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- Particle Systems under Extreme Condition

Transforming energy into matter

\/

Convert light into electrons and positrons

Driving quantum system out-of equilibrium

>
> Probe non-perturbative aspects of quantum field theory
> Interacting, non-linear vacuum as background

>

Search for Emergence
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Characteristic Scales

Quantum and relativistic physics

> System of units: c=h =1 > Strong fields /7 > 10" V/m

> Electron mass m ~ 9 x 10 %'kg > Schwinger limit £, ~ 10 V/m
> Compton time Teompton ~ 107 s
>

Compton length Acompton ~ 10~ "% m

High-intensity fields as the pathway to new physics

Strong-Field Physics Schwinger limit

Atomic Fields Relativistic Plasma Quantum Plasma  Plasma Fireball

= " L . \
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Theoretical Concepts

Quantum vacuum fluctuations
> Virtual electron-positron loop

> Scale set by electron mass 1 ~ 511 keV

Quantum tunneling pair production
» Non-perturbative pair production:
work done by field eEAc > 2m
> Scaling via exp(—7E,, / )

Multiphoton absorption & Breit-Wheeler
> Interaction of n photons
> Absorb energy &£ such that n&, > 2m

> In perturbative regime scales as /7°"
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- The Setup

Distribution

w = |—kq| v
Simulation: A priori Theory: Step-by-step
> Altor)=[f(t—x)+ [(t+x)le, > Electric field: One dominant peak
Pulses f(t) = tEe /6 =¥ 2 > Magpnetic field: Quadrupol
» One free parameter:
Photon energy & Volume: > LO: Field at (/. 0 = 0)

Peak in frequency spectrum at > NLO: Curvature of E(t,z = 0)
E, ~ Q=20
5/14 Sauter-Schwinger effect - DZE:EEEPI: e W -—Dn

« @



« O

Non-equilibrium Quantum Electrodynamics

Matrix-valued Wigner distribution function in quantum field theory

1 . 2 ~
Wos (x,p) = <Q ‘5 /d4s e U (4,,%,5) [ (x = %) o (x+ %)} ’ Q>
Gauge transporter U (A, X,s) = exp <ie f_li; d¢ s* A, (v + 55)) fixes gauge invariance

> End product of non-equilibrium Green's function in in-in formalism

> Quantized spinors ¢ & ’I/A} and classical electromagnetic field A, (x)
> Relative s, center-of-mass x & kinetic momentum coordinates p
D. Vasak, M. Gyulassy, H. Elze, Annals of Physics, 173, 462 (1987); |. Bialynicki-Birula, P. Gérnicki, and J. Rafelski, Phys. Rev. D 44, 6 (1991)
> Time-evolution determined by Dirac equation (initial value problem)
» Non-perturbative relativistic quantum transport

> Extension of quantum Vlasov equation

e~
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.Theory: WKB Approach

Simpler toy model: Riccati equation

> Klein-Gordon equation [(8, +iqA,) (0" + igA*) —m?] ¢ =0

Generalized WKB ansatz @ = (¢,0) = auyet™ 4 fu_e i
22

> s(t,x) = so(t) + ?SQ(t) + O(a?)

Solve order-by-order in sqg, sa,...
> Pair creation through R =08, (a/B) = [1s(et?is — R2e7215) /(25)

Take-away: Only the pre-factor changes
> Upto§— same as for purely time-dependent field

Contribution from electric field: & —

Contribution from magnetic field: — effects

-~
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.Theory: Effective Models and Approximations

One-loop Euler-Heisenberg effective Lagrangian
> in fields
1 .
Lesp < —; (c1(Fu F*)? 4 co(Fu, F*#)?), c1, co coefficients
m

» Onset of pair production:

Locally constant field approximation (LCFA)

> Source term adapted from
1 7 (m?+ p?)
_ 3 1
I'= 53 > z./dp exp(——e

Spatially homogeneous approximation (SHA)
> Only consider effects along symmetry axis

» Temporal structure fully resolved - one fit parameter for spatial volume

-~
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- Sauter-Schwinger effect: Regimes of Production

Colliding pulses
> AlLr) = lalt — =) +alt + 2)le, with a(t) = tEq /6 et
> Photon energy (Laser frequency) & Volume w

Christian Kohlfiirst, Naser Ahmadiniaz, Johannes Oertel, and Ralf Schiitzhold, Phys. Rev. Lett. 129, 241801 (2022)

Quantum Tunneling Asymptotic particle number

> Low-energy limit w < 0.1m 10"
> Volume scaling V ~ 1/w? >
Multiphoton, Breit-Wheeler

> High-energy limit w & 500 keV

Mean particle number
=
o
o

» Peak at 2-photon absorption

108
> Polynomial scaling (perturbative) 20 keV 100 keV 500 keV
Laser frequency

Heisenberg-Wigner formalism

Locally constant field approximation

P
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- Intermediate Regime

Downsides of Simulation
> Development and maintainance

> Numerically costly

Downsides of LCFA
> Only valid if 2 <0.1m

> Local

Solution: Step-by-step models

> Step 1: SHA
Right

Quantitative overestimation

behaviour

» Step 2: Riccati equation in Os
Suppressive element
Improved accuracy
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Particle number

Asymptotic particle number
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Q/m =2w/m

Spatially homogeneous approximation
Dirac-Heisenberg-Wigner formalism

Locally constant field approximation

DRESDEN " \

concept

(=]



Time Evolution in Quantum Field Theory

Fundamental problem in quantum field theory: Non-asymptotic physics?

Heisenberg-Wigner formalism £5 -
> Real-time formalism %4 _-' .'.‘
> Particle number as observable EZ ’.' '..
j; 1 s e,
> Full control at all times EO;“"‘—".1 0/ ; 5 s
> Only creation, no annihilation Shutoff Time ¢/
> to in electric field Heisenberg-Wigner formalism
E(t) = Eor./3 sech?(t/7) O(to—1t) Locally constant field approximation

Matthias Diez, Reinhard Alkofer, Christian Kobhlfiirst, Phys. Lett. B 844, 138063 (2023)
Interpretation
> Schwinger particle creation at all times ~ exp( - ’/TEcr/E(t)>

> Peak in particle number n(t) due to Uncertainty principle

Evaluation at specific point in time requires arbitrarily high energy

which, in turn, induces perturbative pair production
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Summary & Takeaway

Quantum field theory at the extreme

> physics at all energies

R
> Dynamics of fully systems e
10®
> Extract information of a quantum sys-
tem even at £
108
0.04 0.1 0.3333 1 3

Head-on collision of pulsed fields Q/m = 2w/m

Az, t) = [f(t =)+ f(t+ )] ey

. X ) Experimental scenarios
> Regimes of pair production:

» X-ray free electron lasers

Momentum spectra & particle yield . . . .
> “Ultraperipheral” collisions

Non)-perturbative aspects
(Non)-p P > Solid state analogues
>

> Improved schemes

Literature
CK et al., Phys. Rev. Lett. 129, 241801 (2022)
Matthias Diez et al., Phys. Lett. B 844, 138063 (2023)
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How to probe pair production?

Experiments Overview over experiments
» SLAC Experiment 144

> Probing Strong-field QED at
FACET-II, Stanford

> HIBEF, Hamburg

Classical intensity parameter ag
0.25 0.5 10 32 100 182 338 575
T T T T T
Yakimenko, Meuren etal,,  NPQED Collider J
PRL 122, 190404 (2019)  (125GeV, 100nm)

radiation field —
B

Rad. (2019). 26, 635-646
E SLAC Double-Bunch FEL 1. (2020), 4
u (4keV, 1031W /em? + 6.6 GeV) Meuren et al. (2020), SEL 100PW

¢ /e ) arxiv:2002.10051 SEACER,

:

Halavanau et al., J. Synchrotron
SLAC 10 PW.

QED plasma Nonperturbative
(beam-laser)

__— Rochester 30PW.
(LWFA)

Peak quantum parameter y

Analyt|ca| methOdS 10 F CUC(3TeY) ool DESY03PW ot
5 4
. ) A "BELLATPW
» World-line instanton technique % &_ FACET. 30TW,
.'é g e SLAC E-144 e ]
5 - _ (LWFA)
> WKB approach ’ -
g . . , . .
E] 107 10 101 102 102 102 10% 10%
: ; 7 perturbative relativistic nonperturbative QED plasma
Simulations [l o fbrtorm (oo
Peak laser intensity o [W /cm?] - optical laser, laboratory frame

>

Sebastian Meuren (for the E-320 collaboration)

> Quantum Kinetic Theory

-~
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“WKB Approach

Ansatz for wave function

> Klein-Gordon equation [(8, +iqA,) (0" + igA*) —m?| ¢ =0
> WKB ansatz B(t,z,y) = aft, r)etst2v,2=0)
> Eikonal equation (0,8 + qA,) (0" S + qA*) = m?
> Translational invariance S(t,x,y) = kyy £ s(t, x)
> Os = x(t,x) = \/m2 + (008)° + (ky + qA,)
Parity
> Because of symmetry in A s(t,x) = so(t) + ”2—2 s2(t) + O(z*)
> Zeroth order sq(t) Oso = x(t)

5% + [ky + Ay qc')%Ay
\/m2 + [ky + A,

» Curvature contribution Oi 80 =

z=0

o
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- Transport Equation

Equal-time formalism

dp 1 _ )
W(x,p,t) = / 2—7;)W (x,p) = 7 (8 + 195D + 7"V + 7" 50 + 0" bp0)

> Wigner components are transport
quantities: mass density s, charge
density vo,...

d
> Project on fﬂ for initial-value
T

problem, first order in time

> Time-evolution determined by (ad-
joint) Dirac equation

> Obtain regular probability densities
when integrating out either x or p

> Integro-differential operators
Dy, I1 & D
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Colliding Pulses within DHW formalism

, vanishing longitu-
dinal field component
ép-ép =ép-é, =¢€&p-¢&, =0,
éE X éB = é,i
Quasi-1 + 1-dimensional system:
Photon propagation k2 < k2
Time evolution D; = 0,
Spatial derivative and 'magnetic’
Wigner potential D =V + B

Canonical momenta and ’electric’
Wigner potential IT = k +.A

Electromagnetic Wigner potentials

Bw(z, k,t) =—ig /ds/dk’ Qi (k—K)s {A (er
A w(z, k,t) :,g /ds/dk’ oi(k—k)s {A (m+

4/8 Sauter-Schwinger effect -
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—2IT-t; =0
+2I1-ta = —2m
+D. v =0
+ D a =2m

Dyv + D + 2I1 X a = —2mt,
Dia + D +2IT x v =0
Dty 4+ D X to + 2IT = 2mv
Dits — D x ty — 2I1 =0

NI VA

N | @

t) ~A (gc - %tﬂ w(z, k', t)

t) +A (:v - gt)} w(z, k', t)
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Relation to Plasma Physics

Collisionless Boltzmann d f( 0y 8f dr 8/ dp of
unatlllon ( asolv equation) < % "t o Tt op
oupling particles to :
pling p ey, vomq (B4t xn). 2o
Electrons and lons ot c op
Lorentz force 8fi+vi.vfi+ziq( LYy ),%:0
ot c op

=0 & &§(m?—p? . s
= (m*—p%) Vlasov equation as classical limit of

ps =V, 8 =vo// m? 4 p2... Wigner transport equations
A (x:l: f,t) ~ A (z,t) On-shell particles and slowly varying
2 fields 0A < m

Wigner formalism as extension of Vlasov equation

+ fully relativistic + spinorial decomposition
+ quantum mechanical component  + quantum field theoretical effects
(spin-field coupling,...) (pair production,...)

-
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- Particle Momentum Spectrum

Qualitative Analysis
> Symmetry in ky
> Distribution is
non-perturbative elements
and photon absorption

> Distribution maxima not
necessarily at k, =0

Quantitative Analysis
> Regime Q/m = [0.1,1.0]
> Overestimate by [1,4.7]
» Correction [1,4.3]
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— 5
=4 x10

k

w

N

Particle distribution n(

Lo
53}

ky/m

Spatially homogeneous approximation

Dirac-Heisenberg-Wigner formalism

w=m/3, w=m/4, w=m/5
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Expansion coefficients

02

=

9 6 3 0 3 6
mt

> WKB expansion coefficients 5y, >
so(linearized), so
» Characteristic curves of (3,53)2 =m?+ >

(ams)z + (ky + qu)2
» Strong correlation between s, and dis-
persion of curves
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Results: Focusing & De-Focusing

Expansion coefficients

mz

Pre-factor in pair production:
-§O - S9

Configuration:

w = m/3 at k, =
{_ma 0’ m}
ey N DR



Results: Curvature Contribution

Expansion coefficients Computation
> §p in comparison to s-

> Stable in 5, despite $5 ~ 53

> Converge for t — oo

Expansion coefficients
-

Production number
> Approximately given by |R|? "
Homogeneous: 3

>
» Inhomogeneous: §g - s2
>

Oscillations dampened for t —

0 30 60 EY
mt
> Reduction by factor of » Configuration:
roughly two w=m/3athk,=0
88 Sauter Schwinger effct - e ) REDR

« @



Results: Focusing & De-Focusing

Overview
» 035
» WKB expansion coefficients 3, £
. - EE 0.15
so(linearized), s :
g 015 *a3333
& *esesssssrrressssees
H.0.35
) 6 3 0 3 6 9

» Characteristic curves of (8ys)> =

06 ﬁ//, 7
m? + (9,5)% + (ky + qAy)? 04 //

» Strong correlation between s, and
dispersion of curves

me
=)

. . . mt
» Pre-factor in pair production: . "
. x10"
S0 - 52 54
> Production number approximately ER
-
given by |R|? 2
. =R \
> Pulses with frequency £ /
0
. -30 0 30 60 90
w = m/3 studied at k, = 0 mt
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