Title: Emergent spacetimes
Date: Nov 06, 2008 02:00 PM
URL: http://pirsa.org/08110042

Abstract: We discuss the possibility that spacetime geometry may be an emergent phenomenon. This idea has been motivated by the Analogue
Gravity programme. An \'effective gravitational field\' dominates the kinematics of small perturbations in an Analogue Model. In these models there
IS no obvious connection between the \'gravitational\' field tensor and the Einstein equations, as the emergent spacetime geometry arises as a
consequence of linearising around some classical field. After a brief introduction on this topic, we present our recent contributions to the field.
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Spacetime geometry and general relativity

7l(

5 A world full of effective spacetimes

|. Concept of emergence

=7 | 3
ﬁ{ Emergent spacetimes bearing gifts:

& ?

?aosmoFrom emergent spacetimes to emergent gravity... e
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nstein: Gravity a co sequence of sbacetime geomeiry!

ipace (d) + time (1) = spacetime (d+1)

Geomef‘(’? ?f spacetime: | S0 Zo1 82 Zo3 |
. — , r
Bab = Bab gor 811 812 813

od
go2 212 L2 £23

o3 813 823 833

(n+1)/2independent components (without dynamical equations)

n general relativity free particles are freely falling particles - no
xxternal force but remain under the influence of the spacetime
jeometry. The kinematical equations of motion for free test

yarticles following geodesics: B 2
Pirsa: 08110042 arutabd 1 2
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Gap =87Gy T

reneral relativity also identifies (in a coordinate covariant
ianner) density and flux of energy and momentum in the n

imensional spacetime as the source of the gravitational field 22

Einstein tensor: G., = R.s — 3R gas

ress-energy tensor: 73 _— energy densily energy fluxes
momentum densities | stress tensor
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=—instein
dynamics:
Gop =87wGy | o
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Broad class of
systems with

completely

different dynamics:

electromagnetic
waveguide, fluids,
ultra-cold gas of
Bosons and
Fermions;
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." T“j A world full of effective spacetimes







The kinemdtic equations for small -
classical or quantum - perturbations
(i.e., sound waves) in barotropic,
‘invicid and irrotational fluid are
‘given by

= 6;_,:3) —=i
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Exact analogy to a
massless minimally

1 coupled scalar field in
an effective curved spacetime:
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The kinematic equations for small -
classical or quantum - perturbations
(i.e., sound waves) in barotropic,
‘invicid and irrotational fluid are

‘given by

i 3 |
I P'rsa:—oslllooj d, (V —gg ‘“babo) =0

v — F

\ simple example: Sound waves in a fluid flow

Exact analogy to a
massless minimally
coupled scalar field in

an effedive curved spacetime:
SDETSonC '—(CE o Vz) s
Bab x - !
—Vj dg

PHYSICAL REVIEW
LETTERS
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ask:
an we use a fluid to mimic a Kerr black hole?

roblems:
Physical acoustics only for wavelength with:

ck> ||V x ¥
Only 1 degrees of freedom for acoustic spacetime

Conformal flatness of spatial slice in acoustic metric

lelevance: Penrose process; Superradiant
Scattering; Hawking radiation

lesults: The equatorial slice through a
rotating Kerr black hole is formally
e @quivalent to geometry felt by phonons

] = i = |
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Sound of superradiance?

Idea: A tornado is a violently rotating column of air,

and outside its core it is a perfect example of an
irrotational vortex: v o 1/r

Problem: The highest wind speeds recorded do not exceed
150 m/s (about 0.5 Mach), due to different
physics in the core of the vortex: v X r

Possibility of supersonic wind flows in tornados..?

@z
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Idea: A tornado is a violently rotating column of air,

and outside its core it is a perfect example of an
irrotational vortex: v o< 1/r

Problem: The highest wind speeds recorded do not exceed
150 m/s (about 0.5 Mach), due to different
physics in the core of the vortex: v X r
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ravity wave analogs of black holes
uthors: Ralf Schutzhold, William G. Unruh
wurnal-ref: Phys.Rev. D66 (2002) 044019

Propagation of ripples in a basin filled with liquid is governed by

1

ds* — =

[—(2 — (vB)?) dt* — 27} - d= dt + dXT - dX]

velocity parallel to the basin

\dvantage: Extreme ease with which
»ne can adjust the velocity of the

>

urface waves A =ghg
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L.lmb holes: analogues for black holes Dumb holes: analogues for black holes
uthors: William G. Unruh
urnal-ref: Phil. Trans. R. Soc. A 366 (2008) 2905--2913

Figure |. The lefi-to-right flow is “supersonic’ (faster than the velocity of low-wavenumber sravity
waves) to the left of the stanchions and “sabsonic’ to the risht. The jump in average level at the
white hole’ horizon (where the decreasing velocity of the fuid just equals the velocity of gravity
waves) can be resarded as a zero-wavenumber wave impingine on the white hole from the risht
The undunlatins wave (which camps out due to the viscosity of the water) snine off to the right has
zero-phase velocity. but a non-zero group velocity. carrving energy awayv from ’Pzige“fiiﬂ%b‘ bule
horizon. Quantum mechanically. this would mean that the radiation from a white hole horizon
wotlld not be thermal aronnd zero wavenumber. but rather would be a pop-thermal. hish-frequency
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Aanipulating electromagnetic waves in a wave-guide so that
hey experience an effective curved spacetime in the form of
1 (2+1) dimensional Painleve-Gullstrand-Lemaitre geometry.

.. Schuetzhold and W. Unruh. Phys. Rev. Lett.. 95:1-4. 20035. L

Vave-guide consists ¢ c ¢

f a ladder circuit with: ui—
ime-dependent capacitance C,(1) '
oil in each loop has constant inductance L, = L = constant.
urrent in each circuit is given by /.

ffective potential A, , such that /» = A,.1 — A,

or wave-length A > Ax  the discretness of the x-axis is
egligibly small, hence 4. — Alx)

(Outmitide) 1/ (8 +vdy) — 7] A(x) =0  where

i A reg o5~ r."h oA T S T L,
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Aanipulating electromagnetic waves in a wave-guide so that
hey experience an effective curved spacetime in the form of
1 (2+1) dimensional Painleve-Gullstrand-Lemaitre geometry.

.. Schuetzhold and W. Unruh. Phys. Rev. Lett.. 95:1-4. 2005. L

Vave-guide consists : ¢ c

f a ladder circuit with: —IJ—-J—
ime-dependent capacitance C,(1) ‘
oil in each loop has constant inductance L, = L = constant.
urrent in each circuit is given by /.

ffective potential A, , such that /» = A,.1 — A,

or wave-length A > Ax  the discretness of the x-axis is
egligibly small, hence 4. — Alx)

(Optmitide) 1/ (8 +v i) — 7] A(x) =0  where

i O A ryg o5~ r.h Py bl LML ER T,
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fhe concept of emergence

Emergent spacetimes involve...

- A microscopic system of fundamental objects
(e.g. strings, atoms or molecules);

eseyd

- a dominant mean field regime, where the microscopic
degrees of freedom give way to collective variables; |
low femperature phafe

- a geometrical object (e.g. a symmetric tensor
dominating the evolution of linearized classical and
gquantum excitations around the mean field;

I0PIO~38IT]

HOTJTSURAY

- An emergent Lorentz symmetry for the long-distance
behavior of the geometrical object;

Pirsa: 08110042 Page 3‘
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A microscopic system of fundamental objects:
7 20 £ v 28 :
u A‘ﬁ’( —Ci‘d_/ :"T /ﬁ' te 5/((.!' _,7( Qred AA’ it crd ct Hff/ Bf'ﬂ'{‘ﬂj

Microscopic theory well understood:
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~ Example BEC {mocroscopic variables}
cmergent spacetimes from Bose-gas

A

> A dominant mean field regime:

7 s s -
/Jf’. T {(_. (NSCELN CEMLd CHL. fn’i{f

Spontaneous symmetry breaking:

(‘i’(tr X)) = tb(t: X) =¥ nﬂ(ta x) exp(i:;&g(t,.x)) #0

irsa: 08110042
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tmergent spacetimes rfom Dose-gas

- Small perturbations - linear in density and phase - in the

macroscopic mean-field emerging from an ultra-cold

- weakly interacting gas of bosons are inner observers
- experiencing an effective spacetime geometry,

l

'-j:; ( vV 'Il'l-’fl Gab ) ”'lh f-.ﬁ_.-':) — |{)

V/1det(gan)
where
2 i (f’ﬁ — 12) — U, —l"y —7U- i
s Co d—1 — Uy 1 ) 0
= —\T/E —v, 0 1 0
| v, 0 0
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= Eranple DEC

- : ) R 2
cmergent spacetimes from Bose-gas w? =22+ (f) K

> An emergent Lorentz symmetry:

b o 7 i
& A )- — - / - - -
/3{ 3/( 14 V4 A Ly :J‘fyt’f.‘ff N redd Lo /4‘;‘ LE_ Ve r{f LS

Emergem Lorentz symmetry

Energy A Lorentz symmetry Dreakang

Microscopic
variables

- Macroscopic
variables

Wy ~ Cok
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On inner and out observer and absolute

Inner observer:

Small excitations in the system
experience an effective spacetime
geometry represented by the
macroscopic mean-field variables!

{9(%. X ). H{;,{f. x’ IJ = 10(X — x’)

¥
Outer observer:
Live in the preferred frame - the
laboratory frame, such that the

condensate parameters are functions of
lab-time (absolute time).

[r's{'t.x'}.b’l’t.xﬂ — s SMx — ) .

irsa: 08110042



". Barcelo. S. Liberati. and M. Visser. Analog gravity from field theory normal modes?
lass. Quant. Grav.. 18:3595-3610. 2001.

=ffective curved-spacetime quantum field theory
Jescription of the linearization process:

-~ ~
" Small perturbations around some background solution <o(t.x)"

(t. x) = vo(t, x) + ¢ o(t. X) + = o2(, x)

In a generic Lagrangian £(7.2.2) , depdending only a single
Scalar field and its first derivatives yields an effective
Spacetime geometry

a2 17| RL s
—det ( - - ) ‘ ( )
! Er(;i,._u];'.rfdb.;;} ] . -.‘{i!‘_,._'.-}t"{tljbu_'r}

For the classical/ quantum fluctuations. The equation of
Motion for small perturbations around the background
. Are then given by (Asise) — V(o)) 6r =0

g.ab':. -."Cr] =

T

Kinematics versus dynamics! ‘



ﬁ Emergent spacetimes bearing gifts:
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/g Signature of spacetime

\:
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Signature of spacetime is a certain pattern of
Eigenvalues of the metric tensor at each point of the
manifold [Loretzian (-,+++) or Riemannian (+,+++)]

Spacetime foliation into non-intersecting spacelike
hypersurfacese (Lapse and Shift)

Kinematics of signature change (Lapse is a non-
dynamical variable)

C. Teitelboim. “The Hamiltoman Structure Of Space-Time”. General Relativity and Gravitation
1 (1981) 195-225.

There is no driving mechanism within GR that drives
changes in the signature of the geometry...

s

N n®
. F
irsa: 08110042 Page 49/129
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Spacetime foliation into non-intersecting spacelike
hypersurfacese (Lapse and Shift)

'} &
2 r2 7
s = o dr' 'dx” = (n' 'n,) N2 dt? + hi; (dy" + N* dt) (dy’ + N7 dt)
J
Nn"?= *N®
— + N3 & . e
; i .
_ Ny S
"I ! N Y .
O —
_l
—y g
s § -
- e _‘.J f = comt
: 08110042 Page 50/129
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nolt.x) U(t)

I'm

U >0
U <0

repulsive :
attractive.

0
0
0
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Spacetime foliation into non-intersecting spacelike

hypersurfacese (Lapse and Shift)

= Gab AT’ 'dx® = (n' ‘N, )\T dt* + huidu + N°dt) (dy’ + N7 dt)

J
N 2 m.n" MN!
— + N2 I
. v r|‘ "J
N2 p—
- AR —
™ ‘.“: F
A —
0 - o
i
E =
_f’ 3
-
_J___ '_-ﬁ
-, ¢ - cOnSt
+N2 D __".,,-t -—
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0 0O

0 0O

1 0O
2 _, o(t)? | 0 00 1]

repulsive :

m attractive.
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0 |
0
0
1 aud

: nolt.x)U(t)

-

- m U<0 attractive.

0 0 0 | [ +e{t): 0O 0 0 7
() +1 () () i) 1 () ()
Jab ™ () 0 +1 0 I Jab ™ i) i) +1 i)
() 0 (0 1 0 0 ( +1
~QbgNntzian signature Riemannian signature ...



Dynam of colla

psing and exploding
3ose—-Einstein condensates

NATURE |VOL 41219 JULY 2001

zabeth A. Doniey-, Neil R. Claussen”, Simon L. Comnish", Jacob L. Roberts, Eric A. Cornell -~ & Carl E. Wieman-

'he bosenova experiment:

4 x
1 = mparet > h Rarmmant i
1200 - ’
800 -
= 400 -
——
S
0 - F——
)
S T
L] d .

]

0
me (ms)
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Dynamlcs of collapsmg and explodmg

zabeth A. Doniley-, Neil R. Claussen", Simon L. Comnish", Jacob L. Roberts, Eric A. Cornell -~ & Carl E. Wieman-

[he bosenova experiment:

] »>
F g b Remnant ]
- ..':C g | '.
500
= 200
Qreres .
-+
- " d— Sunn
1'1 |
L] -“ N SE— —
Tme ims)
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lechanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:
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:an we understand the bosenova experiment via the emergent
spacetime programme?

Early Universe Quantum Processes in BEC Collapse Experiments

E. A. Calzetta! and B. L. Hu* *
lD«-j:uurl:lu,n.u.rﬂ':«r de Fisica. FCEvyN Universidad de Buenos Amres Ciudad Universitana. 1428 Buenos Aires. Argentina
:I:h-r:pm ment of Physics. University of Marviand, College Park. MD 20742, USA

(March 11. 2005)
- Inwted Talk presented at the Peyresq Meetings of Grartation and Cosmology, 2003. To appear :n Int J. Theor. Phys.

Main Theme We show that in the collapse of a

Bose-Einstein condensate (BEC) ! certain processes in- Nee'd to UndefStand parﬁCIB

volved and mechanrsms at work share a coomon ongin

with corresponding quantum field processes in the early production process via

umverse such as particle creation. structure formation

and spinodal mstability. Phenomena associated with sudden variations in atomic-

the controlled BEC collapse observed in the exper-

ment of Donley et al [?] (thev call it ‘Bose-Nova’', see 1 1

also [3]) such as the appearance of bursts and jets can Interacnons' 2=
be explained as a consequence of the squeezing and

amphfication of quantum fluctuations above the con-

densate by the dynamics of the condensate. Using the

Pirsa: 08110042 Page 60/129
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lechanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:
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echanism responsible for enormous particle production works
halogous to cosmological particle production during inflation:

f_

’t'}g(t) - Qg‘ﬂ 'Uk(t) —&

e ()

~

J
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e

I T =i 1=y T Yy Oy R 1=t moaniroaar:
------------------------------------------------------

Fechanism responsible for enormous particle production works
nalogous to cosmological particle production during inflation:

< D

Uk (t) s g off Uk (t) —

i = (’f§+m2)

| " /

frozen modes all modes are *frozen*

[ L L




) the internal potential energy of the Bosons.

N N EBE RS S F ETE BE =N BN TE E F EBE_SFN TE % 2N W
B B BN B _N N B E BN B R _ L. B R B N BN B S E R BEF _B _BEE BN
-

?¢mMmemwm®whmWMﬁmmmmemﬁmamqy h2 V2yng+n
the condensate are considered to be negligible, compared

THE UNIVERSITY OF BRITISH COLUMBIA | VANCOUVER

< U

2m  /ng +n

. .. h2 2 ! AF nsnpoen
= /d.r (—mp’fz—vzxp + OV, U+ Eqmp’fwx)
1Tl

- harmonic trap
" *1B6sition dependent sound speed]

condensate in box
[miform | I .I ] Page 64/129
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condensate in box

[uniform number density]

: a IR
:..‘_:r'(f:lﬂ*"—-—( j ) 5

2m

[ g

>~
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hydrodynamic
approximation

Pirsa: 08110042

Number of quasiparticles
infinite!?
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hydrodynamic
approximation

OF BRITISH COLUMBIA | VANCH
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modified hydrodynamics

[including quantum pressure effects]
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hydrodynamic modified hydrodynamics
approximation [including quantum pressure effects]

Zf{[-\—___,k — [1. =U + -
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(d) Microscopic corrections: [.E-L
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_et’s do quantum gravity phenomenology, in the sense of an
lltra-high energy breakdown of Lorentz symmetry

T. Jacobson. “Black hole n-\‘:{[h-l‘:tl’iuu and uitrashort distances™. Phyvs. Rev. D 44 (1991) 1731
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|Let"’s do quantum gravity phenomenology, in the sense of an
pltra—hlgh energy breakdown of Lorentz symmetry

T. Jacobson. “Black hole evaporation and ultrashort distances™ . Phys. Rev. D 44 (1991) 1731

vhere

\i.1 is the spacetime D Alembertian A, is a purely spatial D’Alembertian
| 1 S 1 o

\dtr1 @ = Oa (/—9a+1 9” f);,o) Ng o= —0; (\/}'}d g r)J'rJ_)

vV—9d+1 V94
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_et’s do quantum gravity phenomenology, in the sense of an
ultra -high energy breakdown of Lorentz symmetry

T. Jacobson. “Black hole evaporation and ultrashort distances™, Phys. Rev. D 44 (1991) 1731

vhere

:L;_l is the spacetime D’ Alembertian Ay is a pureh spatial D’Alembertian
| 1 e

hir1 @ = Oa (/—9a+1 9° ;3 o) Ago = —(3 (,,f q” d;0)

| V—9d+1 V9d

| -2 ad .2 > 307 2

| Yeffective — €A [m + F(k /;1) T k /:l]

.~ B=~isinh {f vm?2 + k2/A + F(k2/A) A2 dt-}
Lz, -



Particle production in *real™ world with naive LIV terms:

7 =~ isinh {/ vm?2 + k2/A + F(k2/A) A%/? rh‘}
JE
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Particle production in *real™ world with naive LIV terms:

3 =~ isinh {/ \.-‘;}133 + k2/A + F(k2/A) A%/? f!f}
JE

Particle production in analogue *world* - a BEC - with
quantum pressure correction to the mean-field:

3 =~ isin {/ \/B m? 42 k*+ BEk*/A A dt_}
E
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guantum modes on a Riemannian manifold have like super-
ubble horizon modes during inflation

> Explains particle production

Signature change events in the *real™ universe show serious
roblems: driving the production of an infinite number of
article, with infinite energy, which are not removed by
imension, rest mass, or even reasonable sub-class of LIV
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guantum modes on a Riemannian manifold have like super-
ubble horizon modes during inflation

> Explains particle production

Signature change events in the *real™ universe show serious
roblems: driving the production of an infinite number of
article, with infinite energy, which are not removed by
imension, rest mass, or even reasonable sub-class of LIV

If there is a way to drive sig. change events within the
ealm QG there should be a mechanism to regularize the
~jrfinities..! (Analogue to the situation in the BEC)

Page 78
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Ouantum gravity phenomenology
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Quantum gravity phenomenology v =

QGP: Summarizes all possible phenomenological
consequences from quantum gravity. While different
quantum gravity candidates may have completely distinct
physical motivation, they can yield similar observable
consequences, e.g. Lorentz symmetry breaking at high

energies.

1) Presense of a preferred frame;
2) All frames equal, but transformation
laws between frames are modified.

). Nfatfingly. Modern tests of Lorentz invariance.

p—

p—

i
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I

T
1

>symmetry breaking mechanism in different analogue models
lead to model-specific modifications:

Bose-Einstein condensate: -

2
k

< . - 4 (k Ax\ SO
Electromagnetic waveguide: - - (=) =K - =

Despite all fundamental differences similar modifications:
Awf ~ Lk*

Any emergent spacetimes based on analogue models per definition
~hetve a preferred frame: The external observer.




Senerating a mass and-

fR3SE S

[*] Back to the equation of motion -

\Can we extend the class of fields...

[*] Goldstone’s theorem -
Spontaneous symmetry breaking...

[*] Mass generating mechnism -
Explicit symmetry breaking...

Pirsa: 08110042
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e

Soldstone’s theorem
|
“... whenever a continuos symmetry is spontaneously

broken, massless fields, known as Nambu-Goldstone
| bosons, emerge.” [Quantum Field Theory in a Nutshell, A. Zee]

Per definition Bose-Einstein condensation always
(spontaneously) breaks SO(2) symmetry of many-body
Hamiltonian!!!




i

Mass generating mechnism - ai abour gymmefrres

D7Z:044020. Z005.

Mi. Visser and S. W. Phys. Rev.,

Explicit symmetry breaking through . '

transitions in a 2-component system

. _\i[): (or,

Tﬁlt-‘ Tx7r 1\ ]. - + 'l . -
H :/-ir { ; 3 ( b — R 11;,1.1:_;-:—.4-:_} 3 Y (UyE]E ¥, q:)}

B — B = Op exp(—ia)

However Me fundamental Hamilonian of

omponent system s a functional of ¢
Ha g N the absance Of ransMons Detweaen Te hwo Hieics The Hameiloean exfabils an extra S04 .
VITHMEry unoer wihach & Tansionms. as a mponent vecitw T JITHTEN Y ex DCIEY Drcken o
rierachng ields =0 hat s la N2 Jag The couplead sysieam = only mvanant uncer
muitaneoys ransiormahon fthe ioom é, Wy a ¥ n
Né SPONIANGOUS SYIMMETy Dréaking Junng e B0Sa—H iNSIin CONOENSANon Meiies | L8
Bisad 31l dbe2 MOnoLE Symimsines Allogether. INSarnng Sound Do oS wesss o exCilabomns
whefeé One Nas 10 De 4 Nambu—GOoSinne Boson = » T

i} TEfO-Mass exClanhor ol Tereé are M




. . . - — il . -
Aore complicated hyperbolic wave equation: 4, (F*° 5,6) « (A +K) # + —{r*a,0 +9,(r'e)} =o

F ( =3 —Viag ) :_1( 1 | Vs ) |
I B W) T A I Y -~ S
= ( L ::T.: | -1 =€, _'_gm
L _:l . VBo '-'_EE"*—':I.:, o VBo 'Eif-_"-"is 'Jmfgﬂ |
TSOTERTY
g Emergent Geometry
2
30 [gT]0= =
f — ..f 4 — = fi:ﬂ — ""-.I-'-.‘Illh ds = v ﬁJm::..‘ﬂ..
Van Veo E V Eabad
pseudo-Finsler S -
Uag =0 !
v
Usg =0
b da = dp
Di-metrnic 1 s
________________________ -y v
18 Va0 = oo
g dy = da
- |g Usg =0
Pirsa: 08110042 % taa = dalen :"" Upa = U
| mono-meftnic v v
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o High-energy excitations
geomey
=
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e 2 | S
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: s
E = Lorentz Violation
';- e~ R~ e~ e —_— -
5 g Lorentz Invariance
T 2 .
L ¥ § 2 coupled 2 independent — =
2 disp. red disp. rel
=
_____________________________ L = =
pseudo-Finsier bi-metric mono-metric -
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I S. Liberatn. M. Visser. and S. W.. Class. Quant. Grav.. 23:3129-3154., 2006.
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the acoustic metrics are given by (&i/m)ae x [———
—Vo




|

High-energy excitations

geomsry
=4
| o
[ 3 g
e 2 | S
3 = =
3 = - =
3 z
5 S Lorentz Violation
'i-————i--- ———————————————————————— ——— e e —_—
§ g Lorentz Invariance
c 8 |2 _
L_E S 2coupled 2 independent 1 disp. el =
= disp. rel disp. rel
------------------------------------ “— —— '-'-I
pseudo-Finsier bi-metric mono-metric ——
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S. Liberatn. M. Visser. and S. W.. Class. Quant. Grav.. 23:3129-3154. 2006.
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Dispersion relation obtained from our CMS has the form:

2

2 2 o o h )
.L-“':.u'a'f‘l:].‘i‘l']g:i Czk“‘l‘f).; (T) A4+
LIV

" CPT invariant (LIV in the boost subgroup)

" has the form as suggested in many (non-renormalizable) effective field theory approaches
" natural suppression of low-order modifications in our modei!

quasiparticle mass

( My 1
-\ _‘..f;_n ) ( r‘Et‘!_!l‘-.'-r: Planck scale )
mymn = L

I/an = -~

" analogue LIV scale is given by the microscopic variables: My = (maymp
' not a tree-level result. results directly computed from fundamental Hamiltonian
" li-coefficients are different for my = mp

Pirsa: 08110042 Pa-




Cosmolgoy

Pirsa: 08110042

Page 94/129



THE UNIVERSITY OF BRITISH COLUMBIA | VANCOUVER

@k

Cosmolgoy

| Pirsa: 08110042 Page 95/129



Cosmolgoy

Pirsa: 08110042

Page 96/129



Insert Slide Format Arrange View Window Help £

- sty = § =
- - ﬂ-#=|%_.‘-—_-.'.,_--_-_- : - .. Stroige- -

_|_I|_J..l A

o
6

1']

(=0,

[= R

el L L L L L L L L L L L L L L L L L)

=] h_]

ﬁ I
T

Page 97/129




Keynote File Edit Insert Slide Format Arrange View Window Help £ 4
e PI-2008
tE. S =, T N E 4d. O &.
Play View

Themes Masters TextBox Shapes T Charts Comment Smart Builds

: v bk | Seeole -
0

: : . B il | EEIEE T
B T— 40 20 a 20 &0 a0
3 : i - .‘l - (i
- - |
=
03
1
e
1
19 ]
v - = 5
27 -
G -
| e :
28 .= i
i n
2_
m
- Bia -
43 __| Bl
- ras
}‘1 - u:!
‘-= : | -
1] 4Z% -
67
B8 ¥
8110042 i 1 Page 98/129

& :



UBC
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“Black Hole™ Nucleation in a Splash of Milk

Laurent Courbin . James C. Bird . Andrew Belmonte
& Howard A. Stone

1. School of Engineening and Applied Sciences. Harvard University, USA
. W. G. Pntchards Labs. Dept of Mathematics. Penn State University, USA
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“Black Hole™ Nucleation in a Splash of Milk

Laurent Courbin . James C. Bird . Andrew Belmonte
& Howard A. Stone

A

1. School of Engineening and Applied Sciences, Harvard Umiversity, USA
. W. . Pnitchards Labs. Dept of Mathematics. Penn State Umiversity, USA
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The bouncing of a fluid droplet off of a hydrophobic surface 1s well known.
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The bouncing of a fluid droplet off of a hydrophobic surface 1s well known.

Here we use rotational effects to spread out the droplet during the bounce,
leading to a vaniety of new effects.
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The bouncing of a fluid droplet off of a hvdrophobic surface 1s well known

Here we use rotational effects to spread out the droplet during the bounce,

leading to a vaniety of new effects.

Experimental set-up

i
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Production of millimeter-size
drops of milk

—

Syringe pump

]':l'!‘ri]r*

high-speed

cCamnera

spgnning disk
1 surface covered bv soot

-
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Production of millimeter-size
drops of milk

——

sSVringe pump

needle
hight diffuser
SOUrce

S/

high-speed
camera

H=2-20 cm
@ = 50-7T00 rad/s
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spganing disk

1 surface covered bv soot
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Statics
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singularity
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singularity
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Nearly sphencal millimeter-size

The disk surface covered by soot

exhibits superhydmphobicity
N

-

1|I
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[Impact dynamics
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Small H and ®

l
i

Bouncing
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The drop retracts
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The drop retracts

and rebounds
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=instein
dynamics:
Gop = 87wGy | o5
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Broad class of

systems with

completely

different dynamics:

electromagnetic
waveguide, fluids,
ultra-cold gas of
Bosons and
Fermions;
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cinstein
dynamics:
Gap = 8wGy Tab_
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Broad class of
systems with

completely

different dynamics:

electromagnetic
waveguide, fluids,
ultra-cold gas of
Bosons and
Fermions;
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Broad class of

systems with
i _ “. completely
=—instein . different dynamics:
| - >
Fiynamlcs. . S - electromagnetic
Gy = EGp T 55| waveguide, fluids.
g < ultra-cold gas of
Bosons and
Fermions;

enin-2 (1+4) dimensional
ORI TERL JPPRITN . (P bpm, - quantum Hall

| - pamc!e effect. quantum
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=instein
dynamics:
Cab =8wGn .5 |
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sSpin-2

particle

Broad class of
systems with

completely

different dynamics:

electromagnetic
waveguide, fluids,
ultra-cold gas of
Bosons and
Fermions;

(1+4) dimensional
quantum Hall
effect, quantum

rotor moglel;, ..,



»ooks on the Emergent Spacetime / Analogue Models for Gravity:
Artificial black holes (Novello. Visser, Volovik)

'he universe in a helium droplet (volovik)
Juantm.Analogues: From phase transitions to black holes and cosmology (Unruh. Seiuetzioid)
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