obobobOoDbesd O10 (2013)

AUAUAYAUAYAVAUAYAUAYAYAUANANAY Oi : SESNDRSEH

el [ MRODAHIVEEENY -] p.19

75720 LOBTFOREMEFTO—NFIRIVF—ZART M, #HiZ R IVF— (hlBEoz il
F—), BT D AR T O B AR B R (MREF2HALITER). ITRAA SUVHHRINE FER
EV7EMAT, AXRT MVISERIESHR &R - 7288 %R Uiz, [Hofstadter Dt | D& THISN B LI
757 INVHER, YR VF-LTOZENY ROF +— 0 (AXEBR) 22 TRELED L TH— Izl
EEZHBEMICFMT2BICHEEE 209, COXIBEE, AUTEBT 2 IEFHA Y — B0 A MR
J1% 54T 5.

JU JT JT. JU T JT JT T
[ G g S G S S G S, W S
Haldane 18

0 0 0 0 0 0 0 O

il
sanam

SEERTR—INVREE, BFHEMCZ VY 0 7NV UEWEMREFMMA T2 T R o oA VEFE] 1, 56k
DOHF N ENBRFHO S FETRIRASNMA VDO ERANE L. BFAE VRO MRo YA VR
ZEV—EIHAR Y N (VB) ORFIOIERMH &2 55, ZOBANCIIRITERY —fHERGH &5 5 (GE4
BAXZMR). HIZEXE V8D Haldane #H & large DAHIZE L 5 b R EVHIBICZ XV F—F v v TH3db 5
B, bR VANVKRFEERFOWERER Y FOXRY —f(fidz GRE) &0, ErNRo VAV EORERE
o (B &5, OB MRu OANKEO MAHRAL] 13 2 KRT VB &S (VBS) B Lo Rz b@EAT
£ 5, BEXNY (AT ICEFT 3 DI RIESFRENSARENTH 3.

Large D 18

<

)ymAWﬁ@MEﬁﬁ

Oz : SASDREH,S


hatsugai
ノート注釈
hatsugai : Unmarked

hatsugai
テキストボックス
日本物理学会誌第68巻 第1号 (2013)


O0oobobooest O10 (2013)

FROY AIVERE ENU — i
# J % 5l

R

il

R KR ZEGEEPRIEREVIZERE 305-8571 D (IETHER LR 1-1-1  e-mail: hatsugai.yasuhiro.ge@u.tsukuba.ac.jp)

IHFEZ  OERZED TV A BEFIREIH L1, BEFIRICE DT XTORFECEAEL, SHEOBNZ b2 WE
HTHD., BFF—NVIIRICBT 52 0TETR, BERAYVE RO YA ViEREDz € OMEGITHY), 20%<

BN T BRTOFERICERO ANV F -2 B E L, B VF— IR ZEETF 2%, —AT,
TIRRDBEFRCAMIBELE I v VIREE & X I13N 5 FTEIRREDS R 2> D SR Bl
C OMERRII NIV -y UHfIS & LidN, EFREHORN T IZB T 5 2 0B EDIL

HEEZME 2 KBy 5.

Nl (N pY |
DLy VIRREDNV 7 DIE

(BBENho2H B, Ti:, NV RRTOEMGEHNL, BT TBHRTHLNY —EHEACTT v— V5, BT
bxY) =% [ M ROV H VETRFEE] 228 TS, TASEREICTAVE—F v v T2 HOROMARE
BERY, HSECBCTENTSHS. INHIZHT 2RA ORI L TER R E AT

1. EFREBE ROV HIVEKRF

B O % KB UBEfRT 5 2 &3 o B 72
BETHY, ZOEF] OM2IEECTH 5. Mk
Ofl% EE, TOBETIREES X2 VEIZETo
FFDSKERZ: SRS B 525, BERIRELFCIES X0
BB PER S WVRREO AP EEN S, 20X

I, ROVERERIORFOXNIME & KIRAHD R % WS,

ERICRFRE DI T WV B L v\, ZORENE 2B
AR B LEZDDTH .

Z @ Ginzburg-Landau LR D & <16 M- HOEGR T
RCOYEMEPHERETEILELETH o 7205, 1980 1K
LIRS 722 2 D DI SR N7z, — D2kt 2
RITBFRICBIGZ AN L 2B, R — VBN Hh %
BALCHD TEVHE TRFET 2B&FF— VY T
D, b9 —OMKETHHMKRRFIFEE L 22\ 2 & 2R
EL, BEAC SR LEHNE 1 RITKRREMEATHE
B % Haldane HHTH 5. >Y HISHFMEOBN % DT,
FNTVTEZ L OWFEE L5 &2 2 BREWYEHETS
5. FOBORHE L L TEICERO = 4 )L F — 5 EE
THY, RERETIE, TXTOMHBEBEED DB
L CIBBEEMICEET 5. LoT, FoOEEREZET
BRI & 0 U R T TR L 72 & A 2 R
o2 WHETH ) BFREME T IR ViR E Jidh
5. FLWETRNZYENE (BFH) 0B85 TH 5.

ZOBTHR—IVARICIZEBE, DEET - VEZ CREE
i oL AEBERLZLORDH L. TS OMIZLETH)
RICIZERO T ANV F =R ETH Y, FhHtdREEZ flib 3
UK FII N BB R 2 Fb, 67z VIETHR—
XFEITH R WAEHENED F, MO TZF YT (v
HHTH A, ZODEERPRET/ ST A — 7 13{f 4% O
FVELRBEREY, EIRLERORLLIMERLTO
MHEYTHA ) LEIELBLICE- 1275, BFEEED W
DEDS, EEBICED GEFOMMEOHIIF 2 %
W, BT, EILEDDTHAEHI 0

COMVICEZ DI LA LT, BTREMEDDS S
— DDA T H % Haldane fHOFEH # IR VIR A 9. #H

B bARO I H VR &N — R

(
(

D RFTRFARNC X B ORI L AUTROSEFOIFRE D
b L TARETHIUE, HEIREEDSZ O FRE 2 BFHA
WCHED & &, BE-T— VALY (NG) KV ELTD
Fry TV AOEIEET S, ZONINV =T VIFHE
BEAFRRIE IR T 2 T XTo [ 1] #FHicE€ET 2
WHEDL ST, REHT L ROBEIREIIEEDIRED T A
BHE—D 72T R BATEET S (K1(a), (b). Ikt
PO BRI TH 5. T 2 THEEHFEDEED & x5t
o oG mILERICER TE 5 L ICHEL, BR
FNSBE BRI OB 0 F5 T & ZE R Lo
LS R2 28T, HELREAL LS. ZoNELORE
HINWEL 2D, Thbb, ©o< ) LEEEREOEE %
EZDENILOFEINL S5 TH/NEL 2505, Fidz
INVF—FWL L THNSLTEREHFTES (K1),
(d)). Z L2 Lieb-Schultz-Mattis i @ NG & — FIZ X9
2¥x v SLADHETSHS.>9 ZOFHRITEENICIE
A VIS L, 1 LD EEROERELH Y, 1980
FERICIE, A VZEETERIEHRZEFA Y Y RTIHET
INF—ZEFY Y TV ADE— FPEH LD EETH S
EEZ LN Tz

L Z AN Haldane IZF B FA Y v DR E X% QLA
TH L) BROGEIE, <RI EZ ) NGE— Fid
FEETHRBICE vy 7hH b2 2 FELL Y h
32w 5 Haldane Conjecture TH 5. ZHUIEH IZHEH
IR AN N ad o078 THBEH, 2L O,
CHUERTRORRE, S 5ICHENTH 572D 13 AKLT R
L Xi3h B M 7% Haldane Hl O ATRAEEL Y DR RIZ L D
SHTIEZOEEENILLBLLNEICE>TWE, &T
A= VHOFR LESHT L VB FRAHORR TH 2. %

AT AV AT AT (© b /A | f Ao}

OVeapa s a #1475 @ VP A S oz ) 4

X1 EESEFEOMN & E 2 SN DRI, (a) AFREO B IR
eo—fil. (b) BlRAICHERMEDBN /- HEIRE. (o) FERIEICY 5 <
D& LSRRI 2 N 2 A L IREE. (d) dodwol e L
7oL Z A L 7IREE.

19


hatsugai
テキストボックス
日本物理学会誌第68巻 第1号 (2013)


B, WMEAKICBT 2B FREFHIEAE CliEEE Jidhs

RO BRI BE 3 5 B PR 7 iEm 12 13D L AR ON
BHHDTH5.Y bbHHA, IO Haldane Conjecture 133K
MEDTEALIZHE D) NG RV Y DIFEDHmE M S FIET 5
bOTIERWV., Fv v T LADNG RV v OFEIFRE
DN DIFEZIE L CEPNFER TH o 72005 F 0%t
BThH5[Fx v 7PhHTEFNHEREA TV 2]
EDOFEEDIELW. —5T, Z? Haldane tHOTEE % Hl -
7o L THEZ B ERTROFEIRIED A 70 5 HFFRE 2
QS RVWEE, FAEOX Y v 755 EWETEZ L
EHIRTH 5. LorL, Fv v 7L AOBTFHRIKDIEIEEH
HWIZREETET, Fvv L 2A0BFHkEERST 5
PEERSEER D2 < DA PURZENFIA T & 5. ¥

LIk, 2 THMNLETHR—IVHEE X U Haldane $H 12

WHITBEAYHEMHEOEFRHTH Y, Zn b0z iR

& L T2 < OmTimiy 72 WEMH AT 2 5 OB
WCHth SN, ZOFEFERSINTE. BE-SBET
A—)VHH, AKLT#RZRE S5 v W 5 Valence Bond

Solid (VBS) IKHE, & 1 ~— R STk, Kitaev B,
Levin-Wen f B E QR EIREN Z DHITH 5. ZDOBEET,

MRT T HIVIE, SEER, 28HE, BRTmoT /<
V% PIERTIEH E )b 2 E O WEERAE A
SNWIEHOMREO 72DV SNTEZ. b5
FHB L OEEOFEL VARICIEZ 2 TR H A BRI
WA, BTWRIAR/AE CRIAOWIZE % @ L T
DB LT oL b o TELZLERKLITLS
AITIENTH 5B,

¥ 7, SEEEEOBTAY vA— VIR, A Y UHEH
EERNCGEER T 205 7% L THET LB FHR—VHTH %
7, Ihb BT OMREITH 5. 52 EH O
e —RZb S RWitigAHIZ BT, KB FOEICTHE
FRI SN2 REIREEDS R ICZE L TRIET A2 L% D
2T (KFED) bRV VAL XiThs 072, 1012
SR ETHRAOHRIC B W T THENTH S, —H
L7ce 25, BEOHMGALZEDL LRV, DFYN)L7IC
BB A% &9 RN MErRICb hnwa e, &
NI N 2R & L W & L T oBFikik
DIRRKDKTH 5. BIIEEREDOIFEI - TR AV
F—DREIRENEHN L 2 &, ZIUIER $ 7213 6
DIFEDS, WV I IFE L e o 7R ROV F— it %

T AL EWKT A, Wi, INL0EE, Thabb,

NVTEF Yy THHY, WHEOBI % HEbRVWRIZE
VT, SHELRFION L T % JRAERIEASBE S CAE S 5 2
Ex Lo TR YA NWVIIEAHEZ B TREHOEZEE

LDTHLH. ZOMSEFEE [NV 7 -2y Uxfin] & & &

HABIAEN T 2V RS E Y v T L AOBTHHADBG&HITH 5.

ZHUE, 7 NVIMEO RO I ANREEE R RS TS, 2L, ¥
v 7L ADRFIEEORES L, AR I g & v F—
AROBTFEAHOEE L) ARETHL LEZ NS,

20

SO [Ny -y UNs] REERICIZE TR — VOB
JOBRETRREENEIIL b0 TH B4, 2 FENZ
OWMFEDFER, L IEL BRLBTFRAHEICBVLTLEE
MO AHRETH L DAL E 2 o72bDTH S,
Rz L, BFR—VHZDEL LD £+ 54
X G Wenll k2 M ROV HVEFEORRICHS. Y &
WO OB RATHE S Kb+ 288 % fod ¥
57O RGO V525, EFR— ViR o0&
T TR AV F — A TFER T RE S KIZEE
ThH\W., 22T, WHRPEATWEZRO PRO Y IV
FIRIRET 2 LWEEE P ROV A VBFEE W) 53
TI A, BANIZIZRT R — VO REIREE DO FHBEEAS
RO MRODANEBIRCHKET 22 LICERL, Z03E
HAZAHE (M Ra D h Vi) offfEr b o T hRa Y
HNVRFOEHZE LIz, DBETHR—VROREIREL S
v T UENL O R 1/g DA 2 Kot AN R T,
Thbb b= R LT gEICHET 57%, BRE LTItk
BLZW., I P ET Y VEEBBOMBIGTHL. D
HEX Do T, HEEFF—VHIZIEAREZ rRa T h
MEEREOLER2OTH L. FEEOBRTRIAH O
BWTC MRV ANVl LIE—20FEELRF—T7—F
THHN, BifERNTHZ CwzIE, BRo MRavy
WVERE L 3TN DMNET BHEE L 72 EBIEETH L DT
37 CRPEFBR EOREZEOZE VR £ 9. ™ Wen lZ
LI TIREEZ RERS AR TS 0 [ %788 — V75 b
ROV HNVRFETHLEDI ETHHH, ZITiELID
LRI bR T Y H )L 7 &% i o TREEAS I & 1 2 YrEAd
M ART VA VERFEHE XI1E) . LUREHHT 5 A OUEE
DFRAE T DVDITIEARARHD bR T D7 VERFE % &
#b)DLbhed, FLTEANCHERL L) T
LHL5DTH 5,

2. NY—GICLD b RO HIVEHBRFEEE
2.1 FRPIOEEHD S hROT IV EHRBETEA

BRI RFR— VTS Y, ZOFbEAR
IR TR VHTH 5. 2B TRIC—RERUS %
Hiind % &, RO—RTFIRANVF-HEMIT LSRN S
Y OMENLE LN B FRRO 7V & BEEL 0 IRRER
(5 v FofiR) 220k hb. koT, BHFEZRD
TV IMNRT Ty THICH S L &, ZONE
KIEEROZANF =P ETH L. £T, LETROK
— AR g, |23 % Niu-Thouless-Wu i D LL T D)
LEERZ IE LT, 1618

eZ

1
0y =7-C, C—EE¢;F3 F=d4, 4=(G|dG)

ZITLRTTRD x, y ENTNOA A ERE $72CL &,
e b L e OB HINE N o [0 72 SR

2 HELAMBEE L TIZZ ORFLAE L V.

FIARYESEEEE  Vol. 68, No. 1, 2013



¢ <\
(0,27) _ (27, 2m) ) )
3 A

(0,0) (2m0)| @"

K2 220CD 0 BIREMIEFRT 2757 2 — & 220 17,

EELIGEDONINVN=T Y% H(P), ¢= (4 ¢) LEV
T, T A= gIlk{ET 22 h %O E A RN E
H(p)IG(9)) =E@)IG(p)) & 2, ZDEJEIREE D ;TR
Brlc(g) L L7z, UTFEHHTH LI, Z0ERKE gy
BRROVHINAERTHIF Yy —VHCTETAZ L%
BT 5. RPBIAG) =10,6)dg" 1TV BRS¢ 2L
EZIGEOREIREOHNELTH Y (6,=0/08,, u=
x,y TH% & 5), 4=(GldG) 1IN —#fi L Jidnz. *
B—EMHO L TEo740R) 23 ) —EMO LT
F=d4 QER) &L, Zhx 0 ) EREM2IEET 58
SA—FEMTHE2RT I —F AT LT LAEDD
NCTHbH. VRYEEFREME LTE, ¢“=0, 2z % F—H#
THDT (45 ¢") BT 52 20TOmBED IR 2D X9 12
BROLZV2XT = AT LORREELZONE. N
7 MR OFHETA=(GIVG) £+, Fxv— v H
FEUTOLHICbEIT 5.

1 X314y
C= Dy ITZ dg*dg” (rot A).

=2Lm~ffz dg*dg* ((8,G0,6) — (8,G1a,G))

RETCHIAT B & 912, N =84 3AEMICEBRES
HIIBIFARY MVEF Uy VERIUEERZES. 7y
— VIR NVVETF Y Y VO, Thbb, WEE
FAHIE E TR L72b 00T, 714 F v 7 BiiosT
kD E#H & AEOHERDVTET, F v — Y CITBEEI
BT 2.0 wEegciE, EERED S OFEF v v
THHICERTHIUE, RICEHMboThF ¥ — v
FEE S, BEEOWEBALRE 55, ERTBHIS L
ToWD TEWIEEO R — VEEEOETFbE, PRI h
NARZEBOMBARERIZIFT 2D TH 5.1 BHET
A= VHIZBETRAHEOMBIGITH 1), Vi BFRED
Wb EDLS, FEicF v v 725 oMHTH 2725, Z0F
Y—UHEW) PEROTANGERT) TLLEMMTONRS
DTH5D. MBHTEZOBRTH ST v — VHDS, Eix
R— VARG &) ZAERRTL LIE LTSS 2R
FEDHDTH 7072,

» TOAF FRIMDITEROTLETH L, HLTHNTHILET
BN E o THRICEDS 5. 2 LmEoonitEo b
DT HDTAFd’ = —dp’dg” & KA TH 5 Z & ICIFHERT 5.

A B (v

&
2
2l

MRS NRT YA VETF LN —

CORNMOERE 5F 2T, BEEMIS, —fROBTK
AAH, 2 ¥ IR LT — 3 2 (R A s L T,
FNREPANVBRREEBERRL L9 L) ons, BLD
BREROESETH 2.2 2771, s—VEEEOH|ITII,
ORYBERGEMENRTA—F L LT — 2 E&R L
P, —D b ARa VAN RHFEABORBEKICE L T, T
BONERISS A =5 LT B HE, AR OBTFIEREMIIS T
A HRE L 2 T U e S v, @EOHEOHEERICB W T,
I BREA L T200I L Tid, —ERIRITahY
2 DERPARENIEECTCHLDOERILTHE. 201
T, —EROBRIISMOEMMETHE SN DI TH S
B, BAON) —HEEICE D b ROV IV ERFEEHD
BORBNCEIL Tid, REDETZDOW L D9 %k 5.
22 NU—ERETS-JEE

BYFoBREC IS, HRN BTV —
FMEETOREL, KEIG ToBRMEIX (0)s=
GlOIG) LB, L<HIBRTWA X2, ZOEHMEL,
REED MM IXEBEFRTH Y, REZ |G, =IG)g, g=¢"
W@%ﬁ)tkof%<OMF«mGt$§T55.L#L,
BT, HHMFGRTIIEZ AT LD o2 DDIREE
&), |6 loRTFTFHE2ETEL ) ED (GIG) bEEL
VR TH L. HliE, G787 - K—2%RT
X, COMOTWIRFPEZFN SN EENTVS,. &
B, TOELRVEMNI (GG =(GIGH®™?, (g'=¢") D
LI IIREDAIMIC D & bICIEIET 5. BIRRE S iz IRRE
IG) &, #hzDLEBLERELDTHNRELXTE
% ) (GIG+6G) =1+(GléG) LFEIFHDT, N —
A= (GldG) L 3B FTWERHATL2bDTHL L
B, BRTE LS. koT, NY—BHHE, BFTFHEL
DT, WEIEOMHERICEEKE L, EEE» S,
BURIIIZ, ROE LMy enn™

A4,=(G,ldG,) =g 'Ag+g ' dg=A+ido

ADZ OEHANIERS BT 275 —VFMESCHED
BaoT Zhdyr—VEHREIENE —H 9=
(*0loxoy) (dgtdg” +dg’dg™) =0, N7 N IVRFTDORLETIE
rot VO=0TH 2 Z L ICERTNIF=FT»Y), Fyv—~
BICEL Tk G=Cctid. 2FF¥—rBizr—oF
LTHhHb.

2T, EEEMEHG =EIG) ZBFREDT, EAN
7 MG OhifHlE, < OEETH B I LITERLW
MR ZON) —BHRROERD-DOITIL, /5T X — ¥ 25
THOOLPICKBBEROMHE ERT LI L, T4bb,
Dby — VEESRETH B, D g~
2, COROLDRT - VEEERGTREEIEEL
INHF v — U8, N —{iiR EOEEREL FRE T A
VR BRORRE 5. "

F72, —MICITEERAEL G O RAEIIME— LIRS
IRT A= ¢ LSS, R MA) O F )V F

21



—EMDBENEoTWBILdHL. Hlzid F—52
L EEERY=1/g D Laughlin IREE (DEEFH— V) 108
WTid, FROYHVEHRICEET S M=g AP BE A
. TDLE, HAEROIINF-UEMONY) —EIL, B
B L DRMNRERTREL ), BLOZ RV F—HE
LD F ¥ — V¥id well-defined T\, 72721, MED T %
WE—¥ENEFLOTEZLLE, MEOCHEMD LIz X
WE—=Fxr v THEETIUE, METLH-ZEHELT
DON) —FREBEZDZEFEMTHY), TLOTHERL

72N) — BRI ST A F v — VUL, well-defined & 72 5.

BRIICIE, MEZ L D7RER = (G, -, IGw) &
BT, TRl LToNY —#k GERT#a~) —#k) %

[(GlldGO (Gy1dGyy)
A= l/Ile/I = : :

(GMidGl> <GM|;1GM>

LEETH. 250 MEDSEEZREZRET S UM
DTy =Ty =yg, gEUM) ICBAL TA X 1RO DBE

ERUC (EHFEICED) 4y=97"4g+g 'dg L BT 5.

X oT, S — DHERO—IR/IE > TF=da+ 42 &
EBITNE, FOEWANIF,=g ' FgLhnbZ L, B
HE,ObRE. T E512, Fr— vk Cc=(124) [Tt F
EFTNE, T —VFRETH D, well-defined & & 72
b5, TOLEDF—MCZEEZ, FROYHIVESBIZED
BISILE T UM=1/g x ZRBIZ\VWN T o, = (¢¥h) (Clq) & 7%
5, INDPDBEFR-NVRDOF— VIEEEIZET 5 Niu-
Thouless-Wu AR T 5. ¢

PLE, FERTHENY —$EEE L U C ORI — VB % B
KEGAFEOSEEEE, SEA L2, JEm#r—Vig%
EZHI LI, b)—2OKELREREN DS, F57
LV DBFFR-IVHRIIBVWTIR, BIAIVEF—DF1 T
v I DB BEROT v IEEMNEEZ ZITNIERS
¥, g cEE L T 2L ISP E ORICH
WT, d—VEEEL2ERTLDI121E, 7o)V I
TS TERDT v T ENDPFET A B R/DRT
TR 6R. $h, FUYFARIIBITAEESECHLH
PIRDERICE, BT v & oW+ REICERT S
TEMFREEL5.9 0k, T VIEMUTICS
BoO—HFTANF—¥EMNTH 5154, LRROIEAHy —
VHERVAERIIBO TENE 2 5. BRETF -V
BEHNMTF»O 2 2Z5BTFRTHL, D, LEFROEE
KEBIE, 7 =V SEERILITO—RFIREE (5 > & #EfD)
7z VIRMEITHEDLILTHERESND. Z0k &,
ZEFRONY) = A1, 72V IR To—hFIR
BELTELO—RNTFEERHy= (1), -, M) 2V

M IORBRRIHIELZ VMO X O L 2B L TIHEEN, Rey=
Imp=025EE 2 (RRTH2). LoT, BEAL 2KTH/IT
A= FEETIRE, 3RTD/NF A — ¥ EETIRER (F1 v 2 -
AMYTT) B, FOLD, 2RFTEDING X — 5B ETIR1IR
TS TR E AN — ik, KSRy — Vo hHETRETH S
P, 2RFTEWAPRBELF v — 8L, —RICIE KB ¥ — VTR
HETE Teuny, 18.19.21,249)

22

TA=Tra, a=yldy &% 5. XoT, BBFRODF ¥ —>
Bixc=(12x) [ Tra b 2 B4, Thid7 =)V IHERT
D—RFREXBET S 2=5 ) Ef (F—VFH) ot
LTRETH Y, —RFIREDEMTZICEL T, A
BYER 2w, 3612, —RTFREj LX) 8kt
Za=(ld) £ LT, —KFHREDOF v — # %=
(1270) [day L BFIX, C=X,G L% 3 (7 =V IRMMUT
D—RFIREBICEAL TH% & 5). BREFRA—VHEOF
Y= UHUZ 7 2V IR T O—HFIREDF ¥ — VD
BHITEZONEDTHE. IR F—IVGEED PR
TVHNEEKREZIZ LD THS 2 L2 EB R TKNN 2
R LBNBEARNKTH S, F7-, EA#a~N) —8
BICEBERP ST, Fv— VEICET AEMAIL B
%5, BEIL, BENLF v — Y BOBESER1TIERIC
i, BF7 - VHRTHRE SN AMETEROHEEZH
WBIZEN, REMICEETHAZLIER/LTHE
;)_31)
23 WHESRETIEFL

NY) —BEFIZL5F v — VBUIRIRICY v v T E X1
TNERTERE L VBT ERE R B, 7272 L/8T X —
FEII2RITTH A EHVRETHY, HELTEn T
Y—UBEELTH, T A - ZERRLTEETTS
5. Tid, BRLBELZ1XTO (&0 ELIFEFERD) /85
A—F DS M ROV H VERBREERII N VDT
530? bbHA, TOBRMIIRDLERNLNY —HHE

W=LA
TH5. 0 FLERON) —(HEL, BRHMISES LV
MRO Y I N EREEOBRRTIIEETH S92 22
TLENT A= ORI TH L. LUT, ToN)—
Mty 2 KBNS —VEED T CEHETL I L LTS
(HE41C3ER). BT THBWRTH 5 4 1LREOMHEICE
BEKBFETH0T, Y—VKERTHY, F—IVEBOTT
DERAN iy =iy +i[do L 2 Y, XY —fI4E S [do 75T,
PV TET D, LELIOTr—JKRERDIE, &
— Y OKEED SMHHERTF g=e? 5585 2 — ¥ ZZRIT—1H
LEZLNDBDT, [d0id, HiZ200BEELE 5. Th
AN =12 & 2 EGRRE ORI TR A MHEE L 0 —
BUHLIBENTHS. 2F ), N (Y —VKE
THLER 2n DBBEOTER L BRI NIHEET AT
HB. ThEky=y (mod2r) LHEZH.?
Fr—UvEREBRRYN) M2z REE LT, —
RCIIBTFERET, EROEMELL 5. BFELRTH
i, ROFEGERICHEY, ZOESERICELT 205,
MR HNVEEEE R THBEAERICO 2V BR V.
LaL, HEk® 52 OMERIIFZ2IERTIEIRL, B
MRENFED & 5 26 rONEMEEEO 2 L A% .

¥ Do BEREMHICET A M RABENCTIVT vV — VS IR
FETES.

BAHEEELE Vol 68, No. 1, 2013



ZIZCHRVEDLHFMMEDO FTARETH L I L 2 ERT 5

&N —(AHIZEERI R EICE LT 2558055, oh
D, WFREAMRRET BN ) — (OB FLTH 5. 22 Y
T, —oofle L THBIKENHZIGE*ERLLY. —
fRiciE, 7 9~v—AMEBTAHBELEETH LM Y &
CTEAE VEPHEBOMRO L WIEEYEZL LS. Lo
TRV AL ERIE 0 O F TARZETH NUTHE— D REEIR
HE|G) (R R HEHRIE 21T o 72 1Go) =OIG) b F 7 HLEIR
RBTHDIET2OTHEOEEELXE L TgeUu(l) & L
TlGe) =1G)g L FEIF 5. — R EIKEEIAE 0 1%, HELE
HEZEORK L= VHETHLZ LN 5IG) &G D
ENENHERT AN —(HIEFEITIET 5. LoT
Y6=76o= —76 (mod 2m), TND 5 y=0,r& %Y, KK
PR RO — Ak, 200R % 5 L2 157%
W, ISR =D Z,'mFETH Y, ZoETFEL
7o) =ikl % 2, N —hifHE K135 .

KN D RERIZEAF T S N7 WFRE OB OBES A 2
BWHRE LT, BFRAMEEPRMAT 23 20b5 T
SR I O EE % 5 < 3R L &7k & v ) BRI
20725630 THL. FaoWPiE, 2 SRFMEICEL
by, WMFMEZEZ FTIRLOYHEEEIICTEHD
THHILIZEL. REITIE, WEAREETHL LN

—(TAHAY F RO DA VRFERE LT, AHTICERTSH Y,

ED L) ICBRTFIREHEZXRIT 200 %, BAEFICATL T

SHEA L 72w,
24 ULy PRPESRZ AN —{itH
ERBEEAOEIE, MBEORRLIEE 2025

b FEHERICEDS R W T % 2%, Anderson D Vb W
5 RVBHEEHIC X NUE, F— % F— 7 L7z oRREMERIC
BOWTEELZDIZ, fALOAEYTRELY Y7Ly byt
THrHETDH ROBEREXHLDAE Y HEEZ LT
LR, YT Ly MROMEAZZEZHEZ, TOE
REDEIZL D IEEREBEREKL L) eEXL. HADA
U HAN BB L TH05R0T, Y7Ly b
B BH Tl d 2 0BT A E L #m O AR L 7
LDTHD. TDELEE, ZOAEVEHEIZY Y7Ly b3t
DR/ ZIEICLES > 7Ly b= ") 7Ly My
5% ) ZOMIZIAEYFyy TERDAY VililkE 72 5.
LoT, ZoOZRFIRTHI2IE, BIELLBFNLESEY

ELTOY Y7Ly PHERFERE T 20NHYITH S
5. TlE, EIRoTY Y7Ly PRZEEMTITZSBW
DTHAHIN? Y7Ly bHEZEOHO@E) AL ¥
Df&é#%ﬂ%w% B LZEV, 2Wnb DR %
bIFThs. LrL, TZO—HFTIY 7Ly bxfid, KU
Tﬁ#ibKLNu—ﬁmfw%ﬁs.oibxey%
Bz v 7Ly bR —fifiCTR2 LA 20T
H5.
9, ACVIR2D2ODAY Y 2R T HENIN D
TYH=2S;SpkEZLS. ZOROEEREIZY VL

B N RO U VR R — B

H(¢)|G(¢)) = E(9)|G(4))
A = (G(¢)|dG(¢))

ivzz/nA
L

X3 HpEO) v 7 OMEER%Z ¢ 720 04b 2 & TR A — 412
KIFTAHZAECRDONIN =T Y H(P) ZBA L, HECRRED W HHBY
gy MEB Y —filly % M RO VANV BRRFERE T 5.

v MR (T4l — L Te)N2 TH DB, RIZBHA DA
AY VZEMTZHE D \CAE g 72T EE L TR o7 3
V=TV H() #EZ LS.

cos¢ —sing Si
H(¢)=(S3,85,87)|sing cosg Sy
S

AR b G i
=?Z(e1¢SZSB+e+WSAS§)+SjS§

COROEEIRRER |g) 1L IhifHE & o T, HlziLlg)
=( T4 J,E>e—i¢/2_|¢A e )2 & nh, ZoHEYIZ]
EoMiEIE L S HEET BB — VEETH 5. *
ZOr—VEEDEEE, PLTEICENTAR LY. )
ENHHORES % Ko 05, EERENOHEEE T P=
Ip) Pl 1Z 7 —VICEBF—BNTH L. Ry —VEED

WAV EEORERFI Z X)) = T41p LFEY, &
NEAWTT — VEE S N REIRRED RIS 2 XD X
HIZE B,

|g)1=PID /Ny =(|Tdg) —aTare?) /N2

ZZTN =P =12 I3 LERTH 5.

R REEREICB L CAE Y IZHm TH H D5, A VD
2RRTEZONBNI V=T ¥ Hp) (TR R IEARZE
Thb LoT, TORONY) —[itHiEzIcE&FLT S
BETH L. EHEE, T VEE LR Ao
T, N — AR EHET Sy = -] (ddgl) dg =7 &
%h. Thbby 7Ly bHE N — itz 2 ERD
Ths.

—fRNZ A YRIZH LTI, K30 L) IZFHRNZE A
EYORDIMALNIN =T VICHLT, 2AEVRD
REREEDIBIER 2 o T — i 2 EH T 5. B
RERICH L CAE VAT S — -8 EAICEHT 5505
ACVERDNIN T UPAE VEHBEFIZTOWT 2R
BZIENA B RV TRAE VRTHNE, TDOTTAIL
=Y a yOFEICL S TR E 5. Lo THFR
PEAMRHES ) —(IHHIZE Y v v TOERTH LR D
LIZEBTEL, 202N —(ifi%E 0o 725 E

¥ ZDlg) RFHWTERIC L2050 TR — iy 2 FHE T L, y=0
EnBh, TNIRIELL 2. 209 iklg=0)+lp=22) THH, &
PTG 2B E L TRV SN A5, /385 2 — & 221 BT 5 —{f
x2SV KEICZ OB E VS Z LidTE R, AT
KRG — VEE L 72 g =0), =lp=27), £ —fliTdH %.

23



WA B

A pada o
AN IV

K4 Z,N)—fifo b RO Y g VEER R RTREER. (FVh -1
i)

YyTLy hEOBEER

WTHZET, B MRV AV EREESROESR L
T5. IhE, RN LZBRFEERE L1Z). 0hh %
MR BEGMELEZ 2, —(HOFEZEY RS 2 & T,
ETCOMHEER) v 2712, TOLWEERZE ) LT
DTH2. ZPEFF-IVROBER, BREMHELVIK
W72 85 2 Z1Z0 T 5 N —PHRATF v — Y E WA K
B RO A VR A ER L, INARE AT
J7bEZ250TH5. %2

DR L BREEBDZ A Y VR TOYMNERS %
RAVWCEHHAL LS. FTRBERELTY Y7Ly bR
ZX4 DX HITHERICA, RIS LA 7Ly byt
MICRHHHEER A RRCEBAT AL 2EZ L. V07
Ly MOMOMEMEHAPSZEICYIN TS & &i2iE, ¥
YTV MYROB DGO LFERE QA RO
V—PiHZDbDENS) aTHL. —7F, YhTnwib ez
L Ohao TE 72X — itz FINT207E05 04
STHMDOFELZ T2V 5)0THE. DF), LA
YU ROWEEBASEET 2 L BFE 3 0,7,0, - &
%A, ZONY) -k, BEFELTWwERSY Y
Ly MEOMEEH 2 R4 IcEns g cd v F—F
Yy THEALZVIREY B LSS, 2BREERD/ 7 —
YHPETH L. S5, HRNOHEETHEED AL F
—Fx v TVOERNL I LIE VRS, HREDZCED
AIROTEIKIZBNTO, 7,0, 7, - & Vo 722300 % 2, LT
BB~ KBRS A2 itk n, F72, KR
R - SRR &\ o 72 ZEIIN IS RF S AT L 2 A HH ELAE
ADOBGE I EMEFE ORI L UL, Fy v FHo8N1
HWIRY v 7Ly Mo 2, BRI 7, LS OR
W72 ) ¥ o D L RIFZEEIE 0 & % 5. P

Z ORI O GRREHEAE EAE R B3 2 stk S MR 1, Hida
OMFRINZHDLELIICAE L 1LDONA BNV TEER DD
T,* Haldane Hl13 — 8 CAUERFR 2 2o BRFFZAE 2 Ttk
ENBHZEIZRD (KS). kI, DLIELAS=1DX
DNINVI=T VY H=JY S Sis\+DY S?%E2 b L, %
DFEIREIZ D=0D & &, HaldaneHHTH Y D>J>0TdH
W, B A FOAY VIRESAEMIC Si=0 DFETE £
5% Large DIAMELEIRE L 22 2 Z & SIS TV B

24

v T T T T T T T D < D¢
6 e ]

00000000D>D(

K5 S=1DONA XNV TEICBIF 2R —fifHic L2 MR P sk
LRTFER. D=Dc 3BTRS (7 VA7 -0,

B0 Lo uppee s 1 |
O o ta ”g* ) ™/
B0 ped DG
0 Oco 63 /4 /2
B 9 o

K6 BEACVHHICBTH, BRIA <) =2 a VIERO 2, RFEER
WL BHHK. () S=1, 1494 . (b) S=2,10% 1 b. & 2SR
%#%%%Lt 3 FHUE 2, ) — RAEASGEFR T O,

CDRTD LRFEBOEUEFTEIC L UL, T O Large D
BV TR LBEEREE O L 225 23% &
bbb, IO Z, FFZA%E Haldane fH -Large D fHEI O & T
Mz 250835 PR VI VEHEEETH B (X5).
F72, BEAY VHICBW TR BT A HEEE
Mol Z L8R5 LICE D T4~ ) ¥ = a VBT
LRI BTHER N BEAZ LN TEINTVS
73,3637 EEED S=1,2 DBHA Y VHEICBWT, LEF
ZHOBMEHFEE1TY &, K6l2h b &) KB BN
A48 ST, *kiﬂlxt“‘/fﬁf‘ 13 Z, BEFE 22 B0\l ot
MTHHIEITHEEL Y —KafHonI Vv =T v %
H:LZMm&&H+Ame&Sﬁl =X J,=cos b, Jo=
sin@& LTO 0—=n2 120 LT LRELRD &2 5%
HCRLAE CORPOLRTENS LI, TOLF
ZEIETA <) E—va ) ﬂ%@%%%CELT5®T
HbH. B, KIIHED L 72 B2 X 1d Haldane #1205 %
AMIEJ”®#%tLT B Y 2 EHBOS=12 2
EUBo7 v MESICL ) REL, KRS % 880
VAR i &ct DRESHISR L7 DTH A, Eak
PFEEDTRNIIEZ DY v 7Ly MR EFORY FIZE
STEETAERELZ. ZoRBEICIUE, Y7Ly b
W—2BH720) N — iz ERELEZLD L, 26D
HRZBEMICHEMRTE S Q=02 $5).% &5
AKLT 8 2 J15R L 72 1 ZOT O A iR B W CiE 2, FF
ZRULFATINCFHRRETH ), 2R F2, Vo7
Vy%ﬂ%tbmwu—mmmﬁﬁnt&éﬁﬁtﬁé
2.3 ZOFBRIIBEBAY VEICBLTY, PWEICIE
kmqa@\ﬂxz/#o<é//7v/bﬁ#$£f%
HILRRMBLTBY, TOEKTLHFEEHIZBEA
VBB 208k Eidls 22 &ich s, 2B, 20

FARYHEEEE  Vol. 68, No. 1, 2013



B2 LBFEERIC L 208IE, BEOMOFIEICLS 1
RICRDOWIE & b BHEATRE, 3340

ZITIE, —REAY VRGN E Y, RO YS
Vg L BRFEBOENMEZ BN LA, REIKEAME—
ICHEE LR X v v THERTHBEY, KTt L b5
CDLMFEEBIIERAEETH L. 72721, EFHHN
NG A—=F L L TN —NiH (L BRFEER) 2 EHRT 5
ME, BIC LB E I, BmoMETH Y, REIG
CCHEYICRET AREDH 5. BRI, 22087 v
FaERy ¥y s 2 2RI VBS B 1R -7
*ﬁ@ 41) 3 LER ¥ :/fﬁ 33,42,43) 2307[:@%57/( 7_}?&' 44)
(582 B1F 5 BEC-BCS 7 O A F — /N —Higk, 4 45|21
LT ZLBFEEBOHEN THON, ZOMDEIIBTLE
AR SN TV A, B, FHEICIIEEZROMAL)
RETH DY, 2\ —(HEFEOR LT 2YHELE
B aBICIE, ¥y v TOFEICHERES R CABEOKRE

SETHET AR, IRBBIERA OIS IRET,

BUER 300 CTHEE L3\, F 72, HHEER % BiEkim
IDEAT S L&, iFHORREY v v T3 ELEZL LN
275, HH7 2 VIRFRISHLTELNIZ MR H
NVERFZRIE, BEFHBEOFE T, HAEFMA VR
DEROHEEROEE THRETH S, HUBEETF

— VHHOHEERISN T 2 ZEEORATE 5 5. HlzIT,

Bl d D dXIT7 =V IKFRISH LT —AifHD
B (RS 5 0 % BER R R LA S HE5R 5 %
ZEICEY Zp(Q=d+1) XY —{UtHic LB FRa YAV
LRRFER, $hbby=2m/Q,n=0,1,2,, 01, (mod
2m) PS5, EFEND Y FofERIE, HEFEHOEET
KBV THHEMETHLBYVARETHL. B, TORE
2RICH TARET 7 5 N3 RTe/ ¥ B 7 a THEF LD
FHREEHR, EXy vy 7HEO7 AL — b L7cET
ROMBBITH L. ZOZBHFEBIETIA ML =L
REFRICBIL—RIELLI2FA~) =2 a ViEBx b
ROTH VIR THHDTH 5.

3. NILY-IT v Intin
Wi T, BFR— VAR S CICHIEE ¥ v THERO
BFHADOKO OIS LT, 22N —8k52 L 5 b

RO D AN RFEBOMPRICET 2 /M2 EM L7

—%, HEOMEE LTIX, 20z~ —ilicks b
RO DN HFEBORBR BN, BN R 2k
DWW O NI OFIH S HETH Y, AIETIEH DL D
D, ZRTFROETAIE L FARORE S 36 5 LHEAIS 1

5. T, FART Y AOVEICEE T S EERIICEI L 3w

bo LEENLZYHEIZRVOTHS ) H?
FEDICHEN LB A=V, FEREO Y H ViEgkT
OflE BniHeE, RICERPH L L &2, FLOTHR
Xy VIREEDIFEZF DL DE H o T, MRT T H IV
RIS T B EEZNIZT LI VOTHSLE., NV

RSt N ART T VB &) —

BTRAEHICIEY v v T2 ) KT R OV F—hitdidfZE L
. WDHIRITTEDLENT LW bIFT, NIV BRI,
P55 OMUNRBENCIZISE L v, —7, BERRAH
Wi X, NV RRICHLT, fBEL L ToONEYEET
BE, FONEOEHEIC, v VIREEE XIZN LN
LR N e [ /e = SR b v M N N s ) a2
M AOTHL., ZOMHERFRDS [NV 7 -2y IS
Thb. ZOMNSITRFFR—IVAEIZBIT 2 EEE % BGROFE
FICHES X W oo Lk, fE 4o Bkl7k
YR T DA VS % KIS F OGN DSIRARE |- PRAE &
NTHRZLDTH L. BIIAHIMIED T, REr 2
B T 5EZROMNST HilEOHOBERTIX, »Nvrk
L CRITEDIR N REFUAFHE DTG 1E, EICRHTE L2 L
RREWEITEE, MNRoYh LV RBRTFRAETIE, BR
DOYIRIZ BN TORRDBIND Z &1, RBNTH 5.
IV T BRRICBIT A ZAMEORE Y v v 7%, RoY
WNWVGEEEEEZ DL, BROFERTFICL) Fy
v TWIZEE NS RN 2K A OV F—Fhid (= v 20K
BE) 12, HAHEOKTTHH. ORI EZEX AT,
FO—JT, BENFNEENLRTFORSEERET S
DTHD. UV 7-T v VRG] OYENARTH
5.7 i E v v THERO B2 RBIICEER S 5 O A
HThLHH, KT, ThbbH, Ty VIRREIZFEERMITHRH
AJRECH 5. N r7-T v URISIIHE S = v DIREEIZ VL
7 OIEEHRREE Y K3 2 BIATRE 2 P R DA vk
FERTH L. BN DIBN L2, EEFEED 3 XTD
RO Y H VIR DOTIZEC B TIE, ZFOEMMIRENME
L2RTEDERD T 1 Ty 7R FEERT AT LT,
3XTTAES RO VA VIIEHBHTH B T HDITT, F
SRV -2y VSHEOF A v g e vz &
,‘) ) *8

SITE, HEERFHRTHLEEHBOHFOT L L, N
W7 -Ty RSO ALY IR B EF AR —VITO
HFREEAL, — ROV -y UNISOMEOBT &
L7zve, dHEgICIE, —RERESS T ofi @Bk FEE) 3 %
A, NV T R TIEEHET 5 MEE) ) 5 OBRITFTBIE S
N, ERTOA—HAIIERITENS. T O—HROER
PUELREEZ BFLL2L 0Dy VIREETH Y, 0T
AINF—ET VT F vy THIFEET S, BERETFR—
VNS JRER) 7 PR 1E Laughlin 12 L A 7D X ) %)
Y ¥ — LT — VEEOHERICIE U 54 Y Halperin
1 Laughlin DiamZ BT 5 v JIREEO VIR 7 B2 % BH
Sk L7

—77, MR YA NVEREEA»SIE, WifiTNNV T OF—
WREEIZEET 5 R — VEEEOF v — YUl L &K%

M RTEDRRDEZAPOLATHLVBEIEONL DT, Wbk
holographic principle & DS FEML TH I ).

* fgF 4 — VPR IZ 31T % Domain wall fermion @ 3 XIT TOREH % b
RO Y VR TIIERNCBIIL T30 TH 5.

25



M7 2XTE TR L Laughlin DFHROES TH L) ¥ ¥ —.

0.0 ky 2%

M8 v IIREEL ZOBEHETANF—HOMRR. ERIC BT 5 HEHNE
DHT VT ITERMIHET A ZRVE—NY FTHY, ED L Ik
FEry VIREOZANVF—TH B (EH ) ¥ &— LEMICRTE W

AEUZRIE). AR, &k TEDEBIANF—HTHILIREHTH 5.

ZORDEUIEZANF—F v v 7OBUIHE L, BT 3EmMTHL
v VRO T AV F -1, RERLETERESNLIOTO Y REROF v v
THTOEOLISHIET 5. ) ¥ ¥ —HHOWE L % 055 27 T
EEBHILET, FEWET, Ty VREDZRIVF—FF v v FITHIST
% [ O Y TEAlI#R% £ 5. Laughlin OF#ERHIC L AUE, 7 =) I HEQTAHS
FIET 5 ¥ v v 7 ) O Z OBEhERO BEEA R — VAGEEE & 2 5. (]
AiE, MOT2OHE—BHOF v v FI27 2 VI[N H LR, v
KEOZ AN F—iE, RIEZAVF—DOF v v IS T RO %2
EIEFEL, A=V REEE, WEbELT2(h) kb,

A L72h, i, oy VIREEIZ X 5 & — V{EEEC
WNLTHERLBRA I RuY INVGEREE 2 A2 ENT
&2.% T, EMIIHENT 2RV, Zokl
B Z I THBNE ). 20t T EOBTFRIC—HERIG %
FIn L 72 FR OB TFIRRE R BH S A & 4 5 & & 1E Hofstadter D
M E LI5S, ThEVY U F—ETEZBEEIN
V=T DRG] BEEICE 2 ND, FFVY -0
FEA OB b, & L2 HTREDRT B LT, R
Bl 235 A =5 L35 I RTROESERLET. 1&F
H72 ) OWRD, BN Tplg, (p, g ZEMCE LB
Thor L&, PEENRTA—5 L LTEESNSL L XTHR
i, Afig a0, XoT, 7TuvkoFEBRICL) AL
F=NYFET T IEMICKIST 2 g lICHDHT 5. %
B, NUFFY Y FEIANEF—NY RO LY 147
Wg=q-1l& 5. BEYLBERFMGOTTEZLLLTE
D1IRITCROFMEIRE, TbbTy VIREEIX, BIEEZ
EWINY ¥y vy TOHRII—2750F, Z L THhT—2l3F

26

FETAHZEDREDL.

Bl LT, KSICHE L ZEDIRITRDIAINF =N
Y FEREHOFEKTRL, Fyv 7ROy VIREEDO T A
WEF—ZFHRD L IIBHER TR L7, — Rz, BEReE (=
v VIREE) L EELIREE 0NV 7 o 70y KIREE) % #H—1
WCERT A0, BEIANVF—2EATLIEDE
FT&H5.* Z D Hofstadter DREIEOEET 1V F —THIZ,
Fry 7ORgeBEET L) —~ Vil RAglH 7z
&) ThY, Ty VIREOIANVF—1Z, ZoEET
ANVF—ELEoTay ’AEROFERTEZbNE,. 22T
EZDH—RICRY, Wk B L CRNTHLZ &I
BETNL, Bt L2022 T TELEERLEE, &
DgAFEY) DIFEHEICE Yy v 7O T H by VIREE
HEET 5F M, HhRE o<, glHOROAY %
ZnEh, [EEbbZLizhD (j=1,,9). TZTHE
RIANVX -1 EONEY, v VIREIIREIBEED A
WINOBFRICREL TV A4 EHET L2 L ICERLT
Laughlin D& x W2 & 72 VI T A LT =D FTh b
BHOZANF—Fv v T1lH b L EOF—VEEEIZL
FTokdizzsW
2

0§3g6=671f
2%, ERIANVF-ELETT v VIREED D < 5 AR
O[] O Y OREIFEEL DS, PERIC X/ 2 BT L
TOFR—IVREE2 525D TH 5. ZOEERIZF Y v
THOENLWVIED FRTA IV A NVIIARETH 5.

BT, DLTEZERY TIUL, =y JIREEICE S +
RADHANMBLENV I DO RROATANETHLF v —
BOMICRD & 9 RN 2BGRISSH 52 L E2RT I LD
TE2.W BRI BEEOT v & RIS T 5 T
ANF—NY FOF ¥ —VEECELT

Cj =1j _Ij—l NV 7_I- 4 V}ﬁﬁf\

b (1h=0).

WERIIZIE. Ty VIRBEAN L 7 DL R L E— Ny R
RS2 & &, N —HERO Y — VR LT B RS
&, SRDINY O VIREEE S 2 BT ¥
—VBUICHETADOTHD. Lo, BFF—NVRIZBY
T, 7Nv 2 OYEEFE ) RSN BRIEL 2Ty
VIRREDIR D BN EBIE L, WIS, T v DIREEOYHIL,
MRV HNWVICIEEBEZ NV 2 OBTFIRES T 5. =
hat, BT HA—MICBY BV -y YRS TS 5.
PR YA VICIEEBARRICBV T, SV ETy Uik
WIITIRS VAT, HECHELS . RER— VAT,
SOV Ty DRGSR, 2FEO bARD Y VRO D
BGEE LRI RE FE20THh D,

P RTFIFIBOTED TRV F— % FO0FHE (ELKE) 2% 2,
T DT A F — ZWHFH EOFRMA O T TR 52 T
HHRE L HER T 5 2 L O—fR(ETH 5.

HARYBESZ2EE  Vol. 68, No. 1, 2013



2T, [Ny Uxts] CHERATEERIEEHL R
FEIRREDIFIE T A m A E b o TLED MR Y H v
MgAE LR EIZLED. ZOXHNIHERIRTAZ L
T, BFA— VHOMICIER IS ZEEEL BTRAMHEE b
Ko v aVifiggike LT, HENRBE ST L
MAREE %2 5. MEICRBD R VDT, T2 T[N -
Iy Vxtin] OBlR» BT 5 2 LA TE 2L DRIE
DI ZHIZE LT, ZOHizikbs).

- ¥ 75 WY 8 {5 K O Andreev &) 7E K #& & Majorana

fermion. 8,9,49-52), %10
CRYTEFLIOVY by P
- 757 x v Zigzag SO FERIRAE, 55V
T Ny VERICBITANA TIVERREE—

F‘,Sh”

- BHIFEFRICB T B NTHURLS & = v VIREE 5
- BB BT 2 0 & KR, oY

- Haldane % |12 bHZ)TbeHkM LTy VIR
AR A N A /4 5 S0 Nl 20 N = I 54

__ 35,64)
NS DFIH SN 7 -1y DRSO D —i % &
TWZITNEENTH S,
4. BBHVIC

DLk, TN —Bfx A R D 7V R EE
ETNVr-Ty VRIS L) 200H L WiEREZHWT
WD N Z bR WETIREHEZERL L) L),
BALDRAZAMRHTIIFNLCEL. ZETRNOL S
N —EEROF - VHEIXE TR b Ra P vk
HEH MG Z R 5. —7, N r-Ty VRIS LI
—BOBWHEMRTH D, M %@ﬁxﬁﬁjmﬂa—

F(b) =F(a), F'(x)=f(x) ORBFRAMHTOELUMTSH 5.

ERDANNV 7 OYEETH Y, BEFUENT v DIKETH
B, NV r@ bR HVEEE FESE) Z2ETRO
JRAE (BEE0 OGN 72 1R 2 FE ISR 3= v DURRE (58
FYl) DATEZADTH 5.

BFEETMRO DAV v HbhisblbndF—T7—F}
WODFIZHYIEDERIZ BT % ) OTEREZ S TE 2
£ THD HMHEODRE-OT RO I HLtEiHos
BORRBEZHFE LoD, TITEELBEW.

BRBICHEAF R, X-G Wen, il B, K EH &
R, FIEMSE, FiFES % 5 I { ORFRMIEE O
FRIZE, BEOFEZ WAWS T A w s b ®
Z TR L 72w,

W

E 3R

1) K. V. Klitzing, G. Dorda and M. Pepper: Phys. Rev. Lett. 45 (1980) 494.

2) R. B. Laughlin: Phys. Rev. Lett. 50 (1983) 1395.

3) F.D. M. Haldane: Phys. Lett. A 93 (1983) 464.

4) WEXE—, HIGHSRE © [ SORE 8; Haldane Gap— A ¥ Y RICH

ORI & R L3V R AERIKICORT 5 2 LI BRF LV 2.

BRI FRO T H VBT E N —

T npRFHRE] (HAMEES, 1997).
5) E. H. Lieb, T. D. Schultz and D. C. Mattis: Ann. Phys. (N.Y.) 16 (1961)
407.
6) 1. Affleck and E. H. Lieb: Lett. Math. Phys. 12 (1986) 57.
7) 1. Affleck, T. Kennedy, E. H. Lieb and H. Tasaki: Phys. Rev. Lett. 59 (1987)
799.
8) M. Z. Hasan and C. L. Kane: Rev. Mod. Phys. 82 (2010) 3045.
9) X.-L. Qi and S.-C. Zhang: Rev. Mod. Phys. 83 (2011) 1057.
10) D. Hsich, et al.: Science 323 (2009) 919.
11) A. Nishide, ef al.: Phys. Rev. B 81 (2010) 041309.
12) K. Kuroda, et al.: Phys. Rev. Lett. 105 (2010) 076802.
13) Y. Hatsugai: Phys. Rev. B 48 (1993) 11851.
14) Y. Hatsugai: Phys. Rev. Lett. 71 (1993) 3697.
15) X. G. Wen: Phys. Rev. B 40 (1989) 7387.
16) Q. Niu, D. J. Thouless and Y. S. Wu: Phys. Rev. B 31 (1985) 3372.
17) D. J. Thouless, M. Kohmoto, P. Nightingale and M. den Nijs: Phys. Rev.
Lett. 49 (1982) 405.
18) M. Kohmoto: Ann. Phys. (N.Y.) 160 (1985) 355.
19) T.T. Wu and C. N. Yang: Phys. Rev. D 12 (1975) 3845.
20) M. V. Berry: Proc. R. Soc. A 392 (1984) 45.
21) Y. Hatsugai: J. Phys. Soc. Jpn. 73 (2004) 2604.
22) Y. Hatsugai: J. Phys. Soc. Jpn. 74 (2005) 1374.
23) Y. Hatsugai: J. Phys. Soc. Jpn. 75 (2006) 123601.
24) Y. Hatsugai: New J. Phys. 12 (2010) 065004.
25) F. Wilczek and A. Zee: Phys. Rev. Lett. 52 (1984) 2111.
26) Y. Hatsugai, S. Ryu and M. Kohmoto: Phys. Rev. B 70 (2004) 054502.
27) T. Eguchi, P. B. Gilkey and A. J. Hanson: Phys. Rep. 66 (1980) 213.
28) Y. Hatsugai, T. Fukui and H. Aoki: Phys. Rev. B 74 (2006) 205414.
29) M. Arai and Y. Hatsugai: Phys. Rev. B 79 (2009) 075429.
30) T. Kawarabayashi, Y. Hatsugai and H. Aoki: Phys. Rev. Lett. 103 (2009)
156804.
31) T. Fukui, Y. Hatsugai and H. Suzuki: J. Phys. Soc. Jpn. 74 (2005) 1674.
32) A. M. Essin, J. E. Moore and D. Vanderbilt: Phys. Rev. Lett. 102 (2009)
146805.
33) Y. Hatsugai: J. Phys. Condens. Matter 19 (2007) 145209.
34) K. Hida: Phys. Rev. B 45 (1992) 2207.
35) T. Hirano, H. Katsura and Y. Hatsugai: Phys. Rev. B 77 (2008) 094431;
ibid. 78 (2008) 054431.
36) I Affleck and F. D. M. Haldane: Phys. Rev. B 36 (1987) 5291.
37) M. Oshikawa: J. Phys. Condens. Matter 4 (1992) 7469.
38) X. Chen, Z.-C. Gu and X.-G. Wen: Phys. Rev. B 83 (2011) 035107.
39) L. Fidkowski and A. Kitaev: Phys. Rev. B 83 (2011) 075103.
40) F. Pollmann, E. Berg, A. M. Turner and M. Oshikawa: Phys. Rev. B 85
(2012) 075125.
41) 1. Maruyama and Y. Hatsugai: J. Phys. Soc. Jpn. 76 (2007) 113601.
42) 1. Maruyama, T. Hirano and Y. Hatsugai: Phys. Rev. B 79 (2009) 115107.
43) M. Arikawa, S. Tanaya, I. Maruyama and Y. Hatsugai: Phys. Rev. B 79
(2009) 205107.
44) 1. Maruyama, S. Tanaya, M. Arikawa and Y. Hatsugai: J. Phys. Conf. Ser.
320 (2011) 012019.
45) M. Arikawa, I. Maruyama and Y. Hatsugai: Phys. Rev. B 82 (2010) 073105.
46) Y. Hatsugai and I. Maruyama: EPL 95 (2011) 20003.
47) R. B. Laughlin: Phys. Rev. B 23 (1981) 5632.
48) B. L. Halperin: Phys. Rev. B 25 (1982) 2185.
49) C. Hu: Phys. Rev. Lett. 72 (1994) 1526.
50) Y. Tanaka and S. Kashiwaya: Phys. Rev. Lett. 74 (1995) 3451.
51) S. Ryu and Y. Hatsugai: Phys. Rev. Lett. 89 (2002) 077002.
52) Y. Tanaka, M. Sato and N. Nagaosa: J. Phys. Soc. Jpn. 81 (2012) 011013.
53) W. P. Su, J. R. Schriefer and A. J. Heeger: Phys. Rev. Lett. 42 (1979) 1698.
54) M. Fujita, K. Wakabayashi, K. Nakada and K. Kusakabe: J. Phys. Soc. Jpn.
65 (1996) 1920.
55) Z. Wang, J. D. Joannopoulos Y. D. Chong and M. Soljacic: Phys. Rev. Lett.
100 (2008) 013905.
56) F. D. M. Haldane and S. Raghu: Phys. Rev. Lett. 100 (2008) 013904.
57) M. Hafeze, E. A. Demler, M. D. Lukin and J. M. Tayler: Nature Phys. 7
(2011) 907.
58) V. W. Scarola and S. D. Sarma: Phys. Rev. Lett. 98 (2007) 210403.
59) N. Goldman, J. Beugnon and F. Gerbier: Phys. Rev. Lett. 108 (2012)
255303.

27



60) R.D. King-Smith and D. Vanderbilt: Phys. Rev. B 47 (1993) 1651.

61) R. Resta: Rev. Mod. Phys. 66 (1994) 899.

62) T. Kennedy: J. Phys. Condens. Matter 2 (1990) 5737.

63) M. Hagiwara, et al.: Phys. Rev. Lett. 65 (1990) 3181.

64) H. Katsura, T. Hirano and Y. Hatsugai: Phys. Rev. B 76 (2007) 012401.

ZERBN
WIRLELK - YIEER, REOET
i, MO Y H A RTHO B,

(2011 4E 9 H 5 HERZA))

[REOMEHE]

Topological Order and Berry Connection

Yasuhiro Hatsugai

abstract: Characterization of quatum/spin liquids without any funda-
mental symmetry breaking is one of the focuses of modern condensed
matter physics. Quantum Hall states, the Haldane spin chains and the
topological insulators are typical examples. They are gapped as bulk
but do have low energy modes as edge states with boundaries. This
bulk-edge correspondence is characteristic to the topological quantum
liquids. Also for gapped quantum liquids, topological order parameters
are defined by adiabatic invariants such as the quantized Berry phases
and the Chern numbers using the Berry connection of the many body

wave function. We give a compact introduction of our related works.
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