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Quantum field simulators with ultracold atoms

Analogue gravity

Small perturbations in (quantum)
fluids are described by an effective
relativistic field theory in curved
spacetime

QFT in curved spacetime, black
hole physics, ...

Emergent QFTs

Build model QFTs as the coarse
grained low-energy description of
many-body systems

Bose-Hubbard model, sine-Gordon
model, Hydrodynamics, ...

Continuous local observers
Study the observer(s)
response dependent on its

motion / position / etc

Unruh effect, entanglement

Quantum many-body systems

Hamiltonian engineering
Techniques like e.g. Floquet
engineering realize

inaccessible model systems

FVD, artificial gauge fields, ..

Analogue cosmology

Time-dependent effective
spacetimes enable the study of
analogues for cosmological
scenarios

Dynamical casimir effect, Inflation,
pre-/re-heating, ...

Universality

Study universal properties
independent of the microscopic
details of the system

Equilibrium universality classes,
Non-thermal fixed points, topology,




In a nutshell: What’s hard in real-time QFT?

All information about non-equilibrium evolution is in the generating functional
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. non-positive definite
The problem about real time

probability measure!
,/\\
=> Preempts the use of standard importance sampling techniques «=» numerical simulations ’
s

=> A gquantum simulator using cold atoms would not have this problem «= experiments é@




Ultracold atoms - a brief overview
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Quantum degeneracy: phase space density A\gg 2 e
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Discovering new phases of matter | Superfluid gas

(i) 6med 1 +,67r(; 1 &
ion: oalw) = — — 41— =

Preparation: RS W3 52 2
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=> Catch atoms in magneto-optical trap (MOT) ) i &

) 10-22 —— red detuned My

=> Laser-cooling to [1 50 pK T e s s

=> Transfer to conservative trap (non-res. light) .- /-//‘\ e . <

=> Evaporative cooling = J J& B

Dynamics: = I T <

2.38 2.40 2.42 2.44 2.46 248 2.50 2 S2xm‘ o

Q

=> E.g. quench of Hamiltonian to initiate non-equilibrium dynamics 5
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Mott Insulator Superfluid

Ultracold atoms as model systems for quantum many body physics

BEC-BCS crossover

Dilute but interacting gases

Tunability

Microscopic properties well characterized (atomic physics)
Energies & timescales in experimentally accessible range
Well isolated from the environment

\ 0

JILA, MIT, ENS (2003/4)




Measuring quantum many-body systems (QMBS)

Commonly: Destructive measurements = The best we can measure is every constituent (and internal states)

u [ ‘image’ ] Evaluation
Extracted observables, full counting
Quench, ... Unitary  Projective measurement of statistics, (higher-order) correlations,
& isolated evolution  operation = many body wavefunction
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in situ = position interference » phase time of flight » momentum
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The single component Bose gas - from atoms to fields

5 At h? 5 A Bosonic commutation relations
H = f dr ¥'(r, 1) (— %V + V(r) - ,u) Y(r, 1) (), ¥ )] = 6(r — 1)
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Pseudopotential approximation (s-wave):  Ugg(r — 1’) =~ g3pd(r — r’) 83D = ds

Madelung representation (quantum hydrodynamics): ',ZT(Z, 1) = \p(z, 1) g HzD) [f)(z), 9(z')] =i6(z— 7))

Expand to second order in small density perturbations p(z) = po(z) + 6p(z) and phase gradients
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Bogoliubov transformation

Introducing the operators B — (5pA/2 /PO 41 /P09 mapps the problem to the usual Bogoliubov equations

B) [(um) —iwmt (\—), ] it _;_“
— e W brn + _ Wm b’n
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Diagonalizing the quadratic Hamiltonian results in the modal expansion of fluctuations in the quasiparticle basis

(Chemical potential: H = Pog

N 1 €k 7 1(€1.t
ot r) = ——— \/ (bk e i(ewt/n—kr) 4 H.c.)
2V po Ek: L, Speed of sound: = /u/m
t ’I") _ Z Elc _l(ekt/ﬁ kr) L He. ) Healing length: E=h/ ) um
V ek

Dispersion relation: € = \/Ek(Ek + 2u)

= phononic excitations in the long wavelength limit with: Ek — h2 k2/2m
»+ effective relativistic scalar field with “speed of light” ¢ \_




Designing QFT simulators

Basic cold atom primitives enable to tune the effective parameters of simulated QFTs

A Dimensionality

A Local density

d  Microscopic interaction properties

A Dispersion relation, boundary conditions, ...

A Internal states, multi-component systems

New possibilities arise when considering time-dependent systems

d Floquet engineering, Artificial gauge fields, ...



Dimensional reduction (the physicist’s way)

U(r,t) = (z) p(z,y,0(2))

Integrating out the radial directions leads to effective lower-dimensional systems.

Simplest approximation (single-particle ground state) leads to the Lieb-Liniger model

2
Ay = f dz ¢’ (z, 1) (—;—maf + V@) —p+ %@*(z, Dz, t)) U(z, 1)

-
A as<<l,

with an effective interaction constant gip = 2hasw (1 - Cl—g) ~" 2ha,w,
il

Adiabatic approximation with radial width as variational parameter leads to Non-polynomial Schrodinger Equation



Spinor Bose gases and double well system
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WAl
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Measures single shot realization
of the simulated quantum field

Measurement of the relative phase
through matterwave interference

density (atoms um‘z)
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Perturbation theory and the sine-Gordon model

Low-energy effective field theory through bosonization Uiz 1) = Pz, 1) e 0 p(2) = po(2) + 6p(2)
Coleman, Mandelstam, Mattis, Luther, Tomonaga, Gogolin, Giamarchi, ...

2 S\ 2 2, 34\ 2
H= /dz[ f (8()'0) +Hgdp® + M (0_@) — 2hJnip cosa,o]

dmnip \ 0z 4m 0z
quantum relativistic free theory Interactions
pressure Tomonaga-Luttinger model  gapped spectrum,
Haldane (1980 & 1981) topological excitations
- : -
\ Y } -T 0 T ¢r

sine-Gordon model

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

Quadratic approximation expected to be valid for large J:

2hJnipcosy  wemy  hiJnipp?




Experiments in the linear regime

Quantum recurrences

Macroscopic recurrences via dispersion-relation engineering
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Analogue cosmology - Inflation

Engineer a time-dependent analogue metric Cy
2 2
—le= — ¥=). —ij
8ab X
—V; dij

Expanding ring system

Time-dependent speed of sound through changing background
density

Eckel et.al Phys. Rev. X 8, 021021
Experiment 3
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Atomic density (arb. units)

®

= \/u/m

H = pPog

ex = /Ex(Ex + 2p)

Effective expansion

Time-dependent speed of sound through Feshbach resonance

Vierman et.al Nature volume 611, p. 260-264
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From correlations to generating functionals

I) Correlation functions:

217] = / Do ei(Slel+en)

Il) Connected correlation functions:

O F-00-

relevant new
information

redundant
information

WJ| = —ilog Z[J]

Ill) 1-PI correlation functions:

Are the fundamental building blocks
of all correlations!

Inverse propagator

@ @) "

@ @ Proper vertex
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Renormalization group and emergent QFT's

n

T [®] = Z n'rgg;, I (2, — @)

n=2 3=1

e Expansion coefficients are the proper vertices of n-body interactions

e Note that all higher-order couplings are dynamically created (even if bare action only has two-body
interactions)

e They are the momentum dependent, running couplings

However: So far only shifted the problem, since F[q’)] in general not solvable / calculable
physical
critical

Renormalization Group enables to calculate momentum point

dependence of coupling beyond perturbation theory
Kadanoff, Wilson, Fisher, Polchinski, Morris, Wetterich, ... Co Tip =S

physical manifold
L HO=Hew

oY

' e
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first
\ renormalized
\ manifold

renormalized
critical
point

E.g.: Exact flow equation for the effective action

(Functional Renormalization Group) ¢
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Testing nonlinear field theories I

e $5 Ing)(z’O” sine-Gordon solitons
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Testing nonlinear field theories I
Analysis can be extended to 1PI correlations

=+ direct measurement of the momentum dependent
effective field theory parameters!
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Testing nonlinear field theories II

V(o)
A

Inflation

Y/

Analogy to parametrically driven two-fluid interfaces
(Silke’s lecture)

Reheating
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Testing nonlinear field theories II
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Thanks you for your atiention!

Realizing and probing quantum
fields with ultra-cold Atoms

QuFT-Lab

PRD posifions availaBle!







