 8.1.: Critical threshold [Eq. (8.35)] for dynamical assistance via a tem-
poral Sauter pulse Eweak/ cosh2(ωt) in a GaAs sample with a localized built-
in field Estrong/ cosh2(kx), with the maximum value Estrong = EGaAs

crit /10 =
57 MV/m and the width L = 2π/k, plotted as a function of L. The threshold
approaches the value h̄ωGaAs

crit = 0.12 eV for L → ∞ (constant-field limit). At
LGaAs

min = 83.4 nm, which corresponds to the no-tunneling limit for our value
of Estrong here, ωGaAs

crit drops to zero.
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8. Analogy in 1+1 spacetime dimensions for E(t, x)

Before we give reasons for this statement, let us consider the maximal elec-
trostatic energy the spatial Sauter pulse can provide: q∆Φ = 2qEstrong/k [see
Eqs. (2.58)–(2.60)]. In terms of this quantity, the no-tunneling limit for a built-
in field in a semiconductor can be expressed as q∆Φ ↘ Eg, and the corre-
sponding scaling of ωSC

crit becomes

ωSC
crit ∼

√
1− γ2

k =

√
1−

(
m?c2

?k
qEstrong

)2

∝

√(
2qEstrong

k

)2

− (2m?c2
?)

2

=
√
(q∆Φ)2 − E2

g =
√
(q∆Φ + Eg)(q∆Φ− Eg) ∼

√
q∆Φ− Eg. (8.37)

This formulation makes more sense in the context of generic pulse shapes.
Here is why this scaling should be independent of the exact pulse shape ofExponentially

decaying built-in
field for large |x|

the background field: It seems reasonable to assume that a built-in field in a
semiconductor decays exponentially far away from the maximum, which we
locate at x = 0 without loss of generality. According to the standard depletion
approximation, the built-in field vanishes identically for sufficiently large, fi-
nite x [126]. This approximation is based on the assumption that the space-
charge density within the depletion region is piecewise constant, including an
abrupt transition at x = 0 from the positive to the negative region. However,
this simplification is generally considered to be unrealistic [126] since a real
charge density will always be somehow “smeared”, and exponential “tails”
at both ends of the depletion layer seem plausible. The local distribution of
the mobile charge carriers is governed by the Boltzmann statistics, and, alto-
gether, we thus expect the resulting built-in field to also decay exponentially.

If thermal “smearing” effects are neglected, the majority carriers cannot
cross the junction due to the built-in field, which acts like a potential bar-
rier. However, the wave functions of the majority carriers will leak into the
forbidden region. This quantum effect should thus even give rise to an expo-
nentially decaying built-in field at zero Kelvin.

Assuming that any pulse-shaped, space-dependent background field E(x)Consequences of
the exponential
decay

in the semiconductor decays exponentially for large |x|, this field is described
well by the Sauter pulse Estrong/ cosh2(kx) asymptotically (which also ap-
proaches zero exponentially for large |x|), even if E(x) is not shaped like a
spatial Sauter pulse near x = 0—we just focus on the exponential tails of the
background field here. These exponential tails make the spatial turning points
x±? diverge logarithmically2 in the no-tunneling limit; cf. the band diagram in
Fig. 2.3(b) on page 52. The instanton trajectories in the background field E(x)

2See Eq. (2.144); the argument of arsinh becomes large in the no-tunneling limit γk ↗ 1, in
which case arsinh increases logarithmically (asymptotically).
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alone (i.e., without the assisting, temporal pulse) coincide with those for a
spatial Sauter pulse (see Fig. 2.9 on page 83) for large |x| where E(x) is ex-
ponentially decaying because this functional form of E(x) uniquely fixes the
shape of the instanton trajectories. These instanton trajectories grow large
in the no-tunneling limit γk ↗ 1, the intersection points with the imaginary-

time axis diverging like T0 ∼ 1/
√

1− γ2
k according to Eq. (2.143), which in

turn accounts for the scaling ωSC
crit ∼

√
1− γ2

k in this limit and in the case of a
perfect spatial Sauter pulse.

Now, even if the shape of the actual instanton trajectories for E(x) is differ-
ent near x = 0, where the built-in field induced by a real p–n junction may
not be formed like a spatial Sauter pulse, this should not change the scaling
ωSC

crit ∼
√

q∆Φ−Eg since this scaling is a pure consequence of the growing
instanton trajectories over the exponential tails of E(x).

In conclusion, ωSC
crit should be smaller in a localized background field E(x)

with a maximum field strength of Estrong than in a constant background field
Estrong [in which case it is given by Eq. (7.95)], and the way ωSC

crit ∼
√

q∆Φ− Eg
approaches zero in the no-tunneling limit should be universal in a semicon-
ductor analog since a realistic built-in field probably always decays exponen-
tially.

Note that the idea that the asymptotic properties of a space-dependent elec-
tric field lead to universal scaling laws in the no-tunneling limit is not re-
stricted to ωcrit—it is also true for the tunneling current in the space-depen-
dent field, for example; see Refs. [94, 95].

8.3.2. Assisting harmonic oscillation

Another way to assist tunneling in a localized space-dependent background
field E(x) with |E(x)| ≤ Estrong is via a harmonic oscillation Eweak cos(ωt)
(e.g., counterpropagating laser beams). For a constant background field, this
field profile has been studied in Ch. 5. In this subsection, we estimate the
dependence of the critical threshold εcrit = Ecrit

weak/Estrong [given in Eq. (5.15)
for a constant background field] on the background-field width L for the
case of a Sauter-pulse-shaped background field instead of a constant field,
and we will apply that result to the GaAs analog. Our argumentation here
is completely analogous to the case of an assisting temporal Sauter pulse [90]
(see Sec. 2.5.1 and especially Fig. 2.9 on page 83). The crucial difference in the
case of the field profile we consider here,

E(t, x) =
Estrong

cosh2(kx)
+ Eweak cos(ωt), (8.38)
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is that the oscillation does not establish “walls” in Euclidean spacetime (un-
like the temporal Sauter pulse), which “reflect” the instanton trajectory when
hit (dynamical assistance) and leave the instanton trajectory of the spatial
Sauter pulse basically unaffected in between. The reason for that difference is
that the oscillation Eweak cosh(ωT ) does not have singularities in Euclidean
spacetime which could act like “walls” in the limit Eweak/Estrong → 0. How-
ever, we are primarily interested in the scaling of Ecrit

weak in the no-tunneling
limit here. The approach presented in the following should yield the correct
scaling in this limit.

We consider the instanton trajectory in the static background Sauter pulseEcrit
weak for a con-

stant background
field (k = 0)

only (see Fig. 2.9). In the constant-field case (k = 0, L → ∞), this is a circle
around the origin in Euclidean spacetime. The maximum value the oscillat-
ing field takes on along this instanton trajectory reads Eweak cosh[ωT0(γk)]
and occurs on the imaginary-time axis, where the background field takes on
its maximum value Estrong. The “temporal turning point” T0(γk) for a gen-
eral Sauter-pulse-shaped background field is given in Eq. (2.143); for a con-
stant background field, we get the combined Keldysh parameter: ωT0(0) =
γc = mcω/(qEstrong). We can think of the known threshold condition (5.15)
as defining that dynamical assistance sets in when the ratio of the maximum
Eweak cosh[ωT0(γk)] along the trajectory to the background field at the same
point, Estrong, takes on a certain, critical value cosh[ωT0(γk)]εcrit. We assume
that Eweak is the variable quantity here, so the threshold condition we know
from Ch. 5 can be written as

0
0.1
0.2

γc

const.

0 3 6 9 12

Ecrit
weak cosh[ωT0(γk)]

Estrong

(for k=0)
=

cosh γc

200
γc

I1(γc)
= const. (8.39)

Note that the actual instanton trajectory in the field (8.38) will not be a perfect
circle, even below the threshold, since the oscillation Eweak cosh(ωT ) will in-
fluence its shape; however, for not too large γc, the ratio (8.39) is very small,
so that the effect of the oscillation on the instanton trajectory can be neglected
at the threshold and below.

In order to determine Ecrit
weak in a Sauter-pulse-shaped background field, weEcrit

weak for a k > 0
simply define the ratio (8.39) to be always the same at the critical threshold
for arbitrary k > 0 (finite L):

Ecrit
weak(γk) cosh[ωT0(γk)]

Estrong

!
=

Ecrit
weak(γk = 0) cosh γc

Estrong
, (8.40)

which is equivalent to

Ecrit
weak(γk) =

cosh γc

cosh
[
γc arcsin(γk)/

(
γk

√
1− γ2

k

)] Ecrit
weak(γk = 0)︸ ︷︷ ︸

Estrongγc/[200I1(γc)]

. (8.41)
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Note that, in the constant-field case (γk = 0), Ecrit
weak has been defined in

Eq. (5.15) as the amplitude at which the oscillation effectively lowers the
Sauter–Schwinger tunneling exponent by 1%. However, the way we have
just derived Eq. (8.41) does not guarantee that this property is preserved for
γk > 0.

By squaring Eq. (8.41), we switch to intensities:

Icrit(γk) =
cosh2 γc

cosh2
[
γc arcsin(γk)/

(
γk

√
1− γ2

k

)] Icrit(γk = 0). (8.42)

In the no-tunneling limit γk ↗ 1, the critical intensity thus approaches zero Scaling in the no-
tunneling limitlike

Icrit(γk)
γk↗1∼ cosh2 γc

cosh2
[
πγc/

(
2
√

1− γ2
k

)] Icrit(γk = 0), (8.43)

or, equivalently [cf. Eq. (8.37)],

Icrit(γk)
q∆Φ↘Eg∼ cosh2 γc

cosh2

{
πγc/

[
2

√
1−

(
Eg

q∆Φ

)2
]} Icrit(γk = 0)

=
cosh2 γc

cosh2
[

πγc/
(

2
√

1 + Eg
q∆Φ

√
1− Eg

q∆Φ

)] Icrit(γk = 0)

∼ cosh2 γc

cosh2
[

πγc/
(

23/2
√

1− Eg
q∆Φ

)] Icrit(γk = 0)

∼ exp

− πγc
√

2
√

1− Eg/(q∆Φ)

 . (8.44)

As explained in the previous subsection, we expect that this scaling of the crit-
ical threshold for dynamical assistance is universal just above the tunneling
threshold for arbitrary pulse-shaped background fields in a semiconductor
analog.

Let us apply these findings to the GaAs analog. We continue with the Example for GaAs
scenario described in Sec. 7.3.3 (Estrong = EGaAs

crit /10, assisting CO2 laser, so
γc = 1.56), where we found Icrit(0) = 23.7 kW/cm2 for a constant background
field. Assuming that the built-in field is a spatial Sauter pulse now (with the
same Estrong as before), we get the plot of Icrit(L) shown in Fig. 8.2.

205



8. Analogy in 1+1 spacetime dimensions for E(t, x)

0 100 200 300
L (nm)0

5

10

15

20

Icrit(L) (kW/cm2)

Icrit(L → ∞)

Lmin
GaAs

Figure 8.2.: Estimated threshold intensity [Eq. (8.42)] for a CO2-laser-induced
oscillation Eweak cos(ωt) in a probe of GaAs with a Sauter-pulse-shaped built-
in field Estrong/ cosh2(kx) with Estrong = EGaAs

crit /10 = 57 MV/m, plotted as a
function of the field width L = 2π/k. In this example, we have γc = 1.56 [see
Eq. (7.97)] and γk = LGaAs

min /L [see Eqs. (8.29), (8.32), and (8.36)], with LGaAs
min =

83.4 nm corresponding to the no-tunneling limit, where Icrit drops to zero. The
constant-field limit known from Eq. (7.99) reads Icrit(L→ ∞) = 23.7 kW/cm2.
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8.4. Summary

We showed that the quantitative analogy between the long-wavelength parts
of ĤD and ĤS, respectively, continues to hold in spacetime-dependent electric
fields in 1+1 dimensions under the following conditions:

1. Two-band approximation in K · p perturbation theory: In order to de-
rive the relation (8.26) between m? and κ0, we had to neglect the contri-
butions from other bands to the effective mass. This approximation was
also required in the purely time-dependent case [see Eqs. (7.73), (7.76),
and (7.87)].

2. Slowly varying potential: The electric potential and the corresponding
field must be approximately constant over the size of a unit cell (lattice
constant `).

3. Effective electron mass !
= effective hole mass: In a space-depen-

dent field, there is a fundamental physical difference between elec-
trons and holes which are accelerated differently strong and electrons
and positrons which have the same rest mass m, hence the assumption
m?,e = m?,h (and thus m? = m?,e = m?,h). Note that this assumption
can never be satisfied within two-band K · p perturbation theory [cf.
Eq. (7.85)], so, in practice, one has to make a reasonable compromise
between this assumption and the first item in this list.

We then studied the analog of the dynamically assisted Sauter–Schwinger ef-
fect in GaAs with a space-dependent, Sauter-pulse-shaped background field
(e.g., a built-in field due to a p–n junction) by applying the QED results from
Ref. [90] to the semiconductor analog. Such background fields can be consid-
ered to be slowly varying in GaAs up to the no-tunneling limit if they are sub-
critical [see Eq. (8.33)]. For an assisting temporal Sauter pulse, the threshold
ωGaAs

crit decreases in the Sauter-pulse background field as depicted in Fig. 8.1
on page 201. We argued that localized fields in semiconductors always decay
exponentially, which renders the scaling ωSC

crit ∼
√

q∆Φ− Eg in the no-tun-
neling limit q∆Φ ↘ Eg of such fields universal (i.e., independent of the pulse
shape). Finally, inspired by the worldline-instanton method used in Ref. [90],
we estimated the decrease of the critical intensity Icrit for an assisting temporal
oscillation with a fixed frequency (CO2 laser) in a Sauter-pulse background
field in GaAs (see Fig. 8.2). The corresponding scaling in the no-tunneling
limit is given in Eq. (8.44).
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8.4.1. A remark on interactions

We have ignored the Coulomb interaction between created particles (electrons
and positrons in QED, electrons and holes in the semiconductor) throughout
this thesis, which allowed us to treat pair-creation problems in the one-elec-
tron picture, for example. Let us do a rough estimate (cf., e.g., Ref. [50]) in
order to show that this approximation is justified for subcritical electric fields
E < EQED

crit in QED and also in semiconductors.
We consider a constant external E field for simplicity. According to the tun-QED

neling picture [see Fig. 2.2 on page 48 and Eq. (2.56)], electrons and positrons
created via the Sauter–Schwinger effect are separated by the tunneling length
∆x? = (EQED

crit /E)(λQED
C /π) immediately after their creation (point-particle

picture). There are two forces acting on these particles: the external force

Fext = qE (8.45)

accelerates the particles away from each other while the Coulomb force

FCoul =
1

4πε0

q2

∆x2
?
=

1
16π

q2m2c2

ε0h̄2

(
E

EQED
crit

)2

=
qE
4

q2

4πε0h̄c︸ ︷︷ ︸
αQED

E

EQED
crit

(8.46)

is attractive. The quantity αQED ≈ 1/137 is the fine-structure constant. The
ratio of both forces reads

FCoul

Fext
=

αQED

4
E

EQED
crit

< 0.2% for E < EQED
crit , (8.47)

which indicates that interactions play a minor role in tunneling pair creation
in QED via subcritical electric fields.

In the semiconductor analog, we have EQED
crit → ESC

crit and c → c?, so we getSemiconductor
an effective fine-structure constant

αQED →
q2

4πε0h̄c?
= αQED

c
c?︸︷︷︸

typically�1

, (8.48)

and thus the force ratio becomes

FCoul

Fext
=

αQED

4
c
c?

E
ESC

crit
. (8.49)

Due to the large, additional factor c/c?, which measures approximately 198
in GaAs3 (cf. Table 7.2 on page 187), interactions have a stronger effect in
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8.4. Summary

semiconductor analogs than in QED. However, considering GaAs again, if Example for GaAs
we have a strong external field E = EGaAs

crit /10 (i.e., close to the breakdown
field), the resulting ratio is still small:

FCoul

Fext
=

αQED

4
c

cGaAs
?

E
EGaAs

crit
= 3.6%. (8.50)

We take this result as a hint that neglecting interactions is a good approxima-
tion in the context of (assisted) tunneling pair creation, even in the semicon-
ductor analog. This is consistent with Ref. [159], according to which many-
body effects “generally appear as merely small bumps and wiggles on the
tunneling curves.”

3Compare this to the corresponding value c/c? ≈ 300 in graphene [119], for example.
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9. Analogy in 2+1 spacetime

dimensions for crossed constant

electric and magnetic �elds

The goal of this final chapter is to make some first steps towards the gener-
alization of the analogy between Dirac theory and two-band semiconductors
to 2+1 spacetime dimensions. Besides GaAs, a potentially interesting analog
system for this scenario is semiconducting graphene [121, 118]. Two space di-
mensions allow us to incorporate also the effect of magnetic (B) fields which
are oriented perpendicular to the movement of the charge carriers (electrons,
positrons, holes) and to the electric field. There is still no spin in 2+1 dimen-
sions. We will only consider one specific field profile here: a constant elec-
tric field plus a constant, effectively perpendicular magnetic field (“crossed
fields”). As explained in Sec. 2.6, it is well known that perpendicular mag-
netic fields reduce the pair-creation yield in QED by effectively weakening
the electric field which creates pairs via the Sauter–Schwinger effect (see
also Ref. [100]). The analog of this effect is known to occur in semiconduc-
tors [104, 97, 96, 106].

In this chapter, we will derive the two-band semiconductor Hamiltonian for
crossed, constant fields in 2+1 dimensions in total analogy to the previous two
chapters. However, we will not perform a detailed comparison between this
Hamiltonian and the corresponding Dirac Hamiltonian, but rather rederive
some of the known results concerning the analogy (see Refs. [104, 97, 96, 106])
from this semiconductor Hamiltonian as an outlook.

Let us start with the basic formalism. In a 2+1-dimensional spacetime, we General electro-
magnetic field
in 2+1 spacetime
dimensions

have Aµ = (−Φ/c, Ax, Ay) and ∂µ = (∂t/c, ∂x, ∂y) with µ ∈ {0, 1, 2}, so the
electromagnetic field tensor (1.23) reads

(Fµν) =
1
c

 0 ∂xΦ + Ȧx ∂yΦ + Ȧy
−∂xΦ− Ȧx 0 c∂x Ay − c∂y Ax
−∂yΦ− Ȧy c∂y Ax − c∂x Ay 0


!
=

1
c

 0 Ex Ey
−Ex 0 −cB
−Ey cB 0

 (9.1)
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

(each component of the fields or Aµ may depend on the spacetime coordinates
t, x, and y in general). We can read off the components of the electromagnetic
field from this tensor: the electric field is the two-dimensional1 vector field

~E(t,~r) =
(

Ex(t,~r)
Ey(t,~r)

)
=

(
∂xΦ(t,~r) + Ȧx(t,~r)
∂yΦ(t,~r) + Ȧy(t,~r)

)
= ~∇Φ(t,~r) + ~̇A(t,~r), (9.2)

and the magnetic field

B(t,~r) = ∂y Ax(t,~r)− ∂x Ay(t,~r) (9.3)

is scalar in a 2+1-dimensional spacetime. Note that this scalar coincides with
the z component of the magnetic (vector) field in 3+1 dimensions,

B(t, r) · ez = [−∇× A(t, r)] · ez = ∂y Ax(t, r)− ∂x Ay(t, r). (9.4)

We may thus imagine the 2+1-dimensional scenario as taking place in the x–y
plane of three-dimensional space (without spin), with the field components
Ez, Bx, and By set to zero since these components could accelerate charged
particles “living” in the x–y plane away from this plane due to the Lorentz
force. In this picture, the electric field (9.2) is always perpendicular to the
magnetic field (9.3) (“crossed fields”).

Throughout this chapter, we focus on the simplest case of constant andField profile
(necessarily) crossed electric and magnetic fields, so we set, without loss of
generality, ~E = E~ex with E > 0 and B > 0 constant and choose the corre-
sponding potentials

Φ(x) = Ex and ~A(x) = −Bx~ey. (9.5)

This gauge has the advantage that it depends on x only, such that the energy
and the y component of the canonical momentum are conserved.

9.1. Many-body Hamiltonians

9.1.1. Dirac theory

In 1+1 spacetime dimensions, we chose the gamma matrices γ0 = σz andGamma matrices
γ1 = iσy. Hence, the third gamma matrix which is required in 2+1 dimen-
sions can be expressed by the remaining Pauli matrix (1.7) via γ2 = −iσx such
that the Clifford algebra (1.5) is satisfied, so Dirac spinors still have only two

1We indicate vectors in two-dimensional space by vector arrows (~v) in order to distinguish
them from three-dimensional vectors (v), which are printed in boldface.
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9.1. Many-body Hamiltonians

components in 2+1 dimensions (no spin). The resulting components of the
vector~α of matrices [see Eq. (1.13)] read

αx = γ0 · γ1 =

(
1 0
0 −1

)
·
(

0 1
−1 0

)
=

(
0 1
1 0

)
and

αy = γ0 · γ2 =

(
1 0
0 −1

)
·
(

0 −i
−i 0

)
=

(
0 −i
i 0

)
. (9.6)

From the general Schrödinger form (1.12) of the classical Dirac equation in Hamiltonian
3+1 dimensions, we can now read off the single-electron Hamiltonian in our
potential (9.5) here:

Ĥone
D (x) =

(
mc2 − qEx −ich̄∂x − ic(−ih̄∂y − qBx)

−ich̄∂x + ic(−ih̄∂y − qBx) −mc2 − qEx

)
. (9.7)

In analogy to Eq. (7.2), the real-space representation of the corresponding
many-body Dirac Hamiltonian thus reads

ĤD(t) =
¨

R2

Ψ̂†
(t,~r)

[(
mc2 −ich̄∂x − ch̄∂y

−ich̄∂x + ch̄∂y −mc2

)

− q
(

E −icB
icB E

)
x
]

Ψ̂(t,~r)d2r. (9.8)

We transform this Hamiltonian to reciprocal space by inserting the two-di- Transformation to
k spacemensional form of the spatial Fourier transform (7.4),

Ψ̂(t,~r) =
1

2π

¨

R2

ˆ̃Ψ(t,~k) ei~k·~r d2k, (9.9)

which yields

ĤD(t) =
¨

R2

¨

R2

ˆ̃Ψ
†
(t,~k)

1
4π2

¨

R2

[(
mc2 ch̄k′x − ich̄k′y

ch̄k′x + ich̄k′y −mc2

)

− q
(

E −icB
icB E

)
x
]

ei(~k′−~k)·~r d2r ˆ̃Ψ(t,~k′)d2k d2k′. (9.10)

This expression contains the Fourier transform of x (in the distributional
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

sense), which becomes a differential operator i∂kx in k space since

1
4π2

¨

R2

xei(~k′−~k)·~r d2r =
1

2π

∞̂

−∞

x︸︷︷︸
−i∂k′x

ei(k′x−kx)x dx
1

2π

∞̂

−∞

ei(k′y−ky)y dy

︸ ︷︷ ︸
δ(k′y−ky)

= −i
∂δ(k′x − kx)

∂k′x
δ(k′y − ky)

= i δ(k′x − kx) δ(k′y − ky)︸ ︷︷ ︸
δ(2)(~k′−~k)

∂k′x , (9.11)

so the resulting momentum-space representation of the Dirac HamiltonianResult
reads

ĤD(t) =
¨

R2

ˆ̃Ψ
†
(t,~k)

[(
mc2 ch̄kx − ich̄ky

ch̄kx + ich̄ky −mc2

)

− iq
(

E −icB
icB E

)
∂kx

]
ˆ̃Ψ(t,~k)d2k. (9.12)

9.1.2. Semiconductor

In the semiconductor, we start with the nonrelativistic Schrödinger Hamil-Full Hamiltonian
in real space tonian [cf. Eq. (7.12)] in real space again, which describes all Bloch electrons.

In 2+1 dimensions and for the crossed-fields profile (9.5), it reads

Ĥfull
S (t)

=

¨

R2

ψ̂†(t,~r)

[
−h̄2∂2

x + (−ih̄∂y − qBx)2

2m
+ V(~r)− qEx

]
ψ̂(t,~r)d2r

=

¨

R2

ψ̂†(t,~r)

[
− h̄2~∇2

2m
+ V(~r)− qEx− qB

m
p̂yx +

q2B2

2m
x2

]
ψ̂(t,~r)d2r, (9.13)

where V(~r) denotes the periodic crystal potential in two-dimensional space
(we leave the lattice type unspecified here) and p̂y = −ih̄∂y.

9.1.2.1. Transformation to crystal-momentum space

In complete analogy to the 1+1-dimensional case, we assume that the Bloch

Bloch waves in
2+1 spacetime
dimensions
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9.1. Many-body Hamiltonians

waves
fn(~K,~r) = ei~K·~run(~K,~r), (9.14)

which solve the eigenvalue equation[
− h̄2~∇2

2m
+ V(~r)

]
fn(~K,~r) = En(~K) fn(~K,~r), (9.15)

are orthonormalized:

〈n, ~K|n′, ~K′〉 =
¨

R2

f ∗n (~K,~r) fn′(~K′,~r)d2r !
= δnn′δ

(2)(~K′ − ~K). (9.16)

Note that the ~K’s are always elements of the first (two-dimensional) Brillouin
zone, whose shape depends on the lattice type.

In order to derive the resulting orthonormalization of the Bloch factors General theorem
un(~K,~r), we use the generalized form of the well-known theorem (7.24) for
more than one spatial dimension (see, e.g., Ref. [151]): We can write any lat-
tice-periodic function g(~r) as

g(~r) = ∑
~G

g̃~Gei~G·~r, (9.17)

where the summation runs over all reciprocal-lattice vectors ~G, and the cor-
responding g̃~G are the (complex) coefficients describing the function in recip-
rocal space [analog of the Fourier coefficients (7.22) in 1+1 dimensions]. Now
consider the expression¨

R2

ei(~K′−~K)·~rg(~r)d2r = ∑
~G

g̃~G

¨

R2

ei(~K′−~K+~G)·~r d2r

= 4π2 ∑
~G

g̃~G δ(2)(~K′ − ~K + ~G). (9.18)

Assuming that ~K and ~K′ are both elements of the first Brillouin zone (Wigner–
Seitz cell in reciprocal space), ~K′ − ~K can never coincide with any reciprocal-
lattice vector except for ~G = 0.2 Together with the inversion of Eq. (9.17),

g̃~G =
1
Vcell

¨

cell

g(~r)e−i~G·~r d2r (9.19)

(see, e.g., Refs. [152, 151, 154]), where Vcell denotes the volume (here: area) of Resulting theo-
rem

2This argument may not hold for ~K and ~K′ lying very close to opposite edges of the Brillouin
zone [151]. However, since our main focus will be long-wavelength processes at the zone
center anyway, our derivation here should be valid for that purpose (cf., e.g., Ref. [152]).
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a unit cell, we thus get
¨

R2

ei(~K′−~K)·~rg(~r)d2r = 4π2 g̃~0 δ(2)(~K′ − ~K)

=
4π2

Vcell

¨

cell

g(~r)d2r δ(2)(~K′ − ~K). (9.20)

Compare this general result to Eq. (7.24) for 1+1 dimensions (in which case
Vcell = `).

Applying this theorem to the Bloch-wave orthonormality relation (9.16)Bloch factors are
orthonormal yields

δnn′δ
(2)(~K′ − ~K) !

=

¨

R2

ei(~K′−~K)·~r

lattice periodic︷ ︸︸ ︷
u∗n(~K,~r)un′(~K′,~r) d2r

=
4π2

Vcell

¨

cell

u∗n(~K,~r)un′(~K′,~r)d2r δ(2)(~K′ − ~K)

= 〈n, ~K|n′, ~K〉cell δ(2)(~K′ − ~K), (9.21)

where we have defined the unit-cell product between Bloch factors in 2+1 di-
mensions. From this equation follows the orthonormality of the Bloch factors
for a fixed ~K over a unit cell:

〈n, ~K|n′, ~K〉cell =
4π2

Vcell

¨

cell

u∗n(~K,~r)un′(~K,~r)d2r = δnn′ . (9.22)

Many-body Hamiltonian in crystal-momentum space

By expanding

ψ̂(t,~r) =
∞

∑
n=1

¨

BZ

fn(~K,~r)ân(t, ~K)d2K (9.23)

(BZ: first Brillouin zone) in Ĥfull
S in Eq. (9.13), we obtainFull Hamiltonian

in crystal-momen-
tum space Ĥfull

S (t)

=

¨

R2

∞

∑
n=1

¨

BZ

f ∗n (~K,~r)â†
n(t, ~K)d2K

∞

∑
n′=1

¨

BZ

[
En′(~K′)− qEx− qB

m
p̂yx

+
q2B2

2m
x2
]

fn′(~K′,~r)ân′(t, ~K′)d2K′ d2r
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=
∞

∑
n=1

∞

∑
n′=1

¨

BZ

¨

BZ

â†
n(t, ~K)

[
En′(~K′) 〈n, ~K|n′, ~K′〉 − qE 〈n, ~K|x|n′, ~K′〉

− qB
m
〈n, ~K| p̂yx|n′, ~K′〉+ q2B2

2m
〈n, ~K|x2|n′, ~K′〉

]
ân′(t, ~K′)d2K′ d2K. (9.24)

Hence, we need to calculate the matrix elements of x, x2, and p̂yx in the Bloch-
wave basis.

9.1.2.2. Matrix elements in the Bloch-wave basis

Matrix elements of x

These matrix elements can be calculated by expressing x as a partial deriva-
tive with respect to Kx; see Refs. [150, 151, 153]. Note that we have to treat
these matrix elements as distributions which act on the annihilation operator
ân′(t, ~K′). Using the Bloch-wave orthonormality (9.16) and the theorem (9.20),
we get

〈n, ~K|x|n′, ~K′〉 = −i
¨

R2

f ∗n (~K,~r)un′(~K′,~r)
∂ei~K′·~r

∂K′x
d2r

= −i
∂ 〈n, ~K|n′, ~K′〉

∂K′x
+ i
¨

R2

ei(~K′−~K)·~r u∗n(~K,~r)
∂un′(~K′,~r)

∂K′x︸ ︷︷ ︸
lattice periodic

d2r

= −iδnn′
∂δ(2)(~K′ − ~K)

∂K′x
+ 〈n, ~K|i∂Kx |n′, ~K〉cell δ(2)(~K′ − ~K)

= δ(2)(~K′ − ~K)
(

iδnn′∂K′x + 〈n, ~K|i∂Kx |n′, ~K〉cell︸ ︷︷ ︸
Unn′ (~K)

)
, (9.25)

where we have shifted ∂K′x from the delta distribution to the annihilation op-
erator (which we did not write explicitly here) via integration by parts in the
last line.

The unit-cell matrix elements Unn′(~K) defined in this equation may be cal- Unit-cell matrix
elements of i∂Kxculated by “linearizing” the right-hand Bloch factor un′(~K,~r) with respect to ~K

around this ~K via (nondegenerate) first-order K · p perturbation theory [122]
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[this is a generalized form of Eq. (7.68)]:

un(~K + ∆~K,~r) = un(~K,~r)

+
h̄
m

∆~K ·
ñ 6=n

∑
ñ∈N

〈ñ, ~K|~̂p|n, ~K〉cell

En(~K)− Eñ(~K)
uñ(~K,~r)

+O(∆~K2). (9.26)

Using this perturbational expansion, we find

Unn′(~K) =

〈
un(~K,~r)

∣∣∣∣∣ i
∂un′(~K + ∆~K,~r)

∂∆Kx

∣∣∣∣∣
∆~K=0

〉
cell

=
ih̄
m
〈n, ~K| p̂x|n′, ~K〉cell

En′(~K)− En(~K)
(1− δnn′), (9.27)

so the interband elements of Unn′ (i.e., n 6= n′) can be expressed in terms of
momentum-matrix elements (the same result is derived in Ref. [136] in a more
rigorous way), while the intraband elements (n = n′) are all zero according to
this calculation3.

Inserting Eq. (9.27) into the above matrix elements of x yieldsResult

〈n, ~K|x|n′, ~K′〉 = δ(2)(~K′ − ~K)

{
i∂K′x if n = n′,
Unn′(~K) if n 6= n′.

(9.28)

Matrix elements of x2

Here, we make use of the completeness of the Bloch waves,

1 =
∞

∑
n=1

¨

BZ

|n, ~K〉 〈n, ~K| d2K, (9.29)

and the completeness of all Bloch factors for a fixed, arbitrary ~K on the space
of lattice-periodic functions, which we write as

1cell =
∞

∑
n=1
|n, ~K〉 〈n, ~K|cell ∀~K. (9.30)

3Note that the relative phases between the Bloch factors within the nth band have to be
chosen in a specific way in order for this statement to hold [136, 137, 160]. A diagonal
element Unn(~K) cannot vanish identically for all ~K since its integral over the whole Bril-
louin zone (“Berry/Zak’s phase”) must be a nonvanishing, phase-invariant quantity; see
Refs. [160, 161, 162]. However, we can make Unn(~K) vanish within an arbitrary large part
of the Brillouin zone via a suitable phase choice, so, as long as the electrons we consider do
not perform full cycles through the Brillouin zone, we may assume Unn(~K) = 0, which we
will do in the following.
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This allows us to reuse the previous result (9.25) by inserting 1:

〈n, ~K|x2|n′, ~K′〉 = 〈n, ~K|x 1 x|n′, ~K′〉

=
∞

∑̃
n=1

¨

BZ

〈n, ~K|x|ñ, ~̃K〉 〈ñ, ~̃K|x|n′, ~K′〉 d2K̃

=
∞

∑̃
n=1

¨

BZ

δ(2)(~̃K− ~K)
[
iδnñ∂K̃x

+ Unñ(~K)
]

× δ(2)(~K′ − ~̃K)
[
iδñn′∂K′x + Uñn′(~̃K)

]
d2K̃

= δ(2)(~K′ − ~K)

[
−δnn′∂

2
K′x

+ 2Unn′(~K)i∂K′x + i
∂Unn′(~K)

∂Kx

+
∞

∑̃
n=1

Unñ(~K)Uñn′(~K)

]
. (9.31)

(Note that the sum over ñ yields

∞

∑̃
n=1

Unñ(~K)Uñn′(~K) = 〈n, ~K| i∂Kx

∞

∑̃
n=1
|ñ, ~K〉cell 〈ñ, ~K|︸ ︷︷ ︸

1cell

i∂Kx |n′, ~K〉cell

= 〈n, ~K| − ∂2
Kx
|n′, ~K〉cell , (9.32)

that is, the matrix elements of −∂2
Kx

. However, we will stick to the sum repre-
sentation in the following.) Since Uñn(~K) = U∗nñ(~K), we may also write Result

〈n, ~K|x2|n′, ~K′〉 = δ(2)(~K′ − ~K)

×
{
−∂2

K′x
+ ∑ñ 6=n

ñ∈N |Unñ(~K)|2 if n = n′,

2Unn′(~K)i∂K′x + i ∂Unn′ (~K)
∂Kx

+ ∑ñ 6=n,n′
ñ∈N Unñ(~K)Uñn′(~K) if n 6= n′.

(9.33)

General momentum-matrix elements

Before we calculate the matrix elements of p̂yx, let us first note that Eqs. (7.30)
and (7.39) derived in Secs. 7.1.2.1 and 7.1.2.2 for a 1+1-dimensional spacetime
are straightforward to generalize for two or three spatial dimensions, so we
have

〈n, ~K|~̂p|n′, ~K′〉 =
(
〈n, ~K| p̂x|n′, ~K′〉
〈n, ~K| p̂y|n′, ~K′〉

)
=
(

h̄~Kδnn′ + 〈n, ~K|~̂p|n′, ~K〉cell

)
δ(2)(~K′ − ~K) (9.34)
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

in general here in 2+1 dimensions, and, in particular, the intraband momen-
tum-matrix elements are related to the group velocity via

〈n, ~K|~̂p|n, ~K′〉 = m~v gr
n (~K) δ(2)(~K′ − ~K) =

m
h̄

∂En(~K)
∂~K

δ(2)(~K′ − ~K); (9.35)

cf., e.g., Refs. [154, 148].

Matrix elements of p̂yx
In analogy to the matrix elements of x2, we calculate these matrix elements
by inserting an identity (9.29) and reusing the above results (9.25), (9.34),
and (9.35):

〈n, ~K| p̂yx|n′, ~K′〉
= 〈n, ~K| p̂y 1 x|n′, ~K′〉

=
∞

∑̃
n=1

¨

BZ

〈n, ~K| p̂y|ñ, ~̃K〉 〈ñ, ~̃K|x|n′, ~K′〉 d2K̃

=
∞

∑̃
n=1

¨

BZ

δ(2)(~̃K− ~K)
[

h̄Kyδnñ + 〈n, ~K| p̂y|ñ, ~K〉cell

]
× δ(2)(~K′ − ~̃K)

[
iδñn′∂K′x + Uñn′(~̃K)

]
d2K̃

= δ(2)(~K′ − ~K)

[(
h̄Kyδnn′ + 〈n, ~K| p̂y|n′, ~K〉cell

)
i∂K′x + h̄KyUnn′(~K)

+
∞

∑̃
n=1
〈n, ~K| p̂y|ñ, ~K〉cell Uñn′(~K)

]
. (9.36)

Hence, the intraband elements (n′ = n) areResult

〈n, ~K| p̂yx|n, ~K′〉 = δ(2)(~K′ − ~K)

×
[

mvgr
n,y(~K)i∂K′x +

ñ 6=n

∑
ñ∈N

〈n, ~K| p̂y|ñ, ~K〉cell Uñn(~K)

]
, (9.37)

and the interband elements read

〈n, ~K| p̂yx|n′, ~K′〉 = δ(2)(~K′ − ~K)

[
〈n, ~K| p̂y|n′, ~K〉cell i∂K′x + h̄KyUnn′(~K)

+
ñ 6=n′

∑
ñ∈N

〈n, ~K| p̂y|ñ, ~K〉cell Uñn′(~K)

]
for n 6= n′. (9.38)
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9.1. Many-body Hamiltonians

Many-body Hamiltonian in crystal-momentum space

After inserting the results from this subsection [Eqs. (9.28), (9.33), (9.37),
and (9.38)] plus the Bloch-wave orthonormality (9.16), the full semiconduc-
tor Hamiltonian in Eq. (9.24) can be written as

Ĥfull
S (t) =

¨

BZ

∞

∑
n=1

â†
n(t, ~K)

×
{
En(~K)− q

[
E + vgr

n,y(~K)B
]

i∂Kx −
qB
m

ñ 6=n

∑
ñ∈N

〈n, ~K| p̂y|ñ, ~K〉cell Uñn(~K)

+
q2B2

2m

[
−∂2

Kx
+

ñ 6=n

∑
ñ∈N

|Unñ(~K)|2
]}

ân(t, ~K)

+
∞

∑
n=1

n′ 6=n

∑
n′∈N

â†
n(t, ~K)

×
{
−q
[

E + vgr
n,y(~K)B

]
Unn′(~K)−

qB
m
〈n, ~K| p̂y|n′, ~K〉cell i∂Kx

+
ñ 6=n,n′

∑
ñ∈N

[
−qB

m
〈n, ~K| p̂y|ñ, ~K〉cell +

q2B2

2m
Unñ(~K)

]
Uñn′(~K)

+
q2B2

2m

[
2Unn′(~K)i∂Kx + i

∂Unn′(~K)
∂Kx

]}
ân′(t, ~K)d2K. (9.39)

9.1.2.3. Two-band Hamiltonian

In the next step, we derive the two-band version of the full semiconductor Two-band ap-
proximationHamiltonian (9.39) by neglecting all bands besides the valence band and the

conduction band (n, n′ ∈ “{+,−}” instead of N). Additionally, we also ne-
glect their coupling to other bands (ñ ∈ “{+,−}”).

In analogy to the previous chapters, we denote the momentum/optical ma-
trix elements between the valence band and the conduction band by

~κ(~K) =
(
κx(~K)
κy(~K)

)
=
〈−, ~K|~̂p|+, ~K〉cell

m
(9.40)

and the band-energy difference by

∆E(~K) = E+(~K)− E−(~K) > 0 ∀~K, (9.41)

so the relevant elements of the matrix (9.27) read

U−+(~K) = U∗+−(~K) =
ih̄κx(~K)
∆E(~K)

. (9.42)
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

The resulting two-band Hamiltonian can be written asTwo-band Hamil-
tonian

ĤS(t) =
¨

BZ

â†(t, ~K)
(
M̂++(~K) M̂+−(~K)
M̂−+(~K) M̂−−(~K)

)
︸ ︷︷ ︸

M̂(~K)

â(t, ~K)d2K, (9.43)

where the matrix elements [which are in fact operators acting on â(t, ~K)] read

M̂++(~K) = E+(~K)− q
[

E + vgr
+,y(~K)B

]
i∂Kx − qB

ih̄κx(~K)κ∗y (~K)
∆E(~K)

+
q2B2

2m

[
−∂2

Kx
+

h̄2|κx(~K)|2

∆E2(~K)

]
, (9.44)

M̂−−(~K) = E−(~K)− q
[

E + vgr
−,y(~K)B

]
i∂Kx + qB

ih̄κ∗x(~K)κy(~K)

∆E(~K)

+
q2B2

2m

[
−∂2

Kx
+

h̄2|κx(~K)|2

∆E2(~K)

]
, (9.45)

M̂−+(~K) = − q
[

E + vgr
−,y(~K)B

] ih̄κx(~K)
∆E(~K)

− qBκy(~K)i∂Kx

+
q2B2

2m

{
2

ih̄κx(~K)
∆E(~K)

i∂Kx − h̄
∂[κx(~K)/∆E(~K)]

∂Kx

}
, (9.46)

and

M̂+−(~K) = + q
[

E + vgr
+,y(~K)B

] ih̄κ∗x(~K)
∆E(~K)

− qBκ∗y (~K)i∂Kx

+
q2B2

2m

{
−2

ih̄κ∗x(~K)
∆E(~K)

i∂Kx + h̄
∂[κ∗x(~K)/∆E(~K)]

∂Kx

}
. (9.47)

9.2. Quantitative analogy in the long-wavelength limit

In order to prove the quantitative analogy between the Hamiltonians, we have
to compare the 2× 2 matrix in the Dirac Hamiltonian (9.12) with the matrix
M̂(~K) appearing in the two-band semiconductor Hamiltonian (9.43). How-
ever, since these are both matrices of operators (∂Kx ) for the crossed-fields pro-
file, diagonalizing these matrices requires more sophisticated methods than
in the previous two chapters (Foldy–Wouthuysen-type transformations; see,
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9.2. Quantitative analogy in the long-wavelength limit

e.g., Refs. [136, 96, 163]). We only want to present a short outlook in this sec-
tion, so we will simply rederive the known results on tunneling in crossed,
constant fields (see Refs. [104, 97, 96, 106]) on the basis of the two-band semi-
conductor Hamiltonian (9.43) here.

QED

Our explanation of the analogy for crossed fields starts with the Dirac case.
It is well known that a perpendicular magnetic field reduces the Sauter–
Schwinger tunneling current in QED (see Sec. 2.6 in the introduction). One
way to understand this effect is via the (semiclassical) tunneling picture since
the magnetic field curves the edges of the two relativistic energy continua
in space (in addition to the tilting of the edges caused by the electric field),
thereby increasing the tunneling length as shown in Fig. 2.10 on page 87. In
the limit B ↗ E/c, the tunneling current even vanishes completely. Let us
consider the mode with the conserved wave-vector component ky = 0 for
simplicity. At any given point x~ex in space, the edges of the two energy con-
tinua (on which spatial turning points may lie) are given by the energy levels
E±D (x) which correspond to the long-wavelength limit kx = 0 (zero momen-
tum). We can find these x-dependent energy levels by calculating the local
(i∂kx → x) eigenvalues of the 2× 2 matrix in the Dirac Hamiltonian (9.12) for
~k = 0:

det
(

mc2 − qEx− E±D (x) icqBx
−icqBx −mc2 − qEx− E±D (x)

)
= 0, (9.48)

which leads to Result

E±D (x) = −qEx±
√

m2c4 + c2q2B2x2. (9.49)

These are precisely the relativistic “band edges” plotted in Fig. 2.10 on
page 87.

Two-band semiconductor

In the semiconductor case, we can determine the local band edges E±S (x) in
exactly the same way: We arbitrarily consider the mode Ky = 0 and calculate
the local eigenvalues of the matrix in ĤS [Eq. (9.43)] for Kx = 0. Note that we
set i∂Kx → x in analogy to the Dirac case since we have shown in the previ-
ous two chapters that k is physically equivalent to K in the long-wavelength
regime. Let us make the following assumptions about the band structure: Assumptions

• The semiconductor should have a direct bandgap at the center of the
Brillouin zone again, so we have

∆E(~K = 0) = Eg and
1
h̄

∂E±(~K)
∂~K

∣∣∣∣∣
~K=0

= ~v gr
± (0) = 0. (9.50)
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

Without loss of generality, we set

E±(0) = ±
Eg

2
. (9.51)

• The band structure should be isotropic in the vicinity of the gap in the
sense that the components of the interband momentum matrix element
have the same magnitude:

|κx(0)|
!
= |κy(0)|

(abbreviation)
= κ0 > 0. (9.52)

Furthermore, we already know from the 1+1-dimensional case that
∂κx(~K)/∂Kx = 0 [see Eq. (7.73)] at ~K = 0 within the two-band approxima-
tion. However, the matrix elements (9.44)–(9.47) still consist of many terms:

M++(0) =
Eg

2
− qEx︸ ︷︷ ︸
�

− qB
ih̄κx(0)κ∗y (0)

Eg︸ ︷︷ ︸
�

+
q2B2

2m

(
x2

︸︷︷︸
�

+
h̄2κ2

0
E2

g︸ ︷︷ ︸
�

)
,

M−−(0) = −
Eg

2
− qEx︸ ︷︷ ︸

�

+ qB
ih̄κ∗x(0)κy(0)

Eg︸ ︷︷ ︸
�

+
q2B2

2m

(
x2

︸︷︷︸
�

+
h̄2κ2

0
E2

g︸ ︷︷ ︸
�

)
,

M−+(0) = −qBκy(0)x︸ ︷︷ ︸
�

− qE
ih̄κx(0)
Eg︸ ︷︷ ︸

�

+
q2B2

m
ih̄κx(0)
Eg

x︸ ︷︷ ︸
�

,

M+−(0) = −qBκ∗y (0)x︸ ︷︷ ︸
�

+ qE
ih̄κ∗x(0)
Eg︸ ︷︷ ︸

�

− q2B2

m
ih̄κ∗x(0)
Eg

x︸ ︷︷ ︸
�

. (9.53)

Let us just include the terms marked by “�” in our calculation of E±S (x) sinceResult
the other terms are small (see below). This approximation yields

det

( Eg
2 − qEx− E±S (x) −qBκ∗y (0)x
−qBκy(0)x − Eg

2 − qEx− E±S (x)

)
= 0, (9.54)

from which we get

E±S (x) = −qEx±

√(Eg

2

)2

+κ2
0q2B2x2

= −qEx±
√

m2
?c4

? + c2
?q2B2x2 (9.55)
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with the effective constants

c? = κ0 = |κx(0)| = |κy(0)| and m? =
Eg

2κ2
0

. (9.56)

This coincides with the QED result (9.49), and the same effective constants
were also found in Refs. [104, 96, 97].

However, in order to confirm this analogy, we have to show that the other Smallness of the
neglected termsterms in the matrix elements (9.53) are negligible. As usual, we assume a

subcritical electric field and a perpendicular magnetic field B . E/c? (i.e.,
approximately up to the point at which tunneling is completely suppressed),
so we have

E� ESC
crit and B .

E
c?

=
E
κ0
� ESC

crit
κ0

= BSC
crit, (9.57)

where we have defined the critical magnetic field strength BSC
crit = ESC

crit/c?.
Note that

ESC
crit =

m2
?c3

?

h̄q
=
E2

g

4h̄qκ0
⇒ BSC

crit =
E2

g

4h̄qκ2
0

. (9.58)

Let us now consider the absolute values of the constant (x-independent) terms
(�) we ignored in the diagonal elementsM±±(0) in Eq. (9.53) above and com-
pare them to Eg/2, the constant we did not neglect:∣∣∣qBih̄κx(0)κ∗y (0)/Eg

∣∣∣
Eg/2

=
2h̄qBκ2

0
E2

g
=

1
2

B
BSC

crit︸︷︷︸
�1

� 1 (9.59)

[due to Eq. (9.57)] and

q2B2h̄2κ2
0/(2mE2

g )

Eg/2
=

h̄2q2B2κ2
0

mE3
g

=

(
B

BSC
crit

)2
Eg

16mκ2
0
=

(
B

BSC
crit

)2
2m?c2

?

16mc2
?

=

(
B

BSC
crit

)2
m?

8m︸︷︷︸
�1 (typically)

� 1, (9.60)

so neglecting these terms was justified. In the off-diagonal elements, the same
is true for the constant terms (�) since∣∣qEih̄κx(0)/Eg

∣∣
Eg/2

=
2h̄qEκ0

E2
g

=
E

2ESC
crit
� 1, (9.61)
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9. Analogy in 2+1 dimensions for crossed constant E and B fields

and the additional linear terms (�) are always much smaller than |qBκy(0)x|
because∣∣∣∣∣q2B2ih̄κx(0)/(mEg)

qBκy(0)

∣∣∣∣∣ = h̄qB
mEg

=
B

BSC
crit

Eg

4mκ2
0
=

B
BSC

crit

m?

2m
� 1. (9.62)

The only remaining terms we neglected are the quadratic terms (�) in theQuadratic terms
in x diagonal elementsM±±(0). In E±S (x) in Eq. (9.55), they would appear as ad-

ditional contributions −q2B2x2/(2m) next to −qEx, so these quadratic terms
will always dominate for large x! However, even if we consider large enough
x such that we are in the “relativistic regime” of E±S (x) (i.e., where c2

?q2B2x2

dominates the square root),

c2
?q2B2x2 �

(Eg

2

)2

⇔ x2 �
E2

g

4c2
?q2B2 , (9.63)

there is still an “intermediate” range of not too large x such that q2B2x2/(2m)
is still smaller than Eg/2 (and thus negligible) because

Eg

2
>

q2B2x2

2m

Eq. (9.63)
�

E2
g

8mc2
?
=
Eg

2
m?

2m︸︷︷︸
�1

. (9.64)

That is, even though the quadratic terms (�) will eventually dominate for
large enough x, the QED-like form (9.55) of E±S (x) is correct for smaller x,
including the “relativistic range” (9.63).

In summary, we have confirmed the well-known analogy for tunneling in
two-band semiconductors exposed to crossed fields. Note, however, that we
just compared the local band edges E±D (x) and E±S (x) with each other, not the
underlying Hamiltonians ĤD and ĤS.

9.2.1. Example: GaAs

We conclude this chapter by providing some experimentally interesting val-
ues for tunneling in GaAs in crossed fields. The critical magnetic field in
GaAs reads

BGaAs
crit =

EGaAs
crit

cGaAs
?

= 374 T (9.65)

(see Table 7.2 on page 187 for the values of EGaAs
crit and cGaAs

? ). Hence, for an
electric field E = EGaAs

crit /100 = 5.7 MV/m (approximately one order of magni-
tude below the breakdown field), tunneling should be completely suppressed
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9.2. Quantitative analogy in the long-wavelength limit

if the perpendicular magnetic field attains the value

B =
E

cGaAs
?

=
BGaAs

crit
100

= 3.7 T. (9.66)

Even a field of B = 1 T should significantly reduce the tunneling current in
this case.
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Conclusion
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We began this thesis by introducing the physical framework which is re- Part I (Chs. 1–2):
introductionquired to understand nonperturbative electron–positron pair creation from

the Dirac vacuum via classical electromagnetic fields in Ch. 1. We then ex-
plained the Sauter–Schwinger effect (pair creation in a constant electric field)
and reviewed some known results on how this mechanism is affected in non-
constant fields and under which conditions its tunneling-like (nonperturba-
tive) nature is preserved in such fields (Ch. 2).

In Part II of this thesis, we studied QED pair creation induced by homo- Part II:
pulse-shape de-
pendence in the
dynamically as-
sisted Sauter–
Schwinger effect

geneous, time-dependent external electric fields (� EQED
crit ) in 1+1 space-

time dimensions via the semiclassical solution [contour-integral representa-
tion (2.110) of Rout

k ] of the Riccati equation.
We first considered the pure Sauter–Schwinger effect in a constant E field

Ch. 3and calculated the full contour integral for an arbitrary conserved k. We found
that the contributions from the singularity (residuum) and from the branch
cut are of the same order of magnitude in this case [Eq. (3.43)]; that is, both
contributions are exponentially suppressed by exp[−πEQED

crit /(2E)] and just
differ by a (nearly) constant prefactor. On the basis of this finding, we argued
that neglecting the branch cuts in the case of more complicated field profiles
(considered in the two subsequent chapters) merely affects the nonexponen-
tial prefactor in Rout

k , not the exponents, which are crucial in the context of
dynamically assisted tunneling as has recently been shown in Ref. [41].

We then studied pair creation in a strong constant (“background”) field Ch. 4
Estrong plus an assisting temporal Gauss pulse Eweak exp[−(ωt)2] of weak am-
plitude (ε = Eweak/Estrong � 1). In analogy to the “original” dynamically
assisted Sauter–Schwinger effect [67] (assisting Sauter pulse), the Gauss pulse
effectively enhances the tunneling exponent for γc ∝ ω/Estrong above a certain
γcrit

c (assuming fixed field strengths) [Eq. (4.23) and Fig. 4.4 on page 118]—
but while γcrit

c is constant for ε � 1 in the case of a temporal Sauter pulse
due to the first pole of the corresponding vector potential ∝ tanh(ωt) in the
complex plane, we found a pulse-amplitude-dependent γcrit

c ∼
√
| ln ε| for a

temporal Gauss pulse, whose vector potential is free of singularities. Hence,
although both pulse shapes appear to be qualitatively very similar on the real
axis, their pole structures deviate from one another, which leads to crucial
physical differences regarding dynamical assistance. As another example for
these differences, dynamical assistance by a Sauter pulse can be described
well by first-order perturbation theory while the Gauss pulse requires higher
orders in general. The reason for this difference lies in the asymptotic be-
haviors of the Fourier spectra (which are related to the pole structures), as has
recently been shown in Ref. [71]. However, both profiles have in common that
the main singularity (corresponding to the single Sauter–Schwinger singular-
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ity in the case of a constant field) generates the leading-order contribution to
Rout

k=0 (dominating mode), respectively, at least if we are not too far above the
critical threshold (Fig. 4.7 on page 125).

As another example, we analyzed dynamical assistance via a weak oscilla-Ch. 5
tion Eweak cos(ωt), which should be a good approximation for counterprop-
agating laser beams. Even though this assisting field is not pulse shaped,
its analytic structure is similar to that of the Gauss pulse (no singularities),
and we found γcrit

c ∼ | ln ε| for small ε [Eqs. (5.9) and (5.14) and Fig. 5.3 on
page 132]. Again, the main singularity dominates Rout

k=0 not too far above the
threshold (Fig. 5.7 on page 142). We furthermore showed that the singularity
equation for k = 0 can be solved graphically (Fig. 5.4 on page 136), which
makes the systematic calculation of all additional singularities easier than for
the Gauss-pulse profile, where we could not establish such a method.

Part III has been dedicated to the analogy between the Dirac equationPart III:
quantitative anal-
ogy between QED
and direct-band-
gap semiconduc-
tors

and nonrelativistic Bloch electrons in a two-band semiconductor (both bands
treated as nondegenerate) with a direct bandgap at the center of the Brillouin
zone. Our goal was to derive the quantitative analogy between both systems
under the influence of external electric or electromagnetic fields, with special
regard to long-wavelength processes, which should describe (dynamically
assisted) tunneling transitions (nonperturbative pair creation) between the
energy continua/bands well. Such condensed-matter analogs could be useful
to study high-energy QED effects like those considered in Part II experimen-
tally. It should be emphasized that the analogy for long wavelengths (small
momenta) does not imply that the trajectories of created particles, which are
then accelerated by the external field, are the same in both systems.

We started this part by explaining the analogy (see, e.g., Fig. 6.1 onCh. 6
page 152) and summarized the known results (scale equivalents c ↔ c? and
m ↔ m?), which were all derived on the basis of constant external fields. In
the following chapters, we were able to confirm these scale equivalents for
nonconstant fields. We also discussed the most important aspects of semicon-
ductors which are not in accordance with the perfect analogy: anisotropies
of material properties and the coupling with other energy bands. Especially
the coupling between the conduction band and the split-off band could lead
to deviations of a few percents from the ideal analogy according to Ref. [130]
(see Sec. 6.1.2).

The first detailed derivation of the analogy applies to time-dependent elec-Ch. 7
tric fields in 1+1 spacetime dimensions (no magnetic field). We chose the
temporal gauge E(t) = Ȧ(t), which conserves a canonical k or K for each elec-
tron, and we showed that each semiconductor K mode is formally equivalent
to a Dirac mode k(K), but with K-dependent effective scales m?(K) and c?(K).
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However, these values are approximately constant around K = 0 for suffi-
ciently small K [Eq. (7.72)] according to first-order K · p perturbation theory
and when neglecting the coupling with other bands (two-band approxima-
tion). These modes should be most suitable to describe tunneling processes
from the valence band to the conduction band, which confirms the analogy.
The effective constants m? and c? for these small canonical momenta coincide
with the previously known results [Eq. (7.63)]. Within the two-band approx-
imation, we found that m? can be expressed as the harmonic mean of the ef-
fective band masses (curvatures) m?,e and m?,h at K = 0 for the homogeneous,
but arbitrarily time-dependent electric fields considered here [Eq. (7.87)]—a
result which has been known before for constant fields only [128].

We then provided an analogous derivation for spacetime-dependent elec- Ch. 8
tric fields E(t, x) = ∂xΦ(t, x) in 1+1 dimensions and found that the anal-
ogy does still work for small momenta (with the same m? and c? as before).
However, we had to make two additional assumptions to show this: First,
the effective band masses m?,e and m?,h at the gap K = 0 must coincide
[Eq. (8.13)]. This condition corresponds to the fact that the electron mass
equals the positron mass in QED. In the inhomogeneous fields considered
here, the total energy of created particles depends on the positions of all con-
stituents in space (which depend on the way they are accelerated), and thus
the analogy can only hold for m?,e = m?,h. This assumption is only met ap-
proximately in many conventional semiconductors (GaAs: m?,h deviates from
m?,e by about 20% [126]). The second assumption we had to make is that Φ
(and thus E) must vary slowly on the length scale set by the lattice constant.
We showed that this condition should always be satisfied in typical semi-
conductors [Eq. (8.20)] if the external field incorporates only photon energies
far below the bandgap, which is true for all mechanisms of dynamical assis-
tance considered in this thesis. Based on these findings, we concluded that
the dynamically assisted Sauter–Schwinger effect with a Sauter-pulse back-
ground field [90] applies to semiconductors as well, and we argued that the
scaling ωcrit ∼

√
q∆Φ− Eg should be universal for exponentially decaying

pulse-shaped background fields in the no-tunneling limit (q∆Φ ↘ Eg); see
Sec. 8.3.1. We also estimated how the critical threshold for dynamical assis-
tance by an oscillation Eweak cos(ωt) decreases in a Sauter-pulse background
field [Eq. (8.40) and Fig. 8.2 on page 206].

In the final chapter, we derived the exact two-band Hamiltonian for Bloch Ch. 9
electrons in 2+1 dimensions for crossed constant electric and magnetic fields
[Eq. (9.43)]. The fields were described by the purely x-dependent poten-
tials Φ(x) = Ex and ~A(x) = −Bx~ey, according to which nonperturba-
tive pair creation can be understood in the tunneling picture. Since the
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single-body Hamiltonians of both systems (Dirac theory and semiconduc-
tor) contain derivative operators even in reciprocal space in this case, a de-
tailed comparison between the Hamiltonians is more complicated here and
requires techniques such as the Foldy–Wouthuysen transformation (cf., e.g.,
Refs. [136, 96, 163]). This could be a worthwhile route for future research
on the analogy in electromagnetic fields. We just derived the local energy-
band edges (long-wavelength limit) from both Hamiltonians and found them
to be approximately equivalent for subcritical fields and if the band struc-
ture is isotropic around the gap (again, the effective scales m ↔ m? and
c ↔ c? are the same as before) [Eq. (9.55)], thus confirming the known re-
sults [104, 97, 96, 106]. However, we also found the quadratic x terms [see
Eq. (9.53)] in the local band edges of the semiconductor to cause deviations
from the QED-like form for large x—but in the semiclassical range E � ESC

crit
and B � BSC

crit = ESC
crit/c?, these deviations should not spoil the analogy

[Eq. (9.63)].
Throughout Part III, we proposed various ways to simulate dynamicallyAnalogy in gal-

lium arsenide assisted nonperturbative QED pair creation in GaAs and estimated the cor-
responding expected equivalents of the QED scales (Secs. 7.3, 8.3, and 9.2.1,
Table 7.2 on page 187). These results are summarized in Table 9.1. Gallium
arsenide appears to be a good candidate for such a laboratory analog since it
is a standard semiconductor with a direct bandgap at the zone center, and the
effective band masses differ by about 20% only, which is a quite good agree-
ment when compared to other typical direct-bandgap semiconductors [126].
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QED GaAs

m ↔ m? = 0.058m

c ↔ c? = 0.0050c

2mc2 = 1 MeV ↔ Eg = 1.5 eV

Ecrit = 1.3× 1018 V/m ↔ Ecrit = 565 MV/m

Bcrit = Ecrit/c = 4.4× 109 T ↔ Bcrit = Ecrit/c? = 374 T

Dynamically assisted Sauter–Schwinger effect (constant Estrong) . . .

Estrong = Ecrit/10 ≈ 1017 V/m ↔ Ecrit/10 = 57 MV/m

. . . with assisting Eweak/ cosh2(ωt)

h̄ωcrit = 80 keV ↔ h̄ωcrit = 0.12 eV

. . . with assisting Eweak cos(ωt)

h̄ω = 80 keV

= 0.078× 2mc2

↔
↔

h̄ω = 0.117 eV (CO2 laser)
= 0.078 Eg

Icrit = cε0(Ecrit
weak)

2/2

= 1.3× 1023 W/cm2

↔
↔

Icrit = cε0(Ecrit
weak)

2/2

= 24 kW/cm2

Reduction of Icrit in pulse-
shaped background field:
see Fig. 8.2 on page 206.

Perpendicular B field stops Sauter–Schwinger tunneling (E)

E = Ecrit/100 ≈ 1016 V/m ↔ E = Ecrit/100 = 5.7 MV/m

B = E/c = 44 MT ↔ B = E/c? = 3.7 T

Table 9.1.: Comparison between QED scales and their counterparts in the
gallium-arsenide analog.
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