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Condensed Matter Application ‘
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Discrete Quantum Simulator

e.g. Quantum simulations with ultracold atoms in optical lattices

C. Gross, |. Bloch, Science 357 995 (2017)
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Condensed Matter — Final Stage of a Long Story Continuous Quantum Field Settings
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
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Condensed Matter — Final Stage of a Long Story Continuous Quantum Field Settings
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Quasi-one-dimensional spin-1 bosonic gas Quantum Field Settings
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Voxel contains approx. 200 atoms — spin degree is 1d ‘ (Quantum) Field Settings

~1pm
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Voxel contains approx. 200 atoms — spin degree is 1d ‘ (Quantum) Field Settings

F(r) = (F F,.F)
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Quantum is in the fluctuations Quantum Field Settings
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Quantum is in the fluctuations Quantum Field Settings
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Quantum is in the fluctuations Quantum Field Settings

spatial correlation <F(r)F(r")>, <F(r)F(r")F(")>,...
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see also Jessen group:
PRL 111, 170502 (2013)
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POVM readout

Kunkel et al. Phys. Rev. Lett. 123, 063603 (2019)

Matrix notation: Second-quantization:
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POVM readout

Kunkel et al. Phys. Rev. Lett. 123, 063603 (2019)
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kinetic
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Non-thermal fixed point
1. Berges, A. Rothkopf, J. Schmidt, PRL 101 (2008)
J.Berges, G. Hofmeister, NPB 813 (2009)
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2! (2)
rlxlsxz = [GC ]xt.xz
Two point
correlator

Initial
conditions
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Non-thermal
fixed point

uniwversalig,

Jiirgen
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Non-thermal fixed point

J. Berges, A. Rothkopf, J. Schmidt, PRL 101 (2008)
J.Berges, G. Hofmeister, NPB 813 (2009)

C. Scheppach, J. Berges, T. Gasenzer, PRA 81 (2010)
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~100.000 atoms

Quenching extended spinor condensates

Quantum Bang(s) e - oSV R
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resolution ~1 um
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For review see:
D.M. Stamper-Kurn, M. Ueda RMP 85, 1191 (2013)
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Watching the build-up of transverse spin

0.2s . 0.4s : 0.6s . 0.8s
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Spatial information in Fourier space

Correlation functions (6(y)6(y’))

but experiment (simulator) delivers also

(0(y)0(y")0(y")0(y"™))
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on-thermal
fixed point

Time(s) |4 5

Initial b
conditions

log f(k,t)
~
o
>

-
Rescaled amplitude (¢/tws) ™ folk, ()
>

F, Schmiedmayer group (back-to-back)
¢ one component quasi-1D Bose gas
10t 0=0.1 f=0.1; see also Hadzibabic group
0.0.025 0.£;05 0..01 0j02 0.04
Rescaled momentum (¢/trer)” k (1/pm)
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Non-thermal fixed point
1. Berges, A. Rothkopf, J. Schmidt, PRL 101 (2008)
J.Berges, G. Hofmeister, NPB 813 (2009)
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Non-thermal fixed point
1. Berges, A. Rothkopf, J. Schmidt, PRL 101 (2008)
J.Berges, G. Hofmeister, NPB 813 (2009)
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Inspiration by ... Cosmology
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Inspiration by ... Cosmology

81
G,ru.f o Ag;m = —Cr;m

A

Various other experiments, including
S. Weinfurtner

1. Steinhauer

C. Chin

G. K. Campbell

1. Schmiedmayer
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Inspiration by ... Cosmology
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Inspiration by ... Cosmology

81l

G;m o Ag;m = 1
C

. :
ds” = g, dx'dx’

Various other experiments, including
S. Weinfurtner

1. Steinhauer

C. Chin

G. K. Campbell

1. Schmiedmayer
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Inspiration by ... Cosmology

8nG
G;u./ aE: Ag;n/ = ('_47}1—}
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ds® = g, dx'dx’
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Inspiration by ... Cosmology

8nG
G;u./ aE: Ag;.u/ = ('_47}1—}

L ,
ds” =g, d¢dv

1..2
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric S N 5 f) cu

D) 0 2
(2D in reduced-circumference polar coordinates) 1 G H’U-Q + u (IQ,D
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Mapping on experimental reality how 2D infinite curved space fits on a flat disc
see details in PRA 106, 033313 (2022)

infinite extension

. ds* = —dt* + a*(1) (

du? .) .))
ﬁ + 'll.“(li,ﬂﬂ
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Mapping on experimental reality
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how 2D infinite curved space fits on a flat disc
see details in PRA 106, 033313 (2022)

infinite extension

1.3

du o
— + u“dy”
1 —@u?

ds* = —dt* + a*(t) (

finite extension

2%
ds? = =dt® + a?(t) (1 - %) (
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Mapping on experimental reality ‘ M.C. Escher & S.N. Bose, A. Einstein

3 g, hyperbolic
=L geometry

finite extension

=
ds? = =dt® + a?(t) (1 = 7—)) (dr? + r2dy?)

_u_('.r‘.) - 3
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39

40 xm *
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39
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2D Bose gase — potassium 39

1
/2

[Cpl(fﬁ T) in 2¢2(f, T)]
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2D Bose gase — potassium 39

Stefan Flérchinger

h2
= —= [ dtdudy V99" 0,0 0,¢

(,-5 is the imaginary part of the phononic field
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Hyperbolic to spherical

density contrast
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Bizar density distribution leads to positive curvature

digital micromirror device
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Hyperbolic to spherical Bizar density distribution leads to positive curvature

) digital micromirror device
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Mapping on experimental reality how 2D infinite curved space fits on a flat disc

infinite extension

ds? = —dt? + a?(t) (

du?

21 9
— + udyp
1 —Ru?

Hyperbolical: k < 0

Spherical: k > 0

SynQS 5%
: e Viermann et. al, Nature 611, 260-264 (2022) %Y
Markus Oberthaler, Heidelberg University
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Inspiration for questions Cosmology
8¢
G;r..r./ £ Ag;.u/ = (‘_47}'“!

2 ,
ds” =g, d«dv’

Friedmann-Lemaitre-Robertson-Walker (FLRW) metric
(2D in reduced-circumference polar coordinates)

ds® = —dfg € a“(?)

D
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Scale factor follows Friedmann‘s equation (_) — SﬂGp e i Acz .
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Inspiration for questions Cosmology
o 87
(f;u.f 55 Ag;.u/ — ('_47}'“-}

8 ,
ds® = g, dx"dx’

P,
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric  ; 2,2 2 du” Dy o
(2D in reduced-circumference polar coordinates) (LS = _('h; _{ a (f) (1 . H(’lz + u d\”?
e ; g 5
: ; . an KC* , 3G 5
Scale factor follows Friedmann’s equation (_) = 8nGp — ~ Net: = == - P+ Ac
a a da c*
- Matter dominated a(t) oc t

Radiation dominated a(t) « 3

Dark energy dominated a(f) ¢ Ve
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Expansion with motionless BEC

decreasing sound velocity

ds® = —dt® + az(t) (duQ + ugdcpg)
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Expansion with motionless BEC

ds® = —dt® + az(t) (duQ + ugdcpg)
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adjust microscopic (‘.
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Expansion with motionless BEC

‘o
i @
S i€
28 "
o Y N NN N
21 | \a.~t7 | @
o)
£ | 3
b i ;
% 4 AN NN N\ /\
time t t; D

| decreasing sound velocity

ds? - _dtQ i G.Q(t) (d’UJQ 1 Ugdtpg)
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solution to Friedmann's
equation
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interaction a_
P =uwp

AS¥ | EXCELLENCE

SynQS

Markus Oberthaler, Heidelberg University

Page 49/63

Pirsa: 23060018



Particle production in accelerated space-time

before expansion
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Detection scheme building on Sakharov oscillations

60
. L. X 1e-3 Density-Fluctuation Power Spectrum S,
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.5 v 15
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o 104
$ 5
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0 L 1 |
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Detection scheme building on Sakharov oscillations
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—_—y = 0.5 decelerated expansion

solution to Friedmann’s i
—_—y = () constant expansion
equation 1 ¥ P

1
Sk(t) ==t Nk o p Akcos(Zwkt o ﬂk)
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Expansion history

region | region |l

match v, v,
on boundary tu,
solution depends

solved by

project v, on uy

aug + Orug,

region Il

exp(—uw, t) exp(—
ol af’\/‘zrzw;.‘f enewensionay T~ 9= ay /e,
3
Q;
Mode equation for time- dependent scale factor:
a(t)
rescaled mode function Y, (n) = ,/a(t)vk(t)
conformal time dt = a(t) dn
d? - 1 r B
@%(n)+ e 2% traa Yr(m =0
SynQS ,stationary Schrédinger equation”
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Sk(t) = E + N;, + Akcos(Zwkt g ﬂk)
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1
Si(t) = 2 + N, + ApcosLwt + 9y)

,stationary Schrodinger equation®
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1
Sk(t) = E + N; + Akcos(Zwkt g ﬂk)

,Atomic physics’ ‘

,stationary Schrodinger equation®
d? . 1 1
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1
Sk(t) = E + N; + Akcos(Zwkt g ﬂk)

,stationary Schrodinger equation®
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,Atomic physics’

800 5
— Potential V(t)
A a 700 4 s Potential V(t) | ]
X — 600 i3
X 5 -
" £ 500 = 2
0 = £
& @ >
) 400 1
Q m— Scale Factor a(t)
YN? 300 = Scale Factor a(t) 0
% 200 i
é*’ -1 0 1 2 3
N s X Time t Time t
4 ‘» 20
© o :
G¥
15iF e
2° =
3 - 2
5 24y s
@©
2 L
- : ok
0.5 1 1.5
k [1/um]

2 | STRUCTURES
SynQS § | CLUSTER OF

EXCELLENCE

Markus Oberthaler, Heidelberg University

Pirsa: 23060018 Page 59/63



Single bounce and anti-bounce
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Many bounces
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Many bounces
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