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=0+ L(t)
=0 +(Lo

STEP 1. ZEHEHRIIL. FRKFRARMGERTOOVILICETEES
t 7(t,z) t
( ) (f(t Z)) (Z/L(t))
. 2 1 2
= larz — <6l — ief dt’E(t’)) — <L—065> + m?
S 'l'zl'a ; 21102 1\’
. C. V= <L0+— )fg— L_0<L_O f) + 0 (L_())

PE=0=9¢=1=0
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BIATENT = #HEICSchwinger
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2 4
BIATENT = #HEICSchwinger
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Ly eE
Q/m mLy = 30,1(t) = —2 _cos Qt —=0.1

100

v 2R E189h S = TR DY Schwingeriis ICk > THEKX
= threshold O = 2m KD HEVE CATHRFERNESE 3

v BEDEIR: Schwingeri#id D EIBIH S = 7R ICL > THEX

= + Q# 0 TORFEMIE. EFESchwingeriétBDR FER LD HZ L
- BT A AMETEENKZ AN IRENICKZITRILF—HIGITENZT EE
- (BRFENIZ. EFEBDO-OHICERKEE TORID D IND)

= EBRFHE 5. Schwingeri#iB BRI HS S TIIHEICHFERZIEXIEES
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[Nielsen, Ninomiya (1983)]
[Tanji (2010)]

[Fukushima, Kharzeev, Warringa (2010)]
[Copinger, Fukushima, Pu (2018)]

=>7J'f$'J'7_-'f z’\lj:/j_-'f =+2XNpairinLLL et

il
il

v L. EEIEHEHBICHFI TN TVT, RBRIICRI5WL

- BIEAHDIOBVE B RIE I FERIESchwingeriiEh' BB 8193 NpairinLLL X €7 m?/eE

QAT VT ERZ. REBENICED XSEBRTEI-HIC.
ESICH L THEAREANNF ZER A X BWVWH 2

= ?XEE?E 1) %Ei&%i%(ﬂoquet%)%ﬁﬂjﬁﬁ 9B [Fukushima, Hidaka, Shimazaki, HT, in preparation]
IRE2) BINICT X F3NTSchwinger#igZFIB T3 (1T (2020)]
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[HT, (2020)]

FurrylaRoBahsw TEIE

v E||B DIFZBICHERL T, 22BERZHE @xmice3icire<mL)

SETUP: 3#EBVE{TEWMS E, B ICI5<EVERS &€ Z2INX 5

E(t) =E + E(b)
B(t) =B

STEP 1: Dirack5#1EXX%Z. E B ICDOWTIEEBHMIC. € ICDOVLWTEERYICHES
[id — e4d — m]Y = eAY

= Px) = PO) + [° dy*Sp(x,y)eAW) PO () + 0(leA|?)

STEP 2: A3V T+ REFOEZHFHEZE

Qs = lim [ dx® <vac; in |1/jy51/3| vagc; in> =001) +0(leA|') + 0(leA|?) + --

t—>oo
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Franz-Keldysh effect in cond-mat

v Apply strong slow E-field & a photon (~ weak fast E-field) onto a semi-conductor,
and measure photo-absorption rate

* photo-absorption rate ~ Im[1-loop action] ~ particle production rate

Theory Experiment (w/ Si)
[Franz (1958)] [Keldysh (1958)] 06—
o5~ TEMR = - 191°C r [Yacoby (1966)]
Q L E=16x10% Vem /
]
©
- ) o8 |-
c . O !
[ difference S o !
= o £ {‘.
1 O ()] 3 / { .
O w/ strong slow E e 8| o 4
g 9 * s Ve
e —Q -0 = d
o w/o strong slow E j ,‘_ LJI Y
"I Thlgl el & d

(photon energy) - (gap energy) |=£5 : L

€  PHOTON EMERGY {ev)

.0 b

« Enhancement below the mass gap

= Looks very similar to the dynamically assisted Schwinger mechanism (?)

+ Oscillation above the mass gap (Franz-Keldysh oscillation)

« Enhancement is maximized around the mass gap



One-photon process

v Larger Q, more perturbative

* because there is no time to interact many times, no matter how strong ek, is

ti .
ﬁe t|>me
multiple scatterings finite # of scatterings

- should cover different region, as photon # should be huge %m — oo in the semi-classics

- analytical formula is available (for any field config. !)

ps
3 3.7 m - 2
Nl—photon =Zfd pd’p oVV\< (4 )2_[ dw ’ ——= 2+— |eE(a))|
S,s! ™, 2m
p,s

[HT, Fujii, Itakura (2014)] [QFT textbook by Itzykson, Zuber]




Interplay b/w tunneling, multi-, one-photon

v An explicit demonstration for Sauter pulsed E-field eE(t) =

eE()
pra—— Exact eEO/nIzZO.]. T TTTTTT T T L) T T T 1 1T 117T
—— One-photon ‘

cosh2(Qt)

0.001 LCFA (Schwinger formula)

Semi-classics

Semi-classics with y—>oo

NIV

- One-photon dominates for large Q,

where semi-classical methods fail,

10713 1

- One-photon is more efficient

_ than tunneling ; N is the largest at Q ~ 2m
L1l L ! Lol ll T N B B | i L L1 A
0.01

o II1IOO
Qfm

v Two dimensionless parameters y =

— eEO °
g V= control the interplay
« Sauter field is solvable, which can be

compared w/ Schwinger & one-photon

Yy > 1, v« 1= pert. one-photon
Yy <1, v>» 1= non-pert. tunneling

Nonperturbative tunneling

__eEy/Q _ (workdone by E-field)
== =

(photon energy)

Perturbative one—photon
= (# of photons involved)




Validity of Furry-picture perturbation theory

[Huang, HT, (2019)]

Q/m=2. v Q/m=3. formula (11)

NS IV
105}
105k
107}
Tad'f
109

100}

0.00 0.05 0.10 0.15 0.20

FIG. 9. A comparison between the numerical results (points)|
and the analytical results (lines) for the momentum distribution
-)
¥
values of the frequency €. The parameters are the same as in
Fig. 3, i.e.., eE/m> =04, &/E=0, p,/m =1, p3/m =0,
¢ =1, and mz = 100.

n_ . as a function of the strength of the perturbation £ | for several

* higher orders need to be included if fast field becomes stronger and slower



Analytical formula for dynamically assisted Q5

Qx eEeB _”m_Ez'x ) 21 (m? 2f°°d E(w) 5 i m? , i w2 |
= e — — = —_— A =
VT~ 2m © Uhr\eg) ), 4o F Al %37 ||

Dynamical assistance by fast E-field €

- Dynamical assistance

- is positive = chirality is always enhanced
- goes away when m —» 0 = important only for massive case

- is independent of B-field

("." B-field does not supply energy, i.e., does not affect the prod. mech.)



Furry-picture formula for dynamical assistance Eg || &;
[HT, (2019]

[ w* + 4wp
exp —Z

Dynamical assistance by fast &;

* slow limitw/,/¢". « 1: . dominates = usual Schwinger formula

d3N, V 2

N exp | - 174 n(m2 +pi)
dp® (2m)3

m? + p1 &
em)? P e+ &)

N(m2+pi)]

1+ﬂ
2

- fast limit w/,/2/. > 1. @ dominates = multi-photon pair prod. (LO)

d*N, V. 1m? +pile&i(2w,)l?
dp® (@2n)34 ) wp




Furry-picture formula for dynamical assistance Eg ¥ &;
[Huang, HT, (2019)]

d3N, Vv t(m?+p?) . .
— _ Dynamical assistance by fast €
dp? (2n)3‘”‘p[ ] y y f
°° “’plllm 4+ p? Ex(w) - Eg i@ im?+p? i w?
YeE s — 4eEgq - —
X o U , dwe 2 ek EZ e 1F1 (1 2 ek 'Z'ZeE
© P € (w) p _i@? i m? + p? i w?
i eES —f 1 l4eES — _—J-
i 0 dwe E.w ¢ 1Fy (1 2 ek, '1'2eE

Im

o WP (€ .
+5 X ij do e tors £l X Py) - Es

. w2 .2 2 .2
_ - I Mm* + I W
R PR PR
EZw

2 eE, ' 2eE;

e 4eEg ]—o————=1:—
| W s 2

r®°  _@Pim EX(w) [F s (w) L@ im?+p* i w?
we ¢€Es — Im 1F1 > " oF
S

« becomes conmolizGted (red = new terms), but the basic structure is the same

- spin-dependence appears even without magnetic fields

. . . . . . . Foldy, Wouth 1950
* Dirac particle has a spin-orbit coupling s - (p X E) tronifiosry o0

e.g. application to spintronics [Huang, Matsuo, HT (2019)]
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