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1. Non-trivial response of the vacuum by strong field

2. Availability of strong EM field

3. About this project and presentation

The vacuum is NOT an empty pace but has
a structure similar to semi-conductor
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v The vacuum should exhibit some responses
when shined by strong light (= electromagnetic field),
similarly to semi-conductor

v Why interesting ?
(1) Non-trivial: Our vacuum has rich physics !

(2) Fundamental: The response can be used to diagnose the vacuum

& any physical processes occur on top of the vacuum
(3) Timeliness: within the experimental reach in the future
(4) Interdiciplinarity:

connect various disciplines of physics

Review: [Fedotov, llderton, Karbstein, King, Seipt, HT, Torgrimsson (2023)]

v How strong is needed ?
= Field strength comp. to the gap size = extremely

eE >mZ = (0.511 MeV)? ~ 0(10%® W/cm?)
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LED ~ 107> W/cm?  Glasses ~ 103 W/cm?

v Realization in nature
High-power laser experiments

Laser beam machine < 101° W/cm?

Also in other extreme systems

v Purpose of this project

(1) Develop a better formulation to discuss the
vacuum physics by strong EM field

strong !

(2) Use (1) to predict something new

(3) Propose possible experimental setups
and/or signals of (2)

v About this presentation

Explain what | have accomplished regarding
(1) - (3) during SPDR (2021 - 2023)

Adopted from [Mourou, Tajima, Bulanov (2006)]
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Achievement on (1): Theoretical formulation of strong-field QED

1. Background

2. Typical calc. of strong-field QED 3. Exact WKB method

[HT Fujimori, Misumi, Nitta, Sakai (2021)] cf. [Voros (1983)] [Pham, Dillinger, Delabaere, Aoki, Koike, Takei, ...]

v Strong field supplies large
energy to the Dirac sea

 Non-perturbative treatment

is indispensable 0=<ytoy >=

= inapplicability of standard
calculation-method
= perturbative
(free-field wavefunctlon)

* Need to use
dressed wavefunction

v Observable = Integral of wavefunctions

Typically, of the form of

i Equantum number

where y; is the so-called wavefunction
which is determined by solving the so-
called Schrodinger equation = ODE

+ Standard WKB = expansionin h

Wl 0,

2.

where E; is the (instantaneous)
eigenvalue of H

- However, z/;i(,’f_F)

ihd;(t) = H(t)p;(t)

v Strategy: Use a math. Tech.
of the exact WKB method

v The essential problem is to solve ODE

— zero radius of convergence

Yo (6R) = exp |4 [} dt'Ei(t)] X Tieo (T (A"

is in general divergent

\/ Need to make the series well-defined

v Exact WKB = non-pert. method to solve ODE = standard WKB + Borel resummation

+ Borel resum. = make a div. series well-defined
(i) Construct “Borel transformation”:
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(ii) Laplace transformation gives “Borel sum”:

“d
W) = [ S e Bl
0

= ¥, ; is well-def. & is a natural analytic cont. of y;
< Indeed, reduces to the original resultif ¥ = [ ¥
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v ¥; , gives a well-defined solutlon of ODE!
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Achievement on (2): Predictions of novel vacuum processes

1. Background 2. Predictions

v Analogies among various

physical systems * Q—=>smth—=>w=nxQ

\ Input light freq. \ Output

If smth happens in an analog
system, it should happen in QED
(or the vacuum) and vice versa i

 Of increasing interest
in sold-state physics
and material science

ex 1) QED vacuum
< Semi-conductor

v Ex 1: Vacuum high-harmonic generation

e.g., atto-second light (Nobel prize 2023)
* Predicted HHG spectrum for QED vacuum

v Ex 2: Electric permittivity of the

06—

* Electroreflectance
in materials

e =€(E) + €(0)

vacuum ¢ Ex 3: New decay channel in preheating

» Vacuum permittivity i ( 19

under strong E field
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ex 2) Strong EM field
<> Other types of strong
fields/forces
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is not a const., either, N

< reflecting a tilted
vac. strc. by E |

odestexp.  * INflation is driven by Inflaton field .
by Yacoby 1 . . / s

wsinioes  strong inflaton field -
s ~ « Decay of inflaton | _ G
w"‘-’ ) = origin of matter B
W 141 | in our Universe >

e » (instant) preheating: -
~one of possible scenarios  (reider, kofman, Linde (1998)

< strong-field technique applicable!

— NEW!

Achievement on (3): Proposal of a new laboratory system to test strong-field QED

1. Background

v No good system to test strong-field QED at the present

» Laser: still too weak ...
- Extreme systems: not under control ...

v ldea: Use heavy-ion collisions!

Baryon stopping at middle-energies (panned at Fair, Nica, HIAF, J-Parc-HI, ..)
= Formation of a highly-charged matter for a long time

Rough order estimate:
eF ~ 0% A2y ~ (100 MeV)?

= Strongest E field on Earth'!
» supercritical to QED
- may also affect QCD/hadron

2. Numerical confirmation based on JAM (Jet AA Microscopic transport model)

[Nara, Otsuka, Ohnishi,
Nitta, Chiba (2000)]

v Hadron transport model: JAM ;
- An open source code to simulate heavy-ion collisions

- Based on the hadron cascade model
superposition of elastic

& inelastic collisions of

hadrons, which move

classically in space

From webpage of Hokkaido U., nuclear theory group
 Output: Phase-space distributions of hadrons (x, p)
= EM field is obtained by calc. the retarded pot.

JE@x? = |x — x|, x") «_
|x _ xll obtained by JAM

1 (00
AR (x0,x) = —j d3x’
4 )_,

[HT, Ohnishi, Nishimura (in preparation)]
cf. [HT, Fujii, Itakura (2014)] [HT Fujimori, Misumi, Nitta, Sakai (2021)]

v Results
“phase diagram” of strong-field QED & sensitivity region of HIC
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