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V1/ 0 Vip(x) = %p(w)

v o(z), E(x) . K etc.

The Feynman Lectures on Physics Vol.2, Chap.12

I2 Electrostatie Analogs

12-1 The same equations have the same solutions

The total amount of information which has been acquired about the physical
world since the beginning of scientific progress is enormous, and it seems almost
impossible that any one person could know a reasonable fraction of it. But it is
actually quite possible for a physicist to retain a broad knowledge of the physical
world rather than to become a specialist in some narrow area. The reasons for

R. P. Feynman
(1918-1988)



v, D V() = —p(x)

€0
V2 gb(il?)’ E(aj) . K etc.

The Feynman Lectures on Physics Vol.2, Chap.12

12-3 The stretched membrane

V2u(:c7y) — M

-

Fig. 12-3. A thin rubber sheet
stretched over a cylindrical frame (like
f a drumhead). If the sheet is pushed up
at A and down at B, what is the shape
of the surface?

R. P. Feynman (z )
(1918-1988) 4



v, D V() = —p(x)

€0
Ve o(x), E(x) . K etc.

The Feynman Lectures on Physics Vol.2, Chap.12

12-3 The stretched membrane

Fig. 12-6. Cross section of «a
stretched rubber sheet pushed up by a
round rod. The function u(x, y) is the same
as the electric potential ¢(x,y) near a
very long charged rod.

R. P. Feynman (z ) f e
(1918-1988)



v, D V() = —p(x)

€0
Ve o(x), E(x) . K etc.

The Feynman Lectures on Physics Vol.2, Chap.12

12-3 The stretched membrane

Fig. 12-6. Cross section of «a
stretched rubber sheet pushed up by a
round rod. The function u(x, y) is the same
as the electric potential ¢(x,y) near a
very long charged rod.

R. P. Feynman
(1918-1988) = V

= V

e.g. etc.
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A

1st conference on Physics and Computation, MIT, (1981)
ASi mulPhaysiagswgt h Co mieynote talls) 0 (

?

ACan a quantum system be probabilistically simulated by
a classica(probabillistic, I'd assumeniversal computer?

In other wordsa computer which will give the same
probabilities as the quantum system does

R. P. Feynman
(1918-1988)

(International Journal of Theoretical Physics, 21: 4671 488, 1982)

variable theoremit is impossible to represent the result
of quantum mechanics with

|f‘> ANThe ans we MNoliThssiscadleditehiddenl vy ,



RPSIN

1st conference on Physics and Computation, MIT, (1981)
ASi mulPhaysiagswgt h Co mieynote talls) 0 (

?

Feynman's conclusion

R. P. Feynman
(1918-1988) nél'm not happy with al

just the classical theorigecausaature isn't classical
dammit, andf you want to make a simulation of
nature, you'd better make it quantum mechanical.

(International Journal of Theoretical Physics, 21: 4671 488, 1982)

= BFoIalL—4
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1st conference on Physics and Computation, MIT, (1981)
ASi mulPhaysiagswgt h Co mieynote talls) 0 (
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Feynman's conclusion

R. P. Feynman

(1918-1988) = V
= V
= V
= V
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Goals and opportunities in @Quantum simulations with ultracold quantum gases

quantum simulation
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V Quantum simulations with trapped ions
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V On-chip quantum simulation with superconducting circuits
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dilute Charge neutral

Isolated Optical lattice
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C OO

A 1kHz

. Fermi

< <

1) t=0 : release atoms from a trap

t =t;o : Observe atom density distribution
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A 1kHz

. Fermi

Reciprocal
lattice and
Brillouin
zones for a
2D lattice.

< <

»
»

filling

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

Bose-Einstein (Wikipedia)
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s (I=0)
Feshbach

T>o T

L=bp=0bhk ~hl (1=0,1,2,...)

ro- effective range

b<ry ... l<kry — kY O ,1=0(s )
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s (I=0)
Feshbach

T>o T

L=bp=0bhk ~hl (1=0,1,2,...)

ro- effective range

b<ry . L <kro e.g) SLi@ 100nK

Ak ~ 10000 a,
Ar, = 62.5 a,
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A s (1=0)
A Feshbach

L=bp=0bhk ~hl (1=0,1,2,...)

ro- effective range

b<ro .. I <kro 1B KR RFRETIEEFH
— QOHEEEBRIISEREOAT
Bk T3,



| S Feshbach
s;EEEL &

BIERRFRATIEEFEORE
. hn1tan50 FIESREELE a DA TRATES.

k=0 k

m 87"

(pseudo potential)

{a< 0 Y attralg(;)l V4éTh2 ()

a> 0 Y repul sive

Feshbach

AB
a4 = Qpg 1+B—BO .




Scattering length [a,]

Feshbach

6L 3 (1 + AB )
| a — ay .
11>, |2> |3> ¢ B — By
a<0
a>0

0 400 800 1200
Magnetic Field [Gauss]

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




Feshbach

= 2
a Temperature (K)
BCS e g ) 70 . mro 200
A Wp 2 .
2 35}
T, 200K :
(A. P. Drozdov etal., Nature,

525, 73 (2015).)

=

=
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(ohm)
=
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Resistance

Temperature (K)



Feshbach

As a > D )

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

w

Cy/Nkg

Ny/N ©

0.4 0.6 0.8 1.0 12 Ll/

T/Te
Tc/TF — 0.167(13) (Ku et.al, Nature (2012))



Feshbach

N

N\

O .

Je10]

2 a4l

789

0.1

6

M. Horikoshi, S.N., M. Ueda and
T. Mukaiyama, Science, 327, 442

(2010).

N
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Wikipedia

A 45,

wkgT wkgT

Mark J. H. Ku et al,, Science, 335, 563 (2012).

n 0



T>o T

= V



¢Inltlal(z)

initial gas

relative phase
A¢(2)=¢,(2)-9,(2)

phase correlation length Ay,

TOF
~e——

matterwave interference
after time-of-flight

integrated contrast C(L)

many repeats

full contrast distribution
functions P(C?)

/ te =0ms \

0(2)

¢,(2)

L=22 pm
o
o L=60 pm
(Y

full cloud

k initial state /

l evolutionl

/te>0ms \

L=22 pym

L=60 pm

full cloud

\dynamical statey

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

@ependent gases
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Relaxation and Prethermalization in an Isolated Quantum System

=
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A

phase ¢

matte
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full co
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(M. Gring et al, Science, 33, 1318 (2012))
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AC-stark
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R
Hy = %—I—ze:ﬁwe le) (e .

Hdip = —d- -l?\(ma t); (dipole approx.)
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(AC Stark shift)
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Uaip(T) =

AC-stark
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Amplitude

Potential

L Vi(z) =V cos?(kz).

Optical lattice
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tight-binding

(Bose) Hubbard
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tight-binding

(Bose) Hubbard

\ /
$$£ o EE% -Mott
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0 QCP U/t




tight-binding

(Bose) Hubbard

o S Y i R

(3,9)
-
A
\\\ /z’ a b = c o d -
\ 7/
\\ // » o @ o || ’ ° (| e ‘ ° ;
m \ / m . v W e | | P
\ /
SF' )/ ™M i
Mott 0
0 QCP U/t

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



tight-binding

(Bose) Hubbard

i1
0

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




tight-binding

(Fermi) Hubbard
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tight-binding

(Fermi) Hubbard

La,,Sr,CuQ, |
(p-type)
ANNrour 'ma | ©Qooper
SC
L —
0
http://www.sciencedaily.com/releases/ 0.3 02 0.1 00 01 0.2 03

2008/03/080313204503.htm :
DopantConcentratiorx

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



tight-binding

(Fermi) Hubbard

2D-Hubbard FLEX
300 1 | 0.08 — —
La, Sr.CuO, Nd, Ce,CuO,
(p-type) (n-type)
0.06 |- i
200 L |
) AF AF T/t 0.04} -
~
100 - /"' _
\
! \ 0,02} _
! I
| 1 1
1 SG | I SC \ |
ol 3¢ 8 ' | 0.00 RN ‘SR A
0.2 03 02 - 90 01 02 03
o

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

ToF—F—JREBITREREERN SO,

Hubbard &% @
—> *

etc. =232l —3Y



| Electons | Coldatoms

Statistics Fermi Bose, Fermi, mixtures
(pseudo) Spin 1/2 AYGSISNE MKHZ
Mass m, ~ 10%° [kg] 10%-10° m,
Lattice constant ~ 0.5 [nm] ~ 500 [nm]
Tunneling (t) eV ~ 104 [Hz] 100- 1000 [HZ]
Density ~ 133[/cm3] ~ 103[/cm?3]
Interaction Coulomb, long range van der Waals, osite
other couplings (phonon etc.) well-characterized, tunable
Fermi temperature ~ 10 [K] ~ 100 pK]
Achieved temperature ~M 1 K] >108T, ~ 10 pK K 0.1T¢
Generally exist None, or artificially created

Detects, disorders Uniform Harmonically trapped
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(sttisk 1 ) or

V Cr, Er, Dy, etc.

A
V 2
V Rydberg

ARTICLE

Probing many-body dynamics on a
51-atom quantum simulator

Hannes Bernien!, Sylvain Schwartz!?, Alexander Keesling', Harry Levine!, Ahmed Omran', Hannes Pichler'-*, Soonwon Choi',
Alexander S. Zibrov', Manuel Endres*, Markus Greiner', Vladan Vuleti¢? & Mikhail D. Lukin®

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

¥

doi:10.1038/nature24622

a b

1,013 nm V. 420 nm Q2

c

(2) Arrange
(3) Evolve
(4) Detect
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Quantum Gas Microscope, QGM

87Rb (Boson)

W. S. Bakret al
Nature 462, 5 (2009)

J. F. Shersoret al.,Nature 467, 68 (2010)
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Quantum Gas Microscope, QGM

87Rb (Boson)

i
A A
A A

W. S. Bakret al

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




€ ) DMD

Quantum Gas Microscope, QGM

87Rb (Boson)

C.Weitenberg et al, Nature 471, 319 (2011)
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Quantum Gas Microscope, QGM

87Rb (Boson)

U -Mott
a b = c o d o
L ‘ L 9 ‘ 9 1
LG T u /’:55’:"}1
| @
“ V Mott 1

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



) DMD

Quantum Gas Microscope, QGM

87Rb (Boson)
U -Mott

D 16Er w=680nM
6

Ll [ L] [T |
[ ——] ||
B [

N A O

x1000 counts

W. S. Bakret al, Science329, 30 (2010)
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Quantum Gas Microscope, QGM

(2015) (2015) (2015) (2015) (2015)

0
40K (Fermion) 6Li (Fermion)

|

- ot ; : B : | 3

o — . | 2

a . et , Opum 0

L. W.Cheuket al. E. Halleret al. G. J. A. Edgeet al : M. P. Parsonset al. A. Omran etal.

PRL114 193001 Nature Physics1] 738 PRA92, 063406 | PRL114 213002 PRL115 263001

|



DMD

Quantum Gas Microscope, QGM

0

174YDh (Boson)

< SR K 4000
g W Te Tele e
“x o>
3000
~
> E 4000
2000 #
® 3000t
>
g 5
3 1000 5 2000
5 9]
s
§ 0 1000
3 10 um
0
500 0 500 -500 0 500 0
Position x (nm) Position y (nm) 0 025 05 075 1
Radius (um)

M. Miranda et al, PRA91, 063414 (2015) R. Yamamotoet al, New J. Phys.18 023016 (2016)
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Digital Micro-mirror Device, DMD DMD

AT
4 K=}
% 8
%, 4 T
% %, &
O, O =
95 - nt P
\\
o, £ oo
>

nNORt at emOEf at e
Micromirror Micromirror

2D array of micro-mirrors
(1024 768 mirrors) (from DLP5500 manual, Texas Instruments)















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

a =~ 680 Nnm € Twin state > Many-body > Site-resolved
= [Mott Initialization interference parity readout

0 Odd M Even

anms — D
S s S - SR
SOOOO IS 2O

AVAVAVAVA \NNNS A even > Pure

W

Mott insulator A+Beven »Fure

> A and B product state

(== ¢ NIEOT
OMB Com— @@@@ MG

D

N S \VAVAVAV A odd or even - mixed

___________________ " \J .

Superfluid A+B even = pure
> A and B entangled



DMD

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

a = 680 nm

= [Mott

....................

ﬁ Twwin ctata MManv by solved
= Mott insulator N Superfluid eadout
‘e o o o) Adiabatic melt (o) M Even
N S N S
. e R 1 Mixed
1.5 B - - 8 &
e e o 4
| T L
oS 1.2 | E—— 103 |
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2 06 ? 3
4 0.6
0.3
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Ly : Liss 1 Pure

101 100 D

A r even - mixed
X

Superfluid

A+B even = pure

> A and B entangled
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Dichroic
' mirror

QPC

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

Conductance G (1/h)

-05 00 05 10 15
(Eyor — Egihv,

0.5 1.0 .
Gate potentia Vg (uK)



DMD

QPC

AFM cantil\ever + Charged tip

Repulsive tip

B. Burn et al,

Nat. Comm. =™ s‘

(2013)



| omD

QPC QPC

AFM cantil\ever + Charged tip

Microscope
objective

Repulsive tip

B. Burn et al,

Nat. Comm. =™ v

(2013)
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P. M. Paalanen et.al. PRB (1982)

14,000 LI T T T 1 T

2D Electron Gas in a Magnetic Field B ool somk i
26 x10 "A/m
10,000 HHz -1
Does NOT depend on 3 8000k i
Bt details of samples! > \
\ % o000 ' =
| K Standard for electrical 4000} Bl -
N~ ereslsrtjgfe: 2000l . Ryan = SN A
=

\/\-\/ = 25812.807557(18) W of————
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Harper-Hofstadter model

Raman
transition “’rZ.“’bz

Chern

Hal d mo d e |

M. Aidelsburger et al.,
PRL (2013), Nat Phys. (2015)

4 N\
Tunnel Staggered
couplings flux ®
] X ®
©,
&
©
y
] X ® |
© X
Periodic
modulation
L J

G. Jotzu et al., Nature (2014)
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N2 o

Chern

Spatial 1D + Synthetic 1D Spatial 1D + Temporal 1D

( N\ 4
¢ b (forward cRM pump)
v e (backward cRM pump)
afR ° ¢
od
)
N2
O St et e e
15 TR . ﬁ 'ﬁ '1’ w
+3/2 T T T T T 0.0 P el | E s
Ve ) 3 ¥
L \»/\ o 10 C‘ri 0s _J::. gf{]'] + 2 -2 \i.._
\ /O i 1 f_ _é# @] “““}_
£ -1/2f / < 10_1 0 'T 2 % ¢ = .
\ b=/ ost x(@) Y o i
/‘ b " --v=0 -
2 smsma |1 = — .
L {
% ool j | | | | |
-5/2 . . " L L ! : : : 0 1 2 3 4 5
0 0.05 0.1 0.15 0.2 0.25 -05 0.0 0s 10 15 .
\_ {x) [sites] y \ @ (2m) Time t(T)
M. Mancini et al. Science (2015) Fermion: S. N. et al.,Nat. Phys.(2016)

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



| Our Interest: Thouless Pumping

Thouless (1983) fLQan@mitniozparitcle vanspotf

1D periodic A Apotabéatial & period

{ V(e +L)=V(z)  periodicity: L

~ ~

H({t+T)=H() Pumping Cycle: T

B. L. Altshuler et al.,
Science (1999)

transports electrons as
?: T 27T/L
O:§Zf>\/o dtfo dk
A

Topological Invariant Chern Number

< Ok
ot

Ok > B <5%k
ok ok

Ok >]
ot

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

A Described by the same topological invariant (Chern #) as IQHE.
IQHE=periodic 2D system of x&y K TCP periodic 2D system of x & t)



Quant umMRBI@ear ge Pump.i

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

-d)/2

Linearly Conjugated Diatomic Polymer

A B
® 00— 0—60 0°0—0

[ D=0:SSHmodel .~ N~ N X, J

Staggered
Su-Schrieffer-Heeger model Potential

t 0
H — Z (50 + (—1) 5) (CIC¢+1+h-C-) AZ c Ci

7

Positions of potential

o MOuanbwer SuWlsas o6l C
minimum do NOT move Q



| Quantum Rice-Mele Charge Pumping

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

t 5
H=AS(-1)i CHLZ ( 0, 5) (cleipi+hic.)

Pumping cycle:

- 9 Pumped charge
5(t) = 6y cos(o)
< - n = —sgn(todolo)
A(t) = Agsin(—-)
\. T

Pumped charge depends only on whether the
degeneracy point (D=d=0) is

A enclosed clockwise n=+1
A enclosed anti-clockwise n=-1
A No winding n=0

=02 -01 00 01 02
D by the trace of parameters!
(D. &i Reelv.. Mod20PRPBys. (



| Dynamical Optical Super-Lattice Scheme

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

2

9
I T dI
0.0 05 )1(/2 1.5 2.0 > Z
Continuous Rice-Mele (cRM) pumping superlattice
532nm lattice 1064nm sliding

27z

V(z,t) = 41/5(;5) cos? (7) —[Vi.(t) cos? (’%‘" _ gb(t)), () = mt)T

/

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

Vil at ti cedz on sW, dattice constant d with sliding



| Dynamical Optical Super-Lattice Scheme

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

2

N
L

VOL
D)
<
+
<

0.0 0.5 1.0 1.5 20
x/d

Continuous Rice-Mele (cRM) pumping superlattice

532nm lattice 1004ndnslicsnb i di ng
2Tz

51 |
Viz,t) = ~‘V5(t) cos® (7) —VL(t) cos? (%z — gb(t)* o(t) = wt)T

/

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

V, : lattice constant d/2 V, : lattice constant d with sliding



| Dynamical Optical Super-Lattice Scheme

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

Id unit cell
~ Py Y
J+d
° D \e v
d
20 - JWWW\W =i
YW W W b\ W W WY

- z. t ;0
Rice-Mele Y — AZ(_U c) Ci‘l—z (50 + (—1) 5) (CICi_}_l‘l_h-C-)

model



| Observation of the Thouless pumping

Initial

Integrated optical density [a.u.]

VA

|

100

50

TOF @ Oms

- - - - - -

Position [d]

Pumped Charge
(an infinite system)

Shi ft
(a

N

N
of Cent
finite ¢

Evaluate the shift of the center of
mass (CM) position of the atomic
cloud via in situ absorption imaging



Observation of the Thouless pumping

10F .
= | @ Vg=0,V, =40 (Sliding lattice)
= O V=20, V=30 (cCRM pump.)
o 8r
"5 |
S 6
7)) R
G
£ 4r
‘-Ia -
§ 2 — v=1 O
s n &7 Fitting (v=0.94)
O 0 - - - Fitting (v=0.94)
1 1 I 1 I 1 I 1 I
0 2 4 6 8 10
Time [T]

Pumped chareg per 1 Cycle A Thouless pump: n = [<z(t)>/d]/t = 0.94(4)
K> Chern Number A cRM pump (t<7T): n = [<z(t)>/d]/t = 0.94(7)



Observati dhootfppemBEl ng

10F ¢
= | @ Vg=0,V, =40 (Sliding lattice)
= O V=20, V=30 (cCRM pump.)
o 8r
"(%' B
S 6
0 "
(7))
S 4|
E t Same topology
= L
é 2 — v=1 O
s n &7 Fitting (v=0.94)
O 0 - - - Fitting (v=0.94)
| \ | I | 1 |
0 2 4 6 8 10
Time [T]

Simple sliding lattice pumping (Thouless pump., V<=0, V,=40) and continuous
Rice-Mele pumping (cRM pump., V=20, V,=30) are topologically equivalent!



-~ Observation of the Thouless pumping

7p]
n 10 ¢
= | @ Vs=0,V, =40 (Sliding lattice)
IS gl O Vs=20.V,=30 (cRM pump)
o 6
[ - 4 |
o | t Same topology
c 2 —_— v=1 O
o L & | 0 Fitting (v=0.94)
O 0 - - - Fitting (v=0.94)
L 1 | 1 | 1 | 1 |
0 2 4 6 8 10
Time [T]

Simple sliding lattice pumping (Thouless pump., V<=0, V,=40) and continuous
Rice-Mele pumping (cRM pump., V=20, V,=30) are topologically equivalent!



O OO

A 1kHz
, Fermi
| Electrons | Coldatoms
Fermi temperature ~ 10 [K] ~ 100 pK]
Achieved temperature ~M n K]dé >108T, ~ 10 pK K 0.1T¢

0.1 0.2
I-n

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




NA ecammBermiHubbard antiferromagneto
(A. Mazurenko et al,, Nature 545, 462 (2017))
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= | ;
§ DMD
Strange metal " ‘ 0
o | . Anticonfining
5 &
= potential
s N (650-nm g
& S light) 5
g .'\\o’ §
- @ Imaging 2
(671-nm
light) Dichroic %
mirror

1) 10 20 30 40 50 60 70 80

Position (um)

Sample, 2

[

Reservoir
2

e

>

Potential

- —
Radial Position

Potential

Position






|
(sttnse 1 )

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

-Mott 2



