
Ultracold atomic 
quantum simulator

Jae-yoon Choi (KAIST, Physics department)

KAIS-SNU winter school 23rd December 2025



How do we build a quantum simulator 
using Ultracold Atoms?

Loading the atoms in optical lattices

Nature Physics, 1, 23 (2005)
Review of Modern Physics. 80, 885 (2008)
Nature Reviews Physics 2, 411 (2020)



Optical lattice

Defect free & perfect artificial crystal !!



Various lattice geometry from interference patterns

Optical lattice



T. Hänsch



Simulating condensed matter systems

Ultracold atomic matter 

How do the atoms behave under the optical lattices?  

How does it relate to the solid-state materials?



Simulating condensed matter systems

Real material

How do the physicist understand solid-state materials?

Superconductors Magnets Semi-conductors



Simulating condensed matter systems

Solid-state materials have crystal structures

Atoms (nucleus and electrons)

Arrange the atoms very closely



Simulating condensed matter systems

Problems of electron’s eigenstate under periodic potential 

Atomic ion 
(nucleus)

What are the eigenstates of the electron?

iℏ ∂
∂t

ψ(x, t) = [ p2

2m
+ V0 sin(kxx)] ψ(x, t)

ψq,n = ∑
j

eiqxj wn(x − xj)



Band structure

: Depth of the latticeU0

ER = ℏk2

2m



Simulating condensed matter systems

Ultracold atomic matter 

iℏ ∂
∂t

ψ(x, t) = [ p2

2m
+ V0 sin(kxx)] ψ(x, t)

This periodic potential is provided by optical lattice



• N ~ 1,000 - 10,000 particles 
• Bosons, Fermions, and mixture 
• Classically trackable & intractable regime



Time-of-flight of BEC in lattice

Q: What happens when we suddenly turn off the lattice?



Time-of-flight of BEC in lattice

Q: Three different length scales 1) Peak distance 
2) Peak width 
3) Overall envelop

<latexit sha1_base64="91rW5EuZ/K6taxgvWvDmL4+LY/w="></latexit>

ntof (x, t) = |w(x)|2
X

j,k

e
imx
~t (xj�xk)hâ†i âki
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Wannier envelop Grating interference 



Bose-Hubbard model in optical lattice

D. Jaksch et al., Phys. Rev. Lett. 81, 3108 (1998).
M. Greiner et al., Nature 415, 39 (2002).



Motivations

Why it is difficult?

Many-body quantum problem is usually intractable with classical computers

a. Complex structures and lacks of experimental 
controllabilities 

b. Strong interactions and limits of perturbative 
approaches 

c. Even the simple model has no exact solution
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Fermi-Hubbard model



Mott insulator



Mott insulator



Bose-Hubbard Hamiltonian

Bose-Hubbard Hamiltonian

1) Tunneling matrix (hopping) element 
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2) Onsite interaction matrix element
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3) External confinement energy



Bose-Hubbard Hamiltonian

Interaction Energy U

Kinetic Energy J

Many-body ground state of the Bose-Hubbard Hamiltonian



Bose-Hubbard Hamiltonian

Interaction Energy U

Kinetic Energy J

Many-body ground state of the Bose-Hubbard Hamiltonian

≪ 1
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Bose-Hubbard Hamiltonian

Interaction Energy U

Kinetic Energy J

≫ 1

Many-body ground state of the Bose-Hubbard Hamiltonian
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Bose-Hubbard Hamiltonian

Many-body ground state of the Bose-Hubbard Hamiltonian
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Weakly interacting regime ( )J ≫ U
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Bose-Hubbard Hamiltonian

Many-body ground state of the Bose-Hubbard Hamiltonian
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Bose-Hubbard Hamiltonian

Interaction Energy U

Kinetic Energy J

Many-body ground state of the Bose-Hubbard Hamiltonian

U/J
≫ 1≪ 1 (U/J)c

Superfluid Mott insulator



Bose-Hubbard Hamiltonian

Superfluid-Mott insulator transition in optical lattice

Increasing the laser power of the optical lattices, we can tune the U/J



Bose-Hubbard Hamiltonian

Superfluid-Mott insulator transition in optical lattice

M. Greiner et al., Nature 415, 39 (2002).



Single-atom imaging and addressing

Bakr et al., Nature 5, 462 (2009).
Bakr et al., Science 329, 547 (2010).
Sherson et al., Nature 467, 68 (2010).
Weitenberg et al., Nature 471, 319 (2011).



High resolution imaging system

Trapped ion system

We need to collect enough photon before the atom leaves or moves !!

The short distance in the lattice is a central challenge for single-atom detection



High resolution imaging system

Challenges: diffraction limited imaging system 

dres = 1.22 λ
2NA

λ ∼ 600 − 800 nm
dres ≥ alat

NA ≥ 0.5



Quantum gas microscope

Place a high NA objective lens near the atoms & collect photons

NA: 0.65

Cooling & 
imaging laser

Photon emission

Atoms in 
deep lattice



Quantum gas microscope

The first single-atom images in two dimensional optical lattices

Markus Greiner (Harvard) Immanuel Bloch (MPQ)

Nature 462, 74 (2009). Nature 467, 68 (2010).



Quantum gas microscope

Superfluid Mott insulator

J. F. Sherson et al., Nature 467, 68 (2010).

20
µ
m

xy

Singe atoms



Fermi gas microscope

Reduce temperature 

Mott insulator
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Anti-ferromagnetic spin order in optical lattices

M. F. Parsons et al., Science 353, 1253 (2016).

M. Boll et al., Science 353, 1257 (2016).


L. W. Cheuk et al., Science 353, 1260 (2016).

Fermi gas microscope



Fermi gas microscope



(Digital Micromirror Device)

Micromirror arrays

Shaping arbitrary 
beam profile

Single-site addressing



Potential engineering in a single-site resolution

Single-site addressing



Preparing initial state

Potential engineering in a single-site resolution

x

y

t = 0



Existing quantum gas microscope (QGM) around the world

M. Greiner 

(Harvard)

I. Bloch 

(MPQ)

T. Fukuhara

(RIKEN)

M. Kozuma

(Tokyo Tech)

Y. Takahashi

(Kyoto Univ.)

M. Greiner 

(Harvard)

I. Bloch 

(MPQ)

W. Bakr

(Princeton)

M. Zwierlein

(MIT)

S. Kuhr

(Glasgow)

J. Thywissen

(Toronto)

Rubidium-87 (Boson) Ytterbium-174 (Boson)

Lithium-6 (Fermion) Potassoum-40 (Fermion)

P. Schauß

(Virginia)
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Main chamber

Science chamber

Atomic beam

NBEC = 2 × 105

Transport setup



Many-body localization in 2D

Phys. Rev. Lett. 78, 2803 (1997). 
Annals of Physics 321, 1126 (2005).  
Annu. Rev. Condens. Matter Phys. 6,15 (2015). 
Annu. Rev. Condens. Matter Phys. 6,383 (2015).



What is the Many-body localization?

P. W. Anderson

P. W. Anderson, Phys.Rev. 109, 1492 (1958).



Ergodicity in quantum systems

Ergodic system Glassy system



Anderson localization

✏1 ✏2
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Anderson localization

|✏1 � ✏n| < V

✓
V

Vc

◆n

Delocalization

Scaling analysis - d=1, 2: Always localized  (no critical disorder     ) 
          d=3: Wavefunction can be delocalized below   

�c

�c

P. W. Anderson, Phys.Rev. 109, 1492 (1958).



Many-body systems under disorder
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Many-body localization: Localization in an interacting systems

What is the role of interaction? 
Opens a possible relaxation channels

B. L.  Altshuler et al.,  Phys. Rev. Lett. 78, 2803 (1997). 
D. M. Basko et al.,  Annals of Physics 321, 1126 (2005).



Many-body systems under disorder
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Many-body localization: Localization in an interacting systems

B. L.  Altshuler et al.,  Phys. Rev. Lett. 78, 2803 (1997). 
D. M. Basko et al.,  Annals of Physics 321, 1126 (2005).



Numerical studies

D. J. Luitz et al., Phys.Rev.B 91, 081103 (2015).

Random magnetic fieldhi

Short-range interactionJij
Ĥ =

X

i

hi�̂
z
i +

X

ij

Jij �̂i · �̂j

Pioneering works A. Pal and D. A. Huse Phys.Rev.B 82, 174411 (2010).

Ergodic phase MBL phase

Volume law Area law 

Gaussian 
orthogonal 
ensemble

Poisson distribution

Satisfy ETH Violate ETH

Sent

Level  
spacing

Eigenstate

*ETH: Eigenstate Thermalization Hypothesis.  

Annu. Rev. Condens. Matter Phys. 6,15 (2015). 
Annu. Rev. Condens. Matter Phys. 6,383 (2015).



Early experimental results

Neutral atoms

J. Smith et al., Nat.Phys 12, 907 (2016).

M. Schreiber et al., Science 347, 1229 (2015).

Trapped ions

Breakdown of fundamental 
dogma of statistical physics
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New phases of matter in non equilibrium

Thermal state 
Quantum correlations are 
rapidly lost (classical phase)

Localized state 
Local quantum information can 
be preserved (Quantum phase)

Disorder

Sy
st

em
 s

iz
e-
v

• First-order or second order phase transition? 
• Universal scaling law at the critical point? 
• Properties of the many-body state at the critical point



Exotic phases of matter 

Proof (?) of the Many-body localization in one dimension



Issues in the MBL studies

Few years later…  

Disorder

Ergodic phase Localized phase



Issues in the MBL studies

Few years later…  

Disorder

Ergodic phase Glassy phase Localization(?)

Δc → ∞ (?)



Issues in the MBL studies

Few years later…  

The imbalance decays as the system size increases !!
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lim
L!1

I(L) = 0 (?)

We still observe a finite decay rate even after very long time evolution



Issues in the MBL studies

Possible scenario: quantum avalanche

Random disorder exhibits rare weak disorder regions.

The system can be locally thermalized in this “disorder-free” region.



Issues in the MBL studies

Δ∑
m

cos(2πβm + ϕ)

β = ( 5 − 1)/2



Issues in the MBL studies

1/Δ 1/Δ



Stability of 2D MBL experiment





`





Stability of 2D MBL experiment



Stability of 2D MBL experiment



Stability of 2D MBL experiment

Random potential

Quasi-periodic potential



Nature Reviews Physics 2, 411 (2020).

See also Science 357, 995 (2017).



Real material

H = �t

X

(i,j),�

ĉ
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ĉ
†
i� ĉ
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Model Hamiltonian

<latexit sha1_base64="QJbKfuHWOI9rW1IGt0icgykCbG4=">AAACD3icbVDLSsNAFJ3UV62vqEs3waIIQklEsRuh6Ka4qmgf0IQwmUzaoZMHMzdCCfkDN/6KGxeKuHXrzr8xTVPQ6oELZ865l7n3OBFnEnT9SyktLC4tr5RXK2vrG5tb6vZOR4axILRNQh6KnoMl5SygbWDAaS8SFPsOp11ndDXxu/dUSBYGdzCOqOXjQcA8RjBkkq0eNi+uTRn7dsJSc4ghuU1tZhI3hNkrYcdGaqtVvabn0P4SoyBVVKBlq5+mG5LYpwEQjqXsG3oEVoIFMMJpWjFjSSNMRnhA+xkNsE+lleT3pNpBpriaF4qsAtBy9edEgn0px76TdfoYhnLem4j/ef0YvLqVsCCKgQZk+pEXcw1CbRKO5jJBCfBxRjARLNtVI0MsMIEswkoeQn12+zyZhdA5qRlnNf3mtNq4LOIooz20j46Qgc5RAzVRC7URQQ/oCb2gV+VReVbelPdpa0kpZnbRLygf38uanTI=</latexit>

H = J

X

i
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Quantum simulator
Measurement outcome

<latexit sha1_base64="qHalpd89tk4lxYBi8KF35069+1I=">AAACHnicbVDLSsNAFJ34tr6qLt0Ei6ALSyIWuxGKblwqWCs0sUymN+3gZBJmboQS8yVu/BU3LhQRXOnfOH2BVg8MHM45lzv3BIngGh3ny5qanpmdm19YLCwtr6yuFdc3rnScKgZ1FotYXQdUg+AS6shRwHWigEaBgEZwe9r3G3egNI/lJfYS8CPakTzkjKKRWsXKvZdovot7nqKyI+AYbrJ9L1SUZTzPvG5AVX6G+TDljFOtYskpOwPYf4k7IiUywnmr+OG1Y5ZGIJEJqnXTdRL0M6qQMwF5wUs1JJTd0g40DZU0Au1ng/Nye8cobTuMlXkS7YH6cyKjkda9KDDJiGJXT3p98T+vmWJY9TMukxRBsuGiMBU2xna/K7vNFTAUPUMoU9z81WZdarpB02hhUEJ1fPskGZdwdVB2K2Xn4rBUOxnVsUC2yDbZJS45IjVyRs5JnTDyQJ7IC3m1Hq1n6816H0anrNHMJvkF6/MbOs2jOQ==</latexit>

| (t)i = e�
i
~Ht| (0)i

<latexit sha1_base64="OaUnlDD3FOX/Q8aWb6ALbYBwlDA=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgEQSiJKPZY9OKxgv2AJoTNdtIu3WzC7kYooeDFv+LFgyJe/RPe/DemaQpafTDweG+GmXl+zJnSlvVllJaWV1bXyuuVjc2t7R1zd6+tokRSaNGIR7LrEwWcCWhppjl0Ywkk9Dl0/NH11O/cg1QsEnd6HIMbkoFgAaNEZ5JnHjiciAEHrDymvJSd2hNHzhTPrFo1Kwf+S+yCVFGBpmd+Ov2IJiEITTlRqmdbsXZTIjWjHCYVJ1EQEzoiA+hlVJAQlJvmP0zwcab0cRDJrITGufpzIiWhUuPQzzpDoodq0ZuK/3m9RAd1N2UiTjQIOlsUJBzrCE8DwX0mgWo+zgihkmW3YjokklCdxVbJQ6jPf18k8xDaZzX7ombdnlcbV0UcZXSIjtAJstElaqAb1EQtRNEDekIv6NV4NJ6NN+N91loyipl99AvGxzd45Zd2</latexit>

hsisi+1i

Neutral atom quantum simulator
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