.,

-

////4/// //M/ P ma\\\\\\\s\\\\\t\\\§
. %f////ﬂ/e/ﬂ/orm at\()\\\mx\m\

R. Chen & G Ivrourou arX|v 3:512 04064
P .'

- - <

.‘ T T ‘ ; i S 3 »
. ¢ s _
PSR ElSln Chen g
Depaftment of Physics and Graduat% Institute af Astrophysms & s
Leung Center for Cosmology-ahd Patticle Astfophy5|cs TS
st ; NatlonaIIawvan University & AT,

Kavll Instltute for Particle Astrophysics @gnd Cosmology

.’

"+ Sta nford Unlve'r;lty

- . ' . - ' : . \
v 2016 IZEST Meetin'g,‘Embassy of the Czech Republic, Paris

o Lo o
Y

\




LIGO dlscovery of grawta’uonal waves ;
resultl ng from bmary black hole mer.*‘
' il 'va150914 - N S

| 3608H+29 OBH > 620BH+30GW




Black hole Hawking evaporation —
Connecting GR, QM, SM in one stroke

2GM GM
—7 2 §= "2
C r

_ __"g
= SBGM __27c

creation of
particle-
antiparticle

pair
escape of i
particle

Event
Horizon

b
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Q annihilation of

particle-
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pair




Lifetime of black holes
Hawking temperature:

Planck’s Constant
[Quantum ~_
Mechanics] \\h 3

= 8T[GM kB . Boltzmann'’s Constant

[Thermodynamics]

Newton’s Constant [Gravity]

* Stetan-Boltzmann law:

Black hole surface area:
BH evaporation rate inversely proportional to
mass squared: M 1

—OC—

d M’
Lifetime of BH: Solar mass BH=10°’ years

Age of the universe = 1.38 x 10'° years




Entanglement of Hawking radiation?
Firewall?

Fussball?

Etc., etc., etc.

40 years after Hawking’s discovery, the nature of BH
evaporation is still under debate!




Hawking evaporation may result in
the loss of information!

Fundamental conflict between general relativity and quantum
field theory!!

First pointed out by Hawking himself in 1978
Endless debates ever since
Solutions include “black hole complementarity”

(Susskind et al.), Firewall (AMPS, AMPSS), etc.

Entanglement between Hawking radiation and partner particles
Wilczek 1987, Schutzhold-Unruh 2010, Hotta-Schutzhold-Unruh
(2015)

Planck size black hole remnants (Chen-Ong-Yeom, Phys. Rep.2015)
Naked black hole firewalls (Chen-Ong-Page-Sasaki-Yeon, PRL 2016)
Latest: Soft hair (Hawking-Perry-Strominger, 2016)

etc., etc., etc.




Complementarity

An astronaut falling into a black
hole crosses the event horizon
without incident, satisfying a pre-
diction of general relativity. The
astronaut continues floating along
until, approaching the black hole’s
center, he is spaghettified.

Event horizon
N\

G

Firewall

A wall of radiation incinerates the
unlucky astronaut and blocks entry
into the black hole. Information is
preserved in this scenario (you can
theoretically piece together the
astronaut from his ashes), but gen-
eral relativity is violated.

General relativity:

For a sufficiently large
BH, whose curvature is
small, objects should
pass its horizon
uneventfully— “No
Drama”

AMPS firewall:

The requirement that
Hawking radiation can
bring information out
from BH would result in
the notion of firewall.




Can Hawking radiation carry out
information after all?




Quantum entanglement

Schrodinger: “ Verschrankung” (1935) as a result of
discussing with Einstein
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“Quantum entanglement is not just a
property of QM, it is THE character of
QM. It fundamentally breaks QM from
classical physics.




What is quantum entanglement?

Thermodynamics:
Entropy 4s==) Disorder

Quantum Informatics:
Entanglement Entropy sy How tangled the system is




Monogamy of quantum entanglement




When would BH entanglement
entropy come out?

Entanglement

/ropy
\)

ent Information
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Investigations of ILP mostly theoretical.
Astro black holes too cold and

~ looyoung.




Analog Black Holes

* Sound waves in moving fluids — “dumb holes” \
Unruh (1981, 1995)

* Traveling index of refraction in media Testing
Yablonovitch (1989) thermal

* Violent acceleration of electron by lasers nature of
Chen-Tajima (1999) Hawking

* Electromagnetic waveguides
Schutzhold-Unruh (2005)

* Bose-Einstein condensate
Steinhauer (2014)

* Accelerating mirror
Fulling-Davies (1976), Davies-Fulling-Unruh (1977), Birrell-
Davies (1982), Carlitz-Willey (1987), Hotta-Schutzhold-
Unruh (2015), Chen-Mourou (2016)

radiation




Flying Mirror:
Entanglement between Hawking & partner particles
Final outburst of energy or not?

\U  correlation between
the two modes

Hawking particle

worldline of the._
plasma mirror ™

vaccum ftlicuations

S J ; /
. /
N S

e .
N\ 7 . horlzon

F. Wilczek (1989)
Schutzhold-Unruh (2010)
Hotta-Schutzhold-Unruh 42015)
Hotta-Sugita (2015)




Plasma wakefield acceleration

Tajima-Dawson (1979)- Laser driven (LWFA)
Chen-Dawson-Huff-Katsouleas (1985)- Particle beam driven (PWFA)

? , 2 / trailing beam
A/

drive be‘ams wakes trailing beam

\

_/\/\ (
T/ electron bubble

wake: phase velocity = drive-beam velocity wakefield—>

SLAC & LBL- Acceleration of O(100) GeV/m observed!
AWAKE- A new experiment at CERN




Relativistic Plasma Mirror

Bulanov (2001), Bulanov, Esirkepov, Tajima (2003), Mourou-

Tajima-Bulanov (2006)
Reflected laser pulse Lorentz-boosted and tighter-focused.
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Accelerating plasma mirrors?

* For uniform plasmas, the plasma wakefield, and so
the relativistic mirror, is induced instantly by the
impinging laser, under the “Principle of Wakefield”

Phase velocity = group velocity: v, =v , =V,

Natural tendency of deceleration (redshift) of the
laser (and therefore the mirror) due to wakefield
excitation.

But in nonuniform plasmas, the dispersion relation
allows the laser group velocity, and therefore the

plasma mirror phase velocity, to accelerate.
M. Lobet et al., Phys. Lett. A 377, 1114 (2013).




Acceleration of the plasma mirror

* Invoking the “wakefield principle”,
dv v, , on

X g_ _
X, vV, —=Nc —.

:E_

where the refractive index n=./1-(0>/0%)/(1+¢),

we find
V., =C o 1 ex awp al
v +¢ "\ ox o )
Finally,
Y Lv 1+ I ex awpx
2n,| ¢ 0’ ) 0’ dx1+¢ Pl "ox ®,

N +82a)p X awp X \
ex — |
MoV ox W, ox’ W, P ox W,

Due to frequency redghift

Ba)p |

Due to density gradient




Plasma density variation

Invoking nano-fabrication technology for solid plasma
targets with, for example, an exponential increase of

density
~n,,(1+x/ D)™™, 0<x<X,

n,(x)=-

0 otherwise

Then the velocity approaches c asymptotically:

v, 1 w2, x/D W’
]2 [1— }r()( vt

C 2 W] l+x/D ON

This leads to the Hawking temperature

he @), 1 N ((1—n0)x/1)
47 w; DA+ x/D)’ 1+x/D

kT, (x)=




A conceptual design of the
accelerating plasma mirror experiment

Optical mirror

2nd plasma target
1st plasma target Source A Condenser and (graded density)

" (uniform density) .- amplifier Time resolved

Burst of photo sensor

' energy? :

Zero-point
Bragg diffraction fluctuations?
crystal

Time resolved
photo sensor
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Reflected source pulse

: Hawking radiation Accelerating
in X-ray

plasma mirror




Cilex, Centre Interdisciplinaire Lumiere
Extréme — APOLLON Laser
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APOLLON Laser

Diagnostics

OPCPA
Front End
1ns @ 800 nm
>30mJ

>20 Hz
BW for<10fs

L {1}

Ti:Sapphire
Amplification

1ns @ 820 nm

300J
1 shot/mn

Pump lasers
@ 527 nm

Wavefront
Control

h
J

Beam
Splitting

i Compuuoc}

S

) 10 PW

150J/15 fs

15fs

@ 820 nm
175J

1 shot/mn

Transport
focusing

/

Experimental
chamber

(1 PW, 10 TW, 250J @ ns)




Design based on single cycle APOLLON

e Design principle: hierarchy of 4 key length parameters
Aoy €A, <D< X. (A_,, =12nm)
* Plasma target based on nanotechnology with
DE 10/1p =100nm, thickness X =5D = 500nm, and
density n,,(x=0)=1.3x10"cm™ n  (x=X)=4.1x10"cm™

* Laser power requirement: 10PW A minor fraction used
for creating the 15t mirror, with outcoming x-ray at ~ lkeV

* Impinging the 2"9, solid target, a_ ~ 2.

s

Corresponding Hawking temperature:
k,T,(x)~0.1-0.004¢V.




Background noise not severe

One salient feature of this experiment:

The Hawking signals propagate backward,

whereas most x-ray or optical laser induced background
particles would move forward.

Since the x-ray energy 1 keV << m_= 0.5 MeV, Compton
backscattering induced by x-ray would have similar
frequency at 1 keV

Bragg diffraction crystal is designed to let pass the keV
but divert the 1-10 eV photons, these background signals
would would therefore be directed to a different path.

In conclusion, the background in this experiment should
be minute.
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Summary

Hawking evaporation and information loss paradox is
one of the fundamental problems in physics.

So far most investigations are limited to theoretical
studies.

Quantum entanglement between Hawking radiation
and partner particle may reveal the secrete.

Accelerating plasma mirrors may serve to address
some aspects of this paradox experimentally.

Extreme light can provide a unique tool to
investigate General Relativity and black hole physics




