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Study on the quantum simulation of the Hubbard model using trapped ions
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In this study, by using strin?s of trapped ions, we have conducted basic
researches on the quantum simulation of physical models that capture the basic chracteristics of
strongly interacting electron systems in solids and on phonon-based quantum information processing.
We developed an optical system that enabled the excitation of individual ions with high intensities,
and by using it we performed the quantum simulation of the Jaynes-Cummings-Hubbard model with 2-4
calcium ions, observing quantum phase transitions between Mott insulators and superfluids. In
addition, we observed, for the first time, a quantum interference of two phonons (Hong-Ou-Mandel
effect) and a 1-phonon quantum walk in 4 sites.
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Four collective modes of radial phonon

________________

SRE =4

CoM 9 _
High energy Low energy
L6 o1 RSB 1% Four collective modes BSB

Vv ¥

' e o
F12 12 *
= 5 I wcom
e &/ Zos hon
E = 1oL E N[t
Eau £o4 ‘

0 s TS I

Detuning (ki

RSB 16 wc}’ V¥ ¥V gsp

wmy+ v ¥ i | we wes g wcom
%us “AHA
A

;W i\ﬂnwv\,‘/ ‘W oo"-’\«#‘"‘"\" ' ‘.f n W

10 =5
Detunin Detun HJ

A : from neganve t0 positive
Population of C.0.M. mode
is dominant.

En:'-l.

(A1, fic, fics, icom)
= (1)55,0.50,0.69,0.33)

B 3:4 A A JCHBERUZ BT 2 =T
FHHEAS O B

(3) ETHHEEFE DFEM 722 /38T D 7= O D b %k
Sy HGETHR - B VA O RS
BHEGEBOBNIE LT, FiiofiEs
GO T 2—4HDOA F > TOBRNCRLE) LT,
7212 L. ZFOHET, MRIREE & AKIRRE D il
HH P 7RHE (NERIRIEE 7+ /7 URIEDE
FEMRDEOMREE) ERDB I HI T A—H
—DEVEZRATIToT2bDTH-7-, JCH
E”@@ti AT ITNEIRAEE 7 /)
WEEICHBETEXRWRT Y M EES L
éo:@iiﬁﬁ%%ﬁ@;ﬁﬁTétwm
FHEE LT, WERIREE « 7+ / L IRBERI R
HEW) FEEZEATLZEICLY, ImBD
BN LB R AT Sy B & MR % &
T ATEY A MRICHERRER FIE TRV E
BRI 5 2 & 2Rk ATz, TORE, 2
P A MIxt LT, Mk mREN RO &4

R IC B W TN EIMNT 2R 2 BV
MMl CETWA 2 E2MER LT (K 4),

Internal/vibrational-state measurement

at 1% site
w A 10 uw B 10
o8 L m i8¢
163 06 %
06 3 06 3
u 04§ 0
X g H
04 02 JM I . 02
(9] = ] 0 02 | (] I">1U
P
'cz > o= Il Inv: e lo= 0> e
it C 10 u D 10
o8 0 e m 1L
06 % 06
06 n H 06 14 Fl
g H
X 2 H
H‘ 1 | 02 fos | | 1 4]
1 | | = P 02 = e
| it 1 In,: [ s 0>

4 FIMFEHANC X% 2 A4 JCH
T D AR O FEAT

(4) AZ VU brEy MMEGE—B B RS
BB T 7o se

— RIS — FERICIL, R AELE A
EROB D AR OFFREWZ LT, £
v MR AR E RS & SRR 72
BFEZARESENE 2NN TNS,
JCH FAICIX, FFICEAR T THDHARZ Y K
VINZOERBER T ENTHEIN, KX
B L o TG, ZOEmBOKITIED
WSS Z N E CHETH 7208, ARG Z
HAE U 7= fR AT L 20T ;éﬁt& THTE %
AL, 2 A FOBHITEEB ORI 2R
7o T DOFER T7)%/%/F%ﬁ¢Eﬂ
74/ VB EMRER A XA L TRIET 5
Z LT L, fi# T OV A DOBIMEIC DWW TR
FETHZENTER, ZOHEEHNTRT
U N UBiREMROBE, OWVWTIERZ Y Fo
BIHEBOBRMNEZIT) 2 NS H%OHE
Ths,

B)2 7+ /) v OEFTW (R - FT v
TIVEHE) OB

MDA FNCER M T 4 ) Va1 AT
S L, T HE BHRICKHMEE (S v
V7)) SRR EE, Ay VU ITHAEEROR)
ENRLr I EN—TE—LRT Y v H—D
SR L RS L 72D KD 72T, 2 2OV A
DT x 7 CRIRHREREENE e L 58
G (Ry - - <o T R #28HT 5
RIS LI (¥ ), ZilIeE—AaRTY
v A =D 2 OO )R — DN TR T
NEEEFSTHAEINDZ EICHIELTE
V. R=2ARFRADOBLETH L, ZORR
I% Nature FEIZFM3CIEFR L7 [Toyoda et al.,
Nature 527, 74 (2015)],



©)
©>

o
o

o
=

Phonon coincidence
o
s

o
N

— . . J
0 100 200 300 400 500
Pause duration (ps)

X5:274 /) FW (K4 -
~ U TIVEIR) OB

(6) 7+ /R DFES EBR

THx ) U RO =l — g VIZET
DEBRLELTC, V=T F Iy TOE—~(F
DOENE 2 HEOfE S &5 E i 2 KR AT
ST 8T TEMIZEIINT 5 BT & kY
B SRS Z LT, x FHOEHE— FIC
Yl L7272 7 4 ) WIS y o
RENE— NIZBET 52 LTk Lz,
FI4 2 8EEDOZ{LEEIC LT, E—F
MOEBRIT, HAMNIZIZT v F Y - Y=
F—o ARz Iltﬁwofmﬁbﬁé R
#éné EBR T, WW?% BT & E
(CEAL ST DHREZE 2 T-5E10, BBHER
ﬁ%@@&ﬁ%ﬁ#éiéﬁ%é%w%ﬁ
W52 LR L,

(1) 7 & A@ESy kg D 5281

TH o ERANWERY ERGR SO

FIFHAH T 1 TIE, T 275
SRR RIS T 2 7 % J VS R A
EHRTLZENEETHD, LT,
1%4%@?A 8O%FE L D 5 3 THE Sy iRt
MHZ1TH Z LIS Lz, £/ 294 hIC
BILCix, ¥4 MEOMEEZRHETZZ L1
R L. BEFOFEE RS IERESED Z &
B L7z,

8) 174/ D 4% A MNIBITFIETFUH
— 7

A DA F L INEIRDAZT L EHN DT I
MOV A NMIEERT7 4/ v 1 AEAER L, £
NWSBERET A FRIAR v B 7 k0 sl 4
KiZhiz o> Tl L TW S 28111 5
Zliz, IO TERE L (X 6),

5. FERFERmILHF

(WFFEARES . WHIE 4 e O SEE 12

=)
GEEamsa) Gt 3 1)

(1) Miho Fujieda, Tetsuya Ido, Hidekazu
Hachisu, Tadahiro Gotoh, Hiroshi
Takiguchi, Kazuhiro Hayasaka, Kenji
Toyoda, Kenji Yonegaki, Utako Tanaka,
and Shinji Urabe, "Frequency

Measurement System of Optical Clocks

AF>

(%

&S
1
HiE> |2
Sal—
a3y 3
4
1
g 2
#wR 3
4
0 Time (ps)
K6:1 7+ /D4YA MBI
BT+ — 7 OB
Without a Flywheel Oscillator” IEEE
Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control
63/12, 2231 — 2236 (2016)
Kenji Toyoda, Ryoto Hiji, Atsushi
Noguchi, and Shinji Urabe,
“Hong—Ou-Mandel interference of two
phonons in trapped ions”, Nature 527

74-77 (05 November 2015)
Atsushi Noguchi, Yutaka Shikano, Kenji
Toyoda, and Shinji Urabe,
”Aharonov—-Bohm effect in the tunneling
of a quantum rotor in a linear trap”
Nat. Commun., 5, 3868 (2014)

(7576),

) GH1710)

(EIBRF 2 AT Al )

(1)

K. Toyoda, “Quantum simulation with an
array of Jaynes—Cummings systems using
trapped ions”, The 1st Asia-Pacific
Workshop on Trapped Quantum Systems
(APTQS2017), December 8-10, 2017, (Sun
Yat—-sen University, Zhuhai campus

Zhuhai, China; 2017.12.9)

K. Toyoda and S. Urabe, “Quantum
information processing and quantum
simulation based on phonons in trapped
ions” ECTI 2016 -  European
Conference on Trapped Ions, August 29
- September 2, 2016 (Waldhotel
National Arosa, Switzerland;
2016. 8. 31)

Kenji Toyoda,
Urabe,

Atsushi Noguchi, Shinji
Jaynes—Cummings—Hubbard
model and bosonic—particle system
using trapped ions” , Satellite
Meeting of AQIS’ 15 - 15th Asian Quantum
Information Science Conference (KIAS,
Seoul, Korea; 2015.8.29)

K. Toyoda, A. Noguchi and S.
Urabe, “Quantum Simulation of the
Jaynes—Cummings—Hubbard Model Using
Trapped ITons”, TCP 2014 — The sixth



international conference on Trapped
Charged Particles and Fundamental
Physics (Kagawa
Conference Hall,
Tower; 2014.12.5)

International

Takamatsu Symbol

(E R 2 TH)

(1)

(2)

(3)

“Phonon—number-resolving detection of
multiple radial phonon modes with
trapped ions”, Yuichi Maruhashi,
Fukukai Ryu, Kenji Toyoda, The 24th
Congress of the International
Commission for Optics, Keio Plaza
Hotel, Tokyo (21-25 August 2017);
(August 23, 2017) (FE%FR)

Fukukai Ryu, Yuichi Maruhashi, Kenji
Toyoda, “Quantum simulation of the
Jaynes—Cummings—Hubbard model with
four trapped ions”, International
Conference on Laser Spectroscopy,
Palais des Congres, Arcachon, France
(July 2 -8, 2017); July 3-4, 2017 (&
A A —FEFK)

Yuichi Maruhashi, Fukukai Ryu, Kenji
Toyoda, “Phonon—number-resolving
detection of radial vibrational modes
in  trapped ions”, International
Conference on Laser Spectroscopy,
Palais des Congres, Arcachon, France
(July 2 =8, 2017); July 3-4, 2017 (&
AR —FEFK)

(ENF= )

(1)

BEE . A GRS T D
W EAE LA~ DIER TSRS &
T L7 br=7 RS TERIEDK
ARl (20174212 H 14 B (K) ~12 A

16 B (1)) GEj#HH:2017.12.16)
(EINF25%0H)
(1) BEAEM, AR, rmlag, S EEE

(2)

(3)

(4)

BHA L AW/ 74 ) DR
VT EAF I A, B AR
S T3 EFERRE (2018 4F)  (RURELR
RKFHHX ¥ /NR) EHEF
23pK101-5

EHsE, BT, ek, B
A 7 N % H A 7=
Jaynes—Cummings—Hubbard Rz BT 5
K7V N BB OFN, B ARG Y2
2017 K FERE CHFRF EH Yy /X R)
RS 22pA10-12

mEAA A2 HWE 4 A4 K
Jaynes—Cummings—Hubbard A% o &+
Ralb—vay, BEE WEn—, 2
HEE ", AARMETSE 72 FFERKS
(2017 ) (KRR RZFZE R X ¥ 2/ R) G
[H#& 5 : 20aH31-5

A F v 2 O ERIRIRET— Fo 7
*+ ) UG AU —, B,

(5)

(6)

(7)

(8)

(1X5)

(1)

B HEE T AR 12 [EFER RS
(2017 ) (KIKKRFE X v/ R) &
TS 1 20aH31-6

B 77 EA2AXE —4H%HWE
Jaynes—Cummings—Hubbard & /L @ &FT
BB, M E OB, IR R, B
SER T HARMELRAE 71 [EAERK
22016 4F) (HALERER)  FEBEE R -
22pBK-5

A F OB EFREOE— FRIES O
FBL UNEE I, Pk R, BHE T,
HEE T BB 2015 ERAER
2 (BAWEKRZETHILX v 3 R) HEHE
. 19aBA-11

R AKFA =P =N ARE R 7 &®
PRBE R B RO E . T i, R
ERE, %EE LUK, WD M, BRI fn
5L, BLm O, CK4E BYA, AT R
HES T HAMEEEAE 70 AR K
2 (2015 ) (RFEHK) MEES
24pAG-1

ek WAL AR RN F M XD
"<40>Ca”+ A * N )
45728 <1/2>-3d"2D_<5/2>E R JE I ¥k D
HE, KH iR, BW fE—, mfh &
HER O T, BEEE SERE, ROK Foak, JF
o, BHARMEEFAEE 70 [BERKS
(2015 4F) (RFGHK) FHEEZE 5 : 24pAG-2
X =~ v F 7 7 v X X B
Jaynes—Cummings—Hubbard A% &+
Ralb—varDgt A Me i EA,
teis A, BO OEE, Bm o, 5
O T, AARMERFAEE 70 [ER RS
(2015 4) (RAGHK) GEBEE 5 : 24pAG-3

GF 1)
Shinji Urabe , Kenji Toyoda, Atsushi

Noguchi, “Quantum Simulation with
Trapped Tons—Experimental
Realization of the

Jaynes—Cummings—Hubbard Model-=" in
Lecture Notes in Physics, Volume 911,
pp 325-340 (2016), “Principles and

Methods of  Quantum Information
Technologies” , Editors: Yoshihisa
Yamamoto, Kouichi Semba., (Springer

Japan, Tokyo, 2016)

([ 0]
N A
http://www. qe. ee. es. osaka-u. ac. jp/

6.

WFFERLR

(1) WFFEAREE

BmofE

(TOYODA, Kenji)

KK« JLfs TR e R - Bh#
g =:20314403



