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Motivation

Low-energy phase fluctuatioms fluid
» Obey same evolution equationsraassless
& scalar fieldn a certain curved spacetime

Universal features of quantum effects
(e.g., adiabatic theorem)

Bose-Einstein condensates
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Universal features of quantum effects
(e.g., adiabatic theorem)

Bose-Einstein condensates
. V2 N A
10U = - Vit + gUT0 | W \\ /
Change interaction strengtftt) T—>\\ ",

Vary external trap potentidf.. (7, t)

Simple experiment: Tuneg(t) over huge range
Measure density-density correlations
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Adiabatic Theorem

A
E (Up 2 states ;) and|¥,)
with time-dependent gap £'(¢)
AE ‘ Adiabatic if AE > 1/t
U Else: transitions, excitations
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Adiabatic Theorem

A

E 2 statesW¥,) and|V,)

o " with time-dependent gafy B(+)

Wy Adiabatic IfAE > 1 /ey
W Else: transitions, excitations
1
t> Eg, \Ijl> — ’O>, \112> — ’k;’ _k>

Scalar field in expanding spacetime, e.g., de Sittere’!
* Physical wavelength grows,,,ys = a(t) Acomoving
= Nonadiabatic evolution wheR,.s < 1/H
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Effective Spacetime

Split field operatol = ¥, + §¥ into modulus and phase
| ) 50 .
\If() — qu)o\/%a 5¢ — \If() (2—Q —|—25(I))
Q0
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Effective Spacetime

Split field operatol = ¥, + §¥ into modulus and phase
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On the simulation of expandina spacetimes in trapped Basstdéin condensates — n. 4/10



Effective Spacetime

Split field operatol = ¥, + §¥ into modulus and phase
| ) 50 .
\Ifo — GZ(I)O\/%a 5¢ — \IJ() (2—Q —|—25(I))
Q0
Bernoulli and continuity equations for backgroungd= V &,

Equation of stat&p = 0oV [Vex, — (V1/00)/21/00 + g00]
If [V2,/00]/+/00 negligible: effective space-time

o ea 1 cc— v
s tJ
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Yo

with sound velocity and prefactor
= 9o, Ap = (es/g)""™"
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Effective Spacetime

Split field operatol = ¥, + §¥ into modulus and phase
| ) 50 .
\Ifo — 62@0\/@7 5¢ — \IJ() (2—Q —|—25(I))
Q0
Bernoulli and continuity equations for backgroungd= V &,

Equation of stat&p = 0oV [Vex, — (V1/00)/21/00 + g00]
If [V2,/00]/+/00 negligible: effective space-time

o en 1 cc—vi U
s tJ

j
Up

Simulate aspects of cosmic quantum effects
Apply concepts from general relativity
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Effective Spacetime

Split field operatol = ¥, + §¥ into modulus and phase

. A 0
Wy = e /0, 0 = Yy (250 +z5<1>>

Bernoulli and continuity equations for backgroungd= V &,

Equation of stat&p = 0oV [Vex, — (V1/00)/21/00 + g00]
If [V2,/00]/+/00 negligible: effective space-time

o en 1 cc— v
Qﬂx —gg“ ay6q) — O ) g,uV — ADC2 ( J ! _g : )
s t]

Up

In experiments usually external confinement
l.e., discrete excitation spectrum
Background motlon’>
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Background motion

Field equation for background with harmonic trap

, Vi o W (t)r?
Z@tqf() — |: 9 | (2) | g(t)‘\lf()’2i| \Ifo

Transformation to (almostjomoving coordinates
xr = r/b(t) andyy = eV, /bP/?

2 2
0o = |32 + 70 (5 + wlinl) | v

0” g(t)
with b>—b + bl (t) = 2Ly P
P1) = B b+ bW =2
Most of background motion contained fi(t)
small density ripples near surface of condensate
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Background motion

Field equation for background with harmonic trap
Transformation to (almostjomoving coordinates
x = r/b(t) andyy = eV, /bP/?
V:? T

ib*(t)Onpy = { 5 f2(t) (;JFQOWOFN o

0” g(t)
b+ blw?(t) = =2b* "
8752 “ ( ) Jo
Most of background motion contained fi(t)
small density ripples near surface of condensate

with f%(¢) = b*

Note[V2,/a0]/+/20 needs to be small for effective spacetim
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Quantum fluctuations

Self-adjoint operators
Yo = 6_@051@ + ei%&w = ——
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Quantum fluctuations

Self-adjoint operators

Yo = 6_@0(51@—|—6@051w :ﬁ

00
A _1 —1Py A_i<I>OA L f
= (e7®000) — e 00)) = /2006

Initial eigenmode expansiony. = h(x;tg) X (¢)
with duality [ 2t (x)h, () = dum

m

Evolution equations

8 PaN 1 PaN
b—X = ——A,.. ()X
PO = 2B 1)K+ Ve ()X

A

— Vo () X,
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Quantum fluctuations

Self-adjoint operators

Yo = 6_@0(51@—|—6@051w :ﬁ

00
A _1 —1Py A_iCIDOA L f
= (e7®000) — e 00)) = /2006

Initial eigenmode expansiony. = h(x;tg) X (¢)
with duality [ 2t (x)h, () = dum

m

Evolution equations are diagonaltatiwheny,,,,, = 0)

8 ~ 1 2 ~ =t 1 2
b—X = ——A, (X =V, ()X ="——A X7
0 - . ) _ )

P—XT = 2B X + Vo ()X =28, X

ot
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Coupling matrices

2 V2
A = /@( Vi, 2% 9000 - x\/@) Mo,

> 2V
2 VQ
NG

Y / ht {vovx | ngo} ho

Decoupling of modes andm if
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Coupling matrices

Apm = / h ( 279000 )/%Tq,

2 VQ
2 QQ/QO

Y / ht {’UOV:,; | ngo} ho

Decoupling of modes andm if

First integral dominated by g, 0
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Coupling matrices

Apm = / h ( 279000 )/%Tq,

2 V2
2 QQ/QO

vnmth:{ }hm

Decoupling of modes andm if

First integral dominated by? g o0
Time-dependence @f must separate in support of modes
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Coupling matrices

Apm = / h ( 279000 )/%Tq,

2 V2
2 QQ/QO

vnmth:{ }hm

Decoupling of modes andm if

First integral dominated by g, 0

Time-dependence @f must separate in support of modes
= Centre of the trap and low energies

Background motion described by (¢)
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Thomas-Fermi approximation

Evolution equation for low modes{( = /0006, dr = dt /b?)

0? Oln f O 5 .
012 . or Or " AnBn| 06n =0

Same as for a (masslessalar field moden a (flat)
Friedmann-Robertson-Walker-Lemaitre spacetime
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Thomas-Fermi approximation

Evolution equation for low modes{( = /0006, dr = dt/b?)
072 . or Or 7 AnBn | 06n = 0

Same as for a (masslessalar field moden a (flat)
Friedmann-Robertson-Walker-Lemaitre spacetime

Problem: timer andnotlaboratory timef
Faster than exponential sweepgof) required in static trap

(Static) Thomas-Fermi profile Sound velocity
wAr? 9
Ho = 5 - g0o0 Cs = 900
_ 2
Comparison rip = —c-(r = 0)

w? °
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Exponential sweepg = w = e ?7, v = 0.1
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Summary and conclusions

Universal features of quantum effects
Adiabatic theorem

Quantum fluctuations in trapped
Bose-Einstein condensate

NSERC
CRSNG

Effective spacetime for low-lying
excitations(},, < 1

Australian Government  [ntermode coupling fof?, % O (MO)
Australian Research Council

For realistic variationg(t):

Need to change trap frequeneyt) as £
well or adiabaticity not violated Alexander von Humboldt

Stiftung/Foundation
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