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Semi-classical gravity > (Q)FT in curved spaces

Gravitational field is classical and back-reaction of the quantum
processes onto the classical gravitational field are negligible.

Simple example:

() waves propagating on flat spacetime (massless minimally coupled Klein-Gordon scalar field):

1 92
c? Ot?

0 1
w=V?yp equivalentlyto 9, (v=nn®dy1) =0 where Tab = 0 0
0 0
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Semi-classical gravity > (Q)FT in curved spaces

Gravitational field is classical and back-reaction of the quantum
processes onto the classical gravitational field are negligible.

Simple example:

() waves propagating on flat spacetime (massless minimally coupled Klein-Gordon scalar field):

> 0 0 0|

1 07 . b | 0 1 0 0

?ﬁw — V2 equivalently to 9, (v/—nn™dp 1) =0 where Tab = 00 1 0
0 0 0 1

(i) “minimal sulbstitution” curved spacetime : i

goo(x,t) go1(x,1) go2(x,t) go3(x,
/- ab _ | gor(x,t)  gu(x,t)  gi2(x,t)  g13(x,
Ja ( —997 0 w) =0 where Y070 goa(x,t)  gra(x,t)  gaa(x,t)  gas(x,
go3(x,t) g13(x,1) g23(x,t) gs3(x,
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Semi-classical gravity > (Q)FT in curved spaces

Gravitational field is classical and back-reaction of the quantum
processes onto the classical gravitational field are negligible.

Simple example:

() waves propagating on flat spacetime (massless minimally coupled Klein-Gordon scalar field):
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?ﬁw — V2 equivalently to 9, (v/—nn™dp 1) =0 where Tab = 00 1 0
0 0 0 1

(i) “minimal sulbstitution” curved spacetime : i

goo(x,t) go1(x,1) go2(x,t) go3(x,
/- ab _ _ go1(x,t) g11(x,t) gi2(x,t) g13(x,
Ja ( —997 0 w) =0 where Y070 goa(x,t)  gra(x,t)  gaa(x,t)  gas(x,
go3(x,t) g13(x,1) g23(x,t) gs3(x,

(iii) quantized Klein-Gordon scalar on generally curved-spacetime:

0, (\/—g g“bﬁb @@) =0 where Gab(Gab, N) X 8TGN <Tab>
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QFT in CS » Analogue/

fective Gravity

g Analogue gravity systems:
The equations of motion for linear perturbations

iNn an analogue/effective/emergent gravity system
can be simplified to

\/% Oa (V=99*"0pp) = 0

defining an effective/acoustic/emergent metric

~N

Where do we expect such a behavior?

Broad class of systems with various
dynamical equations, e.g.
electromagnetic waveguide, fluids, ulatra-
cold gas of Bosons and Fermions.

In example below: Fluid dynamics
derived from conservation laws:

. 9,
tensor: 8_17[5) + V- (pv) =0 Continuity equation
x o (CQ (Xa t) o U2 (X7 t)) _ﬁT(Xv t)
Jab —U(x, 1) Lixd Dv |
- ) pﬁ = —Vp Euler equation
Simple example:
Small fluctuations in zero flow subsonic flow supersonic flow fluid Veloc1ty>
inviscid,
irrotational,
iIncompressible
fluid flow

=

ime Effective horizons as seen by small fluctuations
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Let us first put aside the issue of
classical versus quantum field

Analogue Gravity > Applications theory in curved spacetimes...

{981 Exoeri i Possibility for experimental verification of the }
. Experimental _ _
black hole § generality (UV-independence) of effects
evaporation? { predicted within quantum field theory in ;

WG Unih | curved spacetimes!

Analogy Gravity: Strong
model dependent
deviations and eventual
break-down at ‘small’
scales expected!

N - -\
Ay
A
Example 1: Example 2: Example 3:
Experimental Black Superradiant scattering | Cosmological particle
Hole Evaporation from rotating black holes | production )
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=xperimental Black Hole Evaporation [Example 1]

How do black holes lose Eheir mass.?

(1) What is Hawking radiation”?

(2) Is there a reason why we should at all
doubt that black holes evaporate..?

(3) How can we set up a table-top
experiment that “conclusively” tests

Example 1: Hawking/Unruh’s prediction?

Experimental Black
Hole Evaporation
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BHE process > VWhat is Hawking radiation®

’ o Pair-creation:
v 4 /@\ Separation of particle-anti-particle
9 i pairs from the quantum vacuum;
o L Wi Negative norm modes absorbed by
4 & tAF .
g black hole;
& H = 4.t [ Particle Creation by Black Holes, by Stephen Hawking, in 1974 ]
(a) (b)
Cbi;n _ &?FUt 4 53ut Leb’s try to understand Hawking radiation

as a simple scattering process..
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BHE process > \What is Hawking radiation®

Right moving
modes

Left moving
modes

Potential

Boundary

/
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BHE process > \What is Hawking radiation®

Potential

Boundary

/

Right moving
modes

Left moving
modes
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BHE process > \What is Hawking radiation®

Modes moving
into potential

Modes moving
out of potential

=
_I_
N
||
=
_I_
)
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BHE process > VWhat is Hawking radiation®

Conserved quantity: Particle current:

-

g, = |An|2 Q.

o Gk |,

dw
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BHE process > VWhat is Hawking radiation®

660 . _ ) h w
— € gH: e_kB—T

L

‘Oéw|2 _‘5w‘2 = 1

Particle current: J» := [4.]" Q[ o

dw

kn

-

\_

~

Jb X |CVW|2 JB X _‘5w|2
/ &A
J, <1
1 _|_ O — ‘Oéw‘Q _I_ _‘6w|2

Black holes: Linear Classical and Quantum Field Amplifier!

10
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BHE process > VWhat is Hawking radiation®

660 ° 2ty h w
— € gH: e_kB—T

L

‘Oéw|2 _‘ﬁw‘z = 1

-

d
Particle current: J» = |4,/ o d_:
kn,
N
Jp X |va|2 JB X _‘6w|2
J, x 1 /
1 —|— O — ‘Oéw‘Q _I_ _‘6w|2
J

\_

Black holes: Linear Classical and Quantum Field Amplifier!

10
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BHE process > VWhat is Hawking radiation®

v/ pair-creation process
v/ Boltzmann distribution
v/ surface gravity

17
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1

= process > \What is being amplified?

- v N
0*{!

>

amplitude (m) on a log scale

A
A
A
A

stimulated waves *

classical noise

thermal noise

quantum noise

input

Assumption:

Linear amplifier over a huge
range!

v/ pair-creation process
(classical correlations)

v/ Boltzmann distribution
v/ surface gravity

ASS0D

00U 0oL NCLLCC B

12
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= process > \What is being amplified? i

)

9’0
9‘-

A
Q
(qy)
o
v \‘
0 x
— | stimulated waves *
5| classical noise
~
&
N
)
O :
3| thermal noise
a
£ quantum noise

input

LLI
5
01]
N
=
o
Q
c
®
pd
c
o
Q.
7p)

Simulated BHE

Assumption:

Linear amplifier over a huge
range!

v/ pair-creation process
(classical correlations)

v/ Boltzmann distribution
v/ surface gravity

ASS0D

00U 0oL NCLLCC B

v/ quantum correlations

12
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= process > \What is being amplified? 7

A
Q
(qy)
o
v \‘
0 x
— | stimulated waves *
5| classical noise
~
&
N
)
O :
3| thermal noise
a
£ quantum noise

|

why do we care: the UV-problem

output

input

LLI
5
01]
N
=
o
Q
c
®
pd
c
o
Q.
7p)

Simulated BHE

Assumption:

Linear amplifier over a huge
range!

v/ pair-creation process
(classical correlations)

v/ Boltzmann distribution
v/ surface gravity

ASS0D

00U 0oL NCLLCC B

v/ quantum correlations

12
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BHE process > the UV-problem

_ _ [ Wave equation on effective curved spacetime]
Equation of motion for 1

linear perturbations in 9, (, /_ggabﬁbgbl) —
analogue gravity systems: vV Y

l?g,sg : Exgerlmental black hole evaporation e , by Bill Unruh; Vol 46, #21, PRL.
. 9 ??

* UV_problem?

/0’

i ‘i
4
<
X

" Possibility to test experimentally

the @enerality) of the Hawking

U process!

-

insensitive to particular robust against

‘UV’-behaviour of linear model-specific
perturbations dynamics .
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Scientific goal » conclusive detection of

SH

-® Spontaneous versus
stimulated emission: Black 4
holes are phase insensitive
linear amplifiers...

-®Nature of Hawking

process: Semi-classical
quantum gravity effect,

where the Einstein dynamicsc=
Is nhot taken into 3
consideration.

-®- Black versus white hole
emission: White holes are
the time-reversal of black
holes, and the Hawking
process applies to both.
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Our experiment > Principle idea

2002: Schutzhold & Unruh: Gravity wave analogs of black holes (Phys. Rev. D66 04401 9)
Our experiment in a nutshelli

Wave movement

Set-up: Surface waves on open ke
channel flow with varying depth. o |
- stationary Mmotion
- II’rOtatIOna| ttl.gblouﬁ‘t:'pr“xpm.um |
- incompressible
- inviscid e bk e e G cnehalt
v=v(z) = 1 1
hr) S @ ¢=c@) = gh(z) o \/h(z)
Let’s recall the acoustic line-element:
Gop X L ( 62 . U2) 17T
ab —
i —0 Lixa |

Goal: Set up black and white horizon & detect stimulated conversion
to pos. & neg. waves who'’s relative amplitudes obey HS.

15
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Our experiment > Setup g

Our flume tank (7.47m long and 15.4cm wide):

16
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Our experiment » Black & VWhite hole horizons

effective

white hole
i

- R

effective
black hole

17
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Our experiment > The design of our obstacle

Initial design for our experiment

i 3

Down-scaled version of Germain
Rousseaux et al. obstacle.
[length: 14m to 1m]
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Our experiment > carly experiment with bigger waves
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Q2 — (gk + 9.— k3> tanh(kh)
p

m0=:t§2 x(t k), where VO=O

= — +Q(+k)
shallow: deep: 15| -
—-Q(K)

Q=\ehk  Q=+/gk - |

wave phase :t/T= 0.000

Frequency (cycles/s)
o

‘80 -0 -40  -20 0 20 40 60 80
Wave number (cycles/m)

20
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shallow:
Q=/ghk

0.000

wave phase (t/T=

Frequency (cycles/s)

20r

Q2 — (gk + 9.— k3> tanh(kh)
p

m0=:S2 x(t k), where VO=O

— +Q (+K)
+C2 (+K)
—-Q(-k
10F (%)
crest
am
Sr /
[aN
T .
- >\ trough
wavelength
-80 -60 -40 -20 0 20 40 60 80
Wave number (cycles/m)
20
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Fleld theory > physics of surface waves non-zero flow

Qras = QwaTer TV E

****** PR Dispersion relation for
T — maximum height

— - — —  — - — - — -

Frequency (cycles/s)

shallow: o= /2«

Wave number (cycles/m)

21
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Our experiment > Observable

1

22
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Our experiment » Data analysis

200 400 EO0 bl 1000 1200 1400 1600 1800
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Data analysis > from wave characteristic to dispersion rel.

w=k=0 amplitude: 156.98 mm

0.8

157.5 g gk
@ 06 (f+0k) z(—w)-tanh(kah)
o H 157
=
S 04
|_
156.5
0.2 k= ki + kL =V (1/N)2+ (n/lw)2
O ==
0.5 1 1.5 2 (mm)
X—axis (m)
w=k=0 amplitude: 156.98 mm L w=k=0 amplitude: 156.98 mm

— = ; : *%E;,,? = = — . e e e . \
7)) . ) 0N \
S~ S~
7)) /p) ‘
o o ‘
&) - &)
> >
o |, o
> >
&) 5 &)
C -
) O
S -6 -
O O
o ~ o

40 ~20 0 20 40 |ogme 40 ~20 0 20 40

Wavenumber (cycles/m) Wavenumber (cycles/m)

24

©Ooo~NOOOUPA~,WDN—=-O
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Data analysis > from wave characteristic to dispersion rel.

I
|
w

Frequency (cycles/s)

-40 —20 0 20 40 -8
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Data analysis > from wave characteristic to dispersion rel.

0

1

2 0=k=0 amplitude: 156.98 mm 3
Q e I' _o
7)) e
QD
O 3
>
O H 4
%)
= H 5
(b
D) -6
o
o

=40 =20 0 20 40 Iog(m_r?l)
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Data analysis > from wave characteristic to dispersion rel.

w=k=0 amplltude 156 98 mm

wWwn—+0

I
|
w

Frequency (cycles/s)
-

= ~ Time averaged velocity (m/s)
= == B oo e
i;—;i} == 06 R e PR
\s e = : ! : : 1 : ‘

Velocity (m/s)
o

- 1

Wave n u m be -50 (‘) ;0 1I£)|Oe|ght (m:r?;) 2(;0 250 300

FIG. 16: (Colors online only.) Flow profiles from the PIV measuremen ts.
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Our experiment > Exciting classical field modes

: Ingoing frequency: 0.02 (cycles/s) Ingoing frequency: 0.10 (cycles/s) Ingoing frequency: 0.13 (cycles/s) . Background
. i i .
-z z z i .z
N 5 8 8 M 8
.3 9 o] . 5
. S B S . S
. = = = . =
. > > = . =
. g g g ¢ g
: 5 £ 5 ¢ £
S ) E )
. =) g =) . =
£ : 2 < £
- = = =
. i .
. -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 . -20 -15 -10 -5 0 5 10 15 20
. Wavenumber (cycles/m) Wavenumber (cycles/m) Wavenumber (cycles/m) . Wavenumber (cycles/m)
. Ingoing frequency: 0.20 (cycles/s) Ingoing frequency: 0.30 (cycles/s) Ingoing frequency: 0.40 (cycles/s) .
. " :
. ; .
. @ a » .
~ ~ ~
. 8 £ k4 .
1) o o
. S S = .
. 2 L = .
. = > = .
. 15} 15 15}
= g = .
. 5} 3} 5} .
5 8 3
. o oy o .
. g g g .
. = = = .
. " .
. - .
N -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 J
. Wavenumber (cycles/m) Wavenumber (cycles/m) Wavenumber (cycles/m) .
. Ingoing frequency: 0.40 (cycles/s) Ingoing frequency: 0.50 (cycles/s) Ingoing frequency: 0.60 (cycles/s) .
. ~ ~ ~ .
. B S S .
S S S
- & g g .
N o > > M
. o o (%) .
. g g g
5 15 3 .
. E S 3 .
=) =] o
. 3 3 o .
. = = = .
: -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 :
. Wavenumber (cycles/m) Wavenumber (cycles/m) Wavenumber (cycles/m) .
. .

Wednesday, November 21, 12



Our experiment >

=Xperimental procedure

Ingoing frequency: 0.02 (cycles/s)
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Our experiment > Experimental procedure

Ingoing frequency: 0.18 (cycles/s)
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Our experiment > Experimental procedure
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Our experiment > Pair-creation process

(a) (mm) § Amplitudes (ram) §
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Our experiment > Group versus phase velocity horizon

40114007

150

Distance (cm)

28

e e —— . e el .
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Our experiment > Boltzmann distribution

(i) Amplitudes of converted waves
depending on ingoing frequency:

3 ~ N K

5 out

20PN f -

5 i

=

5 |

m —-lp R ; .
-10 -5 0 5 10

Wave number (cycles/m)

(ii) what is a wave (particle)
nearbythe white hole horizon..?

[ a— ——
- = T Y n « 0 ¢ n

y . A(f, K)[?
(i) Norm is conserved: ’ ;’12’ d

29
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Our experiment > Boltzmann distribution

(i) Amplitudes of converted waves

depending on ingoing frequency: |
% 1t | " 50.8
R S G = £ 06
-10 -5 0 5 10 0.2
Wave number (cycles/m)
ol
(i) what is a wave (particle) 0
nearbythe white hole horizon.? mber 6
A 2
AR

(i) Norm is conserved: [

29

Wednesday, November 21, 12



Our experiment > Boltzmann distribution

(i) Amplitudes of converted waves

depending on ingoing frequency: |
i | go.s
S 06

-10 -5 0 5 10 02

Wave number (cycles/m)

(ii) what is a wave (particle)
nearbythe white hole horizon..?

[ a— —— |
01 03 13 04 b 0£ 1]

1n(|[3f|2/|af|2)

A(f, k)|? e ————
Al k)] dr 0 01 02 03 04 05 06 07 08
f+k Frequency (Hz)

(i) Norm is conserved:

29

Wednesday, November 21, 12



Our experiment » Surface gravity

_ 27w
- BH evaporation:  |B.]° =€ 91 |ay,|?

- 19(c? —v?)
0.2 | gH = 2 371

0.15

0.1

0.05

surface gravity in Hz
o

surface gravity (Hz)

via background:
0.08-0.18 Hz
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Our experiment > Summary

Q,w ¢ A
0*{!

amplitude (m) on a log scale

Lesson: The thermal emission is a
universal phenomenon, surviving fluid-

4 dynamic deviations (viscosity, vorticity)

and vastly altered dispersion relations,
and linear over an amazing input

rangel!ll

stimulated waves " v

classical noise

thermal noise

quantum noise

A
A
A

)

input

Assumption:

Linear amplifier over a huge
range!

v/ pair-creation process
(classical correlations)

v/ Boltzmann distribution
v/ surface gravity

ASS0D

00U 0oL NCLLCC B

31
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Our experiment > Summary

)

>

9"0
9‘-

Lesson: The thermal emission is a
universal phenomenon, surviving fluid-

rangel!ll

classical noise

thermal noise

amplitude (m) on a log scale

quantum noise

A
A
A

stimulated waves " v

)

input

LLI
5
01]
N
=
o
Q
c
®
pd
c
o
Q.
7p)

4 dynamic deviations (viscosity, vorticity)
and vastly altered dispersion relations,
and linear over an amazing input

Simulated BHE

Assumption:

Linear amplifier over a huge
range!

v/ pair-creation process
(classical correlations)

v/ Boltzmann distribution
v/ surface gravity

A A

ASS0D

00U 0oL NCLLCC B

v/ quantum correlations

31
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Our experiment > Summary

<k

Lesson: The thermal emission is a

universal phenomenon, surviving fluid-
4 dynamic deviations (viscosity, vorticity)

input

o | and vastly altered dispersion relations,

§ and linear over an amazing input

oo| range!!! "\

o ; '
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Other experiment(s)> Classical versus guantum®?

Cyclic universe:

-
s — ))H«

Example 3: f

Cosmological particle =

production (-
‘Analogue model of a FRW oo™t

universe in Bose-Einstein
condensates: Application of
the classical field method’,
Phys. Rev. A 76, 033616 (2007),
P. Jain, S.W., M. Visser and C. W.
Gardiner.
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€ First experimental results:

An acoustic analog to the
dynamical Casimir effect in a

Bose--Einstein condensate:

Classical or quantum
correlations?

Jean-Christophe Jaskula, Guthrie B. Partridge, Marie Bonneau,
Raphael Lopes, Josselin Ruaudel, Denis Boiron, Christoph |
Westbrook

Vertical velocity » (cm/s)

Phys. Rev. Lett. 108, 260401 (2012) [5 pages]

Violation of the Cauchy-Schwarz
Inequality with Matter Waves

K. V. Kheruntsyan1, J.-C. Jaskulaz’*, P. DeuarS, M. Bonneauz, G.B. PartridgeZ'T, J.
Ruaudelz, R. Lopesz, D. Boironz, and C. |. Westbrook?

"The University of Queensland, School of Mathematics and Physics, Brisbane,
Queensland 4072, Australia

2| aboratoire Charles Fabry de I'Institut d’Optique, CNRS, Université Paris-Sud, Campus
Polytechnique RD128, 91127 Palaiseau, France

Sinstitute of Physics, Polish Academy of Sciences, Al. Lotnikéw 32/46, 02-668 Warsaw,
Poland
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Our experiment > “Quantum” field theory in CS..7? 7
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Our experiment > “Quantum” field theory in CS..7? ;
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Summary > Results from AM experiments

Analogue Gravity Vancouver: stimulated Daniele Faccio Vestorook:

, white hole emission spontaneous white hole | cosmological particle
experiments emission production
Pair-creation 9 v

(classical correlations) v '
Boltzmann
v ? (impossible irrelevant
distribution 7 (Imp )
Eﬁect!ve graylty v unclear Vs
(determines physics)
Quantum hossible . tested, outcome so far
correlations P ' negative v/
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Summary > Results from AM experiments

(Q)FT in curved spacetimes

Q;Jantum Effects i"siié?fd
in Gravity BN
Fluid Optical Ultra-cold
dynamics systems atoms
Interesting v V V
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New experiment - ongoing experiments at SISSA

Description: Experimental studies of
effective rotating black holes, to detect:
® superradiant wave-scattering

® stimulated black-hole emission

Eo

E>

Surface waves on stationarny drnaining water |
bathtab vortey | analogue rotating

e\

o
< —

.l.‘ \

' ) ‘l"./
o e

v
'

Theoretical studies:

= Vortex geometry for the equatorial slice of the Kerr
black hole (M. Visser, S.W.);

“* In preparation: Generalized superradiant scattering
(M. Richartz, S.W., A.J. Penner, W.G. Unruh);

= ArXiv: Dispersive superradiant scattering (A. Prain,
M. Richartz, S.W., S. Liberati)

Numerical studies:

& In preparation: Experimental superradiant scattering
(M. Richartz, J. Penner, A. Prain, J. Niemela, S.W.)

Experiment studies:

*k surface wave detection

= design for water flume

& prototype ready for experiments
“+ big water flume

(3 x 1.5 x 0.5 meter)

under construction

The team:

« Prof. ). Viemela (CTP), Prof. S. Liberati (SISSA),

Dr. M. Richartz (Brasil), Dr. J. Penner (France), Dr. M.
Danailov, A. Prain, M. Penrice
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New experiment > Superradiant wave scattering

dw
Particle current: J» = 4,7 Q.. — ak |,

4 )

w—mQBH 2
Jb X |C¥w|2 JBO(_ ’6w|

R2—1-— (w —TZQBH)‘T‘Q / &
Jo < 1

Dispersive superradiant
scattering (A. Prain, M.
Richartz, S.W.,, S. Liberati)

1+ 0 = o[> e

J

Rotating Black holes: Linear Classical and Quantum Field Amplifier!
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dw
Particle current: J» = 4,7 Q.. — ak |,

4 A
— mf)
2 B w m BH 2
El Jp o |y, B X B
— mf)
W
J, o 1
Dispersive superradiant
scattering (A. Prain, M.
Richartz, S.W.,, S. Liberati) 5 : Q)
W —1m
1 —|— O p— ‘Oéw| I_ W 2 |6w’2
y,

Rotating Black holes: Linear Classical and Quantum Field Amplifier!

Wednesday, November 21, 12



