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1. General introduction.

· Why strong-field physics interesting?

· When ?

· An example in heavy-ion phys
-> early-stage dynamics of HId .

2
. Schwinger effect.

· Overview

· Theory
- Setup



- Recap : "usual" canonical(2

&antization in QFT .

~ Bogoliubor-transformation
approach to the Schwinger effect

- Realtime dynamics
and

the backreaction problem .
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non-eg.

OFT
,

---)

For strong-field QE* : · App -

to hadon phys HIL
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#1 . General introduction .) L

#strong-field interesting

strong field
= So many partites

such that (1 .

Field : can be anything
· EM field- main focus

· Gravitational field
· Gluon field

Condensate ---

1



Strong vs . weak field ↳
-

Example :

propagation of a particle

-
- rongfieldweak field

Vacuum

gF/m=
1 g/m2 21 .

-

->
two dimful
parameters in the problem

small change FIG change
field - gE Il

LI

coupling perfunkative NON perturative
particle -> m . ↓ ↓d wall understood - less understood

one dimless .

=> sig"new" beyondanomalousparameter 2
.g-
magnetic pert . picture happen

no other moment -"new" regine for particleparam
energy physics

·e.phys
falle top intensity

In density)



Where can we find strong field?
-

Short answer · Impossible in the 20th
- century

· Now
,
the situation is

gradually changing
-> Timely
u

Epicalorder of magnitude : EM field .

daily life industry Science
mu

mu use
WR

Laser Welding Loud-mat . Guiness
LED light-

(THE Laser)
HEROCES

i veig zof

E #/, inVocatM
I-105/an 106 Wanz

z

eE-60-3et] (notel) a



- #
Mich weaken than the election mass Me

= Silket

Technology development-
> Availability of strong field
~Cobservability)-

EM field :

· Intense laser (e . g.,
ELI ,

SELF
,

... ) -> liket

I & CPA technique 2018 Nodel Prize Go beyond

I
& Collider exp . Leg , Ild) &me
CO (100 Get) electron beau) SLAd PESY-

·
Collider + laser12.g .,

FACET-I
,
E

,

...)

& Heavy-ion collisions (e. g. LHC , RHIb) - = we
SULAU

I · Magnetors (2 . g .,
EXPE

,
X-Calibus) - We



For other fields :

gluon
LS

1. Glasma in Hid -> Strong color field

& Blackhol -> strong gravitational field

I · ()retreating in the early Univers

-> strong inflator field

1
: Electrical breakdown -> strong

EM

& non-linear optics) field in
material



A bit more about the streg color I

field in Hid
-

Spacetime evolution of HId-
f- 100

,

1000 Str color fluxtabe = glasma .

R/ Bro-looker- -Tet ↓
C

⑦ -

S

=> e t
-
↑
QGP

.

= "Hermalized"
matter composed
of deconfined
&works and glors .

The property of glasma
-

· How appear
7 -> formation of

"color" capacitor
-: Incident high-energy ion

= dense "color" plate



· Glue saturation (color glass condensate). Lo
unique

scale !

CATrQ; saturation⑧
O

-> Energy
- -

quaredl more glaons saturation
Cor/Bjorken >)

g - gg g+ gg vs gg+ g
H= 39 -

(color)
W

·

S
have source - Colo EM fil

dirE =-]
diviB =

03)
non-Abelian feature
(2)

DIM= -Fr

~
E
,
Bm0(Q) 2

+ igtAp ,Fry
=> ma

.

=>

~ EXIB realized
-long



Open question W
-

How glasma decays into QGIT.

-> NO established understanding !

- Essentially ,
a backreation

pub -

initiated by string

color EM field
.

-> Today's lecture will

be about the of

formulation of this



&2 . Schwinger effect . ) L

Overview
-
-

A novel phenomenon
What is it ? due to

- ↓ strong eM field .

Strong E field -> Vacuum decays

against pair production.

~

Intuitivepictur
et = - eEch

E field .

Ener mas gap Im ->->
000000

position 00080 8 3 Dirac
8

E
- 000000

sec

Vacuum



If you remember KB treatment of 13

thunching/Gamow theory) If. GlendenningMatsmi

(1983).

& tunne o exp[ = (forbidden# din I
hand.

~ exp[-larea of the gaps]
~ exp[ -

#MX * ]
= exp[-#]

If you do a QFT calculation

) Sunwinger 1951)

NC expl-]
· Non-perturbative

&-
-> carmot be captured by part

. theory

· Needs strong field
of 1 m 2

-> cannot be realized by weak fields



A hyimportant ? 14.

· Physics of the vacuum .

~

-> the most fundamental process , Since

everything tappens on top of the vacuum

as a toy model)
· Important to understand some physical
process under extreme

conditions

e. g., Early-time dynamics

Hawking radiation . city
(P) reheating

in particular
.... harbleation

.

· Timely
-> Maybe testable in the rear future

with intense lawers (hopefully) ·



#yof the Solvinge effect. 15

Setup Will conside later-

- w ->
backreation

Lmat w/o + no backreat
· Scalan REE Imaxwell/

Il Il
-- per ↑

2 = 1DpK- mill ↓ * INF + Jest A↑
# -

Y
2source

: ext
.

Source

Cp-jetpe.

· Strong-field approximation . ( -Jer1)

Ap=<Ap + /Ap- <Ar)
.

2 -I Il

Ay ap
classical flat .

wherent field. quantum

macroscopic



Assume 46

Anlapl . An En
He

of , coherent state .

drop all correlations
e

.g. <ApArY = ApEr .

Than
,

Uptiey & Maxwell
,
I source

- do not

= 1. (Futieu)t12- m couple to a

directly

= IpR-m1912)-> 2
.

+ 9-iead+

Typ + 19 .c))I+ a 10
->

Lint
.

- Lo
.



#

· Remark : You can include fint petrulatively
by using a dressed propagator set by to

-> Furry-picture penfulation theory .

of called differently in other areas.

DBWA in nuclear phys.

dressed-state formalism in opties .

Eloquettheory in cond. mat

( for periodic driving)
-> Give "new" physical processes
due to the dressing .

Examples.
wh

Compton . #on-lineacompton-
-

26 -> 24
e +n

strong field
-> e

E
has

Pattereal 35
2I

2

x +
-

----



Brait-Wheeler - Non-linea Bu #S--

- -> ete- - + no + etc-

y et·

-I f t ->-SX . e-
J

(
Ist oas .

)
.PHIL . 2020

I&ton splitting. · possible !

A Strivial

ImoFurrythe



effe C possible
-9

Energy consu

#acuum photon emission .I Qu Om
also important for

Furry thm. HHG Chigh-harmonic
Energy Consi

generation) .



Recap : "usual" canonical quantization in OFT L
-

Starting point : Field equation (klein-Gordon).

0 = [2=

+ m 2 74 ·

Nineexpansion
#G eg .

is spatially invariant

-> convenient to work in the Fourier space

& (i) =Sc[dp(ap +d)]]
where the mode function op satisfies

0 = [with] p

Cop

-> It is "natural" to take

↑p = # Xa- impt -



eit 12.

normalized
· p = 1

. Die,unitchargeed)tohe1 Love)

Note : The clients (a) > mode func. Op

· () (b)
2. Imposing canonical

commutation relation

~
[PIAT) , TV (Aid)] = iS'(TD-> )

& other commutations) =0

-> (a) must be promoted to be operatorsa



Tap
,
anI = Emp

, bat] = 8"lP+/

I (others) =0
↳2

inpretation
of ap and bup

(t)

alp : annihilation (creation) operator

of a particle with energy Cr /

momentum IP , chargete

It)
:same for an anti-particle

big

Why -> If we calculate relevant physical observables,

they take
such forms .

That is
,
if we define

Vacuum 10) as a state

St
.

aploy = bploT=0

& n-particle state 147 Cappan ... apt 10

(similar for anti-particle )

=> <8) - Orparticle X # of particle).



Let us
examine this more carefully [3

-> Consider a two-point function .

8 = a
+ T4

29 .
) r = T= -gim)

.

And calculate

o =
187 = (a

+
Tb) .

Four important points:

(i) · O is finite even for loc and
can be

ofdivergent because of
this vacuum contribution .

-> Need subtraction
: Normal ordering .

↓ Sdp.+
< 01 k

++$10
X ↓ iPip

= Sad (d) p(d)
- 107 & -)



=(dip (4) p(24

=> (finitel # (252 - (2-m2))4

e. s .) 3 = <
o =

+( +C +mr) b·

/= J)( ..l
=-

Wipdp
Do
&p ilP

&"=
↓ ->1

"
= X-

Used spd
= iPp4

mode
func·This should be subtracted

i.

e

, rigen furious vacuum value is just a refera

Y the
traves

and the
deviation from

it has

of
the physical meaning

divergent value
is ill-defined.

N

So , introduce
normal ordering

: 0 : 7 = <)-co/olo)
.



Note : This is equivalent to normal-order 225
↓

the operators : 0 . 02 : = 0205-

In fact,

< d
+ Tb7

=Sin'[CQ+(a)

D
(bbp) + <[ , 7)

=(b-h+p) + &-~

E

< : +d : ) Cold+P $103

=

( : ++ + :) + 101d+ #10)

(ii) There ,
< : 8 : > has the form

<: % :> ~ Omparticle x (# of particles)
=> justify the physical meaning of app

and bp
:

provided <ata) car

&
be interpreted as the mean number .



(iii) To justify (ii) , it's implicitly 26

assumed Fr P = - iWpPIp #

This is important because.
-

-

4 = apap +p

also satisfies the KG equation .

So
,
it's no problem to expanddas

d) Sip[+]
Ontice

(i) Bugolinhov

(i) ad (i)(a)
- transformat

a

=> Different particle picture.

(e . g .,
up does not have energy wp).



Why can we set P...? LaI

-> Because time translation is a

good symmetry

=>
The corresponding eighvalue,
energy

,
is conserved and

serves as a good late to

characterize a particle .

(iv) Conversely ,
if there's no such

symmetry (e . g.,
external field)

,

there's no guiding principle to

define a particle

-> main issue ofthe Schwinge

effect .



Bogolinbor-transformation approach to ↳8
the Schwinger effect
-

[clmTi
· Basic steps are

the same as before e ep(t)

0 = 25+ m2]$ -> Mode expand & solve -> Impose LCR .

& Pu= 2 p+ii ; Ersimplicity Ap= 10 ,
-Act)
spatial

How to define a particle in the
=

homogeneity
· Issue :

choice of

presence of strongfield ?
[T

mode function

&It

& Give up and conside asymptotic
states

where Ep + o (adiabatic hypothesis) .

-> Use free field atH

& Do it anyway by introducing a "natural"

mode function to define "your" particle
-> inevitably ambiguous but

useful for physics



· Here
,
consider the approachM ↳9

.

free .ufree strong field

↑ j-t
translation symmetry is restored

-> "natural"to take plane ware a

tip.
to define

a particle.

=> We can construct two mode functions :

tipx C Both satisfy

kin st .

hi dia e [D=m2]d
A- - x = 0S &our st .

In pour
tip
I !

A+ +x

For F=o
, P=ar but in general

it's not

(of. analogy to 1-dim scattering e)



↑po(i)
despressedby the Bogolinbor transformation .

(a)
↑ vs t=St

1 d = Sip as
where

%p = +du
& Bp =

- iqu
Note : normalization of-> normalize <pandBp

as Kipl2-18pK= 1
.

Point Solve KG eq. -> Get dip
↑

w
-> Get ap and Bp



/ -> Quantify the diff

↓ In jain) and h
· The consequences of (in) for e
(i) The corresponding

vacua are different .

Let

(a) loas=
=> loii) is no longer a vacuum

at - X

because

(c) (ojin]
= lin. .



(i). Not vacuum = should contain particles .

32

=> Particle production occurs !
&pai +Bbt

No o ; in1 domToiin
= IPp Coin) php10in]
Y

= Ip 53(p =a) = 3
.

T
= four 1Pp. Eac
Similarly , Joat-1BpR for anti-particle .

->vacuum= charge
- less

Note :

Sp is calculable from da momentum
-less

↓ a is known exactly for a few cases
In2 I

-T
- constant E => 1Ppl = e

& E pair
u

production
↳Very original Schwinger effect

- pulsed E (Santer field).
> complicated &P.

Other cases numerical or approximate methods
S ahe used

-

semi-classical approx .

In gradient expansion
of Ap)

-> locally-constant-field approx.

CLCFA)



- perturbative expansion in
of ⑮

= useful but obviously
NP information is lost

.

&

so not interesting .

(ii) .

Loiin> # 10iout) => Vacuum decay .

That pair production occurs implies

Lojout = - &n In pairs ; in
U .

i
.

e
, out vacuum

is a superposition of

multi-particle in-state

Since (a) is known ,
one can

determin the constants
In (Up to

unimportant phase factor to
get.

laster a
bit of calculations (

10 jout] = exp[Spen(dp1]



34) *Thexp
X (0; in).

=> vacuum is not stable

·

. Vacuum persistence probability

I = Koiont(oiin) 1

- expl-tipe(R]
TTw
↑

vacuum decery
wate

eET.

co =1 frien Lik Sep

= Fat (p(1+11)
-F



25

(iv) Heisenberg-Enlar effective Lagrangian
the vacuum persistence prob -

I is

related to the effective Hamiltonian

in a strong field Heft ,
called

Heisenberg - Euler effective Hamiltonia

(Heisenbey -
Enter (1935) , Weisskopf (1935)

( To be strict ,
HE is originally

for a constant EM field
but

is sometimes
used in more

general cases like inhomogeneous

fieldsC
vacuum decays

That w 0 means Hath has
an imaginary part.



-
iHT

. ↳
lout
?

= e lin7

Namely
,

let
=> Lout (in) ExtiCEPT

fitetht = Oirut(oiin7
e

=> Heth = In Jojout(oiin)
T

=> Im Heft = E Reh
.Polit
= I

=> Im Meth = @ (phasalXy-T
why imaginary part ?

-> Open quantum system .

Once Hoff is obtained
,
Left can

be derived by the Legendre transform

& &H = E-dID +1 -dIB

&L = ID-dE-1HdIB



h = 2( , 1B)= D -N ⑫

= IH =H( -B)= E - 2

with ID==
The real part may

not be obtained from

the above argument because
of the sloppy

treatment of the phases of the
states

.

So
,
letwe just display

the known result

for a constant EM field

Lobtained ,
e

. g .,
by the proper-time

method (

strong field
modification

cheth = &Maxwell
+ S to the Maxwell

- theory- FrIY= (B) = -f

where less G

52 = is wshei))
where e2 ↓ inter For

+ ↓557 -1]- 2

& = - FEM
,

E+B

- (75 (2) + ---



Note? For Spinor RED IS
Ecosh(esti

S2 =- mic G

- =(ey - 1]

= (45+ 33 +(1)

Consequences of S2
res

· The equation of motion for
EandlB acquire

additional" vacuum polarization contribution"

2pFrV = 5[S2] ID-IP
.

Bianchi id
.

Vat- III is unmodified.
- Il 25h

↓

from [Maxwel
it followoa

(For= WKAr-ErAp.

(7
&I
divE=Fe
w + IB =

(

- Bianch id.

dir IB = 0

I wwE = -



Analogous to electromagnetism in material , 29

o he may absorb JM to E and IB to

define macroscopic fields ID and Hot as

ID= E + 1 = E+
# = IB- M .

=
IB-
282
-

& IB
.

· The vacuum birefringence due to the varuum

current Jus
.

Consider a propagation of light

on top of a strong field :

Ap = Ep + ap [Ex a) ·
Loventy

The wave equation read (CMAP =0) gange

22 AM = Ja(A) (- Frext to be precise)
-

II

Ju(I)+22[M+ jaM

2JME) v

=> Fr a => birefringence .can
--

↑ aM (pul . dep. propagatio

pis (5) ) = 2 Ed +&x
2

they care about He

directions of# andTB



· The droppedMa's terms are Lo
responsible fr n- photon interactions

/

which are prohibited in the usual

Maxwell theory

·
a

---



Realtime dynamics and barkreaction prob .

(.

-

Adiabatic particle picture
-

Let us discuss
the approachO to study

the realtime dynamics of the Schwinga effect

· Reminder : This approach must be ambiguous
because there's no rigorous principle

to define a particle at
intermediate

times=> What would be
"natural" ?

20th order)
W

· A widely-used approach
: Adiabatic particle picture

Good points ("naturalness")

-
Conserve energy & in gered ,

can be (L in compatible ↑

-

smoothly connected
to the asymptotic

in general
,

Oth can be

particle picture Of insufficiat

- can removeOFdivergence via normal ordering(in REDS



xu - no singular behaviors ( ingenesee singenta (-

during the real time evo.

- easy to implement in unmein

· Idea : Introduce mode function generalization
- i Gopt

ad t
& pla)=de f i
and expand the field operator

at each instant time as

ad ad

plang-Scipoples apples+ but
To be precise ,
Ialso +/have to impose a roud.

for the 1st order derivative must be time dependent
↑

& = Sp[-important ...] since spad is not a solution

because pobeys the 2nd order to the KG &G
.

ODE
,

so & and are independent .

1/ 1/

· Point : d is an approximate eigenfunctive of

St
,

i
.

e,
equivalent

i se a wpasd



So
,

as long as the spacetime #3

variation of the EM field
is sufficiently

slow I wo Corner) , the

quantum produced by a can be

interpreted as a particle with

energycpit) similarly to the
/

asymptotic particle picture .

# And
as

6
paneware # and- ap&ad I

,

it

i.e.,
the adiabatic particle picture recovers

the asymptotic particle picture

* Note : Go to higher-order in the derivative

expansion to get a
"better" mode

function -> noth order adiabatic
picture

=> BOT ,
not necessarily good
break conservation law

,
-> can

singular behaviors ,

etc. particle
· Resum high orders -> superadiabatic

picture (Dabrowskin)



· Formulation : 14

can be dow w/ the Bogolinhow-trans· technique -

Namely
,

use the normalization of pad to get

to

a(
conne IP

useful
anda ap

->
= i) ...)Spe

by
using

-pinin
... )

La
q =

=(
whe

G
,(t) -
ga pi

I & Ip'Al = -i had die
↑ P

.

known fixed by solving KGe8 .

=> (d) are determined by
for Some #

analytically
solving k eg . I numerically

L approximately



Them
, #5

(i) Vacuum at time A

(a) loix-
which is unequal to (oin) or lo;out).

(ii) Realtime particle production
.

---+ p

K
↓ -

= Coin as at 10 iin

·

= faI It
Note : Yields a kinetic eg.

w/ a source term

& As whenSe
-

The source term doesn't
have a simple

form but can be approximated with the

Schwinger formla
if the E field is slow enough

locally-constant-field
↓ approximation

Sa) IT & [Pz) sometimes used in the

literature for phenomenological
(i) Expectation value analysis ofthe Schwinger effect.

adiabatic operators
Normal ordering wir .t.

10 :) = (0) - Cojadloload>



46)
For u = 4 d

,

4=So +..]
S 1 ... ) = 10 ; in > =--- -[ + - .]

10 : in) : 0 : 10 ; in y OA)
↳/

=Sp[-*]
It's clear that

0(+ -y) = 0 patip
↳ ut

· Ac-e) =0 q Pip

meaning particle prode gives finit
contr

Backreation
-

· What is it ?

E field is fixed -> Violates energy
conservati

So far On
&

----

#+ ===

& findd Efield Eparticle > Efield .

=> Efield must decay .

& of. early-time dynamics of HIS ,
(p) rabeating , Harking ad

,

---)



· What I show from now

* How a strong E field decays spontaneouslyA
A

#7

* EM fired dynamics -> Maxwell 28 . 2 WRONG
.

GRIT = JV
u

& produced by particle production.

Naively
~ flow of particles [conduction currat)

JEJaa #F-P
Is

11 -

Il

=Si
=2 p .

This is WRONG [Gatoff-Kerman-Matsui
(1987)]

-> Need polarization current
= polarization of

the vacuum must be
considered !

If .
dielectric material

evolution of E

Maxwell : not H = +
is affected by

I polarization currentcapacitor 1 ↑ #=
= gall

Electric ->But dipole woment

L
I x=> Show this within man-field approach #P = S

#

And clarify how it is related to the Schwinger effect .



4%. Mean-field approach to the backreation prob.

pot
. same as the Bogolinbov-de Genres (

method in cond--met
. (

Strating point : Scalar RED
w/Maxwell

term

2 = &mat-> 2 Maxwell -

= IDpP-mPR-FprFhr
stry-field appox. Am=An An

=> EoMs .

mat : 0 = (2+m2)& E (5 m2)p ·

#P = (MD)
+

+

field : 2 pEM = it + 4. - ((P+ iet) b)

Gra fert

GEN-X
: iepp- P is operator ...

~ : in <+6). -> MFA



- Coupled EoMs
.

19.

o = (+m2) P
.

S2 = Just

When
↳

Jus = Liie +"p :)
·

= Coin1 : Pr : (oiin)
-

· choose 1 ...>= 10 ; in

· Numerically ,
you can ju it solve

this consistently - - easy
tast

.



~ Let's think about the physic meaning of Go.

M

Jinat and see how it differs from Jond
CX-

leM

From the def
II

Ja= 0 ; in: % : 10 in

= <oiin)+ $10in) - Co ; ap
+pp/0:>

*

= Saip[-pad
↳

)

Remembered
= Sap[ ]

=> Cahint(x) = (in +
ad) .

and

(a)=
(aa)

Combine these two

lan Et(D)
u

m



=>(i)
E mode function of creation/annihilation

ops.

So
,

mode functions are also related

~ / each other by the Bogolinbor trans .

Then
,
from the expectation value

J= in T]
↳ rewrite it

.
o

. G

= Sip[(top) [p(--P
LITT

# of particle 1-particle # of anti-particle
1 ant;

used KpF-IPpR=1
. *

contr
#- * art ,

2) What-

->=Spa
+ 2Re[GB* CpTin Pip 3]
-

interference" biw positive

regative energies &-Lipt

Let -
Zitted ewegung .)



For the current operatio 152
(M=0) Kinetic momentum

Tp = Sie- Prin= 1Pcan- A

zapp
& (m = i)

.

#I
K

- 1 .=>That =eSippi I
-I**
t 2Re [didp7]
-

= 0 ( : 18pF= 18-p12(
L- Gauge invarianceC

I

(no spontaneous charge produ

-

Pman =Sc tip

+ Wp zR
+ 2 [dze]]

= SupeWip
num

- zeip Re [CipP(,J]
-

Clearly ,
the first term is the conduction current.
-

There ,
what is theAndterm ? -> Polarization



5)J To understand the meaning of the second term ,

remaben *- to be precise (see page 42)
ad

Cp = + iPad
E & p

= -Q - (q
-d)

I

=> 5 =&2 =- (acad

-app= - iGa(qdi + implan
->

-Ap timp-pad
+i) = 24thp We 192]

.

Y
=

- [Cyp-
- dida

3

-Wipqi in

Therefore
,3 -

-> in ,p(-yxp-pP
&

tippad] (2nd term) =S
- Wp S*

- iwp]
-In di& ((z

=S
=> qqiy)we

&

-zSwpdt
= W a

= /



The meaning of the second term
is now clear

-> # E4
e- et

Schwinger effect -O of

energy required 20
,p

↓
time needed -m

↓

distance when they born de
↓

dipole moment pe= exa

per pair = zewp

· polarization current~ s
2 E

Thus
, Jun = Ja + Toot

· The polarization current is crucial for
the

energy
conservation because it carries energy

For simplicity, consider the homogeneous case S

in which IB field is absent

3field w
↓

=
a

Efield =
EE = - EJ.



And
can be shown by calculating7:50:) (

&particlesSdists $

"

=> particle =S2pfS
& 2 (loantze

#I"eFrizr & r
· E . N

.

=E-=Ez
Cp

= ES+
Y *

Jud Jpol

= EJ

! Etot = Etied + particle

= -EJ+ EJ

= 0
.



Note : You can show the necessity of Jul EG
more generally (ine ,

without assuming

the homogeneity) and identify more

M

general form of Jpol as follow .

First
, rewritingE=s using the Boltzman

Kernel i

&
S

which can be made covariant by

multiplying po=mp to both-hand side :

pos = propf +ma Locent eg.
n L

·FM

Next , calculating the expectation value of

↑M
,

one ca show

-M = oil : F:i

=Sp (po= w
,p)

↑
·

+
-

=> ruT Sp



= (Apo-e
- 2/MPS-LF

-

-
=-spf

- Sp0497

= F
E

- 1 Ex
11

= -Fn[2Eps
↑[]

= Fu
-Jef]

I

And it can be shown easily that Tand
kr

2eTfied =
-Fr Jo



· Typical behavior : Doesn't decay smoothly

-> Oscillates .

oscillation

·
Why : E = -J

* Icond contributes as : Initially Exo =>
>0

& ↓ ECO .

y
At some point E=O >

=0

but

Or roughly &
S ↓ & contines

M decreasing
E = -Jrndv

- #W
Ele => o

=>
-
#E ↓

=> E =
e n= 0

~ Etukes min .
<O-

--
~ #A

( I vo = Eo

v> 8 ↑

oscillation ⑪ ↓

Cplasma oscillation
↓

BUT , pair production

( Eicus
as

portant
↓

is not imp



* Jpol contributes to decay because

it has the information of pair production

and pair production dissipates energy

wherever it happens .

Mathematically,

E = -Jpur = -Egazp
S-

~

=> EE
=
-

O

-

= Exed
always &E3+

of
in strong B field.

=> Field energy decreases

z
Note : If M=O and PEO ,

i
.

e
,
massles,

&*
H
,

the polarization current Jpol vanishes

because Up
+O

,
then there is

no dissipation (i . e
, pair production

I can occur who energy cont).

Lvari Go is For this case
,

E just oscillates
due

to Jund like I A

-



#

Summaryand discussion !
What I explained

· Introductive to strong-field physics

* Why and where

* relevance to HId : early-time dynamics .

· Schwinger effect
* vacuum pair production by strong

E field
.

* basic theoretical framework .

- Furry-picture perturbation theory ,

- Bogolinbow-transformation technique
.

-

Heisenbey-
Euler effective Laglagia

- Adiabatic particle picture
scoblem

- Backreactio I

Cmean- field theory with spatially)(- homogeneous E field

use

S



↳ Old theory (1994) , but
still is the latest/best

=> Lots of open questions -
· spatially inhomogeneous

case

2
.%% scuffering beyond MFA

?

· more sophisticated GFT formulatioochringer-feldysh
· If I are feasible

,
how to implement commerically!

- applications to HEY and other related


