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1. INTRODUCTION
1-1. The Schwinger mechanism 1-2. Time-dep. by a weak fast perturbation Known facts in cond-mat community since 1958~
Particles are spontaneously created from the vacuum  What happens if one adds a weak fast (perturbative) Franz-Keldysh effect T | exp w/ Silicon
in a strong slow (non-perturbative) electric field.  time-depending electric field onto the slow strong field? ] ‘/\/\/\Af\?i.ﬁf:?ce il }{
| gap ~20,  Known facts in high energy community since 2008~ E NIl o
RO . . | | 3 = e KA
0000000000 Dynamically assisted Schwinger mechanism 2 ; w/o E-field - j ; E&ﬁ P
_ : N L = “J._m.
v a QED analog of electrical breakdown of v tunneling length ~2w,, is (photon energy)-(gap energy) T Do

reduced by a perturbative
kick by the fast weak E-field

v big enhancement

v the same setup in semi-conductor and measures
photo-absorption rate w/ & w/o strong E-field

v a long history (> 60 years) in both theory

semi-conductors (Landau-Zener transition)

v phenomenological applications
e.g.) heavy ion collisions, early Universe, laser

v very well fo;mulateslrg‘:lgf s;t)atic limit E = const. v not verified in experiments yet and experiment in cond-mat.
ni) = TOER PL), (hopefully in the near future) v not only enhancement, but also oscillation
Q 1 . What happens if the electric field Qz « Is it OK to understand the dynamically assisted Schwinger mechanism as an analog of the Franz-Keldysh
becomes time-dependent? effect in QED? If yes, can we see the oscillation? How does it modify the momentum spectrum?

. by deriving an analytical formula for the particle production from a strong slow E-field superimposed by a weak
m' Answe I Q 1 a n d Qz fast E-field based on the perturbation theory in the Furry picture

2. THEORY
2-1. Setup 2-2. Perturbation theory in the Furry plcture
Compute the production number analytically for v Treat E non-perturbatively, but € perturbatively where
v QED in the presence of a static strong E-field v Evaluate diagrams up to first order in £ @? @;@; @?@;@;
superimposed by a weak time-depending E-field ~ with a propagator fully dressed by £ (Furry plcture) — =
E(t) = E + £(t) where |E| » |€] ~ Z is the dressed propagator, and +1/;(°)‘“/°“t is sol. of Dirac eq.
v Assume E || £(t) P L 0=1[ig —ed —m] 4
(for arbitrary direction, see [Huang, HT, 1904.08200] ) . with boundary conditions (plane wave at t — 4oo)
v Assume spatial homogeneit ou " ou o
0 g y 1 2 f iy j x ot ¢(°) f a2, 50 t(ﬂ+¢(0) lim 4y )0 o« exp[Fiwpt + ip - A]
v Neglect backreaction (E-field is external) . oo/ +e0 =
2-3. Analytical formula
The number of produced particles is given by v static limit w/veE « 1: M dominates
(_|_) IV exp [_ 7'1,'(7’}’),2 j—pi)- 1 N Em + pJ_ g IV exp [_ 7'[(7712 +p§_
F _ 74 7[1:771 '+'I7_l;) :1 771» + I’_L. > é?(:CL)) l (1)22 + Z}(l)l?" F 1 l 771;2 '+';I7fi_. 7. [ (1):2 ° : IQIS (:2277i):3 ek i 2 E?ZZ' -l; (:227Ii)23 63(:l; + é;:)
s T 23 p fo do———& [_Z ok ]1 I\ 297 oEF '“2eE - v perturbative limit w/veE > 1: M dominates
a Vo 1m?+p? |£(2w,)|2
usual Schwinger formula correction by perturbative & ;(9? (2m)3 4 wgpl (w;)
3. RESULTS
3-1. Setup 3 3. Momentum distribution n(+)
v A demonstration for £(t) = £,cos Qt with £, = 0.01E N i eE =25 FK effect also modifies the
T T ) o momentum distribution
3-2. Total production number N, ¢’ = [ d*pn,, ) ___ . ¥ FKeffect (dyn. assisted Schwinger
| m e E =25 Dmm;_ i;:]ﬁjé | expl- 22t mech.) enhances the production
TG Exactly the same behavior as D:m:: 2-*“}‘13[] R ;n el for low Q
120108 FK effect in cond-mat !! . S — a0=20, ¢/ FK effect oscillates the distribution
105 = ourresult - numerical for Iarge ()

Schwinger - ax10f

rerrurbaive ¢ FK effect equally occurs

%1011 prrrrrrrr

8.x10°7 ol 2105 [ v The peak position is lowered
3101 N Pert. + Schwinger . . .
6.x107 2o N(Q=0) in QED with strong slow | b e v an excellent agreement with the
41077 RN E-field + weak fast E-field numerical result obtained by directly
S 00 05 10 15 20 _ - i :
2.x10 v dyn. assisted Schwinger mech. 3-4. Interpretatlon solving the Dirac eq. w/o0 any approx
ety bt () é . .
2 a4 6 _a 10 12 14 can be understood as a low-Q Not Only tunnellng, but also reflection
m/y e E =0.2 s .
N (N o) behavior of FK effect - positive energy states IS Important
CEEVT | v Tunneling

v an oscillating behavior appears

= wavefunc. get inside of the gap

— mfm=1.l] . .
mNeE =2.0 for large Q (FK oscillation) ; negative energy = cnhancement in low Q
m;‘ﬁﬂ.ﬂ = non-negligible (~10% effect) ; states (dyn. assisted Schwinger mech.)
= /Y e E =4.0 _
B 0w — mVeE=50 v asharp peak in the difference v Retlection
| VR — miVeE =100 | = interference b/w wavefunc.
| — A E =250 e.g.) modulation spectroscopy |
B _ \ heading to and reflected by the gap
-2x10 in cond-mat - ot :
- | prob. density ~ |wave function|’ 7 (direction of E) = oscillation & peak shift
4. SUMMARY
What | did - What we obtained/learned What to do
_ _ V Analytical formula for the production in strong slow E-field superimposed by v Application to phenomenology
| studied spontaneous particle
_ - aweak fast E-field is obtained based on the pert. theory in the Furry picture e.g.) particle production in glasma
produ.ctlon from the. vacuqm (the - ¢ A QED analog of the Franz-Keldysh effect occurs, which 5 - ¢ Generalization: spatial inhomogeneity;
Schwinger mechanism) in th-e (i) enhances the production below the threshold (dyn. ass. Schwinger mech. ) inclusion of magnetic fields; higher order
p.resence O_f a slow strong electric (ii) shifts the perturbative peak to a lower frequency; calculations, regularization of IR divergence...
field superimposed by a fast weak (iii) results in an oscillating pattern above the threshold v Apply ideas of cond-mat to the Schwinger

electric field

‘v Not only quantum tunneling, but also reflection plays an important role mechanism




