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toric code [Kif03] % BT & FHEICHEIR L 72 d D23 surface code [EMUIR, BKUR] TH 5, [BKIR| 1>
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1 toric code & notations

F—F 2 T2 ICIEAETE5 &, T qubit Z &<,
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Tz oD T 5, HEIREBZEM C 13 4 KTHB DT, 2 DD logical qubit 12 & % Hilbert ZZ[ET identify
TZ %, CITHEHT % logical operator 23ifi7z 3L L(C) 1T & o T Z dD identification AF[RETH %, =
o logical operator 134> Hilbert Z2ff] (C2)29L" @ L CEF XN 2 DT, HARCEEIN 2, Z0 & 5 Kk
BRIE unique TIER WV, L2 LETOD A, B, L AT % X 5 72 logical operator ZH( 5 Z e A TE S, Z
D & 575 operator i algebra G Z#lts, 225 L( ) 2182121, Ay, B, 8 C WHBIEA LRI UR
BeIV, XD EEICIE. L(C)=G/Span{As —1,B, — 1} TH %,
FHZ ¢ & Zo D 1-cycle, ¢* % Zo fED dual lattice I281F % 1-cycle & LT
— Hgf H ol (1.1)
icc  jecr

DIEDHEFE T %2E 2 %, dual lattice D edge IFTLOMT D edge IZHEL TV DT, =D lattice I qubit
EHAEL TV, HET Y(c, ") IR T stabilizer operator Ay, B, LA TH D, C ZR1FT %, ¢, c* D
FERT—2 5 R LOKELBNOT, COBETE Y((d, [¢*]) LETZLIcT B, ZORD, V(e ) 2
GEEKRT DI, Y([d,[c*]) & L(C) ZEKT %,
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BRI A ZOFHEHEEAMTFEEZ 5, R 2 BEOERGENDH D, 224 rough boundary,
smooth boundary ¥ FERZ ¥ 123 %, See Sec. B.

Bl Z X m b EE2H e LT, Fig. 1IR3 £ 512, m x n IEFFTIC smooth boundary % _ERIZ, rough
boundary # £ GICEE LZBEE2E R 5, BEREZEROXTTITHEMZZ LIFThhr b, HEAMD edge



(a) rough boundary (b) smooth boundary
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& mn A&, BAEO edge i (m + 1)(n + 1) A5 2 DT, 2 Hilbert 22 ORIEIE 22mntmtntl 5 3,
D qubit IZEA T % O THIIHFIE LI D stabilizer operator i % Z 2 123 4UX. plaquette
stabilizer operator 1% (m + 1)n M. vertex stabilizer operator & m(n + 1) H¥ 5, & TD stabilizer
operator {IMILTH %, ko THS HHE

2mn+m4+n+1)—(m+1)n—mn+1)=1

DT, logical qubit 23 1 DEBTE %, WX ICEEIREEZEMIX 2 TIciz %,

logical operator Z EAMNICHER L X5, 31X G BB 2T stabilizer operator ¥ AJ#272 operator %
EZ. ZDORE % stabilizer operator ® BI{LZEMFTHIZ2 Z 2T L(C) 218%. #F & dual lattice &
L, L* TR ZrIZT %, rough boundary & L IZ, smooth boundary i L* IS5 Z 2IZR5DT, %
NZHD boundary 2 V, V* TRI Z 22T %, G DERMITIE lattice L D Zs-valued relative 1-cycle c
¢ dual lattice L* @ Zs-valued relative 1-cycle ¢* 12 & b () OJETEH 2 Hhiz. relative 1-cycle 15
Ft0c BT OEFICEEN S 1chain LTERSN D, FMimFEFH L LT, relative 1-cycle I3+ D free
end Z[F—MHL7% (Fig. BICBTF 2 Vi, REFELXFDH%Z R —# L 7%) ordinary (or absolute) 1-cycle
rLTEsN3, Y([d,[cf]) DEEREZER C ~NDIEM X relative homology class [¢] € HY(L,V;Zy),
(] € HY(L*,V*;Zs) = HY(L*, V*; Zo) C LMEGE LR, Lo T E = Hy(L,V;Zs) & H'(L,V; Zs)
DIE ([c], [¢*]) € Bk RS EN 2 Y ([, [c*]) 28 L(C) ZAERT 2221285, 2O MRB Y Vs
FBEZ TV,

Fig. BITRT L5 RN EE X 5, HETY" =Y ([c12],0) & Y* =Y(0, [c],]) A% logical operator % 42K
T3, ZDODIEFERHEI DT logical qubit @ 07, 0% & Ak¥E 3,
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3: JEEPAZ relative homology class [c12] € H1(L,V,Zs), [c}5] € HY(L*,V*,Zs)

3 fthd lattice THORIR
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5 IRROYIENERK

FRu Y HAEE oA VR REICE W T surface code DIRFREEE T %, surface code DIFFHIE
rough %7213 smooth @ 2 FEH L 2 FF S 720, (FERC T in preparation & L TW223, Z 5 < [Kif0f]
CTEVTH2DTIERVD?)

bulk ® F RKu I B AT =4 > D bariding & fusion IZ &K > TREST 5N b, 7 X =134 DT,

o HZE
e clectric charge e
e magnetic flux m

e fermion f =e xm

Tdh 3 [Kitl3], Z D+ & —I Hamiltonian OFEENH LLE L TW 53, LEMIE braiding 7> & #HT =
%, FEFE. electric £ 7213 magnetic d charge [ZRIEHEDEH)NC X b )5 %2[8 5 Z & T Berru phase ZZ#H
T30, BRCHEHTIEBNTERY, ETOMEBIRZILEF—F v v 72H 3D T, fid non-topological
long-range interaction {&7W\ Z & IZHFEER X, — 7T electric charge 14 rough boundary . magnetic flux
¥ smooth boundary TIHZX 2 Z &N TZX 3, &Ko T bulk @ FEr Y HLKFIZ boundary dTf% THREEIC
7%, stable boundary TO TNV 7 2 EET 2D 2L RV,
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