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Motivation

@ Intense Field QED is a well-developed (at least, theoretically) research area.

@ However, most results were being obtained by extremely bulky calcula-
tions.

@ Merely everybody would agree that qualitative considerations always al-
low to gain deeper insight into a problem.

@ Surprisingly, qualitative considerations in IFQED have been almost
never discussed in literature in general setting.
Notable exceptions (discussions of important selected aspects):
@ A. B. Migdal, “Vacuum Polarization in Strong Inhomogeneous Fields”, Sov.
Phys. JETP 35, 845 — 853 (1972) [see also A.B. Migdal, “Fermions and
bosons in strong fields” [in Russian] (Nauka, Moscow, 1978)]
o E. Kh. Akhmedov, “Beta Decay and Other Processes in Strong Electromag-
netic Fields”, Physics of Atomic Nuclei 74, 12991315 (2011) [arXiv:1011.3776].
@ | am going to demonstrate how at least some of known simple asymp-
totic expressions for probability rates of basic processes in strong external
field could receive a simple-man explanation (analysis of kinematics +
uncertainty principle 4+ dimensional arguments).
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Processes seeded by ultra-relativistic particles:
locally constant crossed field approximation

General fact: any EM field in the proper reference frame of ultra-relativistic particle
looks as constant crossed (E ~ H, E - H =~ 0) [Nikishov&Ritus, 1964]
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General framework
o Energy release (—):
AEZZEf—Zsi>0
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General framework

o Energy release (—):

A€=Z€f—z€i>0

@ Virtual particles:
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General framework

o Energy release (—):

TE Ag:Zef—Z€i>0

‘ outq
i @ Virtual particles:
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/ outs o Energy balance: t > ¢,
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General framework

o Energy release (—):

TE Ag:ZEf—Z€i>0

‘ outq
tn @ Virtual particles:
\ outo 1
t<t,~—
N
/ outs o Energy balance: t > ¢,
an; t te
ottn e/E -d§~ Ae
0

o t. Sty, — process is ‘allowed’ (quantum regime!)
® te 2ty — process is ‘suppressed’ oc e telta (quasiclassical
regime!)
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Precise evaluation of exponential suppression factor in

quasiclassical regime

@ Purely electric constant field, time gauge: ff(t) = —FEt
e Quasiclassical solutions (E < Eg = m?/e):

t
U(7,t) o exp iﬁf’—i/s(t') dt' 3, e(t) = \/(ﬁ— eff(t))z +m?
0
@ Quantum amplitude of the process:
+00 t
Cisp = —1 / dt Vy; exp i/Ae(t') dt' s, Vo 53 (Ap)
—00 0
e Landau (1932), but ¢ <> x:
t
Ciy f OC €XP —/Ae(it’) dt’ 3, Ace(ity) =0, Ap=0
0

o It turns out that ¢, =~ t., so that ¢;_,f ~ e~te/tal
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Spontaneous pair creation in constant electric field

@ Characteristic time scales:

m
Ae =2m, eFt.>~2m = |te~—
eF

~ 1
= |y ——=>1
q @ q
o For E < Eg = m?/e we have t. > t, >t,, = process is
‘suppressed’ (quasiclassical regime).
o Expected suppression factor e te/ts ~ ¢~ Es/E
@ More precisely, for p; = 0 (for sake of simplicity only):

1 -
— Et, ~
Ae m| Pl

SHY =

Ae(t) =2vVm2 + e2E?t2, Ac(ity) =0 = t, = % ~ t,
e

m/eF 2
We—e+ = |exp ¢ —2 / \/mdt, = e_”m2/8E
0

@ Correct pre-exponential factor Nigops >~ VT/t% ~ 2E2VT!



Photon emission by relativistic electron -I

04 @ Assume: p,k,p— k> m, ekt

e Initial energy (p' L E for simplic-
P ity):

"3~ - -initial

tréjécto(y\ ex(t) = \/(ﬁf efT)Q +m2 =
=\p?+ 2E22 + m? ~
2 E%? 4+ m?

_ trajectory after ~p+

E photon emission 2]? o
e Final momentum: ¢ =p—k

o P2 =p? + k2 —2pkcosl = (p— k)2 + 4pksin®(0/2)
e Final energy (let k € Span (p, E) for simplicity):

eqp(t) = \/(ﬁ —eA)? +m? = \/p’2 — 2¢E - kt 4+ 2E22 + m? &
e2E%t? + 2eEkt sin 0 + m? + 4pk sin?(0/2)
2(p — k)

~p—k+
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Photon emission by relativistic electron -II

o Energy release (-):

Ae(t) =ep(t) + k —ep(t) =

e2F%t2 4 2eFktsin 6 + m? + 4pk sin(0/2
~ Kt pksin®(6/2)

2(p— k)

€2E2t2+m2
N

k [e2E?t? + 2eEptsin 6 +m? + 4p*sin®(6/2)]
2p(p — k)
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Photon emission — case (i): t < m/el

k [B3E  2elptsind + m® + IpPsm*@/2)]  km?

Ae = ~
2p(p — k) p(p— k)
@ Estimate of angles:
k
03 m_1 <1
0 - p Y
S G E
k km
9 ~ 0 < <1
7 p—k ~(p—Fkp
@ Characteristic times scales:
1 plp —k) o, A m
AE T m2k || °T eBY  eE

e Radiation frequency range: k: ,§ =Pp = Xp Sp=
@ Emission probability and radiation reaction:

WW(’:)e [te ~ (e2m?/p)x |, FRR:kW7~62m2X2
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Photon emission — case (ii): ¢t > m/eF

k |:62E2t2 —i—%ﬁsﬁ%—}{—k%ﬁ%] e

Ae =

2p(p — k) - p
@ Estimate of angles:
k
9
- E
p—— ] b0
p

P eEVt, ~ Ac |identically!!!

@ Time scales analysis:
1 p p N3 m
tq :>t:( ) _mo
= Ae 62E2t2 1 e2E? ¢EX
@ Emission probability and radiation reaction:

(?)
W, = e[ty ~ (€m?/p)x*® | | Frr ~ kW, ~e 2m2y /3

(x>1)




Pair photoproduction by hard photon -I

@ Energy release (-):

Ac(t) = ep (1) +eplt) —k =
1D

= /(k—p)2+ 2E22 + m2 4+ \/p? + 2E22 + m2 — k ~
2E%2 + m? 2E%2 + m?
MKt e P e K=
T R 2p
_k (62E2t2 + m2) S 2 (62E2t2 + m2)
2p(k—p) 7 k

. . . / k
minimum is attained atp =p = 5
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Pair photoproduction: case (i) t < m/eE

ol

O N NS

e Estimation for angles: ‘0,19 ~m/k < 1‘
@ Characteristic time scales:
1 k Ae m

tqwiwi ~N o~

T Ae T m? T eEY  eE

@ Thus process is suppressed (oc e~te/ta) for 3 = f—f <1
@ Check in (primed) RF moving along with the incoming photon
with v ~k/m: Ae' ~ k' ~k/y~m, B/ ~vF, ¥ ~1,

paBs o m L

¢ eE  eEy mx ¢ =T ™R

t ~ ! ziﬁtzyt’zi
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Pair photoproduction: evaluation of exponential
suppression factor

@ Seeking for a stationary point:

2 (—ezEzti + m2) B
k eE

Ac(ity) =

@ Suppression factor:

2%
We-et X |€Xp —/Az—:(it) dt =
0

m/eE
2 (—62E2t2 + m2)
Sfaeese,

= |exp

0

- 2
— ef4m3/3eEk’ : 1"
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Pair photoproduction: case (ii) t > m/eE

ol
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Ae(t) =

B 2 <62E2t2 —I—%)

k

e Estimation for angles: ‘9,19 ~eEt/k < 1‘

@ t. is arbitrary (eEv¥t ~ Ae(t) identically)

@ Time scale analysis:

1k
= 2R

=

@ Hence, for s> 1




Mass operator
k

o M@ 262/%%5(1)4@)7“13(’“): JJ—\(go

p—k
@ Introduce a regularization parameter R: r > R, k < R™!.
@ Then in terms of ‘old-fashion’ PT:

-

for R< 1/m

@ Hence [V. Weisskopf, Zeitschrift fiir Physik 89, 27 (1934); A.V. Vilenkin
and P.I. Fomin, Sov. Phys. JETP 40, 6 (1974)]:

e?/R, R >

M ~

1
2 2 2 2 o2
e‘/R+e /Rel_&z —e /Rel_eJr —e /Re;e+ ~le“mln 5 R«

@ In presence of a strong enough field virtual e] , and e™ get shifted (R, R - - <
El 61 62
14/18 R.—.+) and thus M ~ ¢?/R is restored!

3=3=
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Mass operator for y > 1

i As discussed above,
- P \Y3 P 9
‘JJ—;;/L" [Fow=(ap) =
p—k
@ In a proper RF (y = p/m):
t 1 7 2
RZTq:—qQT/B, M(fv_)e—:amx2/3
Y my Tq

e Validity of perturbation theory: radiation corrections (m —
m + M) must be small:

M
—:axQ/g <1
m

@ More evidence for that proper PT expansion parameter for y >
1is ay?®/3 is given in
NB Narozhny, “Expansion parameter of perturbation theory in intense-field quan-

tum electrodynamics”, Physical Review D 21, 1176 (1980).



Reference values for ary?/? ~ 1

Ein, GeV 103 102 10 1
E/Eg 1073 1072 0.1 1

I, W/cm? 10%3 10% 1027 1029

(note: the table assumes transverse propagation in the field. For A-type
cascade x ~ (E/aEs)*? [AMF et al, PRL 2010] and ax?/® ~ E/Es < 1).
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Discussion

Qualitative arguments (kinematical 4 uncertainty principle + dimensional
analysis) suffice for deeper understanding of origination of various formulas
of IFQED previously obtained by formal manipulations.

Key parameter is formation time (or length) of the process.

For vacuum processes, © ~ i, ~ (eE)"2, while for ultrarelativistic

particles-induced processes

eEtg 1 i -1/3

~

~E Y~ -~
Tt p " (eEp)A " |m

Concept of formation length quantifies the relation [V. I. Ritus, “Con-
nection between strong-field quantum electrodynamics with short-distance
quantum electrodynamics”, Zh. Eksp. Teor. Fiz. 73, 807-821 (1977)]:

strong fields ITkaj—) small distances ’

For ax?® ~ 1 (i.e., x ~ 10®) IFQED is expected to become non-
perturbative.



THANK YOU FOR
ATTENTION!



