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Quantum Field Simulation with a Bose-Einstein
Condensate:
From Cosmology to Spontaneous Pattern Formation

NG

Synthetic
Nikolas Liebster Quantum SynQS

Systems

& STRUCTURES
S  CLUSTER OF
&'  EXCELLENCE
"

]
K
Yag

N\

Vo
(¢
(<
\™

RN
=

£)




Cosmology and Quantum

* Dynamics of early universe can

Dark Energy
Accelerated Expansion

explain large scale structure i~ TR ——

375,000 yrs.

* Theoretical challenge

Inflatiol

* Quantum simulator can address
some questions

Fluctuatior 5

Want to simulate dynamics of
quantum field on an expanding,
curved spacetime
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1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

NASA/WMAP Science Team
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Cosmology and Quantum

Dark Energy
Accelerated Expansion
Afterglow Light

Friedmann-Lemaitre-Robertson- 375,000 yrs 7”"“‘9"'5 Siniaxion. Faneta. 9.
Walker (FLRW) Metric

Inflatiol

Time Space

du?
ds? = —dt? 4+ a*(t) (1 ——5+ u2d<p2) )

/ 1st Stars
about 400 million yrs.
Time-dependent
scale factor

Big Bang Expansion

Spatial
curvature

13.77 billion years

NASA/WMAP Science Team

Nikolas Liebster Oberthaler Group, Heidelberg University www.synqs.de



Now we need a quantum field...

&’VOV Bose-Einstein Condensate is a great platform!
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Features of phonons

Fluctuations: Bogoliubov phonons Bogoliubov dispersion relation:

V(X)A s E(k) 4 \/kz f2
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no(r)g(t) ne:Background density

BEC: Background field ¢, (mean field) cC = g: Interaction strength
FLRW Acoustic metric in BEC
1
du? 2 _ 342 o & 2 271 2
2 = t
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Time and space dependent speed of sound

. : |
C. Viermann, M. Sparn, NL... Oberthaler, Nature 611, 260-264 (2022) Implements an FLRW metric fOI’ phonons.
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Curved Spacetimes in a BEC - Curvature
Flatk = 0 Sphericalk > 0 Hyperbolic k < 0

Curved
Space:

N
Density: ny(r) = n, no(r) =iy |1+ —>

4
1

1
0 0

C. Viermann, M. Sparn, NL... Oberthaler, Nature 611, 260-264 (2022)
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Phonon Trajectories in Curved Spacetimes

Hyperbolic:

Wave packet trajectories: 0.4

= |nitial density dip with :
blue-detuned laser beam ‘ 0

= Turn off beam e 0.4

= (Observe wave packet

travelling outwards

Spheric: i 3
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Phonon Trajectories in Curved Spacetimes

Hyperbolic:

Bl

Spheric:
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Implementing Expansion

FLRW Metric:

Time Space
ds® = —dt? + a?(t) - + u?dp?
1 — ku2 In an expanding spacetime,

/ / QFT predicts

time-dependent particle production

scale factor spatial curvature

Power-law expansions:

a(t) = QtY
( ) 1 0.25 - -
al(t)~ y=0.5
gz (t) 7 B—
" interaction strength
® 0.15
g
V m 0.050 1 . ) 3

Tolosa-Simeodn et al., Phys. Rev. A106, 033313 (2022) Viermann et al., Nature 611, 260-264 (2022)
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Particle Production in Expanding Spacetimes

DenS|ty Fluctuation Power Spectrum Stk
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Time-Dependent Spectra
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1 25] expansion: | —&—f=0ms}
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Tolosa-Simedn et al., Phys. Rev. A106, 033313 (2022) Viermann et al., Nature 611, 260-264 (2022)
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Periodic Driving

What if we drive interaction periodically?
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Emergence of Crystalline Structure

7 Shake Periods

k (um™)

Exp: NL, et al. arXiv, 2309.03792
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Emergence of Crystalline Structure

7 Shake Periods 2 14 Shake Periods
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Exp: NL, et al. arXiv, 2309.03792
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Emergence of Crystalline Structure

7 Shake Periods 2 14 Shake Periods ¢ 21 Shake Periods B 35 Shake Periods

109

k (um™)

Exp: NL, et al. arXiv, 2309.03792
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Emergence of Crystalline State

Instability Stabilization

e . SRR A (S

Exp: NL, et al. arXiv, 2309.03792 Theory: Fujii et al.,, PRA 109, L051301
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Conclusion
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