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Many Body Quantum Systems <-> QF T
description

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?
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TU Building Relativistic QUFT's

the simple minded point of view of an experimentalist VCQ

Vienna Center for Quantum
Science and Technology

Take a quantum many body system (QuUMBS) where the effective
description has excitations that looks like a relativistic particle.

* Well studied model from solid state physics (Giamarchi book on 1d phys.)
* QUMBS @ zero temperature = Vacuum

Conjecture: low energy physics relates to relativistic QuF T

Example: Bogoliubov excitations in a quantum gas
Caveat: at very high energies the linear dispersion relation breaks down
(@UV one sees the microscopic physics)

How far does the analogy with relativistic QuFT go?
* Light cones
* Lorenz transformation of temperature
* Horizons
* Unruh radiaton
* Casimir effects
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Y System under investigation VCQ
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Weakly interacting 1d Bose gas Lieb-Liniger model
Exactly solvable integrable theory
low energy effective field theory:

Luttinger-liquid

o o [i av2 T a9
H= 2/(11, [ﬂ(vy) + %" }

* excitations are soundwaves (phonons)

* linear dispersion relation
Kpibc R T -> model for relativistic quantum fields

%) @2 @3 <> On

coupled 1d systems:
/ Sine-Gordon model

. WR
All energies u, kT << hor

quasi-condensate

uniform density  fluctuating phase |4, _ z(/i//d L: 2z >+Q‘(die<)” —2711[,]/@2dz(‘os[\@(;(z)]
= el¢1(x) e Model for interacting many bod
P = P ) systems which can be descr'lbec?lby a
Ther'mally p/F:ula‘red field theory with long lived excitations.
H The longitudinal phase fluctuations are key for our experiments I
J. Schmiedmayer: Quantum Simulation 7

WIEN Integrated Circuits for Ultracold Quantum Matter i

nd Techn lgy

1U) AtomChi VCQ

ntum

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

300-10000 atoms
T =10-100 nK
« 1d elongated traps or ~ 21X 2 - 3kHz
o, ~2nx3-10Hz
* Easy to create a BEC keT ~ 0.1 -0.7 hax
keT ~0.2—1p

* Very stable and reproducible
laboratory for quantum experiments

* Fast operation

* Well controlled splitting
and interference

energy
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TU Experimental procedure VCQ

WIEN o Centr for Quantum
time of flight -> momentum in situ -> posmon
k, a
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[ Imaging }
. -2 0 2 k
CVGIUG"'I R. Biicker et al. NJP 11, 103039 (2009) * W. S. Bakr, et al. Nature 462, 74 (2009).
on R. Biicker et al. Nature Physics 7, 608 (2011) J.F. Sherson, et al. Nature 467, 68 (2010).
single shot projective measurements of the
exfr-acfed VG'UCS of ’ mﬂny bOdy Wavefl.mC'l'IOh n- pOlnT fUI’lCTIOh
measurements Theory: Single-shot simulations of dynamic quantum many-body systems

K. Sakmann, M. Kasevich, Nature Physics (2016)
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TU Experimental procedure VCQ
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1D gas of #7Rb atoms adjustable tunnelling J
TTT—T——— Inour case: J=0
I two separated 1d gas

_67,9(z) ol +6p \ s
Tlme X

] ﬂlgh’r
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—data
0.4 —fit

[ *Imaging’
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evaluati
on 0.2 P
o fit
%050 00 70 \ Phase difference

p(2) = 01(2) — ba2(2)

Projective phase measurements in one dimensional Bose Condensates
Y. D. van Nieuwkerk, J. Schmiedmayer, F. Essler.  SciPost Phys. 5, 046 (2018)

’ b ——> between condensates

measurements
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Experimental procedure
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quantum field
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contains information about
all order correlation functions

Theory: Polkovnikov et al. PNAS 103, 6125 (2006)
Gritsev et al. Nature Phys. 2, 705 (2006)
Exp: Hofferberth et al. Nature Phys. 4, 489 (2008)

Cutting a

phase correlation
(z1) C(z4,2,)

»

A\’ A 0(22)
Evaluated up to 10™ order

Langen et al. Science 348, 207 (2015)
Schweigler et al. Nature 545, 323 (2017) "

“Creating a non equilibrium state by
coherent splitting




TU Splitting a QuantumField B

WIEN quanfum hoise of cutting VCQ
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Initial single system Initial state thermal state
1d quantum gas coherently split quantum gas two independent 1d BEC

100

50

counts

phase

thermally
populated

populated by
quantum

anti symm.
Y fluctuations
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LY, Temperature after the Cut B
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Gring et al., Science 337, 1318 (2012)
theory: Kitagawa et al., PRL 104, 255302 (2010); NJP 13 073018 (2011)

System relaxes to a steady

state given by the de- a0} Teer scales linearely with density ) |
phasing of modes created I

by the the splitting quench:

Luttinger liquid prediction

kpTeg = g P / 2 % 20 30 20 50 60 70
Density (pm‘1)

Effective temperature for Tegr is i'ndepen;lent on initial Témperatl'lre

the quasi steady state given < 15[
by the quantum shot noise o L
introduced by the splitting _énlo_ 1 ;
process (Beam splitter) N[>
0.5 . . . . . . ]
Related to Pre-Thermalization: 0 20 40 60 80 100 120 140
J. Berges et al., PRL 93, 14202, (2004) Initial Temperature T (nK)
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Light Cone

How long does it take that the system

,knows' that it was cut in halve

N

T. Langen et al NatPhys 9, 460 (2013)

how is the pre-thermalized state established?

Decay of coherence ‘
4 vea <

or Quantum
nology

T. Langen et al NatPhys 9, 460 (2013)
a initial state thermal-like state _ i(9(2)-p(2))
el(z)——l-t———-— FAASSA C(Z =Z- Z,) - <e >
6(2) svvmm= {ime = ~Momowve—
ot % | Time evolution of the
e = phase correlation function

I I 1 I I
b 1 .
o ODLRO @ : '000000.0.0'0.0...
N 0.8
O 08 (-C)
S o
] ] =
Sosf time S o6
2 £ 2
c
S 04 _Zeme S o4
5 . [ B
[ 3 . 2
£ 02 A
£0 ; ’ b thermal | & |
o h Q
R J 3 o
0
0 5 10 1’ 20 25 30 35 40 0 1 1 1 1 1
relative distance, Z=z-z' (um) 0 10 20 30 40 50

CFT: Calabrese, P. & Cardy, J. Phys. Rev. Lett. 96, 011368 (2006)
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TU Light-Cone ch

decay of long range order
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T. Langen et al NatPhys 9, 460 (2013) -
LL theory in trap: R. Geiger et al. NJP 16, 053034 (2014)

total atomnumber
4000 8000 12000

= % 22 " sound velocity -
20 in infinite syste .

= £ 7 f vs 2 LL ina trap 1
[$) C =
N ¢ = 18k

a— (%]

5 o

= Q18

2 10 L

e -

= @ W 14}

: @O | &

s z B 12f

= ot g

K 8, . . .

g, 5 scaling with density

1 3 5 7 9 1 30 80

40 50 X 60 70
evolution time t (ms) peak density (atoms/um)

Linear dispersion relation -> Light-Cone dynamics
The region with the final form of the phase correlation function expands with sound velocity

Linear disperison relation of the phonons relates to the questions asked in:
CFT: Calabrese, P. & Cardy, J. Phys. Rev. Lett. 96, 011368 (2006)
Lattice model: Cramer, M., et al. Phys. Rev. Lett. 100, 030602 (2008).
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Non trivial_ quantum
states of the field

Y, squeeezed states

T. Langen et al., Science 348, 207 (2015)




density (atoms pm‘z)

N

Fast vs. Slow splitting

Generalized Gibbs Ensemble

T. Langen et al. Science 348, 207 (2015)

Interference 0(z1) C(z1,2,)

DY ol Non-Translation Invariant
\" Correlation Functions

. Cz1,2,)= <ei<<p(zl>—<p<z2)>>

w 0(z2)

0
A

3 ms

relaxed state )

experiment

experiment
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How many Parameters are needed

for the GGE

J. Schmiedmayer: Quantum Simulation

mode occupation nm*hbar omega/mu

T. Langen et al. Science 348, 207 (2015)

B 135 T ) T T T T T T 1
: O ] —
O o ® n-1H
4107 ® n=2
g O n=38H
10" 5| o n=4
% O n=5Q
J10° o o n=6
O . © n=7|
-10 ® n=8
, , - ® n=9
7 8 9

phonon modes are
[ number squeezed

VCQ <
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Recurrences 1
quantum fields

o

B. Rauer et al. Science 360, 307 (2018)

Is Quantum alive behind a classical statistical ensemble (GGE) ?

1U) Recurrences Ve Q

Vier enter for Quantum
Science and Technology

Poincare 1890: Any finite physical system will return arbitrarily
close fo its initial state in the course of its dynamics

Bocchieri (1957) and Percival (1961): Recurrences in quantum domain
Simplest form: Collapse and revivals in the Jaynes-Cummings model

For large many-body systems it becomes exponentially difficult to
observe the many-body eigenstates directly.
= Much simpler measurements of (local) few body observables O.

This poses the question if and under which condition one can

observe recurrences in these observables O.

= The system does not have to come back close to the initial
configuration of many body states, but only needs to satisfy the
condition that gives similar result under the evaluation of O.

In quantum many body systems such observables O can be chosen to
reflect the collective degrees of freedom in the underlying quantum
field theory.

J. Schmiedmayer: Quantum Simulation 23



Recurrences in
non-equilibrium evolution

look at evolution of g@(x;-x,)

hnology

Box potential
homogeneous system

.

L

separa!lon z (mlcron)

harmonic trap

experiment
trap with hard walls

20
separation z (micron)

20 30 40
separation z (micron) 0 30
clear revivals with an

no short time revival due to unegual
‘inverse light coné

spacing of phonon frequencies

R. Geiger et al. NJP 16 053034 (2014) B. Rauer et al. Science 360, 307 (2018)
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Recurrences in
non-equilibrium evolution

B. Rauer et al. Science 360, 307 (2018)
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Quantum Sine-Gordon Model

| Emergent from
U Two tunnel coupled
' 1d super fluids

Exp; T. Schweiger\l et al. (Vienna) SChweigler‘ et Cll. GFXIV-150503126
Theory: S. Erne, V. Kasper et al. (HD) Schweigler et al. Nature 545, 323 (2017)

U Quantum Sine Gordon Model VCQ

or Quantum
nology

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

2

cos B

hv, A 2 2M
s =5 [ 4z |(0)’ + @.8)° -7

For the energy to be bounded g is limited to: 0 < g <+/8xn

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

J. Schmiedmayer: Quantum Simulation 30



Sine Gordon Model

equivalent to (a few examples)

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)
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Two tunnel coupled 1d super fluids
Emergent quantum simulator for the Sine Gordon model

RF amplitude

t

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

+ Density phase representation
+ Expanding the Hamiltonian in density fluctuations 3p; and phase gradients 6,¢; up to second order

+ Neglecting terms |8p/ny| «1

One arrives at Quantum Sine-Gordon model:

X i%n
Age = / & [ "D (9,¢)° + gw] . / dz 2Jn1p 1 - cos ¢]

J. Schmiedmayer: Quantum Simulation
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2 2 9.,
h2 OU; oy 91D : ;
[I:Zl/d: [ET:’O_:/+ 5 LTLfL,I,+(( )L ;i — ), ty; —h.l/(l: [L‘{l,'g%-z.'gr{]
= *

and neglecting mixed terms separates H in symmetric and antisymmetric degrees of freedom

dm
anharmonic, non-gaussian,
gapped,

phase coherence length

Ar = 2h%nip/(mkpT)
phase (spin) healing length
h/(4mJ)
Characteristic parameters

g = Ar/ly

ly =




Probing the quantum field by

WIEN

Correlation Functions

g«/hen do they factorize?

Schweigler et al. Nature 545, 323 (2017)
arXiv:1505.03126
Zache et al. PRX 10, 011020 (2020)

Correlation Functions VC,Q‘

or Quantum
hnology

The N'h order Correlation function
G(N)(z) = (O0(21)0(22) ... O(zn))

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

It can be decomposed: GV)(z) = G((i]i\g)(z) + G (z)

con
* The disconnected part Gg]i\i ) is fully determined
through lower order correlations

» The connected part V) contains genuine new
information about the system at order N

J. Schmiedmayer: Quantum Simulation 34



= What can we learn from connected
U

st correlations Q'™
Connected diagram
can not be decomposed in
lower order diagrams
4th order z >& 2 body interaction
6™ order Z >.< 3 body interaction
8th order Z * 4 body interaction
J. Schmiedmayer: Quantum Simulation 37
|
LY, 4-point correlation function VCQ
WIEN Vs Catr G
intferaction
1 2 1 2 1 2 1 j 2
o "l
G(4)(;L'1,;L'2,;L'31;U4) e .
3 4 3 4 3 4 3/ \.4
N\ J
Y
dissconnected part connected part

G( )(Ll £r2,I3, L4)
G( )(4L1:-L3) )

+/dDyl ---d Ya G(2)(;L'1,yl)G(z)(Jzay2)G(2)(1»'3-y3)G(2)(’~L'4-3/4) F(4)(3/1:Z/2ay3,y4)

(w2, 24) + GP (21, 22)GP (w3, 24) + G® (21, 24)G® (w2, x3)

J. Schmiedmayer: Quantum Simulation 38



| P bo . .
1V robing factorization VCQ

WIEN extracting connected correlations

Vienna Center for Quantum
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. . Schweigler et al. Nature 545, 323 (2017)g(n.
Correlation function of the phase

GM(z,2') = ([p(21) — p(21)].- - - [p(an) — @(2)])
Calculate the connected part of the correlation:
M (z,2) =3 [ (jr| = 1) (=)= T <H[p<zi> - w(si)]>]
p Bemw \ieB

Sum runs over all possible partitions n, the first product over all blocks B of the
partition, the second over all elements of the block.

The number of partitions to consider grows rapidly with N. Comﬁlexi’ry of a
For N=10 there are already >10° terms to consider llll many body problem

Decomposition into 2" order correlations (Wick decomposition)

ez, 2) =Y [ [T {le(zs,) — ¢(=, Nlp(z8,) - sa(:z-;z)])]

T2 Bems

J. Schmiedmayer: Quantum Simulation 39

Sine-Gor'dQn Model

R

Exp:  T. Schweiger, et al. (Vienna)
Theory: S. Erne, V. Kasper et al. (HD) Schweigler et al. arXiv:1505.03126




Correlation functions

excitations <-> phase

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

COzpzy) = ([@(z) — Az2)]»

<[A¢(ZI:ZZ)]2>

with APz, z,) = o(z;)— o(z;) Note: 4¢ is NOT restricted to 2n
1 .
usin p(z) = [( 1) (bh — b_s)e 'k:]
9 VL ; V e

Y,(.' 1.8 ;(:2']2 _ : i bf, b i _ikyzy+ikozo +
‘ ([ I) ) ) ,;;2 K \/m ey =k €
-> phase correlators are related to the quasi particles

4th order
C(4)(ZJ, 23,23, 24) = <[¢(ZJ) - (0(22)]2 [(P(Z3) - (P(Z4)]2>
oc bl bl b_kb_i, +

-> quasi particle scattering

J. Schmiedmayer: Quantum Simulation
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Schweigler et al. Nature 545, 323 (2017)

4th order correlations
Connected and disconnected part

CH(zy, z,, -15, 15)

@
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to S‘l’udy ch‘l‘or‘iza‘l’ion of rA full disconnected connected (cos(w);
. . 20
correlation functions s
0 o
we look at: =
GOz ) = ([ofz) - o)) ‘ :
(z1,22) [pz)) — @Az5)] B % . )
G(4)(Zlﬂ Z2,Z3, Z4) = . 0 (l\n)
[0z — AP [z5) — A=) P) T sl
S F 1 2
Apz), z2) = Pz;) — Az2) g 2
Ap is NOT restricted to [—m, ) 20/ i j
Connected/Disconnected part ® .
0 ©
N
¢"M(z) = G (2) + Gyl (2) LI
L z1[pm] J

J. Schmiedmayer: Quantum Simulation
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T Characterizing Connected
V\! | H Correlations ch

Vienna Center for Quantum
Science and Technology

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

Integrated measure 1 —
o slow cooling Py
¢ fast cooling
5 gl equ. theory % ]
M 2 G£°’1)(Z’O)’ '
= Zz 'G’(N)(z(])l o 0.6
=
0.4}

Compared to predictions fc
a thermal equilibrium state 0.2
of the sine-Gordon model

0 02 04 06 08 1
(cos(¢))
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LY, Higher order connected correlations VCQ
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Science and Technology

Schweigler et al. Nature 545, 323 (2017)

6t order 8th order 10th order
1 © connected i o connected 1t © connected
o full-vﬁgko o :;:Iu mec(';ry o full-v;ick
u, i e u. theol
0.8 =2 - 0.8} 0.8} = !
06 0.6} 06}
0.4 0.4} 04}
0.2 0.2} 02}
0 : = N N 0 g 2 3 0 " . N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
(cos(¢p)) (cos(¥))

(cos(¢))
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T tifying factorization of
U Quantifying factorization o VCQ

e correlation functions
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Schweigler et al. Nature 545, 323 (2017)

A full distribution functions * the breakdown of factorization is evident in
: T . = the full distribution functions of the phase by
slow cooling 2 fast cooling g .
A < o0s s new peaks at multiples of 27z
oL o o « caused by the 27z periodic S6 Hamiltonian
2: o 2: = -> 2z phase jumps, 'kinks' = SG solitons
> ’ "
=0 0 /
@ 15 15 B interference patterns v
o) central peak side-peak /
O o 1 = ke ; N - /
3 © \' § [] 3 /
= 05 O o5 o] S e
% T iz LSy D it /
a 0 0 e 2 — /
: , L [ ey
o 2 2 ) ) S0 .50 ) 50
© o z[um]
O (e}
1 N 1 »
+ SG Solitons are topological excitations
0-4 =2 0 72 4 0-4 =2 0 2 4
Ap/m Ap/m * Phase fluctuations around topologically
different Vaccua
J. Schmiedmayer: Quantum Simulation 47

TU 'False’ Vacuum

WIEN yCQ

Center for Quantum

Schweigler et al. Nature 545, 323 (2017)S‘ience and Te
4th order correlations

o slow cooling \ ,
¢ fast cooling False
equ. theory Vaciiim

o
o

o
o

M)

o
~
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TU Recurrences of connected
WIEN correlations vea

Schweigler et al.,, Nat Phy 17 559 (2021)

(cos() )it = 0.63 (cos(¢))imit = 0.75
:EO'SE o.5-§§ § :
[<] T 3 ) 3%
LS = 251188 LN guunu§
ﬁII ' iIIIiI 'II Ii
%‘OOﬁI %§§ ' 100'2}1 }? %
I
y ﬂﬂ"i i “ﬂi% 10“rnn ﬂ“ﬂ
L 10 2 30 0 10 20
t (ms) t (ms)

extracting the parameters
of the effective theory

.yr'om experiment




LY, 4-point correlation function VCQ

WIEN o Conerfor Quantum
interaction
1 2 1 2 1 2 1 j 2
o “J
GW (z1,x2,3,24) = ‘
3 4 3 4 3 4 3 4
_ J
'
dissconnected part connected part
el )(‘1.1.1,2.1.3,1,4) =
el )(;L17 x3)G el (r2,x4) + G(2)(£1,;L'2)G(2)(;L'3, x4) + G(z)(w1,1:4)G(2)(w2, x3)
+/dDy1---d Ya G( )(21,y1)GP (22, y2)GP (23, y3) G® (w4, ya T (91, y2, y3, ya)
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1U How to extract a coupling from experiment B
WIEN VC(Q| « Quantum

1. Measure 'full' correlations
1 N
G (21, 20) = (p(21) - (@) » N Z@j(wl) i (zn)

2. Substract the 'disconnected' contributions

@ - 202+ 0 @
Gg”)(xl,...,xn) = G(”)(xl,...,xn) - Gé?s)(xl,...,mn)

3. Divide out the two-point functions (‘amputation’)

@ (z,y) ~ [fo)} @)

@ (z,y,2) ~ /d;c'/dy’/dz'l“@)(x,w')1"(2)(y,y')F(z)(z,z’)Gg?’)(x',y’,z')
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SiEn one-particle irreducible’ - 1PI

1PT correlators:

@
_@ 0 building blocks of all
@

correlations!

o -3 Bof ++ ,

J. Schmiedmayer: Quantum Simulation

Effective achon -> Vertex -> Hamiltonean

TU Extracting the Effective Theory VCQ

WIEN
classical action S[¢] quantum effective action T'[(p)]
classical o(ty) ﬂﬂgﬁl‘g{ig;ls - P(ty)

e
-

trajectory

—@— effective mass m=mg-+...
H effective four-vertex Vi=Xo+...
-QI effective n-vertex V, =...

J. Schmiedmayer: Quantum Simulation 56



Extracting the Effective Theory

Effective ac‘rlon -> Vertex -> Hamiltonean

@

Ctl

QFT:

r[®]

l*(n)

X1 v (£) =

J. Schmiedmayer: Quantum Simulation

nd Techn: Igy

classical action S[p] quantum effective action I'[(p)]

quantum

classical fluctuations

trajectory

o(tr)

e
-

K

In thermal equilibrium:

00

2

=9

‘bare’
Hamiltonean

<o )

quantum
corrections
running coupling

r(:

T X x,.
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Standard formulation of QFT is with non-equal
time correlators

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

==) Equal time formulation of QFT

State pyis completely characterized by all
equal-fime correlation functions

quantum dynamics leads to a hierarchy of

coupled evolution equations 0,

Ch. Wetterich Phys. Rev. E£56, 2687 (1997)
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* The measured connected correlators
contain contributions from the
propagators (the 'legs')

ACanSO6T - conine ¥aratorm of skregion

* To extract the information about the
coupling constants in the scattering ) i
vertices one has to .amputate’ the By i
correlators

* Best done in momentum representation.

*In our finite system we have a discrete o i
momentum spectrum (the modes of the
system)

strongly
correlated t

* Transform the correlators to the space
of the modes
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Zache et al. PRX 10, 011020 (2020)

transformed
2-point correlator
(1/propagator)
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‘amputated’ connected
» The measured connected correlators

4-point correlator (vertex)

Science and Technology

Zache et al. PRX 10, 011020 (2020)

running coupling in SG model

contain contributions from the
propagators (the 'legs')

10
y = 0.052 pm"

10f

* To extract the information about the
coupling constants in the scattering

Q=24

vertices one has to ,amputate’ the
correlators

2 = 0.105 pm "

* Best done in momentum representation. -,

*In our finite system we have a discrete

10?

1

momentum spectrum (the modes of the *
system)
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* Transform the correlators o the space

10
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of the modes
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U What have we learned VCQ

WIEN ¢ Quantum

low- | Te h ology

* Ultra cold quantum gases are a good system to quantum simulate relativistic QuFT
+  Cutting Quantum fields: Temperature given by the quantum noise created by
cutting the vacuum state
+ Light cone: emergence of the final state after a cut
‘Slow cuts' -> interesting quantum field states

+ Sine Gordon QUFT: strongly correlated QUFT with
- massive excitations
- topological excitations

- Recurences in quantum fields Hof ferberth et al, Nature, 449, 324 (2007)

> long fime quantum evluton > f.;;' s s s e

~ er‘ et al., PRL 110, 090405 (2013)

+ Higher order correlations and nLQ full distribution functions ngen m' hﬁlfu'm“pﬁ;iis(’gii% 23833
give insight in the quantum simulated QUFET Lfgg‘;r;;r' e e sk o o)

teffens, et al., Nature Comm. 6,7663 (2015)
Langen, et al., J' Stat. Mech. 064009 (2016)

o |
* Qu: _how far can one push the QuSim. : l ¥ vs Schweigler et ol Neture 545, 323 (2017)

i i B Zache et al., PRX 10, 011020 (2020)
When WI” They br’eak down U | { . Schweigler et glc eNeaTSre PhySICS 17, 559((2021)

S. Erne et al., Nature 563, 225 (2018)
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iU Homework VCQ
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How much can we push these quantum simulators

First for flat space time, only then can we
have some confidence in simulating general space
times

Density (relates to sound velocity) can be used to
implement different space times, but these are
imposed

Can we implement dynamical created
space times?

J. Schmiedmayer: Quantum Simulation 62
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