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Bl AA SV TDEBEREFTLI-LY
BBOEREFHEOTTR7YARER:
1
V, D v%@:):gp(w)

o(x), E(x) <. = BEFFE(BRERZE 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)
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Bl. AA ST DEBZEERET L1
EBOEREHOTTRTVHER:

1
V, D Vi(z) = —p(@)
V2 o(x), E(x) . = HEFAE(FREFRE etc.)

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

12-3 The stretched membrane

Mmzsh
2 [ay)”
Viu(z,y) =
L 5k (—7E)
o~ b AN T E
JOLEDOESL

Fig. 12-3. A thin rubber sheet
~ —1— O ~ stretched over a cylindrical frame (like
R. P Feynman (Zﬁ rll:q —*%E) ﬁ% E;I_\T?/“/—Vl) l/(l)t a d;umh;a:). If :-h% sh:etf i.s ;::she: up
at A and down at B, what is the shape

(1918-1988) JLROERUERLAERICRS.
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EBOEARAFHOTTRTYUARE:

Vv, D V2(z) = %p«c)

o(x), E(x) <. = BEFFE(BRERZE 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.

JLEZHEES(SBE)
FTHRL-EZOFAYDESN

R. P. Feynman (AR — ) ERTUUvILOE (B ZERANITRL!
(1918-1989) SUNLIO} LullledcWap - )
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EBOEARAFHOTTRTYUARE:
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D V(z) = gp(w)
o(x), E(x) <. = BEFFE(BRERZE 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 «
round rod. The function u(x, y) is the same
as the electric potential ¢(x,y) near a
very long charged rod.
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1st conference on Physics and Computation, MIT, (1981)

“Simulating Physics with Computers” (Keynote talk)
EFREHHIVEI—FTUIaL—FTESHH?

“Can 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 guantum system does.”

R. P. Feynman
(1918-1988)

(International Journal of Theoretical Physics, 21: 467-488, 1982)

variable theorem: It is impossible to represent the result
of quantum mechanics with a classical universal device.”

|f‘> “The answer is certainly, No! This is called the hidden-
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BT RO AFIVREMYFLN %70“;%

1st conference on Physics and Computation, MIT, (1981)
“Simulating Physics with Computers” (Keynote talk)

EFRFZHHAIAVELI—FTUZaL—FTEDHH?

Feynman's conclusion

R. P. Feynman
(1918-1988)

“...I'm not happy with all the analyses that go with
just the classical theory, because nature isn't classical,
dammit, and if you want to make a simulation of
nature, you'd better make it quantum mechanical...”

(International Journal of Theoretical Physics, 21: 467-488, 1982)

= BEFIIalL—4



| 2xmgzs31L—193

EFRDIAFIVRZEFY =LY ; /OL;—»\*

1st conference on Physics and Computation, MIT, (1981)
“Simulating Physics with Computers” (Keynote talk)

EFRFZHHAIAVELI—FTUZaL—FTEDHH?

Feynman's conclusion

R. P. Feynman

(1918-1988) BT o v HEHE(HHIVE1—42)
(FHR) = v JLE (HHER)

=FarEa—A

= = v HEFECGHETAET—
EFR o 34 (e

AMDEFR, EFSalL—3
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Nature Physics Insight — Quantum Simulation (April 2012 Vol. 8, No 4)
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Nature Physics Insight — Quantum Simulation (April 2012 Vol. 8, No 4)

COMMENTARY | INSIGHT

Goals and opportunities in @Quantum simulations with ultracold quantum gases

quantum simulation
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Isolated Optical lattice
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e ITRILF—RH—ILHAVNELN(~1KHZ)
EBEFHIRILX—, FermiRE

V FAFTIHOANEFHRTRELNS
v EBE 5 hmOEES R GRITRIEE)

(1) t=0 : release atoms from a trap

t =t;or : Observe atom density distribution

X=pIM - troe
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e ITRILF—RH—ILHAVNELN(~1KHZ)
EBEFHIRILX—, FermiRE

v BAFIHOZANEBBTREOND attice and
v EBEAMOEEER (RTHEE)  Siloun
2D lattice.

v

filling

T. Esslinger et al. PRL 94,080403(2004)

Bose-Einstein£E#fa (Wikipedia)
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- FBE/ERMEEIZES(SKE(I=0)DH)
- FHE{ERDFIEIA ] EE (Feshbachitig)

BEIRIILEXE—TOEEL
- ASRFONEREF =

L=bp=0bhk ~hl (1=0,1,2,...)
-HELDECD=H DL EEH

r,: effective range

b<rg o 1<k = | ETRLE—IBR (k—0)TIE, 1=0 (&)
HIHOHEE. 54 KER
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- FBE/ERMEEIZES(SKE(I=0)DH)
- FHE{ERDFIEIA ] EE (Feshbachitig)

ETRIILXT—TOELEL
- ASTRIFOEEREE S

L=bp=0bhk ~hl (1=0,1,2,...)
-HELDECD=H DL EEH

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

* k-1~ 10000 a,
*Ir,=62.5 3,

r,: effective range
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- FHE{ERDFIEIA ] EE (Feshbachitig)

ETRIILXT—TOELEL
- ASTRIFOEEREE S

L=bp=0bhk ~hl (1=0,1,2,...)
-HELDECD=H DL EEH

b<ry .. I <hkro BER R FRAETIERFR
— OHEERIISEBEEDAT
B TES.

r,: effective range
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SREGELR BERRFRIATIERFEOHREE
VT tan og AlEsKEEEE a DA TRIBTES.
k—0 k =R FRMEEERRT v
{ a < 0 — attractive U(r) = 47752a5(r)2r
a> 0 — repulsive L r

(pseudo potential)

closed g0 #px EA£pEIE (= L)1 |
(Feshbachtng)

(1 + AB )
a4 — Uhg — .
EEAGH B = Bo
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1)
SLIIRF D E KR RED 3D DB
AEV|1>, 2> |3> O EELE

AB
a4 = Qhg 1—|—B_BO .

Scattering length [a,]

0 400 800
Magnetic Field [Gauss]

M. Bartenstein et al. (2005), calculated by P. Naidon.
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SINMEERNEEEZAEAEYT = SIANERITEGE 57

5INZEBRETHTS

E{Ax% (£ EBCSHEIEE)

« BF-TJA/MHBEER ML
s TINAFIEE op

e.g.)
HBEET (~100GPa)
DHRIE/KZ=R (H,S)

T.~200K

(A. P. Drozdov et al., Nature,
525, 73 (2015).)
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SINMEERNEEEZAEAEYT = SIANERITEGE 57

5INZEBRETHTS

AHEIT7TILIRFR s
« SHELELE a > o (A=A1)—1BR)

A=3)—K[AEDLELFE D £ Al (Mark J. H. Ku et al.,(2012))
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Z 03
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T/Te

TC/TF — 0.167(13) (Ku et.al., Nature (2012))
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M. Horikoshi, S.N., M. Ueda and
T. Mukaiyama, Science, 327, 442 Mark J. H. Ku et al., Science, 335, 563 (2012).

(2010).
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v Relaxation and Prethermalization in an Isolated Quantum System
(M. Gring et al., Science, 33, 1318 (2012))

/ te =0ms \ / te >0ms \ @ependent gases
A initial gas = ST AOPAg
— e
?.itiai(@ 6@ é AN NAANANS
3 ?
relative phase %
A¢(2)=¢,(2)-9,(2) —_———————— —p MM
AAQ_) o0 -
phase correlation length A, =
TOF
c
matterwave interference
after time-of-flight X
(¢}
integrated contrast C(L)
B L=22 = =
many repeats 5 il L=22 ym L=22 ym
full contrast distribution j:' =00 ‘:‘ =00 iR %’; il L
functions P(C?)
full cloud full cloud full cloud

k initial state /

\dynamical statey

Qermal equilibrity
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v' Relaxation and Prethermalization in an Isolated Quantum System
(M. Gring et al., Science, 33, 1318 (2012))
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KB N : BB FDRFILTAC-stark IR |IZKBHEZ(T5.

2
I L
JRF%: Hy = o + ze:ﬁwe ‘6) <e

FEDHEER: Hgijp = —d- 1?\(-’19 ,t), (dipole approx.)

/

dipole moment

EEREBORERFIZHTEHIRILF—I T

—%a(w) < E(x,t)?

(AC Stark shift)

laser field ( frequency w)
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BRToUNIL

Amplitude
Potential

L Vix) = Vy cos? (kz).

St F (Optical lattice)
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(Bose) Hubbard T JL

H = —tZaIaj + % E:m(nZ — 1)
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(Bose) Hubbard ETJL

H = —t E aTa-—l—g E n;(n; — 1)
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(Bose) Hubbard T JL
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0 QCP U/t

M. Greiner, et.al., Nature 415, 39-44 (2002)
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(Bose) Hubbard T JL
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M. Greiner, et.al., Nature 415, 39-44 (2002)
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(Fermi) Hubbard ETJL
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(Fermi) Hubbard ETJL

H=—t Z cwcjg + Uan AN |

<2,]>,0

Bl EERCOBBRENE  REHEAP §4

SN S
La,_,Sr,CuQ, |
= (p-type)
';' “Normal” Cooperxt
S 200 _ f
c | AbE2N\N | LT
| f
5 100 I
- KREIRE (SC)
L —
0
http://www.sciencedaily.com/releases/ 03 02 01 00 01 02 03

2008/03/080313204503.htm i
Dopant Concentration x

A. Damascelli et al., Rev. Mod. Phys. (2003).
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(Fermi) Hubbard €7 /)L

EERTHELONTLVSHEE HmETE THELON TSR
(FREE 1L B IR ELK) (2D-Hubbard®7 JL (FLEX3Z{LL) )
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200 - |
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T. Moriya and K. Ueda, Rep. Prog. Phys. (2003)
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[ Eecvos | Codaoms

Statistics Fermi Bose, Fermi, mixtures
(pseudo) Spin 1/2 integer, 1/2, ..., 5/2, ..., 9/2, ...
Mass m, ~ 1030 [kg] 10*-10°m

Lattice constant ~ 0.5 [nm] ~ 500 [nm]
Tunneling (t) eV ~ 10 [Hz] 100 - 1000 [Hz]
Density ~ 1023 [/cm3] ~10%3 [/cm?3]
Interaction Coulomb, long range van der Waals, on-site

other couplings (phonon etc.) well-characterized, tunable

Fermi temperature ~ 10% [K] ~ 100 [nK]
Achieved temperature ~ 10 [puK] < 108T, ~ 10 [nK] © 0.1T;
Generally exist None, or artificially created

Defects, disorders Uniform Harmonically trapped
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v =168 B, nearest-neighbor ?
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(st ! ) HERETH or BEERBFHOFA
o REQHRINBFE—AVIEFDIRFIE
v' Cr, Er, Dy, etc.
o RELGESIIEF - RSB FHEEERANMEND R
v 2IRF 5 F (W% S F)
v Rydberg/&F a .,

—4 1)

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®

(3) Evolve

H. Bernien et al., Nature 551, 579 (2017) e s o B FE R A PR R RE OS]
— I FcAEFEE
EEN) A —FRYRFZEFRAWVE-EFZRERRVIAL—F"
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= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA
=R FHRORERFOERMO M PCEFFATIVADERES A

87Rb (Boson)
> BE—RFRHPDE—[FFDEEEA

W. S. Bakr et al.
Nature 462, 5 (2009)

J. F. Sherson et al., Nature 467, 68 (2010)
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TR FROBE—BFRIDE—[RFOEZEEA
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87Rb (Boson)
> BE—RFRHPDE—[FFDEEEA

W. S. Bakr et al.
Nature 462, 5 (2009)

J. F. Sherson et al., Nature 467, 68 (2010)
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(s ) BOMEERER + DMD OFIA

= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA
=R FHRORERFOERMO M PCEFFATIVADERES A

87Rb (Boson)
> B—RFaieE

. . Y Y

C. Weitenberg et al., Nature 471, 319 (2011)
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(i ) BOMAESER + DMD OFA

= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA

=R FHRORERFOERMO M PCEFFATIVADERES A

87Rb (Boson)

> BRE-Mottiix A & FHHEBOEZRE A
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B~ o

1

a |
CYARCT AR 8y 2 8

M. Greiner, et.al., Nature 415, 39-44 (2002)
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(s ) BOMEERER + DMD OFIA

= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA
=R FHRORERFOERMO M PCEFFATIVADERES A

87Rb (Boson) o= s -

’ _ _ N ~ =2fF3Ialb—

> BiiEh-MottiE A = FFHERFE 0D 32 22 [ &5 8 SavizsnT
ALY —ILZ!

D16Er =-1680nm 6 @
e €
o

4
28
;

sl
T

W. S. Bakr ez al., Science 329, 30 (2010)
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= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA
=K FHDORFOERMDHVPCEFT A TIVADEREEH A

> B—HFRPDE—[RFOEZRESR

40K (Fermion) 5_i (Fermion)

L. W. Cheuk et al. E HaIIer et al. G.J). A.Edgeetal. ; M. P. Parsons et él. A. Omran et al.
PRL 114, 193001 Nature Physics 11, 738 PRA 92, 063406 PRL 114, 213002 PRL 115, 263001
(2015) (2015) (2015) (2015) (2015)
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= F SR TEEE (Quantum Gas Microscope, QGM)

TR FROBE—BFRIDE—[RFOEZEEA
=KW FHPORFOERMOAVPEFFI A TIVADEREEHA

> BE—RFRPOE—[gFDEEE A
174Yb (Boson)

4000

3000

2000 #

1000

llllll

L]
L]
0 ':,
0
0 025 05 075 1
Radius (um)

M. Miranda et al., PRA 91, 063414 (2015) R. Yamamoto et al., New J. Phys., 18, 023016 (2016)
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Digital Micro-mirror Device, DMD DMD

Micromirror Micromirror

I |
! AT !
' $ |
77
7% 4 3 !
. & I
| Z Oé L
| O\{,Q-/)/ @2 kP W\ :
: %o, B ot |
I _____fj _______ — A___ :
: Silicon Substrate :
I |
! “On-state” “Off-state” !
I |
I |
I |

2D array of micro-mirrors
(1024 X 768 mirrors) (from DLP5500 manual, Texas Instruments)
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€  Twin state
Initialization

a = 680 nm
= [Mott

"\.-"ﬁ"v" [VAVAYATYAVAY -‘
LT

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

A
C
\)
e
h
‘\I

\WAVA J_f' /

\-_r: \_r

Mott insulator

7

DMDT
2 X 4Y Ak Q== .
DIRFDH5ZT "

_________________

Superfluid

—>

Nature 528, 77 (2015).

R. Islam et al.,
Many-body > Site-resolved
interference parity readout

@0 Odd M Even

- S -G

AVAVAVAVA A even » Pure
A+Beven »Pure
> A and B product state

- s '

e o )B

@@@@-*“( 5

A odd or even - mixed

\_.r\ AW AW
L Y Y Y,

A+B even = pure

> A and B entangled
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IR ILAVR-TRAOE—®AEIFE  R. Islam et al., Nature 528, 77 (2015).

a = 680 nm [+ Tiwyin ctata MMary by i solved
= [Mott i : eadout
S a F{IG" msmatsr Adiabatic melt (_Superﬂmq\l W Even
x‘ * @ o/; dw \\! - @ -ﬁ;
—— 7 Mixed
15k e o o
ele o) OE
o 1.2F — 0.3 D
>
g. -CD > Pure
£ 08 0.4 = pen >Pure
@ -
E-, JL broduct state
2 0.6 0
- 40.6
t 0.3 0
DMDT g L,
o0 L Less s o 0 o Lisss s o o | P 1PLII"E D
2X4'|j'/f|~ 102 101 100
r even - mixed
DR F D H U,
Superfluid A+B even = pure

> A and B entangled



DMDIZ&A A HRFDEEHR

AHZILIEFOAJ RAEVIEEICH T AEER S —MERUE

\ RNESAEE BHEEERTIAHATILIRFIRERIZE T4V RAIEVIIREE"



| DMDIZ& 2 AHRF DEAEHIQ

AHIZIIILIEFOAJ RAOAEYREIIH T HERBERE Y — ERCE

SAHREFOEFRAL29(QPC) 2
a ' 8_ ——

u Lens

}

Dichroic
mirror

Microscop
objecti

Gate potentia Vg (uK)

S. Krinner et al., Nature 517, 64 (2015). 00 s 1.'9\'\ T

AR DR AN EFIE
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AHIZIIILIEFOAJ RAOAEYREIIH T HERBERE Y — ERCE

EEEEBFRAFVE29H(QPC) R

AFM cantilever + Charged tip

\
. [RFBEANBEMEBEDE 12X F v

RS ETRIE !

[EERS — AR ]

QPC gates

Repulsive tip

B. Burn et al., "
Nat. Comm. /

(2013)
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AHIZIIILIEFOAJ RAOAEYREIIH T HERBERE Y — ERCE

FEEBFRIbaD2I(QPC) R

AFM cantil\ever + Charged tip

B. Burn et al.,
Nat. Comm.
(2013)

AHIRFOEFRAMAVEIM(QPC) R

Microscope
objective

1.0 1.2

1 1 i 1 - ' | 1 L
-6 —4 -2 0 2 4 6
y (um)

S. Hausler, S. N., M. Lebrat, D. Husmann, S. Krinner,
T. Esslinger, and J.-P. Brantut, PRL 119, 030403 (2017)
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EFHR—ILROREVFR—ILEIER etc. D
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15“ . ﬁé;{;&%%;ﬁ_)b?ﬂ% P. M. Paalanen et.al. PRB (1982)
14,000 — T T Y —
2D Electron Gas in a Magnetic Field B woool  SomK : ]

) 11 Hz
10,000

B 8000 -
T < T \
I = Standard for electrical 4000 hol oA

N resistance: - _ Riya = — —
\/\;\/ Ry= h/e? 5o | e* N 7

Does NOT depend on
details of samples!

Pry (Q)

T

= 25812.807557(18) Q S —
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. e BUEFR—ILHREER. D
Gﬁlﬁ% !) ALT—tm RMIEBBHLGMNROCHILEFH
(Chern#) £ D/ \>RFHEHDIE

e A ISHET HEEEEHA
Harper-Hofstadter model Haldane model
( ) ( )
Raman o7
transition rz' b2 \
- &
©

J, o | o | @
b iy i al®
JX
y‘ \/\/\/\zi‘ Periodic
x T fi modulation
. y, . J
M. Aidelsburger et al., G. Jotzu et al., Nature (2014)

PRL (2013), Nat Phys. (2015)
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R . e BUEFR—ILHREER. D
Ci'l\ﬂn.% !> AT —I15 ZMNIEBBRALZNMNROCHILEFE
(Chern#) Z+D/\UFRZEEDIE
ORI F T [CHFKT HIERZEH

Spatial 1D + Synthetic 1D Spatial 1D + Temporal 1D
( io] ™ 4
¢ b (forward cRM pump)
v e (backward cRM pump)
41 5 d
5
; OM-———g-———p-—=-—f-——-T---7 m
15 v, 4}_: E "'-‘_‘? lﬁ Iﬁ III
MR o g2 TR
= 0 Bt %i&? B ‘ }‘
| 4o N
4 oeeme v =1 N
0o j \ l | | | {
-5/2 I L L . . ! ! ! ! 0 1 2 3 4 5
0 005 01 015 02 025 -05 0.0 05 10 15
\_ (x) [sites] Yy, \_ @ (2m) Timet(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) “Quantization of particle transport”

1D periodic potential + Adiabatic & periodic modulation

Vie+L)=V(z) (Periodicity: L )
H(t+T)=H(t) (Pumping Cycle: T)

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

Ok >]
ot

transports electrons as:
: T 27/ L

i Ok Ok

O‘zw;f"/o dt/O A 8k> <8k

Topological Invariant (Chern Number)

< Ok
ot

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

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



Quantum Rice-Mele Charge Pumping

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

-5)/2

Linearly Conjugated Diatomic Polymer

A B
® 00— 0—60 0°0—0

[A:O:SSH model NN N J

Staggered
Su-Schrieffer-Heeger model Potential

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

7

Positions of potential

o “Quantum” versus “Classical”
minimum do NOT move



| Quantum Rice-Mele Charge Pumping

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

¢ 0
H = AZ(— ‘e cH—Z ( 0 | zi) (CICi_Fl—'—h.C.)

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 (A=6=0) is

« enclosed clockwise (n=+1)
« enclosed anti-clockwise (n=-1)
« No winding(n=0)

=02 -01 00 01 02
A by the trace of parameters!
(D. Xiao et.al. Rev. Mod. Phys. (2010))



| Dynamical Optical Super-Lattice Scheme

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

2

VOL

0.0 0.5 1.0 1.5 20 >
x/d 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 #.

V, : lattice constant d/2 V, : lattice 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 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 #.

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



| Dynamical Optical Super-Lattice Scheme

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

15 unit cell
~ MY
J+d
o/ \Un \eo 2 IVWWWW I —
—A
0
2= - JWWW\W =i
M\
=5 VY e
NG ’

- 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

Integrated optical density [a.u.]

o
@ t=0 . *
| & t=10T ‘ 2 Q
: o7 %e
[ i ',2:.
O[eopoctooties | | Totesene
-50 0 50

Position [d]

N
N
An = (x)/d=v
7 ™
Pumped Charge Shift of Center of Charge

(an infinite system)

(a finite system)

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



Observation of the Thouless pumping

2

10+
= | @ Vg=0,V, =40 (Sliding lattice)
= O V=20, V=30 (cCRM pump.)
o 8
"5 B
S 6
0 "
G
£ 4r
‘-Ia -
S L 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 <+ Thouless pump: v = [<z(t)>/d]/t = 0.94(4)
(¢ Chern Number) « CRM pump (t<7T): v = [<z(t)>/d]/t = 0.94(7)



Observation of the Thouless pumping

10fF .
= | @ 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
S . 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
2

10
S | @ Vg=0,V, =40 (Sliding lattice)
= O V=20, V=30 (cCRM pump.)
o 8r
=2t
8 6
7)) "
7))
2 4t
= | tSametopoIogy
5 2 o O
s n €1 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]

Simple sliding lattice pumping (Thouless pump., V<=0, V,=40) and continuous
Rice-Mele pumping (cRM pump., V=20, V,=30) are topologically equivalent!
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e ITRILFXF—RHT—ILHAINELN(~1kHZz)
EBEFIRILY—, FermiaE

| Electons | Coldatoms

Fermi temperature ~ 10% [K] ~ 100 [nK]

Achieved temperature ~ 10 [puK] < 108T¢ ~ 10 [nK] © 0.1T¢

Ult=4

ROBBNTRELLERLT
BEZ+2ICFIFSRLL

(T rOE—Z XA EGEL )

L '.:E d ISC L
0.1 0.2
I-n

W. Hofstetter et al., PRL 89, 220407 (2002)
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“A cold-atom Fermi—Hubbard antiferromagnet”
(A. Mazurenko et al., Nature 545, 462 (2017))

Temperature

=
o
=

Strange metal

| 1
] (e00cceceee
] | 0000000000
Y \eooco00000
Y

b B ——
|
Anticonfining
potential
N l (650-nm
o | light)
Imaging
(671-nm
light) Dichroic
mirror
Sample, 2

Potential
———>
g
Lo}
g

Position

50

Potential

LMD
Lattice

Radial Position

R EF TIXEE !
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T. Tomita, S. N., |. Danshita, Y. Takasu, and Y. Takahashi, Sci. Adv. 3, e1701513 (2017).

I E-Mottit R ATEERIE I T H2(A0 R D FE

(£8)
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YA FAEF
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T. Tomita, S. N., |. Danshita, Y. Takasu, and Y. Takahashi, Sci. Adv. 3, e1701513 (2017).

I E-Mottit R ATEERIE I T H2(A0 R D FE
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T. Tomita, S. N., |. Danshita, Y. Takasu, and Y. Takahashi, Sci. Adv. 3, e1701513 (2017).

A %%;ET (-}gf:%é Lattice ramp-down gﬁt\ﬁ&ﬂ-lzf‘i
20E 16 Eg 12 Eq 10 Eq 8 Er 6 Eq > %iﬁhﬁﬁ%?%;ﬁ-&;\
® é “BR(FIELY
4.6(4) ’ ‘ ‘ ’ ‘
" 2k B AE O A 2 ¥
1.15(5) 'R
ﬁ % 0.266(11) ‘ ’ ‘* " + 6 ° Iogi
R
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* Introduction
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Research field: Cold atom experiment /[\

Neutron
Star

« Unitary Fermi Gas (M.Horikoshi et al., Science, 2010)

_ Halo
 Efimov state (SN et al., PRL, 2010, 2011) \\ Nuclei

Topological \/\/\/\/J

System

« Thouless pumping (SN et al., Nature Physics, 2016);[\

« Scanning Gate Microscope (S.Hausler et al., PRL, 2017) { Meso. n]
System

Open
Quantum
System

« Dissipative quantum dynamics (T.Tomita et al., Sci. Adv., 2017)



FEHESHDES _

Research field: Cold atom experiment "PRA’

Unitary Fermi Gas (M.Horikoshi et al., Science, 2010) Nuclear Physich
Efimov state (SN etal., PRL, 2010, 2011) 2 PR.(_:

Condensed Matter
. (11 7
Thouless pumping (SN et al., Nature Physics, 2016) PRB

Scanning Gate Microscope (S.Hausler et al., PRL, 2017) n

Statistical, N‘onlinear
11 P R E”

Dissipative guantum dynamics (T.Tomita et al., Sci. Adv., 2017)

Next: PRD (Particles, Fields, Gravitation, and Cosmology) !?
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Recent interest: PRD (Particles, Fields, Gravitation, and Cosmology) !?

= JST-SEM T T = F D IR EEHI1E &~ BE1E
AHEFRZAWV-EFHEAAFTIIRVIaL—A

“Black hole” “Quantum circuit”

p)
D @

59 0R—IVATIIERG (BFHFTRANG) j
H#FEﬁ%Eh\t'—U 'lﬁ*ﬁ[i JE( QF)EJ‘T_'“Z-T%) [Hawking radiation looks like

U

random

—

“Fast scrambler” [Sekino et al., 2012] mixed state if we trace out the
invisible region (inside of BH).
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BZDEFHAAEDIEIE
= JERFRSIE 5 8BS B8 2% (Out-of-Time-Ordered correlator, OTOC)

[ C(r) = (w*(r)w(o)w(r)vm))] e o ey

{RER1 C(t)
OTOCHZEILZEIZIFX LR A $H 5. [Maldacena et al. (2016)]

27TkBT

1 7\*Lt

Maldacena-Shenker-Stanford bound: 4; <

RER2
TS5vohR—ILIECOHTRELERN “DEREEEH. 5 \ t
“Black holes are the fastest scrambles in nature.” /é onential deca N
. EBRIERK [Sekino et al. (2012)] xponent y
with Lyapunov
exponent A,
v D599 FR—ILOEFHAREDIEIE in quantum chaotic

\_ systems Y,

v EREZERTIMEBRIITIVIR—ILEEM (?)
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BFZEDEFHAREDIEEZE
= JERFRSIE 5 BB R8 £t (Out-of-Time-Ordered correlator, OTOC)

[ C(r) = (w*(r)vf(o)wmvm))] e i i

v\ w 7y
(Y (0)|® > t YO 77— ?
wOI—5 £ Ol
I —> I —>
0 \ T 0 T
Inversion of sign of Hamiltonian (invert dynamics)

FRIREDNIIVN=T7-HZRERT S
= EGEFIREHEALE
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R EEFRA A4 TIUR 7 IERRIERFFEEIRE 2 (OTOC) M 5 1fh
K FRDAHEFZD/NI)LE=F> (HubbradETJL)

H=-t>clc,+U> n.n,
<Ij> I

EFTRIILY—IE HEEAE
(kor)2%)
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R EEFRA A4 TIUR 7 IERRIERFFEEIRE 2 (OTOC) M 5 1fh
K FRDAHEFZD/NI)LE=F> (HubbradETJL)

T
H=-t> cic;+Up nun,
(ii) i
Floquet i fE l

1.
—1
0.5
H 4% F OO B AR 2 5 Jo) oL\ LN
te te te
ff ff ff K 05 , ,
2 4 B8 10
X
teff = tdo(Ko) YbEFIZRLTIE
. Lignier et al., _ .
K, = K/hw PRL (2007). T ANEH

(unpublished)
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R EEFRA A4 TIUR 7 IERRIERFFEEIRE 2 (OTOC) M 5 1fh
K FRDAHEFZD/NI)LE=F> (HubbradETJL)

H=-t>c'c,+U> n.n,
o i

FeshbachZtng l

o JEHRIEFR (A~100 mG)
* LIFIEFR(A~122G)

SLilE F D5 Feshbach3£ 18
10000 — —
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< )
2 et —
g AT /
g \_//‘
3 5000+
-10000 | | —i " | ! :
500 600 700

[ [
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Magnetic Field [Gauss] Magnetic Field [Gauss]
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R EEFRA A4 TIUR 7 IERRIERFFEEIRE 2 (OTOC) M 5 1fh
K FRDAHEFZD/NI)LE=F> (HubbradETJL)

_ B e X
Hodtpoe U2 (grepaqr3HR

v V Nt -4
“H  —t Y D B R EriR 4F !

R REEEFAA1FTIVR

{=1
WWWW\/ = vvv\-/\-/\-/vv\/ E> VOOV
U/t X, Motttk Ut /N, FBIZRTE YLEX

Weowween sy
\i H#ﬁaﬂﬁﬁrx
BEIRREIZRD ?
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MR EFF A4 FT3I0X 7 IERREIERFERIRE % (OTOC) M 51
OTOCHHIE

WVW\/W\/ = V\/VVWV\/V
9—’-\#{ W)z) & %eimWe_im]

$RAKEE |p) = WHD)VT0)W(1)V(0) [;)
EDITA4TYT4HOTOC(HEFE) IZ/HHY (B. Swingle, et al.(2016))

Ct) o qﬁ/@

HEAERAMNELR (U=0, ATIR 7 R)
_ ot EHEBEMEANSH SR (U#0) T
U#£0 Lyapunovis BIZESEVNH S M ?

ﬁllﬂ‘ll
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LiIx~DYR, EFHEZATFEOEFIAFTIIR
KBFHRDAFMEFZRD/NI/ILE=F> (Bose-HubbradET /L)

B =
\l'<ij> % | \\\ / //,

—H —t —U

vV EFERAREEOHERIGTETLHMEEN.
F—-BhAREND, TIvIR—ILEE
fEHATF?

v — FermiZTIERoNGL, FEREIZIEHOLY
ScramblingM&REI TE 5 A8 2

0  ocp Uit
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