TR R 0D FE A] A AT S BRI

i)l A (FEEE S 96036)
BRI R R S BT JE 2
B SCR KA 7-3-1

'kent@hep-th.phys.s.u-tokyo.ac.jp






B X

F1E
1.1
1.2
1.3
1.4

E2E
2.1
2.2

2.3

¥3E

3.1

3.2

3.3

3.4

Introduction

25
FERTHRSMTE TEIRRR . . . . .
.

TRV IY L e e e e

FERT AT D 2 IR AL

FERHBMOER . . . ...
EETL . . o o e
221 EBEFHOTE. ... .. ..
2.2.2 Kontsevich OEEFL . . . . . . . . .
223 MoyalFE . . . . o o
FEFHRBIBATEEAT . . e
231 FEMBE. .. ...
2.3.2  FEF#E DA (universal differential form) . . . ...
2.3.3 Bt (universal connection) . . .. . ... L.

FETRE RO YEADIE A

FERHAMEBADEME . .. . .
3.1.1 ﬁ@%WLfmi%Eﬁﬁ%wwg ...................
3.1.2 FEWHBILIC I AEBEFENHGOEEOME . . . . ... ... ...
FERTHUEDEIRORER . . . . ..
3.21 FERMBUBOBEER . .. . ..
3.2.2 OB—FEDEE . . . . e
3.2.3 OB —FETIIRWEES . . .
FERHIEDEEROBEIR . . . . . .
331 TFITF—EFATTTI .. e e e
332 JUTTF—HEATT T ...
333 AWRFTHPEHBOIA—TEE . . .
334 6T PEAD I-loopEE . ...
FEFTHUB DGO . . . . .

13
13
14
14
17
19
19
19
21
24



F4E
4.1

4.2

4.3

4.4

BHE

i 8% A
Al
A2
A3

1 & B
B.1

3.4.1 ERBIZRIEE ..
342 UV/IRIEA - - o o o e e e e
3.43 FHEREOTFIOEY—
3.4.4 Seiberg-Witten B . . . . . . . ... ..

SRR N S IERMHRE

Space-Time Uncertainty . . . . . . . . . . . ... .. ..
4.1.1 ERAZREH ...
4.1.2 #FxFPELE Space-Time Uncertainty . . . . . . . . ... ... ...
String Field Theory DIE RS2 AMImE . . . . . . . .. .. ... .. ...
4.2.1 Open String Field Theory DZ 7527 ..o 0000000 oL
4.2.2 String field @ associativity . . . . . . . ... oL
4.2.3 open string OFEEHDEE . . . . . .. oL
4.2.4 Witten ® Open String Field Theory DFER[#aM: . . . . . . . . .. ..
R DR R VF —F 8 & Seiberg-Witten B . . . . . ... ... ..
431 BBOHFEAETTOopen-string DFFH . . . . . . .. .. ... ... ..
432 BRIV XF—FRHER~DO BHOFE . . ... L
4.3.3 Seiberg-Witten #&FR . . . . . . . ... ... ... L
434 F—UBE ... e
FEA[HLY U Rl D-brane . . . . . . . .
441 GMS YU BRY e
442 D-brane & GMS Y U RY . ..
4.4.3 D-braneF ¥ —3T & K-theory . .. ...................
4.4.4 TypellB BFTO Toeplitz RE L fEFEHE . .. ... ... ... ...
4.4.5 Type IIA @ D-brane & BDF#&pkiE . . . . . . . ... . ...
4.4.6 FEBHRIBRHHEEO D-brane DF ¥ — . . . ... L.
4.4.7 Bott BHIEOIERHY U RACKBHHA . ...

£
<]

BIOTETR . . - o o o o e e e e
B . e
BIEME . . . . . e

K-theory

FARBY IV K-theory . . . . . . . . . e
B.1.1 FARrTY IV K-theory DEBEMZLER . . . . . . .« oo oL
B.1.2 KEHOHBRIIZTET .« o o o o e e e e e e e e e e
B.1.3 #Hxt K #f (relative K-group) & K #f (reduced K-group) . ... ...

41
41
41
42
44
44
46
47
48
48
48
90
50
o1
53
93
66
70
72
7
80
82

85

87
87
88
88



B.l.d K "B . . e 93
B.1.5 K-theory ®ERRIZRMEE . . . . . . . . 93
B.1.6 Bott AEAMEEER . . . . . ... 98
C*ERD K-theory . . . . . . . . . . e e 99
B.2.1 C*BE . . . 99
B.2.2 C*EROFEHAIT . . . . o e 100
B.2.3 C*8m Hilbert ZZEM EDFEIH . . . .. . .. ... L. 102
B24 C'BOKEEDERE . . . . o e 103
B.25 KoBEDOME . . . . . . 106
B2.6 K (A)BE . . . . e 108

B.2.7 Bott JAHIMEL B=ARF . . . o . 109






F1E Introduction

1.1 &

WEZE LT, BxOBRBROFIOEEN LT EHMEL T, 20— RAHAZBRROE
FIOFNSEFOSETHAMEZ ROHZ I LW IRARATH D, ZORAEBRKNIZRIIL |
FaPBRBRTAIHRKROLTOEBICYEERDH D LELLND L ICETRLLET, KE
REXTHD, BiIZ, MADEEMNTNDIRT—NVEZERDZ A —VIZRNTIE, &EF
AR IR D X D ICHADEBRL R D, BFHRHEEBEN LV KRERN THLZ LBan5 T
EBRLIELIED o7, 29 LR EEIL, BAPRRTL2EFMOREXR TR bDOT
HBEZLETRIELHDOTH D,

WEZOREZBEO—2IX, H—ERmDL, xR AT — VL THRLOBRBRLEDILTO
FE, DR L REMICIRATAZ LD TE 3R REZEZE LT Thb, ZDEE
B, BADPBRICE > TECERNRBRICBEFOTELYTIIHLI L THRLET 52 &
BTENT, ZRIZBLZZ 72wy, LL ., WEFOBETHERIZ, BaABERBRIZL -
THREMROHGB L IIR R ROWBELELTHIHOTHAINbENRY, TOX 7
ERYBRIIBOCUIBREMEND o7, bLEAx OEHNLIROMBRERZR SO TIX
PO WARERTR)»o272 0 Lz T, ELWHIBEZERT I LOTXAROSFE
BUETHD, ZOXIRFFEL. BOMPIIEFOSETHLLEI DN TELFET
b5,

HEEREILSELDNDZ L7EN, BIEOYBZORIUIETF/IFORAEBER ORI L X <EIT
WhEEbND, BF NIRRT HEFLEIZAD REDEECEL T—F, 5L TE
ifﬁéj&w5:&?%éo:@%Ifﬁm?é#T@&ﬁ%wiﬁﬁﬁmUkOf%é
EREFLEIL, FSICZED T—F, 67 EWVWIBRTOEFLTH S, Z ZIZHELME
ERHTZENTE D, ERlZ iEm&%%fiﬁw LPLOE2DEZFELT, K
DEIRIEEZBZDILDBTE D, BADPEBRL THDIERD, ZRPWE L Voo
By72 TRRHEE ] I L 3EROAFITHR L2 DA — AL CRE TV ESFERTZDICE
FITHH0, MADKRBRCEEL ERETHD, LL, REDRT—ANLEENT
A —NOFEEFTRL X5 LT, 2odotFz (63 NEXD D, HOET
mOREE B X T Planck A7 —/VOFERE TR THHEREZEL D L LTI, EFkic
FoT IF6 L) HRD#BEZEZOIC 199671 RERDL I BHNZR, D [FHL |
FRREREF OO FIZINE B LIZR L2V, FERHRE AT A 2RO ERETF
LEBXT-HRERNEIRRTHY, MBELEIND [FT5 L ) FiXFErT#EE ORIz
ADTWBZ ENRHFETE D,



8 %12 Introduction

T ETOBEMIT, FETREMELHIEET D Z ERAYITHERDOE WS BIVICHT S
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1.2 JER[HRA{] & SRR
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1.3 HNEHR
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READEROH 28 M LiT,
l/\ 50
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EE 1.4.2 (1 mav/y b))

11
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EE 1.4.3 (n x n {THIERD n — oo IRMAIER M)

M, DIFHHIRERR Moo 1 n X n fTFIER M, DFIDOERT, BEFMHE LT Py - My, —
M, (m < n) tE n x nfTBIDLE EIC m x m T & EbiAte & 5 2B OV THE—D
ERTEDLORLDOTHD, ERAITIL, 0o X 00 fTHITH n X nfTHIDTRN £ EIT
HORENTWDEEIRERTH S, ##MiZ, [WO, AppendixL] % &,

EE 1.44 (AN MMEBROLTIRK)

EFEB.2.19 B,

e Fourier Z#:

e i Fourier Z#4
1 _ .
f(z) = PR /ddk f(a:)e*“” (1.2)
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F2F JFERMBBAIDBFRIERK

2.1 FERMHBEMDEE

FEFHREBANI T A BEFEDOINROF CTAEEN TREMETH D, £ TETHDITEFHIC
FEFHBEMEERT DI N0 I I LB S, FAMBMIRLICRLS 30520V D
ZVEFEOTBHTHY . BHEHRBEOERD & D01 Tid/evy, Z 2 Tid Connes[Con] D
R R > = BB Z BN T 5,

#ﬁ@%ﬁ?ﬁiﬁ%ﬂ\@ﬁ—%ﬁ%)aL@ﬁ%T@ﬂﬁwﬁ%fﬁbtﬁ%T%

%, TR, ZiRED D E@ﬁo)ﬁﬁ’f}‘fm C>®(X) Z AWT T2t nn 5,

ZOIROFEEBRAT 2 7012id, FROBRTOMMAZEHR MIZOWTHLBRA TV D
MT®$¥%ﬁ%b&<Ti&%&Wo
FHE 2.1.1 (Gel’fand)

&Ry NEM, FrEnERETOBEITHNSRE TR C R (ERIEB21 23R),
e BRI IELERETHY, 237 FNZER X L Al# C* & R OB

R=C®(X) (2.1)

X ZoBEREEZ 5% 5,
DRI TIE, ZOEBIZOVWTORFITEBNR L DIZED 5,
lki\kiﬁzézﬁfﬁifﬁbﬁﬁjbwﬁﬁ%f&éoioTEﬁZLui\ﬁ
FAZERR ONABRY 22 EBITIR R 72 < Z DZEH O EOEGEBOROFIZHKVAER TN
EEHOICE 2T, MHAZEREFRNS 2L 20 LOBEFEEKERNS 2 Li3%MTh 5, T
FHZEM O _ EOBBBRIINFR AR TH 503 TN 2 HRENTIEFTHIC U 7ZBRIT , FI#ER5E DAL
FAZER DRI XET 5 b OB IEATHRBATETH 5, FFH B OERLOE O EHA 72
ME IR A TEX B,
ZRLSOIEATBRBTOSEIN L | SRE EOEREKORTER (CT8]) 0SEL bR
V—DEEDOBMROFFEIIUTOL IR D (ZORIXTERINLTVARNWEEIZOWTIT
WOl %2, 7=, ZORIZOTIZRBEKIT [WO, p24]i2H 5, ).

Lo = O B FE A O E L von Neumann |2 E TENDIE 3,
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FRrY— & %
C®(X) < C'm&
HEHE < IEfEFLBE%
a7 b & HIL& O (unital)
o-a /37 & & o-utital
WoEME < BoRA
HEosEE < AT TN
AR DR AT TMTEDPE
PR 2B 98 < essential ideal
a7 ME 4 unitalization
HHi <« projectionless

2.2 ZEW=FIt

WHEZ DR CEBIE AT HREME R T 2 HEE LT, WETIIZL OHE—ROEM
EEREFATIEVSFERE N D, ThiT, BADPBRIL THWDRFZIFBRTH D0
bThHD, b, EREFLEIIHHEIIZ-TLE I MO T EIREE &S5 RT
A=BEESTHLTHT LN L THY ., WA DRFERFERTBRBM L > TR D
bDOThHoleeT DL, ZIITFHREBMMENO DL T ERBREMAC L > TRiksh
LPHLNRVNRLTH D,

KE T, AHRRREOEREFICE DO EFERAT D,

2.2.1 EWMEFELOEE

ERETLTIIET, TRRZEMO EOEGREAKOKR TR A=C(X)2Ex5, Ar %
A ®D Gerstenhaber DEWRTOEREFILTHD ETH, BIb, AL A7 bVZEM &
LTCEHRAETHLIBBEEINREREINTNDEIHDLEEX D,

ERETLEERTHANC, £7 Poisson ¥z E&ERT D,

EF 2.2.1 (Poisson %))
AD PoissonRETH B L1X. f,9,h € AL LTRD X 5 72MEEW-IHE{, -} AxA—> A
BEETDHZEEN I,
P1 {, } X CHBETHY |
{f,9t =9, /} (2.2)
7T,

P2 {:,-} 1T Jacobi 1EEN A=

{19, h}} +{g,{h, f}} +{h,{f.9}} =0 (2.3)
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P3 {,-} % derivation TH 5,
{f,9h} ={f,g}h +g{f,h} (2.4)

F 7~ . Poisson ¥ D&% IV T Poisson R EDOHSE2 EZTE 5,

EE 2.2.2 (Poisson Z#kK)
Z2fi] X O EDOREEER C°(X) 2% Poisson R TH % & & X % Poisson LRk LV 5,

ERETIZ, T D Poisson REIZK L TEZRTHILENTEX 5,
EE 2.2.3 (Poisson KBDEMEFIL)
Poisson fX# A DEHREFIL A IZTRD L DICEEEIN D,

DI AL A 1XC EX7 bzEfie LTiE—&L T\ 5,

D2 A O x IO L HITEREIND, f,9,ge ALLT

fxg=1rfg+)_ Bulf,9)k" (2.5)

n=1
D3 Bi(f,g) iZ Poisson &Iz —&9 5,
Bi(f,9) =1{f.9} (2.6)
D4 Ap OFfF « 1%, e
(fxg)xh=f*(gxh) (2.7)
=9,
TOEIICLTERLEERETLE (A, %) ERFET D,
EELRLSTIEARLRVDIER, ZTOXIICEBEINTEZEREFENFETIHNE I0iEB
TR NnWEWNnWSIZ & Thb,
IOEREFIZIIS VTR L ARMEBREEZEZ DN TE 5,
EE 2.24 (EREFIEDTF—I )

EREBETL (A1) & (A,*) BRETH S 13, -REER T : A[[K]] - A[[K]] TROME
EWMTOORFETDHILES I,

Deql TiZiZ#¥itg T BHEFEL T,

o0
T=ida+ Y Tpk" (2.8)

n=1

LELZLBTES,
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Deq2 Tid (A, *1) & (A, %) % intertwine 35,
T(f*19) =T(f) »2T(9) (2.9)

WERZRRTIE AIZZEFO EOBORTRIZE T2 b 2075 —VEBRITHOHER
LB ENTE D,

S14ITIRE A D Poisson E X FOZ L ZREL THEmEZED TETWen, 207 —
VEBII—BRORETERE 2230 05H D3 ZHRVWTERLZ—RORBOERETLIC
KMLTHERTDIENTE D,

OB, KD LS D [, pT8~pTIl.
EE 2.2.5
— DRI RE D ER BT LB TFIEL 72 RZ4Lid Poisson REDOEFETFILE ETERL
e =B (%ﬁ@jcﬁlﬁf‘ THBOB/ER) TRIFH TS

ZDOEBEFEAT 572 9121X, Hochshild €1 /—UD%A%E%L 72 TR bR,

EE 2.2.6 (Hochshild ?ﬁﬁi)
p &

A % " #a72 %% & L C Hochshild #{4&1% Hochshild p-&IZ Cp: A®--- @ A - ADEF
ThHY, el fi e ALLTRTERIND X 572 coboundary fERFE d: Cp, —» Cp1 &
FOobDOTHD,

(dcp)(f()afla--' 7fp) _fOC(fla .. 7fp)
_Z Cp fﬂa--'aquq-l-l;--'afp)

+( )p+1 (foa"' 7fp—1)fp (210)

EZE 2.2.7 (Hochshild akEQT—)
Hochshild = & v ¥ —i% Hochshild ##2>5 , Kerd/Imd TEHRIN 5,

ZZ T, AROEE 2.2.5 DFERET 5, —BROREKOEREFILDOER (2.2.3) DFEEHI
(D4) D B oMy EEZD L
[Bi(g,h) + B1(f,gh) = B1(f,9)h + B1(fg,h) (2.11)

W, By ZXBRRES Bl & RAFRES Bl 24T, BICERTO f & h ORI
WK R E 5y & KRR 0T 5,

A(f,9,h) =fBy (9,h) — By (fg,h) + By (f,9h) — f(f, )h =

T 5Hh b, B, By 1% Hochshild 2-cocycle (272> TW\W 5, Z 2T, A(f,g,h)+A(g, h, f) —
A(h, f,9) =0 &Y,

By (f,gh) = 9By (f,h) + By =0 (2.13)
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F72b% . Poisson HEXE (£ 2.2.1) » P3 B MAh 7z,
Tz, REDOF -V R (A *x) = (AX) ZEZTZRE, EO 1 IROEND

Bi(f,9) — Bi(f,9) = —fTi(9) + T1(fg) — Ti(f)g (2.14)

& 725 T T, Hochshild 2-coboundary (272> TV 5, Z Z T, %72 Hochshild 2-cocycle

i% Hochshild 2-coboundary IZ—3 L T3 L WHEEEES L | ¥ —VEH L > T, Bf

EHTIENTE D, LoT, BB TH D, Lo T Poisson BEDFRM P1 2727,
EBIT, (2.2.3) OREERID K OREOWSYERD L |

fBZ(gah)+B2(fagh)+B (f7 (a )):BQ(fag)h‘l'B?(fgah’)+B;(B;(fvg)7h)

(2.15)
THDD., E£i2 f,g ITOWTHHRES & AR RE AT TIT DL
fB3 (9:h) = By ({9, )+B+(f,9h) ( )
= By (B (f,9),h) + By (B (9, 1), f) (2.17)

T(2.17) ZEI £, g, hiTONTHA 2 U v 7 ICE LA S &, Poisson & DI - 7= 5l
P2

By (B (f,9),h) + By (B (h, f),9) + By (B (9,h), f) =0 (2.18)

155,
PLET, Bi(f,g) 2% Poisson &% EHRT DI R0, EH225%2 78T ENTERE,

2.2.2 Kontsevich DZEHREFIL

Kontsevich |32 Poisson ZAEE FOBEEIRICHOWT ., BREFLBEETBH L EZE
KEFLOBAEZRD D Z & THEHAL 7=,
FOREMRALZLIZEXATLEI L, UTOL>RFEEL TS,

(fxg)= fg+z ( > wrBr(f,9) ) (2.19)
reG,
Br(f,g9),wr Z 2P bEERT D,
7., {1,2,...,n,L,R} £\ 9 n+ 2 HDIER (vertices) R/ T 7 %525, Th
BUTOX S BMEE b -7 77 Th b,

e HA i € {1,...,n} 2BHIXTNZTHN 2 RDOKFD (oriented edge)e;,e? 23 HTWT,
{1,2,...;i—1,i+1,...,n, L, R}IZADP>TND, ZD2EDRHDAEN D FxZh
Zh ol (i), v2(i) &5,
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X 2.1: n=3DFREDT T 7 DH

e DT T T T 2HRDKEN—FKT 5T LT\,

TDXHIRTTTOREN G, ThD,
ZDL & L0, % Poisson {EINE EET B & 5 RRIMFMTIIE T 5, (uv X RFTEEDR)
Z DK Br(f,g) RO X IITERIN D,

Be(f.a)(a) = [[ o000 T ot ftanatan,_ _, _,_, ., 220)
DI, wr FROL ST LTERSN D,
A, 777 0FERE EYEFEEICERET 5, Ok, ER I OBREREL 2 L L, EAL
DHERENE % 0 THR R DBEREZEE 1 55,
EPEO 2 RERESTHBRITIER S(2) =0 L BEICRZDLLIAINCTho7Z L2 BVWHL
T, 2R w,z LERAM co DEIDKRTAEL ¢(w,z) &THIUT,

ﬂwﬂ)ZAm(z_w)—HLM<E:1QE:£Q> (2.21)

z—w) 2i (z —w)(z — w)

D ¢ERNTCwr ZERT D, Cp(H)={uec H"u; #uj} £ LT,

1 n
wr = —/C /\ dep(ui, uyr(3)) A dp(ui, uy2(s) (2.22)

(27r)2"n! (H) i=1

TEEIND,
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2.2.3 Moyal &

Moyal FIZEHEF LD 1 DB R > TW5, BAERICIE., 08 ZERDOH DB HT—
EHDHEZIZHIGEL TS, ZDOEE Brid&TORAIOXRTN LR R, LIZIT< H D
PR ES, wr i 3ERAEOENCRET D, AE ¢(u,0),¢(u, 1) DERIX[0,7] TH Y,
z=x+1y &£ LT dzdz =2dzdy THHNG,

Z Br(f,9) = 2"( 9“”3235)"f(y)f(Z)‘ (2.23)

= ———(2r?)" = (2.24)
L%, #ER. EREFLLUIME f xgi%. Moyal f&

Frg= g+ D0~ (ROOLE) F(3)f(2) (225)

Yy=2=x

_ egkawa}iaéf(y)f(z)‘ (2.26)

Yy=2=x

2725,

2.3  JER[HREOM S BT

TR TFHEZTIIMORMER RERBREIZRIZLT0D, - T, M BFEDIER
REEZDZ &I, #Tiﬁ&ﬁ%%ﬁ‘%&:ﬁ})ﬂﬁ‘étf‘#% CEETHD, ZOHTIE,
%E’J WWERSNZAL, — D C* RBECALPEZ DR TWRWEANT . Az U T 8

ZHRIET D& D fiéFTiﬁ#ﬁ TRMFPZERTO0ZUAT D,

l‘é’l\ COETR CRICESDLIMEELZHT D2, £ b OBEOFEMIT OV TIEAf 6

D B.2.1/MEix SR,

2.3.1 SfgmeE

—EDOETFTORT MVRIZXET b D E LT, FERTHSTATIIHEMEE L WV O]
ERH D, NI MVEIZ C®(X)(XR_R—RADZER) 2T 5, IBHERs DT 7 A —Th
HARY MVZERE f(z)(f € CR(X)fETHLVWHIBERTE DL I, HEMBELE-AD
YERZfF->T\W\W5

E&E 2.3.1 (5% Anuﬁ)
BIRAERRL AMEEE BVROEML 3 > OMEEFFOL & EZHE (E)AMBEL VD,

PM1 E AMEEOLH A¥RE o M - NBEXONER, FED AERK p: £ - N
LT, AYERFEA:E 5 MEVIBEBRFEL T aol =p, BIHROKNE 7]
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Bizd 5,

E—">N (2.27)

PM2 £BDEN AERFE p: M = EXXHLT, A¥REAN:E S MT

poX=idg (2.28)
BT b ORFEET B,
PM3 EiX A Db BHMECEMRETTH D, BB, 52 BH AMEEF & AMEEE H
boT,
F=¢a¢& (2.29)
E{mEDFERA.

PM1—PM2: PM1 TN =&,p=ide &FTHIiT N iX 2.28 DME %277,

PM2—PM3: 4., EIxARAERTH D05, LT A¥RE p: AN = EBFEET
H, ZTZTCPM2EZERTHE N:— AV BREETEIN, XN ITk-T, BHAM
AN OBEMEFIZR>TWS,

PM3—PMI1: B AMBEZ L TiZ PM1IASRSET %, BB, (0,...,a4...) — ni(€
N), mi(e M) = ni(eN)ELERHT, A:(0,... ,ai,...) = m; & X EEHETT
By, BHEMEES PM1 2723 %2132 02 TOEMEFIZOWT PM1IBSRKSIL 72
X TEHARBRW,

O

EETREIZ, BBROERTHD, ZhiX, AP —TRZ MLRIZOWTRLALI
TW5EHR (BE B.1.2) OFEAMBTHIRIC R > T\ B, BID, A#RZEM X Lol
A7 MVHEIZ C®(X) OER (AL B EMEE) 1IZh->TW\W5b, TOHBEMEOEMRFIIR-
TWaHEnHrmiE, BEB.I2EZEF1 L, FIT_7 MVRICEIF SN AHETH D,

4. EE231DPMI TN ARRF a: AN 5 EE2EZLD L,

£—2>¢ (2.30)
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EAHICT B X5 ABHFEET D, oz, AN 0B RERE
p=Xoac EndygAY (2.31)
BEZDHZENTED, ZOp IBENL P  =pTHD, ZOpiX AV 2 nfRSE5,
AN = p AN + (idyn — p) AN (2.32)
*7z,
pAN = ¢ (2.33)

ROTCBEREERET p CHEE AMBLZRHEMIBZENTE S, BAIL, X7 MUK
DIEFHRRIT AN ITERT 35 ﬁ%%f%é&wﬁ_&ééo LRTE B,

2.3.2 RS R (universal differential form)

AR ZE D EOA R ERIT L 12 L T, RIEEMNTEZ RO C & AIZXT 507
ROAZEETIENTE D, QA X graded 2R3, EID p-FBEROEF

0A=Pora (2.34)
p=0
ThY, VA=ATH?D, KT, VAZREZBLIZVDEDR, ZORNIMES D—fR1L § %2 E
ALZRL TR SR, § 13RS D—b2D T T D X 5 2B %> b D (derivation)
ELTEREND,

d(ab) = d(a)b+ ad(b) (a,be A) (2.35)

d(aa + Bb) = ad(a) + B4(b) (a,be A a,p€C) (2.36)
IDEIRSEEETDHE, IEHBOIERw e MUAZKRDEIICERTHIENTE S,

w = Z a;0(b;) (ai,b; € A) (2.37)

ZTCQAFEBHICEZEINTVWEZLEREZ D,
EE 2.3.2
(Q'A DETEHE) M Z R AMBEL LT, A: A= MHBR(2.35),(2.36) -+ L ORE
# (derivation) & 9%,
TDLEUTORREAHIZTEE 57 pa: VA - M BHE—DSFEET S

A—2-qig (2.38)

RN

M
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EBR. 9. o A MDBBFEET DL X, podlid MIZMEEED derivation iZ72 > TW3,
Wz A A— M derivation ThB LT 5L,

pa(d(a)) = A(a) (2.39)

WX TE ARREER pr EERTDILNTE D, ZOEHRIT. ALNCHE—DDLD
T&)éo
beid, pa WEERBEBRTHDLIZLEZERAIT IV, ge AL LT

pa((3 @i (b))g) = pa(} aidig) — pa(3 aibidls)
= Z a;(A(big) — biA(g))

=" aiA(bi)g (2.40)
ThHAINLEERETH D, O
WIZ., BRD PAZEET D,
p &
——

PA=Q'A---QMA (2.41)

ZZT, R (235) &V
(aodbg)(a10b1) = agd(boay)d(by) (2.42)

ThHhAZLEEBETIE, PADT wITLLTO X HITEIT 5,
w = agdaiday - - - day (2.43)

EFRNPD QAR AMBETH 5,
& 2.3.3 (ADWAER)
A LSRR QAT (2.37) K (24D ICE>TEBRSND pBROEMTH Y, (QA4,9)
LRILT D,

PR L RO, (p+q)-FBERICR D, 2FV, =R (2.35) 2HVERELE> =&
ko7,

(agdaq - -+ dap)(apr1dapya - Opigr1) =(—1)Pagaidas - - dapiqr1
P
+ Y (1P agdar -+ 6(asait1) -+ bap gt
=1
(2.44)



2.3.  FERTHRAOM Sy ST 23

E72%, iz, HONZ QADTIEIHEM AMETH D, BT, 01X P H 5 P ~DEH
ZERT D,

d(apday - - - dap) = dagday - - - day (2.45)

VADKELRIT X 5 IO QAT L BEEEZ > TV, T2bh,
THE 2.3.4 (QADEEN)
(T, A) % graded 228 = @, " & LT, p: A— I 2 REEMTEFOREOBR
YRGB ET D, ZORpDIER p: QA - T TROMKZ AT S HORFET D,

wA—" 1r (2.46)

| |2

Qp+1A L>- r+l

fEBR. pERD XL DICLTERT D,
plagdaidas - - - dap) = p(ao)Ap(a1)) - - - Alp(ap)) (2.47)
T5¢, ZOERIIE AREEBRTHLINOME—DEBRTHD, I HIT,

(pod)(agdaidas - --dap) = p(dagda - - - day)
= A(p(ao))Ap(a1)) - - Alp(ap))

= A(p(ao)A(p(ar)) - - - A(p(ap)))
= (Ao p)(apdai - - dap) (2.48)

IV, ZopTHK (2.46) 1ZFHIZ AR B, O

DED, ADOGERINDE DL I REHEREFRASNTZVETSH QAZFANUIZE 0D
ZOMHTROMEEFARDLZ LN TE D,

LinL, £0—FKT, QABRKIZ, BAZaFEv Y —%2fF> T THIEOX#RE L TH
H <7220,
EE 2.3.5
R AERD S ICET D arErny—, BIH

H,=Ker(0: QP A — QP A) /Tm(6: QP 1A — QP A) (2.49)
X,
0 forn>1
H, = - 2.50
P { C forp=0 ( )

Th D,
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2.3.3 ##%t (universal connection)

MO EXNERTE L Z AT, B (universal connection) Z E&T D,
EE 2.3.6 (A DEH (universal connection))
B AMEEE T D8EREL, ROLIICERSI D CHEFH
V:EQUWPA— ER4 WA (2.51)
T, UTFD X 57 Leibniz Bl &3 H D TH 5,
V(wp) = (Vw)p + (—1)Pwép (VweE@4 QA peQA) (2.52)

ZOEHRIL, AR QARDVICEBEBOMATER, £ AMEEE ORDVITRT FVK,
TV INFED Q4 DROVIT @c ZFF > THRIITEED A2 ZEH O ETOEERROER & F
CLThod,

B ERLILEZAT, HEBIHYTI2HOEERT D,

EHE 2.3.7
VZ=VoV:EQ4MPA—=EQ WP AITE wABRERTHS,

REHA.

V2 (wp) = V((Vw)p + (=1)76p)
= (VZw)p + (—1)PTH(Vw)dp + (-1)P(Vw)dp + wd’p
= (

v2)p (2.53)
O
BERIIZDO V2D ERVA=E~DHIBTHS, HbH,
T 2.3.8 (HXR)
0:V25:5—>5®A92A (2.54)

Ihd, BROEROBRICHAL L X O RBEEBRZIC L > THEO AR ZZH D o dhR
DEHFEE —HL TS, ZOHMRITIE ABATHS,

LYEIE AMBEENFTHE AMBETHDZ L2 FEDLRNTELER, T2 TENKEMBET
boleZ b L, EITBEHAMBOEFMRFIE-T2DT, € 5 EQANAIT QAZEE
BA4THIEIG, Endg Qu QA LB Z LN TE S, BICHEOIZIEndg @4 PALRBHZ
ENRTED, FIZ, iV DO E~DOHIRIX End € DEREYERT D,

EE 2.3.9 (End s & DEH)
End4& O##% [V, ] : End4€ @4 P A — End4€ @4 PTTAIZVEZRWTUTOXL SICE
E2IN5,

[V,a]=Voa—aoV (¢ € Endyq ®4 QP A) (2.55)
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CDEFROERDL -, ABARZEMO EOITIIROBHROERZTDLDTHD, TDEH
DT T, #% 013 Bianchi HEZEX %77,

FEIHE 2.3.10 (Bianchi fE%R)

[V,0]=0 (2.56)

SEBR. 013 V2 D E ~DHIRZ 7236, [V, ] DES (2.55) XV
Vi-vi=0 (2.57)
O

BEBIC., BROFEECOWTERT 5., FEMBEIEICEREZFE- TS, HICENEH
AMBETH BT, E2 AN DT

E@40 = (QAN (2.58)
THE, BV &
Vo =(5,6,...,0) (2.59)

LEFERT D LA (2.52) B LERICR > TS,
EB—ROFEMBETH BIITIT, p: AN — € ZFEINBEL BT 5 R EET (2.31)
LLTAN:E- AZ@AEBBRLETHL, BREHR

E@APA2 = (AN % (N Lo g g rHA (2.60)

ICEoT, EWCETRER Vo 2 ERTE D, EiL, BERATFET 20ITEMEEE BHEM
HThHAREITTODHZENEZD,

EHE 2.3.11

HINEEE NEEMBETH D, 2T ORIZR> TERATFET 5,

REBH.

j:nda(€e ERANA) = n®a—na®1(€ £ A (2.61)
m:nQa(e &£ ®cA) — na(e &) (2.62)

RABBEBNG, RO X S RmeRINElED,
0—EQUUNAL>ERcA-T>E—>0 (2.63)

TBHL.850:n€EERNRQIQEEQRAEEZDE, mosyg=idg 2D T, ZTDOEERIT
DETDH, TOXIRRERINOSEOEEREEZEZD LEZFNIT. EMD EQc A DESZEM
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J(ERcA) ~D AMIBBZBDEMELD, 2FV, FEDs: £ > EQA(mos =1ide) 1T
LT, BEBEBV £ EQUUABRKRDEIIZLTEE S,

s=sy+joV (2.64)
j‘ék\

s(na) —s(m)a=na®1-n®a+j(V(na)—3j(V(n)a=j(V(na) — V(n)a —nda)
(2.65)

THY, JITHETHIND, sBIHE AGBRTHIRFIZRB-T VIidERER D, LL,
EQCAXEH AMBETH IS, EXHRHFEEREFp=somiZXoTERIN D FHFEME
o T3, O
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FIFE JERHBEADYE~DIH

ZDOETIT, FERBREMEFOMEGREA LB 2BM L T L, BOEGRIL, HERHOK
I?w%—ﬁ%ﬁﬁtbfﬁbhém BITBRD X 91T, HOEERE FEATHL L 7o FE R #L
Wb REROBOEZELRBATZROEZRINVE —F#EGHmE L TERICEH DL S,

it\ﬁimui%®ﬁ%iyﬁ RS BG T DI BRI LHFEEL TS, HOEGRITE
TEDNEZEN ERLTE DT NLF— X#—w@%ﬁ%#%uﬁwﬁffﬁibfkn\é(
HBRNER SN TV A ZEREIYEL L CRAINTWSEDYL, 20K RNVF —FhHE
RRPFOEBTHDHZEEKD L ZANRREN, EBE, BRHEGZOEZL > EBHI L TE
BRI Z T Z L3 TE D, [CHSW] [Wit3][AIQU],

LML, HBOEGREENEZHR —-LELO2L T, RENREHL L CEHOERBKY
AHRRFARRTH D E VI FERXBLEHN - TL B, J1ETHAT S L ST, FETHEMT
%@ﬁ%%ﬁ%?é%®ﬁﬁ&ﬁﬁf%ék%xé EMRTED, #ﬁﬁmiﬁ%a&t

DIEEHERZ R XV —FHEG L L THELELDIL., F4ED 41 SRS D
Space—Tlme Uncertainty CATFIEAI /2 82 L - TR EN D X 5 ICAREG RN FERTHR S (TH)
B ERFSO TNDDEEEX LIS,

ZHLEEWT, EAREE LOBOEBREEX D LiX, BOHERBIENZELI I
TERT BB AR E AT RTRIMEE 2 MA D Z L2 BED L VI ERT, REREEZLDHD
CRICEIICEETHSEEXOND,

3.1 FERMEA DB

—BROKMELEHL TELNIZIETHBEMIRANTIT, ARIERT B LWV IERNTE S
TEBMLNTWD, ZhuE, FEFBREM EOHZOEBTIIERIZENO I » A THAS
EWVWIHZLERBRL TS, ZOZ LT, ENEEDWBOR—N2#BEELIOADE
B e EXEBHEVWI T LERLTNS,

3.1.1 TABTEIrTOEFEHERBOES

BENEZE0EGBTIIT V70 OT DR LIRAINT irrelevant 72 EDS A - TV IABZR
ARBIC/2 B, BI'H Einstein-Hilbert fER X

1 4
= 2V 1
SE_n e /d z+/det gR (3.1)
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THY ., Newton DEFELK G X [mass] 2 DRTEFE->TWD, ZOERZHAVWTHOE
J‘\%’?é ERTENT, WEORE—RILRMBEBDLZ EPHRDIETHD, LrL, Z
HRTBERTERADLL LT, MIRDBEMREAT V7522 X5LT2L, 20N —
7®%ﬁ%%%/twﬁééumﬁ@@w¢/5 F— b AR THENT RN E WS H
R RET D,

3.1.2 FERHREICKSZEFENERDODEZTDOMAHE

ZOEDOWHEOIZIBIZEY |, REEZERE T E > THEAEELT L VWI T LITAEZIE
RITSEDENVOIBRNETE D, ERICIIERETFGIC L > TRZEIX, R/NOERELFFO,
I EXIC, HHRAZRLEEBTFNZOMEZTOEETH D, BE, BEFHFETWIETLE
IZFHZE[E D Poisson #1E% Planck B Z B FLONRNTF A—F L LTERTHLENWHIZET
bV KREOEREFLHRFZEC Poisson EX AWTEFILETHE VWS ZETHD, M
FiX. BFLLTIL<FA—DZ LEL T2,

BEROIX, FFERER/IND AT —NVEFF> T TENU E/NE R A — XL TERZ
By NATBRADZERERFENDZ L THD, ZHIXH ETHHRTH S, EBITIX
BROEMRCY FCHABMELZ ANTHLE ATV 7 LAOEBIEETCLE S, ZHITLED
33E TR TV,

3.2 FER[HMIGDIEBIRDIERK

FZHBRIZBEYYETCIERET LT L o T, KREOFHFBELZEAT LI LEHE,
(D, BiS b H D, ) ZHiE, P LBRADZRAF — A7 — )V TIIRFEI AR TH Y |
FERBMAFEEOYELZLRL TV L TH, ZHIEEVZ AT — A7 — LV TH LI
AR EON D DIELEZ N DN TH D,

3.2.1 ZFERRIZDER

FERHRMTOME TOEBIIECEREFLDO T EEZE ST DTH 55 ZHITITEIZ 2
WY DHERH D, ~HOFEIBOEGRBEEREFLTIHDOTHY, b ) —HTLHERm
WBHBDNy 2770 e AND ZEICK Y EAREMEERTLIHLDOTH D, AIED
Tik% ., BEFHEOHEG] LIESECT D, BEDL I 5, FEAMBOHER TOREDE
BEFLOFRE L, FCHEDEEOHEFORTREZEREF LTS & ThahT
Wb, BEREFLEZED % Poisson IER 2ZEMT—ETH L L ZIFUTOX S5 2FEL T
[AY-P

[z#, 2"] = ikoH” (3.2)
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TN EIEFHBEOBBROTIRTIE., kEE2EWT,
[zH, 3] = 0" (3.3)

LELZENRBVOTUTIDETIIZDEREZHNVDZ &ITT 5,

3.2.2 ON—FEDEHZS

FERHAMENRBFZE DK B T—EDEAIT. 223 /MEiCHELE L S ICBOBMBOLERET
{EOFHREZEDLDIX, T 70V T VBN 5BEBOFEL Moyal EICEEZ#Z 5L\
B2 bDThD,

f(@)g(z) = f*g(x) (3.4)

L2 L., Z OEGHOEBEFE [RS][MRS] 0t 0 iAZ AR DWW CIX B TR, ¢! HiR
IZ2WTiT 2-loop ETOA—F — TRV IAHZNBARETH 5 Z L B3FEND b T3 [ABK],

I TRETAREIT, FEMREN oS —VER 2R T IR, A —VEHR D Moyal
BCEIMERDHDLVIRTHD, TRDL,

Ay — Ay + X +iA, N]s (3.5)

EENRTNIE RS2V, BHRBENZ &2, RS —VERIIB OB ERTHHRS —VH
mBlD ., AR ZER D D — U &#ﬁf%é EBRZHoTND, ZTDRITONTIE
3.4.4 /NERTCHEAT B,

3.2.3 OMN—FETIELEWNGES

O —EETRWEEITEL WO THE VRSN TR, LAUH#RICIE, LB
WIFETD /D 012>\ T, BEIH—f®D Poisson ZHEKIZ oW T Kontsevich DE &1L
A (2.19) [Kon] Z HWTHOEREZERL T 2 LR TE 5,

ST, OB —EBETIRVWRHIZS —VEGREEBR T 256813, 7 —VEHRE LFER
TELPBEATIIRVOTEICEHEL VD, —ETRRW OIS 57 —VEim a2
HRBEBIR I TVWS [AK2] ,

3.3 FERBBOERDOEDR

FEFHIGOEIR T OBBGRILEI 0 B —EBDHE DA I TV B DT Seiberg & D
ﬁ?mm&mﬂ_%ofeﬁeiw BEDHEZEXDEITT D,

Lz BT UBIETIRS — DR E WO EEL VAN, MRS — VNIRRT H B LV ) B TIIR
W,
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TN, dRTEDAN T —HOBERTERDZ LILT D, EHIT—ERIERHME
[z#,2"] = 0" (3.6)
ZEAT D, BL ZOFERHEMIT, ZERTEELICRS LT5, $bb
6% =0 (3.7)

CDZEHOFEFHBELEAT D LIXZER EOBORTREERTIHZLELRALTH S,
ZDEFIT L > THEOFES L EOFEN S Moyal FEIZR 5,

(61 92)(2) = 2" B0 G () ()| _ (3.8)
575 VT v OFROMENEREE FTRFZEO ETOMEEREL KT L
n &
/Zﬂ¢"—{/df¢*u-*¢ (3.9)

DEITRD, THE, FEFBRREDFOERTO T 7 A~ FAT T T bk it E % al#
BZE DT 7 A~ ZAT 7T LADFHEL BT 5 L, FEAHEZETII (3.9) DFEIER
HIZXHET 2N —T v 7 AOBMRERD D L | (MHOFERMDD Z LW a5, kxl%

kx 1= k0471, (3.10)
DWEFL & THUT . Moyal FEDOFEEMEEZ FHWT,

Viewpsg (ks - o kn) = ¢1(k1) * (¢2(k2) * (B3(ks) - - - * (n(kn)) - --))
— 1 (k1) (Ba(ka) * (Ba(kz) * (a(ka) - - % (dn(kn)) - --)))e™ 3 Ziz2Frxki

= Vipg (k1 ., kn) x €73 Zics BiXbs (3.11)

ZOWEERAWTIHRREOEBOHELZITR O L, ENBRBOEROBEBFHEICHN S
T AV~ BAT T ILITSFGF—FATITITLE ) T FTF—FAT T T L0 2FEEI
SETHZERTELRZLRALNTVWS, FTZENETNOHEIZOWVWTR S,

331 FSF—FATFTS5L

TIF—REATT T LR, 2RTEDOFECEE L LBIIRXTE Y 7 2 fFliang
ATTTEDIETHD, ZOXIBRFEAT T T LON—T v 7 A~DIER[HED S K DAL
MOFEEHETDBICROEIRT 7= 78 VD, FAT T 7L M0 X5 REEE
bORE, X AT T L E2ERDEAT ST LTHON—TBEZDLLERNE HICELLENT
x5 (K32, ZO2EROMD 1 ARIAREHELFI VIR T, 2ERD 2 KOMBOIES
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L.

k. —

k:

ks

X 3.1: bEDEAT T T A B 3.2: 2B L 1=F AT 7 T L

BEHN V72 2BICTHRIDOERNEICRD X HICTD, Thbb, EOX3.1 0Nz
B Tix

T T

1
: (3.12)

1

I
SUSH S
|
SSRGS

3

DEINCLTH322EBLZENTE S, THL, HEA—F v 7 ADMAOEEIL k; % /3—
Fy T AT ASTHKB VL 7 OEBEL T2 L (RFITERFHEICSD),

—%}:EiXE;== ——E: (i1 — ) x (T — 1))

1<j z<]
= —501Xb+'“+hh1XM+J;XE> (3.13)

DESCELZENTED, (i1 — L) BEAN—FT v 7 20V v 7 OEBBICHY TS, =
DEENRZENR—=FT v 7 RAZOWTHEET DI L 2EZLDE ., HIV VT OBBMON—T v 7 X
THOFEEPBELE I DTRRS 7 —RF AT 7 T LR TIRZEOIEAHLIZ X
HAAEDHFEITEN L FERTT DN B,

332 JUTSFT—BATITSL

)T T F—=RFAT T T LOFENR—T v 7 ATIHRVRXT BV IRFET D, /
VT GF IR AT T T AA~D, R X A0 FESEFHETIHART /=y b
LT, RXLTCWBFENA—T I AL AMMLCT T F—REAT T I LBEHRZD, =
DW, FIb ot A—F v 7 A bOFEEIL, e ® ¥k Tl s, F5F—REALTIT
LABEROMNMEOFEEX 0 ST2DT, )T TF—REAT T T L~OMNBDOESITIEHE LD
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Vi I
o ko
2 o .
X 3.3: RXL7=E AT T T A B 3.4: BRXEN—FT v 7 ALT 25,
RAXHY
oifixks (3.14)
L%,

IO, VT TFT—REAT T TLDHFEV I ERXEFDLHEEE 5 THNIKA
T IZEPMEFELRNZ b 2T 2o 7 LTRBLMERD D, ZOZ LIXHEICHENIDD L
NTED, BIb, Vo7 aRXSELIMNBEZESETHEN—T v 7 ATEHRIIRFL
TWBDTEAT T T LOMNMITY > 7 DOREXDIEHITEL R, ZDZ &iX, Felder 5
DERETILD L [CF| TREMS N OIS OERBNR I EERTETCNDIEVWIEH
ENPDHLTFTHETEHZETHS,

3.3.3 4R EHRD 1-)L—THE

UEDEELZHNT, 4T ¢* BiRO 2 HEKE 1 V—TFDF—F —TeHET S, %
BEHRDODTITF T UIRTEZBN S,

S = /d4x (%(BuqS)Q + %m%s? + %gqu*qﬁ*qS*qS) (3.15)

EETE & EEEOFEN Moyal FEIZ 72> TV RV DX Moyal FEIZ X 2 EENTHE EEE~DH
ERSWITRDENETHD, ZOBEEDHRHIIILAEHTEL S,

OO 2 MBEEA~D I NV—TF—F —COMEL, TITF—REATITILL )T
T =T B AT T T ERENTNL1 D20 D, TNENDF ATV 7 LOFHEZ Schwinger
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E
R
— P
p
X 3.5: T F—REAT T T A X 3.6: /T TG =B AT T T A
NI A—FOFETHET D L,
F(Q) _ 92 d4k
1—loop,planar 3(27’(’)4 k2 + m?2
2 00
g da  _om?
o) _ 92 d'k oPxF
1—loop,non—planar 3(27‘(’)4 k2 + m?2
2 © d o
= 93?/0 o (3.17)

Z DEETIX. Schwinger /35 A — (T X % EEIC EARH R
1 o 9 2
_ —a(k®+m?)
k% + m? /0 doce (3:19)

EOL, Zhvh B Ab vz AR 722K

AWz,
LI CHEREINRESEDRIEL AT ST bl exp (1) &I B, THLEEXATI T
LDRBOMAEHET DL

e _ ¢ j/“°daeam2Ai¥
0

1—loop,planar = @ E
2 2
g A
= 4872 (A2 —m? IH(W)) (3.20)
2 o]
2 g da —am?— L
Flfloop,nonplanar - W/ Ee (pop/a+A2)

g A7
= 5 (A;f—-nﬂln(;ig)) (3.21)



34 FEIE IR OYME DS
kb, ZZT,
poq=|pu0"8,:0°"qy| (3.22)

1
1z +pop
Thd, UELOHEOKRE., AHERRIKRDO X HITR2 D,

1 1 g’ g>M? 1
5@ _ /d4 _( 2, 2 _ .
W=z | P M e epiat 5) 9672 "\ M2 (pop/at )

+~-+omﬂ)am¢«m)

(3.24)
fEL MiZplanar 72X A 77 7 L TRVAENT-EE.
202 2, 2 2
2_ . 2, 9N gm A7
M?*=m*+ 182 482 In (m2> (3.25)

Th b,

TOKE, A — 0o R AMRIBEIEE p — 0 2 W S RRIBERENZHL 722 LS5, Al
5. ﬁ L popDRK/INTHERTELT, TNETNDOHETA — o BiRE & 5 L, IREN
BED, BEMIIX,

a) pop K 33 DI
ARERIX, FERHETIIRWEOEBERL LD D, T7hbb

1
S = [ dip 362 + M) 9(0)p(-) (3.26)
L%, AL M IZFEFH ¢ HIHTOMRY R ENTHETH D,
2 _ ao 39°A7  3¢Pm® (A%
M" =M+ 9672 0672 In m2 + (3.27)

Tt M L BB OREE BIZTADT, MIZXHLTANTEZIT L Z—F—AF M
DR EWINTE 720,

b) pop> 1z DI
ARERIZ.

@ = 1 (p2+ M ¢ _g M ! 4 _
Sir = (2m)? /d ) (p M 24n2pop 2472 In m2pop +---+0(g") | ¢(p)d(—p)
(3.28)

LB, X, a) DFE L A - oo TOEBOEZRENZRIZL TV,

G Riek oz, SAMBIRA = oo L FRIMER p = 0B EWVIZRZHL 2N &N H T LT, iRf
ABB L EAREBPIREL TNDH NS Z L THY, UV/IR mixing & FHEN TV 3,
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a5

k
—

X 3.7: planar 22 % A 7 7 5 A 3.8: non-planar 2% 4 77 7 A

3.3.4 6RJT EED 1-loop FE

FREOFEY ¢3 HAICHEEDIRT, ¢ BB 2 ST 1-loop DA —F —TX 3.7-K
38DETZODEAT T T LBMNTL B,

Exz HIERI
S = !/de ( 2+ nz+— ¢*¢*¢) (3.29)
Thd, TNEERV/MEHERCHEZRYVIRT L
2 o0 012;12—pop/4+1/A2
(2) g donday  —(aytap)m?— 222 2o/ 21/ A
I‘1—loop,nonplauna1r = 98,6 o (o1 + a2)3e e 1Faz (3.30)
2 2
I‘gf)loop,planaw = gf)loop,nonplanar 6=0 (331)
L%,
X o THEDERIX
2
(2) _ 6 2 g
Sipr = /d (p +M 287r2p op

9° s P 1
+ 29373 (GM - Z) In (m) )¢R(p)¢R(_p) (3.32)
Lib, 22T M, dgiplanar RF ATV T ATHRVAINEEEL ¢ Thd,

3.4 JFErBRFOEROENEE
FERBOEGR TIIEA OHEER N Db TnW5, ZZTikZE i LizEE2 R 35,

3.4.1 EEXMLEE

X, FERBRGOER THON TV D ERNREELRESNT D,
EHE 3.4.1
MR —EBDHEILIT ST VT D 2RDOIA T Moyal FE%# EEOBICEEHEZ TH,
TOEIEMHTH D,
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SIEBA.
[dtaisin= [dioiixiar [ a0 oo -1)(;0 01050035 dulc)
y=z=z
(3.33)
BL., 0, BHSEEFZO0E OBV Z L2RbT, BOBEEFNOLE 22U EL1-
TVWBHZ Lk, RIEESNL TV, ) O
EHE 3.4.2

2L DD Moyal x4 A 7 U v ZITANRBEATH, ZOEIEMAITH D,

SEB. 341 & Moyal OBAML Y EBICH S, B,
/ddx¢1*¢2---¢n - /ddm*(@---qsn)
_ /d%ﬂ¢y~¢n*@) (3.34)

3.4.2 UV/IRE®&
Moyal D4 &

3.3.3 /MBI T H AT IERM G O EFHIZIE UV /IR-mixing LW BBREEZ D, 22T
X2 DBEZOYBAERZ IR 5,
$1* o £ D 2 DDFD Moyal EOFEEER L TKRD X 5 EZX%2H5,

(61 % o) (c) = / d21d'zs ¢ (@1)d(02) K (@1, 2, 0) (3.35)
TS K (21, 22,2) IR CERIN D,
1 . ig—1 j
K(z1,2,0) = = ( H)eQ’(H“) biy (a=w2) (3.36)

Z DOFIE, Moyal FEDO R (3.8) D ¢1, p2 % Fourier— ¥ Fourier EROFICEZEHT & T
Il 1oV (I



3.4. FERMBOHERmOEMNE 37

$1x ¢ M ELTEHR

UTFORADSBICIE, 2RTEZBZIEFATHIDT, 2RTDHEE (28 — (z1,11), 2 —
(z1,y2) £ T D, ) EEZX D,

L. 200y b ¢, 02 W 2 ROMEERZT 55685525, 22003y NOIR%Y
(A, Agy) & (Agy, Ay) T3, R (3.35) D oy IKFFESY R REHT &,

/dwl 1 (1, 91)e’? 21 (@29) (3.37)
L2, Ny b ¢ Dz HFRIOEN
0 Arglye —y| > 1 (3.38)

ORI OMMEEREIMEI SN D, LoT, ZOHEERICEST 7 v b 1337 v b
b2 D Sy ~ < OFEICH HHERERSD Z L23bH5, FAKICLT

6y2A1z ~ 9, 5y1A2z ~ 9, 5$2A1y ~ 9, 6y1A2y ~ 0 (339)

MEZD, 2T, 22007y hOFLOAER—BL TWVDEEE, (d1%¢2)(z) DIE Ay, Ay
EUTD X275,

06 0 0 0

Ay ~max(Aiy, Aoy, A—ly’ A—Zy), Az ~ max(Agy, Agy, A A—%) (3.40)
¢ EEO UV/IR B
3 BRI D B AER) H R R
(6% = m*)p = 2% ¢)(2) (3.41)

ThHENL, ZOHMEHHGBRADHOOL Y% ¢ L TDL., TNITHIST 2 EFmAIR
fRIL. Gz,y) ZZOHEERD 2.1R) 7V —rEHRET5L,

#(@) = dola) = & [ d'2Glo ~9) (g0 o) + -+ (3.42)

EBHRNICEL LN TE D, RIEROA—F —CTIIEFHRED Y —R1%, —L(do * do)
Thbd, TITEEBOEREEZZD L. (do* Po) PIEH Y Fik max(A, A) 'C&)éﬂ%#n%
NSy R ThoTHOEDHEERORE THRFIIFEFICRE R D LR D, OF
D, EFCZRINEF—DENEER T RINAF —DOBVERRC L 2FEBLZITLES, &o
T, non-plannar 72 % A 7 7 7 AMZRWTIIE = RNF —DIRABRL FIZEANA T v A7 A %
BATHE, FAT Y b A7 L BALTLESZ LIcbR>TLE D, ZhA UV/IR
BAELEDNDOUTH D,
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=

\

3.9: open string ®/L—7 3.10: closed string D&

3.4.3 HE®REODFTFIOD—

3B3ETRIEL ST, FEABMBOHEBOHAETRIZ AT T 2% 2EMRTT D LV 5 Fhit
EHEED, ZHiX, openstring E DT Y —EFRERIFELLDODTHD,

%ER 5 T O open string ® 1-loop(X 3.9) DX A 7277 4@ UV fHlgL, €Y 2 T —EHIC
& o T closed string D&#E (X 3.10) & FERDONTWBA, g* % closed string D A R U »
7 £ L T closed string D=#&1x

1
Pug*’py

(3.43)

EWVIIRRBEEZF->TND

FERHZERE D _EDF % open string & B 72ERHZ, X 3.9 D K 5 72 open string @ 1-loop
WXt d % EHEIZIEATH# 43 BER D 1-loop D nonplanar 72 2 BB XIS T D, Z D open
string @ 1-loop IZ %43 % losedstring D= DR E M

Guv ~ _(02);1,1/ (344)

LLRRZ, K (3.32) OFMERICH 2RRE ML —FHL TW5H, ZOBKIE, #IiT 4.3 i
TR 5 Seiberg Witten #RER (4.45) T® open string ® X h U v 7 & closed string ® X k
U v 7 ORBFRR (4.46) KD B, £ Z Topenstring® A~V v 7% §9U L L7zEO closed
string D A~ U v 7IZ—8T 5,

3.4.4 Seiberg-Witten E{§

OB —ERIEFHU(N) ' —VERIIEL, BOBERTHBRZERMO LEO U(N) 7 —v
HERICRDZ BB TS [SW][AKL], ZOEEOFHAIT, ZEHOMRMO R THHA
SNDINZZTEEDRIBRBOBERPHFET DL LT, HOBEREZ RO THD,

H L. FERMS — VR & RS -V EROMICHEOBER CRIINZERR b o L T
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T, Z0HOBERIZUTO L 5 2Rz fJ#H#IZ L2 TR b R0,

. o5 .

A(A) —= A(A+ 6)A) (3.45)
]
A A+6)A

L. A6 M EREI, FERHME 0 % AN T2 IR — DB DS — U, F— DB,
—UEBDONT A—=EThHD, ThbL, BFOBFERL S —VER (X ())iT@ft
S TiEARLRV, SDICZOBRIT—RICERD 0 DIEFET —VERBBEWIZHOFE
BTREORONTNDEILEZLHLTND, 2ok E, MK (3.45) ST HH0E2NTEEX
BbhT kD kiick5,

A(A) + 5, A(A) = A(A + &5) (3.46)
S NN
A=A+ 5A(A) + 0(56?)
0=0+30 A 3.47
* Z*{A=A+5M»+owm) (347)
ETBE ERiE, kDX IR B,
5¢AV_E¢X+iwAhy:_%&%qmﬁh@X} (3.48)
N OF- Wk
§A; = —?M%ﬁ@&+ﬁ?+@¢@jﬁ+&¢@¢%ﬁﬂ (3.49a)
SA =-§M%@Xﬁg+2mﬂ%@&ﬁg (3.49D)
- 1w - . J -
0F = 159 (2{Fik,sz}—{Ak,DlFijJraze'j})
—iadF[Fyj, Fiy] — iBO0F [Fyj, [Ag, Al] (3.49¢)

LTS ZENTED, ZZTHAWVWDIEX, a,BEWVWINRNT A—FDFEETHD, ZOD
RT A—=FDFEBBRIZEIREBTIIR, MR D, 0L 2Oy HERRXEMEL B
DOEEEFE-STVEINLTHD, a,fICHBITIEIIFS—VEH#HOEEZ L TWVW5D, L?L
MWoT, ZODa,fICLBREWITS —VEBTRINT S ENTE, WEMIZITERD 2
WHDTH B,

N TH/NED 0 OBLICOWTIIER R E 7203, ZOMMBRERD 0 DEALIZDOWNWT 9
FLERTETCWDEY, BILAFESTHINE IDNTEHTIIARY, #ELZ T L EIT, 7
O TIERVWZ RGN D, TDIEEHEID D EITIZ DD 0 DF/INEAL 601, 602 DAH#
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F 0] PHEADZ L 2ELRITERLRY, ZORBFORNIFFIZRNOTEERZR
FATEPROD (BERZREL [AKL X (7)] 23R, ). REKRO X 5 EL Tna,

[61,02]A; = 66,005(- -+ ) + Di(660,60 ) + o, f HTFIE (3.50)

o, BIETFHEITE - —VEHBOFEZ L T DO THEATIZZR VA, FRUSMNIS — 5 #
THZZRW, ZHT0DEFOFOARIKEZRISTREA T AELEDF—VHIEL R D
BLEICIToCLESIZ EERLTWVS,
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F4F RERICEN S IFRMHEEF

1 EORATHRANZEY | BER TR RAHEIC I REMBOREER BN S, L)
L. Jo&EEERIIFHRRFZED FCERINTEBY 20 EFHREIIR I TV S, ZHR
ICHER M BAT DR O HERFIEX, By # 0 DERBE ANT-HZOEREEZEZ D
TETHDN, TNETEERIIEGEZ AN T TOYEEEZ DL IRbDTHY ., 7”\_7’_
DI —ARARZT 4 TLHIRWAREER B (B, ZHEGRIIIEFEHRmNICIT By B 5E
(BE%H) 2BRT DLV IHIAEELH D, ), LAL., KHEEmIZ iofﬁ%éﬂ’béiﬁﬁ%
% String Geometry & FES Z L2 34LiX . String Geometry [ EZE (& R35) @@?R@ﬁji
AR D FTICARERN FE R T T 2RV 02 dh D, TOETIIZD X 5 RFEHLUC
HERDOND L ORFEEEZN OPFIETD (41844342 8 ---),

Ee, BERICEZEZRBATRERL L TEON ZEROYEIC O ERWVRBN L 29d
HDT, ZNHEANT D, (4.4Hi-4.3 i),

4.1 Space-Time Uncertainty

REERERIC R & BRI O AT EMEBIRR H D Z & [Yon2] iX, R O AEIT FE R HR L
DR TWBZ EDBNRFERETH D, B, ZOEHORZKERIZEN 5 R EEMEDK
A2 AR IFED ETIIREB/RNI L TH S, 5%H RO IE AT ST F /) 72 f i O g O
fil& L CTZ @ Space-Time Uncertainty % i3 %,

4.1.1 ERMNLTEH

IR IR & ZEROTRHEERBRE H 2 LR MO TVD, RAIZ, BB 21T
ZNZRHAT D, ZORHEEEBRIIEBAICIT, B< %ﬂ%hfh\élfr\ﬂ/ﬁ? & H#F'EﬁUDT
HEEMNPOHRHAT LI LR TE D,

AEAT >'1 (4.1)

FHEETIE., BV XA —2FomiiEVIEE— R 2N FEOZ L TEHRTE S, B
W E— R 2 o2 RITR E ERT A HMIC LV A EBRICIAR 2 TWBD, WX ITKEEH-E
ICE- T,

AXAT > ¢? (4.2)
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LWHZLEBREZRD, INHKRHE ZROAHEEMEKRTH D, EETEIT, ZOBERKIE,
BEFRONEEHEBREREROSELZF - THRLELZLDTHELEWNWHIZ L THS,

BVBEE—RBEMIMCLVIESER > TNEZ LE L IV UERBICRTARD, 4.
FrE SL(2,C) EZEZH D L 51 D (0 = 0) ITEBE p 2 Fo7e K203 o2 BfE%E
EZ B, RLICHASNDHEEFIL, exp(ip, XH(0,7)) ODFEEL TS, EoT, XDE—

N R
2p% (o 2 ah
XH — b +il= § -
T ’ ( 2 ) ~ (nz”) (43)

BEZAL. ZOHINL 5oL T LT Lo T 1 OREEIZ,

| ) = eXnPr-nbs/|() (4.4)

NEBENT D, PRITHK2BL 22 ZLIZE- T, 1 DEMAROIELR VIZLLTOL S

2725,
AX ~ \//da<\IJ|X(a)2|E>

1 s
n

~ \ /p2£s4 Z(%)

~ Et? (4.5)

K[EMTRIZZ2DRDT, ZONTZERMGRORROETREGRNC IR VR H D L &R
LTWHEICRARDZIETHD, ZHid, BEHICH TR AT L DERZ5IEEZ LR
2, LU, RICHA72 AT X, HEERANEZ 2RHETHY . BOBELORKHTERS
NTWBHZ EIZERTIUE, N (4.5) CORMBMOILA Y & ATIIRLC D TidRWZ
LRGN B,

4.1.2 HEx#4E Space-Time Uncertainty

%X, Space-Time Uncertainty O FJREIE world sheet DIEFAREMICH D, [Yonl] ZDZ
LERDBITITET, XEAELREHOM Y FE2ERL LR TIRLAR, ds =p(z,2) &
LTHOAMRRERQ L ZDFEEDOFTOHBRALEREZRL TR I RBEOESTITD
WAL 2 BEBE (extremal length) (ZLLTFO X S ICEZESNL S,

3a(T) (inf7ep f7 p|dz|)
=su
TR T Pl

(4.6)
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Oé/

4.1: FEERE 7

WE | world sheet EOFEIRQ & LT o, d,3,8 CHENDIEFEOEBEZEZ S, 75
L ald DEORBOEST & BLE [ OBORBOEST BFEEL T, FiZ, a,d D
o Buclid BB a. £, O ® Euclid fEEEE b & 3HuE .

dal)= 2, do(M)=2 (4.7)
TEhB, EiT,
Aa(TAa (") =1 (4.8)
BEZDH, TiHix.
M@ <1 or Ap(l*) <1 (4.9)

THHI EEILTWVT, TN Space-Time uncertainty DEJRIZ72 > TWBD, ZD T L
ZRAI11. 8 Q1T Dirichlet 8257544

X4(0,7) = Xi(a,7) = 5#2% (4.10)
XH(0,0) = XH(o,b) _ g Ao (4.11)

BT L. REROBRKES
/ [dz"] exp (—4;&2 / dodr(—)Y 27ab8aX“6qu> (4.12)

Po, A BEFHEE LT, ROX S REFHTERS,

e_ﬁ(AzAQ(F)‘FBQ)\Q(F*)) (413)
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L. AL BEEILESVDZ L E2EZ2D, A, AB 2 REBSICHEL»E2 TLEbhnk
3572 A,BOEILDIEE EZRTDHE, K(4.8) LV,

AAAB ~ £? (4.14)

BEPND, TRbb, H52WITHRBZELEDIERVICREEET DI 2 BRI
ZDOEET 2 HHOEN A (4.14) 2 TRICHD THBRICEEREZRIET LW I 2 Lhsy
%,

4.2 String Field Theory 0 FE R £ a2 #4481

String Field Theory & ER#U(TF & DRERITIRE S MO EHMIN TE L [Wit2], Z DHi
Cid String Field Theory @ §H5 FIEDFEMIC I il 3712 2 O FEFHEMF R 2 AE 21T
Bo>CRHAT B, String Field Theory DFHREFIEDFMMIT OV TIL, KRFEDELFHIT [KEK]
B,

4.2.1 Open String Field Theory D545 52027 >

String Field Theory & % 2124 > T, B2 L D% % % L String Field D g3k,
ZRLEOMHEIER. BRST E# (BRST BN TE X RITFIUT 72 O W EEIIRICHAT 5, ).
ZEH EOBER R ENBBZML, 2T, ETHBHIC Zograded T—HITIZFEFH2 R %K B
LZDOLOE« ZL T, ZOLED odd ey Q EHy [2E XD, A BeBLLTEND
D grade % a,b € {0,1} L ELL Z LITT 5, ZOK, ZoREKT, LT X 5 22BKRNETH
L TWDERET D,

grade(A+ B) =a+b (mod2) (4.15)
erade(Q(A)) =a+1 (mod2) (4.16)
Q(Q(A4)) =0 (4.17)
Q(A % B) = Q(A) B+ (—1)°Q(B) (4.18)
/A*Bz(eww/B*A (4.19)

/ Q(A) =0 (4.20)

BT B 2 nRQ, «, [ 2 ThiMEss wedge B -850 & 74U EOMEZR 3., 2
T, FE + 1T wedge FE A D—{L T wedge FE L ITHIOEDOMAERIZR > TWVELL LU
BRNENHZLILEERLTEL,

BiZ, ByCBEWI « B L->THLZH»REDPH D L35, 2k, 0-BRDO—#K&
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fvThd, Ai,Bj,Ck € By lzoW\WT n-FEX %

S A Q(By) + - % Q) (4.21)
7.]5
WL~ TEERT 5,
INLEDERBIZI - THF—=VHEBO—BRILZERTDHIENTE S, T742bb, 1K A
De€ByENTA—=FLLTH =V LMY

dA=Q(e)+ Axe—ex A (4.22)

L E#L . field strength %
F=QA)+AxA (4.23)
JF=Fxc—exF (4.24)

LEHETH, T I T, field strengthF i Bianchi %3
QF)+AxF—-F+xA=0 (4.25)

BT, COF=VHEBROT IV T U LTHEYURT T TV T UL, BEFETICH
BN wedge BIZHIET D HOLRWADOT, Chern-Simons BB EY TH B, b,

:i/meun+§A*A*A) (4.26)
TDIZT T T b REDEBHENL
F=0 (4.27)

t7B, HL. A%Ltmk—/%&bfﬁt£é:®ﬁi#% BERE+TECTHERBELTO
HALZOKRIFHEDERD, LvL. Aba D Ava RBAEEFELES =2 izt
(4.27) iX a ~DERZE ZNIT

(QA)+AxA)a=Q(Qa)) + Q(Axa)+ AxQa) + Ax Axa
=(Q+4)%a=0 (4.28)

L5,

HEHZRBOERE T HRNE X 1T, ZHEGROTARTIE QX BRST £#L LT
fRR S H . itm%@;oﬁﬁgéﬁt?Q®%ﬁimﬁT£@LWﬁw®f\@+A)
WEET7272 (1+41) KuOEmOBEFE 2 BRSTEEFLMRIN 5,
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4.2: Hiffi72 open string DFEEEH 4.3: Hfi7e open string OFHEAERH OFEEME

4.2.2 String field ) associativity
String Field Theory % #A% 9 5 BIZ String Field DREDFESELZ - THE 52, BIb
Ux(V«W)=(UxV)xW (4.29)

DERALT D E 200, M RBETH D, EEE. open string DT REUIFE S EE T2
T3, closed string DT REDBEESEEZRWMIZI RV, ETIIZEOZEEFHHAL TV,

open string DFEOHEEH L L Th oL b EMARDIT, —FHFDOKDENE b 5 —HDi%
DEWMEL 2215, K420 X 5MEERZE222LThd, ZOMEERATERS
NWABEITHALICHEFBTH D0, BEBIIMmEZL T3,

X 4.4: closed string DFHEAEH X 4.5: closed string DFAEAVERH DOFE S

—J5, closed string DFEIE, FHEEHRAE LT, O 1AEZL->2F 5K 52K 44D X5
RAEEREZBXDONRBRTH D, ZOMEIERIZ L AFEIE open string DEFD X HIZEED
XBIAEND TR FEIC Ie o TV D, LAl K4.5D X 572320 open string DFHEEH
EEZBE. UxV IZBENCEDoTWRNDT IR BH S . 0= (UsV)xW £ Ux(VW)
Thy, BORBEENSENLTLE STV,
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4.2.3 open string DHEEERDIEIE

(U*V)*«W Ux (VW)
s i e
v v
o=17 c=1 o=3 g=72r
4.6: (UXV) ZELizRv o2 HmE 4.7 (VW) Z iR - 726

ATO/NEIT, closed string DX 4.2 D X 5 RFEERITBEAEEEZ R T E Vo728, Eid
b2 ERn B D, Fht. ZOHEEMD world sheet DEEEDBEZRICE>TNDB LWV B
Thd, 2FV, W46 LHATTRINTVWD X HIT, BEITRIIEBFICEK ST, ROH
DEER R >TNBEVWIRTH D,

LML, BOEEOHBERD BHEZERL - F £ string field theory Z#K 35 Z L33k
BIZEHELONZ ERHONTWD, EEOCHERDBHEZETRPDVIZBRST ERicD -
Lo TBRSTF ¥ —VORFERLZIEIVETH D, IbiT, BIOMELLT, K420
LOBRMEERZBZ LRI E<ERIEERTE RV (BERE AN L Az < o2 T
&9 5 & ZHiZ closed string IZEZE-TCLE D, ) EWHERD B,

4.8: {EIEL 7= open string OB EVEH

Z D ZODRREE fRRS % 721 open string DFHEEHDOMAFICEEREZMR 5, £D%
{2, ¥£7. open string S ¥4y (0 = §) b EEHE (U, Vr) 2T %, EEESH T open
string DFHEAERIZ

(UL, UR) * (VL, VR) = (UL, VR)5(UR — VL) (4.30)

EWVIHTE (K48 ZL TS, Zhid, ROEEOHERELEL LRWVHIZ BRST AT
FVEEE L EEMEEREHETE 20 THEHBETHD, £, BT

/U*VZ@(UR—VL)(S(UL—VR) (4.31)
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LERTDHIENTED, ZDOX 57, open string DMEEHATERINT-HEEZ ZOFOH)

DICHBRRIZER LT + EHZICERL T, (4.26) OEH O FICHR S 7= B5a2% Witten
A ? Open String Field Theory T& 3,

4.2.4 Witten ® Open String Field Theory M JERT#21%

UxV = VxU ~-—-—

4 4.9: Witten ® Open String Field Theory o 3k 7] #uf

&#I1Z, Witten ® Open String Field Theory 23 & DFER[HMEIZ DWW CRHIAT D, Z DHEI
DEANDOHG 2R S | string field DRLTRENT—ICHETTHR b D TH o708, K
X 4.9 7> 6 BEREAIZ 5025 & 912 Witten @ Open String Field Theory T string field @ %
FTRENIFEFHIC R > TN D, BB,

(U, Vr)6(Ur — VL) # (Vi,,Ur)6(Vr — UL) (4.32)

Lo TW A,

4.3 FREHRODEIRILT—FHHERE Seiberg-Witten B

D-brane DK RV F —F 1T Dirac-Born-Infeld fEFI TH B Z L BT HEEHR I
TW5, ZOHETI. FIlR~7= Seiberg-Witten B4 HHEHOIK T RV X —FRhHH L
LT, BARDOEFOD regularization DiEWE L TCHATE 522 & 235,

4.3.1 BIZOFHET TO open-string DEEH

SEBEMNi=1,...,r FAIZOARFETIRAEZEZ D, FETDHEO Euclid {LL 72
world sheetX EDOERIZ

s = ﬁ fE gz.? 8 XzaaX] - 27{ia,BuU€aba X’B X]
= f (gZJ)a X aaX] - _faz B’L]X atXJ (433)

4ma’
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T b, 5 world sheet 23 FHEHEICH S & LT, D-braneliZin -7 F MDD XH* B35
REMmizEs FREAXL Y,
9ij(8 — 0+ 21’ B;;(0+9)X7)| =0 (4.34)

Z=Z

Thb, ZOEREML, B =00 Neumann BREHEL 72V . B = co ®EHZ Dirichlet
BREMLE D, ZOBRRASKMED T TO propagator 58 3%, 4. propagator Z3Rb 5
WYY, EREEESI L EE LD L EREMED Dirichret BER S & Neumann 5575
HDREITIR>TWBHZ &5, propagator (%,

(XU 2)XI(Z)) = =/ (g9 In|z — 2| + CIn(z — Z') + DY In(Z — 2') 4+ const)  (4.35)
DT> TOBIFTTH D, T2 T, (X)X () D Xi(2) 12>\ T, K (4.34) A
‘a"é b AY
1

— 7

1 .
— (gij + 27Ta'Bz'j)gjkz — — (955 + 27T0/Bij)Cjkz

Z,

1

z—Z

+ (gij - 27T0(’Bz'j)gjk2 _1 5 - (gz-j - 27TalBij)Djk ;= 0 (436)
Y, ZRBERTO ZICOVWTHRETSHZ L 2FAT L, CU, DI 2RDDZENRT
x5,

oo (— L)'l (4.37)
- \g+2nma/B 29 '
3 1 vooq
DY —|—~ ) _Zgu 4,
(g - 27‘(0/3) 29 (4.38)

Ihzxldd e, propagator DEMAILBIZIUTOL 51272 %,

(X'(2)X () = — o (4 log |z — 2| — glog|z — 7
S

g 1. _
+GYlog |z — Z'|* + Oiilog=—> + const) (4.39)
2ma! z—z

ZZT, GYOTILUTOEHSICEESNTWS, ERD%EIT open string DI v 7 Vo 7L
closed string O » 7 U > 7 DR Z T MA TRV,

(0= (ks g~ (bnttn)
g+2na’B ;@% g+2ma’ BY g—2na'B
Gij = gij — (2ma’)*(Bg ' B);j ) (4.40)
. ) 2] .
0 = 2ma/ (é) = —(27a!)? ( T P— )

Fona’ B b Fh +2wa’ B —2wa’'B

gt+2ra }ifd-ﬂ— gt+2na g—2tx

1 1
_ det G 2 _ detG\4 _ det(g+27a’B) \ 2
L Gs = 9s (det(g+27ra’B)) =Ys (detg) =Ys ( det g
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4. BREZ > TV 5 D open string DFEMEMARDOT, Xi(2) i3BERO Ficnws L Ex
5, THE, 2=TERERTLTHILNTESDT, propagator DRI

(‘i (1)al (') = o/ G log(7 — ') + 207 e(r — 1) (4.41)
L%, LR o>T, GY T openstringSEUE B A MY v 7 WnWHZ LiThb, —FH 091X
HEF X! OZHEFH time ordering D AN ZIZR>TWEI L EEZD L,

(X%, X7 = T(X"(7) X7 (77) = XY1)X? (7)) = 0¥ (4.42)

Thonb., 0V ITEEDOIETHRIEL D LB TE D,

4.3.2 BEIRLXF—FHER~DO BHEOTE

HERRORIBOEE 55101, b 5EBEL Ko7z world sheet FOFEET V(X)e?X
ERHRALL, RBZFHELRL THARLRY, 22 TV(X)IX0X,02XE,... bR BHEE
XTh s,

<H Vi(X oiPi’ X(Tz)> (4.43)
G,0

LL., ZOREIZGE2BEEPIC, 0P T EFTOICLIRIBEUTO X 5 2B%%
HoTWVB,

<H V sz 1)> — e_% En>m pioijpjf(Tn_Tm <H V 'Lpz Tz)>
G, G,0=0

’

(4.44)

Ihix, HEFE 7 OKXNDIBICERTZEFZ 0 = 0 0BG L 0 BAROERN , EHEK
sy (ePX) 2k, EE @@%ﬁb%Moyal%ﬁ B3Il Qtoﬁ%éd:ybif%éé:
WHZEERLTNS, X OWMCRETHIE, TS0 - EOHEOEREFICE
LIRS OBEROERIELFRIC D TH 5,

4.3.3 Seiberg-Witten &R

o = 0 TCOERZFINE —FHEREZ X TZ\VDTEN, open string BELE B A MY v 70
FERHMEIZABRICER BTV, Z 2 T, open string D 3T A —# (4.40) Z HRIZERDOLL T D
LR OMBEEZ B,

o ~ e% —0
(4.45)
gij~e—0 fori,j=1,...,r
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Z DR % Seiberg-Witten limit &5, 9% & | open string D 37 A—% (4.40) 1ZRD
£512%2%,

G = 27ra (B 1gB ) fori,j=1,...,r
g for otherwise

! G- —(2nd/)?(Bg 'B) fori,j=1,...,r (4.46)
Y] gij for otherwise '
ng{(B*W fori,j=1,...,r
{ 0 for otherwise

COMETIZ, BRECHAERZ X 0 —F2—IRD L IR 5,
<X%ﬂxnf»=fm%ﬁ—fq (4.47)

o = 0 DRRFRETIE. BT world sheet ED Xt DD 6 R 5 ZTERUT 030> D ES 13 AR
THIENTELDOT, BRETFRLOMEIIZLIZ Moyal FEE 725,

4.3.4 F—UHER

BRI —=VENH DR world sheet DER T

1 . o . .
_ igayj _ ° S < ) J
s 4ML/QM%X6X' 2L§&ﬂ: 24,)0,X (4.48)
ThY . ORI TR — S ERO S — VTR

TRETHAEICRZ D, EBZOF—VBHIC X BEROEIT.
55:/m@a=0 (4.50)

LRV MBI DDT, MR DIMDITRZ D,

L22L ., world sheet ECOETFRRTIIERRIC A BIZKZRFHICEBNEE 5D TEDOR
BoOWEE L TR b RV, ZOABRDEHTIZL-T, F—VEBENRLRDI D LR
%, MEE2D X 5 70FBuL. world sheet DFRIEFE Y

j/pLXje—S+55 (4.51)
DHENPEHTL 5, —FlEzZEThiT,
—/dTAi(m)aTXi/dT'aTu\ (4.52)

EWVWIIHTHD, ZOHED T L 7' BT I TEBENEE 5, LR, BfH)72 regularization
ZOWTEm g Do
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Point-Splitting regularization

%9, Point-Splitting regularization %% x CT# 5%, Point-Spritting regularization & |%
BOBIEDOZEN |1 —7'| < § L7 2B ETY BRWTL E 9 X 97 regularization Th 5,
TBHE, BIZIE (4.52) TRD X HRBITRD,

/dr L A(X ()0, XE(r) 1 AX () — A(X (1))
—/ﬁT;quj*A—A*Axxnmxi:(4%)

Z DTS —VEHK (4.49) THTRTLESZRVDETHD, LR -T, ZOHEEH
THRIF—VEBEEEL 2L IR bR, b,

6A; = OGN +id* Aj —idi* A\ (4.54)

CHILFEFHRZEER E DS —DBROS —VEBRTH B,

Si3plE LT, BREESOERD A ORBDIERNE ZATEFLS S —VREREHRDSE D
By —VEBEBZILD, ZOEBR IV REDOENE ZATHS —UREREHROILE NS
T LEEIDRL T b, FEFHT — UK (4.54) TO A, OEROED S —V
P,

Z'n—i—l

nl / A(X(7))+ AX (1)) 9 M(X (1))

n—|—1
oy A A ) A ACE ) = A (X)) #X) (2.55)

7223, Z Z°C Point-splitting regularization #32% &, EOXOF 1 HIIRDO L ST D,

g+l n
ol Z/ AX (1)) AX (1j-1) A(X (1341)) -+ A(X (i)
j=1
X (A* (X (1)) * XA = A% A(X(75)))
an 1
= ﬁ/A(X(Tﬂ) e AX (1)) (Ax (X (1)) * A = Ax A(X (1)) (4.56)

L7, R(455) DE2HEE F Y BT H, Thbb, BEESOF —JBORBMN LY
EOESTROTHR (4.54) OF —UEBRBBEES EREICTD LD 2 Enphrotz,

Pauli-Villers Regularization

Point-Splitting regularization |37 — V2 #tEZ L TL ¥ 5 regularization Toh o723,
F— VMR B X 72 K 9 72 regularization b FEET D, T ORI EEO S — D L
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(A4 NEDEEHEZ D L IR —VEBIZ2> TN D, DX H 72 regularization % Pauli-
Villers Regularization &> 9,

PEDZ LxFEldd L, HERD regularization D175 & L T Point-Splitting regular-
ization %85 & FER[#LS — D BEEHN T3 T, Pauli-Villers regularization % 3.5 & A[#732
’7“— VHERNHTERS Z LD T B R X7, regularization DEW KT R X —FRhE

MCIIBEOBERICELDEBENE LTRATL D, T 3.4.4/MEiTHRITL 72 Seiberg-Witten
3@@3"@”‘\ X2BHATH D,

4.4 3JER[#LY 1) b > & D-brane

FERMRIRERZEIT AT DBOBRITIT, N RE DI TRNY Y U ERTEFET B [GMS][DMR],
TORRBYINTIRNY U UL, EEROEL D-brane 72 & L BR L TEB Y IEFIC
BLBRIBEVKIRTH B,

441 GMSVYbkY
BRELETDEBAER

fHE D %I Euclidian ® 2 IRTTD A B T —FOBEmEEZ D, BMRT~DIERIIES TH
B, ZFOFEIEBEILIZTS, £2EIC, 0= oo DEBREZRSZE2TEHELTEL, &
D 6 — oo DIHEFRITIERHEY U b o OFEBFITIIAREH TITELS , EBRKIZHRD 0 TOF
BEH R ENTWS [Zho|[HKL],

BROEHERHIE UCIHABR2RTAN T —GZOEmEEX D, ZOERBDONINV =T
i

H- [ dody (%((%)2 " V(¢)) (4.57)
LELZERTES, AL, V($) OHOBIE Moyal BIC 2 > T\ 5, HIH
[ xg(e,y) = edCmdntud) fayyg (o) (458)
Thb, £l V()X ¢ DHIE,
§) = ym$ + 2; Ly (4.59)
=

LhoTnWbBET 5,
ZIZT, 0> c0bBREEXD, T, EFENEBHETEIIL>IRINZNE A
HENT, BFZEOMEZEEZ Y A r—V LT, FERAMBERBEN A REXIN ~ 112D L5275,
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IR

{Iﬁ¢% (4.60)

y — V0y
ETB, TOYRT—MTEST, (AB8) DAIN =T UIRD L HITEEX 1D B,
H= 91—2/d:c dy (%(345)2 + 0V(¢)) (4.61)

T5L, 0> 00 DWMBTITEEBEREDL T, RT U XY/VOEHORRED, ZOK, EH)
FERx

ov
55_o (4.62)
BARBIZIZ, BTV v VO (4.59) 1L T
m2¢ + by * ¢ for cubic(r = 3) (4.63)
m2p+bzpxp+bypxpx¢p =0 for quartic(r = 4) (4.64)

LB, L by =m? ERELT,

JEEBAGAED A

ZOFRNIZ., FTRGOEmOMTH B ¢(z,y) = \i (A (EBHEK (4.63 ) Z 7[#H
REERE Az & & OR) LAMCIERT BB OHEGHRKA DR H 5,
S (=N

(¢o * do)(z) = do() (4.65)

ZWlY L O RBBOFERZRET 2 ETHELND, ZOXSRBEERFET S LTHhT
¢5 = do 72 DT,

¢ = Xigo (4.66)

X (4.63) D HFREREF-TIERARMBETH S,
EBEIZ, DX Qo IIFET D, FOLDIIUTOLECLTRDSD, P, kDX
ARy hEBXD,

Palr) = ——e a2 (r? = 22 + 1) (4.67)

iz, EENEZEMICBITT 5,
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D k) = / ek p (1) = o5 (4.68)
EBEZERCIE . Moyal BIZRO & 5 IcEb SN 5,
f*g /dd:cf G(p — k)ezkut (h-p (4.69)

ZOREANT Pa(k) AED Moyal EEFHET D L,
(ia(r)*ia(r)) (r) = (2;)2 / b4 (k) (p — k)es 0 kulp—H)

2
= 5 ixze‘%*A2+Z%> (4.70)
™

LBinh, A2 =108, 2m); 13K (4.65) 2T, Thi bl DEEEMICET &,

do(,y) = 207" (471)

L7720 Z OB (4.65) & Fourier BHL =M DFRIZ /2 > TN D, FERBRKHIER
B (4.63) DIRITKRD X 5172 B,

¢ =2 e " (4.72)

DX D RENTEIET 5 D%, FETHRZER L0 EER TR Moyal BT 72 TV 585N T
H 5,

Weyl 515
U R — V1% D EEAZE DR H AR I
(&, 9] =i (4.73)

E72B, AT 1EOERERERTFORTREL AR LNTES, LoT, ZD2KE
O EOBEBOKRTERIZ, 1 EORFIRE 725 k5 Fock ZZRICERT 24XV —& D
B C*BREMIRT DN TE D, HL ., Fx Moyal BEIZ§ 2 A/I121T, ALV —FDHD
ARMERBEEFOA—Z V7% Moyal lEE FELARVWE I EFSMAMERD S, =
DL Iz, EEEETRILL CREERORTENS, HDA—F VL T 2Btz —42 0
RIBRICHET DL & Weyl HEL VS, Weyl HEIZKRDO X HICL TERSN TV 5,

~

O (#, ) = (2—1”) / 2k f (e ilked+kyd) (4.74)
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DEBIVV AN v I RF—F VU TICEBERIZR->TEY, Moyal fE & & DA
— 2 DFEIFBELR, F72, Weyl HEIZ K o CHEEZER £ - iLEBBZEMIC b - 554
1.

3 T Oy

/ d%z — (21)Y?Try, / d%k — Try (4.75)

ZZTHEXT Weyl HRIZLISMZ B . KV — A2 Weyl HEZ BRE T DHZ LB ARET
b5, b, AREREEFZROF—F IV ZIZLTHRY, LALEFORZIE, HITP
FEIZ Moyal ECIIRWBIDETH D, BB A —F V7% L H8EI 228 THRALZE
BETLDOS —VEHBZHE L T35,

& Y —fikE7%IE B BARE

R (4.65) 27T L O 72 L0 —ROMERD D, BEOAIZ, Fizila & ol HERE
FERDEIICERT Do

ot = 2=
{a_ﬂg (4.76)
T V2
IS OFEET O R BERIX
[a,al] =1 (4.77)

L72B, THLTEED Weyl 2—4& U 72 X5 Weyl 51T,

5 (4 o 1 F ik al ks
Op(2.) = g5 [ EEF(Rye e (@.78)
BL . k;, Kz 1%
fo — ketiky
-
{ k. — kz\—/?k:y ) kyx + kyy = kza + k‘za«]L (479)
=7

DEITERERIN TV D,

ZO., ARHEBERETICE > TEGN D Fock ZEMOEES . BEIZHE - T |n) £ OBkt
HEEZ (n] LEL,

& AT, Fock ZE EOA RV —% /m)(n| IZARERERFOSELZFE T, ROX D
WCRDOTENTE B,

tm
a —iata @

VoVl
SOl x| o BERCESTITE 0 2 KRBT A—F VU7 ()= At —F Yo
D)k EREUIE, S —<AA—F V7 Moyal e L LRV & R T <& T
b5

im)(n| =: (4.80)
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22T, N(4.65) T4 —F ORTEROBELRNEERATFTERDL WD LFRTX 2,

In){n| ® (£5%% 1 ©) Fnix X (4.65) ZH-T L S RHEERAETFTH D, Zhw Moyal fEE
FELRNWESRA—F VU TIZEL, Zhz mOBEBICHIcI T2 WOBEE T2 &
T, B%o

Z Z ., Campbell-Baker-Housdorff A% 5 & |

o—ilkad+hy) _ o—ilkzathzal) _ JFo52

g ilkzatkzal) e% : @ ka2 thyD) (4.81)
ThHHIND, BEBEERECIIRCEEKEEL ) —~ A —F V72 L5 Weyl 515 T L 7218
BF Oy & Weyld—F Vo FOEEFIZE S Weyl HETESEL-HETF O L OB OBEZ

PEHEEETRDLTLEROX IR S,
On(k) =e70O(k) (4.82)
72 & |
:f(aT,a) = ﬁ/dk f(k) : gheZthkyy .
1 ~ ;kQ % -
= @ne / dk f(k) e 1 eka®thud (4.83)

ThdNPLThD, ZOXRERNWT, [n) DEMD ) —~<v VA —F )V T TERLIZEE T,
b WeylA—# Vv 7 OEEFICRHG LB ERDDIZ LB TE D, AIb, /J—~vd—
ZIV T DOBEEFORIIHD 2,90% ) —<NVF—F Vo 7OFEF 2,y CELZEES fv &
B, ZhiE, /=~ —F V7LD Weyl fHETH 5, BT, fnv % Fourier £
LebnE fy LEFIZT,

~ k2~

f(k) =e7 fn(k) (4.84)
ThV. ZHLTRE-% f(k) & ¥ Fourier B3 1T B,

£ 10)(0] 1= Weyl B CHIET BB%E kDB, /—<vAd—F Yo 7T e Ttk
ToEEE fn(k) &THIT,
emte = [e_(ﬁﬂ?)ﬂ] (4.85)
1

= Gy / 2k f (k)e (kaBtky D) (4.86)

/N f;v = 6%27’:“7%[5\ e—ola Weyl A —& V) > ZIZEL 72 DIZx T % Bk % f >
k

FHIE, f=e1 LD, BRHET7T—VZEHBELT
Flz,y) = 27" (4.87)

LB ZHITESITEBRRDMITR>TVD,
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In)(n| ICRR L=k D L dic 5z oh 5,
In)(n| = 2(=1)" " Ln(2r%) = ¢n (4.88)

FEFEEEFIEIRS LRV, |m)(n| 2 Weyl B# L THOLNZEEE by & EL
: (E K?‘éo %% ¢n == ¢nn Vc‘%éo

[m)(n| = ¢ (4.89)

AL Ly, 1% n IR® Laguerre ZIHXThH 5, ZDOfEIT, DX S LCZL/'CER&') bhd, 4.
Ler2/2

In)(n| oA —F Vv 72 EEETICEBICE L - EEE fi(z) = 2 R

n!

* " _ (4t)r?
St fRe) = e
n=0
]_ 2 _(1+t)7‘2 Z(k +K y) ]. _2L
— zZ = a+n
o d°xe 2 e Y 1+te
b e AT k4 = 1 oL
1+t 1+1¢
P - 2e_2r21i" 2
§E/ 1+t - i ¢
o0
= 2ZtnLne_’"
n=0
o0
n=0
fEL . Laguerre ZIE D R:EI%%
00 e—f—_tt
1—t¢
n=0
BRI, P OREEEND LR 488285,
INLDOMOENZENIZ N ZNTTRELADEZ L DOMBIZR > TV 5,
o0
> angn (an € {\1,Ae,...}) (4.92)
i=0

B2, T DE% n) DRIZBEL T U (o) CTHEESL CH X BRDMEEDZ LN TE
%, ZOD U(oo) DXIFRE L IZENS |

¢ — UgUT -

T
al - UalUT = —-TrV(9) (4.93)
a — UaU? I
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ELWVWIBLDT, ARV —FDEETEINZ 0 > o BRTONINV =T U EZREIZLT
W5, ZZTUAUNLUeU 1T 2,9 L OEBEOBRBENZ LICEETRETh B, T0ORK
B, EHEIIU(co) OXRHHELZELTLEIDT, ZD U(co) DXIFMEIL 0 — co DFERT
DHIFET HHFMETH 5,

WRZOLTEONIZRE AL —F —DEETHD L

U (Z an|n) (n|) Ut (an = A1, Ao, ...) (4.94)

LR, TRV I—NEETFTH D, =V I— MERETFITRITIES AR Y
EFODT, (4.92) O X I ICEERRFMEZ O LITBRB 22V, BIH. (4.80) Z B2 L,
at L a DER—HKLEBVWDT, A—F VT 2Ex7L2ATa & a DEOEIELT,
r? ~ ata DHDOBEEITIZR Y B,

BBIZ, 20X 2L TELNTEY Y FUEENL OBRIRL TH 5,

1. EEsFR72 Y Y b iR ¢s

0
0
0

o O O
- O O O
[en
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2. EHERRTARNWY Y M fRI

0 01
000
1 00
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3. EESHFRCTRVY U bR 1T

ERITA DR

0
0
0
0

o O o O
[en

S = O O

61

INETE2RIL2—7 Y y FERMDOBEEZEZTE D, £hk d+ 1R (+1 136
[#) DHEITHRT D, T URHFEIIIEBEICE TRV T5, HOMEGR TRHY

FIZHERME 2 AN T2 HE . TOmRRIBIBETH S,

T O IIRABTINITH 505, BEREREOERZEMRIZ L > T

o =

( 0
-0,

\ 0

01
0

0

0
—014/2)

014/2)

)

0 )

(4.95)

ERDBEIITTDHILNTED, THL2RTEDHERITHEBESEDLI LN TES, ZH5LT
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B/Bon=y U bR, R0V ) UM BBRRR (4(z) = N) OFEILR STV D,

ROREMN

VY NSREEBBZLIITEER, ZRODOV Y hUBRBRER LD E LTHEEL TV S,
EIOIMITERATI 2V, N EMRT 5,

A2 TWBHERT, (4.93) TRLEX 97 Uloo) DxIHEEZ b o TV BDTERE AV
T, VY NREFNL—FDFET |n) OBRRIZOVTRHAICFE TN ZENTE 3,
DL EDEIT

DT R U |
0 a9 :
a . el (4.96)
0
[ T
DEIBRFITIR>T WD, BEL ., ap iTHBIZBRRZZ LT, RTFUrorv VvV OBEE S N ICHE

LB, TOROZFAF—iT

B o= 2Zmv(g)

g2
2
_ 2o Z V(an) (4.97)

LB, LEB-T, an BRT U Y vV OMETHNIE, BERGOIIIZETHDZ
LR 3B,

FIZ, 0 — oo DRBRTIL, BOZRAFT =B OIZHFIL TWBDT, RT2 v ¥ /LOfh
DI/IMERAE DERKA~D b o FVTIHI S 5 O CHBERIICHLLETH 5,

ONEBEROEBEDOGMS YV kY

GMS YV U h Vi3 FERMBB OGRS A OB TH D, LR -oT, 0 ZARICL TEOH
HMEZE 0IZTDHEGMS VU FAIELS R-oTLES ZERTFPHRENS, ZHIIEETHY .,
EREKTIX 0 OIS TGMS VU b UBREL oo TLE S Z MBS0 5, [Zho]

O BAROEL, EBEELE X 2 TUIRLRY, £, #%Y iﬁﬁ@)x#—w@%

{a %ﬂ,]
—i[Z,

(4.98)
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LELZENTED, T2,
1 n N
[ dzdy 5 (0.8 + 8,8%) = wTx((al dlla. ) (499

LIAT, ZOEHEI S RaEEATHEDT, FEITHRAZ U(co) DRFMELZEL TL
%9, Lo T, EEEHNHRBIZEIZESTWIT S LIXRO WA, & 2 CrEEEFRR 4.92
DEIRROHZREEZEZD, THELE, ARV—FZDOEETEINEANAIN =T I,

DIl i 2n + 1)a2 — 2(n + 1)anans1] + 0V (ay) (4.100)
n=0
L%, dEAYIRARIT
OH
Eraie 0 (4.101)

WL THDIZLENRTED, ZThiT

{ (n+1ap, — (2n+ 1) + nap—1 = 260V'(ay,) (n21) (4.102)

ay — ag = 20V (agp) (n = 01TXHR)

LW ERBEOZESFBRNICRD, #X%E N ETRLEDLE S L., 0 HROFFOEIESXFR
2 ) bUROF RV —F =2 X DREADKARSY ap DT T~ ERDOKMIZ

aNy1 — aN = N 1 Z V'(an) (4.103)

LWHRITAR D, BIZ, TR —RAERTHEI L HERTS L

anp — 0 (n— o)
55 Vi(an) < o0 (4.104)
n=0

WD LERMENRTS,

ZIT. 0B 0TS DRI L EEXTHD, GMS VU b U idEFZenIEr R H - T
MO THEET A LD THBEILEH, 6 50 TGMS VU FUZHEATLENITTH S,
REELLT. T=02EDEZEIIL>TEZD, (4.103) % RD L., 01 a, PELKBZHE
waé EMEID, OBH53/NEOERL, ap DERFEEIT/PEND TR (4.103) DA

WS E L TCRWERICR S, Blb,

mHl—anZZO/WZMV”@)=29ﬂan—JVm®)
ao
L% 20V (ag) (4.105)

Lhd, EoT. (4.104) BT AT, Via) =085 ag = 0T < TR DAV, L
ML, ZOMHIRETESFRR (4.103) 2E< &, HHAMLAEZR, LoT, 04
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T+ EL T, EHHERRK (4.103) 0ETOfTEES L L CRA IR TE DL XX, BHH
RERUINENT L A4S 75>o710

TN EOBREAED BT DI BRI RT v v VORE 52 TEERN R FHE LT
b@<fﬁﬁ6ﬁwofT//¥W®%%52TﬁE%K%ﬁLt$%imﬂTﬁéﬂT
W5,

OBNARTT —DBh H 58

ECRIEXIIC, AAT—H/IZFORIIZ 0 AR CTIHEERARMBMEERL L5 E L THRER
EZSFBRRITIFET DORENR, 7 —VBERFEET 5 RACITEBER A > TOTH U(co) D
MR EIET B 10T, BTN BB EERT D LN TE S,

9. BRRRMEE RO BRNCA R — % —FR T U(co) MFENTFET BRI U b
fRE KT D — A7 I8k [HKL] IZ DWW CRHAT 5,

4. Hilbert ZZMIC/ERT2HET U &2 5 &, U DERIX

) — Ulb)
(| = (p|UT (4.106)
0 - vout
L7725, H L U isometry THHHEID
vut=1 (4.107)

ZL, LALRRb2=F Y CidabiX, B U I X - CEBHBRAOMITHI DO~
LEBmIND, (UB2=F )V ROIEAREMICRICE~LERIND, ) Mk oiX, HE
MEHEZRDITHEATFEZEL—ROBHEFITHL T

55 85
.l.
50~ UspU (4.108)

LRBING, REESOWEL 52 5 X 5 RENLE B ORBERE S OMMEL 52 % X 5 eEfr
WWEBTDHNPDOTHD, TDOX H7E#H U % solution generating transformation &9,
Z ZC, Hilbert 2] & L T 1 EAOFAFIIREF23 5% 3 Fock ZE#% & % 5, shift operatorsS,

§= f]m 1) (k| (4.109)
k=o

S =1, S"S*M=1-P, (4.110)

U (c0) DEERR/NEHE 1 + A(\:Hermite) 123 L T A, — A+ 9\ ETHIE L,
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V) Bk R, EL
n—1
Py=> |k){K] (4.111)
k=0

Thb, S"1IH (4.107) %723 DT solution generation transformation TH %, 4 S"S*"
i Hilbert ZZRI®D |0) ~ |n — 1) IZRWTDHL=F VEBE TR, |n) 1348 Vnb OFEIRIC
S L TV s | REREHR S ICE T, BB Vnd OFFFHY Y b &2 EDZLNT
XHLEBEZDHZLNTED,

BERRHREICBL L, 82 51ERIX

[ sy (%(Fwﬁ + S DHOD, V(¢)) (4.112)

Thbd, TNEEEDY A7r—VORIT, TRV —F—DEEIIEEET, FEDOA, ¥'—
VBIIRDO L HICKFETHIEIZT B,

) ) - 1 .
AEAZ:—E(Az—sz), AEAzz—E(AI—i—sz) (4.113)
WICHEW D AR —F —DEETELILEEZD
C*=a+i02A, C=al—i024 (4.114)
k‘a‘é&\
E[Dw - ZDy,QZS] = _[Ca (b]E[Da: +1Dy,¢] = [C ’¢] (4115)

= DILERSy H - T field strength (4R —Z —DEETKRD L HITET 5,
F = —Fyy = —i[a', 4] — i[a, A] + 02[4, A] = 0 2([C,C*] + 1) (4.116)
R, AR —F—ERTEIMNTNINV =T U
H = 27Tr (%([0, C*] + 1)+ [C, ¢][C*, 4] + 0V(¢)) (4.117)

b, ZOXROBEWRREL ¢ & V(P) OW/IMEEZE5 25 ¢ DEEL ., BT V() =07
ix,

¢:¢*

A=0=C*=a,C=adl (4.118)

THbD, ZhEF D solution generating transformation (2 & - THIDFRIZFET & |

¢:¢*(1_Pn)

4.119
C* = S"aS*", C = St 5*" ( )
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Lid, ZNIIFEEHARMETH D, Z DK field strength i3,

1

F=0"3(C*C]—1)=0"2(S"S*™ —1) =072 P, (4.120)

ThHY. [C, 8" =0 LR BHD ., ZOMDOESTINAE L

E = 2m (% + 0V(0)) (4.121)

LB,

4.4.2 D-brane& GMSVY kLY

D-brane X° F-string |3 & KFRIZ FE R #MEE AN TZMRIREISG . B — oo OMERT GMS
U b CBERL TWBZEH LWGEIWS WL o5 5 [HKLM], Z Z TidZ OfElE W\ < 2oh
T

D-brane®F> 3>

%7, Dp-brane 7> a2 T, & D(p-1)-brane D7 > v a v DKL RD 5, 7T, ¥
BRi,... Ry O p-h—F ATEEOVE Dbrane ¥ 5% 5, $5L. TOHREIR

P
Tpe ® [ 27 R (4.122)
=0

EL. QT 47 N B THD, pHAO T-dual Z B3 &, BEIIBLLRVRT 45
kG FEE B
O411/2

e = 0 ® (4.123)

THREIEN T T, E£72 p-FAORHERES D DT,

p—1
2ra’*Tye~® [ 2nR; (4.124)
=1
LETS, £oT
T, | = 2nd' /T, (4.125)

ThbD, £oT, Dp-brane D7 3 ik

25—p

T, = (2ma’) "7 Tis (4.126)
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X 4.10: BHSED A RRIHTK

Wiz, TrvvaryORENREEZHET S, ZOFHEIZ, K4.10 EEFHIC X D tree-level
TOFHRTOI T b ORBOFIEL | BEROETINF —HHERTH D ENHOE
% & Dirac-Born-Inferd(72 ¥ a v &89 A—& L LTET) HHAE D=0 4.10
WXHRT 2L IRT I8 N ORBORBEB LT o — —2 kT 5 L ThEh
%, BHEOME RS L ELRBDOT, ##MX Polchinski ®#HFEE [Pol, p273~p277] iZ
FE5,

OB XV ELNTEIT,

ﬂﬁfézglfmﬂaq“?’ (k = 2me?) (4.127)

k2%,

AXFUBEDVINDEE

WIZEFFAFEDOY ) N OBEZRD D, ¥X AV HOERZRDBI2H7-D . String
Field Theory 7»6 AR I TV DR (7613 [Sen|[HK][BSZ]) iZOWTOFHAZ L2 < T
1372 572, bosonic 2R 3EHERTO D25-brane |3 ¥ 4L BEE2FHSTWVWBER, FORTU ¥
NMIKAII DX 5B FELTREY (AL, S TRTUY VX VI T =T, OFV(T,) =112
RBHEDICERIELLTH S, ). D25-brane B HEZE T, K411 O T =T, D RITHKIEL
TW5B, ¥XFUREMETHZ LIk >T, T =00 D25-brane D\ open string vacuum
T ERBUL BTV A

BB AN, Ew%&ﬁ\bf Bonb XX BORMERI

SZ—%?StﬁVF< (XW@J@T+W—VG0 (4.128)

AR AN CTHF XAV ED Y U b ED Dp-brane LBIHEL TWVWA S LWEHLH W 00 B
[HK][AMKJMT],
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/

411: FXFUEORT v v

fEL Gs, G 1% (4.40) TEZE L7z open string DA NV v 7 & o7V 7 THD, FiT,
GMS YV VU b U fif& B3 AEICIT 2 o7 & 512 B — 0o DWERREELY | 224 — VOTou, To5 —
VOxos LFESERD Y R — VBT Doy, 15 ARV —FHRD b L —RICEX L
T NIV =T UEERL,

H = 2”12,7599 / VG Vian)  (an€{0,T.)) (4.129)
$ n=0
L5,
ZZTRK(4.92) Dag =Ty,a, =0(n > 1) R BMBEEZD L,

H = (27)20/Tys / d*z /g = Tos / d*z.\/g (4.130)
LY, 7T a i D23-brane DEFNE—ET D, 6T, K (4.92) Tap,a1,...,0; =
Te, Qgy1,-..=0RDEEZZDE, ZOT ¥ a X kLD D23-brane D7 >3 a /1T

—¥T5

Z OHBEIIEROMBEIRTO D-brane D7 > ¥ a VIR TE S Z L HbEHTH 5,

U EDEENDS | REER D-brane D LD X ¥+ 838 GMS ¥ Y b & L TORME#
D& X|Z1X, D25-brane 23 closed string vacuum {217 < & [RIFFIZ D(25 — 2n)-brane 237 %
WS Z LRSS,
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—DHADHAYTIT

GMS Y Y k% D-brane & RIET 22213, 7 —VFH~D A v 7 U 7 )5 D-brane & [6
CTHDIEERIRLITITRDRNY,

EF1E. D-brane LS —VHL F XA U HEELERAEZEE TSR TUIRLRND,
EEZTVHEGRIIFIEFHZER ECOERTHLH01 0, F—VHEmOWMSIIFEFHS — U
TR TND, $TRb LI — VI

OAAy = O\ —i[Ay, N« (4.131)
L 725> TWTC, Field Strength |X
Fu = 0,A, — 0,A, —i[Au, A« (4.132)

LEMND, ZIT, X FUBRITFETRY — O EWIZ X - T adjoint IZE#T B, AL,

0T = —i[t, \], (4.133)
L5,
TR L EFR I VHEORRMIIROL S L TnD,
S = gg% d*Va < £(T)D*TD,T — V(T) — ih(T)F““F,“,> (4.134)

T IR 2 IRTTD IR & IR 24 RITTDF AN 3RS %, 2T, GMS Y U b D
BHOWKLFECEY T vy 7 2EX 50T, IFAHBFEOWMMIBEHRL TI, FERH#HTRE
DEERE% 4, ] TSN DIEREZ a,b,... T D&

S = % /d%\/(_?(%f(T)D“TDaT - %h(T)D“A,-DaAi -V(T) - %f(T) [A;, T« [A?, T,
(D) [As, ALY, ], — Th(T)F Fig)135)

c‘:chZo BT, A IXABT—RFTHY . adjoint DF —PEHMEL > T3,
. FERHASENZ GMS Y U BT = Ty 6D T T 7 Fax—aruEx, JEA
@ﬁﬁ@ﬁ*‘%z‘mv Z—RICEXET, b,

T = Tygoo + Z T™ by (4.136)
m,n=0
}: A" (%) b (4.137)
m,n=0
Azt = Y7 AP(2") b (4.138)

m,n=0
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TZT, dmn 3T DL doo T2 T 704 DT-brane iIZ b 284721 k& T
L (00 DRIZEEDHITERT D, ).

1 1 o1
S =T,3 / d**z\/g (5 f(T) 0T D6T — V(T + 0T) + Eh(T*)a“AiB“AZ - Zh(T*)F“bFab)
(4.139)

Z I IEIZ D23-brane O # ¥4 & brane ICEE F RO EED HFZ IR T A/ERIC -
TWa,

4.4.3 D-brane F+¥— & K-theory

23HiI TR X 91T, K-theory [ZFFFHBREMATINTROEMFDARER TV —DRK
El& B~ L T3, D-brane F v — & K-theory ®REEfRIZ . 5ZFRFR D AE )Y FE I Ha L4
ThHhDHZLORNWAIE RAHZ LB TED, T2 TiX, D-brane 7% — & K-theory OB
RIZOWTEHAT 5,

SEEMEFETRY Y 2

4. Dp-brane REERIE X x R ZEEXONTWBHEEX D, RIOKETR™ Fa~n ¥
XA D GMS VU gD D(p — 2n)-brane IZHIE L CTWA Z &AL, 4, FEA[#
Zefl] Lo B D723 C* BRid n EORFIRE) F DL T Fock ZZMIC/ER T 21EAR DT ER
BLRMTZLENTER, +5&, 2D Dp-brane ® FOEBDETE Co(X x R?") DT T
BB EFFUEIL, Cp(X xR = C°(X) @ BT 325, =0 Dp-brane EDRIE T 1%

T:X > B (4.140)

EWVWOIEREX 2D BADBEBRORTEREBR THDL L RDHZI LR TE S, HLERE I,
BDOnorm AR BY—IZ Lo TEREINTWVWS, 4428 THBALZXL 5IC, GMS Y Y b
BNEERETLRDIZENTED, 4. XA VB TORT Uy VBEK 411 OFEZLT
WAZLERETDHE, EEAIXT =T,,002°5ThHB»n6, GMS YU FfRIZFDS
VI Lo TRHESITAHZ LN TE S, Rank(n) OFEEEF O3 2EMI1T Grassmann %
FRIEG(n) L LTEHBNTWS, LR o>T, X450 Rank(n) D GMS Y U b &
BRLTWnW5 e &,

T:X — G(n) (4.141)

LELZEBTE S,

A BUIEZ - T % Hilbert ZZRIZEERK T TH 525, RICAHRKITO Hilbert Z2f CF
FOFFEHETFOZERMEEZ D & TIT. Ge(n) =U(k) /(Uk)xU(k—n)) Th 5, ERK
7t® Hilbert Z2f# D Rank(n) DHEEEFDRLTZEM G(n) i3 Z OIFHIBIEIR limy_, o0 G (n)
ELTERSN TV,
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1%, Grassmann Z8E G(n) (ZTEFRRT PVKROSEERTH L B HERTWV5,
SEEREIIUTOL ) MEEZHTHOL L TERINL TV S,

EE 4.4.1 (2EZM)
LIF OMWE 2 W7o 22 &2 538 ZEM BU(n) &0 5

Bl EEZ DL M LD Rank = n HER 7 MAVEOKE b ¥ —RIEER M 55 BU(n)
~DEFEHBOFE P —REEICESL L TELY,

EBIZ, Z? Grassmann ZAFERIT G(n) 1%, Un) ¥ —YROGEEMTHLH D, LED
BEEEIHDEDLL, X xR DO LD GMS YV U b RO X EOXRZ FAAED bR
Y HNIRME ERIEL TWBZ LT B,

aREQD—H 5 K-theory ~

String field theory 2>5 P48 &4 5 D-brane & antiD-brane @ x}{4#i% D-brane & F ¥ —
VONEE ARER Y —IL X5 T TR K-theory TITR2L2RL TER DRV & 2R
LTCTW3,

D-brane 325 ¥ —1%, D-brane ® EiZdH 57—V H 0 chern I L > THEA I 5,
4. BDHEIRIKRXITEE D7z D-brane & anti D-brane %% % %, D-brane ® % -2 D-brane
F % —1% D-brane ED&/ —V R E @ chern3HIZ XV EET A Z L0 TE, —J5 antiD-brane
DF % —THR1I Y antiD-brane FD47 —TJH F @ chern BHIZ L > CHETE 5, Lo T,
D-brane antiD-brane ZDF ¥ —1% (B, F) W H XT3 Lo TRIBEND Z LB 4505,

LA>L . D-brane antiD-brane OxtAfaE2 5L, 2D (E, F) LW HREDOLFITIT
EiTHDHZ BN D, Mkl biX, MUY —Y K G Z# -7 D-brane & antiD-brane 23
RAERLTH, Fr—VIIRFELRLS TERLRVOTUTO X 5 2RERBFERH HETH
HB0HTH D,

(E,F)~(E®G,F® Q) (4.142)

ZORMERBERIZ L A7 —VRORT OREEITE SO B1EICTERT D RMFH K
B2 5720, X o T, D-brane antiD-brane 2O F ¥ —1 K B2 W TEE I B
EThD,

Dp-brane ® D(p — 2)-brane F ¥ —

WE ., Dp-brane BRE#HEE X x R2(dim X =p — 1) ITEA->TWBH ET5, HL R? (3%
MR FETH D E T 5, 2D Dp-brane s R2 D FAENCFEA[ k2oL & | 4428 CTH
Lo, ZRE R2ZFADOGMS V) b EERTHZ LN TEZ, 4, ROEEL
BVWHLTAH5,

SEREICIE, ZOKE Y —RIEE
ERR DA E b B —RHEIEIC & B TTRMETIZARN,
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e X FORZ MAVEROARE N —[FEESE RZFHEICGMS YU hrZ2ldT L o0& *
FUBORE MY —RERIIES L L T—HL T\,

e GMS Y U hi3FER#R? O OO C* ROFEHEREF CRBRTHIENTE L,
o C*E&RD K-theory i C* ROKNEHEAEFORMEEIC LV EREINL TV,

T 5L, FEFEGHO C* BgD K-theory T, Dp-brane ® U(n) 7 —VHE L TEHINT
W5 D(p — 2)-brane DF ¥ —T O 55%E%E, GMS Y U h U HDORKT C* 8RO K-theory T4y
BHTERWhEn) ZEITBnES,

ERIZHEFBRR? D LD a7 NRBEERIIK THD, 20 C 8D K-theory &% %
VaRAN

K(K) =7 (4.143)

Thd, Zhix, FxBH->TW5 Dp-brane 235552 D(p — 2)-brane DF ¥ — L —F
LT3, 7725, Dp-braneiZ nf® D(p — 2)-brane & & m K ® antiD(p — 2)-brane 33
BRoTWHLEDD(p—2)-brane F¥—ViEm—-—nThHY, F¥r—V2EKOERIIZ T
b5,

4.4.4 TypellB ERTO Toeplitz K3 & e EE
B — oo BETORBD 2 fE

HHEMmIZKR DN D OPE REUINW L 200 OREBeFF-oT0D, TOHFTH, A&7
B2 R OO ELERIR D W& T bbb, bc,0X, 82X . EEDRENLRD
REELTD, ZORE A BREELELTHAC TS L i@ﬁ%@ﬁTﬂElﬁ@E’%:ﬁﬁ@'@%
%, Y%, A & pETHRLAOEBHREL LT, NP OROTENDRIESLT D, ZO%

A3 g OPEREE L THURWA B = 0o DERZ & 52 & TZ0EAE% OPE 3
CLTHU SRR ENRTED, FiTix, OPEOREE2E AT A=A A LOET S,

FITRANCZ O LREHEND D, BIFOFET DEO world sheet DR LD N—F > 7
ZEEF X' ® OPE HI'L . propagator (33 (4.41) TEREIZR® 7= X 91

i j (! ! 1 1 !
XY (1) X (1) ~ —a <7g+2ﬂa’B>;¢j—% Py 27"113)&%% e(r—1)

(4.144)

DEHIRFITIRD, TZ T, B— oo DBREIWMY BIZ X DY R —nN%17725, B—>tB &

BEHZ T, X' - X VL BEHBZ T, t — oo DIEREELD & | FElZR 7= propagator i%
%Oije(T -7 (1,7 FERTHETT )

XY r)XI(r') ~ {197 (4,5 FTHIT ) (4.145)

(02)1']'

e (T LISt)

55 C Tl g BHABTHS - L R RELTVS,

In(r — 7)% —imd/ (
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LB, EBHIZZOWRTOELEEZEERVWVRE A 2EZXDE, ZOREDTD S B,
EFHAEHD X 2 ST, VA —NVDOEELZZITT, £ X IO NWTVEEEN S,
FPTZDOMBT, Ay & A BKBTEHZLZ2HEND D, Ay DItE AL DTTD OPE TR
g B2ME IDELVWOIK, AFD OPE Th 3,
VA X (7)ot X ~ %(T _ ) nieX (4.146)
FOHERDE, t— oo DIBERETZ D OPE X2 TCL £ 9,
WIZ AL BREELTEHETWAZ L 2HEND D,

X (1)t X (7') ~ e 30T TN () (1 4 i(7 — 7')p - X) (4.147)

THHM, HUD p- X OET X! BIEFHRFTETH 512 b ST Vi D factor B3> TV
RVWOTERTIZENTE B,

PUET, B— oo DMRT AN Ay Q@ A IZHfRTDHZ ENE X T, AL XIERHR F RO
EENE D Fourier RO DA NP OLIBREINTNEOT, FERBEHOBEBIRTH B LERT 5
ZEMNTE S,

Toeplitz fEFAR & IEHTEE

WE, DI9-DIFREEZ D, ZDEfstring field i% 2 x 2 ® Chan-Paton T3 Citab & 5
23, 9-9string (A & @ GSO projection 2373525 DT, string field TR D L H 22 L T

W3,
a= (8 © (4.148)
c* B

ZZT
D9-DI9 5&4>5 , closed string vacuum ~D &% ik 35 & 9 72 String field theory D&
g 5EK

Q(A)+ A% A =0 (4.149)
DO EHHMENRFET D &V HE)S, String field theory TEL G TWD, TD X 572 fif%s

=[P 4.150
’ (ﬁ* 7) (4:150)
LELTHZEIZT B,

B — 0o DMBRTIEEBRBRRZ LI, X—=TFT v 7 Z2ORE AR Ay @ A1 L DET B
5. T % Ay DL L THIERBERDEIICLTOL BT ENTE D,

(a@T*T 6®T*>

4.151
geT ~yeTT* ( )
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T, Z o ERFREK (4.149) # T AT T 28
TT*T =T, T*TT*=T* (4.152)

ERI-ERTNERLR, ZTOEHRBELELTCTHRa=F Y ThHhA LI T OBEAHE

% e L3l
<ﬁT:‘_w 6‘;“0) (4.153)

IR B fREEDHA, THT String field theory ® & % 4 EED RTINS & BRI C — ¥
TR Ap L TEMOREEINTWAETH D,

FEEHRDIZ, THR2=F Y TIERVAR (4.152) 2T TH S, TOBMERFIEL
THABF RN 2RETHIHEEEE2 D, TRbLL,

[z,y] = —i6 (0 >0) (4.154)

ZORF, LIATE RIU FHeE TER-ERERETEEL 2 L3 TE %, Alb,

Ty t_ Tty 1
a= ok al = —=, [a,a'] =1 (4.155)
5L, LTOXICERL TIIX (4.152) 2727,
1
T = 4.156
\/aTa—l-la ( )
1
T* = qof 4.157
C aat1 (4.157)

= = C. Hilbert 22/ # ® EOEE T2 1L Fredholm BEF & W\ 5 142743% ¥ . Fredholm
HEFCIEEREESN TS
EE 4.4.2 (Fredholm BHEF)
Hilbert 2R LD RAFEETF T € B(A) S Fredholm HEFCTh 5 L 13, ImT NHES
12725 TWT KerT, KerT* B EIZARR T THDHZ L E2WV I,

ZOBETIZHOWT, BT

Index(T) = dim(KerT') — dim(KerT™) (4.158)

WKLo TERIN TS,

4 T X Toeplitz BEFIZ/2>TWVWD, 2T Toeplitz EBEFLIIUTTERIND LD
BRREDOTTH S,
EE 4.4.3 (Toeplitz K%)
FRIEEMNTEZ LD C*BOEOBRTSS* =1,5*S A1 2T S PO AEREIN D C #y
B % Toeplitz ¥ & v 95,
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ZOFIELTIX, GMS YV by (4.4.1/1N81) OEH% D TEZKL 7= shift operator S (4.109)
TERENSD C*BBH D, Ziix, Hilbert ZM EoFFRIEARORK T C* 2D Toeplitz 1%
izl oTnb, 50T

L RDETITHONWTIEEEEYEHET S L

Index(T) =1 (4.159)
ThHbD, TDO—FHTHABZEF OB T % z,y TEbT, BIL Weyl BB %255 &,
f(r)(z —1y) (4.160)

DR >TND, ThiE, JRREHETUL) IZOWTEEMHEE -1 ORI R > TV D,
XoT, —ZEFF AU BOBXHEHIT —Index(T) TEX BN D, Zhid, Atiyah-Singer
DIEEHEO—FlIZ/2> TN D,

RRTH 2n DROEBEE

4. 2B X DRIRTT 2n DR Y #EZ 5, SEI, 10 RITOEFZEIZ 2P ¥ D D9-brane
L D9-brane DN HBHZ L EHEZD, ZOZRDPEHLESD D-braneF ¥ —T%Ex2 5B, D
B2 DRRTTNIEAHE R? (2R ->TWB LT 5, ZDOIETHRMEIT R

[% 71, 2% = —i6;  (6; > 0) (4.161)

LELZEBTE S,
HiZ, Clifford {8 o 2" WIT DRI ;.

0 I}
= = 4.162
Vi (Fz’ 0 ) ( )

(2 Ko TIERMHRZER] LD & 45,
T=frlizt: #RS™ - H#ST (4.163)

BEZDH, 22T, AT p BORFMIREF DK Fock BRI Th b, 22T, N; 2 i%EB
DO FAFIRENF D number operator & L T,

S R B
Pia'lja? = 243, TjHa" o} + 1[0, Ty, 2]
1 .. .
= Eé”{aci, z;} + Z 0‘-9’0’
= 220 (N; + ) + ZU3GZ (4.164)

T2/l jz) = 220 (N; + +Za3m (4.165)
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Tho0b, T
T =T (4.166)
EThiE, ZoTix
TT*T =T, T'TT*=T* (4.167)
EWlL, STOAEYR (-1, ,-L) THERBTRKRTELOI—FNVERFD, £o>T, T
BFi= - {ES
Index(T) = —1 (4.168)
LEE SN D,

B2, ZORKEEXFEBLOBRERS, 5. Y DRKRTTHHR EEZT, 2 =
27 4ig? 2 U0 EERIEED B 72 5 Hilbert 228 # %% %2 %5, Z® Hilbert Z2f D A
32 =1 (2)f Th B, Fio, R OFD 20 — 1 KEOHKE 22 Lizo>0 T, 20 LD
ERIBE%> 5 1E S Hilbert 22/ /& 5% 5, ZOKME LD 2 fAHEH72EE f € L2(Z;dQ)
NG A ~DEBPIIROXLIICEZBN S,

_ f(w)
(Pf)(z)_/z(l_z.w)dQ (4.169)
ZD X HITLTERIN S Hilbert 2] 74 % Hardy ZEfM &V 9, ZOD 745 DEREET
RIY FTEIBND, EL, K TD VLI

(zF,2") = 5“% (4.170)

EELZENTE D, ZOIEFH R |ZET S Hilbert 225> & Hardy 22 ~D HIFR 5413
13t 1 TE~DEBBIZZRS>THNEDOT, TOEEIET O 4 ~OFIROEERLERCIZR S,

Z @ Hardy ZZIZ DWW T Toeplitz (EFRZ2EHRTHI LN TE S, AL, ¥ EOREH f
IZ2WT, My :Hy — L*(%;dQ) iX Hardy 2 FOEE T2 S EOBEICEL T, f 2#
JBHEVSIEET L TIT,

T; = PM; (4.171)
EWIHHEAEFEERTDHILENTE D,
To 2k = e (4.172)
T2 =0 (k =0) (4.173)
k.
_9 i ke 4.174
ﬂ-zi ki+p— 1z (4.174)
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ThY., =20 T i Toeplitz HEFIZ/R>TW 5B,
4 Hilbert Z2f1& LC 54 @ C?" & Lk, BHETFEITAEOHEE FICABICIET 5
TENRTES, T5L, K(4.166) TEELZ T D X ~DHIRIZ

T:Hy®S > Hg®S (4.175)
ELRBZENTES, ZITTRROEITELZENTED,
T = PMg(x) (4.176)

. 1
) = sz—
ﬂ( ) ! Vatx' + const.

TIHOLTCEEREEINT TIXAERT Fredholm TH 5D, ZZ T, Boutet de Monvel D55 EH
[dM] Z w5,

(4.177)

Index(T

) = / ch(8)TA(TE) (4.178)
b3

¥/ 3>

8L ch(B) it w; & H'(GL(2",C),Q) DAEMTE LT,

ch(B) = B* (Z(l)jl (2‘;2ji)!> (4.179)

320

ThHEzbh5, ¥, TA(TE)=1Tb %,
ZORBEBICL T, FEHBRERO FOBKE L TOXF AU BREFORKLE EX T
¥OXY—ROBREEX A ENTE S,

4.4.5 Type IIA @ D-brane & BDF #i%

bOERE X BEZAONTR, ZO EOBEHER CO(X)Ickd a7 MERFDOKT
ROWEREER D, TDH&. TOIKRDH 5 RUEEEN K(X) HOMITR->TNWD Z &34
b TW5 [BDF], £33, C* ROIEOH &L EHT D,
EE 4.4.4 (C* IRD extension)
ACEC RELILEE, ADCIZXKDIREIZIC* BBE a: A= B,f:B— COMT
UTD X RZBERINEETHDOEE 5,

0 A—2-5-2sp 0 (4.180)

S FOEHETA=KC=C®X)LLTE%x5, Hb,

a B

0 K B C®(X) —=0 (4.181)
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Gelfand-Naimark @ FE# (FE#H B.2.20) 2»b & b 5 C* 81X Hilbert 22 7 EDOF FAE
FARORTER B(H) OBDBRIZLEHSZ LN TELDOT, LOEED B 1 B(#) DL
BREEXDILENTED, ZIZT, COX) 25 Calkin X% B(H#) / K~DEH T 2 EX
%, m:B(H) = B(A)/KEHETHHLLT, feCOX)ITHLT, BOTT; € BT
B:B—COX)TfICBBEIRLDEREIENTES, ZDLE, 7:C®(X) = B(H#)
LLT

7(f) = n(Ty) (4.182)

ZWile 9 & 572 H D% Busby invariant &\ 5, C*(X) OR[N | TT,—Trs e KE2E 5
Z LB TE A5, Busby invariant 7i3f#E L COERFAZR>TW D, Z I T, Busby in-
variant [ZRBEOIBRIZKT L THE—DEE 5 Z EBHMBN TV 5 [WO, p57,proposition3.2.5
o %7z, Bubsy invariantt 2> 5 REDILEEZ B&RT 5 Z L B3 TE % [WO, p58,proposition
3.2.9], EI%.

B ={(a,f) € B(#) & C®(X)} (4.183)
LLT,

o B

0 K B C®(X) —0 (4.184)

LW REDILFREEZEZ DT N TE D, ZDPLHRE Busby invariant X 7 Th 5,
Z @ Busby invariant (Z%f L C, FEERZ E&ET D,

E%E 4.4.5 (Busby invariant D1 =4 1) [F{E)

L. ADCITED 2 DDERDYLIE,

B1

a1

0 K By

; P —0 (4.185)

a2

0 K By

C®(X)——0

Ba=XVEETHD LIX, 11 = 7(u)rom(u*) 72 5 Hilbert ZEff] ED =% V{TFH| u B3 FEFE
T5HZETHD,

T DEMERIFRIZ X % Busby invariant ® [@EEA Ext(C®(X),K) & £iET 5, 2D Ext(C®(X),K)
WIXIMERERTE %, BB,

n @m — (B(H)/K) @ (B(H) /K) = (C*(X),K) (4.186)

LIMEEERT D, ZOMEZHONWT, BT 02 ERTHI LN TE D, 200 LI,
trivial extension 1%, 7: C*®(X) - B(H) /K% 7 : C*(X) - BH) iKbb EF 5 &
DT&E 5L HREIETH 5 [BDF, 1.17 Theorem], Z DO, 72X > TRERINIILMHET S
DTTy=Ny+k (F€K)eEFESZEBTED, ZOBF NNy = Ny 725, Eiz, K
(4.186) TEZBSNDIMEZDONWTOF TR H D Z A FHN TV S [BDF, 1.23 Theorem],
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X2 TZ?D Ext(C®(X),K) 3BT >TWNBZ EB N5, Bz, Ext(CP(X),K) »»bH
K#MEERTDHILENTE D,

K¢ = Ext(C®(X),K)

(4.187)
K¢ = BExt(C®(X) ® C(S"),K)

EEHRTDHE. ZD K2 i Bott A% - T\ T [BDF, Section 6], hARBE Y H)v K-
theory & fBxt72 K BFHIZ72 > T\ 5 [BDF, Section 7], a O¥RFIL”analytic” ® a TH 5,
Z @ K-theory O#rkiE% BDF #akik & v 5 [BDF],

Type ITA i) brane & ¥ DR

UL b2, BDF #RIEDHETH 558, 4 Type IIA BFHTDH 5 5 brane i Hilbert 22
Mo ar 7 MERARORTER K OB EORKER C°(X)IC X 2IEE2ERT D,

4. Type ITA BB D A K ITO brane % & X 72 BFIZ . brane 28\ 5 B4R A W iXKZE X
DEYZHERTH D, W © EIZ Chan-Paton R EXH B ET5L, b SQ EICE
%L 5 X 97 L2spinor ® Hilbert 22 27 Z#RTHENTEE, 22T, S - Wik
spin KCH 5 ET5, ZOK, S ED LD Dirac i EEF% D L FiLT 5, #Fs Ak
Vo2 e—fRiZLT5L, Prid¥ee—F2&27., D DBEAEOEAIZE-T, #i
H=H, 0H EHRTD,

W O EOEFGEE OB CO(W) X # ® LT M L LTREIN TS, 20 Myi
—RITIT A BRI, Ko TREEET P — A L LT E &I,

T; = Py M; (4.188)

L4352 L T, Toeplitz HETEIEDLZ LN TE D, ZOBET, Ty, — Thp, 132787 R 72
WATFCTHIND Ty B Lo TERSNAREE BL T, kDL 5% KD CO(W)iT
KBWREERT DI LB TE D,

@ B

0 K B Co®(W) —>0 (4.189)

Z DILIRIZXHIE T % Busby invariant i3 7 : f — 7(Ty) TH D, BiZ, B o: W = X I
LBEIERL ¢F : C®(X) - CO(W)IZ&»T, KD C®(X) T L B9L8R

0 K-*>~p" C®(X) —=0 (4.190)

EERTDHIELNTE D, ZOHLRICKHIET % Busby invariant i3 70 ¢* : C°(X) — Q(H)
TE&EIN 5,

PAET, brane 8 K @ C®(X) I K DILIREERT D LB ooty KHX) DE
BICAW2=F VRECAIST 2 AEEREEZ (W, E, ¢) i L TEETIIT, K{(X) &
{{W,E, )]} i 1xt1 DBERICH B,
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ZZ T, K{(X) & D-brane DF v+ —T ORAKRIZOWTEMRT D, 5 X B2 7 bR
BRTCTAL U EEETH D LT K¢ X Poincaré 7T 27 V74— k> T, b—vav
DEHEZBRNT KT 5, BIb,

K{X)Q= K (X)®Q (4.191)

L»L, b= av&EX MBI KHX) & KY(X) OBRITERECR S,

D-brane ®F ¥ — ¥ L IXBEARB 2V REDOILEDOHEE & D-brane DR TFHEIN
5T EVVANE., Busby invariant {X D-brane OALEDE#REZ SA THWD L IHIICEZX DR TH
%, A5, 21HOKRRBITR L7 CBROSELZRMOSEICETEFC LI, ZHOEHYS
BRI CBRDODAT TN L > TEERIN D, Busby invariant 7 : C°(X) — B D% Ker(7)
BEIICCRBRC®X)DATTNATHD, Lo T, TOAT 7ML - T D-brane DL E
BREBINDERIDIIERBRELETH S,

4.4.6 3JEBHBAL dBHHBED D-brane DF ¥ —

SZEDFBRIIIEARENR 2R T—ETHIGHIC OV TTRbNTE 1, ZORRZHE

F@CO brane F ¥ — VL K-theory IC Lo THEEINDZ 2 R TE7N dBMBIEBRATH
Z)H% T twisted K-theory {2 &> T brane DF ¥ —V & BT AHARETHDHEWVWHI T EMN
RESH TV [BM],

Twisted K-theory

¥ 79 &4 Rosenberg[Ros] HI1Z & 5 HHET, twisted K-theory Z E&RT D,

EE 4.4.6 (twisted K-theory)
twisted K-theory i¥=1> /%7 k72 Hausdorff 22 X & [H] € H3(X,Z) IZX L TUTFD L >
CERSN D,

K9(X, [H)) = K;(Co(X, By)) (4.192)

ZIZT, BEgi37 7 A—% KEEH%Z Aut(K) & LT, £® Dixmier-Douady invariant
(E )73 [H]T%%i?fﬁﬁfﬁ%ﬁfﬁé
Z ¢ Dixmier-Douady invariant [k D X S IZEZSIN 5,

Dixmier-Douady invariant

A X ORWEHEE {U;} L35, Z0K Cy(X, E) Blb KR E D THERE THA
DX 97 section 5725 C*BROFTIIZ NNy F U, O LOBEK R, : U; > KOERT, 22
DXy F Ui, U; DRPLY D ET

Ri = gijRjg;;' = Ad(gij)R; (4.193)
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ERDBEIRBLOTHD, 2T, gij : UyNU; = U(H) 1Z2=2 Y ERIEE L 58
B3 T, gijg5 = 1 &M d, R (4193) BFELR2WAIZIX, U;NnU; NU; T,

9ii9ik Ikl = 9jkIki%i; = IkGligi; = Cijk € U(1) (4.194)
TRITIERERY, 612, UNU; NU, NUNIZRWTIRB KIS 5,

GijkCikt = 9ij 9k Ikl
= 9k9k191;9;5191: 9ij (4.195)
= CjriGijt

EoT, kDL 57 ZIicfE%E H-2Cech 3-cocycle BTFETET 5,
log (;jk + log (ixr — log Cjxr — log (iji = 2mikijk € Z (4.196)

D {kiju} € H3(X,Z) »HFtE B 7 K ) E @ Dixmier-Douady invariant T& 5,

Twisted K-theory O #)i&

PAET, twisted K-theory # E#& T 5 Z &3 TZ 7, Bouwknegt, Mathai 5iZ L 2R
BRDOELH2bDTH D,
Rk 4.4.7
H =dBM#EBEHTH D & & D-brane DF ¥ — 1% K-theory K*(Co(X)) Tid7/a< | twisted
K-theory K'(Co(X, Efyy)) IS Lo TSI B,

HRELT, [H =00 KR EZBERRLDILRS, 758, K BEO stability (7€
B B.2.27 L)

K (Co(X, B)) = K*(Co(X) ® K) = K'(Xo(X)) (4.197)

L2y, EED K-theory (IZ—E T 5,
— DO K OFOFEHEAETFOBRIIBRKRITTH D10, Co(X, By )@EF'O)%TJL CHEE X
ﬁ@ﬁm@774ﬂ~%%0ﬁ®;9 TRZA%,

BlE LT ZER O ETEZ D, {Uitx+aRWHEBETHLLL T, £y T U;
@J:@%\T AT % pi(pi = pf =p?) ETHUE, UiNU; TiE.

pi = Ad(gij)p; (4.198)

LY ZOBBRIC X o TS EDHEE IR Y | REEEFOREL W TERSDP S

B1D (Ad(p)) = (Ad(p))* = (Ad(94))* BRRILT 2. ZOHEEAF OB (Vi) (v € U) 1%
LB g THYVAIEM X O LOERZEETHE, ZORENLZD {Vi,} & X E
DF—VRERDILNRTED, 2T, ZD{U{Vizteer» 9ij} ICE>TX D EDY —
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VHEERETDHIENTE D, ZOEHEDHEFITIT ambiguity XHDHDTIDEHETH £
KN TNBENE SNTERATIERVWD, BORBZEATHZ LIZL>TZOMBEITAFRT
x5,

ZOXF =YX, TOKKIC [H) € H3(X,Z) TL BN BA>TNWBEDT, ZOF—
REE[H| L PEEEZZIT OB EE 2B, Bouwknegt Mathai 512 X 3R EiXH - &
LREIITEL BN D,

5. pq% Co(X,E) ORFOREEATFCHH LTS, p = AfAi, ¢ = MA; TH D
K57 A € Co(X, Eyy) BFET DL & HEEAET p, ¢ 13 Murray-von Neumann [RE
ThHdHEELNDM, Z D Murray-von Neumann [FfEIL p, g IC X > TEZRINDF—V K
{Uia{vi,:c}xEUiagij}a {Uia {Wi,z}xEUiagij} @Iﬂﬁ%&j{}éb:fgéo ‘j—fcﬁbg\

NiVig = NN Ny #

=qi\i C Wiy, (4.199)
AV g = NNALH
=pi] CVig (4.200)

Lo T, BEWIBVE I,
EbiT, ZOF—VHRORAKIIHNL TEMZERTDHIENTE D,

{Ui’ {W,x}eri’gij} N7 {U'L’ {Wi,$}$EUiagij} = {Uu {‘/’L,x & W’i,m}zEUia g’LJ} (4201)

ZOBEIZ XL > TEREIN S 8D Grothendieck BZ B d Z & T KX, [H]) ® X v f#iH#2
EBEB/BDHZLENTE D,

4.4.7 Bott BEAEDIER#RY Uk Iz &k SR

12T FIZ B = 0o DE[RE & > TEiaae L W22, B = 0 DR T Y D-brane & GMS
VU RNCDOBBRBEILL TWDEWIREREL &, Bott A#IfEE WS K HCTEERME
DIEFHY Y F U OEEEFE- THHATE 5 [HM],

K ##1X Bott AN (F# B.1.24) L W IHOMEZFF > T35, Bibar 7 hZEM X ioxt
L.

>~ Kept (X x R?) (4.202)

L, Kept(X X R?) LiZ RZDERETETORY MR 025N D X 72T bVED
bIEoT KHTH D, £, 24TED D 3MTEOERIT, YUTD R e ¥ —n B ([Rot,
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p333])) Z %,
XPAY® & (X X V)™ (4.203)

T, R EIEMAHRHETHY, XPBXD1LAEIV 7 METh B (L4/NESR),
hz, RER7: K-theory DEEIZEEZETE, UTDO X512k 35,

K(C*®(X)) = K(C(X) ® Co(R?)) (4.204)
TZT, Cp LITERETO0ICD X RBEHOKT C*BRTH D, ZOXNEWBANTHAT
HENTE 5,
K #id stable Bl . ZREARMEICKH L TRETH D, DY,
K(C(X)) = K(C(X) ® My(C)) 222 K(C(X) ® K) (4.205)

Thb, ZZTKIiX Fock ZZRICERTAar %7 R ARL—F—DRETEBTH D, 4.
ZOBER B — 0 DMRTRIIL TWAHERS &, 2RTTEREIZBWTHoREIZHE
ETHEEEIETHRILLZEEFORIREIK THE0 5,

K(C(X)) = K(C(X) ® Co(R?)) (4.206)

L72v | Bott A#IEDORREED,
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DFRL T, #HF L U COI BB TEORI L ZDOHOBEER~DIGH & B I FE AT HL
E!’Jfot MEERZER»O BRICHTS 52 L %:ﬁf%to

3ETHRIZEL IIT, HEOIEFHMENE HIZETFHRFBHOREL R T 5 &\ 5 EERY
2RPRET, HFTLHEL TRV, FERHRZER O EOFOEGROBEGERIZ AW TIX UV/IR
BAEXR String L DT Fuv—LnWoltmAVWHEEN X 5—F T, planar X A 727 7 LT
ITEARBIIRAEREBETHEN D IV RS CERAREHEERLCLE S, Zhid
B b EMARERETIC X o THER S 72 Em 8 F R 72 3R ETiX. Eﬁ@g%M®@ﬁ
ERRTDIENTERNEVWIZ LEZEKRL TS

—F5T, #x :IEJJ@%%M@EI%%EH&LL@%& L CEEmEM-> TS, BED,
HHEFR TV I FEAMRBMMII NS BIFONNy 7 75 7 RROEER L OIEF#EEZ A

T, MEEEHE | FEATREMRREZESTZE WV IBREEZHROMRIZL TNDEZ NS
W, LcL, BlxiE, 418Ti. BREOREEMED ., ZHEmPETENERLE L TEFEL
onw6ﬁm®k%@%$T%5meﬂwﬁ@#%$f@%ELbfwééwv_k%
RLTz, TOZ i, BERNA ANy 77T 70 R OBRIEKS TICIE AR HEE %
FoTWAZLERBLTWVWAIICZAZD, &5IT, EAMEMETHOY U bR ER
TOHBHGRA LK TH 5 D-brane E’nﬁ'ibf‘/‘é LBFEND LN E W S FER, 5%

B OFEBEEGROLREYLOBEM & L T4 OZ % XD TV % Matrix theory X°, String
field theory 28 FEA[#AS MR M E 2 - TWA L WIHIEEL -, REEEROMONL T
2VEEEER O IEBE R e BRI FE TSN K& BB A R L TWDH 2 & 2R L
T3,

IHIT, AR EMAFCBNTEERZEZRIZL TREFER Y —RETO- TV EE
| FERHEMAIRAVTIE K-theory TRL X 2BV, ZEGRICHW CIHEEE R
B TH B D-brane DF ¥ —L D538 % K-theory Z HNTRH 2L TiEARLARWVE W)
FBES E2, FFEHBSMENKEROIEBIROLER B TEEREFZ RZL T
6kWD$@%E RoTWNWbHEEZXLND,

DX DOFRANT bR, BAEOKIE R/ Z B 2 RWIT, BETFHENRAET 5 EAT
UDJk(R A DILENTED, BEFNFORADERIIIT b2 LITEBESCHEIEL V-
EYEEFHEETFICEERZI LI THY, BFOSETE AR, MHEEROETFLTH
b, —JTCIEFHBMFT, ZHZOLODOETFILTH D, S OREROIEBERRIRE
AL DRI DR % 22 H O CIE R B FR BEERF AR RIC L o TEFIIBARLITA
R IRV,

MEZORERFENE LT, BINR Ry — VOB EZMA 5 LT3 L HaBEBRICH -
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TVWAEEEREOSECBTELFIBEEZM 2 T TEab 2wy, tnoz e
NEZDELICEZD, TOEKRT, Wﬁ%@%@ib%%@i@%ﬁ@@?ﬁﬁ%ﬂ%%
B LT DIEMHMBMET, ZOFNITHR>TVD,

BED L Z A FT%#T@&H%&EwK%%i FEF R RO EM T v b
Tyl ERBIIL TRENZBELTICLEZERNFRE Th 5, FERMHBETED XV GiE
RERE T LS wmE T 5 A TENT., REROEBT R ENIZOVWT, k&
eV NEBDHIEBTEDLIDOTIERNTEA ID,

i

BHCETOEMICTRICZEATTI o /MES A /IES A, String Field Theory (22
WTEEREREZ SNERER ., 2RI DERET FAA A2 EXTT S oEE
SA-SFIREIE S Ay FHRBR TEIZIEEL TTS o2 BEAE, TL THESZRBMRICXK
X TN ABIZ LD D EHL £7
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T 8% A

Al BOE=

T A1 (E)
Blidx£! (object) & & (morphism) &9 2 DDOHREFKH S 72 Y morphism [FRD 4
DB ZWZ T,

Cl H f Iz DWW ThAE (domain)dom f & #&35k (codomain)cod f & FHEIL 5 Z D DX RBF
ELTVWD, ZhaEedT

dom f ER cod f (A1)

LRILT D,

C2 2THOHBAITHL THIABFEEL TEOBRREKIRITI A THS, 20X HREITE
S5 L IN D,

C3 22008 f,ghH»>Tdomf =codf DK, 5 h Tdomh = dom f 2>> codh = codg
ERDBEIRLOBFEET D, DX 575 h ZE8K (composite) &\, ZD X 57
% fogtEL,

C4 ETEEBLILBRICOWTRHEERINKY L2, BB

fo(goh)=(fog)oh (A.2)

C5 EZH L DARITNESTHS, b, AL BicsL,
laof=ffolp=f (A.3)
Th5,
ORI TEOLNIBEDEESE L TIUTOL I b0ORH 5,

IRBOLETD (B IFZOBRTHOTVAERTIIARL . —BRLTAD [H&) Th b,



88 fi 8% A

B& D 4 Hif FIE3 &t
a2y NEMOE | 287 NZER | ESEES
C* mORRTE C*g# *- 548

Al: ZOmXTHRbNLSBEDOI s

A2 BEF

BEFELIIEL L TOMELZHIBRERTT DL O REN LB ~DERTH D,

EHE A.2.1 (XZEEF)
2ODE B, C K LT Bod EC~DEFEF T BOXMNE 5% C OHEHFHIZETHLDOTK
DOMEZE =T,

F1 A€ Ob(%) & LT F(14) = 1p(a)
F2 f,g € Hom(#) & LC F(go f) = F(g) o F(f)
D EEmE

F:B—%€ (A.4)

LELSL

EE A.2.2 (REEF)
ERIFEEFLIZERL THINEROEROMEF 2HITT 2L 5REFTH D, AL,

cF1 A€ Ob(#) & LT F(1a) = 1pa)
cF2 f,g € Hom(#) L LT F(go f) = F(f) o F(g)

Bz, EFC Lo THESh S i BEEBEFIC L o THRENTZHEE L i REBFIZE-T
Bishe e r it EESZLENREN,

A.3 BERE
BRELIZ. BB IV > TEZEHZHNBLELTRILLDTHDEENWHIZ L TH D,
EE A.3.1 (BRIE)

25DE B, C \THNT ., KOWER T 2o0BFE B L ¢, ¢ S BREETL L =HE
B CIXERETH DLV,

Go F ~ Ix(tHE%EF) (A.5)
FoG ~ I (IE%MF) (A.6)
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K-theory iXFEFISMF 2 503 5 L CIHBEICEERMETH D, AR ZEHO L THRER
VeREERHHEEZRR TR, TS B & 5 2 IFFH#RRZED ETO C RO®
ERV—EBZDIENRE LY, TOFEDY & LT K-theory IZ X > THRERV—REDOEE
by OFKBERZSERL TR B2, K-thoery (X F[#ARZEMD b R a2 P —iZ >\ T HE
RBHIELBTED, ZITIXETLHDICBLE TR 2 /X7 FZEH D K-theory (2D
TOUHAZ T D, IRWT B2EICIHAMERZEMICHEATHZ &N TE S C* BBOD K-theory
ZHHT 5,

B.1 +kFRAYAHI K-theory

ZOETIE, ¥T K #OERNLRERL C RO K-thoery IZ b@AT 2 HRHI: K ##
DERREGR D, IRWT, LELRYEREZ L% K" B (higher K-group) Z E&T %, &
#ic, BEMIC K HEET 00 REL 25 K HORTEE2RFI L Bott AHIEIC
DWTHHAT 2,

B.1.1 +ARAOCAHI K-theory DEEBLEE

)72 K-theory D ERIIHZEEILIZTAH L LT, ETIEHAZERO LD K# (FLLIX
K®) #E&T 5,

EE B.1.1 (ZELD K #)
22 X O EDOETORY MVERORBEDOESZ Vect(X) L EL, ZDLEZEH X DK
B(LLIZK )13, RO X S RFEMEEREZ AT (B, F,G € Vect(X) £ 75, )

(E,F)~(E®G,FaQq) (B.1)
K = Vect(X) x Vect(X)/ ~ (B.2)
LERIND,
ZZThRueY—TI<HMONIZEHEDH S,
FHE B.1.2

HBHa %7 b Hausdorff ZZR EDORZ7 "VR ERE 2 BNERHINRI FAVER F B3 H T,
ZOEME®FPERRRY MVERIZRD,
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SEBR. Atiyah O#RE [Ati, Sectionl.4] Z &, O

COEBEEI L, Wl OERRY MVEE n L REL TEEE X O K BN
(n,G) DFICET B, LoT,

K(X) = Z x Vect(X) (B.3)

WEZ B,

B.1.2 KHBOHWMZEMLTEE

WRIZCK BHOMBHIREREEGZ D,
E#& B.1.3 (K # (Grothendieck #))
X ZEEOZEREL, Vect(X) 2 X EOXRT MVEROERIZEHOEEEZ AN LD LT
5, AL, MMEEIRZ MROERIZ L > TERT D2 HDET D,

IoLE, EBRO¥FH ACKHLTUTOL I MEE b OT — IV K(A) B HaE—DTF
fEL =N % Grothendieck B L V5, ZD K(A) 28 AD K B (BEL X K B) L 9,

Kl 3R a: A - KA)BbH-T
BEOMG L EHERFE v: A— GITXL T,
HUERK k: K(A) - G Ty =raZmzcdTbORME—2TFET S,

K B (Groethendieck #) OME—MZFER I DHNIC, ZD X 972 K #% BAERNTHERT 5,
CHEIERVICERELE K HOERII—BL TS, 7. F A Z ADTETXThrbRD
BR7— VLT3, B(A)Z a+b—(a®b) (a,be A) THEREND E(A) DEDEEL
T5, BHL +, @ IZENENBBET —AVEOMEL $H ADMETH D, T DR,

FHE B.1.4 (K # (Grothendieck ) M E/4H)
K(A) = F(A) /E(A) T 5.

BEBA. EEBI3TERLZa LT, BHLRER, BB ac AIZXL TaDFEMESE [a] &
MIGSHD X IREBE/RERS,

SHGLIBERI By 2527 & kL Tae E(A) % v(a) ITHT LI REBEZRS,
Z D R [a] DREEOBOFITKL 2V, e b, a,b,c,de AL LTy, k BDERET
HDHZEMND,

Fla+b+c—(bdc)) =(a) (B.4)

ThHZNPLTHD, LoT, kidk:F(A)/E(A) - GIZFELER3,
2. 2O LTk OME—MELRL TV A, O
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K #DME— DA
B13DHGLLTK#MLELTOMEZMET K'(A) B2 5L ERF k : K(A) —
K'(A) %#5%x%,
FRRIC L CHRIE K : K'(A) > K(A) 285208 TE 5,
K DHE—MEND | K o K ITEFEFH TR TR B,
EoT, K(A) 2 K'(A)BEXD,
EHIZ, MIBLIEAMATH Y | FHERIF : A - BIZOWT, ROZ ENREZX 5, AL

A—22 sp—° s¢

C;(lA) @i:'(lzs) &ﬂa

B.1: K-theory o BIFM

K(0) I3 HERE SR agod it LV, K(A) DEENDELDHEREEHLTHD, K(6) D
EHRLY, ZORKIAHTH D,

FHE B.1.5 (K-theory DBEF )

(a, K(A)) DRITFHORTENS D (RE) BFLRoTWVD, HIL, EEA21DX 5%
HEZHZL T35, (X B.1)

FIBA. & A2.1D F1ix K(A) OME—MEDNBEBIZHE D,
F2H, KEOERTH D v OME—ENLHRE D, O

B.1.3 #8% K # (relative K-group) & K # (reduced K-group)

KBOESEZEZTIRCK BLVWIOIRKEELZZDIXI K " (neZ) &5 KHEDR
FIRHAENLTHD, 2O K "X KBELHs KBEFYAOVCERSL S,

FTUTOX>RBOEFEEEZ S, BEL, Cliar 7 VERBORTETE T i1TEA%
EDFaL Ry NEBORTET ¢IXEESTHD, . Y C X T3,

¢ — ¥t ¢ — @ ¢?
(X,Y) — X/Y X — (X,¢)
st K BZ - 0BT LT KBENLEESINS,

KB#iZ, B13TERELECT ORMBIZH L TCUTFTO L 3ICERIL TV S,
E% B.1.6 (K &) )
ZEMX LZDOER 20 T2 TEEER: {20} > X ZEHTH, £ T, K#iZ: 05|
XRELEMB 12OV T

(B.5)

K = Ker(K(X) 5 K(z0)) (B.6)
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LEHRSN D,
K b0, €t b 0REMFICR->TVWD, TRETRTRICEBIL EEY —Ho 5
%%,
& B.1.7 (R2RIDHE)
ARSI

0—>X >y -—tsz >0 (B.7)

D, koj=idy ERDEREE: Z Y bLiTloi=idx LRDERKI:Y - X 28
D& E I DERERINIGMHEST D L EDI,

YXaZ (B.8)
MRS T 5,
CTOEERHANC, K OBEFE®ERITHT S,

T B.1.8 (K BOBEFM)
Kz ¢+t »boREEFETH 5,

BB £, K(X)DEHEL " ITEoTHARNV FAREARNAY RIS Z &0 5,
UTDX S RmefkieE LR TE S,

0 — K(X) —> K(X) —“> K(z) —>0 (B.9)

collapsing map c¢: zg —» X (B1H, £2TCThz € X % 20 ITMTER) DF|IERL F2EZ2 D L,
cfoi* =idga) THDIND., ZOFERFINGET D LB F05, £oT, X € Ob(%T)
LLT

K(X) = K(X)® K(z) (B.10)

CORRRCE ST, KIZBCT b 0BFTH D LR D, O
IO K BREST, Mxt KBy EET D,
E% B.1.9 (8% K #)
K(X,Y)=K(X/Y)
Bz, K(X,¢) 2K(X)Ths,
ZZ T, smash X EHRT S,

£ B.1.10 (smash &)
X,Y €eOb(%¢") £ LT, smashfE X AY &I,

XAY =X x Y/((X % yo) U (g x Y)) (B.11)
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ORI ERERMZT, BIH X,Y,Ze€Ob(¢t) LT
XAYVANZZXANYAZ) =X XY XZ/((X XY x20UX Xy X ZUzxo XY X Z))
(B.12)
4. T1=[0,1]&£LTI/{0,1} € Ob(€ ") THY ZIL S CEREEDL DO THD, Z
DR
n &

N

-~

SP =S AS A--- A S (B.13)

‘6%60

EE B.1.11 (BHRE)
X € Ob(¢T) LT, S'AX Z#EHEE (reduced suspension) &9,

B.1.4 K"

ZHLT, K" REERTHEHENE o7, K" BIKOL SICLTERSN S,
®% B.1.12 (K" &)

K ™X) = K(5"X) (K € Ob(%™))
K"X,Y) = K"X/Y) = K(S*X/Y)) ((X,Y)e Ob(%?)) (B.14)
K™X) = K™X,¢) = K($"(X") (X € Ob(%))

IhoH, REBEFICR>THWDSILIFERATHD, ZOLICLT, K" HHERT
X B8, FEIHIZB.1.24 TBRRB K HIC ni2BL T modulo2 DEHAMNRH 5, EIH, K
BICIT KO & K o 2fEL 2720,

B.1.5 K-theory DEAXpLZHE

TIZT, K"BEZOWTHLNTWAN OhDEELRFIET D, Bz, arcEtrd—
THON TV DA TR Y —DORER2RS] (FEMIT [Fom, 1 &) 2R, ROAL p3d
WD, )T 28 K-theory ICHFETEZ BB TN D,

o> HM(X,Y) —> HY(X) —> H¥Y) ->> H**(X,Y) —>---  (B.15)
X5 5 b OB K-theory 12 b BIET 5.
FPYERLE LT, XDHELBELEET D,

T B.1.13 (8)
751 X D8 CX &k,

CX =10,1] x X/{0} x X (B.16)
Thd, ZIT.IxXZXZEDOHDLRBTENIHRET D,
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T B.1.14 (BF)
XD BELIZIUTOLDTH D,

CX/X(=[0,1] x X/{0,1} x X) (B.17)

DZETHD, #EEDEMET, 27 NEROBE ¢ OERERF O a7 b 2EH
DEECT ~DEFTH D, THIIMHORER €020 €T ~OEFTHDZ L L AR T
b%, LI ATREIARGRTIED MHEELBERL TS, KT, K-theory TitikE
LABRREIIRC BE®REF>TW\D, HIb,

EHE B.1.15 (K-theory TOMHIRE L BREDEME)

K(SX)= K(CX/X),K(SX) = K(CX,X) (B.18)

SEBR. X € Ob(¥) &35 I = Cxo/zo & OX/X DELSEME BT = LB TX 5,
ZOR (CX/X)/(Cxo/zo) = SX TH D, Cao/xoid 1LRAHMETH D06 Vect(X) = Vect(X/I)

DT K(SX)~ K(CX/X),K(SX) = K(CX,X) Bz 3, O
Yo
CY,
X X
X B2: XUY X B.3: XUCY

KT, (X,Y) € Ob(€H(Y Cc X)%Ex5DE, XUCY € Ob(¥F) THYH, £ XU
CY/X =CY]Y Thbd0rb, RODZEBEZXD,
#%E B.1.16
Y e Ob(¢t) LT,

K(XUCY,X) =2 K(C,CY) = K(SY) = K }(X) (B.19)
##RE B.1.17

(X, Y)e6?eL.,i:Y = X,j:(X,¢) = (X,)Y)2REEHLTE, OB, kOX5%k
TERINEIEDZ LN TE B,

5k .
J *

K(X,Y) 1> K(X) -S> K() (B.20)
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HE. Y I3 (V,Y) Eab . ifo =0

4 K-theory TORMEREE [ --] L ELZ LT 5, ¢ € Keri* L LR, ¢ = [E]—[n] OF
TELL, ¢ =0XV [E]OY ~D#HIR[E |y] X [n]ITZL W,

L7BoT, HBHHBARRZ MR mBH > TUTFRRILT 5,

(E®m)|y=ndm (B.21)

Zhi, EemDY TOBRHLaZz BT nwi 2 eTHY, Eom/aix X/Y EOX
JMVEKRTHD, LoT, AfEEn=[EFedm/o]—[mén € K(X,)Y)REHTZX/, 2
¥V, feKeri* ITHLTne K(X,Y) REE S,

ZZT,
Jf([Eem/a] — [m&n]) = [E] — [n] (B.22)
THDIPHLUTANZD
Keri* = Tmj* (B.23)
EoT, R (B.20) RRERFITHD Z LR ENT, O
#%RE B.1.18

(X,Y)eG* (Y CX),Y eCTTXDERLLT, yo& LD LUTRELRIITH D,

K(X,Y) —= K(X) —> K(Y) (B.24)

REBR. W B.L17 & BT K(X), K(V) DARDLHENTH 5,

K(X)
K(Y) =

(X) @ K (1)

K
K(Y)® K(y) (B.25)

P ETRREERINE RNTHEENE ST,
T B.1.19
PUFimeRrsThH D,

s K2Y) LX) D K Ux) B K LY) L KX, Y) D KO(X) B KO(Y)
(B.26)
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REBA. LT ORI DML ST +7TH D,

K Y(x) S g1

RO(X,Y) L KO(X) -2 ROY) (B.27)

T2 HIE . 4 KBS K(yo) 213N 52 LT, ZeMr#E 5 2 72 K BHORLRT
IZTBERTEBHT, o, (X,Y) = (S"X,S"Y) DEX#L TRVEERINHKE &
LELIENTEDINLTHD,

B#D 3EOZEMIIMEB.20 TRLEZERINIZOEDTH S,

Kz, (XUCY),X) €eOb(€?)(Y € 6¢F) &% 5%, WEB.1.18 X W kDZELRIN %15
%, AL, k,miZBRRAEEHRTH 5,

K(XUC0Y) ™~ R(XUuCYy) "~ K(X) (B.28)
4p:XUCY — (XUCY)/CY =X/Y % CY % 1 By \HaD 6 ERIEL EX DL, CY

1 ARRREROT K(X/Y) L R(XUCY) RABERTHE, £/, K op’ = j* Th 5,

SHICHEBLI6 25, AAEE0: K-1(X) > K(X UCY,X) RIEIET 505
d=p*obf 35l

. R(X)Y) = K(X)Y) 1> K(X) (B.29)

olg | vl /

K(Xucoy,x) —" K(XUCY)

TEHDOZEESMENRE 2T,
B#IZ, (XUCIYUGCX,XUCY) € Ob(€?) #E%25, 1TV, HEB.1.18 L VvEs
R
K(XUCIYUCX,XUCY) —=K(XUC,YUGX)—=K(XUCY) (B.30)

/5. UTORKOFEORERZFNC Uiz, AN S 2 EIRAIO 3 HOFELME T
FILERTE D,

K(XUCYUCX,XUCY) —=K(XUCY UCyX) (B.31)
K(CyX/X) K(C1Y/Y)
K1(X) K1)

ZOMAD AL R TICH > TRIBIC R 501X, IR #FREOBREERTERIN
TWEHRHAB.31 2 ERSEI->TIT L ERS#ORBHL TLE S RiCh D,
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ZZT, UTFToLH>RRXEEX 5,

XUCY UCX /Cl/Y:>SY (B.32)
CiY UCYY
CoX/X CoY)Y == SY

72721, T2 THDLNDEH/ITET collapsion B TH D, 2EDEKENIIEL TV BE D
1 RAfECHY K HOREZFHETHIZEEERL TS, IABIIBABRTHHZ %
ARTTEDIIFEZORENOCFEINIKROMEAB AR TH L LEZSXITRV,

K(C1]Y)<— K(8Y) (B.33)
/
K(Cly U CQY) o
\ i
K(C1]Y)<— K(SY)
COZ ERRITTRTHENO NS Z LN TE S, HIb, U

##%E B.1.20
STeOb(EH) LTT: 8" - SR S 2 EALSHEVICES LS5 2B/ THE LT
5, ZOBTAidy : SY - SY 255/ EE25L, yc K(SX) L LT

(TAD)y=—y (B.34)

TH D,
FEBLIIDOEODOREZEI Z LB TE S,

E#ZE B.1.21 (E#HE (retract))
M X L EDEHZERMY B3hoTchi, EREFR f: X Y T fOY ~DOHIRFPIEFER
ThHLOR fRFEETDHLEEY & X OFEHE (retract) &5 95,

fly=idy (B.35)

% B.1.22
Y% XDERLETHLEE, ZERINK(X,Y) - K (X) = K "(Y)I35Ed5, Bb,

K™X)2 K™X,Y)® K "™(Y) (B.36)

k2%,
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BB X 1ZY OFEMTHIND f|, =idy LRDEIR [ X oY BEET S,
froi* Bidg-niy) THDZZ EDH, i BEHTRITIRLARY,
E# B.1.19 O (B.26) LV,

K lUX) =K (y) -k n(X,Y) L > K "(X) (B.37)
BREERINITHDZ LD, JFII2fHTH D,
L7 o T,
0— K"K "(X) =K "(Y)—>0 (B.38)
WO HELRINEELZ LR TE D,
THE. foi* =idg-ny) THENDEERININML T, K (B.36) BEX 5, 0
% B.1.23

X, Y €Ob(EH) LFBHLEXXY D0 X,Y ~OFHErx : XxY 5 X Ly : XxY oY
TROREZFHET D,

K"MXxY)2K™XAY)®e K"(X)® K™(Y) (B.39)

BB XX X xY OEMRTHD, £, Y (X xY)/ X OEH THD, L->T, £B.1.22
Z ZENEA T L, O

B.1.6 Bott F#ittFHE

K-theory THIGN TW AR RKEFE & L T Bott JAHIMEER [AB] b 5,
FIE B.1.24

K(X)=2K(X)™? (B.40)
sEBA. FEPI Atiyah DFEFLE [Ati, Section2.3] Z &M, O

COEHEEHB.L1 2 S LIRD X 5 RIEERT 5 582RF (6-term exact sequence) A3
HDBZ BTN D,

K YX,Y) 1> K\(X) > K-\(Y) (B.41)

| ]

KO(Y) K°(X) ~— K(X,Y)

ZOFERINT, BAENR K BEFHET S ETRALKRBITR D,
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B.2 C*IE®D K-theory

K-theory (213 % 72 FEEENR H 0 . B(THY72 K-theory DMLIZFFHZ A EAY 72 K-theory 23
bHbD, TITTiE, DX 57 K-theory D 1FETH %, C* ED K-theory (DWW THHAT 5,
Z O C*ERD K-theory [ZFI#72 22 X EORAKER CO(X) IZOWTEX LRI bR Y
J1vie K-thoery IZ—E L T35, Zhid, AMRZERO EOBEORT C* REE X I
W2, hARa Y AN K-theory IZXET 25D TH D, FERHKMED K-theory & 2 5
BE1Z C* BD K-theory 2% 2 & 5 %1872\,

ZOHEITIE, ETCROEREZ LIZKZIC, C ROFIEBEMITOFEC OV TERT Do
EBIT, C*BRD K-theory & X EBRRE) Hilbert ZZE D ETORIUZOWTRAT 3,
ZORIZ K BLEZOMHEEZ N OPBRRT, C* D K-theory DEET MR a7
SREDLITFERENDDITOVTORMAZER L 2 228 %IZ Bott AHIME L KEIT 5K
SEERINZONWTERT D,

B.2.1 C'I®

C* &ix. WEOXARTIZILITLIX, Hilbert ZRICEAT 54X —ZORTREL THE
B4 5, FEATBREMACBOTIE, 2.1 8 TR72E Y FERT ST D ERITHLERT KRR
EBETHD, C*REERT DDOICARAI RS E L T *-operation & Banach g & W 5 &
z§%60

CREERTDCHIE-T, ETHEMIAREICKHT D« LWVWOBRIEEZERT D, TD
x-operation ® 1 & LT, HEF® Hermite &% & 5 LW O BIERFET b 5,

E£% B.2.1 (x-operation)
CEOREANREZ SN, ROMEEZLOL 5% *: A — A% *-operation L 55, ¥
ToexDae A~DIER%Z a* LEL, (a,be A, a,€ A) LLT

Stl a** =a

St2 (ab)* = b*a*

St3 (aa + Bb)* = aa* + b

E#& B.2.2 (x-Algebra)

x-operation 23 &K STV 5 X 9 7% «-Algebra &£\ 9,

o, ZOBEOBRIIMER ST, KOXIREBHBEERT 5,
EE B.2.3 (+-£RAMER)
*YEF B & 1%, +-Algebra 7> b x-Algebra ~DERYERFL B T, *-operation & AJ#a7x UE
REEHBEZ VD,

wIZ, IV DOEEHRAT D,
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& B.2.4 (/JLL)
INDBEE,. ROXH5>BCEORKAPS R~DEHTHD, AL, a,bE A, a € CT
H5D,

Nel faf| > 0
N2 flaal| = |of|lal
Nr3 fla+ bl < [lall + 5], labl < llallle]

:@//VALCJ:/)"C‘ }ﬁfg:}_;&i»%‘(% 50

E# B.2.5 (normed topology)
Ulg,e)={beAl|la—b| <el(a€ Ae€eR) ZILFELTIINROT—2ERTHIENT
&%, Z®hARrY—% normed topology & V)9,

£ B.2.6 (Banach IR)
JVEABREREINTHNT, IZOWTHEMEOEY ., Causy FNOMBIREIEIZOWTEHL TV A5
% BanachE &\ 9,

D, 22508 &)> 5 Banachx-Algebra & C* RO aEZ EHRZTE 5,

£ B.2.7 (Banach x-Algebra)
Banach B8 C., *-operation #fHRDOME %9 H D% Banach *-Algebra &9,

la*]l = llal (B.42)

EE B.2.8 (C*1]R)
Banach #-Algebra TIROMHE (C* ERX) 2T b D% C* EREWV I,

laa*|| = [la]l* (B.43)

UET, CRPERTE T,

B.2.2 C*BOFEXH{FIT

A/ CERL 2 C BRICIT, 4T L HRIEEMITAFEL 22V (unital T22VY), L
L, FED CBRIZONT, UTFTEZRIND L 9 Ll RIEHEN T (apploximate unit)
BEFEETHZ ERFON TS,

EE B.2.9 (ELMIEEES T (apploximate unit))
IR RIERALT L 13, RO K S M E %2 723 ANDHAMES (net){ar}r TH D,

AU1 a; = ay, “a’/\“
AU2 A <p7ebifay <ay

AU3 B D = € AT 2WT lim,, [|zey — z|| = limy ||exz — z|| =0
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IR FIE AL T O FAEIC DWW COFERIE . Arveson D#FHE [Arv, Theorem1.8.2] %
FiZ, CBRAICOWVWT, AZE0 X ) RBEBEMNTTEFORE A~ 2EHZ LB TE 3,
TOAYITADCOE RFEL TS,
FEIE B.2.10 (minimal unitalization A™)
FVEBSI TR B2 720 CF 88 A 12OV T, minimal unitalization A~ 72 % C* BN FEIET 5B,

fEBA. Banach ZEf#] B(A) # AIZERT2HFRREAR (AROBEIXER B.2.15 &L [FAERIC
LCERTAHIENTS, )DRTERETD, ZDOLE A% B(A) ITHEDIATLZ LN TE D,
Thbb,

i(a) = [’ — ad'] (B.44)

L. BA)IZAXL—F =L LTO/ VA (B EEKB.2.16 LAROERTERTE 5, )
EAD I NVHIZEALTi: A BA)IXEREBRTHLZ LN EZX D, B, B(A) D /v L
DEHRLY ||i(a)| < llal| 7223, —FHTADC*FEX(BA43) LY, [li(a)] > Hi(a)(ﬁ)ll = |lal|
DT, ||i(a)|| = [la| nEZ D,

ZZT, AYCBA) ZRDEITERT D,

A~ =4(A) +CI I € B(A)1E%E 4 (B.45)
ST, AMBEBMNTEZFO TWDETIUET A A~ THD, ABRRIEHENTEZEF-T
WARWEZIZZD AT R CRIZRS>TWNWAZ & EZRLIZV,

ML, B(A) Xt % C* BBD x-operation #F>TWRWZ L THDB, TZ T, AT D *
operation Z L FO X S IZEET B,

(i(a) + al)* =i(a*) + al (B.46)

Z @ x-operation 1T C* ZEXE W T Z & 2RI QX252 ITIBREENMN TTOFEEN
b, EEO/NEREHe>0L z=1i(a) + el ITOWTKRODEREFE T LI be ABTF
E9 %,

lzl? =1l (@) +aI|* < ||(i(a) + aD)(B)[| + €

|(ab + ab)*(ab + ab)|| + €

16°]1 | (i(a) + aI)*(i(a) + al)|| + €

|lz*z| + € (B.47)

<
<

FTBL INAOHEDND € — 0 DIIRT ||z]|? < |o*z| < |2*||||z] = 2|2 8 E 25, O

EHE B.2.11
AR REBNTE RV AY /A=CTh 5,
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E& B.2.12 (A1)
CBRAIKLTAT L2, AXCTEBKRDLICERINTVAEHDOE VI,

(a,a)(b,B) = (ab + ab + Ba,ap) (B.48)

EHE B.2.13 (AT OHEH)
AT IZOWVWTROEREZ Do

(1) A* [ ZFRIEBALT (0,1) 27 C*-algebra T 3.,
(2) ABRIERLTTEEERVE, AT =AY Th 2,
(3) ADNFIEHEMITE 14 O, A* 2 A0 CTHS,
4) AT /A= CTh 2,

SEBA. ARREBEMTEEZRVE LEEE, ¢ (a,a) = i(a) + ol 1T «-RAAEHTHD, F
2, A DBBEEIND IV AIZONT AT X C RIZR->TWS, £12, A1Z 1 (i(A))
RBATTMIRERENS, A /AXCThD,

ARREBEMNTE O, ATIZEB o @ (a,0) = (a+alg,@)iTX->TAGCIZH
BThHd, IHIC, AV ITAGCHLFEIND VAL TCHRIZRD, $T A X
¢ HAB0),C = (08C)IZZFNZN AT DAFTATAT JA=C, AT /C= ATh
5, O]

B.2.3 C*I&0 Hilbert ZZfE EDXRIF

MEOIWRT L S HTL % C* RITiE. L4kE LB (55) < Hilbert Z2fi] 57 £ (B 7
RVVERBRREN DD, EZLEDX 57 C* 8 H 5 Hilbert B # LORBENR HDHZ L
BEbLHN TS, IoT, C*EL Vo KIZIX Hilbert 22/ EoEAZE 0B & B 21T L,

%7 . Hilbert ZHDEZREZB~D,

E% B.2.14 ((#8%)Hilbert Z[g)
#5% Hilbert ZE[ 27 L 13RO X 5 2WEE 72T, NWEE HEIN 2 BELEH () : A —
R % & OMBEIZERTH 5,

H1 (z,y)* = (y, 7)
H2 (z,2) <0
H3 (z,2) =0< 2 =0

H4 (z,2) TEHEEND /L 2] = (z,2) IEHOWTHL TV B,
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Hilbert 2] EOERFO R THEANCHEHKNE H D D1X, HHREBICH L THIRBZEAE
EFFOX O REARTH D,
£ B.2.15 (ER/EAF (bounded operator))
Hilbert ZEMOERRE A b o7z L &, E# M € Ry T Hilbert ZEOEEDT z € A 1T
KLU T, ||Az|| < M||z|| 272 T b OBFET D L &, AZHFIEAFE (bounded operator)
LW o, EFiz, BREAFEL KT Hilbert 2] EOERRIROE 55 C* ]RE B(#) LEL,
BHHAVEHFED *-operation IZDOWTHLE TV A HHEASERIZ, CBRIZR- TS, ZDL &
ERFEDO /I NV L ZERLBR S TERLR,

E&E B.2.16 (REEARD/ILL)
MREIZEM X 5 D RBIZER Y ~OMBEUERF a ® / NV AIRO L DCERIN TN D,

lall = sup [|Mz| (B.49)
leflex

DI NVBIZONT, HEERBORTRICUAEEZEAT SN TE S, iz, AFREM
FORTEB(A) ML TUIKRDOEHIZLTH S 2BV OMIHEZERTHI LN TE B,
TE B.2.17 (3&£140)
Hilbert 2] EOERFRDOEES T {A | ||Az| < eforVz € A} 1O HEREEHEETH X
D IR Z BRALA & VN D
EE B.2.18 (55i14)
Hilbert Z2f] EOERFRDES T {A | (v, Az) < eforVe,y € H} o7 bEEEIELT
5 XD EGAARE W D
EE B.2.19 (A 2/ FMEAR)
Hilbert Z2f] # LOIEMAR A3 37 b Th D L1, Hilbert ZZHNOEREDHERES
XCHDAZEIDZBAX)BRar X7 b THHZ LEWV I,

ZIZT. ZOKEDOFETRATLER LB N2,
FIE B.2.20 (Gel’fand-Naimark)
bowps C*BRixd 5 Hilbert 22l # OFFAIEHAFZDER B(H) O x-operation (Z-OWTEHL
RS REFETH D,

SEEA. FERHIX. Arveson D #ELE [Arv, Sectionl.6,1.7] Z &8, 0

B.2.4 C'IHEDO K BOTEE

231 0FT, BERFHEAT p =p* = p’ BIHETREMTONY MFITHIEL T
HEWwotr, £HTHE, FEAHBMBMTO bR Y h)V K-theory Dxbin# L L <, B%7
FEBEAETICLD K-theory #8256 LB TEZHI>THD, EBE, C BD K-theory i3Z
DEITLTHERSN 2,
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C*BRABEZ DN, M, (A) FOBELRREERE T2 p LT3, ZOFREERETFEZHV
T, FHELERT S, 20%IT. hReY LA K FEORMSE L B L T, Grothandieck
HEBRTDIIL T KoBHEELIZ N TES, LML, HEEEFIITIOENSL S
MBEEOHEEEZZTDOEEAND Z LITIIWER D D, [l b, HEEEFIIERTH S LI
ROEZ2VWNETH D, FlxiX,

1 00\/000 000
01 0|fo1o0o]=[0o10 (B.50)
000/ \0o0°1 000

ThHI, AHBREMFEORY VR E ZD K-theory ~Dxtink & 2 -8Bz, HITEDD
205D MVEDOEMIZZR>THRLY, Ll EBKITIZZ 213> TR, TDAIT
BIDYEEL L COHMEEZ ANDIVNERD D, NELIND L) REHOBEL, —>O5E
HETF p,q € M,(A) ITXL T,

P+ q = diag(p, q) (B.51)
DESICEBERBERICLTRETIOREHTHD, ORI RYEMEYERTHEOIC, &
EHRETFORERRY EET S, EiT. ZOREEFRICIZIIEY ORERERENH S,

E&E B.2.21 (HEEEFORMERR)
NEBEREFpLgPAETHD LT, UTO3OEMAREREZTH-T L THD,

(1) UFOX > MEEHET v e My (A) BEET D

p=v'v,q =vv* (B.52)

(2) (ABTEEMTEE ST & BLE L) 2= % U475 u € U(n, A) 238>

p = uqu® (B.53)

(3) NV ADAARZ DN TEREREFR TR DN TN D,

DTl pr~qglEE, ZORMEEBRICEIRMEEE ] EEL, 2D 3 OOBENEH
BRI R > TVA Z LI BEICHEI DD ENTE D, AEBROERES»V LT
23 WY ORMERBEBROEREHLM LN, S%ITERC (1) OFRERBEFZROAEZHVWS, 32
O FEBAFRDZARMEIC D\ Tik, [WO, Chapterd,5] & 218,

¥, LORBEEBOESRENSHEICSNHZ L E L THEREFp L ¢ BEXL TV
WRFIZ . [FEBIRZE > TERITH T B TE 5, il b,

uu* = (p 0) , uwut = (0 0) , AL u= (0 p) (B.54)
0 0 0 p 0 0

THAIND, pEqltERTAITry 7 ECTCEHIZFESOTITK I ENTEANHTHD, £o
T, ZORMEEIC ZAMEZRABSL L35I T, EETX 3,
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EE B.2.22 (HEEEFOME)
HEERETOMELp ~p,q~¢,pLd L LT,

[p] + [q] = diag(p +q) = [p' ® (] (B.55)

ZOIMEDERHZHEEE L TUTDOZ EBGN5,
FIE B.2.23

(1) & B.2.22 DIEII EFSERSN TV D,

BEEA. p~plig~ ¢ plg,p' Ld EFHIT p = uu*,p' = wu,q = vv*,¢ = v 72D u,v
BEELT, w=udv & THE, p&q =ww*,p'd¢ = w*wZhrb, pdg=p®¢ O

(2) p®g=q®p

ElEEﬁl.u=<2 g) ETNiEpdg=uu*, qdp=u*u O
INTHEERETOLEL L S AR TE 20T, £IZ5 5 Grothendieck & (B

Bl13)Z hARArTY N KBHLERRICLU THERTDHEZET Ky BaBdl RN TE S,

FLHBHLE,

FE B.2.24 (Koo(A) #)

C* B A D Ko Bid, My (A) OFDBHEHRETRERTTORERE (€% B.2.21) I L TE

% B.2.22 oMk b EE ST - FED> HAERR L 72 Grotehndick #TH 5,

Bl 2 X B2 5 % 2T 1T Koo(A) BO BEBIE Koo (C) =Z Th b, T7eb b, My(C)
DBELNEEEFOREE L. FFEREFO Rank iZX-THEENSTRDHBN, Lo
T I H#ERLL 72 Grothendieck #iX Z TH 5,

UED¥ERERET, Ko(A) IZKRDELIICLTERSIND,

FE B.2.25 (Ko(A) #)
T: AT > AT A= C (E#EB.2.13 28) LT,

Ko(A) = Ker(ﬂ* : Koo(A+) — Koo((C) = Z) C Koo(A+) (B56)

FRBM TR CF B A 1250 TiE Koo(A) = Ko(A) Th o, Fhe, FRaIHL
K-theory M & REET Ko DI [p] — [q] D TEL RT3,
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B.2.5 K,#DMHEH

AR w YAV K-theory 23 22 /37 N BN DOREBEFIZR>TWHIDOLEFUL L 1T,
C'BO Ky i CBROBNO DEEEFICR-TVWBHIENRERD, 22T, RENEEIC
o TNBDIE T2F K - T Lo DL AT ERELEERNANBEDLEINDL T
H5D,

FHE B.2.26 (Ko DXEZEEFMH)
C*BRD Ky i CRBOB»OGDELEBEFTH S,

. CRBRANS CB/BB~DER i A BREZONELTDHLE, HEHETOR
EEOEDHDELPFHFESN D,

i ([(aip)] = [OF)) = [(Faig)] = [(iFbiy)] (B.57)
BL., (2j) T A2 AT OBRBREDAZTHY , it : AT = BT X iT(a, ) = (i(a), @)
TERINL TV, O

KoiZ K&27 YN 584 (£ix, FREFRE) CBELTRETH D,
EE B.2.27 (K( ® stability)
C*&R AIZ2OWVWT Ky(A) 2 Ko(A®K) Th 5,

SEBA. @ 2 M (A) = My (A) (m < n) ZATHIOE LICTERODALERIZEEX D, T5HL
UTD XS 2RNTAHTH D,

A2, (A) (B.58)

[0
" l%m

M (A)

o T, P11 Ko(A) & Ko(A) DRIBZFHFET 5, (Ml 61X, Ko BEORERIEL B
T Moo (M(A)) = Minfty(A) THD22 5. Koo(A) & Koo(Mn(A)) 13—ET 25016 ThH5,
E-oT, EommXRIL, KO X 5 RAHRRREFET 5,

1

Ko(A) <" Ky (M (A)) (B.59)
B1s ! lq)nm*

Ko(Mm(A))
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T 2T My(A) ORWEBEK @ AR E2 5L, BTORXRET 3,

Ko(M,(A)) i’% Ko(A®K) (B.60)
e
Ko(My,(A)) —— Ko(A)
T TR IR O &M (WO, AppendixL] 2M8) L v ZixRAEHTH D, O

WIZ C* B8R K-theory IZ b RZEERININRH S50, ZOHHL L THZEERINZEL,
FiHE B.2.28 (K) DEZRERI)
FZLZFC BT CBADATFTTALELTOIST 5 AD A/T - 072 55275%
UTFD Ky ORI 2HET D,

Ko(J) —— Ko(A) —> Ko(A/T) (B.61)
FEBA. Wegge-Olsen D FE (WO, p199,Theorem6.3.2] % &, O

C* 8D K-theory DEELRMEL LT Ko BOKRE M —REENH B0, FHIZONT
WARBANCHNCHERE L TR AR —ofan% o0 % CBRBOSETERT 5.
F& B.2.29
FERE—RE —2o0F#Ka,B: A— BEKRERE—RIELIX, v : A— B(t€]0,1)])
BEELTETD a € AITONTI0,1] = vi(a) B3 BD 2 )V AT THERERRE T
HHZEEND, TOZLE an~y B LERELTD,

[FfE (equivarence) B o : A —» BRRMETH S EI1X, BB S : B > ABHFELT
Boar~pidg»Daof ~pidg THHZEEZE D,
g (retraction) B4 a3 deformation retraction T 5 &1 ad equivarence TH Y |
aof=idg THdDZLEE I,
A (contractable) A 23 FIHE (contractable) Th 25 L1, idy ~, 0 THBHZ E &V,
FHE B.2.30 (K-theory DRE b E—FZEH)

aj,az : A — BRFRE M —[EMEREBRTHIHE, BF K ICL-THFEINTERIX
a1x = o TH D,

SEEA. Ko HOERICHVW-FERER (E& B.2.21) 0EENPLEHTH 5, O
% B.2.31

a: A— B FEME (equivarence) TH D & &, Ko(A) = Ko(B) TH 5,

BRZ, ABFETH D L & Ko(A) =0
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EHIIT, PR —EDOW OO lAEEY CBROSEICHEZXET,
% B.2.32

YA (cone) C* B ADEMRL X, UFCERSNZ CBOZLE

>

Do

i

CA={feC(0,1] — A | f0) =0} (B.62)

#&3E (suspention) C* R ADBKELIILUTOI IR CBROZEEE ),

SA=feCA|f(1)=0 (B.63)

EHE B.2.33
EED C* R ATV TE O CAIZTHETH 5,
Eio, EEO O RACSVTEOWE CARTHTH 5,

SEBA. v : CA— A% w(f)(s) = f(st) LEETDHE. EMLICy =idea Ty =0Tdh5
76 CAIXFIHETH B, U

B.2.6 K,(A)#

T3, Ki(A) HEERT D, K HIIROX SITERSND,
E#&E B.2.34 (K (A) B)

K1(A) = GLyo(AT) /GLoo(A1)o = Uso(A™T) /Uso (AT (B.64)

T 2T\ GLoo(AM)0, Uso(A)o &1F. BEGLTE & BN > TR BT DR DA T T L
ThD, £, T0 Ki(A) BiX ADRRESAD KoL AR TH S [WO, pl38, Theorem
7.2.5],

Kl(A) = Ko(SA) (B65)

R m AL K-theory DI & AR L CIRED & Ko (A) B2 EHT 5 LN TE 5,
¥ B.2.35 (C* B0 K,)

Kn(A) = Ko(S™A) (B.66)

R&IZ, B<HVWOND Ko# L KiBEON Z a7 2ENTEBL,
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CBA | KA | Ki(A)
C Z 0

M, Z 0

Mo Z 0
Co(R?™) | 0 Z
Co(R?"*1) | Z 0
C(Tn) Z22n71 ZQn—l
C(52m) 72 0
c(§™+) | 7z Z

Bad: EXHLR CBO KEHEODZa

B.2.7 Bott At REERSI

C* 8™ K-theory (2% Bott AEIMERH B, HIL,
EHE B.2.36 (C* B Bott F#AM)

Kp(A) = Kpi2(A) (B.67)
FEBA. Wegge-Olsen D #FE [WO, Chapter9] %2R O

ST, Iy bARrY BNV K-theory & DT Fav—TKEIT 5 EERININFET D,
ZORZERINT K #E% BENICHETIBRICEIRREB LR D,

KY(J)——KYA) —=KYA/J) (B.68)

| ;

K%A/J) <~—K%(A) =——K°(J)
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