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1. INTRODUCTION

Based on a work (in preparation for submission) with Charlie Ironside (Curtin U.)

1-1. The vacuum # not an empty space  1-2. Recent availability of strong EM field 1-3. This work: electric permittivity
The vacuum has a structure, similar v How strong is needed ? | v Electric permittivity ¢
to semi-conductor = Field strength comp. to the gap size = extremely strong!  _ Qne of the fundamental quantities to characterize
} Where we live eE > mg — (0511 MEV)Z =~ 0(1028 W/sz) the Optical pr0perty Of d matter
(= conduction band)

probe electric field

} gap ~ 2m , = -

0000000000 - | » \ i |

Ener Dirac sea | v |
> 0000000000 — alence banch g - Xy, \ : 5
0000000 o = valence ban | = ) |

= AN LED ~ 107> W/cm?  Glasses ~ 103 W/cm? Laser beam machine < 101° W/cm?

-

Dirac (1930) » Space
. . V ° °
v The vacuum should exhibit some responses Experimental prog. to create (observe) strong EM field In the pure vacuum = £ A matter = D — e % £
: : : High-power laser Also in other extreme systems
when shined by strong light (= EM field), , , S
Adopted from [Mourou, Taima, Bulanoy (2006)] Magnetar (in astro phys) Microscopically, € # 1 comes from polarizability of the matter

Starting soon
I>10**W/cm?:
e.g., ELI @ Europe

similarly to semi-conductor
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v Why interesting ? a — /! |
(1) Non-trivial: vacuum has rich phySiCS ' Lpg i 1.1 ) C:r:emtst'rf:;)st (R (AT SN 1XPE, XL-Calibur (2022~) - The electric permittivity of the vacuum ¢ has been studied
(2) Fundamental: the response can be used to : zmﬂ/' - Rt well for equilibrium situations (e.g., B field, null field),

)

. Heavy_lon coll (partlde & nuclear phys) Toll (1960), Baier-Breitenlohner (1967), Hattori-ltakura (2013), ...
diagnose the vacuum

Yanovsky et al., (2008)

but NOT well for E field, which is genuinely non-equilibrium

| 1~1022W/cm?

Focused Intensity ( VW/cm =

) Interd|C|pI|.nar|ty: Bkl Ex= E% RHIC (2000) ~ - So, the goal is to calculate the electric permittivity
connect high-energy phys. to others & w0 o i apam S LHC (2012) - ofthe vacuum in the presence of a strong electric field
2. THEORY
2-1. What | computed 2-2. Some details
Want to calculate the electric permittivity ¢ v Kramers-Kronig relation v Relation to the Schwinger effect
v QED in the presence of a constant strong field £ Causality: the response D must be followed by &£ - The vacuum is unstable against the particle prod.
plus a weak spatially homogeneous probe field £(t) = Re £ and Im ¢ are not independent with each other In the presence of £ and &
. . . . . = (dynamically-assisted) Schwinger effect
v Calculate the polarization current J,, (in-in expect. value) < can be confirmed with analyzing J,; (ay Y ) Dunge-eies-smutzhold (2009), HT (2017)
under the non-perturbative influence by the strong . - The number of pairs N = (0;in | N | 0;in) has
requency of € the direct relevance to Im ¢
Jpor(E,€) = (0; in[p(E, E)y*p(E, £)]0; in) o1 +o0 1
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Calculation of Im ¢ is easier than Re ¢ Energy used in part. pro.: —== VT
~ @5 9‘@5 = Calculate Im ¢ first, then get Re ¢ via KK relation
3. RESULTS
3-1. Imaginary part Im As (As:=¢c(E #0) —e(E =0)) 3-2. Real part Re A¢
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v Non-trivial oscillation in w v Birefringence v Discontinuityatw =0 v Similar features v Log divergenceatw =0
- Exponential tail below Im Ag; # Im Ag, due to the non-pert. effect Jo i - due to the non-perturbative discontinuity of Im As at w = 0
the mass gap w < 2m though the basic Im Ae oc e™#™M°/eE which  _Oscillation in w - For eE « m?, it is negligible et (1o
- Damped oscillation above features are the was missing prewously L and the result agrees with the previously known
the mass gap w < m same - Blrefrlngence - ,
| a (e 6
, Re As(w = 0,eE K m?) = ( ) X{Z (J"_)
3-3. Interpretation 45T (L)
v Reflecting the structure of the vacuum v A QED analog of the Franz-Keldysh effect in semi-conductor
5 Franz (1958), Keldysh (1958)
Band structure of the vacuum logic 1) The dist. of the Dirac-sea electrons
positive energy states the electrons reflected by the gap alreadv been observed in semi-cond adn EE’:*EP”;E‘vfm i with Si
logic 2) On the other hand, Im ¢ is related to .y ‘ Yo Yacoby (1966)
the particle prod. experiments g ol
&8 | logic 3) Particle prod. occurs more at where | N gl
c negative energy : : = ;
= the Dirac-sea electrons exist more . . : | A
states . . = Dirac was correct that the vacuum is > an
logic 4) The energy w needed for the particle | | | N R L L A
prod. is different depending on indeed like a semi-conductor ! L \J; Ve
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Srob. density of D > = A similar pattern for Re ¢, as it is related oA weoow e e
: y of Dirac-sea electrons , . . . |
Sf(j‘iﬁgcct?;’rf‘ﬂf”g;e to Im € via the Kramers-Kronig relation -oal- G PHOTON ENERGY (e

4. SUMMARY
What | did What | wanted to tell you What | may do next
| calculated the electric permittivity v The vacuum is like a semi-conductor and can exhibit something interesting v More general strong-field configurations
of the vacuum in a constant strong v An intriguing oscillating pattern appears in the electric permittivity, e.g.) spatial dependence, beyond static, incl. B field
electric field which is reflecting the change of the vacuum structure in a strong electric field ., Magnetic permeability
- v The slow-frequency limit is modified (e.g., log div.) due to non-perturbative effect by
 astrong electric field \ - v Import the wisdom of semi-cond. physics
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