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Schwinger-Mechanism

Electron-postitron pair creation in spatially homogeneous,
time-independent electric fields Eg:

E=const.

Weak: )

Strong: 6 P

v vy v v Y
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@ Pair creation probability per unit volume and time:

2p2
e‘E
Wlete ] = =2

1 nm2z
o 2w (-

eEO )

J. Schwinger, Phys. Rev. 82, 664 (1951)

«O>» «F»r « =>»



o0

@ Pair creation probability per unit volume and time:

2p2
e‘E
Wlete ] = =2
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J. Schwinger, Phys. Rev. 82, 664 (1951)
@ Non-perturbative effect
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Schwinger-Mechanism

@ Pair creation probability per unit volume and time:
2p2 © 2
e‘E 1 nm<m
Wete ]=—2) Sexp|-
[ ] 473 nz_l n2 p( eEg >
J. Schwinger, Phys. Rev. 82, 664 (1951)

® Non-perturbative effect
@ Strong electric fields needed — difficult to produce:

m2
Eq=-—~13: 108V /m
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Schwinger-Mechanism

@ Pair creation probability per unit volume and time:
2p2 © 2

e‘E 1 nm<m

Wlete ]=—2Y Zexp(—
[ ] 473 nz_l n2 p( eEg >

J. Schwinger, Phys. Rev. 82, 664 (1951)
® Non-perturbative effect
@ Strong electric fields needed — difficult to produce:

m2
Eq=-—~13: 108V /m

@ XFEL facilities at DESY and SLAC: Eg ~ 0.1E4
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Schwinger-Mechanism

@ Pair creation probability per unit volume and time:
2p2 © 2

e‘E 1 nm<m

Wete ]=—2) Sexp|-
[ ] 473 nz_l n2 p( eEg >

J. Schwinger, Phys. Rev. 82, 664 (1951)
® Non-perturbative effect
@ Strong electric fields needed — difficult to produce:

m2
Eq=-—~13: 108V /m

@ XFEL facilities at DESY and SLAC: Eg ~ 0.1E4

@ QGP formation in haevy ion collisions at RHIC and CERN
— chromoelectric field
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@ Pair creation and transport is process far from equilibrium
@ Time-dependet electric field E(t) — Vlasov equation

d 0 0
—f(k,t) = =f(k, E(t)=—f(k,t) = S(k,
ko) = S0.0) + B () 5 f(k. 1) = S(k.)

@ Phenomenological approach with Schwinger source term:

(m? + k3 )

S(k,t) = —2eE(t)In {1 — exp <6E7(t)>} d (ks — eA(t))

@ Static field E; — time-dependent field E(t)
@ Combination of quantum field theory and kinetic theory —

«4O0>r < Fr «=Z)r «=)» = o>




Introduction & Motivation
Quantum Kinetic Equation of Transport Electron-Positron Pair Creation in Electric Fields
Numerical Results Particle-Transport in Electric Fields
Summary & Outlook

Kinetic Equation of Particle-Transport

@ Pair creation and transport is process far from equilibrium
@ Time-dependet electric field E(t) — Vlasov equation

R AT eE(t)ai
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Kinetic Equation of Particle-Transport

@ Pair creation and transport is process far from equilibrium
@ Time-dependet electric field E(t) — Vlasov equation

R AT eE(t)ai

@ Phenomenological approach with Schwinger source term:

m2 +k?)r

S(k,t) = —2eE(t)In [1 —exp <_(eT>} 5 (k3 — eA(t))
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Kinetic Equation of Particle-Transport

@ Pair creation and transport is process far from equilibrium
@ Time-dependet electric field E(t) — Vlasov equation

R AT eE(t)ai

@ Phenomenological approach with Schwinger source term:
(m? + ki)m

@ Static field Eg — time-dependent field E(t)
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Kinetic Equation of Particle-Transport

@ Pair creation and transport is process far from equilibrium
@ Time-dependet electric field E(t) — Vlasov equation

R AT eE(t)ai

@ Phenomenological approach with Schwinger source term:

2 2
S(k,t) = —2eE(t)In [1 —exp (-%ﬂ 5 (ks — eA(t))

@ Static field Eg — time-dependent field E(t)

@ Combination of quantum field theory and kinetic theory —
guantum kinetic theory

Florian Hebenstreit Electron-Positron Pair Creation in Impulse-Shaped Electric Fields



Q Introduction & Motivation
@ Electron-Positron Pair Creation in Electric Fields
@ Particle-Transport in Electric Fields

@ Quantum Kinetic Equation of Transport
@ Quantum Vlasov Equation with Source Term
@ Backreaction Mechanism

Q Numerical Results
@ Single Particle Distribution Function f(k,t)
@ Particle Number Density n(t)

Q Summary & Outlook

«0O0>» «F)>» «=)r» «=)» = o>




Y. Kluger et al., Phys. Rev. D 45, 4659 (1992)
S. Schmidt et al., Int. J. Mod. Phys. E 7, 709 (1998)
® QED-Lagrangian: £ =V [i} —m] ¥ — 2FrF,,
@ Quantize only

@ Fourier-Transformation: Coordinate to momentum space

- &k i ik

V(x,t) = =3 Z {Us.p(t)ask + Vs.fp(t)bsfk}e
(27) o

@ Ansatz for the spinors:

Usp(t) =

[14°0,—7-p +m] gp(t)Rs

Vs p(t) = [i7% —7-p+m|g",(HRs
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Y. Kluger et al., Phys. Rev. D 45, 4659 (1992)
S. Schmidt et al., Int. J. Mod. Phys. E 7, 709 (1998)
® QED-Lagrangian: £ =V [i} —m] ¥ — 2FrF,,

)
@ Quantize only matter field — Mean electric field
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Starting point: QED

Y. Kluger et al., Phys. Rev. D 45, 4659 (1992)
S. Schmidt et al., Int. J. Mod. Phys. E 7, 709 (1998)

® QED-Lagrangian: £ =WV [i} —m| ¥ — 2F//F,,
@ Quantize only matter field — Mean electric field
@ Fourier-Transformation: Coordinate to momentum space

\IJ(X,t):/(2 %2 Z [usp )ask + Vs, p (t)bT k]eikx
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Starting point: QED

Y. Kluger et al., Phys. Rev. D 45, 4659 (1992)
S. Schmidt et al., Int. J. Mod. Phys. E 7, 709 (1998)

® QED-Lagrangian: £ =WV [i} —m| ¥ — 2F//F,,

@ Quantize only matter field — Mean electric field
@ Fourier-Transformation: Coordinate to momentum space

w(x,t):/(2 72 Z [usp )as k + Vs, —p(t)b] k]e”‘x
@ Ansatz for the spinors:
Usp(t) = [Woat—’?'

p+
Vsp(t) = (% —7-p+m|gsy(HRs
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@ Complex mode function gp(t) satisfies:

o

o

o

[af +wl(t) + ieE(t)] gp(t) =0

wh(t) = [ks — €A())* + kT +m® = pf(t) + ]

number of particles (antiparticles) with
helicity s and canonical momentum k (—k):

+ o + o + o o
Ngy = <a§.ka5»k> h <bs‘.fkb5»*k> = Ng _¢
for spinors do not hold anymore —
no separation between positive & negative energy solution

achieves off-diagonal elements

«0O0>» «F)>» «=)r» «=)»

= 9ad



Introduction & Motivation

Quantum Kinetic Equation of Transport Quantum Vlasov Equation with Source Term
Numerical Results Backreaction Mechanism
Summary & Outlook

Time-Independent Particle Number

@ Complex mode function gp(t) satisfies:
[af +wl(t) + ieE(t)] gp(t) =0
wh(t) = [ks — eA(D)]* + ki +m? =pf(t) + €]

@ Time-independent number of particles (antiparticles) with
helicity s and canonical momentum k (—k):

N;:k = <al,ka57k> = <bl,—kb57—k> =Ng
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Time-Independent Particle Number

@ Complex mode function gp(t) satisfies:
[af +wl(t) + ieE(t)] gp(t) =0

wh(t) = [ks — €A()]* + k& +m? = pi(t) + €]

@ Time-independent number of particles (antiparticles) with
helicity s and canonical momentum k (—k):

Noy = <al,ka57k> = <bl,—kb57—k> =Ns

@ Orthogonality relations for spinors do not hold anymore —
no separation between positive & negative energy solution
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Time-Independent Particle Number

@ Complex mode function gp(t) satisfies:
[af +wl(t) + ieE(t)] gp(t) =0

wh(t) = [ks — €A()]* + k& +m? = pi(t) + €]

@ Time-independent number of particles (antiparticles) with
helicity s and canonical momentum k (—k):

Noy = <al,ka57k> = <bl,—kb57—k> =Ns

@ Orthogonality relations for spinors do not hold anymore —
no separation between positive & negative energy solution

@ Hamiltonian operator achieves off-diagonal elements
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@ Time-dependent operators — Bogoliubov transformation

Gox(t) = ap(t)ask — A(t)bl
bl ()

Bp(t)ask + as(t)b]
@ For example: Remove

s,—k

number of particles (antiparticles) with
helicity s and canonical momentum k (—k):
Vo () =

<é;k(t)és‘k(t)> a <6;fk(t)6& k(t)> =N ()
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@ Time-dependent operators — Bogoliubov transformation

Gox(t) = ap(t)ask — A(t)bl
Bl,—k(t) =

= Fp(t)asi +ap()b]
@ For example: Remove (e,s = +,k) — (0,0,0)
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Bogoliubov Transformation

@ Time-dependent operators — Bogoliubov transformation

Bsi(t) = ap(t)asy — G(t)bI
s k() = 5p(t)as,k+o‘z(t)b;—k

@ For example: Remove (e,s = +,k) — (0,0,0)

@ Time-dependent number of particles (antiparticles) with
helicity s and canonical momentum k (—k):

N(1) = (8L (s k(1)) = (B (1)Bs «(1)) = Mo, (1)
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@ Fourier-Transformation: Coordinate to momentum space
d®k

V(x,t

0= [ G ¥ 2

Z Us p(t)ask(t) + Vs, p(t)bs k(t)} eikx
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Adiabatic Spinor Functions

@ Fourier-Transformation: Coordinate to momentum space

W(x, 1) / = )32 i (1) (1) + Vs _p(1)B]_, (1)] €™
@ Spin-structure not changed — Ansatz for spinors::
Usp(t) = [i7°% =7 +m| Go()Rs

Us o) = ("% —7-p+m| G ,(0Rs
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Adiabatic Spinor Functions

@ Fourier-Transformation: Coordinate to momentum space
W(x, 1) / ) Z i (1) (1) + Vs _p(1)B]_, (1)] €™
@ Spin-structure not changed — Ansatz for spinors::
Usp(t) = [i7°% =7 +m| Go()Rs

Us o) = ("% —7-p+m| G ,(0Rs

@ Adiabatic mode functions gp(t):

w-so(’1[20)
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Adiabatic Spinor Functions

@ Fourier-Transformation: Coordinate to momentum space
W(x, 1) / ) Z i (1) (1) + Vs _p(1)B]_, (1)] €™
@ Spin-structure not changed — Ansatz for spinors::
Usp(t) = [i7°% =7 +m| Go()Rs
Us o) = ("% —7-p+m| G ,(0Rs

@ Adiabatic mode functions gp(t):

w-so((1[20)

@ Dynamical phase: ©p(tg,t) = fto dr wp(7)
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@ Orthogonality relations hold and Hamiltonian diagonal!

including a source term:
- eE(t)e,
~‘\‘°s.k(t) ( )

B /'t a EEM)es
2w‘6(t) Jtg w’é(t/)
o

[1— 2Nsk(t)]

t
X COS <2/ dr ,up(/—)>
Jt/

: Statistical factor & Cosine-term
@ No spin preference — Replace Ngk(t) = N (t) = f(k,t)
@ Particle number density: n(t) =

f [dKf (k. t)
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Quantum Kinetic Equation

@ Orthogonality relations hold and Hamiltonian diagonal!
@ Quantum Vlasov equation including a source term:

A eE() , eE(t)eL
W =20 todt (1)

t
X COS <2 dr wp (7‘)>
t/

[1 2Ns k( )]
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Quantum Kinetic Equation

@ Orthogonality relations hold and Hamiltonian diagonal!
@ Quantum Vlasov equation including a source term:

eE(t) , eE(t)eL
Nowl) =507 todt )

t
X COS <2 dr wp (7‘)>
t/

@ Non-Markovian equation: Statistical factor & Cosine-term

[1 2Ns k( )]
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Quantum Kinetic Equation

@ Orthogonality relations hold and Hamiltonian diagonal!
@ Quantum Vlasov equation including a source term:
eE(t)El t / eE(t/)EL
2wi(t) Ji wp(t')

X COS <2 tdr wp(r)>

t/

Nox(t) [1— 2N5k(t)]

@ Non-Markovian equation: Statistical factor & Cosine-term
@ No spin preference — Replace N i (t) = Ni(t) = f(Kk,t)
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Quantum Kinetic Equation

@ Orthogonality relations hold and Hamiltonian diagonal!
@ Quantum Vlasov equation including a source term:
eE(t)El t / eE(t/)EL
2wi(t) Ji wp(t')

X COS <2 tdr wp(r)>

t/

Nox(t) [1— 2N5k(t)]

@ Non-Markovian equation: Statistical factor & Cosine-term
@ No spin preference — Replace N i (t) = Ni(t) = f(Kk,t)
@ Particle number density: n(t) = 2 [ [dk]f(k,t)
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cosine-term

@ Time-Scale: Compton wavelength and oscillations of

1
Togu ~ —
q €L
@ Time-Scale: over which particles are
produced
€L
Tpr o

eE(t)

important for 7qy &~ 7y — €E(t) > ¢

2

DA




cosine-term

1

@ Time-Scale: Compton wavelength and oscillations of

Tqu ~ —
w

@ Time-Scale: Production time scale over which particles are
produced

_&L
Y eE(D)
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Quantum Kinetic Equation

@ Time-Scale: Compton wavelength and oscillations of

cosine-term
1
Tqu ™~ —
W
@ Time-Scale: Production time scale over which particles are
produced
€1
Ty ~
P eE(t)

@ Quantum effects important for 7y ~ 7r — €E(t) > €4
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@ Internal electric field Ejn(t) due to electron-positron pairs

E(t) = Eex(t) + Eint(t)
@ Additional contribution in the vector potential Ajn(t):
E(t) = —A
°

—A(t) = —Agq(t) — Ain(t)
jint(t) as well:
E(t) = -]

*J(t) o *jext(t) - jint(t)

) e [ /
im(® =5 [ ([

® jint(t) follows from

(W

(x, 1), 7W(x,1)])
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@ Internal electric field Ejn(t) due to electron-positron pairs

E(t) = Eea(t) + Eim(t)
@ Additional contribution in the vector potential Aj(t):

E(t) =

—A(t) = —Aeq(t) — Ai(t)
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Internal Electric Field E;q(t)

@ Internal electric field Ej(t) due to electron-positron pairs:
E(t) = Eea(t) + Ein(t)
@ Additional contribution in the vector potential Aj(t):
E(t) = —A(t) = —Aex(t) — Aine(t)
@ Internal electromagnetic current jin(t) as well:

E(t) = —j(t) = —jea(t) — jin(t)
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Internal Electric Field E;q(t)

@ Internal electric field Ej(t) due to electron-positron pairs:
E(t) = Eex(t) + Ein(t)
@ Additional contribution in the vector potential Aj(t):
E(t) = —A(t) = —Aex(t) — Aine(t)
@ Internal electromagnetic current jin(t) as well:
E(t) = —j(t) = —Jea(t) —jin(t)

@ jint(t) follows from symmetrized current density:

jin(t) = /d3 T(x, 1), W (x,1)])
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@ Internal electromagnetic current ji(t) in the e, direction:

dk p||(t) 4 d3k

jint(t) =4e N (t) +t = E(t) (2 )3

3@ (DNK()

(2m)% wp (1)




@ Internal electromagnetic current ji(t) in the e, direction
jint(t) =

of 220

0+ [ KON
——/Vk k
)° wp(t) E(t).) (2r)3"P
@ Conduction current stays regular for all momenta!
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Internal Electric Field E;q(t)

@ Internal electromagnetic current ji(t) in the e, direction:

3 3 _
(1) = de / (gﬂ‘;g z!—((?)/\/'k(t)Jr% / %wp(t)/\/k(t)

o stays regular for all momenta!
@ Polarization current exhibits a logarithmic UV-divergence
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Internal Electric Field E;q(t)

@ Internal electromagnetic current ji(t) in the e, direction:

y B &k py(t) d®k
() =40 [ G O+ £ | 0

o stays regular for all momenta!
@ Polarization current exhibits a logarithmic UV-divergence
@ Charge renormalization
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Internal Electric Field E;q(t)

@ Internal electromagnetic current ji(t) in the e, direction:

. d®k t d®k
i) =40 [ s S0+ £ | ettt

o stays regular for all momenta!

@ Polarization current exhibits a logarithmic UV-divergence
@ Charge renormalization
@ Properly renormalized internal electromagnetic current:

®k pyt) wit) . eE(t)ed
4e/ (27)3 wp(t) [ * E(t)pu(t)Nk - 8w§(t)p(t)]
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@ Impulse-shaped external electric field Ee(t)

Eeq(t) = —=0

cosh? (t/7)

@ Very short

. 25 {110
lpuise1 = 10~1%s
@ Neglect the backreaction mechanism fQr.thedmoments, = sac
" FlorianHebenstreit Electron-Positron Pair Creation in Impulse-Shaped Electric Fields




@ Impulse-shaped external electric field Ee(t)

Eeq(t) = —=0

cosh? (t/7)

\—20,
25 5 107

@ Very short pulse length: tyyse1 = 1071%s

@ Neglect the backreaction mechanism fqQr.thenoment




@ Impulse-shaped external electric field Ee(t)

Eeq(t) = —=0

cosh? (t/7)

@ Very short pulse length: tyyse1 = 1071%s

25 5 10y
@ Neglect the backreaction mechanism for the.moment- . ...
" FlorianHebenstreit Electron-Positron Pair Creation in Impulse-Shaped Electric Fields



Introduction & Motivation

Quantum Kinetic Equation of Transport Single Particle Distribution Function f (k, t)
Numerical Results Particle Number Density n(t)
Summary & Outlook

Single Particle Distribution Function f(k,t) fork, =0

Solve full non-Markovian equation for the production rate:

: eE(t)eL /t ,eE(t’)eL
fam(k,1) =—-— [ dt/ —2=
rnli ) 203(t) Jy  WB(Y)

X COS (2 th wp(r)>

[1 — 2fam(k, )]

tl
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Single Particle Distribution Function f(k,t) fork, =0

Weak field: Eqg = 0.1E Strong field: Eqg = Eq:

t=-5¢10"2s t=-5x10"2%s

0.0007 0.10¢
0.0006 0l
0.0005

0004 006
00003 ool
0.0002

0.000L 0.02f

‘ ‘ ‘ Ly [Mev] — ey [Mev]
-1 -05 0 05 1 -2 0 2 4 6 8 _10
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Single Particle Distribution Function f(k,t) fork, =0

Weak field: Eqg = 0.1E Strong field: Eqg = Eq:

t=-45x10"%s t=—45¢10"%s

0.0007 0.10¢
0.0006 0l
0.0005

0004 006
00003 ool
0.0002

0.000L 0.02f

‘ ‘ ‘ Ly [Mev] — ey [Mev]
-1 -05 0 05 1 -2 0 2 4 6 8 _10
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Single Particle Distribution Function f(k,t) fork, =0

Weak field: Eqg = 0.1E Strong field: Eqg = Eq:
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Introduction & Motivation
Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f(k, t)

Particle Number Density n(t)
Single Particle Distribution Function f(k,t) fork, =0

@ Particle creation not only at

restt —1MeV < p; S 1MeV

@ Approximately, still symmetry
aroundt =0

Florian Hebenstreit
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Introduction & Motivation
Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f(k,t) fork, =0

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Strong field: Eg = E
@ Particle creation not only at

rest —1MeV < p; < 1MeV

@ Electron-positron pairs are
accelerated and drift away
from each other

@ Asymptotic distribution peaked
around p; ~ 5MeV

@ No symmetry aroundt =0
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Quantum Kinetic Equation of Transport Single Particle Distribution Function f (k, t)

Numerical Results Particle Number Density n(t)
Summary & Outlook

Single Particle Distribution Function f(k, 0)

Weak field: Eqg = 0.1E,

@ Particle creation for
perpendicular momenta:
k; <1MeV

@ Distribution function

approximately exponentially
damped as function of k%
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f(k,2 - 10-%°s)

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Weak field: Eqg = 0.1E,

@ Particle-antiparticle pairs are
annihilated for weakening
electric field again

o 5 = = )

DA
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Introduction & Motivation

Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Single Particle Distribution Function f(k, 0)

@ Particle creation for
perpendicular momenta:
k; <1MeV

@ Distribution function
approximately exponentially
damped as function of k3

@ Particle-antiparticle pairs are
accelerated for k; < 0.5MeV

Florian Hebenstreit
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f(k, t)

Particle Number Density n(t)
Single Particle Distribution Function f(k,2 - 10-%°s)

Strong field: Eq = E¢

@ Asymptotic distribution peaked
around p| ~ 5MeV with

perpendicular momenta
kJ_ S 0.5MeV
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Field Strength Dependence of nym(t)

@ Non-vanishing number density

Nnm(oc) even for Eg = 0.1E¢

@ Ratio nnm(OO)/nnm(tmaX)

of Eg

@ The peak of the number

density Npm(tmax) is shifted to
later times for Eq = 0.9E

Nam(00)[NM—3] 6
Nam(00) /Nim (tmax)
tmax[lO_ZOS] 0.005

Florian Hebenstreit

Eo - 0.1Ecr

T [

600000 /\

100000} J
.

L =20,
25 0 25 5 10

Electron-Positron Pair Creation in Impulse-Shaped Electric Fields



Introduction & Motivation
Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Field Strength Dependence of nym(t)

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ Non-vanishing number density

Nnm(o0) even for Eq = 0.1E4 Eo = 0.2Eq4
o RatIO nnm(oo)/nnm(tmax) fom(® (]
of Eo 25x10° /\\
. [
2x10° 1 / |
@ The peak of the number s«"
density Npm(tmax) is shifted to 15t / ‘\\
later times for Eq > 0.9E,, » [
L X I J \
/ \
/ \
Nnm(0)[nm 7] 36 smnf A
nnm(oo)/nnm(tmax) ! = (107
tmax[10~209] —0.010 s ' % ’
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Field Strength Dependence of nym(t)

@ Non-vanishing number density
Nnm(oc) even for Eg = 0.1E¢

@ Ratio nnm(OO)/nnm(tmaX)

@ The peak of the

of Eg

number

density Npm(tmax) is shifted to
later times for Eq = 0.9E

Nam(c0)[nm~3] | 2.7 10°
Nam(00) /Nnm(tmax)
tmax[lO_ZOS] —0.005
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Field Strength Dependence of nym(t)

@ Sizeable number density

@ Ratio nnm(OO)/nnm(tmaX)
of Eq

@ The peak of the number

density Npm(tmax) is shifted to
later times for Eq = 0.9E

Nam(c0)[nm~3] | 5.9.10%
Nam(00) /Nnm(tmax)
tmax[lO_ZOS] 0.025
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Numerical Results Particle Number Density n(t)
Summary & Outlook

Field Strength Dependence of nym(t)

@ Sizeable number density
Npm(00) for Eg 2 0.4E Eo = 0.5E4

o RatIO nnm(oo)/nnm(tmax) Tm(® ()
of Eg

15x10'

@ The peak of the number

density Npm(tmax) is shifted to L'
later times for Eg 2 0.9E

om(o0)Mm 3] | 4.5 10° |
Nam(00) /Nnm(tmax) i
tmax[lO_ZOS] 0.055
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Numerical Results Particle Number Density n(t)
Summary & Outlook

Field Strength Dependence of nym(t)

@ Sizeable number density

@ Ratio Npm(00)/Nnm(tmax) e
of Eg 7
@ The peak of the number 20’}

density Npm(tmax) is shifted to
later times for Eq = 0.9E

15x10'

Nam(00)[NM—3] 1.9 -10°
Nnm(00) /Nam(tmax)
tmax[10~209] 0.035 ] . _ 10
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Field Strength Dependence of nym(t)

@ Sizeable number density

@ Ratio npm(00)/Nom(tmax) .
of Eg
35x10'F
@ The peak of the number By
density Npm(tmax) is shiftedto =%
later times for Eg 2 0.9E 2y
15x10'F
Nam(o0)[nm=3] | 5.6 - 10°
Nnm(00) /Nam (tmax) sxt’p
tmax[lo_zos] 0.050 L ‘ _ = 10’y
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Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Field Strength Dependence of nym(t)

@ Sizeable number density

@ Ratio nnm(OO)/nnm(tmaX)
of Eo

@ The peak of the number
density Npm(tmax) is shifted to
later times for Eq = 0.9E

Nam(o0)[nm~3] | 1.3 107
nnm(OO)/nnm(tmax)
tmax[lo_zos] 0.080
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Quantum Kinetic Equation of Transport

Field Strength Dependence of nym(t)

Introduction & Motivation

Numerical Results
Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ Sizeable number density

Npm(o0) for Eg 2

0.4E

@ Ratio nnm(OO)/nnm(tmaX)

@ The peak of the

of Eq

number

density Npm(tmax) is shifted to
later times for Eq = 0.9E

Nam(o0)[nm=3] | 2.7 - 107
nnm(OO)/nnm(tmax)
tmax[10~209] 0.225
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Single Particle Distribution Function f (k, t)

Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Field Strength Dependence of nym(t)

@ Sizeable number density
nnm(oo) fOI’ EO Z 0.4Ecr EO = ECI’
@ Ratio npm(00)/Nom(tmax) —
of EO 11’ M
A
/ \

8x10'f
[\

@ The peak of the number

density Npm(tmax) is shifted to
i

later times for Eq = 0.9E
axw'f | \
™
T gl 75 /A¥¥
25 N 25 5 1™

nnm(OO)/nnm(tmax)
tmax[lo_zos] 0.230
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Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Field Strength Dependence of nym(t)

@ Sizeable number density

@ Ratio Npm(00)/Npm(tmax) o
of EO 12x10°F M
10’} //
@ The peak of the number /
density Nym(tmax) is shifted to vt
later times for Eq = 0.9E ot
axi’ /
Nam(c0)[nm=3] | 1.1- 107 /
2x10°F
Nam(00) /Nom(tmax ) S
tmax[lo_zos] 0.830 25 0 25 5 0
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Summary & Outlook

Low-Density / Markovian approximation of npny(t)

Solve Markovian equation for the production rate:

(K1) =[1 — 2fm(K, )] %/% ot efé%

X COS <2 dr wp(r)>

t/
Solve low-density equation for the production rate:

: _eE(t)GJ_ t ,eE(t’)eL
fld(k’t)_m/to dt W

t

X COS (2 dr wp(r)>

t/
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations s_hqw the Eq = 0.1E4
correct characteristics
@ Approximations describe "o )
for Eo 5 0.9E. well 600000
500000
@ Approximations overestimate ol
300000
2000001
[-d | Markov | .
n(tmax)/nnm(tmax) I L (107
n(oco)/Npm(oc) | 1.000 | 1.000 % ’ % ]
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d Markov

N(tmax)/Nom(tmex)

Eo — 0.2Ecr

m(® ]

25x10°F
2x10°F
15x10°

1x10°F

1.053 | 1.053

N(o0)/Nam(o0)
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the

i Eo =0.3E
correct characteristics 0 a
@ Approximations describe G"HMO‘;Jf"m*‘
for Eg < 0.9E¢ well ’
5x10°F
@ Approximations overestimate s
nnm(OO) fOI’ EO Z 0.3Ecr axifh
2x10°F
I-d | Markov | | 4
N(tmax)/Nom(tmex) ‘ s
n(oco)/Npm(o0) | 1.201 | 1.201 = 0 % 5
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Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d Markov

N(tmax)/Nom(tmex)

Eo — 0.4Ecr

Mm(® ()

1x10'F
8x10°F
6.x10°
4x10°F

2x10°F

1.228 | 1.228

N(o0)/Nam(o0)

Florian Hebenstreit

L 5 t[10™g)

Electron-Positron Pair Creation in Impulse-Shaped Electric Fields



Introduction & Motivation

Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d Markov

N(tmax)/Nom(tmex)

Eo — 0.5Ecr

m(® ]

15x10' F

1x10'f

5x10°F

n(00)/Nam(c0) | 1.247 | 1.246
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Introduction & Motivation
Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Low-Density / Markovian approximation of npny(t)

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ Approximations show the

correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d

Markov

n(tmax)/nnm(tmax)

N(o0)/Nnm(o0)

1.263

1.260

Florian Hebenstreit

Eo = 0.6Ecr
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Low-Density / Markovian approximation of npny(t)

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ Approximations show the

correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d

Markov

n(tmax)/nnm(tmax)

n(co)/Npm(o0) | 1.277

1.269

Florian Hebenstreit

Eo — 0.7Ecr

m® [
4x0't

ax10'f

2x10'F

1x10'f
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Low-Density / Markovian approximation of npny(t)

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ Approximations show the

correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d

Markov

n(tmax)/nnm(tmax)

N(o0)/Nnm(o0)

1.289

1.276
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d Markov

=]

(tmax)/nnm(tmax)

n(oco)/Nam(c0) | 1.300 | 1.279
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610’
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics

@ Approximations describe
for Eg < 0.9E well

@ Approximations overestimate

I-d Markov

n(tmax)/nnm(tmax)

1.280

n(oco)/Nam(c0) | 1.310
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E0 = Ecr
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Single Particle Distribution Function f (k, t)

Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Low-Density / Markovian approximation of npny(t)

@ Approximations show the
correct characteristics Eo = 2Eq
@ Approximations describe -
for Eg < 0.9E well
0~ @ 15x10° //;
[/
@ Approximations overestimate /
Lx10°'f ’H
/
,/f

5x10°F /’
[-d | Markov J’
: 2.‘5 \;) ‘“07205]

n(tmax)/nnm(tmax)
n(co)/Npm(c0) | 1.377 | 1.225
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Numerical Results Particle Number Density n(t)
Summary & Outlook

Backreaction Mechanism

Solve full non-Markovian equation for the production rate:

foack (K, 1) :%/to o’ % 1 2ok, )]

X COS (2 th wp(r)>

tl

Include the backreaction mechanism in the calculation:

Eint) = _46/ (gjrlgs [p”(t)fback(kﬂ) + wp(t)fback(k,t) - %]

(D) eE () 0
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Numerical Results Particle Number Density n(t)
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Backreaction Mechanism - Internal Electric Field

® ForEp SO03Eq:t~0 Eo = 0.1E
@ Virtual particle creation for Z
E >2-100ev? N
| 5 l ”‘"\ ' WWM
e %'MW w H\
800000 v
Eit(5-10720s) [ev?] | 1.2-10°] ™
[Ein(5-10"%%s)[ /E¢ [ 1.3-10°° s
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Backreaction Mechanism - Internal Electric Field

® ForEg < 0.3Eq:t~0 Eo = 0.2Eq
° for E0[&V)
E >2.100ev?
4x10°F ‘\
i
‘,',am‘ I
3x1°F | \
M 1}, N l"“’ ‘N‘w
. \‘“‘HU‘“\ A ‘I\ ﬂhw %\ M“w
2x10° \\\ \‘ ‘“.’%N MJ’\"WWFI’ , ﬁ‘\f
el
E(5 10°25) [8V7] ol e
|Eint(5 . 10_20 S)| /ECI' 24 - 10_6 -25 o 25 é oy
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Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Backreaction Mechanism - Internal Electric Field

) for
E>2- 1010 gv2

Eint(5-1020s) [eV?]

[Ein(5-10 P ¢)[ /E; | 2.8-10°°

Florian Hebenstreit
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Backreaction Mechanism - Internal Electric Field

® ForEg > 03Eq:t =5-102s Eo = 0.4E4

) for
E>2- 1010 gv2

Ep e/
2x10'F
15x10'F

1x10'f

5x10°

Eint(5-1020s) [eV?]

[Ein(5-10 P ¢)[ /Es | 26107
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Quantum Kinetic Equation of Transport
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Summary & Outlook

Backreaction Mechanism - Internal Electric Field

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

@ FOrEg > 0.3Eg: t =5-102s
o for
E >2.100¢v?2
Eint(5 - 10-20s) [eV?]
[Ein(5-10 P ¢)[ /E | 1.8-107

Florian Hebenstreit

E 0 — 0 . 5 Ecr
Ep e/
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Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Backreaction Mechanism - Internal Electric Field

® ForEg > 0.3Eg: t =5-10"20s

o for
E >2.1010ev?

Eint(5-10720s) [eV?]

[Eint(5-10"95)[ /E¢ | 7510

Eo — 0.6Ecr

Bt V7]
6x10°F
5x10°F
axid /
axi’f
2x10°}

1x10°F

Florian Hebenstreit
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Backreaction Mechanism - Internal Electric Field

® ForEg > 0.3Eg: t =5-10"20s

Eo = 0.7Eq
° for
E 2 2- 1010 eV2 it 7]
510t y //
Eine(5-10-9s) [eV?]
[Ein(5-1029)[ /Ey | 22103 | -

£[10°™
5 (1079
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Backreaction Mechanism - Internal Electric Field

® ForEg > 0.3Eg: t =5-10"20s

Eo = 0.8Eq
° for
E Z 2- 1010 eV2 “Ejpy® V7]
2x10°F ) ///
Eint(S .10~ S) [eVZ] Lo’ ) S
[Eim(5-10"%5)[ /Eer | 5.2-10°° | >
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Backreaction Mechanism - Internal Electric Field

t_E.10-20
® ForEg 2 0.3Eq: t =5-10"%"s Eo = 0.9E
P for

E >2.100eV? e

4x0’f //

Eint(5 - 10~%s) [eV?] 2|

[Eim(5-10"99)[ /E¢ | 0.011

. t1o™y
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Backreaction Mechanism - Internal Electric Field

® FOrEg > 03E,:t=5-10"s

E0 = Eq
° for
E>2. 1010 V2 167
15x20°F
@ Backreaction mechanism
becomes imporant just for for
field strenghts Eg > Eq v ' Y
510’ //
Eint(5 .10-20 S) [eVZ] ) ///
[Em(5-10Ps)[ /E4 | 0.019 y -
-25 0 25

: 1107
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Backreaction Mechanism - Internal Electric Field

® FOrEg > 03E,:t=5-10"s

Eo = 2E«
o for
E>2. 1010 gy2 gl
35x10" |
@ Backreaction mechanism axat
becomes imporant just for for 25wt
field strenghts Eg = E¢ ot
15x20" |
1x10"f
Eint(5-10720s) [eV?] L
[Eim(5-10"°s)[ /E4 | 0.415 | | | i
25 0 25 5 0
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@ For Eg < E¢: Backreaction
mechanism is marginal

EO = Ecr
n(t) [nm]
1x10°

6x10’

210
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Introduction & Motivation

Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Backreaction Mechanism - Number Density Npak(t)

@ For Eg < Eg: Backreaction
mechanism is marginal

@ Particle creation — asymptotic
particles?!

Florian Hebenstreit

Mon(t) = Pe(1) [nTY]

1x10°

6x10°
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Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Backreaction Mechanism - Number Density Npak(t)

@ For Eg 2 Eg: Backreaction
mechanism is important

@ Particle creation — asymptotic
particles?!

Florian Hebenstreit

n(t) [nm?]

1x10°

6x10°

x10°

EO — 2Ecr

25

(107

0 25 5

Electron-Positron Pair Creation in Impulse-Shaped Electric Fields



Single Particle Distribution Function f (k, t)

Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Backreaction Mechanism - Number Density Npak(t)
Eo = 2E«

@ For Eg 2 Eg: Backreaction

mechanism is important
nnm(t) - nback(t) [nmﬁ]

@ Particle creation — asymptotic | L
particles?! 6x10’ / -,
410" .
10’ /
I
L /‘/‘ . . -20
25 0 25 50
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Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Backreaction Mechanism - Number Density Npak(t)

@ For Eg 2 Eg: Backreaction
mechanism is important

@ Particle creation — asymptotic
particles?!

@ Long-term evolution of the
single particle distribution
function?!

Florian Hebenstreit
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Pulse Length Dependence of npm(t)

Solve full non-Markovian equation for the production rate:

. _e E(t)eL t ’ eE(t,)EL ’
fm(k. 1) _W/to e R

X COS (2 th wp(7)>

tl

Ignore the backreaction mechanism!
Choose longer pulse lengths:

tpuise2 = 2 107 ¥s= 2tpuise,1
thuses = 4 - 107 ¥s= Mpuise,1
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Pulse Length Dependence of npm(t)

® Eg = 0.1E: Npy(t) nearly
identical for all pulse lengths Eo = 0.1E«

Mom(tage) (0]

600000

2 4

n(tmax)/nnm (tmax) 100000

n(oo)/nnm(oo) 1051 1037 L ; oyee

-25 0 25
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Quantum Kinetic Equation of Transport

Numerical Results
Summary & Outlook

Single Particle Distribution Function f (k, t)
Particle Number Density n(t)

Pulse Length Dependence of npm(t)

® Eg = 0.1E: Npy(t) nearly
identical for all pulse lengths

@ Ey = 0.4E: More oscillations

2

4

N(tmax)/Nom(tmex)

N(o0)/Nnm(o0)

1.724

3.316

Florian Hebenstreit

Eo — 0.4Ecr
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Pulse Length Dependence of npm(t)

® Eg = 0.1E: Npy(t) nearly
identical for all pulse lengths

EO - 0.7Ecr
® Eg = 0.4E: More oscillations =
@ Eg > 0.7E4: Npym(t) increases ]fll“mh"'
! i
&WC{H !
axw0'f o
HOL\‘
20 R!
2 4 1x10'f E
N(tmax) /N (tmax)
n(o0)/Nnm(c0) | 1.922 | 3.806 e L
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Single Particle Distribution Function f (k, t)

Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Pulse Length Dependence of npm(t)

® Eg = 0.1E: Npy(t) nearly
identical for all pulse lengths

Mom(tage) (0]

@ Ey = 0.4E: More oscillations

2x10°F

15x10°
i,
/’ /
/
1x10°F "R«
[/
Jif
/
1
J

@ Eg > 0.7E4: Npym(t) increases

2 4 5x10'f
N (tmax) /Nnm(tmax)
n(oco)/Npm(o0) | 1.964 | 3.910 T o 2 7 o
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Single Particle Distribution Function f (k, t)

Introduction & Motivation
Particle Number Density n(t)

Quantum Kinetic Equation of Transport
Numerical Results
Summary & Outlook

Pulse Length Dependence of npm(t)

® Eg = 0.1E: Npy(t) nearly
identical for all pulse lengths Eo = 2E«

[+ ] Eo = O4Ecr More OSCIllatIOnS (Utpg) (]
Mm({tpu) (M

4x10°F
/

@ Eg > 0.7E4: Npym(t) increases

@ Ey = 2E: Proportionality i
2x10°F /
[/

Nnm,j(00) =~ - Nnm(o0)

2 4 110
N (tmax) /Nnm(tmax) )
n(oco)/Npm(o0) | 1.991 | 3.976 % 0 2 5 e
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Q Introduction & Motivation
@ Electron-Paositron Pair Creation in Electric Fields
@ Particle-Transport in Electric Fields

9 Quantum Kinetic Equation of Transport
@ Quantum Vlasov Equation with Source Term
@ Backreaction Mechanism

e Numerical Results
@ Single Particle Distribution Function f(k,t)
@ Particle Number Density n(t)

@ Summary & Outlook

«4O0>r < Fr «=Z)r «=)» = o>




Particle creation is peaked around p; = 0 and occurs for
perpendicular momenta k; < 1MeV

Sizeable Nnm(o0) are
only obtained for field strengths of the order Eq = 0.4E

The overestimate
Nnm(o0) by more than 20% for field strenghts Ey = 0.3E,

The becomes important for field
strengths Eq 2 Eq

«4O0>r < Fr «=Z)r «=)» = o>




@ Particle creation is peaked around p; = 0 and occurs for
perpendicular momenta k; < 1MeV

@ Sizeable asymptotic particle number densities nym(co) are
only obtained for field strengths of the order Eq = 0.4E

«0O0>» «F)>» «=)r» «=)»




Introduction & Motivation

Quantum Kinetic Equation of Transport
Numerical Results

Summary & Outlook

Summary

@ Particle creation is peaked around p; = 0 and occurs for
perpendicular momenta k; < 1MeV

@ Sizeable asymptotic particle number densities nym(oc) are
only obtained for field strengths of the order Eq = 0.4E

@ The low-density / Markovian approximation overestimate
Nnm(oc) by more than 20% for field strenghts Eg 2 0.3Eq
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Summary

@ Particle creation is peaked around p; = 0 and occurs for
perpendicular momenta k; < 1MeV

@ Sizeable asymptotic particle number densities nym(oc) are
only obtained for field strengths of the order Eq = 0.4E

@ The low-density / Markovian approximation overestimate
Nnm(oc) by more than 20% for field strenghts Eg 2 0.3Eq

@ The backreaction mechanism becomes important for field
strengths Eg 2 Eq
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@ Long term evolution for strong electric fields Eq 2 E¢
including the backreaction mechanism

@ Including collisional effects by means of a relaxation time
approximation

@ Extending the pulse length to the order tyse ~ 10~ °s

o




@ Long term evolution for strong electric fields Eq 2 E¢
including the backreaction mechanism

@ Including collisional effects by means of a relaxation time
approximation
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Quantum Kinetic Equation of Transport
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Summary & Outlook

Outlook

@ Long term evolution for strong electric fields Eq 2 E¢
including the backreaction mechanism

@ Including collisional effects by means of a relaxation time
approximation

@ Extending the pulse length to the order tpyse ~ 10~1°s
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Introduction & Motivation

Quantum Kinetic Equation of Transport
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Summary & Outlook

Outlook

@ Long term evolution for strong electric fields Eq 2 E¢
including the backreaction mechanism

@ Including collisional effects by means of a relaxation time
approximation

@ Extending the pulse length to the order tpyse ~ 10~1°s

@ Derivation of a quantum kinetic equation for spatially
inhomogeneous electric fields E(x,t)
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