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Quantum simulation and universality

. T=100 nK
Time scale

Examples: Condensed matter, Ultracold atoms in optical lattices
nuclear physics, HEP, QIP,
cosmology...



Bose-Hubbard model (Fisher et al., PRB 1989, Greiner et al., Nature 2002)
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Quantum phase transition and scale invariance
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Ads-CFT duality: Sachdev, Nature physics (2007)

) Critical thermodynamics: Zhou and Ho, PRL (2010)
Hazzard and Mueller, PRA (2011)



AdS-CFT (gauge-gravity) duality
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Figure: Subir Sachdev (2011)
Juan Maldacena (1997)



Synopsis

Equilibrium Physics
Mott domains in optical lattices
2D gas: Scale invariance and universality
2D lattice: Quantum criticality

Many-body dynamics
Quantum quench and Sakharov oscillations
Gauge-Gravity duality



In situ Imaging a single layer of 2D gas
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Cesium atoms in 2D
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Gemelke et al., Nature 460 (2009)

See also: (Harvard) Bakr et al., Nature 462 (2009)
(MPQ) Sherson et al., Nature 467 (2010)



In situ probing a monolayer of 2D quantum gases
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A closer look: mean local Density
(Average over ~30 shots) 10 micron
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Quantum gas temperature
T~15nK determined from
the rim of the sample




Scaling symmetry in 2D Bose gases

2D gas with constant interaction g

H = apl +a gd® ()
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Pitaevskii and Rosch, PRA (1997)
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Scale invariance on density observables in 2D

*Equation of state

(
nAip = F(kBT)

*Local density fluctuation

S = G(kBLT)

Temperature

F(x), G(x): universal functions



Observation of scale Invariance
based on density observables

n=F(x)
g=0.26 (a=10nm) 15|
oy
2
S 10}
©
(&)
g
& Normal .
7 5L | superfluid -
© gas '
o j_yf_.-
L . ‘M - -
O| ] : ] A ] A 1 A
20 40 60 -0.2 0.0 0.2 04 0.6
r (“m) Scaled chemical potential 7 = —*—

kT
—— Mean-field (superfluid)

— — - Mean-field (normal gas)

Mean-field: Prokof’ev et al.,
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Observation of scale Invariance

based on density observables 572 = G(ji)
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Universality on density observables

Near the BKT transition region:

*Equation of state

(n —ne) A\ = H('u — ,uc)

H(x): universal function

Theory:
Prokof’ev et. al., PRA 66, 043608 (2002)



Temperature

Interaction strength g

Controlling g by cesium Feshbach resonances
C. Chin et al. ,RMP 82, 1225 (2010)



Observation of universality based on density observables
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Classical field theory:
Prokof’ev et. al., PRL 87, 270402 (2001)
Sachdev, Demler, PRB 69,144504 (2004)

Experiment: C.-L. Hung et al., Nature 470, 236 (2011)



Scale invariance and universality in 2D gases
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Fluctuation-Dissipation Theorem (FDT)
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Interacting 2D Bose gases in a 2D optical lattice

(breaking the scale invariance symmetry)
Bose-Hubbard Model
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Fischer, Phys. Rev. B, 40, 546 (1989) Jaksch, PRL 81, 3108 (1998)
Competition between U, t, or u
induces superfluid-to-Mott
insulator transition with site
occupation number N,, =0, 1, 2,...

t: tunneling energy
U: On-site interaction
u;: local chemical potential
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Quantum phase transition of bosons in 2D lattices
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1/5: identify the quantum critical point.

Normalized chemical potential £/t



1/5: identify the quantum critical point.

Normalized chemical potential £/t



2/5: show the universal scaling.
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3/5: constrain the critical exponents.
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3/5: constrain the critical exponents.

Best fit: - = 22710 and v = 0527097, based on x4, = 4.5t

theory: ; =2 v = 1/2 t: tunneling
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4/5: To how high temperature does quantum

criticality persist?
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4/5: To how high temperature does quantum

criticality persist?
koT™ ~8t (theory:6t; bandwidth: 8t)
Here t is the tunneling.
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Theory: PRA 83, 031605(R) (2011), D.-W. Wang group



5/5: Entropy per particle in critical regime

Entropy per particle
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5/5: Entropy per particle in critical regime
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5/5: Entropy per particle in critical regime
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5B/5: Entropy per particle in critical regime
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Quantum phase transition in 2D lattice
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Quantum Criticality near a 2D BEC of spin-triplets
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|.R. Fisher group: S.E. Sebastian et al., Nature 441 617 (2006)



Noise (um™)
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Static structure factor S(k)=n<én(-k)sn(k)>

- power spectrum of the density fluctuations

o thermal gas
* g=0.05

« g=0.26

c g=1.3

Static structure factor S(k)
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Hung, Zhang, Gemelke, Tung and CC, New Journal of Physics (2011)



Quantum Quench (from g=0.05to 0.26 in 0.1 ms)
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Sakharov Oscillations in CMB
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Origin of Sakharov oscillations in cosmic microwave background
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Image: W. Hu & M. white, SciAm. (2004) ~—___



Conclusion and (near) future projects

1. Quantum criticality
— Conformal symmetry of 2D critical gas

— Quantum critical transport and test of gauge-gravity duality
— Quantum critical quench?
2. Extension beyond bosons
— In situ imaging of Fermi gas
— Heavy Boson (Cs) and light fermion (Li) mixture

— Scalable quantum information processing based on 2-color lattices



Li - Cs mixture experiment Progress
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