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Contents of this Lecture:

1. Introduction to Schwinger formula: Elementary; WKB; Kinetic equation
2. Derivation of kinetic equation
3. Applications for time-dependent (laser) fields

- Sauter pulse
- Gaussian envelope harmonic pulse
- E^2 rule for weak fields
- “Pump&Probe” the vacuum: Bifrequent fields

4. Applications to heavy-ion collisions
- Schwinger effect & Hawking-Unruh radiation 
- Equilibration: Thermalization & Isotropization (Ruggieri)

 - Cathode tube effect (Ruggieri)
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Schwinger effect in WKB approximation

… critical field strength (=1.3 10^18 V/m)

Schwinger formula (basic mode, n=0)

Probability for tunneling process
(without prefactor)

Turning points in p(x) for given E
0
: 

Probability for tunneling (Gamov)

Relativistic dispersion

In an external field



  



  

Kinetic Approach – sketch of the derivation



  



  



  



  

    Markovian and Low-Density Limits for the Dynamical 
Schwinger Process in Strong External Fields

Markovian limit :

Low-density limit :

Bosons
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Understanding the Dynamical Schwinger Process: E2 - rule  

Approximation that E(t) is suffciently slowly varying, then:

Low-density limit, p=0, low external field  eA(t) << m:

W_(t) = e E(t) ε
T
 / ε2(p,t) → e E(t) / m

Θ(t) = → m t

→ g1_(t) = [ e E(t) / m ]  cos(2mt)
→ g2_(t) = [ e E(t) / m ]  sin(2mt)

= ¼ [e E(t)/(2 m2)]2 [sin2(2mt) + cos2(2mt)]

f_(t) → 1/16 [e E(t)]2 / m4

This rule holds when interference effects due to the
dynamical phase can be neglected.
It is obviously violated at large times when the limit of the 
Schwinger formula is approached asymptotically
While the external field vanishes E(t) → 0



  



  



  



  



  

Gaussian envelope harmonic pulse vs. E2 rule

0.2
S.A. Smolyansky et al., arxiv:1607.08775
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S.A. Smolyansky et al., arxiv:1607.08775



  



  D. Blaschke, N.T. Gevorgyan, A.D. Panferov, S.A. Smolyansky, JPCS 672, 012020 (2016) 
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Two Laser Beams: XFEL & High Intensity Optical Laser (HIBEF)

Why is it interesting?

- pump (HI optical laser) & 
  Probe (XFEL) experiment
  exploring modification of 
  QED vacuum structure

- refraction & birefringence

- “assisted” dynamical 
  Schwinger effect 

A. Otto, D. Seipt, D. Blaschke, B. Kaempfer, S.A. Smolyansky, PLB 740, 335 (2015)
D. Blaschke, L. Juchnowski, HIBEF kickoff meeting, DESY (2013)



  

Dynamical Schwinger process in a bifrequent electric field
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Quantum Kinetics of Particle 
Production in Strong Fields
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Lessons for Nonequilibrium Dynamics in Heavy-Ion Collisions ?

One big question is:

How can one explain that spectra of particles produced in an ultrarelativistic heavy-ion 
collisions appear perfectly thermal if they are created by the Schwinger mechanism (thus
with a nonthermal spectrum) in the strong gluon field of color-electric ropes which receeding 
heavy ions stretch between them after passing through each other in the collision and there
Is not enough time before freeze-out for their thermalization due to collisions? 



  

“Schwinger” “Thermal”



  



  

Time-dependent mass at chiral transition

Generates a source term  

in Kinetic equation for the pion-sigma system

Detailed balance: Loss <--> Gain ... 
Bose enhancement for pion distribution!



  F
. M

ic
h

le
r,

 H
. V

a
n

 H
e

es
, D

.D
. D

ie
tr

ic
h

, S
. L

e
u

po
ld

, 
C

. G
re

in
e

r,
 A

n
n

. P
h

ys
. (

2
01

4)
 ; 

a
rx

iv
:1

20
8

.6
5

6
5

Time dependence of quark mass during chiral transition

Nonequilibrium photon production by chiral transition vs. Thermal one 

Low-momentum
enhancement
of spectrum



  

Low-momentum pion enhancement at LHC - 
                           Onset of Bose-Einstein Condensation of pions ?
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Low-momentum pion enhancement from quantum kinetics of chiral symmetry breaking
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Heavy quarks as probes of the evolving Glasma
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Heavy quarks as probes of the evolving Glasma

“Cathode tube effect”
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Heavy quarks as probes of the evolving Glasma

“Cathode tube effect”
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Main research topics:

- Quantum field theory under extreme conditions
- Physics of ultra-relativistic heavy-ion collisions
- Physics of compact stars and supernovae
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Division: Theory of Elementary Particles

Energy and system size scan for
Finding the QCD critical endpoint

Collaboration with CERN Experiment NA61/SHINE since 2011

Goals of the experiment:
- study of the properties of the onset of deconfinement and the search for the critical point of 
  strongly interacting matter with nucleus-nucleus, proton-proton and proton-lead collisions at 
  six collision momenta
- Precise hadron production measurements for calibrating neutrino beams at J-PARC, Japan 
  and Fermilab, US. Proton/pion-carbon and proton/pion-(replica target) interactions recorded
- Precise hadron production measurements for reliable simulations of cosmic-ray air showers 
  in the Pierre Auger Observatory and KASCADE experiments 



  

Division: Theory of Elementary Particles

Collaboration with ALICE @ CERN

- excellent particle identification
- high statistics data allow new level
  unprecendented accuracy
- multihadron production near the
  QCD phase boundary challenges
  our understanding of the process
  of nonequilibrium QGP hadronization
- confirmation of lattice QCD theory



  

Division: Theory of Elementary Particles

NewCompStar  
COST Action MP1304: 

“Exploring fundamental 
physics with compact stars”



  

Division: Theory of Elementary Particles

- stiff EoS
(at flow limit)

- low ncrit
(at NICA fixT)

- soft EoS 
(dashed line)

- high Mmax
(J1614-2230)

- low Monset
(all NS hybrid)

- excluded
(J1614-2230)

Heavy-Ion Collisions
Compact Stars

29 member
countries

Collaboration with NICA – MPD Collaboration at JINR Dubna
                      and COST Action MP1304 “NewCompStar”
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http://www.ift.uni.wroc.pl/~ztce 
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