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1st conference on Physics and Computation, MIT, (1981)

R. P. Feynman

(1918-1988)

ñSimulating Physics with Computersò (Keynote talk)

?

ñCan a quantum system be probabilistically simulated by 

a classical (probabilistic, I'd assume) universal computer? 

In other words, a computer which will give the same 

probabilities as the quantum system does.ò

(International Journal of Theoretical Physics, 21: 467ï488, 1982)

ñThe answer is certainly, No! This is called thehidden-

variable theorem: It is impossible to represent the result

of quantum mechanics with a classical universal device.ò



1st conference on Physics and Computation, MIT, (1981)

R. P. Feynman

(1918-1988)

ñSimulating Physics with Computersò (Keynote talk)

?

(International Journal of Theoretical Physics, 21: 467ï488, 1982)

ñéI'm not happy with all the analyses that go with 

just the classical theory, becausenature isn't classical, 

dammit, and if you want to make a simulation of 

nature, you'd better make it quantum mechanical...ò

Feynman's conclusion
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VQuantum simulations with ultracold quantum gases

VQuantum simulations with trapped ions

VPhotonic quantum simulators

VOn-chip quantum simulation with superconducting circuits
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t=0 : release atoms from a trap

t =tTOF : observe atom density distribution

x = p/MɵtTOF
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Bose-Einstein (Wikipedia)

~ 400 nK
~ 200 nK

~ 50 nK

filling

T. Esslingeret al.PRL 94,080403(2004)

Reciprocal 
lattice and 
Brillouin 
zones for a 
2D lattice.
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b r0

r0: effective range

Å s (l=0)

Å Feshbach

e.g.)   6Li @ 100 nK

Åk -1 ~ 10000 a0

År0 = 62.5 a0
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r0: effective range
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s Feshbach

s

a< 0 Ÿ attractive

a> 0 Ÿ repulsive
(pseudo potential)

s a .

Feshbach1
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Feshbach

6Li 3

|1>, |2> |3> 

M. Bartenstein et al. (2005),  calculated by P. Naidon.

a<0

a>0



Feshbach

?

Å - l

Å wD

BCS e.g.)

100GPa

H2S

Tc 200K

(A. P. Drozdov et al., Nature, 

525, 73 (2015).)



Feshbach

?

Ås a Ð ( )

Tc/TF = 0.167(13) (Ku et.al., Nature (2012))

TF~104 K

TC 1000 K

!!

l Mark J. H. Ku et al.,(2012)



Feshbach

ñ ò: 

Wikipedia

ñ ò

Ÿ

Mark J. H. Ku et al., Science, 335, 563 (2012).
M. Horikoshi, S.N., M. Ueda and

T. Mukaiyama, Science, 327, 442 

(2010).

ñ ò
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V Relaxation and Prethermalization in an Isolated Quantum System
(M. Gring et al., Science, 33, 1318 (2012))



V Relaxation and Prethermalization in an Isolated Quantum System
(M. Gring et al., Science, 33, 1318 (2012))

Prethermalization
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AC-stark .

(dipole approx.)

laser field ( frequency ɤ)dipole moment

(AC Stark shift)



AC-stark .

w< w0

I(r) U(r)

U(r)

w> w0

(blue detuned)

w< w0

(red detuned)

I(r)
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M. Greiner, et.al., Nature 415, 39-44 (2002)
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M. Greiner, et.al., Nature 415, 39-44 (2002)
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tight-binding

(Fermi) Hubbard 

. 

http://www.sciencedaily.com/releases/

2008/03/080313204503.htm

A. Damascelli et al., Rev. Mod. Phys. (2003).
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tight-binding

(Fermi) Hubbard 

T. Moriya and K. Ueda, Rep. Prog. Phys. (2003) 

2D-Hubbard FLEX

AF

SC

(n-type)(p-type)

.

etc.

Hubbard



Electrons Cold atoms

Statistics Fermi Bose, Fermi, mixtures

(pseudo) Spin 1/2 ƛƴǘŜƎŜǊΣ мκнΣ ΧΣ рκнΣ ΧΣ фκнΣ Χ

Mass me ~ 10-30 [kg] 104 - 105 me

Lattice constant ~ 0.5 [nm] ~ 500 [nm]

Tunneling (t) eV ~ 1014 [Hz] 100 - 1000 [Hz]

Density ~ 1023 [/cm3] ~ 1013 [/cm3]

Interaction Coulomb, long range
other couplings (phonon etc.)

van der Waals, on-site
well-characterized, tunable

Fermi temperature ~ 104 [K] ~ 100 [nK]

Achieved temperature ~мл ώ˃K] Ҟ 10-8TF ~ 10 [nK] Ҟ 0.1TF

Defects, disorders 
Generally exist

Uniform
None, or artificially created

Harmonically trapped
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VCr, Er, Dy, etc.

Å

V2

VRydberg
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H. Bernien et al., Nature 551, 579 (2017)
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DMD 

Quantum Gas Microscope, QGM

ü

87Rb (Boson)

W. S. Bakr et al.

Nature 462,  5 (2009) 
J. F. Sherson et al., Nature 467, 68 (2010)
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Quantum Gas Microscope, QGM
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W. S. Bakr et al.

Nature 462,  5 (2009) 
J. F. Sherson et al., Nature 467, 68 (2010)



DMD 

Quantum Gas Microscope, QGM

ü

87Rb (Boson)

C. Weitenberg et al., Nature 471, 319 (2011)



DMD 

Quantum Gas Microscope, QGM

ü -Mott

87Rb (Boson)

Mott ף

M. Greiner, et.al., Nature 415, 39-44 (2002)



DMD 

Quantum Gas Microscope, QGM

ü -Mott

87Rb (Boson)

W. S. Bakr et al., Science 329, 30 (2010)

Mott ף



DMD 

Quantum Gas Microscope, QGM

40K (Fermion)

ü

M. P. Parsons et al.

PRL 114, 213002 

(2015)

A. Omran etal.

PRL115, 263001 

(2015)

E. Haller et al.

Nature Physics11, 738 

(2015)

L. W. Cheuk et al.

PRL 114, 193001 

(2015)

G. J. A. Edge et al.

PRA 92, 063406 

(2015) 

6Li (Fermion)



DMD 

Quantum Gas Microscope, QGM

174Yb (Boson)

ü

M. Miranda et al., PRA 91, 063414 (2015) R. Yamamoto et al., New J. Phys., 18, 023016 (2016) 



DMD 

Digital Micro-mirror Device, DMD

2D array of micro-mirrors

(1024 768  mirrors)

DMD

(from DLP5500 manual, Texas Instruments)

Silicon Substrate

ñOn-stateò

Micromirror

ñOff-stateò

Micromirror
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DMD

R. Islam et al., Nature 528, 77 (2015).

DMD

2 4



DMD

R. Islam et al., Nature 528, 77 (2015).

DMD
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DMD

QPC

S. Krinner et al., Nature 517, 64 (2015).



DMD

QPC

AFM cantilever + Charged tip

QPC gates

B. Burn et al., 

Nat. Comm. 

(2013)

Repulsive tip



DMD

QPC

AFM cantilever + Charged tip

QPC gates

B. Burn et al., 

Nat. Comm. 

(2013)

Repulsive tip

QPC

S. Hªusler, S. N., M. Lebrat, D. Husmann, S. Krinner,

T. Esslinger, and J.-P. Brantut, PRL 119, 030403 (2017)
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P. M. Paalanen et.al. PRB (1982)

B(T)

0 2 4 6 8

2D Electron Gas in a Magnetic Field B

Does NOT depend on

details of samples!

Ҝ Standard for electrical 

resistance:

RK= h/e2

= 25812.807557(18) W

B

I



Peierlsn n+1

teiūn,n+12



2

Harper-Hofstadter model Haldanemodel

M. Aidelsburger et al.,

PRL (2013), Nat Phys. (2015)

G. Jotzu et al., Nature (2014)

Raman 

transition

Periodic 

modulation

Chern
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Chern

Spatial 1D + Temporal 1D

Fermion: S. N. et al., Nat. Phys.(2016)

Boson: M. Lohse et al., Nat. Phys.(2016)

Spatial 1D + Synthetic 1D

M. Mancini et al. Science (2015)



Our Interest: Thouless Pumping

1D periodic potential Adiabatic & periodic modulation

transports electrons as

Thouless (1983) ñQuantization of particle transportò

Periodicity: L

Pumping Cycle: T

Topological Invariant Chern Number

Å Quantization which does NOT depend on the detail of pumping cycle.
(If there is no topological transition)

Å Described by the same topological invariant (Chern #) as IQHE.

IQHE=periodic 2D system of x & y Ҟ TCP periodic 2D system of x & t)

B. L. Altshuler et al., 

Science (1999)



Quantum Rice-MeleCharge Pumping 

Rice & Mele, PRL (1982): One-Dimensional Dimerized Lattice Model 

(t0+d)/2

(t0-d)/2

Su-Schrieffer-Heeger model

d
D

-D

ñQuantumò versus ñClassicalò
Positions of potential 

minimum do NOT move  

A

Linearly Conjugated Diatomic Polymer

B

C

C C

C

C

C

C
D=0 : SSH model

Staggered

Potential



Quantum Rice-Mele Charge Pumping

D

-D

(t0+d)/2

(t0-d)/2 Pumping cycle:

Pumped charge

D

d

(D. Xiao et.al.Rev. Mod. Phys. (2010))

by the trace of parameters!

Åenclosed clockwise n=+1

Åenclosed anti-clockwise n=-1

ÅNo winding n=0

Pumped charge depends only on whether the 

degeneracy point (D=d=0) is

Rice & Mele, PRL (1982): One-Dimensional Dimerized Lattice Model 
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Dynamical Optical Super-Lattice Scheme

V2 : lattice constant d with slidingV1: lattice constant d/2

L. Wang et al, PRL 111, 026802(2013)

d

Continuous Rice-Mele (cRM) pumping superlattice

532nm lattice 1064nm sliding 

lattice

The phase sweep breaks time-reversal symmetry and the energy bands can acquire a non-zero Chern #.

V=V1+V2

Z



Dynamical Optical Super-Lattice Scheme

V2 : lattice constant d with slidingV1 : lattice constant d/2

L. Wang et al, PRL 111, 026802(2013)

d

Continuous Rice-Mele (cRM) pumping superlattice

532nm lattice 1064nm sliding 

lattice

The phase sweep breaks time-reversal symmetry and the energy bands can acquire a non-zero Chern #.

V=V1+V2

Z



Dynamical Optical Super-Lattice Scheme

L. Wang et al, PRL 111, 026802(2013)

t = T/2

t = 3T/4

t = 0
D

d

t = T/4

0

t=T/4

t=T/2

t=3T/4

t=0

t=0

unit cell

-4 -3 -2 -1 0 1 2 3 4

Position [d]

D

-D

J+d

J-d

D-d

Rice-Mele

model



Observation of the Thouless pumping

Z

z
Initial 

DȊ

TOF @ 0ms

g t=0 t=10T

Evaluate the shift of the center of 

mass (CM) position of the atomic 

cloud via in situ absorption imaging

Dz

Pumped Charge 

(an infinite system) 

Shift of Center of Charge 

(a finite system)



Observation of the Thouless pumping

Pumped chareg per 1 Cycle

Ҟ Chern Number

ÅThouless pump:n= [<z(t)>/d]/t = 0.94(4)

ÅcRM pump (t<7T):n= [<z(t)>/d]/t = 0.94(7)
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Observation of the Thoulesspumping
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Time [T]

Same topology

Simple sliding lattice pumping (Thouless pump., VS=0, VL=40) and continuous 

Rice-Mele pumping (cRM pump., VS=20, VL=30) are topologically equivalent!



Observation of the Thouless pumping
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Same topology

Simple sliding lattice pumping (Thouless pump., VS=0, VL=40) and continuous 

Rice-Mele pumping (cRM pump., VS=20, VL=30) are topologically equivalent!



Å 1kHz

, Fermi

Electrons Cold atoms

Fermi temperature ~ 104 [K] ~ 100 [nK]

Achieved temperature ~мл ώ˃K] Ҟ 10-8TF ~ 10 [nK] Ҟ 0.1TF

W. Hofstetter et al., PRL 89, 220407 (2002)



ñA cold-atom FermiïHubbard antiferromagnetò
(A. Mazurenko et al., Nature 545, 462 (2017))



Å

V



-Mott 2

2

T. Tomita, S. N., I. Danshita, Y. Takasu, and Y. Takahashi, Sci. Adv. 3, e1701513 2017 .


