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Particle Production in Strong, Time-dependent Fields
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Preequilibrium Hadronisation

Generic Kinetic equation with scalar (mass) and color meanfields, Schwinger source
terms and collision integrals for hadronization and rescattering
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( A ) quark-antiquark pair creation in time-dependent color electric background field
( B ) quantum kinetics of pre-hadron inelastic rescattering in the dense quark plasma
( C ) chemical freeze-out by Mott-Anderson localization of bound states
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Particle Production in Strong, Time-dependent Fields

David Blaschke (University of Wroclaw, Poland & JINR Dubna, Russia)

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
4. “Pump&Probe” the vacuum: Bifrequent fields
5. Schwinger effect & Hawking-Unruh radiation in heavy-ion collisions @‘;ﬂ%‘“ " W0z,
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PAIR CREATION IN STRONG ELECTROMAGNETIC FIELDS

e Magnetars: B~ 10°G —
Problem: unclear conditions!

e Ultra-Peripheral Heavy lon Call.
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Problem: extremely short ~ 10-%° s

ARTIST VIEW OF A MAGNETAR (NASA)

eELI: Optical -+ X-Ray @ 1 EW:

Iy ~ 108 W/em? — Ipgyp ~ 10% W/cm?

+ Long lifetime:
T 1720 10 M85 107%s

+ Condition for pair creation:
E* — B2 40, (crossed lasers)



FRONTIERS OF LASER INTENSITIES
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ELI - THE EXTREME LIGHT INFRASTRUCTURE

¢ ELI-Beamlines Facility (Czech Republic)
o ELI-Attosecond Facility (Hungary)
¢ ELI-Nuclear Physics Facility (Romania)

e ELI-Ultra High Field Facitity (location to
be fixed)
Power = 200 PW (100.000 times power
of world electric grid)

particle physics, nuclear physics, grav-
itational physics, nonlinear field theory,
ultrahigh-pressure physics, astrophysics
and cosmology (generating intensities
exceeding 102W/cm?). It will offer a new
paradigm in High Energy Physics.




HAWKING-UNRUH RADIATION AT LASERS
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FIG. 7: The schematics of the experimental setup for Unruh radiation detection.
Note than the radiation is emitted in a very particular direction as well as
frequency, thus being detectable even if the background “noise” is high.

“Signatures of the Unruh Effect from Electrons Accelerated by

R. Schutzhold, G. Schaller, D. Habs,
Ultrastrong Laser Fields”

Phys. Rev. Lett. 97 (2006) 121302




SCHWINGER EFFECT: PAIR CREATION IN STRONG FIELDS

Boom! From Light Comes Matter




SCHWINGER EFFECT: PAIR CREATION IN STRONG FIELDS

Pair creation as barrier penetration

in a strong constant field e To “materialize” a virtual ete~ pairin a

constant electric field F the separation d must be
sufficiently large

xkE eFd = 2mc’

positive levels

positive levels

e Probability for separation 4 as quantum
fluctuation

P d Ime 2E it

e Emission sufficient for observation when E ~

B
2
Schwinger result (rate for pair production) B = Lj ~ 1.3 x 10"V /m
e

2¢e;

dN __ (eE)* i 1 (_mEcm) o For time-dependent fields: Kinetic Equation

Prdt ~ 4n® L2 Y E approach from Quantum Field Theory

=

J. Schwinger: “On Gauge Invariance and Vacuum Polarization™, Phys. Rev. 82 (1951) 664



Schwinger effect in WKB approximation

tE ' E Relativistic dispersion = f‘\/”e‘zt‘l +p°
positive levels positive levels In an external field
+mg 2 Vo 222, 2,
i - \ X (e—leE,x)" =¢ (m c”+p r’.u]
cnergy gap 3 \ Probability for tunneling (Gamov)
o 6\ 2
= TN e
Q% Imc/leEl § “"“’EKP{ nl )y, dxp (d)}
2% \ ekx Turning points in p(x) for given E:
negative levels . negative levels v, = (E_Hml ) /(eE,). x, = (54—:;.!(‘1 ) /(eE, )
1231 23
Probability for tunneling process W~ exp _qﬂLJ.d_gﬂ'll_sz = expl— 2 €
(without prefactor) |€|H.E 0% enE D|
_ , FE?'}Eé [mnlf | c*c?'}Eé E,
Schwinger formula (basic mode, n=0) W =-———exp (=3 eXpy— T
An h” \I ehEy, | 4w'h° L

E =m’¢c ﬁ|€| ... critical field strength (=1.3 1018 V/m)

C



KINETIC FORMULATION OF PAIR PRODUCTION

Kinetic equation for the single particle distribution function f(P.t) =< t]|a},{t}ap(t]|ﬂ >
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Schmidt, Blaschke, Ropke, et al:

Non-Markovian effects in strong-field pair creation

Phys. Rev. D 59 (1999) 094005

df+(P,t) 8f:(P,t) 0f:(P,t)
a o %

:%Wi(t] f_ dEWa(t)[1 £ 2f2(P, V)] coslz(t, )]

o

Kinematic momentum P = (py, pa. p3 — eA(t)),

 eB(t)e,
owt)

where w(t) = \/E‘j!_ + PP(t), with e, = /m? + ]

W_(t)

and z(t',t) = 2[B(t) — B(t')].
: O(t) = f | dt'w(t')

Constant field: Schwinger limit reproduced

(T — 00) = exp (_f:)



Kinetic Approach — sketch of the derivation

@ Classical external time-dependant vector potential A*
o A* = (0,0,0,A(1))

I}

spatially-uniform electric field

E(t) = (0,0, E(1))
E(t) = —ZA(1)

Ansatz! for fermionic wavefunction

W (x) = [f'rﬂﬁo + 9% pi — ev3A(t) + m|xF)(q, t) R, e

Herein R, (r = 1,2) is an eigenvector of the matrix %>

0 1
1 0

R]_ — 0 : RE — _1 s R;I- Rs — EET"rs
—1 0

o If we put ﬁﬁflf] to Dirac (iv#d, — ey* Ay — m)i(x) = 0 we get
:if(ﬂ{q._ t) + [Ez[q, t) + fe.i'l(t]]x[i][q, t)=0 e%(a.t) = m* + (q + eA(t))’

e At fy = t — oo vector potential A(t) —+ 0 so

X (p, 1) ~ exp (£ izo(p) 1) , co(a,t) = vm?2 + q2



Canonical quantization :

@ Field operator :

w(x) = Z [qu }{x] bgr + '*:{’{+](x] d_—l_qr]

r.q

e electron operators at tp : by, b;l'}r,

- i +
@ positron operators @ dgr. dq, »

@ anti-commutator

{bﬂrrb:;ﬂ} = {dqr,d;;ﬂ — O 0gq

@ Operators describe annihilation /creation in the in-state |0;,)

Time-dependent Bogoliubov transformation

@ [ransformation

bqr(t) aq(t) bar(to) + Bq(t) dZg (t0)

dqu:f} = C'f—q{t] dﬂf(m] - -"S—fIl:f:|I b—qr[

@ with the condition

laa(£)]* + |Ba(1)]* =



Kinetic approach - sketch of derivation

@ [ime-dependent Bogoliubov transformation

{qu[t}! B;;H(t}} — {qul:t}, D{-‘tﬂ[f}} — ‘Err" 'ﬁqq"
@ Heisenberg-type equations of motion

M — EE(t}E_ Dt [f} + i [H(t} qu(t}] 2

-
qrf o eci\t)s, 0 .
Tae (g o0 F IO Bl

@ New Hamiltonian
H[I} — Z E[qr t}[B;;-[f}qu’(t} o D—qr[t} D:qr(t}:l
r.q
o Kinetic equation

dﬁ' , eE £
Gt =~ ez RelOID-w (0800

Kinetic equation (without back reaction)

dfi(a,t)  eE(t)e. | o eE()e

gt = 22(a 1) 2(q.7) [1—2f(q.t")] cos[26(q, t', t)]
1y

£3(q,t) = m* + P(t) = m* + (q + eA(t))?




Non-Markovian kinetic equation

&(qg.t)—source term
—_

D _ Zri(ao) f e

Mon-Markovian factor

A(a.t) = eE(t)e1 /% (q. 1) A+ (p. t) = eE(t)p/e°(q. 1)
£) = \/m‘? + qf_

H(f,tr}:2fl dt(q.7)

KE is equivalent to a system of ordinary differential equations

F:%:«u, o= A(1%2f)—2ev, v = 2cu,




Markovian and Low-Density Limits for the Dynamical

Schwinger Process in Strong External Fields

0.6

0.4 L -
E .-I e —
- '~ -——- Markovian limit &
0.2 | ----- |ow density limit %

| —— non-Markovian ~

L

f.(t)

PHYSICAL REVIEW D, VOLUME 59, 094005

Markovian limit :
d f¥(7)

T —LE2fE(n)]S(n)=5E().

Low-density limit :

fo(r)= J‘der’S?_._{T'}_

1 (e -
Am=5| argie) |7 argie

1 e - T’
+ Ej dr'g>(7') | d7gi(m).
cos[260(71)]

12 _
gifﬂ—wi{r}{ n20(n] |

o)

:%[ f;dﬂ,rglt{fr]]ii( f;m'gi{r’})z_




Understanding the Dynamical Schwinger Process: E2- rule

Low-density limit, p=0, low external field eA(t) << m:
W_(t) =e E(t) e,/ &2(p,t) — e E(t) / m

G)(t)=/_ dr=(p,7) > mt

(t)/ m] cos(2mt)

cos[20(7)]| L g ()=[eE
t)y=[e E(f)/ m] sin(2mt)

g'_
sin[20(7)] | — 9°_(t)

g2 r}=wi<r:+{

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

f 21 V2

R [ arstan) 3 [T areien

= Y [e E(t)/(2 m?)]?[sin2(2mt) + cos?(2mt)] |

This rule holds when interference effects due to the
dynamical phase can be neglected.

f_(t) — 1/16 [e E(t)]* / m* It is obviously violated at large times when the limit of the
Schwinger formula is approached asymptotically

While the external field vanishes E(t) — O




Examples (quasi-particle and mass-shell stage)

ith E,/E =0.2

@ Sauter pulse
E(t) = Eycosh™%(t/T)

e [ =0.02nm

o p =p =0

@ [fin, tout] - transient
region between quasi-

) particle and mass-shell

o ) . . . A stage

Dynamical Schwinger effect: Properties of the e¥e™ plasma created from vacuum in

strong laser fields
Blaschke, Juchnowski , Panferov et al. arXiv:1412.6372



Examples (quasi-particle and mass-shell stage)

E(t) = Eg t:nsh_z[th], I=827,, p,=p =0

£it)

£it}
1.3

E/E=15

E/E =110
R

’_‘\L E,/E=0.5

t/7c t/Tc
Dynamical Schwinger effect: Properties of the et e~ plasma created from vacuum in

strong laser fields
Blaschke, Juchnowski , Panferov et al. arXiv:1412.6372



Examples (quasi-particle and mass-shell stage)

E[t}:Eucns[mt+¢}e_tzﬁTE? ¢$=0, o=wr=05 pr=p =0

f

Eﬂ — [LEEE

the region "b" corresponds to
the transient process

t/T

11 i JL] o

t/7T¢
Dynamical Schwinger effect: Properties of the ete™ plasma created from vacuum in

strong laser fields
Blaschke, Juchnowski , Panferov et al. arxiv:1412.6372



Mass-shell stage : frs(pL, py) = f(pL, Py, t —+ )
E(t) = Egcos (wt + @) E_IEJQTE, ¢=0, A,=01nm

fl"u"‘;(p-l-"}i:. 1.5 o ) \ fl'll:-[:l‘.:"_._'t::l:: I... g

oo .

£ 10108 _-_i.
8. 1010 R
4. 10 '"| s |
2 <110} EJE. = 0.15
||u|| B L - 0 = wt = &%
- (EN L]
Short pulse Long pulse

Dynamical Schwinger effect: Properties of the e” e~ plasma created from vacuum in
strong faser fields

Blaschke, Juchnowski , Panferov et al. arXiv:1412.6372



Gaussian envelope harmonic pulse vs. E? rule

10" ——T— ' ' — T T T ]
0.0027 cos (t/8.25) exp(-t /1700)

y .
10 -
=
I over -
108 REPP -
=
I
= 1

107 s
m-lﬁE T R R R D B R 0 PR
-150 -100 -50 0 50 100 150 200 250

t[1/m]

Eo = 0.2E., o0 = 5.0 and wavelength 0.2 nm _
S.A. Smolyansky et al., arxiv:1607.08775



Gaussian envelope harmonic pulse vs. E? rule

]D_E — | | | | | | | | | | | | | | —
]D—’t‘_ ]
_10°F =
. E =
= oF =
_10°f =
S . 0f _§
T =
- -
w0 EY : : =
L | —-— 0.0027cos (t/41.1) exp(-t /41900) . |
16 RN

10 [0 ] | | | | | | | | | L

=900 -600 -300 () 300 600 Q00
t[1/m]

Eo = 0.2Ec, ¢ = 5.0 and wavelength 0.1 nm S.A. Smolyansky et al., arxiv:1607.08775



Landscape
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@ Change of variables
(w,E) = (7. E)
@ Adiabaticity parameter

- Eew  EcAc
"= Em Ex
@ Red line v = 1 separates
two regimes
o Tunneling limit v < 1
@ Multiphoton limit v > 1

D. B. Blaschke, B. Kampfer, et al. , Phys. Rev. D 88 045017 (2013)



Landscape

i & t &
positive levels positive levels
§— +mc? @ Change of variables
.8 X
cnergy gap 5 [{.L.-', E} — {"’]".. E}
e o — " v w
({j — < @ Adiabaticity parameter
??j T ebEx
negative levels v negative levels y = EE L/ L EE -J"-E
I E | E Em E A
£ >mc? J e >mc? @ Red line v = 1 separates
(S)T 7 two regimes
~~ o Tunneling limit v < 1
€ <—mc? £ <—mc? Q Mljltiphﬂltﬂﬂ ||m|t Y == 1

D. B. Blaschke, B. Kampfer, et al. , Phys. Rev. D 88 045017 (2013)
D. Blaschke, N.T. Gevorgyan, A.D. Panferov, S.A. Smolyansky, JPCS 672, 012020 (2016)



APPLICATION TO SUBCRITICAL LASER FIELDS

4107

Setup of the Jena Laser Exp. (2005)

i law1o™

Equilibrium-like momentum distribution at 5.5, o al., Opt. Commun. 267, 318 (2006)
the time of maximal field amplitude t = T'/4.



APPLICATION TO JENA MULTI-TW LASER

Laser pulse \

Ix g
Off-axis Off-axis
parabolic parabalic

Colliding laser pulses of a Ti:sapphire laser
with E,, /Eqie = 3- 10 and w/m = 2.84 . 10-°

B. Liesfeld et al:

“Single-shot autocorrelation at relativistic intensity’

W:.Iﬁ W

Zipm

Laser diagnostic by nonlinear Thomson scat-
tering off e~ in a He-gas jet

Pulse intensity: I = 10'® W/cm?, duration:
71, ~ 80fs, wavelength: A = 795 nm, cross-
size: zy = 9um

", Jena Preprint (2004)



PERSPECTIVES FOR eTe™ PAIRS @ OPTICAL LASERS (I)

Observable: photon pair (e*+e-—2 «)

Laser pulse
Beamsplitter
\ E+ P, s Y

Ofi-axis dus
i _ o d
:ﬂi:::ﬂm dVdt /fjpﬂjpiﬂ{l}h pﬂjfl:pl'ltjf[pﬂat}

x \/["1 —Vg)? — |vy X Vo?,

cross-section o of two-photon annihilation

(b1,p2) = e[ + 7~ 1/2
; o(p1,P2) = 2m27r2(T — 1) T )
Gamma % In VT VT -1 —(T+1)y/7(T = 1)
detectors VT — VT —1
# (coincidence)
t-channel kinematic invariant
2
Project: G. Gregori et al. (2008) T = (1 tp) 1 (£ +EE)2 —(p1 + pE]E]

.. Aar 2 o 2
at RAL Astra-Gemini Laser 4m dm



KINETICS OF THE E+E_’}f PLASMA IN A STRONG LASER FIELD

The photon correlation function is defined as
Fro(k, K1) = (AF (K, 1) AZ (K, 1)) 5 Au(k.t) = AP (k1) + A (<K, £).

Lowest truncation of BBGKY hierarchy — photon KE for zero initial condition

2
F(k.t) = —Z{E

ETTF'IE /dgpfﬂ ||:'i’l-'t!"ﬁ:'[l::":- P— k]t._.f:;]l[]_ + F{k* t:j]

[
[f(p,t") + f(p — k,t') — 1] cos{ f dr(w(p,7) +w(p —k,7) — K},
Ef
Markovian approximation; averaging the kernel: K(p,p — k;t,t') =+ Ky = =5
Subcritical field case: E <« E, ,leadto (§ = 2m — k, frequency mismatch)

sen(t)

252 ! n(t) = E/dEPf{P:ﬂf[[EWF

Photon distribution in the optical region & < m is characteristic for the flicker noise
F(k) ~1/k

F(k,t) =

D.B. Blaschke et al., Contr. Plasma Phys. 49, 602 (2009): Phys. Rev. D 84, 085028 (2012).



Two Laser Beams: XFEL & High Intensity Optical Laser (HIBEF)

,:/ Probe beam

Laser pulse
Beamsplitter ,.*f‘r- - o .
2R TERN Why is it interesting?

p - pump (HI optical laser) &
! _ Probe (XFEL) experiment
Off-axis exploring modification of

arabolic
;irm, QED vacuum structure

- refraction & birefringence

- “assisted” dynamical
/ ’ Schwinger effect

’ . !

7 /*"'/
Interference filter\\\

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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FIG. 3 (color online). Contour plots of the exponential 4"‘{“(;“ <« m,y,,y», N) for six given fields vy, E, in the adiabatic n 0
region (positions depicted by the bullets, which are the loci of field doubling) over the field-frequency (E,/E, vs v, /m) plane, ie. D >
actually 4 & (“{pL < m,vy, E\, s, E,). Despite the displayed smooth distribution, our results are strictly valid only for E, < E| and - &J
vy = (4n+ 1)y, n =0, 1,2.... [solid curves: using (6) for G, dotted curves: the approximation (9)]. The heavy grey dashed contour _g .
curves are constructed to go through the bullets. An amplification beyond the field doubling occurs in the colored [grey] rectangular O (g,
regions right to these curves. < &



The 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?
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Fluctuations of the string tension and transverse mass distribution
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Vol 35 [(2004) ACTA PHYSICA POLONICA B No 2

SCHWINGER TUNNELING AND THERMAL
CHARACTER OF HADRON SPECTRA

WoirciEcH FLORKOWSKI

dN=
(¢ 8 + g&i - F* ) G (x.9) = — -,
N dN F
T =P dir dp ~ '“(”m(_%))‘“w_m]“' -5

(s +oa
d!.rﬂﬂj_ fdd'rdh ﬂHﬂb[dfrr?‘r_f -li!'IR{’-"r,FJ.H (wFuwn)r = Wf!dTrTr RE"'JJ-"J-]“

0k

st L [eob (on( 7)) |
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Equilibration of anisotropic quark-gluon plasma produced by decays of color flux tubes
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Pliysics of Particles and Nucler, 2008, Vol. 39 No. 7, pp. 1116-1118.
Low Momentum 7t-Meson Production
from Evolvable Quark Condensatel
A. V. Filatov®, A. V. Prozorkevich®, S. A. Smolyansky?, and D. B. Blaschke®

Time-dependent mass at chiral transition
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Off-equilibrium photon production during the chiral phase transition

Time dependence of quark mass during chiral transition Es(t) = v p* + m*(t)
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Nonequilibrium photon production by chiral transition vs. Thermal one
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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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Quantum Kinetics of Particle
Production in Strong Fields

(A) (B) (C)

Befclalre Expansion Freeze-out
coll.
V : - o8
e R I e
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Preequilibrium Hadronisation

Generic kinetic equation with scalar (mass) and color meanfields, Schwinger source
terms and collision integrals for hadronization and rescattering

| 1 - sk U &
o + g9 maED

E x
= Si.chWillgE‘l' {qu fl'.?? fﬂ-, .- } + Ciﬂin {fqg qu fﬂ': i } — C_lr?bb {fQT fQ7 fﬂ'? " '}

Finx (@,1) - Vy + F@,1) - V| fx (7,71

( A ) quark-antiquark pair creation in time-dependent color electric background field
( B ) quantum kinetics of pre-hadron inelastic rescattering in the dense quark plasma
( C ) chemical freeze-out by Mott-Anderson localization of bound states
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Division: Theory of Elementary Particles
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
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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

< 200
< 180
— 160
140
120
100

80

60

40

20

0

_|||| | | ||||||| | |||||||| | " TTTTTI
B B do % E
- Lattice QCD E :
=~ {l-- Borsanyi et al_ g -
:_ Kaczmarek et al, Bazavov et al. O _:
- Thermal fits (central collisions) O .
— © Cleymans et al. [:] —
- O Andronic et al. E:J ]
:_ A Manninen, Becattini _:
- # STAR ]
- o ALICE (prelim., QM 2014) ]
_||||| 1 1 ||||||| 1 1 ||||||| 1 1 |||||i__
3
1 10 Hg(MeV) 10

1IN, FNidydp, ) (GeVie)

10 g
10"
100k

ALICE. Pb-Pb 0-20%, |5, =276 TeV @z (x4
K (xd
A Kalweit ®p (x4}
A [u)}
‘E"I:x‘i
* i1 (xd)
#d
Yo, #He
. L
.:. "."' . ™
. ' *
m_‘_*. ¢ . .
* . -
* L ]
E "'“"'"‘"‘"u,' e *
E ol
EE—
- PRy, N
| i i il I i |
0 1 2 3 4 3 g 7 2 9 10
Py (GeVic)

Yield dN/dy

':’:— W Data, ALICE; 0-10% (it particles only)

Pb-Pb \5,,=2.76 Tev
L
A,
AL
i -

R

F — Statistical madal fit (/N =174/ 9)
T=156.0 MaY,u = 0 (fixad), Ves230 fm’

w

T KK KK op P AT T o dHe HH

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



Particle Accelerators and Detectors

Equation of State — Phase Diagram

NewCompsStar
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“Exploring fundamental
physics with compact stars”
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Collaboration with NICA — MPD Collaboration at JINR Dubna
and COST Action MP1304 “NewCompStar”
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