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Big picture

« Quantum fields in expanding universe®ire! etal. 82, Mukhanov et al. 107
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Outline

Theory Experiment

* Mapping BEC <> Universe « Phonon propagation

« Cosmological particle production * Density fluctuations



Two-dimensional BEC

Mapping BEC < Universe

« Experimental setup

Z
* Pancake trap T —> 2D geometry
X V(t, 1)
* Isotropic trap \‘..:|:.Z - V()= —a)z(t)f(r)
R r
A(t
* Interactions o — RAGK — A(t) o ag(t)

 Effective action of Bose-Einstein condensate (BEC)©ross 61, Pitacvskii 61

(" ®)?}

fdt d?r {h(l)* [l— — V(¢ r)] b — % (ﬁdb*)(ﬁcb) _ A(t)
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Dynamics of Phonons

Mapping BEC < Universe

* Split into background and fluctuations

« Effective action of phonons (¢ = ¢,/v/2m)

0 0

¢ax"¢

rigl = -2 f dt d?r g g

in acoustic approx. w(k) = ¢ k and for 5, = const.

xH

___________________________________________________________________________

Relativistic, free, massless, scalar
field in curved spacetime

___________________________________________________________________________

— Phonons <«
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Acoustic metric vs. FLRW metrics

Mapping BEC < Universe

» Spacetime geometry determined by
. . . 1 (=(c?P=v§) -7
acoustic metric Guv = C—2< _5, 1

A(t) no(£7)
m

e speed of sound  ¢?(t,7) = «— time- and space-dependent!

e Friedmann-Lemaitre-Robertson-Walker (FLRW) metrics"/einberg 08

2
ds* = g, dxtdxY = —c?dt* + az(t)( du ~ + uzdﬂz)

1-kKu

Scale + Spatial
factor ga(t) curvature

k=20
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—ngineering expansion

* For scale factor a(t)”sinetel. 07

« Just define

a?(t) == — o

ny A(L)  C?%(t)

« and note the equivalence

D
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-ngineering curvature - |

Mapping BEC < Universe

e For flat universe k = 0

Density profile Geometry Phonons
no(r)
A
NoT
F_. 1 @
\
\
} P r ¥
0 R
_ Geodesics: Radial distance:
no(r) =nyg .
straight constant
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Mapping BEC < Universe

* For hyperbolic universe k < 0

Density profile Geometry
no(r)
A
NoT
| [
} Hr
0
25 2 .
ng(r) = ng (1 — 17;_2) Geodesics:
arcs + dia.

—ngineering curvature - ||

Phonons

Radial distance:

decreases
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Poincaré disc

10



Mapping BEC < Universe

 For spherical universe k > 0

Density profile Geometry
no(r)
A
Mo
: B r
0
2+ 2 .
no(r) = 7 (1 + ;_2) Geodesics:
arcs + dia.

_____________________________________________________________________

_____________________________________________________________________

-ngineering curvature - |l

Phonons

v
v
Radial distance:
Increases
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Projection

Stereographic disc
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Imprinting phononic waves

Phonon propagation

e Perturb condensate with a laser

* |In the center

) !
/\I/\.w
0 R

e Somewhere else

no(r
_ A

no+

no(r
r' s

)
nonﬁ\
} Hr
0 R
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Configurability of spatial curvature

Phonon propagation

« Hyperbolic geometry (x < 0

Oms 8ms

®e @]

» Spherical geometry (k > 0)
Ol .77l
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Phonon trajectories

Phonon propagation

* Hyperbolic geometry (x < 0)

8ms

e Experiment

4ms

: 3
. 5 »
© |
. - : Hyperbolic
kL © ]
4 s .
3 — Harmonic trap
o Oms : g
P~
20um T
: )1 —— 20 -10 0 10 20
0 R R mean density difference distance from the center in pm
Harmonic trap Phonon Quantitative
R =+vV2Rp propagation comparison
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—Xpansion and quanta

Cosmological particle production

« Controlled expansion’@inetal. 07
a(t) | 1
a(t)

* Regions

t=20

t = At

* Particles/Vacua Arem[Q) = 0 ambiguous

- t
t = At + tp,

bim|¥) = 0

e Initial vacuum |Q) is not empty anymore by,,|Q) # 0 — Particle production
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Correlation functions and spectra

Cosmological particle production

» Rescaled density contrast

Se(tw ) = ["2 [n(t,u, @) — no(w)]

0

 Correlations between two points after expansion t > At
WP (8c(t,u, 9)8:(t,u', @) = const. x (pp)(t, L)
u o = const. x | 0 1) y=hG) S0 o)
’ k

with spectrum of fluctuations

1 1
Sk(t) = Pl Ny + ANy (t) = ST \Bi|* + |y Pr| cosQwyt + 0y)
/ \
1t

Bogoliubov coefficients: by = ai@xm — Br(=1)™ay, _,
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—Xpansion scenarios

Cosmological particle production

* Family of power-law expansions
a(t) = const. X |t — to|Y

e Fix initial/final sizes a;, ar and expansion duration At = Three expansion classes
i “f

ar s

At

y <1 y=1 y>1
decelerating uniform accelerating
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-xtracting correlation functions

Density fluctuations

« Examples for y = 0.5 (decelerating) and k < 0 (harmonic trap) at t = At = 1.5 ms

density

contrast J,

'N’_

no ramp =0. 15

distance in um
single inner averaged over
realization region 100 realizations and all distances L

25

| = before (flat)

— after (flat)

- after (hyperbolic)

— Clear signal and flat approximation works quite well in the center
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Spectra: Amplitudes

Density fluctuations

* For k < 0 (harmonic trap)

8 8 At =3.0ms y = 05
<6 <6 y=1
S o
2 2 y=15
a4 a4
€ £ :
< < e [Experiment
2 2
— Theory
0 0

02 04 06 0.8 1. 02 04 0.6 0.8
kin 1/um kin 1/um

— Dependence on initial state

— Hard to distinguish between expansion scenarios
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Spectra: Phases

Density fluctuations

* For k < 0 (harmonic trap)

At =1.5ms At=3.0 —

15 — =10 | 15| .
& —y=15 & y=1
= =
o o Yy =15
n [%2]
c 17 c 17
e e .
o o e [Experiment

05 0.5 f— Theory

02 04 06 08 10 02 04 06 08 10
kin 1/um kin 1/um

N ——————

_____________________________________________________________________________________
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Summary

Theory

Experiment

* Mapping BEC <> Universe

Phonons — Relativistic scalar field
Density profile ny(r) <> Spatial curvature «

Coupling A(t) «— Scale factor a(t)

« Cosmological particle production

before expansion a(t) after

Arm Q) =0 > Bkmltp> =0

Ay, Pr

Se(t) = =+ Bel? + | Bic| cosQRuyt + )

« Phonon propagation
JICRCEC
Ol %l

* Density fluctuations

Phase /2n

0.2 04 0.6 0.8 1.0
kin 1/um
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Thank you
for your
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Backup



A simple analogy

Backup

* Sound waves in a fluidNovelloetal. 02 'which is described by

« Continuity equation a—'0+ V(pd) = 0,

» Euler equation p( + (v V)v) —Vp

« Sound waves: Fluctuations on background P = po+pL,P = Do+, d > by + Dy

° _ nv —
E.o.m. of sound waves = M(w/_g axv ) =0
2 2 -
. : —(\Cc"—7V —V 0
acoustic metric g, & ( R 0) 0 , speed of sound c2 =22
“ —7Vp 1 dp

— Sound waves in a fluid «= Scalar field in curved spacetime
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Keeping background density static

Backup

* Changing the coupling A(t) is accompamed by
Z(t) —

Ho(t) = ng A(t)
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More details on the mapping

Backup

* Acoustic line element for appropriate density profiles nq(r)

m 1 r2\
ds? = —dt? + — —(1 T ) (dr? + r?de?)

ng A(t)
e Define
, m 1 r dr? du?
- — - —
a“(t) == S TOR u(r) — 2 202 12
1+ p2 (1 + _2) 1452
* Arrive at FLRW metric R
du?
ds? = —dt? + a’(t) <1 — =t u2d<p2)

with « = F4/R?
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Quantization of phonon field

Backup

E.o.m. of phonon field ¢ with FLRW metric g,,

a(t) .
a(®)”  aZ(t)

Promote phonon field ¢ to a quantum operator ¢

$+2—2 Ap = 0

3(t,u ) = f (e Fom (1, @) v (6) + &5 H0 (w, 0) v (0)]

(s S i Gl
Annihilation op. Mode functions

A}[km(ui (p) = h(k)}[km(u) (p)
Obtain mode eqguation

a(t) 0
2 T2

Workshop: QG, hydrodynamics and emergent cosmology | 08/12/2022 | Tobi Haas | A Universe in Heidelberg

27



Propagation of correlations

Backup

« Again y = 0.5 (decelerating) and k < 0 (harmonic trap), but now t = At + ¢,

X 1e-3
o distanceg‘ _
£l : grows =
o with g
2li/ 1T \i2ct 4
excitations sound cone
interfer grows
— Correlations propagate with 2¢ =

distance in um
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-xtracting spectra

Backup

« Time evolution of k-modes for all three classes and x < 0 (harmonic trap)

At=15ms ¢ y=1.0 y=15  At=30ms y=0.5 y=1.0 y=1.5
0.84 ong o2 R 6 00T W 0.84 pFPooss™ et Po0o2e g0 D000
0-79W e o W\ 0.79 v Seage— PP o0 W

E 0735 67 g 0 D 0 3 0.73 %57 0%~  @RPoo00—  @fPvecgo

= O.GZW At VW W S 0.62/n0po0 S0 @fpotoee—  PRplgee—

-_5 0.58m m SN E 058 %0 02"~  &RReter —  Rifrolole—
0525 s AQ/ & 2% 0.525 % o7 haoyc®  Fbeesly—
0.47A A m 047 Preo T 0 IR
0.41ﬂ f\ wa\ 0.419“’56?“\& B N

0 2 4 ) - ) 2 . ) -

0 2 4 0 2 4 0 2 4 0 2 4 0 2 4
time in ms time in ms time in ms time in ms time in ms time in ms

+ Fit 10 S(t) = + |5l + || cosuyt + ;)

— Extract amplitude 4, = |a, 8| and phase 0, of k-modes

Workshop: QG, hydrodynamics and emergent cosmology | 08/12/2022 | Tobi Haas | A Universe in Heidelberg



Outlook

Backup

« Simulate other cosmologies
* Vary spatial curvature k in time
» Expansions with accelerating (y > 1) and decelerating (y < 1) epochs

* Horizons

* Certify quantum nature of produced particles

* Particles are produced in pairs with opposite momenta

—k k

— Detect entanglement
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-xperimental values

* Atom species

* Atom number

* Trapping frequency in z-direction
 Trapping frequency in r-direction
* Thomas-Fermi radius

* Scattering length

* Imaging resolution

Backup

39K

~ 23000

w, = 21 X 1.6 kHz

w, = 2w X (7 — 23) Hz
Rrr = (25,30) um

a; = (50 —400) ag

1um



