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Probing cold atom systems VCQ
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single shot measurements of the many body wavefunction
n-point correlation function

Theory: Single-shot simulations of dynamic quantum many-body systems
J. Schmiedmayer: Probing many body systems K. Sakmann, M. Kasevich, Nature PhYSiCS (2016)




Correlation Functions

On the Green's functions of quantized fields
J. Schwinger PNAS (1951)

<> Solving a quantum many-body problem is equivalent to knowing
all its correlation functions.

Many Body Quantum Systems <->
y Body y vc_q

> Quantum

<> Real world: Observer can only measure a finite number of correlations
-> describing the propagation and scattering of excitations.

< To (approximately) 'solve’ the problem one need to find degrees of
freedom where only few (low order) correlation functions are relevant.

<> If one finds the degrees of freedom (basis) where the correlation
functions factorize, this is equivalent to diagonalization of the many
body Hamiltonian.

<- Experiment / its 'read-out’ always has a finite accuracy and errors.
need clear signatures what can we learn from an experiment, and
what is a fair comparison to the models
-> example: probing for quantum supremacy
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Outline }/HCQ‘

> Quantum
nology

Correlation functions
- fields <-> phase <-> excitations

Probing with high order correlations
- System studied: tunnel coupled 1d superfluids
- Quantifying factorization
- Verifying Sine-Gordon model
- Identifying 'false’ vacuum

Outlook

- Non equilibrium physics in S6 model
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Correlation Functions
when do they factorize?

3

Schweigler et al. Nature 545, 323 (2017)
arXiv:1505.03126

M Correlation Functions _VCQ

The N'h order Correlation function
G (z) = (O(21)O(23) ... 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) = C(N)( )+ G (z)

con

* The disconnected part C(N) is fully determined
through lower order cor'rela’nons

» The connected part YY) contains genuine new
information about the system at order N
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4-point correlation function VCQ‘

r Quantum
hnology

interaction
1 2 1 2 1 2 1 I 2
GW (21, x2,x3,24) = .
3 4 3 4 3 4 3 4
- J
'
dissconnected part connected part

GW (w1, w9, 3, 14) =
GO (11, 23)GP (29, 24) + GP (21, 22) G (23, 14) + G (01, 24)GP (29, 23)

+/dDy1 . ~dDy4 G(z)(;L'Lyl)G(z)(;L‘%yQ)G(2)(173.y3)G(2)(;1;4‘y4) F(4)(y1.y2.y3,y4)
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correlations

What can we learn from connected
VCQ

or Quantum
togy

Connected diagram
can not be decomposed in
lower order diagrams

4th order z >& 2 body interaction
6h order z >.< 3 body interaction

8th order Z * 4 body interaction
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Probing factorization

extracting connected correlations

Correlation function of the phase
G (z,2) = ([p(21) — (z1)] - - [p(2v) — p(23)])

Calculate the connected part of the correlation:

N (z.2) =3 [ (] = 1t (==t [T <H[p<:i> - p<,:;)]>]

T Bern \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. Comglexify of a
For N=10 there are already >10° terms to consider Illl many body problem

Decomposition into 2" order correlations (Wick decomposition)

Crc(z2) = [ [T {i(z8.) - w(zplw(zm,) - wgn)]

2 Bems
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Two tunnel coupled
1d super: fluids

gcmtum Sine-Gordon Model

Schweigler et al. Nature 545, 323 (2017)

Quantum

Exp; T. Schweigerl et al. (Vienna) Schweigler‘ et al. arXiv:1505.03126

Theory: S. Erne, V. Kasper et al. (HD) Schweigler et al. Nature 545, 323 (2017)



1d double-well with tunable coupling J VCQ

TZC)L ()ﬂ. aiD T
H—Z/ {‘}m % _;+ LT LJL,+{(}L W — ’L —hf/d [t] )+-’,2LT]

RF amplitude

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

+ Density phase representation
Expanding the Hamiltonian in density fluctuations &p; and phase gradients 6,9; up to second order
and neglecting mixed terms separates H in symmetric and antisymmetric degrees of freedom

+ Neglecting terms |8p/n,| «1

One arrives at Quantum Sine-Gordon model: phase coherence length
Ar = 2R%*nip/(mkgT)

A hn . .
Hee = /dz { 4721D (@@)2 +95ﬁ2] _ /dz 2Jn1p {1 — oS 99] phase (spin) healing length
m

ly = /h/(4mJ)
anharmonic, non-gaussian, | Characteristic parameters
gapped, B
q = Ar/ly
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Sine Gordon Model ch‘

Sine Gordon <=> Massive Thirring Model
S. Colman Phys. Rev. D 217 11, 2088 (1975).

Sine Gordon <=> Coulomb Gas
Polyakov, A. M. Nuclear Physics B, 120, 429-458 (1977).
Samuel, S. Physical Review D, 18,1916 (1978).

Sine Gordon <=> XY
José, J. V. et al., Physical Review B, 16,1217 (1977).
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Experiment

Jwo coupled sﬁper' fluids

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

Quantum

AtomChi p
Integrated Circuits for ultra-cold Quantum Matter VCQ

olman et al. s 49 (2000)
Combine the robustness of nano-fabrication an the Folman eral. FRL 84, 47722000
quantum tools of atomic physics and quantum optics
to build a toolbox for quantum experiments

+ 1d elongated traps 3000-10000 atoms
T =20-100 nK

R ~ 21X 2 -3 kHz
o, ~2rx5-10Hz

* Very stable and reproducible laboratory keT ~ 0.1—0.7 hax
for quantum experiments keT ~0.1-1pu

* Easy to create a BEC

* Fast operation
« Single atom detection with unit efficiency

1
1
! \
]

#z) V,,vf_)r >

« Well controlled splitting and interference

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

energ
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Experimental procedure VCQ

1D gas of 8’Rb atoms Schweigler et al. Nature 545, 323 (2017)
adjustable '
funne”ing J Tunnel coupling lead to

I I I I phase locking

characterized by (cos(¢))

T z
¥(z) = €93 \/po(2) + 0p(2)
time of
flight
[ Imaging ]
0.5
—data
evaluati 04 ’i
on
0.3] fIT
0.2 :
extracted values of > => phase difference
0 between condensates
measurements 20 40 60 80 100 120 o(2) = 01(2) — 02(2)
fum] plz) =1Lz 2(%
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fields <-> phase

Correlation functions
vea 'Y

experiments in a trap
-> non translation invariant correlation functions

(U1 (21) Wh (1) U (22) Ta(22))

C(21,22) = (1 (21)12) (| P2(22)|%)
‘ \/Po 3) + on
with k"9(2) — ( (Z)

neglecting 4i(z) ===p |C(21,20) =~ (expliv(z1) — ip(22)])

4th order:

o (1 (20) Wh(21) U] (22) P (22) U1 (23) Wh(23) U] (=) Lo (=4)
21, 22, 23, 24) =

(191 (22)[2) (|01 (22) [P)(| W2 (23) 2) (| P2(24)[2)
C(z1,22, 23, 24) = (explip(21) — 1p(22) +ip(23) — ip(24)])
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Correlation functions

excitations <-> phase

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

COzpzy) = ([oz)— ez = ([Apz;,2)]»

with APz, z5) = oz;) — o(z;) Note: 4¢p is NOT restricted to 2n

H A - 1 : w + ikz
using o(z) WZ[(—,)\/W(IJk—b X )e ]

© k#0

o(z1) — (2)]?) = bl b_geratiken
- ([p(= (22)]%) A]Zh l\\/m)h) ko€
-> phase correlators are related to the quasi particles

4th order
CHzp 2523, 2) = ([z) — PP [¢Az5) — Pz
oc bl bl b_ggb_g, + ...
-> quasi particle scattering
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Correlation functions
fields <-> phase

correlation functions for the fields:

(U1 (21) T (21) Tl (22) Ta(22))
([¥1(21)2) (| P2(22)]|%)

C(21, 22) ~ (explip(21) — ip(22)])

C(21,22) =

C(z1,z,) contains all orders of connected parts

o (A 2kc
C(e1,25) = exp Lg(—l)'*—“ o ]

for Gaussian fluctuations

1

C(21,22) = exp [—5 <<Ap>>2]
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4th order correlations
Connected and disconnected part

Schweigler et al. Nature 545, 323 (2017)

to study factorization of
correlation functions
we look at:

GO(zp, 25) = [Az) - Az2)

G(4)(le 22,23,24) =

[ez) = A2 [z3) — Pz )P

APz;, z2) = @z;) — Pz2)
Ap 7s NOT restricted to [—m, )

Connected/Disconnected part

GM(z) = GY)(z) + G

con dis
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(z)

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

VC

enna Center for Quantum
» and Technology

Science and Technology

A full

disconnected connected

20 -20 0 20 -20

za[pm] w
5 o B

2s0

080

260

Characterizing Connected
Correlations

Integrated measure

N
M) 2y SO")(Z’O)‘
-3, |GN(z,0)]

=

Compared to predictions fc
a thermal equilibrium state
of the sine-Gordon model
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0.8F

0.6}

04}

0.2F

@

Vienna Center for Quantum
Science and Technology

Schweigler et al. Nature 545, 323 (é017)

4th order correlations

o slow cooling
¢ fast cooling
equ. theory

0.4 0.6 0.8

(cos())

0.2
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0.8

0.6

0.4

0.2

Higher order connected correlations

@

6™ order

o connected
o full - wick
equ. theory

0.8}

06F

04t

0.2

8th order

@ connected
o full - wick
equ. theory
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0.6
(cos(¢))

0.4

Vienna Center for Quantum
S¢ d

Schweigler et al. Na‘rur‘e"glig,' ;é3(;017)
10th order

T
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Quantifying factorization of
correlation functions

>

probability density

LS '

a Center for Quantum
nce and Technology

Schweigler et al. Nature 545, 323 (2017)

full distribution functions * the breakdown of factorization is evident in
. = , = the full distribution functions of the phase by
slow cooling 1 fast cooling ] .
o s 08 5 new peaks at multiples of 27
06 o % o « caused by the 2z periodic SG Hamiltonian
2: S 2: o -> 2z phase jumps, 'kinks' = SG solitons
1_2 1_2 B interference patterns
central peak side-peak
1 o 5 3 S Rpeak A
% S g ]
0.5 © o5 ® o [~ g
0 0 . ' T
, i ] gy
2 2 o S0 50 o 50
LL o o z[um]
© ©
1 N 1 N
* 56 Solitons are topological excitations
0-4 -2 0 2 4 0-4 =2 0 2 4
Ap/m Ap/m « Phase fluctuations around topologically
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different Vaccua
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False’ Vacuum VCQ

ve na Lom h) Quantu

Schweigler et al. Nature 545, 323 (2017) o

4th order correlations

Tr o slow cooling . ,
¢ fast cooling False
08 equ. theory Vaciitim

0.2 E
&
0 = 1 1
0 0.2 0.4 0.6 0.8 1
(cos(¢))
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‘false’ vacuum states <-> excitations

Solitons <-> quasi particles
quosi p v @

vo nu-m |o u antum
T

sy
T. Schweigler et ul ar‘le 1505 03126

strong Phase-distribution Absorption images of soliton
tunnel-coupling
q = 8.6 30
2 , €
3 20 solitons =
£ N
o
10
z; = 24 pm
zo = —24 pm 4 . . y .
-2n -n 0 n 2n
Mz"zo) X [um] )
solitons+phonons B phonons
full disconnected connected full disconnected connected q
|
£ ®
_g o
o
o
o
(8]
2 v ~
= w
8 S
= }
0 20 -20 0 20 20 0 20 20 0 20 20 0 20 20 0 20
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m What have we learned VCQ

Quantum

* high order (>10) correlation functions are accessible in
experiment

« full distribution functions and the connected part of the
higher order correlation functions contain genuine information
about the quantum field theory

* quasi particles
* interaction of quasi particles
* vacuum states

- gives insight in the effective theories describing the many
body system

+ for our data 10*h order connected correlation is still significant
-> necessary to take terms up to 5™ order into account (5-5 scattering)

* ->what is needed on the theory side to describe data
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Where to go. from here

extracting the parameters of the
effective theory from experiment

:gu-equilibrium physics in S6 model




4-point correlation function ‘_\./‘\(}\9‘

or Quantum
nology

interaction
1 2 1 2 1 2 1 I 2
G(4)(171.47231:3~.174) = .
3 4 3 4 3 4 3 4
- J
Y
dissconnected part connected part

el (z1, 72,23, 74) =
G® (21,23)GP (22, 24) + GP (21, 22)GP (3, 24) + GP (w1, 24)G® (22, 23)

+/dDy1.-.dDy4 G® (21,y1)GP (w2, y2)G® (23, y3) G (w4, ya T W (y1, y2, y3, ya)
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Extracting the Coupling Constants Y‘QQ

> Quantum

T. Schweigler, S. Erne pri‘ellmlr;al"Y
* The measured connected correlators contain s
contributions from the propagators (the ‘legs’) scans073b | .

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

* Best done in momentum representation.
* In our finite system we have a discrete scans073b theory
momentum spectrum (the modes of the "
system) "
0 ]
* Transform the correlators to the space of aos
the modes o

J. Schmiedmayer: Probing many body systems by high order correlations



m Extracting the Coupling Constants VCQ

Quantum

T. Schweigler, S. Erne ﬁr"éli‘rhiﬁary
* The measured connected correlators contain .
. . , . Transformed 2-point correlator (propagator)
contributions from the propagators (the ‘legs’)

_5“5 - CORine lﬂ!m‘apm::ﬁ:;:;.;lw I . : - Mlﬂs_m = cosing lmMII:M\ :::Inll::f:;:;ha ]
* To extract the information about the Gaussian | i1 Strongly |
. . . . | st 3 |
coupling constants in the scattering vertices . | o |

one has to ,amputate’ the correlators " S i
2 1 1 I !
. . ‘} . .

* Best done in momentum representation. R T

* In our finite system we have a discrete

.amputated' connected 4-point correlator
momentum spectrum (the modes of the ) B

R fow Sy AR Vur, __rm"};.l'....._.._..:...._. ki
system) ! _ !

* Transform the correlators to the space of | I ol i
the modes i g & ‘ - 4 '
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Quench from S6 to
free system

v
"3 Gaussification of
correlations




Quench from J>0 to J=0 B

VCQ

preliminary

Vienna Center for Quantum
< and Technology

experiment: T. Schweigler et al. o
theory: V. Kasper, S. Erne

Initial state non-Gaussian, dynamics Gaussian

4 order correlation function of phase

Oms 2ms 4ms 23 ms
20 1
= jamp)
€
R o £
N 05
-20 L . = '
- (F (F P <
R o &
N ~
= | | L
20 -05 o
] W " z
ER =.
N 8.
-20 - g
20 0 20 -20 0 20 -20 0 20 -20 0 20
z, (um) z, (um) z, (um) z, (um)
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collaboration with Berges & Gasenzer groups, Heidelberg
Eisert group, Berlin 31

Integral measure &

VCQ

. Gon (2,0)
! = ZZIG"V)(Z"O)

0.7

slowly cooled thermal equilibrium initial state

Vienna Center for Quantum
Science and Technology

scan5100

0.6

0.5+

0.4r¢

0.3+

0.2¢

0.1+

o exp
x pseudo-bias| |
——theory
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5 10 15 20

time [ms]
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Quench into

sine-Gordon model

mergent hydrodynamics

vea 7

Free -> Sine Gordon
J=0 -> J finite

LETTERS

REVIEW

PHYSICAL
Universal Rephasing Dynamics after a Quantum Quench

PRL 110, 090404 (2013)

via Sudden Coupling of Two Initially Independent Condensates

Emanuele G. Dalla Torre,' Eugene Demler,' and Anatoli Polkovnikov?
' Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

“Department of Physics, Boston University, Boston, Massachusetts 02215, US/

(a) (b)

0.6}

=041

10

(b)
04
X
LN NS o ©
' 7S 02|
5

/
0

t<0
'''''''''''' ool /
\ /
N \\ /
- <02
>0 o
/'_ /
z /
u/ 0 . 0
transverse direction 0 10 20 . an
tu CTN O
Cia(0) = (g}l + He)/2N = (cos(v26))
34

momentum
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Free -> Sine Gordon

experiment

(cos(¢))

1 scan4328
0.8
0.6
04
0.2
0
0 20 40 60 80 100
time [ms]
scan4328
1 © cxperiment

40 60
time [ms]
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Comparison to equilibrium theory:

T. Schweigler

VCO. <

Vienna Center for Quantum
vd Technology

find effective, time — local parameters A; and q for every time step
by fitting (cos(¢)) and the second order correlation function G®

scan4328
1 o experiment
[ equ. theo!
0.8
= 06
=
-
0.4

ol

[ 02 04 06 08 1
(cos(¢))

Free -> Sine Gordon

experiment

1 scan4161
0.8
=06
3
Zoa
0.2
0
0 10 20 30 40 50
time [ms]
scand4161
1 © experiment
[
08 ; ”[4
- 08 { § T} }
Wm %
02} 01
ot
0

0 10 20 30 40 50
time [ms]
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Comparison to equilibrium theory:

T. Schweigler

35

VCQ .

o na U\ﬂhr for Quantum
ence

find effective, time — local parameters A; and q for every time step
by fitting {cos(¢)) and the second order correlation function G

scand161

_. .

oal !

Lk

0 0.2 0.4 0.6 08 1
{cos(¥))
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Free -> Sine Gordon

experiment

T. Schweigler

scan4155a scand161

1

08 08

liﬁfg

Non- equnhbmum evolution from a free system into a
(very) strongly correlated system proceeds along a path
that looks ‘time-local’ in equilibrium

= 06 _ ar

Emergent Hydro Dynamics

08 08

5 J i

) 02 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
(cos(¢)) (cos(¢))
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Phase locking in a 1d Josephson
junction

<@

Ll'l)l
hnology

37

@

a Center for Q
ar .n.nw-,

M. Pigneur et al. PRL 120, 173601 (2018)

Simpler initial state:
Start with an imprinted phase

’ ~ Py ~
t ‘ A A Y A i
- g sy sy Sy
) 1 4 I}
l' ' ' \ 7 0y (]
y 1} \‘ ' " 1 1 'I , ’I
: \
(a ’ (b) /m ©) s=0 @ se0 (©) 2o S I L U Voo Voo
N L. " L ||
=\l 0 s 10 15 20 25 30 35
1» : s
b
( )2 o
/ . m ,
\ I Fa K \\ A

0 ms 21.5ms 23 ms 245ms 27.5ms

I
| symmetric splitting | phase shift (t) = et/h | recoupling to ﬂniu{>

® 0 5 10 15 20 25 30 s
tunneling time [ms]

E (©)

L:II“\IW 00) 1 ;:

Phase locking much faster and much better é
then predicted by della Torre et al. PRL 2013 |
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Recurrences in a
quantum many body system

and

v
M¢@ny body tomography

Recurrences in 1d superfluid
Phase correlation function VCQ

U ,) B. Rauer et al. Science 360 307 (2018)
Phase correlation dynamics in a 50 pym

%0 box ‘rr‘ap after decoupling:
i ) = (cos(p(2) — (=)
£20

/

N =Z—2Z

expected revival times calculated
t(ms) from Luttinger-liquid simulations

o6k long range
_ order
% A TN}
N
O 04
ther
02| herma;
L
’ [ 3 3
ol . N . . .
0 10 20 30 40 50 60 0 10 20 30

t(ms) Z (um)
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Many Body Tomography &

VCQ

Vienna Center for Quantum

In interference experiments we measure phase quadrature
Example:

Science and Technology

M. Gulza et al. arXiv:1807.04567

Idea: data from recurrence experiment

‘free evolution’ rotates the Wigner function of the modes in

the low energy effective field theory description f

) B (2),
S I

Reconstruction \

- <j’2“)) (:f‘l"'}.
@_@i 5 B ( P ) p
#*()) %) »

Repeated measurement is equivalent to a tomographic slicing S

» allows reconstruction of the density matrix ok

Time [ms]
Experimental data

10 20 30 40 50 60
Time [ms] J

Will give excess to entanglement entropy etc ...
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What have we learned

VCQ <

Vienna Center for Quantum

+ Higher order correlation functions and the full
distribution functions, especially 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 Sine-
Gordon model.

Building and probing quantum field theories in the lab

- Observation of recurrences in coherences in long range
order for a many body system of 5000 atoms

+ Time evolution allows ‘tomography’

Schweigler et al., Nature 545, 323 (2017)
Rauer, et al., Science 360, 307 (2018)
M. Gulza et al. arXiv:1807.04567
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