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- \ Today’s talk

LKB

The propagation of waves in nonlinear media may be controlled to engineer situations where
the waves propagate as though they were on a curved spacetime, like around a black hole or
In an inflating universe. This enables the experimental simulation of field theories on curved
spacetime.
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LKB

The propagation of waves in nonlinear media may be controlled to engineer situations where
the waves propagate as though they were on an effectively curved geometry, like around a

black hole or in an inflating universe. This enables the experimental study of field theories on
curved geometries.

Controlled propagation of waves - effective geometry - linearised excitations

(engineered nonlinearity) (curvature) (quantum field)
Spatial change in geometry: black hole ~ Temporal change in geometry: cosmology
& / \

Spontaneous emission from the vacuum Correlated/entangled waves Dynamical instabilities
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Hawking effect on Schwarzschild black hole

Theory of analogue gravity

How to observe the Hawking effect in the laboratory?

Experiments in rotating geometry
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Hawking effect on Schwarzschild black hole



History of a black hole
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positive negative

out frequency frequency
wave wave

N e o= [ dwNalfe+alf5) alo) =0
| Out:(b:/dw (awF, +al,F%) al0) =0

Express out modes in terms of in modes: F,, = /dw' (Qww’ for + Bow f1r)

. mixing of positive and = |0) # |0)
y

negative frequency waves
= mixing of creation and B B
A annihilation operator a ‘O> == Zw, 5ww/ ‘1> > 0
: Spontaneous emission from the vacuum!

Black hole = Hawking radiation

surface gravity of the black hole
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LKB

Theory of analogue gravity
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LKB

Schwarzschild black holes are characterised solely by their mass — Schwarzschild black hole = 4-sphere

/

Rotational spatial
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LKB

VA

Schwarzschild geometry — waterfall geometry

Wave equation for scalar field

___ @q— _
- B on Schwarzschild geometry:
= s g/,w . —1 —v
upstream . S schw —v  (c? —v?)
Flow velocity of ¢ downstream | .
fluid Inverse metric tensor of Painlevé-
He ) ? Gullstrand metric in 1+1D
Speed of fish 1 (ﬁ ?
¢ \ S 24,
50y
Vi

Outside Inside %
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VA

Schwarzschild geometry — waterfall geometry

LKB

p-) &
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- % S s 4%“
W .
cj.- D . ‘ 1

upstream
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Flow velocity of 1
fluid v

¥
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ave?)
Outside - Inside g

Speed of sound
C

X
)
I

Wave equation for scalar field
on Schwarzschild geometry:

w1 —
schw — — (62 _ ?}2)

U
gUn'r'uh

Unruh PRL 46 1351 (1981): wave equations are isomorphic
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LKB

Schwarzschild geometry — waterfall geometry

a

Speed of sound
Cs
: . : SR __ _h 2 2 m — mass
Wave equation of fluid (Nonlinear Schrédiner Equation): 109 = —5-V =1 + QW‘ Y g — interaction cst

Kinetic energy Nonlinear interaction

17



LKB

VA

Schwarzschild geometry ~ waterfall geometry

Speed of sound
Cs
: . : L SR __ _h 2 2 m — mass
Wave equation of fluid (Nonlinear Schrédiner Equation): 109 = —5-V =1 + g\w\ Y g — interaction cst

A

Kinetic energy Nonlinear interaction

Write complex scalar field in terms of its amplitude and phase (Madelung transform): ¢ = \/ﬁew

~ hydro and Euleregs: Oip + V(pv) =0 - | |
0rp + 2—1hmv2 + gp — h v=(h/m)V ¢ Fuuid velocity

1/2 =0
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VA

Schwarzschild geometry ~ waterfall geometry

LKB

Speed of sound
Cs

. . . . N ___ 2 m — mass
Wave equation of fluid (Nonlinear Schrodiner Equation): 104 =V + g\w\ (B g — interaction cst

Kinetic energy Nonllnear interaction
Write complex scalar field in terms of its amplitude and phase (Madelung transform): ¢ = \/ﬁem

- hydro and Euler egs: 675[) + V(,O’U) —

1 2 VZ(ﬁ/m)ng Fluid velocity
O + o5 MU T gp — o172 0
Linearise around background: p = pg + €p1 + 0(62) Co = —h29p0 Speed of sound
m

— wave eq for collective excitations (sound waves) of fluid:

-0 (% (8t,01 +voVp1)) +V (poVpr — 223° c%pl + vOVp1)> — 0




LKB

Schwarzschild geometry ~ waterfall geometry

v=(h/m)V ¢ Fluid velocity

h
Speed of sound Csg = 297%0 Speed of sound

Cs

Wave eq for collective excitations (sound waves) of fluid:

—8t(§—§(8tp1 +vVp1)) +V(poVp1 — poé’o Ot p1 +v0V,01)) =0

&

2 2 x Y

_(Cs — Yo ) Uy Yy
Define metric tensor 1), = -7 1 0
—vY 0 1

Relavistic form of wave eq for collective excitations: A,01 — ﬁau(v _7777“V8u,01) =0

Acoustic metric — motion of sound in inhomogeneous fluid flow == scalar field on curved spacetime

Unruh PRL 46 1351 (1981)



VA

LKB
2 Y
—(c% —v —v%¥  —v
(€ . ) © © v=(h/m)V ¢ Fluid velocity
Nuv = —v, 1 0
—vY 0 1 c, = 1/ 9L0  speed of sound

2m

(i) accelerating flow along 1 spatial dimension - Schwarschild

(ii) radially accelerating flow in 2 spatial dimensions - Schwarzschild
Horizon where VO = Cs

(iif) radially and azimuthally accelerating flow in 2 dimensions — Kerr
Horizon where Vr T Cs

Ergosurface where vo| = ¢s

Visser Class Quant Grav 15 1767 (1998)



VA

Schwarzschild geometry — waterfall geometry

LKB

>

Flow velocity of 1
fluid v

Speed of sound
C

v

Inside

Quantised acoustic field:
in: O = dw (aw fo + CLL f:;) a ‘0> =0 Express out modes in terms of in modes:

_ Fw - dw/ aww’fw’ +ﬁww’f:’
out: ¢ = /dw (awFo +al FX) al0) =0 / ( |

Different speeds on either side of the = ]O} + \O) = Bow #0

horizon .. o\
mixing of positive and
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\ \ Unruh PRL 46 1351 (1981)

Schwarzschild geometry — waterfall geometry

LKB

>

Flow velocity of 1
fluid v

—

Speed of sound
C

v

Inside

Quantised acoustic field:
in: O = /dw (aw fow + CLL f:;) a ‘O> =0 Express out modes in terms of in modes:

_ Fw - dw/ aww’fw’ +ﬁww’f:’
out: ¢ = /dw (awFo +al FX) al0) =0 / ( |

Different speeds on either side of the = ]O} + \O) = Bow #0

horizon .. o\
mixing of positive and

negative frequency waves
= mixing of creation and
annihilation operators Hawking effect 23

| Spontaneous emission from the vacuum!




LKB

VA
Sound waves

In BEC

Hawking correlations
Steinhauer 2019

Black hole laser? = no
Steinhauer 2014
Steinhauer 2022

In fluid of light
(microcavity polaritons)
Proof of principle by Amo and Bloch 2015
New experiments in Paris 2022

Gravity/Capilary waves

Scattering at the white hole
Rousseaux and Leonhardt 2008
Weinfurtner and Unruh 2010
Correlations across the WH horizon
Rousseaux and Parentani 2016
Correlations across the BH horizon
Rousseaux 2020

Rotating black hole - superradiance
Weinfurtner 2016
Rotating black hole - oscillation of
light rings (QNMs)
Weinfurtner 2020

Light waves

Scatteringt at the BH/WH horizon
Konig and Leonhardt (Fibre) 2008
Faccio (Bulk) 2010
Konig (Fibre) 2012
Wang (Fibre) 2013
Murdoch (Fibre) 20157
Bose (Fibre) 2015
Ciret (waveguide) 2016
Kanakis (Fibre) 2016
Gaafar (waveguide) 2017
Konig and Jacquet (Fibre) 2018
Leonhardt (Fibre) 2019

Negative frequency waves
Koénig and Faccio 2012
Kbnig 2014, 2015

Universality of the Hawking effect, Unruh and Schiitzhold PRD 71 024028 (2005)?
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o \ Today'’s talk

LKB

How to observe the Hawking effect in the laboratory?
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1) create a transsonic fluid — acoustic horizon where v=c

different speed on either side of acoustic horizon — mixing of positive and negative frequency waves
- spontaneous emission of phonon pairs from the vacuum

2) observe Hawking spectrum Unruh PRL 46 1351 (1981)
3) observe correlations across the horizon

LKB

>

Flow velocity of 1
fluid v

Speed of sound
C

A 4

Inside
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a [\ Microcavity polaritons

LKBWU

Carusotto and Ciutti RMP 85 299 (2013)

Polaritons= photons dressed with material excitations that live in the cavity plane

Excitation

———

Photons

Detection

w

1.50 - ;
\ [}
1.25 - Photons )
100 effective mass
from
0.751
] confinement
0.50 1 7
A / Quantum-well
0.25 1 i .
’ XCiton i ;
0,00 |Lamaemaussn vl o i é___e__c_t_o__s__ interactions
—0.25{| P R
—0.50
—0.7573 -2 -1 0 1 2 3

Dynamics in the cavity plane described by Gross-Pitaevskii (Nonlinear Schrodinger) equation:

Cl

h2v?2

5 0
lhat_(

Driven-dissipative dynamics — Out-of-equilibrium system

L P

ih
g T gn) Y — ;@b + P(r,t)

g polariton-polariton interaction constant

Y losses
P pump
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\ Resonantly excited microcavity polaritons Maitre et al PRX 10 041028 (2020)

LKB
Polaritons= photons dressed with material excitations that live in the cavity plane
w
I(r,t) = n(r,1) _
Excitation resonant photon injection 1.25-
o(r,t) — v(r,t)
1.00 -
Phase + DBR{ 0.75 4
intensity profile 2T { A 0.50-
of driving field DBR O i 172 0.25
K 0.00 -
— Spatial Light —025 | P
Modulator e Imaging photons leaking o501 resonant phaton
(SLM) out of the cavity injection
—0-75°3 -2 -1 0 1 2 3
V(I’,t) — ¢(T7 t) k

Full optical experiment

Image of the cavity plane (2D planar sample, no microstructure)
— density map: CX \/ﬁ

— velocity map: voX v¢ 0



. . . . . F Claude, M Jacquet et al PRL 129 103601 (2022)
\ \ Collective excitations of p0|arlt0n fluid F Claude, M Jacquet et al arxiv:2211.12373

LKB

- *
2mLP

GPE: iﬁ%fz( ~ +gn>¢mf¢+P(T,t)

interaction cst  [1)|? losses  pump

Bogoliubov theory:

1. Linearise GPE around steady-state solution w(’r, t) = 9o (Tv t) + 5¢(T, t)
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. . . . . F Claude, M Jacquet et al PRL 129 103601 (2022)
\ \ Collective excitations of polariton fluid F Claude, M Jacquet et al arxiv:2211.12373
LKB

c2 O 2y 2 1h
GPe:  ihGy = (%P + gn) b — 5+ P(r,t)

interaction cst  [1)|? losses  pump

Bogoliubov theory:
1. Linearise GPE around steady-state solution w(’r, t) = 9o (Tv t) + 5¢(T, t)
2.Equation of motion of weak perturbations ot 5¢* (f,a’ t) Bog &D* (74’ t)

Bogo operator

30



F Claude, M Jacquet et al PRL 129 103601 (2022)

\ \ Collective excitations of p0|arlt0n fluid F Claude, M Jacquet et al arxiv:2211.12373

LKB

GPE: ihQY = ( e +gn> Y — "+ P(r.t)

2mLP

interaction cst  [1)|? losses  pump

Bogoliubov theory:

1. Linearise GPE around steady-state solution w( ) wO T t +0

| | | in o 3 op(r,t) oyp(r,t)
2.Equation of motion of weak perturbations (ﬁb* r, t &D* (7“ t)
3. Eigenvalues of Bogoliubov operator == dispersion relation Bogo operator

1.50

1.25

1.00

heo(k) = £/ (222 — 6+ 2gn)° — (gn)? — i

0.50

0.25

hw 0.00 ¢ o .
—o2s| | P 51? nant photon injection

—0.50

—0.751
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F Claude, M Jacquet et al PRL 129 103601 (2022)

\ Collective excitations of p0|arit0n fluid F Claude, M Jacquet et al arxiv:2211.12373

LKB

GPE: ihQY = ( e +gn> Y — "+ P(r,t)

2mLP

interaction cst  [1)|? losses  pump

Bogoliubov theory:

1. Linearise GPE around steady-state solution w( ) wo T t +0

| | | in o 3 op(r,t) oyp(r,t)
2.Equation of motion of weak perturbations &b* r, t 5¢* (74 t)
3. Eigenvalues of Bogoliubov operator == dispersion relation Bogo operator

:I:\/hk2 ok -+ 2971)

At low k, dispersion is linear — excitations are phononic with “speed of sound” Cgs = \/ﬁgn/m
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LKB\
1) create a transsonic fluid — acoustic horizon where v=c Unruh PRL 46 1351 (1981)
2) observe Hawking spectrum Visser Class Quant Grav 15 1767 (1998)

3) observe correlations across the horizon

Flow velocity of ¢
fluid v

Speed of sound
C

A 4

Inside

First proposal by Solnyshkov et al. PRB 84 233405 (2011)
Numerical studies in Gerace and Carusotto PRB 86 144505 (2012)
Grisins et al. PRB 94 144518 (2016)
Jacquet et al. EPJD 76 152 (2022)
Proof of principle experiments for acoustic horizon by Nguyen et al. PRL 114 036402 (2015)
Jacquet et al. PTRSA 378 201190225 (2020)

Hawking effect has not been seen in polaritons to date

33



VA

LKB
Flow velocity of ¢
fluid v
Speed of sound
|Fsl C
2 1

Preliminary data by PhD student Kevin Falque
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VA

LKB
Flow velocity of ¢
fluid v
Speed of sound
Fol .
2 4

E

e —— ]
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Detection
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v

Inside
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VA

LKB
Flow velocity of ¢
fluid v
Speed of sound
|FP| C
2 1

v

‘ Inside

75 density [um]
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\ L Preliminary data by PhD student Kévin Falque

LKB
Flow velocity of ¢
fluid v
Speed of sound
IFo c
2 A
Ly Outside Inside
+ phase controlled =<
with SLM e — coX /1
vox Vo >

TNV

©
~

Cs, Vfiuid [pm/ps]

o
N

-40 20 0 20 40
y [um]
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LKB

VA

Hawking effect at the horizon: emission of acoustic waves on either side of the horizon

Cs: Veuid [pm/ps]

ubsonic flow  Supersonic flow
-40 20 0 20 40
y [um]




LKB

Hawking effect at the horizon: scattering of acoustic waves at the horizon

Stimulate emission with coherent probe at input — create acoustic wave that impinges on horizon and scatters
- reflection = Hawking radiation

0) #10) = ng’ 70 transmission = partner

Scattering matrix elements _
Can be applied on any ket in Fock basis: in) = |n) ® |0)

<Nout> _ ‘Bin,out’2 ‘77’2 i |5vac,0ut|2

o
~

Cs: Veuid [pm/ps]

o
N

ubsonic flow  Supersonic flow
-40 20 0 20 40
y [um] 40




S

2 2
Sound waves on either side of the horizon: dispersion relation w(k) = kvg £ \/hk (hk + 297?,)

2m \ 2m
measured with coherent probe spectroscopy
F Claude, M Jacquet et al PRL 129 103601 (2022)

1.4834

Pump frequency
1.4831

hw [MmeV]

1.4828

-0.75

Cs: Veuid [Hm/ps]

0.2

ubsonic flow  Supersonic flow 1
40 20 0 20 40 K [um™]
y [um] 41



LKB

Stimulate emission with coherent probe at input — create acoustic wave that impinges on horizon and scatters

- reflection = Hawking radiation
transmission = partner

1.4834

1.4834

3 r

QJ 1.4832 #

£ 1.4831 °

3 qat

= Transmission
1.4828 oo LY

-0.75

0 0.75
k [ l.lm-l] 1.4826




S

LKB

Scattering of probe at acoustic horizon = observation of Hawking effect

1.4834

> y
£ 1.4831
= O
< Transmission
1.4828 -
S
3
-0.75 0 ) 075 =5
K [um~] 2
U;]
0.2
ubsonic flow Supersonic flow

-40 20 0 20 40
y [um]




o \ Today'’s talk

LKB

Experiments in rotating geometry



LKB

I(r,t) = n(rt)
¢(r,t) — v(r,t)

Phase + intensity profile of
driving field

— Spatial Light
Modulator (SLM)

\ \ Vortex flow of polaritons: experiment

Pump with a Laguerre-Gauss beam (LG=20) - induce rotation in flow
Densit

Quasi-resonant, continuous excitation.

45



LKB

\ \ Vortex flow of polaritons: simulations

Pump with a Laguerre-Gauss beam (LG=20) - induce rotation in flow
Density (simu)

250

200

1540

y [um]

100

250 200 150 100 50
% [um]
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\ \ Vortex flow of polaritons: simulations

LKB
Pump with a Laguerre-Gauss beam (LG=20) - induce rotation in flow
Velocities along radial cut Density (simu)
25 T T T T T T T I EE{I
200
Vx o ax ¢ m
o _ 150
£
gnlx| < H
cs, = = ~ 100
m o
(3]
=
50
0
250 200 150 100 50
0 10 20 30 40 50 60 70 80 90 100 110 % [um]

Radial Position (pm)
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LKB

2.5

«Q

=

x
Velocity (pm/ps)

Velocities along radial cut

40 50
Radial Position (pm)

Analogue gravity:

y [um]

ergosurface where v__=c
otal

\ \ Vortex flow of polaritons: ergosurface and horizon

Pump with a Laguerre-Gauss beam (LG=20) - induce rotation in flow
Density (simu)

250

200

1540

100

250 200 150 100 50 0
% [um]

S
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A \ Vortex flow of polaritons: ergosurface and horizon

LKB
Pump with a Laguerre-Gauss beam (LG=20) - induce rotation in flow

Velocities along radial cut Density (simu)
25 T T T T T T I I 25{'

200

an< ax¢ )
<15t 150
5 =
= 3,
s i gnlx] < s
A m 8 4l 100
@
]

0.5

40 50
Radial Position (pm)

ergosurface where v__=C
otal

S

Analogue gravity:

event horizon where v_ =c_
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LKB

\ pTrajectory of ‘phonons’ on analogue black hole

Congruence of rays on the vortex flow

250

200 ---- All rays originate from the same horizontal line 2um

‘above’ the horizon, with kX=vX

150 Analytically solve Hamilton Jacobi equations and then

numerically integrate with odeint (python)
H(x,kl=w—-v,.k+c |k|

y [um]

100

Trajectories over 105
us.
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N LTrajectory of ‘phonons’ on analogue black hole

LKB

Congruence of rays on the vortex flow

O o . Trajectories over 105 us.
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LKB

\ \ Dark solitons

Dark soliton = localized & stable collective excitation in nonlinear medium

Density

Solitons are spontaneously generated In
pairs in the wake of a defect

Propagate with initial angle inside
Cerenkov cone

Amo et al, Science 2011
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LKB

\ \ Analytical calculation of trajectories:

Congruence of rays on the vortex flow

Consider that solitons start off at Cerenkov angle.
Trajectory treated with eikonal optics.

250

200 ---- All rays originate from the same horizontal line 2um

‘above’ the horizon.

150 Analytically solve Hamilton Jacobi equations and then

numerically integrate with odeint (python)
Hix,kl|=w-v,.k+c |k|

y [um]

100

Trajectories over 120 us.
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LKB

\ \ Analytical calculation of trajectories:

Congruence of rays on the vortex flow Trajectories over 120 us.




A\ Solitons on rotating black hole: experiment

LKB

Experimental observation
* 3 different regimes of soliton propagation on a vortex flow: 0, 1 and 2 solitons

* Depends on defect position along the vortex flow

55



A ,\ Solitons on rotating black hole: simulations

LKB

® 3 different regimes of
soliton propagation on a
vortex flow: 2, 1 and O
solitons

® Agrees with analytical
trajectories

Animation created from
steady-state images of
GPE

56



LKB

\ \ Solitons on rotating black hole: comparison

; - g Fv B e

Experimental and numerical observation of 3 different regimes of soliton propagation on a vortex flow:

* 0 solitons when the defect is outside the ergosurface (phase set by the pump)
* 1 soliton in the ergoregion (other soliton does not exist because phase is set by the pump)

* 2 solitons inside the horizon, with curling around the vortex core

Behaviour corresponds to trajectories of ‘phonons’ setting off along the Cerenkov cone.
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o \ Today'’s talk

LKB

The propagation of waves in nonlinear media may be controlled to engineer situations where
the waves propagate as though they were on an effectively curved geometry, like around a

black hole or in an inflating universe. This enables the experimental study of field theories on
curved geometries.

Controlled propagation of waves — effective geometry - linearised excitations
(engineered nonlinearity)

(curvature) (quantum field)
Spatial change in geometry: black hole /,,Tem’pbral ch;ng@ in geometry: cosmology
4« g <
Scattering at surfaces, eg Hawking effect Correlated/entangled waves Dynamical instabilities

1.4834

hw [meV]
=
&
]
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The next generation
of analogue gravity
experiments

9 — 10 December 2019

Organised by Dr Maxime
Jacquet, Dr Silke Weinfurtner
and Dr Friedrich Konig.
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\ Modelling a BH spacetime with a fluid of microcavity polaritons

LKB

Subsonic flow

Supersonic flow

X [um]

25 50
Jacquet et al EPJD 76 152 (2022)
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\ Acoustic horizon in polaritons

Il KB

Horizon

Downstream region

- Negative

potential

Simulate sample of Nguyen HS et al.,
PRL 114 036402 (2015)

e i

3 L il i XEdgE : 0 & Ty = ‘{{ [“m] ~ 1500 + _-—--"""'_“_\.I

_____________________________ :________________________________“ CO( n = 1000
650 -25 :0 25 50 o N - “6 —
' X [pum]

Subsonic flow : Supersonic flow N
3¢ : /
0 . i . ’

-50 -25 0 73 50
X [um] Jacquet et al., EPID 76 152 (2022) o



\ Acoustic horizon in polaritons: the modes

LKB

S— )

&u/@k Group velocity of modes - propagation w.r.t horizon

— 6 :
g Subsonic flow : Supersonic flow
= :
s e |
> d{
S g . Y |
-50 -25 0 23 50
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B @rbaﬁon of black hole

Hanford, Washington (H1) Livingston, Louisiana (L1)
LKB . | | ' | | | |
To asymptotic observer
* Time | ////f 5
Life of a Schwarzschild black hole “
if perturbed by large amplitude object, £
: relaxatlon by gravrtatlonal Waves 0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
_ e ~ Tigo Virgo
| Quasi-normal mode of the gravitational field 5916
)
'/
0) \ |
Asymptotic past

Space
Jacquet et al.,

63
arxiv:2110.14452

o N M O

Normalized amplitude



—
e i e

150

Send wavepacket u_ toward horizon:

(i) reflection
(i) transmission 100 8
(iii) density @horizon oscillates and dampens
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" ,\ Scattering of vacuum fluctuations: long and strong Hawking correlations
LKB
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,‘ ,\ Scattering of vacuum fluctuations: horizon correlations
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" ,\ Scattering of vacuum fluctuations: excitation of a quasi normal mode
LKB
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" ,\ Scattering of vacuum fluctuations: effective potential
LKB
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\ Spectral modulation
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