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Johannes Kepler (1571-1630)

Let us create vessels and sails
adjusted to the heavenly ether,
and there will be plenty of people
unafraid of the empty wastes.
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Laser Cooling

T.W. Hansch and A.L. Schawlow, Opt. Comm. 13, 68 (1975)
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Photo from the Nobel Foundation Photo from the Nobel Foundation Photo from the Nobel Foundation
e archive. archive. archive.
Eric A. Cornell Wolfgang Ketterle Carl E. Wieman
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

energy

The Nobel Prize in Physics 2001 was awarded jointly
to Eric A. Cornell, Wolfgang Ketterle and Carl E.

. Wieman "for the achievement of Bose-Einstein

i condensation in dilute gases of alkali atoms, and for
early fundamental studies of the properties of the

EVQ‘\\ E%ﬁ %‘C *&’f f& E](J ij]l?l }E nk condensates."
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Gradient Coils
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Application iIn quantum information science
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Quantum simulation with ultracold atoms

B Motivation: complexity of quantum many-body problem

Diagonalization of H

p
Q. Field theory
o g e

H=H0+HI

Quantum
simulation

2M x 2M  M~40,
The capacity of global information processing

Quantum Machine
(Feynman,1981)

J

B Requirements : manipulation of many particles at single particle level
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A specific-purpose computer

Bohemian Rhapsody, Pipe organ (>100 years old)
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Superfluid-Mott Insulator transition

: 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 OCTOBER 1998

Cold Bosonic Atoms in Optical Lattices

D. Jaksch,'2 C. Bruder.,'? J.1. Cirac,"? C. W. Gardiner,"* and P. Zoller'*
Unstitute for Theoretical Physics, University of Santa Barbara, Santa Barbara, California 93106-4030
2 Institut fiir Theoretische Physik, Universitdt Innsbruck, A-6020 Innsbruck, Austria

3Institut fiir Theoretische Festkorperphysik, Universitit Karlsruhe, D-76128 Karlsruhe, Germany M . F|Sher
4School of Chemical and Physical Sciences, Victoria University, Wellington, New Zealand PRB 19 89
(Received 26 May 1998) !

The dynamics of an ultracold dilute gas of bosonic atoms in an optical lattice can be described
by a Bose-Hubbard model where the system parameters are controlled by laser light. We study the
continuous (zero temperature) quantum phase transition from the superfluid to the Mott insulator phase
induced by varying the depth of the optical potential, where the Mott insulator phase corresponds to
a commensurate filling of the lattice (“optical crystal”). Examples for formation of Mott structures

in optical lattices with a superimposed harmonic trap and in optical superlattices are presented.
[S0031-9007(98)07267-6]
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Optical Lattices and Hubbard Model

Standing wave of light 3D optical lattice

Bose-Hubbard model (BHM)

U J
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@ O @ -

H=—-JY ala; + % Zm(n@ —1)— Zumi? J: nearest-neighbor tunneling
) é i U: onsite interactions
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Imaging the atoms
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Band structure of the lattices

a b
(a) 20 Er 4 Er Free particle (b)
f i <> — \/
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q q q

Greiner, M., I. Bloch, M. O. Mandel, T. Hansch, and T. Esslinger,
2001, Phys. Reuv. Lett. 87, 160405
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SF-MI transition, experimental realization

Quantum phase transition from a
superfluid to a Mott insulator in
a gas of ultracold atoms Nature

2002

Markus Greiner*, Olaf Mandel*, Tilman Esslinger+, Theodor W. Hansch* & Immanuel Bloch*

(8] sitdt, Schellingstrasse 4/111, D-80799 Munich, Germany, and Max-Planck-Institut fiir Quantenoptik, D-85748 Garching,
S y Wb h, Switzerland
T LY
o af Q¥ LA
WA T A B
V2 Y4 S0lute zero, all thermal fluctuations are frozen out, while quantum fluctuations prevail. These
N n" an induce a macroscopic phase transition in the ground state of a many-body system when the
nergy terms is varied across a critical value. Here we observe such a quantum phase transition
repulsive interactions, held in a three-dimensional optical lattice potential. As the potential
ansition is observed from a superfluid to a Mott insulator phase. In the superfluid phase, each
o ttice, with long-range phase coherence. But in the insulating phase, exact numbers of atoms
: es, with no phase coherence across the lattice; this phase is characterized by a gap in the
o ® 4 i reversible changes between the two ground states of the system.
() LB e P
o (] ,ﬂ,- e . e ‘I‘ 1
_’ ’ ’. = A A ~
0,”, 4 H = —Jbe bj +Z€g?’li + —UZn,-(n; — 1)
~eT () i 2 ;
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Quantum gas microscope

single 2D degenerate gas
~ 1000 8Rb atoms (bosons)

long working distance
microscope objective

\\NA—O 55//
e
( ooo\/ooo )
NA=0.8
| Bloch@MPQ M Greiner@Harvard

S. Kuhr@Glasgow, M. Zwierlein@MIT
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Experimental setup
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Gradient Coils
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Quantum simulation

O SF-MI transition O Hawking radiation O Jet of matter waves
(Bloch, Greiner:--) (Steinhauer, Haifa) (Cheng Chin, U. Chicago)
: N~
h Strange metal
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<Qa superconductor ; !

Doping

O D-Wave superfluidity 0 Topological matter O supersolidity
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Quantum simulation

B Quantum simulator : Hubbard Model

o/ \¢ oy, H=-t ) aa; + 2 nmn;—1) — u;in;
A (i.j) i i
) NI o I R . . . . .
A VA A VAC ™ t.  Hopping in neighboring sites
T ARAL % B U: On-site interaction
1~600 e n;:  Chemical potential
t/U competition
i H~ JexSi* 5 H~]aS; S, S35,
. Superfluid phase ]ex — tZ/U ]. — t4/U3
1 C /4_1 Particle-hole ‘ * * * * ‘ - — v
superfluid- Spin model Topological
insulator transition Tool kits for models

Quantum simulation
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Entanglement in optical lattices

Multi-atom entanglement!

T/4
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D db Jdb d } T/4

- S — Spin exchange interaction:
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D db Jdb d Duan et al., PRL 91, 090402 (2003)

Trotzky et al., Science 319, 295 (2008)
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Stellar condit
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Defects in optical lattices

» Challenge: remove defects, » Doping Fermi-Hubbard model
cool the atoms in lattices? High Tc superconductivity

Mott

Strange metal

o 44444444
Cooling in

Lattices ?7?

Temperature

 CCOOOOOOE

Doping
A Mazurenko et al, Nature 2017

Cooling In Lattice




Deep cooling in optical lattices

Energy

k. T
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Our scheme for cooling atoms
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Mass and entropy transport




Deep cooling in optical lattices

Mott Superfluid
Insulator




Deep cooling in optical lattices

/

Entropy 0.0019 kz/N, 60 times reduction ...10%-2>0.1%




Staggered-immersion cooling

>

S =~ —p),;pilogp,

p=0.9, %~O.2 kg;
p=0.999, = ~0.008 kg;
p=0.9997, = ~0.002 kg;

<
w
——

Potential

With cooling S/N (k)
o
N

o
—

Without cooling S/N (k)

Yang et al, Science (2020)




Fast entangling gate




Spin Entanglement

LT)
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Number of quantum gates

Fast entangling gate F=99.3% , 1250 pairs
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IN OPTICAL LATTICES
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Yang B, ...... Yuan Z -S, Pan J- W, Science 2020
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— Y% r Schwinger J5 #2

Schwinger Model
(E,, U,) gauge field

E.leCTriC (En—la Un,—l) (Eng Urn) (En+lr Urn-i-l)
field Matter
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. a ‘ i ~t . a zA/Jr -
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S

. _— : : Kogut kind,
Static electric field Matter field—Gauge field  5p9ut 2 SHasiine
coupling 395(1975).
Target Hamiltonian Matter - gauge Effective mass; particle-hole
interaction _/ /

_ it /g
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[
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1D lattice Schwinger model

matter field,

Target Hamiltonian gaue;e field fermionic
|

_ i, I
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(1.2)

(0.1)
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Theo --- Exp mapping

Matter field: 1= 1 2 3 4 5 6

electric m = -00
odd even matter field

Theo: O 4O PO O P00
. —e
0

———0—

Exp: 0 1 0 % o

0 0 2) 0 0 2 > M- o
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Experimental realization

. t /. .- 2 At A
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Experimental observation

Matter field:

Population of even sites

Particle density
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Simulation of lattice gauge field

Yang B, ...... Yuan Z -S, Hauke P, Pan J- W, Nature 2020
PR ATE. R
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The lowest sub-bands v
with broken TRS Fermi level

B Manipulating atomic qubits, Quantum computation,
Demonstration of quantum advantage over classical supercomputers
® Simulation of quantum Hall effect. topological insulators, H-Tc
superconductivity, physics of black hole and quantum gravity

Quantum computer quest, Nature 516, 25 (2014)

Does gravity come from quantum information? Nature Physics 14, 984 (2018)
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Co-PI: Experiment:

Jian-Wei Pan  Dr. Bing Yang Dr HUI Sun Han-Yi Wang Prof. H.-N Dai Prof Y Deng Prof. Y.-A Chen

(USTC) (UHEI/ (USTC& (USTC& (USTC) (USTC) (USTC)
Innsbruck) UHEL) UHEL)

Theory:

1 \
Prof. P Hauke  Prof. Berges Dr. J Halimeh  Robert Ott Dr. T Zache Prof. Xi-Wen Guan
(Trento) (UHEI) (UHEI) (UHEI) (UHEI) (FPRIBADELER)
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Our team

http://quantum.ustc.edu.cn

Hefei National Laboratory of Physical Sciences at the Microscale ™ =

Division of Quantum Physics and Quantum Information

Explore quantum mystery, enable quantum applications!

Research Quantum Satellite Research Progress Publications Admission

News

2020-06-07 It Broke Our Hearts to Lose You, Jon

2019-03-22 Prof.Pan wins OSA 2019 Wood Prize

2019-01-31 Chinese Study on Quantum Communication Wins Newcomb Cleveland Prize
2019-01-18 Collision Resonances between Ultracold Atom and Molecules Visualized fo...
2018-12-17 [Physics] Highlights of the Year

2018-07-04 [Global Times] Chinese Physicists’ Quantum Achievement Signals Dawn of ...
2018-01-12 [Anhui News] Pan Jianwei Wins Willis E.Lamb Award

Progress

2019-07-01 Observation of Interference between Resonant and Detuned STIRAP in the...
2019-04-28 Experimental Demonstration of High-Rate Measurement-Device-Independ...

2019-04-08 Degenerate Bose gases near a d-wave shape resonance

2019-03-27 Synopsis: Entangled Photon Source Ticks All Boxes

TS, wEA, 2021.09.28-29, USTC-5204



ur team (>40 faculty members)

Division of Quantum Physics and Quantum Information

Explore quantum mystery, enable quantum applications!

Research | Quantum Satellite Research Progress Publications | Notice | Admission

Johannes Majer i i Barry C. Sanders

Xiao-Hui Bao Weidemidiller

Zhen-Sheng
Yuan

Xiao-Bo Zhu

Hai-Feng Jiang Xiaa Jiang i Sheng-Kai Liao Nai-Le Liu Chao-Yang Lu
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Research topics—Quantum communication
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Photonic circuit Superconducting circuit
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uantum simulation
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Ultracold atom quantum simulation
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Quantum interferometry and imaging

atom interferometer
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single-photon imaging
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Thanks for your attention

You are welcome to join us!



