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Motivation

Low-energy modes in condensed matter with
linear dispersion mapped to relativistic
quantum field theories in curved space-time
(W. G. Unruh, M. Visser, G. E. Volovik)

Phenomena to expect: Unruh-Davies effect,
Hawking radiation, Black and White Holes,
Cosmic Strings vs. Vortices, Trans-Planckian
Physics in the Laboratory
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Comparison of Two Physical Systems

Two Quantum Fields on Curved Space-Times:

I. Photons II: Phonons

I = II Light Speed ¢ = Sound Speed cg
w=ck = w=csk

I: Propagates On Curved Space-Time
Background Determined
by Einstein Equations

II: Propagates On Effective Curved
Space-Time Background in Nonrelativistic
Lab System (here: BEQC)

Metric Determined by Euler and Continuity
Equations of Perfect Fluids



Advantage of Bose-Einstein Condensates:
Cs

S ~107 11
C

And Ultralow Temperatures Available

= Classical and Quantum Effects « 1/cs
Possible to Observe at Much Lower Energies

Identification of Space-Time Metric

Conventional Wave Equation

1 52
S 4+ A|ld=0
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for Inhomogeneous Media Reads
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[g = det(guv)]



Potential of Velocity Perturbations in Euler
and Continuity Egs

ov=Vo

Effective Space-Time Metric

ds?

guvdxtdx”
L1 (2 — v?)dt? — 2uida'dt + do'de;

Cs

Inhomogeneous Velocity and/or
Density/Speed of Sound Profile

= Phonons Moving in the Perfect Fluid
“See” Effective Curved Space-Time

Ricci Curvature Scalar (Incompressible Fluid)

R = Tr(D?)

[Deformation Tensor D;; = %(&;vj + 0jv;)]



Example: Vortex as Gravitational Lens

Phonon ray

——

Core Radius Te = 7—

_ 2rg
Curvature R = 4

Deflection Angle  A¢ x (re/b)? o« 1/c2
= The Slower the Sound the Better

[Phys. Rev. Lett. 88, 110201 (2002)]
[Ann. Phys. (N.Y.) 304, 22 (2003)]
[Europhys. Lett. 62, 1 (2003)]
(With M. Visser)



The Analogy in Full Flight:

Quantum Field Theory in An Expanding Universe

Expanding (Contracting) Bose-Einstein
Condensate under Variable Trapping
and/or Particle Interaction

= Expanding (Contracting) Universe

Expected Phenomena:

e Cosmological Horizons (Robertson-Walker
Cosmologies)

e Cosmological (Quasi-)Particle Production

e Static Horizon (de Sitter case): Gibbons-
Hawking Effect



Nonuniqueness of the Particle Content of
a Quantum Field

Unruh-Davies Effect: Constantly Accelerated
Detector in Minkowski VVacuum

Detects Particles

Thermal State at Temperature Tynrun = ha/c

Generalization for Cosmological de Sitter Space-
Time: Gibbons-Hawking Effect

de Sitter Temperature Tyg < VA

Light: Tunruh =~ 1 K for a = 10294

BEC: Tgs ~ 10 — 100 nK, but T, ~ 1 uK

Important: Need Detector with
Frequency Standard in Units of de Sitter Time




Facts About Expanding BECs

Solution by Scaling Ansatz

p(r/b)
b3

b
o(r,t) = ve=_r  b=b(t)

Evolution of Scaling Parameter
Changing Trap Frequency w(t), Coupling g(t)

[9(t)/9(0)]wd

b+ w2(t)b = 2

Scaling Solution in Thomas-Fermi

2
PO T
p(’r,t)=—<1— 2 >
b3 b2R3

Point Where |vs| = cs = 1/g(t)p(t)

—> Horizon for Phonons



"Black Shell"

Horizon

Observer Location

Robertson-Walker Universe if g(t)/g(0) = b3:
ds? o —c2dt? + b2dr{ + r2dQ?

r, = r/b.  Scaling Coordinate

—> b(t): Scale Parameter of “Universe”

H =b/b:  Hubble Parameter



1+1 D de Sitter Universe

bJ_OC\/??

Atomic
Quantum Dot

boxt

Adiabatic Separation
CD(']", Z,t) — Z¢n(T)Xn(Zat)
n
Cigar at initial equilibrium: Dispersion Relation

nk — QwLn(n + 1)+ cok2

Has one Massless (n = 0) and Sequence of
Massive Excitations



Action for Expanding Cigar (Massless Branch)

b2 C _ c2
S = /dtdz L9 (xXo — 'UzazXO)2 + 70(82')(0)2
2g b1b
= /dtdz\/—gg“’/(‘hxg@yxg
Choice For Expansion Parameters
b .
“L = B = const. b(t) = bt

Vb
= De Sitter Space-Time Metric Reproduced
—1
ds? = —c% (1 — /\z2) dr? -+ (1 — /\z2> dz?
A = B2i2/c2

With De Sitter Time Interval
dr = dt/Bb = t/tg = exp[Bbr]

De Sitter and Laboratory Time
Exponentially Different !l



The Phonon Detector:
An Atomic Quantum Dot

Vopt

A

\V

Effective Two-Level System Occupied by
Maximally One 3 Atom

Detector couples to Cigar like /pg o< 1/b o< d7/dt

Equations of Motion

dy W

i~ = Do+ {8V +bB[-A + polgas — 91} ¥
dYa _ wp

Z—dT = 5 zpﬁ OV x dp

At Detuning Compensated Point:

Detector Measures in de Sitter time 7 !l



Detector Response

Integral of Two-Point Correlation Function
6V (1)oV ("))

Gives Probability for Detector to “Click’:
Excitation (4) or De-Excitation (—)

P 1 7T /,7T _ . : p
—d £ — |im —// deT'(5V(T)5V(T’))e:FWO(T_T)
dr T—ooo T

Result : dPy/dr _ ne
' dP_/dr 14 ng
1 - Bb
nRr =— —_
B explwo/Tys] — 1 > o

= T hermal State at de Sitter Temperature

Leads to Damping of Rabi Oscillations between
Detector States

Note: Background in Highly Nonstationary Mo-
tional State



Two-Component Case: Simulating
Inflation And Galaxy Formation

Close to phase separation point of equal
intraspecies repulsion gi11 = g22 = gdiag and
interspecies repulsion g12 = goff

One hard (density) and one soft (spin) mode
Propagation speeds ci = p(9diag £ gofr)-
Bi-metric case when velocities are equal

Adjusting (for v = 0)
g0

H44
= soft spin mode has de Sitter metric |

gsoft(t) —

In Conformal Time n= —e H"7/H = —1/(H?t)
Inflaton Wave Equation
82 29

2 —
(3—772 — ;8—774_ [cok] >¢k(n) =0



Solution for Inflaton Quantum Field

™ 1 — cokn zk r—icok
$(r,m) = H “Mag+H.cC.
2Vco zkj V3

= At late times t —- oo, — O
After Cosmological Horizon Crossing Damping
Wins; Quantum Fluctuations Frozen In:

H?go
(GhPk) = 5y aveaks = 1Ok

Supposed to be Seeds of Galaxy Formation

Im{¢y, (¢)]




Problem: Quantum Fluctuations Are Weak

Maximal Phase-Phase Correlations

(Ak)scgﬁnax(k) FM <kP|anck>
dfinal final

Suppressed by Final Diluteness Parameter

\/ gogﬁnm ~1072...1074

Solution: Drive System into Unstable Regime
of Small Negative gyt

= Amplification of Phase Fluctuations

2
out(t) _ Ak exp {+\/Qo|gsoft|k t}

m

2
+Bk exp{_\/Q0|gsoft|k’ t}
m

Freezing implies Ak ~ Bk:

= Frozen Value of Fluctuations Grows




Summary

e A Bose-Einstein Condensate Can Model
LLarge Variety of Cosmological
and Other Effective Space-Times

e Observer Dependence of Particle Content
of Quantum Fields
Can Be Verified for the First Time

e Aspects of Cosmology Can be Turned into
lLLaboratory Science !

[Phys. Rev. Lett. 91, 240407 (2003)]
[Phys. Rev. D 69, 064021 (2004)]
[Phys. Rev. A 69, 033602 (2004)]

(With P. O. Fedichev)

[Mod. Phys. Lett. A 19, 1789-1812 (2004)]
(Review Paper)

[cond-mat/0406470] (With R. Schitzhold)



