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Quantum Simulation VCQ

Vienna Center for Quantum
Science and Technology

Digital Quantum Simulators:
Trotter-Suzuki's decomposition of the many-body evolution operator into sequences of

of elementary quantum gates.
E xample: Real-time dynamics of lattice gauge theories with a few-qubit guantum computer
E. A. Martinez et al. Nature 534, 516 (2016)

Analog Quantum Simulators:
Build the desired Hamiltonian directly in the Lab and prepare the ground state,

observe time evolution.
Example: Hubbard Model, ... Quantum simulation with ultracold atomic gases,
I. Bloch, et al. Nature Phys. 8, 267 (2012).

Emergent Quantum Simulators
The complexity of the many body wave function does not allow to ‘observe’ all the

details. Every measurement we do is a ‘coarse graining' which leads to an emerging
effective description that is very different from the microscopic physics.

Example: relativistic quantum fields
Sine-Gordon model <-> two tunnel coupled superfluids Schweigler , et al. Nature 545, 323 (2017)
Zache et al. PRX 10, 011020 (2020)

emergent Hydrodynamics
Cataldini et al. arXiv:2111.13647
3
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Many Body Quantum Systems <-> QuFT
F RS descr'ip’rl):)n VCQ

Vienna Center for Quantum
Science and Technology

Quantum Many Body systems are an ideal staring point to build QuFT's

< The complexity of the many body wave function does not allow to ‘observe’ all the details
-> We can only measure few body observables.

< Measurement on a many body system is therefor a 'coarse graining'.
Within the RG framework this leads to an effective description of the system that can be
very different from the microscopic physics.

< A natural way to describe quantum many body systems is then through these
emerging effective models (field theories)

Question: how good are these emerging quantum simulators for QuFT
When and how do they break down

A natural way to probe these models is through correlation functions.

Question: which QuFT do we simulate?
Can we extract the parameters for an effective field theory
directly from experimental data?

J. Schmiedmayer: Quantum Simultors for QuFT 4
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Quantum Gas <-> QuUF T

(Effective) Quantum Field Theories are a powerful tool to
describe many body quantum systems.

Quantum Gases are ideal tools to quantum simulate QuFTs
T=0 <->  vacuum
excitations <-> particles
energy density <-> geometry

J. Schmiedmayer: Quantum Simultors for QuFT 6
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Quantum Gas <-> QUF T

(Effective) Quantum Field Theories are a powerful tool to
describe many body quantum systems.

Quantum Gases are ideal tools to quantum simulate QuFTs
T=0 <->  vacuum
excitations <-> particles
energy density <-> geometry

Examples:
« 1d superfluid <-> Luttinger liquid (relativistic QuFT)
« Tunnel coupled super fluid <-> Sine-Gordon model
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Quantum Gas <-> QuUF T

(Effective) Quantum Field Theories are a powerful tool to
describe many body quantum systems.

Quantum Gases are ideal tools to quantum simulate QuFTs
T=0 <-> vacuum
excitations <-> particles
energy density <-> geometry

Examples:
« 1d superfluid <-> Luttinger liquid (relativistic QuFT)
« Tunnel coupled super fluid <-> Sine-Gordon model

Interesting questions:
* Microscopic Physics <-> effective QuFT description
« Granularity of the MB system <-> Planck scale?

J. Schmiedmayer: Quantum Simultors for QuF T 6
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l | %
Sine GOI'dOﬂ Model

- Tunnel coupled 1d superfluids <-> SG model

- Verifying Sine-Gordon model

- Extracting the 1PI vertices

- Some recent examples and old unpublished experiments
- Area law of mutual information ina QuFT
* Floquet engineering
- Decay of self trapping

Emerging Generalized Hydrodynamics (GHD)
- Generalized Hydrodynamics (6HD) for 1d systems
- Rapidities <-> Luttinger Liquid Phonons
- Pauli blocking and the limit ofintegrability

Outlook

J. Schmiedmayer: Quantum Simultors for QuFT 7
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Sine-Gordon Model

Emer'eg‘;sn’r quantum simulator built from

8, Two tunnel coupled
. 1d super fluids

Gritsev, Polkovnikov, Demler PRB 75, 174511 (2007)
Exp:  T. Schweiger, et al. (Vienna) Schweigler et al. Nature 545, 323 (2017)
Theory: S. Erne, V. Kasper, T. Zache et al. (HD) Zache et al. PRX 10, 011020 (2020)




Two t | led 1d s luids
wo tunnel couple uper flui VCQ

Emergent quantum simulator for the Sine Gordon model

Vienna Center for Quantum
Science and Technology

2m 0z Oz

: W OPl oy, gip it ot t , f t
H lde + =il + U294 — upips | — hJ / dz [’¢‘1¢2 - wm}
g1 =

RF amphiude

Y

Following: Gritsev, Polkovnikov, Demler Phys. Rev. B 75, 174511 (2007)

 Density phase representation
* Expanding the Hamiltonian in density fluctuations 8p; and phase gradients 9,9, up to second order

and neglecting mixed terms separates H in symmetric and antisymmetric degrees of freedom
 Neglecting terms |8p/ng| «1

One arrives at Quantum Sine-Gordon model:

o V(¢)
: h*nip o . ,\ ,\
Hsq = /dz [ y (8,0)% + g6p*| — [ dz 2Jnip [1 — cos Q]
m
“uncoupled harmonic oscillators” anharmonic, non-gaussian, ¢
gﬂpped' -an e 0 * I I P

J. Schmiedmayer: Quantum Simultors for QuFT
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Two t | led 1d s luids
wo tunnel couple uper flui VCQ

Emergent quantum simulator for the Sine Gordon model

W
B

B —

Vienna Center for Quantum
Science and Technology

2m 0z Oz

: W 0Pl oy g it ot t , f t
J:

RF amplitude

@f

t

Following: Gritsev, Polkovnikov, Demler Phys. Rev. B 75, 174511 (2007)

 Density phase representation
* Expanding the Hamiltonian in density fluctuations &p; and phase gradients 9,9, up to second order
and neglecting mixed terms separates H in symmetric and antisymmetric degrees of freedom

« Neglecting terms |8p/ng| «1

One arrives at Quantum Sine-Gordon model: phase coherence length

AT = 2h2711D/7(777,kBT)

phase (spin) healing length

Ly = yfhi(am.T)
Characteristic parameters
q = /\T/lj

7

o 2
Hie — / & [h "D (5,5)2 + go7?

- fdz 2Jnyp [1 — cos ¢

“uncoupled harmonic oscillators" anharmonic, hon-gaussian,
gapped,

J. Schmiedmayer: Quantum Simultors for QUFT
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Quantum Sine Gordon Model

Vienna Center for Quantu m
nnnnnnn and Technology

Theory of a massive scalar field ¢ in one space and
time dimension with an interaction density proportional

to cos B¢

Av, . - oM
Hsc =vadz [(atqs)?‘ + (ach)z > cos B¢

For the energy to be bounded g is limited to: 0< < 8n

B plays the role of the Planck constant, g << 1 being the
(semi)-classical limit.

In our experiments: 0.1<g <1

J. Schmiedmayer: Quantum Simulters for QUFT 10
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Si d del
ine Gordon Mode VCQ

equivalent to (a few examples)

Vienna Center for Quantum
Science and Technology

Massive Thirring Model
S. Colman Phys. Rev. D 217 11, 2088 (1975).

Coulomb Gas

Polyakov, A. M. Nuclear Physics B, 120, 429-458 (1977).
Samuel, S. Physical Review D, 18, 1916 (1978).

XY Model
José, J. V. et al., Physical Review B, 16, 1217 (1977).

Half-integer spin chains and extended Hubbard models

Essler and Konik in: From Fields to Strings
WORLD SCIENTIFIC, pp. 684-830 (2005)

string breaking and entanglement in expanding Qu-fields

Berges et al., Phys. Lett. B 778, 442 (2018)
Journal of High Energy Physics, 2018(4), 145. (2018)

J. Schmiedmayer: Quantum Simultors for QuFT 11
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Experiment

Two tunnel-coupled
q 1d super fluids
™ -

Gritsev, Polkovnikov, Demler PRB 75, 174511 (2007)
Exp:  T.Schweiger, et al. (Vienna) Schweigler et al. Nature 545, 323 (2017)

Theory: S. Erne, V. Kasper, T. Zache et al. (HD) Zache et al. PRX 10, 011020 (2020)
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AtomChi
Integrated Circuits for ultra-cold Quantum Matter VCQ

Vienna Center for Quantum
Science and Technology

Folman et al. PRL 84, 4749 (2000)

Combine the robustness of nano-fabrication an the
quantum tools of atomic physics and quantum optics
to build a toolbox for quantum experiments

» 1d elongated traps 3000-10000 atoms
T =10-100 nK

* Easy to create a BEC o ~ 2mx 2 - 3 kHz

o, ~2nx5-10Hz

* Very stable and reproducible laboratory ksT ~ 0.1-0.7 hax,
for quantum experiments kT ~0.4-1p

* Fast operation
« Single atom detection with unit efficiency

* Well controlled splitting and interference

- experiment optimized by genetic algorithm
Rohringer et al. APL 93, 264101 (2008)

J. Schmiedmayer: Quantum Simulters for QUFT 13
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AtomChi p
Integrated Circuits for ultra-cold Quantum Matter VCQ

Llf()'lm

Combine the robustness of nano-fabrication an the
quantum tools of atomic physics and quantum optics
to build a toolbox for quantum experiments

» 1d elongated traps
* Easy to create a BEC

* Very stable and reproducible laboratory
for quantum experiments

* Fast operation
« Single atom detection with unit efficiency
 Well controlled splitting and interference

* experiment optimized by genetic algom’rhrg
Rohringer et al. APL 93, 264101 (2008) 5

J. Schmiedmayer: Quantum Simulters for QUFT
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Folman et al. PRL 84, 4749 (2000)

3000-10000 atoms
T =10-100 nK

wr ~2nx2-3kHz
o, ~2nx5-10Hz

kgT ~ 0.1 - 0.7 hax
kgT ~0.1-1p
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Experiment <-> read out VCQ

mnnn C nnnnn for Quantu

nd Technology

time of flight -> momentum in situ -> position

{ " Imaging’ j 0f [t

2 L2

X

R. Biicker et al. NJP 11, 103039 (2009) W.S. Bakr, et al.Nature 462, 74 (2009)
R. Biicker et al. Nature Physics 7, 608 (2011) J.F. Sherson, et al. Nature 467, 68 (2010)

single shot projective measurements of the
many body wavefunction: n-point function

J. Schmiedmayer: Quantum Simulters for QUFT 14
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Experiment <-> read out

Vienna Center for Quantu m
Science and Technology

time of flight -> momentum in situ -> position

U 5 |
-2
{ " Imaging’ j ) B
Evalua Rt
tion 2
[ extracted values ] B 0 2 %
del R. Biicker et al. NJP 11, 103039 (2009) W.S. Bakr, et al.Nature 462, 74 (2009)
mode R. Biicker et al. Nature Physics 7, 608 (2011) J.F. Sherson, et al. Nature 467, 68 (2010)
building
verif

single shot projective measurements of the
[ theory j many body wavefunction: n-point function

14
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Experiment <-> read out VCQ

Vienna Center for Quantum
Science and Technology

1D gas of 87Rb atoms Schweigler et al. Nature 545, 323 (2017)
adjustable :
tunnelling J Tunnel coupling lead to

*—LI-—L-I‘NI- chamcg:rc'liszz:ioﬁ:mg:os(gv))

———.

| Imaging’ | )= e®O VR T o) e

Evalua flight
tion
0.5 -

[ extracted values ] 0.4} — i

el e 4_____]:1—--—"'-'
building
verif 0.1 => phase difference ~ Quantum
2 between condensates » field
[ ThQOI"Y j 240 80 80 100 120x 0(2) = 61(2) — 6(2) of SG molfel
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Veritying the
Sine-Gor'dqn Model

™ Correlation functions
b ¥

Schweigler et al. arXiv:1505.03126
Exp:  T. Schweiger, et al. (Vienna) Schweigler et al. Nature 545, 323 (2017)
Theory: S. Erne, V. Kasper, T. Zache et al. (HD) Zache et al. PRX 10, 011020 (2020)
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Correlation functions

excitations <-> phase

L'lf(.)'lm
and Technology

in experiment we measure the phase ¢(z) directly
-> look at phase correlators

CI(z;,z)) = <[¢(ZJ)— (0(22)]2> = <[A¢(thz)]2>

with  Ap(z;, z,) = ¢z;) — ¢(z;)  Note: Ap is NOT restricted to 2n

using p(z) = \/-Zl ,/ bk —b_x)e ”‘Z]
k#0

¢ = ikyz1+ikoz
) ([(o(21) - p(2)2) = }-_,——T;_-wb}“b_k?e kztikazs 4
T A | 1 \.Ql

-> phase correlators are related to the quasi particles

4th order
CHzj 222520 = [z)) — A2 [9z3) — Az )]2
o< b bY b_kyb_k, +
-> quasi particle scattering

J. Schmiedmayer: Quantum Simulters for QUFT 17
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Correlation Functions VC

Vienna Center for Quantu m

rrrrrrr and Technology

The N order Correlation function
GN)(z) = (O(21)O(22) ... O(zn))

Characterizes the propagation and the interactions of the
degrees of freedom connected to the operators O(z;)

J. Schmiedmayer: Quantum Simulters for QUFT 19
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Correlation Functions

The Nth order Correlation function

G (z) = (O0(2)O(22) ... O(2n))
Characterizes the propagation and the interactions of the
degrees of freedom connected to the operators O(z;)

It can be decomposed: G (V) (z) = G(m(z) + G (o)
« The disconnected part G(N ) is fully determined

through lower order cor'r'eIaTlons

+ The connected part GY) contains genuine new

information about the system at order N

J. Schmiedmayer: Quantum Simulters for QUFT 19
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4th order correlations
VCQ

Connected and disconnected part

tlf ntum
nd Techn !gy

Schweigler et al. Nature 545, 323 (2017) C(4)(ZI, 2, =15 15)
TO STUdY fClCTOI"IZClTIOI’I Of rA full disconnected connected (cos(ep);
correlation functions -
we look at: . =
Gz}, z)) = [@Az) — Az)]? B 2 :
G¥(z,, 252;5,2) = . [: 1 %
([@z;) = A2 [Pz3) — Az )P e
a2 N | .—'_—-
Anz; 2;) = plz) ~ ¢ez) 2
Ag /s NOT restricted to [—m, ) 5 . " |
Connected/Disconnected part . :} -
0 ©
_ ]
G(N ( ) Glgi)\:]?( ) + G(('jzl\:)( ) —20-20 0 20 -20 0 20 -20 0 20
L z1[pm] 4
J. Schmiedmayer: Quantum Simulters for QUFT 21
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Characterizing Connected
Correlations VCQ

Vienna Center for Quantum
Science and Technology

Schweigler et al. Nature 545, 323 (2017)
4th order correlations

Integrated measure [ oo ooig %
¢ fast cooling
o equ. theory &
N s -
Zz Ggon)(zg O)‘

i >, |GM)(z,0)]

0.6}

—
2

Compared to predictions fc
a thermal equilibrium state 02
of the sine-Gordon model

0 0.2 0.4 0.6 0.8 1

{cos(¥))

J. Schmiedmayer: Quantum Simultors for QuFT 22
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Quantifying factorization of
correlation functions VCQ

Vienna Center for Quantum
Science and Technology

Schweigler et al. Nature 545, 323 (2017)

A full distribution functions » the breakdown of factorization is evident in
: 2 : 7 the full distribution functions of the phase by
slow cooling g fast cooling g :
A s s new peaks at multiples of 27z
g o *° o * caused by the 2z periodic SG Hamiltonian
o4 eod oy -> 2z phase jumps, 'kinks’ = SG solitons
0.2 0.2
>
."5‘ 0 0
c 1.5 1.5
Q
it ] o 1 o
% | ( i .
= 05 3 0.5 &
o]
20 0
2
o
< m o : I_A‘ o
© \ :’i ©
1 N 1 5
0-4 -2 0 2 & 0-4 -2 0 2 4
Ap/n Ap/n
J. Schmiedmayer: Quantum Simultors for QuFT 23
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Quantifying factorization of R
correlation functions vVCQ

Vienna Center for Quantum
Science and Technology

Schweigler et al. Nature 545, 323 (2017)

A full distribution functions * the breakdown of factorization is evident in
: 2 . 2 the full distribution functions of the phase by
slow cooling g fast cooling g :
oa 5 = new peaks at multiples of 27
i o o » caused by the 2z periodic SG Hamiltonian
o4 o u -> 2z phase jumps, 'kinks' = SG solitons
0.2
2
g} 1_2 B interference patterns
O central peak : side-peak
3 ! o o T A B i
= o0s S & 3 o« | §
2 o I3
0 = N =
g L | i e ¢
o 2 =50 0 50 50 0 50
o o z[um]
© ©
1 N &
: « SG Solitons are topological excitations
-4 -2 0 2 4
Ap/m * Phase fluctuations around topologically
different Vaccua
(<] A‘rlhwyer: Quantum Simultors for QuFT 23
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Higher order connected correlations VCQ

Vienna Center for Quantum
Science and Technology

Schweigler et al. Nature 545, 323 (2017)

6'h order 8th order 10t order
1 o oor;nected . . i o connected i o connected
@ full - wick @ full - wick @ full - wick
equ. theory equ. theory

08} 0.8} 0.8}
0.6} 06 06
04} 0.4} 0.4}
0.2} 4 0.2} 024~

0 : L : L 1 = ; g & 0 — L L I

0 0.2 0.4 0.6 0.8 1 8 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

{cos(¢))

Limit is NOT the data but the
computational complexity of data analysis for strongly fields

J. Schmiedmayer: Quantum Simultors for QuFT 24
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Véri ying the
Sine-Gor'dgn Model

exiracting the parameters of the
effeétive theory from experiment

Zache et al. PRX 10, 011020 (2020)




Diagrammatics:

one-particle irreducible - 1PT

a Center for Quantum

in‘rer'ac’ru)r; g
1 2 1 2 1 2 1 ! 2
G(4)(;L.f1,;1:2,;1:3.;1:4) == + + + .
3 4 3 4 3 4 3 4
N o
4
o dissconnected part connected part
C'()(Ll 13)0()(12 14)-{-0( )(11 12)0()(13 14)—}—C'( )(11“1,4 C'() (z2,x3)
/d Y1 . o Y4 G )(11 1;1)0( )(12 yg)C( )(13 ys3) C( ) 14,11@111 Y2, @
@ @ © 1PI correlators:
@ ) building blocks of all correlations!
J. Schmiedmayer: Quantum Simultors for QuFT 29
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Equal-Time QuFT

ienna Center for Quantum
cience and Technology

V
S

Standard formulation of QuFT is with non-equal
time correlators

Experiment: equal time correlations are much
more accessible (extracted from the pictures)

== Equal time formulation of QuUFT

State p;is completely characterized by all
equal-time correlation functions

coupled evolution equations
Wetterich Phys. Rev. E56, 2687 (1997)

quantum dynamics leads to a hierarchy of
i -@1

e Afh‘x&y@.r: Quantum Simultors for QuFT 32
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Extracting the Coupling Constants VCQ

L1f{_}11m
and Technology

Zache et al. PRX 10 011020 (2020)

« The measured connected correlators
contain contributions from the
propagators (the ‘legs’)

* To extract the information about the
coupling constants in the scattering
vertices one has to ,amputate’ the
correlators

* Best done in momentum representation.

*Inour finite system we have a discrete
momentum spectrum (the modes of the
system)

* Transform the correlators to the space
of the modes

e /:f,hazcayer: Quantum Simultors for QuFT 33

Pirsa: 23060006 Page 33/58



Extracting the Coupling Constants &

Vienna Center for Quantum
Science and Technology

Zache et al. PRX 10, 011020 (2020)

« The measured connected correlators transformed
2-point correlator

contain contributions from the (1/propagator)
propagators (the ‘legs’)

* To extract the information about the | g R
coupling constants in the scattering i L
vertices one has to .amputate’ the Ny oot i
correlators b S o DA o

* Best done in momentum representation.

v ' —— g
* In our finite system we have a discrete L ;
momentum spectrum (the modes of the L
system) U comees
* Transform the correlators to the space ot AP
of the modes
(<) A,hMyer: Quantum Simultors for QuFT 33
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Extracting the Coupling Constants &

Vienna Center for Quantum

» The measured connected correlators
contain contributions from the
propagators (the ‘legs’)

* To extract the information about the
coupling constants in the scattering
vertices one has to ,amputate’ the
correlators

* Best done in momentum representation.

*Inour finite system we have a discrete
momentum spectrum (the modes of the
system)

* Transform the correlators to the space
of the modes

e ﬁ,hwyer: Quantum Simultors for QuFT
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4-point correlator (vertex)

107

0

102

101

107

a0

mnt

10¢

‘amputated’ connected

m = 0.052 um~

|

——
e ——
b — —

pz = 0.105 pm™!

I
—_ T
S —

1

Science and Technology

Zache et al. PRX 10, 011020 (2020)

running coupling in SG model

Wy Q=24 1
10°f s 3 §. 3
101} ﬁ ]
Sl = B 8
:E« 10"} ) 2. 1

Q=306

0.05 01 0.15 0.2 0.25 0.3

p (1/pm)
a4
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Area Law of Mutual Information in QuFT
Curved light cones

loquet engineering a QuUF T
“Gaussification after a quench

M. Tajik et al. Nature Physics (2023)

M. Tajik et al. PNAS 120, 21 (2023)

Si-Cong Ji et al. PRL 129, 080402 (2022)

O@LEOO Scheigler et al. Nature Physics, 17, 559 (2021)




Mutual information
Shared information content between two subsystems | VCQ

'or Quantum
SSSSSSS and Technology

*Definition:

von Neumann entropy for subsystem A

Sa=—-Tr(palnpa) with pa =—-Tre(paun)

* Motivation:
- Captures the total amount of information of a subsystem about another one.
- It gives the entanglement entropy in the limit of zero temperature.
- Shows an area law for gapped Hamiltonians.

- Can the area law be verified experimentally for a system with decaying
correlations?

@ /},hcxeﬂye.r: Quantum Simultors for QuFT 36
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Many Body Tomography vcQ s

Vienna Center for Quantum
Science and Technology

In interference experiments we measure phase quadrature M. Gulza et al. Communications Physics 3, 12 (2020)
E | arXiv:1807.04567
xample:
Idea: data from recurrence experiment

‘free evolution’ rotates the Wigner function of the
modes in the low energy effective field theory

a 0 0.5 1
= C(3t)

, ’ | ‘
~ M YUY S o S o o . .
: (#) #(t)) \-\ 10 e

O | o
#* (1) (7°)
Repeated measurement => tomographic slicing

» allows reconstruction of the density matrix

Will give excess to v. Neumann entropy, mutual information
and entanglement etc ...

t (ms) t (ms)

@ /i B3n@:@hyer: Quantum Simultors for QUFT 40
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V. Neumann <-> Mutual Information
v

Experiment in Klein-Gordon

Vienna Center for Quantum
Science and Technology

I(A:B)=8S4+SB—Saus M. Tajik et al. Nature Physics (2023)
; arXiv:2206.10563
a A A€
|
|
0 [ L-1 L
b & Py
20 5 Sa
é é A B
/ | |
® & 0.4 I t |
® a 0 d L
].0 o ® a
% n 0.2
™ _ - @ P~
o s ‘I(i A I). < i s — fht (d) = aexp(—(j/ﬂﬁt) +b
¢ 1
N 0
= 0 0.2 0.4 0.6 0.8
-7: 0.5 ] T d/L
it
08 02 04 06 03 ?
G /iE® O l/L 42
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Floguet Engeineering a
SG Quantum Fiel

@

Vienna Center for Quantum
Science and Technology

Floquet Engeineering a Sine Gordon QuTF

P 0 c true vacuum bubbles o} € Collision of bubbles
: (same topological) 3 Oscillon
2n / % 2n l
1 1
T" - n‘ sssss
AN\ A\ A
0 v, l
v > i Y/
= J, - Bessel (—)
Jerr =Jo '\ 3o . 3
0 mnoo2n ?
b d true vacuum bubbles f Collision of bubble
FBuenscstieclm c Step2 faise vacuum b (different topological) e Soliton
: : 2n F A,
P 0 17 veW A
i ] n
i i 2
i : f»
i 5 . 0 ’%\!/“A v,
. :
; ! ;/\ true vacuum 1 -n -n 9
6 8 N10 /12 14 oy 0 moo2n 9.
! M hw
@  observed too much heating @
@ /i B3n@:&hyer: Quantum Simultors for QUFT 44
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Floguet Engeineering a
sqe Quanqrum Fiel vcQ S

Vienna Center for Quantum
Science and Technology

Si-Cong Ji et al. PRL 129, 080402 (2022)
Floquet Engeineering a Sine Gordon QuTF

Floquet driving assisted tunneling Tilted DW without driving

(d) 60 1 (b)
0.6 &
40 {
8 L *E@
< o 4 H
Loomhecn 02
= Jo rbessel (_) 0 21
eff ho., ) :
' 0.04—
Bessel ﬁ 4 e 0 5 10 15 20
Function E 0%‘-’% 1--°°~ - t (ms)
’ " 1
K i 0.8 ! )
1) Bk 8 ' y |
€ 06 . catl
~v§ Ly H
0.51 0.4 /4 \ \
} 4
%*aﬁ’ 021 & //
o]o,,..............._......i.}....@..‘...f, ol /" : . : A 1
: : : : : : 0 02 04 06 08 1
0 20 40 60 0 10 20 30 C
t (ms) t (ms)
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Decay of Self-Trappin

? Decay of false vacuum in a 1d bosonic Josephson Junction ? VCQ

Vienna Center for Quantum
Science and Technology

B

OD: self trapping =
ID: Decay of self =
trapped state |
=
Il
¢r(r)
population imbalance relative phase
measurement measurement

?‘SDI] 200 100 CI lDﬂ ZXI 300
svorsal @us | pm]

e /.},hmyer: Quantum Simultors for QuFT
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Decay of Self-Trappin

? Decay of false vacuum in a 1d bosonic Josephson Junction ?

population imbalance
measurement

a
trangvarsal ass [um]

OD: self trappin
1D: Decay of self
trapped state

(nr — ngr)/N

z

Pr(7)

relative phase
measurement

100 2')0 300
ransvorsal aws | wm]

10 20
halding time [rs)

J. Schmiedmayer: Quantum Simultors for QuFT
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lingar density [atjum)

o

o

— tal pop. imb. : 0.37
0.8 —— Initial pop. Imb. : 0.54

initial pop. imb. - 0.7%
= initial pop. imb. . 0.88
—— Initlal pop. Imb. : 0.87

VCQ

Vlenn'l Center for Quantum

B

nnnnnn and Technology

04f

2

i )
(%)

population imbsalance

longitudinal momentum

longitudinal position [pm]

2(0) = 0.37 (Josephson) z(0)=0.97 (seli-trapping)
= 10 |
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;k : ‘
-
I 2 |
I
fl § |
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| 2 s |
£ [
\ |
|\ Fl-"
Il . } \
I |
fo\ /) \
Y 07 1
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CYASISIO)

Outlook Sine Gordon

Hamiltonian fearning
SG6 close to quantum vacuum
SG out of equilibrium

:3 Decay of self trapping

Pokr'ovsky-T.';Iapov model
Other SG models



Emer'ge Je: ion of
1d systems

Luttinger Lqiuid
<=>

" Generlaized HYdFo Dynamics

Maller et al. SciPost Physics 8, 041 (2020)
Meller et al. PRL 126, 090602 (2021)

O L/EO6 Cataldini et al. Phys. Rev. X 12, 041032 (2022)




Emergence of hydrodynamics
in 1d systems VCQ

Vi enter for
Science and Technology

B. Bertini
JS Caux

B. Doyon,
A 7. Dubai

Macroscopic: Slow variations

Thermodynamic Bethe Ansatz

)
©
% Mesoscopic: Homogeneous
s Local equilibri
Eo quilibrium
5
O 9 @ 9 d 9 Microscopic: Atoms
@ 90 @ O J Generalized Hydro Dynamics (6HD)

OA. Castro-Alvaredo et al., PRX 6, 041065 (2016)
B. Bertini et al., PRL. 117, 207201 (2016)
@ /i B3n@:&hyer: Quantum Simultors for QUFT + very mﬂny p(lpe.r‘s since ‘I‘hen 55
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Emergence of hydrodynamics VCQ

Vienna Center for Quantum
Science and Technology

Thermodynamic state fully characterised by  J. Dubai
distribution of quasi-momenta (rapidities 0) g

8,0(0,t,2) + 0, | oot 2)) =10 Bj.sBeCr:;r:
p"' (0 (0)p(6) B. Doyon,
VAL

length scale

0 (1/11)

Q /i Ah‘x&yar: Quantum Simultors for QuFT 56
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Emergence of hydrodynamics

p(6,t,2)) =0

length scale

@ /i B3h@:@hyer: Quantum Simultors for QUFT

Pirsa: 23060006

i) ! 9
AP Q)O l(BA)ﬂ (6) Thermodynamic state fully characterised by

distribution of quasi-momenta (rapidities @)

@

Vienna Center for Quantum
Science and Technology

B. Bertini
JS Caux

B. Doyon,
J. Dubai

Rapidities
behave like
Fermions

56
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Excitating a single mode in a &R
1d quan.l-um gas F. Cataldini, F. Maoller VCQ

Vienna Center for Quantum
Science and Technology

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

1. Imprint cosine-shaped
density perturbation. 2@  pEnergy . Space z

Atom chip

Tajik et al. Optics Express, 27, 33474 (2019) : (I] 5.0 1(')0 150
t (ms)
@ /i B3n@:@hyer: Quantum Simultors for QUFT 58
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Relaxation dynamics

low temperature
small amplitude
T = 46(4)nK [0.69(6)hw, |

ey ~w =T
— -2 3 a & g
g ; - :
il
w20 on (1/um)
= F -4 0 =10
o
o INNINEMN
6] 2 n; (1/pm)
g 3 108 0 B fo
4 [ |
10¥ + Experiment
’g —~ GHD (1D)
=
= 0
=
=]
104
0 50 100 1560
t (ms)

@ /i B3n@:&hyer: Quantum Simultors for QUFT
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B

VCQ

Vienna Center for Quantum
Science and Technology

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

== Long lived dynamics!

¢mmmmm=_ (Almost) single mode excitation!

¢mmm=_ Fast damping of the phonon mode

GHD gives a perfect description of the damping
no free parameters

59
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Relaxation dynamics _— B

Vignna Center for Quantum
Science and Technology

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

low temperature high temperature high temperature i
small amplitude small amplitude large amplitude Standard 1D condition:
T = 46(4)nK [0.69(6)hw ] T = 120(8)nK [1.8(1)hw,] T = 124(13)nK [1.9(2)hw, ] p, kpT" < hw
B Di Em i 1 0EI- |
1 n 1 m 1 1
"% 2 !nj (1/pm) 9 f dn; (1/pm) 2 on; (1/pm)
g 3 -100 0§ Ho 3 -10 @ £10 3 20 il LR 20
1 I 4 . = —m
10; + Experiment 10§ 20
’é‘ — GHD (1D)
=~
= 0 0
g
-10 i -20
0 o0 100 150 0 o0 100 150 0 50 100 1560
t (ms) t (ms) t (ms)
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Relaxation dynamics — B

\g‘ignnn Center for Quantum
Science and Technology

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

low temperature high temperature high temperature L
small amplitude small amplitude large amplitude Standard 1D condition:
T = 46(4)nK [0.69(6)hw, T = 120(8)nK [1.8(1)hw,] T = 124(13)nK [1.9(2)hw, ] u, kpT < hw,

A0 el s T A0 —— — — = — — = A~ — Even far above this condition, the
—~-20f° z -20 20 s : :
B o ? £ 8T = 0 i I ' : observed relaxation is consistent with
w20 e - oethm) e p0fTWELc o bn (1/Gm) | 208 on (1/pm) 1D GHD theory!

o RS=F N 0 0] ERE Sl 0 o) e 20 0 20
- __ o 0 Interpretation:

1 e

§ 2 mm o Eﬂj (1/pm) 9 | pmd(1/ ) 9 L o (1 ) In a box the rapidities fill the complete
g 3 1 ] 3 LoCEs ool 3 B’z  Fermi sea and thereby prevent

108 e 20 thermalizing collisions much longer.
’é‘ —GHD (1D) —pp
"‘-:-:}:_ T Ps
= 8 0 0 o hole
& e particle
o

-10 -10 i g

0 50 100 150 0 o0 100 150 0 50 100 150
t (ms) t (ms) t (ms) ; = :
R e

Rapidity ¢ (1/1,)
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Relaxation dynamics — B

Vienna Center for Quantum
Science and Technology

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

low temperature high temperature
small amplitude small amplitude Relaxation is caused by
~ T—::.- T g s =y T T T
. =: ‘ / q ’
_ : A
€55 N\ AR
‘I . on (1/um) | “\ ’éﬁt’?g AN " =
e R 0D Ay | 5
IR 4
0 s / £
T Il <
< 2 on; (1/pm) 2 7 o
g 3 20 0 10{ 3 -1 10 . . — Q
4 | q ] o
10 10 ~ T
L « Experiment | I I ?_Jr
= —~ GHD (1D) —
g i S
= 0 0 >
£
-10 { -10 ] . . |
0 50 100 150 0 50 100 150 - s
e B (ms) 0 50 100 150
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many
interacting
quantum
particles

Characterizing
Controlling

in full detail

is impossible

Emergence in Quantum Physics

effective
field . '
theory relevant
reduction to hydro information
dynamics
(coarse )
rainin
universality g 9

J. Schmiedmayer: Quantum Simultors for QuFT
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@

Vienna Center for Quantum
Science and Technology

classical
physics
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Emergence in Quantum Physics &

Vienna Center for Quantum
Science and Technology

effective
field

L e theory 'relevant’

Interacting ; hvd ! : :
quantum reduction to ydro information classical
particles (co arse

. , graining)
universality
Characterizing
Controlling
in full detail = “Loss” of information Experiments with ultra cold quantum gases:
is impossible = Reduction to “relevant” information Measure each constituent with unit efficiency
— Emergence of novel descriptions Computational complexity of data analysis is limitation !

Choose which part of the information to retain/analyse

Experimentally study emergence in detail

J. Schmiedmayer: Quantum Simultors for QuFT 63
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What have we learned

* Higher order correlation functions (full distribution functions)
and the question if they factorize gives insight in the effective
quantum field theories describing the many body system.

* Verified Sine-Gordon model as emergent from the microscopic
physics of two tunnel coupled super fluids

+ Identified the topological excitations in the SG model.
* Extracted parameters of the model from experimental data
- Compared two emerging descriptions of 1d systems:

Luttinger Liuid <-> GHD (emerging fermionic excitations)

..

Building and probing quantum field theories in the lab as
emergent quantum simulators

Verify and probe emergent models

Schweigler et al., Nature 545, 323 (2017)
Zache et al. PRX, 10, 011020 (2020)

arxiv: 1505.03126

Cataldini et al. Phys. Rev. X 12, 041032 (2022)

Tajik et al. Nature Physics (2023)
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Quantum Field Simulator Experiments:

Hofferberth et al. Nature 449, 324 (2007)
Gring et al., Science 337, 1318 (2012)

Kuhnert et al., PRL 110, 090405 (2013)

Smith et al., NJP 15, 075011 (2013)

Langen et al., Nature Physics 9, 460 (2013)
Berrada, et al., Nat. Comm 4, 2077 (2013)
Geiger et al., NJP 16 053034 (2014)

Van Frank, et al., Nat. Comm 5, 4009 (2014)
Langen et al., Science 348, 207 (2015)
Steffens, et al., Nature Comm. 6, 7663 (2015)
Rauer, et al., PRL 116, 030402(2016)

Rauer et al. Science 360, 307 (2018)

Erne et al., Nature 563, 225 (2018)

Scheigler et al. Nature Physics, 17, 559 (2021)
Si-Cong Ji et al. PRL 129, 080402 (2022)
Tajik et al. PNAS 120, 21 (2023)
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Atoms being loaded into
F. Cataldini, F. Moller, B. Rauer, Th. Schweigler, M. Tajik, S. Erne, M. Priifer a sp'ral on AtomChip
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