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Motivation: Fermion production

Boom! From Light Comes Matter
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Non-linear Breit-Wheeler (SLAC E-144; perturbative):
w+nwy, — ete” (wr, ~eV,n ~ 5w~ 30GeV)
Schwinger effect (future HIL; non-perturbative):

nwr, — ete” (wr, — 0,n — o0)



Motivation: Schwinger effect

QED vacuum is unstable in the presence of external fields

vacuum: no particles
vacuum + electric field: preferred to create particles

electron-positron pair creation —> delocalization of charges
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Ac,to
analytic solution for vacuum decay rate in a static electric field

(B0 1 nwm”
Plvac] = Z A o [Schwinger, PR 82 (1951)]

Evolution for dynamical gauge fields?!



Outline

classical-statistical gauge theory with fermions

Schwinger effect and plasma oscillations (QED 1+1 / 3+1)

A model for QCD dynamics & string breaking (QED 1+1)

Axial charge production out-of-equilibrium (QED 3+1)

summary



Quantum electrodynamics

» theory of the interaction of matter (electrons) with light (photons)

L=19GEd— m)p— %FWFW — g A

Accelerator
region (SLAC)

« perturbative QED

low intensity — high energy: accelerator physics

hv (energy)

electron
rest mass

 strong field QED

high intensity — low energy: laser physics

 Laser and
XFEL region

Schwinger  ; jyensity)

limit

[for non-Abelian gauge theories, see talks by: J. Berges, S. Schlichting...]



Non-equilibrium quantum field theory

time evolution: initial value problem in QFT

o4t no probability measure
7 = /D(’O 5P

(sign problem!)
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density matrix at initial time

time-ordering on the Schwinger-Keldysh contour
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[Kasper, FH, Berges, PRD 90 (2014)]
Outline of the derivation

» functional integral representation:

7= [ DA [ DDl po(w, 0 e ( | £ald)+ el AJ)

 integrate out fermions (non-linear effective theory):
Z = / DA] pc(A)exp (Trc log A[A]~1 —I—i/ ﬁg[A])
C

——

» Keldysh rotation A* = A+ A/2 and expansionin A:

Tre log A[A]_l — Tre log A[f_l]_l + %Tl"c {AM] Sig 12[} T O(EQ)

]

That's the approximation!



[Kasper, FH, Berges, PRD 90 (2014)]
Outline of the derivation

 classical-statistical approximation of the generating functional:

2= iAo (i [ [ 3105+ 4 [Am}))

A/ \ Ag(x,y) = (|Y(x), ) (y)D

sampling over initial conditions classical equations of motion

(i#l, — eA(x) = m)Ax (a,y) = 0

Q" Buul) = —g tr{Ak (2, 2)7)

* observables in classical-statistical approximation:

(0) e = / 'DA|[DILo] pw [Ao, T1o]O[A]6[E.0.M.]



[Kasper, FH, Berges, PRD 90 (2014)]

Diagrammatic understanding

A A
| A A
Trelog A[A]” = ¢ + g +
A A

- Keldysh rotation and field rescaling: A = g='A’ A= gA’



[Kasper, FH, Berges, PRD 90 (2014)]

Diagrammatic understanding
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Keldysh rotation and field rescaling: A = g=1A’ A = gA’

series expansion: g < 1
exact to quadratic order: 92

valid for: large coherent fields or high occupation numbers
A~0O(1/9) n(p) ~ O (1/g°)

g[l Q’Q g4

bosonic fermionic bosonic/fermionic
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[FH, Berges, Gelfand, PRD 87 (2013)]

Schwinger formula on the lattice

static electric field without backreaction in QED (1+1)
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[FH, Berges, Gelfand, PRD 87 (2013)]

Schwinger formula on the lattice

static electric field without backreaction in QED (1+1)

n' (t) An*/(T-L-m?)
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[FH, Berges, Gelfand, PRD 87 (2013)]

Plasma oscillations

static electric field incl. backreaction in QED (1+1)

E(t)/m

number of particles
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[FH, Berges, Gelfand, PRD 87 (2013)]

Plasma oscillations

static electric field incl. backreaction in QED (1+1)
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[Kasper, FH, Berges, PRD 90 (2014)]

Plasma oscillations

static electric field incl. backreaction in QED (3+1)
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[FH, Alkofer, Gies, PRL 107 (2011)]

Bunching in space-time pulse

single electric pulse in space and time in QED (1+1)

E(x,t) = Egsech?(wt) exp(—xz°/2)%)

/\_1 Lr/\ % | e |
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fermion density charge density electric field



[FH, Berges, Gelfand, PRL 111 (2013)]

The string breaking analogue

« fermion bunches act as capacitor
1+1 dimensional geometry: Coulomb potential = linear potential

cf. QCD string breaking: linear potential due to strong interaction
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Can we learn something about the dynamics
of string breaking?



[FH, Berges, Gelfand, PRL 111 (2013)]

Dynamics of string breaking

two static charges separated by distance d¢

X|1/m]|




[FH, Berges, Gelfand, PRL 111 (2013)]

Dynamics of string breaking

two static charges separated by distance d¢

» two-stage process (different scales) R OnIdeTSi oY W max
—» creation on top of each other
—>» separation of charges

30-

« Naive estimate for critical distance 5
Vstr[dC] = D

modified |
\/
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« very substantial work contribution 30 -
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[FH, Berges, Gelfand, PRL 111 (2013)]

Dynamics of string breaking

two static charges separated by distance d¢

two-stage process (different scales)
—» creation on top of each other
—>» separation of charges
Naive estimate for critical distance
I/str[dC] = 2m

modified |
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very substantial work contribution
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[Mueller, FH, Berges, PRL 117 (2016)]

Axial anomaly in non-equilibrium QED

« QED axial anomaly equation
— €
.ll, . .
Oujs = 2im{Pysy) — o—

e Vacuum of QED is trivial (no theta-term)

2
BRI
F/WF”

Net effects vanish in vacuum or thermal equilibrium

* What about non-equilibrium: Schwinger + chiral magnetic effect

@ ,z (0) ,z
BI B




[Mueller, FH, Berges, PRL 117 (2016)]

Plasma oscillations & anomaly equation

Out-of phase plasma oscillations
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[cf. also talk by S. Schlichting]



[Mueller, FH, Berges, PRL 117 (2016)]

Anomaly-induced dynamical refringence

tracking behavior: longest time near collinear configurations

T=31.066
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system tries to align the electric and magnetic field directions



Summary (take-home lessons)

E(W)/E.

Schwinger effect and QED (1+1) string breaking =
plasma oscillations two-stage process

axial anomaly in QED leads
to an anomalous rotation

Thank you! jﬂ """""" [
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