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Abstract: <p>There is an analogy between the propagation of fields in the vicinity of astrophysical black holes and the that of small excitati
fluids and superfluids. This analogy allows one to test, challenge and verify, in tabletop experiments, the elusive processes of black hole m
angular momentum loss.</p>

<p><span style="line-height:1.6">I will first present a brief overview on analogue black hole experiments, and then discuss in more detail sc
my earlier and more recent experimental and theoretical results on the subject.</span></p>
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analogue gravity

~ Where do we expect such a behavior?

Broad class of systems with various

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

in an analogue/effective/emergent gravity system dlyne:mlcal GC]LtJ.atIOHS, e-g(-j -
can be simplified to electromagnetic waveguide, fluids, ulatra-

| cold gas of Bosons and Fermions.

Du (V gy"”(');,t,-") = ()

V—9 In example below: Fluid dynamics
- , . ! derived from conservation laws:
defining an effective/acoustic/emergent metric ]
' op
tensor: . | | T? + V- (pv) =0 Continuity equation
(c?(x,t) — v*(x,t)) vt (x,t) ¢
.'/rfh X ’ .
v(x, t) Lisxd Dv ,
9 _J P, Vp Euler equation

Simple example:

Small fluctuations in zero flow subsonic flow supersonic flow fluid velocity

-

inviscid,
irrotational,
incompressible
fluid flow

_ HH- . . :
1981: W.G. Unruh time Effective horizons as seen by small fluctuations
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analogue gravity

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

Simple example:

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

e 0 0 0

)? o . ) - 0 I 0 0
A Y = V3 equivalently to 9, (V=1 n° 9, ¥) =0 where b = 0 |

c? Ot?
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analogue gravity

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 9% o , _ o 1 0 1.0 0
o mga;' = V4 equivalently to d, (\/ T -e,w) =0 where Tlab 0 0 1 0
0 0O 0 1
(i) “minimal substitution” curved spacetime : l
goo(X,t) g (x,8)  goa(x.t)  gos(x,1)
. aba .1 : g (x,t) gn(x,t) g2(x,t) ga(x,t)
a (V=99""0 ¥ ) =0 where e go2(x,t)  gia(x,t)  goa(x,t) gas(x,t)
oz (X, 8)  ga(x.t)  ges(x, 1) gaz(x.t)

Pirsa: 15040092 Page 5/58



analogue gravity

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

Simple example:

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

0 0 0
1 &% P : _ aba B 0O 1 0 0
p mga;' = V4 equivalently to d, (\/ NNy -e,w) =0 where b 0 0 1 0
0 0 0 1
(i) “minimal substitution” curved spacetime : l
goo(X,t) g (x.t) goa(x.t) goa(x.t)
- aba 1\ _ : g (x,t)  gn(x,t) g2(x,t) ga(x,t)
0a (V=991 ) =0 where el go2(x,t)  gi2(x,t)  goa(x,t)  gas(x,1)
oz (X, 1) qua(x,t)  gos(x,t)  gys(x,t)

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

d, (\/ g 9“1 ) 0 where Gav(Gap, N 8TGN (Tup)

Pirsa: 15040092 Page 6/58



analogue gravity

effective black and white hole horizons
occur naturally

effective effective
black hole white hole

7ero subsonic supersonic subsonic

fluid flow
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analogue gravity are useful because...

1981: Experimental black
hole evaporation?

A

(a) (b)
Canada/lIsrael:

Experimental Black
Hole Evaporation

work in progress

UK:

Superradiant scattering
from rotating black holes

Possibility for analogue simulations
of some the exotic effects
predicted to occur in our universe.

Quantum Gravity
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]; I ool
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in curved Spm:u!.lnu:!s

particle creation/field

Gravity:
!Glunntum Field Theory General ::Iy;t‘mty_

OQUAVINONCH RNl
dynamical spacotime
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analogue black hole evaporation experiments

Exampile 1:

Experimental Black
Hole Evaporation

Classically nothing
can escape from a black
hole, but including quantum
effects, it can evaporate

away its mass.

Hawking radiation:
how black holes lose their mass
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why analogue black hole evaporation experiments

8 1: Experimental black hole evaporation « , by Bill Unruh; Vol 46, #21, PRL.
g

9 uv_problem? l

Possibility to test experimentally

the of the Hawking

H process!

insensitive to particular robust against
.. ‘UV’-behaviour of linear model-specific
W perturbations dynamics
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black hole radiation simulated in:

Q}ﬂ

@ Greg Lawrence '

UBC :

:: ;l; Ted Tedford

Observation of self-ampllfymg
Hawking radiation in an
analogue black-hole laser,
Nature Physics 10, 864 (2014)

\

Measurement of Stimulated
Hawking Emission in an
Analogue System

Phys. Rev. Lett. 106 021302 (2011)
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black hole evaporation in a nutshell N

(1) What is Hawking radiation?

(2) How can we set up a table-top

experiment that tests Hawking/Unruh'’s
prediction?

o A zf"-_-i)' ) .
N\ it Pair-creation:
) g ¢ 6 2’, ,\“‘ Separation of particle-anti-particle
X 4} NER pairs from the quantum vacuum;
) X 2y g Negative norm modes absorbed by
8 & 14 _
v b1 black hole;
\f (} & = ‘f ) [ Particle Creation by Black Holes, by Stephen Hawking, in 1974 ]
() (b)
(in _ _out out Letb’s ['rtj to understand Hawking radiation
¢, =ai "+ 2 -

as a simple scattering process..
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\. i
Potential / gravitational field Boundary / event éa'zc;;'aa

0 = -I‘ . ‘ \ /
0 » J )
& 1 ‘

s 6| 6N g "
2 Pat e |
< L] j 1
B o wl
1 dl . ! ¢

e N QVAVAV

(in _ __out out
(/)w — (Y+ + ,.[-37

AVAVAY,

Right moving
modes E A ——
NSNS N\

Left moving
modes
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(/)Zdn — (Yiu': 2L ﬁgut

Modes moving
into potential

Modes moving
out of potential
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Ja J
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Conserved quantity:

V.

(

dw

J. = 1A,]* —
= An]" o dk |,

Jb JB

'/u -+ l\ — J{) - JH

Page 16/58



Y.

" dw
§ -P.E’J Particle current: /Jn = [A.|" Q] ar
Vi K [
: b1 n
« £ 4 )
‘c" & :'-; ; 1 \“..
Y 0 0 ¢ 3 / i 1 / __ A .
wy e f) 'X. ‘(‘w“ ¢ l)) X _’:.' v(/“
(/)Z,Jn = (Pim =+ ﬁgm \
/ J A
Ty 0K ]
9 y (2
\_ y,
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{4

" dw
) E’J Particle current: /. = |A.|" Q| ar
i Wl Y e
@ ¢ %N ( h
NN
4 'V { ‘.i 2 { .3
§ Jp X || Jp x —|B]

1+ 0 = aul® + |8

\. J
Black holes: Linear Classical and Quantum Field Amplifier! L

Pirsa: 15040092 Page 18/58



9

o = M 4 gout
‘ ))\.4. ‘ 2 2T W
|”. ’2 — @ Y1

v/ pair-creation process
v Boltzmann distribution

v/ surface gravity
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Hawking radiation classccal on guantum?

.

amplitude (m) on a log scale

L]
L]
.

stimulated waves *

classical noise %

thermal noise X

quantum noise

input

Assumption:
Linear amplifier over a huge
range!

v pair-creation process
(classical correlations)

v Boltzmann distribution
v/ surface gravity

W
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black hole radiation simulated in fluid 1/3

effective effective
black hole white hole

el g

Measurement of Stimulated
Hawking Emission in an

Analogue System :
Phys. Rev. Lett. 106 021302 (2011) A
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black hole radiation simulated in fluid 2/3

v pair-creation process (classical correlations)
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v Boltzmann distribution ~ surface gravity

black hole radiation simulated in fluid 3/3 E

(a)

(i) Amplitudes of converted waves | — %
depending on ingoing frequency: £ os}{ - - - noisc
: 2 06 0.42

=20 -10 0 10 20
Wavenumber (k)

(ii)) what is a wave (particle)
nearbythe whlte hole horlzon !

— L e—
] [ ‘@ 0 04 ]

(i) Norm is conserved: / AU sl F+

20
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black hole radiation simulated in fluid 3/3 ﬂ

v Boltzmann distribution ~ surface gravity

(a)
(i) Amplitudes of converted waves | o
depending on ingoing frequency: £ os| - - - noise
i 2 0.6 0.42
:E;L 0.4
<02
£ 0 i e Y o S
_ ; =20 -10 0 10 20
Wavemumber teyciesim Wavenumber (k)
(i) what is a wave (particle) 3 ®)

In(R)==81+0.1

nearbythe whlte hole horizon..?

uﬁll

— L e——
] [ i 0 04 ]

0 01 02 03 (!‘.4 ()tﬁ 06 0.7 0i8
! 1 Frequency (Hz)
(ii) Norm is conserved: / TR

20
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black hole radiation simulated in superfluid 1/3:

g " .
%" stimulated waves nplt % BC)SQ-.-E: th&:tih C() thMSQEQ:
E classical noise § n
£ €
-g thermal nolse M...m-q::
Y w
E| quantum noise III!

output 9

43 : .
£ ; i s
— 8 Observation of self-amplifying

Hawking radiation in an
analogue black-hole laser,
The black-hole horizon is created by an Nature Physics 10, 864 (2014)
additional step-like ‘waterfall’ potential which
accelerates the condensate to supersonic
speeds, as shown in Fig. 1c¢. This potential is
created by a large-diameter Gaussian laser
beam, half of which is blocked by a knife edge.
This knife edge is imaged onto the condensate

using the same high-resolution optics used for
acquiring the images.
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black hole radiation simulated in superfluid 2/3:

“Corley and Jacobson considered a system

analogous to a charged black hole, in which the
' black-hole event horizon is followed by an inner
> A v horizon. If the dispersion relation has upward

2 curvature, they asserted that the negative-

energy partner particles of the Hawking radiation
will reflect from the inner horizon and return to
the black-hole horizon. The reflected particles
will then stimulate additional Hawking radiation,
forming a black-hole laser.”

. BH This way one can observe Hawking radiation
(initiated from quantum fluctuations) in the
> Vigu classical regime.
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black hole radiation simulated

in superfluid 3/3:

d

20

10

0
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20

20 10 0 10 20

e

The density-density correlation
pattern is shown. The points
where x1 and x2 correspond to
horizons BH and IH are
indicated in g. The correlations
showing the outgoing flux of
Hawking radiation are indicated
by HR. a-g, Increasing times
corresponding to Fig. 2a-g. The
intermediate value of Ustep is
shown. h-j, The lasing region for
increasing values of Ustep at the
latest time. i is an enlargement
of g. Inj, the greyscale has been
decreased relative to h and i by
a factor of two to improve the
visibility of the pattern.
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analogue gravity

what about effective rotating black hole horizons?

Pirsa: 15040092 Page 29/58



rotating black holes

5 2mor o o Admarsin®d B B & s 2mra? sin“d o i
ds- (l ) e dt” , do dt 4 g{,i'-  p°dO* + (f" Fa“ 4 = ) sin“ 0 dop”

9 )
r-

)* y*
/ f »

Outer event horizon

- "
ry=m+vVm? - al

Inner event horizon

 on, em——
r - m v m= [ =

H

Outer ergosurface
re =m-+vm? — a2 cos® )

Inner ergosurface

rg =m vm? — a? cos? f)

Ring singularity Ergoregion

2 2

x24+y?=232and0d = n/2

Symmetry axis ¢ = 0
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analogue rotating black holes

= v b2 > ¢ (ergoregion)
Pl = rlz=h gw? = &

Eo

2 .
Uy |._, = Cuw (event horizon)
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rotating black holes

9 2mr\ o ., Amarsin®f £ w5 @ s s o 2mra®sin®@\ | , 5
ds” l ”,’, c” dt” e J,,H dédt + E- dr? 4 pedo® + | r° 4+ a” 4 S ~ - sin“ 0 do*®
p? p? A p?

Can we mimic the full Kerr geometry in an analogue gravity system..?
Vortex geometry for the equatorial slice of the Kerr black hole
(Matt Visser and S.W. in 2005)

e the spatial slices of the Kerr geometry are
never conformally flat forces any attempt
at extending the acoustic analogy to
consider a more general class of acoustic
spacetimes (Garat and Price,
Nonexistence of conformally flat slices of
the Kerr spacetime Phys. Rev. D 61
124011)

* we can however mimic the equatorial
slice of a Kerr black hole

o ~
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superradiance evaporation in a nutshell o OVI- 200K TEOR@BEKE

Black Hole Regions

Singularity

Output:  SDI- 1920x 1080IERE0H2

angular velocity and electric potential

at the event horizon )

(1), — edy,
’R, _ B — TNii) (o ;’Tl

wl

ingoing
tragsmitted

4( Ey
Es

reflected = R
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dw

Particle current: J, := |A,|° Q| _ e
(0K l!-'“

¢ (w H.’S!/;”) .19
‘“’ JB 1 Bwl|”

£
(e

12 (w=mOBH) 2
R | 7| / ]\

| (W H.“);;”: . A0
)
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what about dispersive media?

. 5 lw
Particle current: J, := [A,|” Q| (JA
- dR 1
Does this scattering process also apply to dispersive
media, where more ‘scattering channels are available’?
____________ Jp
Jg
Je
____________ Ja
Jot+ I+ Je+Ja=Jda+Jp+ Jc+ Jp
superradiance: total outflux (i.e. reflected ]I‘Lf n
total total

current) is larger then the total in-flux

REFERENCE

‘Dispersive superradiant scattering’
Richartz, Mauricio and Prain,
Angus and Weinfurtner, Silke and
Liberati, Stefano. 2012
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what about dispersive media?

Particle current: J, :=

Does this scattering process also apply to dispersive
media, where more ‘scattering channels are available’?

) j” + . ],r, 4

Jet+Ja=Jag+ Jp +

Jo + Jp

superradiance: total outflux (i.e. reflected
current) is larger then the total in-flux

% dw
1‘1“|" SZl o
+oo k. ko

Jp
Jg
Jo
JA

]rd in

total total

REFERENCE

‘Dispersive superradiant scattering’
Richartz, Mauricio and Prain,
Angus and Weinfurtner, Silke and
Liberati, Stefano. 2012
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superradiance

Does this scattering process only occur at rotating (effective
rotating) black holes, or can one generalise this effect?

REFERENCE

‘Generalised superradiant scattering’

M. Richartz, SW and A. Penner, and B. Unruh,
PRD 2009
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superradiance

we further assume that for & — oc

V(€) > w® and ET(€) =0

REFERENCE

‘Generalised superradiant scattering’

M. Richartz, SW and A. Penner, and B. Unruh,
PRD 2009

Pirsa: 15040092 Page 38/58



superradiance |R| > 1

7

Lt A W.

) ! o Fia ik [ P S ek TN
RE =14 5 W/, e - o [ TOE)Rdg

rotating black holes
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superradiance |R| > 1

¢
vigl

DO
el
&

rotating cylinder

rotating black holes <1 (Zel’Dovich’s ~)
P
zero outgoing wave at black hole Q infinitely long cylinder
horizon: with radius R rotating in
0O ; vacuum and spatially
. W — milp — ePy, . : ;
RIZ=1- : T2 uniform:
W - permittivity €(w)
O - permeablity o
allow for some outgoing waves: - electrical conductivity
p(w)
(2 w — mSd, — edy, 9 5 | | i £(r)]2
RI"=1- " (TP =1Y1%) IR =1- ﬁ/ Amypuor (w — m) ===dr
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superradiance simulations in the laboratory

experimental setup I: experimental setup ll:
how robust is the process can we setup an
that allows rotating black *acoustic bomb™:
holes to lose their angular + £ ~ ampilification of

momentum®? *\___) super radiance

Main collaborators: Josef to trigger an

Niemela, Stefano Liberati, instability.
Mauricio Richartz, Ted

Tedford . Collaborators:

O Vitor Cardoso,

rotating black holes Mauricio Richartz,

Antonin Coutant
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bathtub vortex flows

= = z

1

.
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bathtub vortex flows
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bathtub vortex flows

Use fluid dynamics to solve for water profile for a given A,B and water
height at infinity assuming that the effective black hole horizon is outside
the vortex core. Approximations made: irrotational flow, h’ is small.

| B? 0
hir)= = hoo — = | |14+ 2cos | =
3 2qr? 3
0! 2 2 3
0 = cos™ ! ll 3 (““, = ) (h x g ,) }
q 2r 2gr°

A

—
core geostrophic bulk
1 Ekman layer
1 dran hole

.‘ ‘J‘,.‘\
Y7
— B

J —

hoo V20N
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bathtub vortex flows

Use fluid dynamics to solve for water profile for a given A,B and water
height at infinity assuming that the effective black hole horizon is outside
the vortex core. Approximations made: irrotational flow, h’ is small.

h(r) = 'I' hoo — Hﬁ.‘ | + 2cos (}
-' 2gr? 3

3

3% [ Aheo \* 2\7°
( bex ) (h . !; ’) }
2r 2gr*

v

r h

—
core geostrophic bulk
1 Ekman layer
1 drain hole

Y 7
- B
J —

h oV 2gh \_
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bathtub vortex flows

|

V ¥

core geostrophic bulk B

Ekman layer ' b '
{
1 drain hole

10 20 30 40 50 60 70

‘L -

(3]

2 9
<

16

10

[ S5 T SN

(normalised) angular velocity:
v f:

Va2gha |

Ui {TH)
F'H

27

e

20
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16
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12

10

[ 6 T =N
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bathtub vortex flows

surface gravity: (normalised) angular velocity:
| d 4 S 4 ‘ v, I3
. pi | gt U\ |
{'” -__,)fh' (r"\'\ !1‘) horizon "H \3}}!)\ " 'H
A
8
| |
0.9
08 <
0.0 =
0
o 07 &
~
06 S
o
~0.4 05 =
04 X
g
U.9 {03 =
o]
=
0.2 102
s1f 101
0
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bathtub vortex flows

surface gravity: (normalised) angular velocity:
l (/ o 9 | ; UVd I3
RH .._)fff' (‘}.'.\\ Uy ) horizon " \ 20 ~ " I'H
3 .4

o 1.9
“ 5 58
constant ' 1
‘ 13 .0
angular 1

velocity: 0.4 12

irthe o o S | ol 212
1.15
constant | il
) [ 1.1
surface B!
. L=l 0.4 1.05
gravity: 1.2 i J
08 ‘o 05 I 15 2 25 3
1.25 i
rI: 1.2
dispersive scale:
1.15
)
1.1 . ‘ .
w < Wdisp = 0.3
1.05 /} 7
alll— 005 0.1 0,15 tl_._’_ 0.25
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bathtub vortex flows

Max reflection coefficient: Corresponding frequency:

1.3 14 1.5 1.6 0.5 I 1.5 2 2.5 3 3.9

0.8}

0.6

(TH)

04¢

v,

Or
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