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£18 IMEFAIR

EF171L (quantum field theory) SHIFHIEE (particle physics) B YIHE 3 KL F YRR 52 Y 5T
HIFEAGE R INE A BAEH, ) BB AR BT 2 KL F (particle) o HAASRFRTELE 4 MEAAH B
EH, BIS|MBE/ERA (gravitational interaction) . FBEAMEE{ER (electromagnetic interaction)
oA B EF (strong interaction) FISSMEEER (weak interaction), XHLEFHAK FHIZFIFIH
.o

BEARRFHE AR RN EEER T, HATCRM 3 REARZEKF (fermion), F—EH
HHAEF (lepton) . FF (neutrino, BIHFMRET). TEER (quark) . RS & —R, 5
1 REARTFKRFHEERT (o). HFAHEPHF (v.). TER (d) HILEER (v); F 2 REHE 7
(n)« p FEREPRET (v,) . WER (s) FIRET (o) ; B 3RBEFE 7 (7). 7 FREPHUTF (v,)
RS (b) FITRE L (1) o FARER SR T 5 1R S — AR N A Pk 7 B A MR & 74K,
(EV =S NI

SRRSO BRIE (lavor), 6 FIBRIEIETE d. uy s. c. by t BERFEKFE,
—KRE AR 3 MBI (color), RKBRONSAEAMEFIRE, MESERAE=ER, 5
s H B EHNEFBNFERA K, 205w DU sHE EEHARE ST, FRNERTF
(hadron), Egn, —MIrF (meson) H—PNESFEA—PREWAHK, —NEF (baryon) H=
PMESFH="RETWHM, B 3 AR LAN, HEEARTFEKFEBAHA (electric charge),
S EHHBMEEIEH, MHMNBEHEVOVEFBINF. MAEEATKFEZS58HEEEN, B5
HAAHOAE A S — HBEEREIEIR A, XPMHICE S TR TFHEN)Y, BEgMiiEieE T
NN EGIRNTERE (standard model) .

TEARMERRI oK M B A — L5 AR BT (boson) &1, 5165 va [A]5EAH 5.1
FIRIRLTEH O 7 FRNBF (gluon) , &% B EL/E I MIVEIR A 72 JCF (photon), {&iE55
BRI G2 W M Z2° iy, 1A, IEFE M Higgs IBF, E5HEIHITE
XARIER B ARk S F AR - B PR I k.

PRERRLZ AW EACOKR T AN 2 5 Fil, 5. S9MH ELME RS R kY, ERVERIL
B2 & 7it. R FYHEEIeNR L RIERET, BErmiCEaton REirEm. &k
Sk, R PERRT s AR E T BT Ie R R,

1



L, B AN

1.1 EFIeHnEM

BRI SR RV EEIE, A, SEREXE R T FARERTEE AR, e
st PR S Rl = AR AT KA IR TR R Gt O T S8 BRI RS, &
ZHEREF7IE, BES TR HATERENG (feld) AR,

FEETIFNEMPES, BTN REFEZHRFHRNINIFRG RN
YRR FER I BT, 2IBF|—LERRE, 1926 4, Klein-Gordon 7372 [1, 2] #dR K
EASRLF R IR s, e - ME R BT, BN

82

—BQ@ U(x,t) = (=h*AV? + m?c")¥(x, 1), (1.1)
H h=h/(2r) B Planck B, ¢ ZEZHHGR, E4AHE B FERR

E = £/|p|?c® + m2c, (1.2)

Hrp p MK Fah&, m WRFRbiE, fIH, g8 B aDUVIE, BUEVEREN me® < E < oo;
WATDIOA I, BUETEEN —co < E < —mc? . BMERFAIRIGRER NIE, AT PUEE BRIE ST
RESMIMCERER TS, BEEATIMILT REWERERNESNEE, XEYHE BRI
), FouthREEREME, % —77H, #id Klein-Gordon JTHEMERF SR FIEAESMETT1E, N
IV AZARERL 15 22 A HH R 3 2 P S

in LU o
P~ ome (\Il ot ot \I/) ' (1.3)

3

SRTTT, IXFEE MY p REVRIER), ARTREFE — L8R X IR EUE, AAFEYEL LR
AR, X AR XE

Klein-Gordon 7512 HBL ORI MERIRRIRAE T 75 R b & G IR BO I TR A — B S8 Paul
Dirac T~ 1928 F42tHAY Dirac 572 [3] iR VXA, B AN REN—HMS%, BHEA
Lorentz WM, Dirac HFERIA & 7% (spin) N 1/2 BIKF, —FHEEHRFGIR S F (electron)
[, Dirac 77 B REMSLRIEMIZRE EIEE MR TE, (HEZ, ARERERMETARFE,

NT RIS BEERME, Dirac 8HHE=S (vacuum) ZFTE E < 0 AEBSIEMTAA £ > 0
HIASENZHIIRES [4] o XFE—K, Pouli FAEREZMHIE—D F > 0 FEFERESR £ < 0
AZs, MBS FRIRER SR IERY, WRRERHEL — DM E M —c MEER —|F| /Y
B, BIF2E—235X (hole), WIZSIRHATNZEMN T — DB HE +e MAER +|E| B9 “fbif
(antiparticle)”, FRAIEBF (positron), IEFTFTE 1932 4EHE Carl Anderson I [5] .

B2, Dirac FYZ7CHISHIRTH IR — LS RME, Eean, AE WIS TCss 2 hRe e B A
ITCZ5 K EAe 2 FE Al S | A HeA%? 55— J5TH, Dirac J3RE—FFAATE IR B MR T IR B B 77 12
fRHIK, {H Dirac RIBREAIEE T EH 2 MR, MH, BOLFH o KX RAREE Ten)
Betir, ANiE Pauli MERFEH, =7ENCTCIEMRETIRI I RER KE, 1P, Dirac 7R
REFHIR B IE 1/2 AUKLT, REMROREREE ekl £ R IR



1.2 BIREALH] -3

FAAERHEPE R R BT R FE IR BN 2B FIX A 2 R, T2 A3 RIS A0 PHIX 5 R] i ) £
AR S A IERANE? BSERIXFERY, BT A — SR B AR Wl E B Hilbert 23[R
HIJEKEAT (Hermitian operator) 5, X1, BYEIEAZE—DMIE, HEERH —NEKAERF
KAEE E, 1E Schrodinger 25 (picture) H1, R RGTAY & I AT DALEZSAKH T — DM [ 2
#ot, XENREMSEARTNIFENTN, EHRARERZXNZSEEENC KB AR,
S—7iH, KFREREME x MRV ERR x FUARMEE, W, fERF 5, NI RF=E
AR T 2T BRI, MRS SN IEH, Lorentz NFRMEIERGHK, Hitk, &S
B ARSI RS R R B E, 2B AT,

A2, AR T ) FRE AL BRIN R AT 22 R WE? — a2 2RI BN — D EKE
7, (HIXFEMAE SRR RER AR NXE, 7 — M@ @R SR ERE Y — 28, FHEBEK
FIRFES o JXFRE, BATATAEBAZS A x 0 L —NERF O(x), FTEXLERRNESTNE
F17 (quantum field) o £ Heisenberg 2=, & FIHBEFFILAMRM T A ¢,

d(x,t) = /MG (x)e HI/N, (1.4)

ik, BEFRON R EUE AT N S BRI A B T2 RS, XMEEFTie. XH
Hilbert Z3[A] R THTH ~ SR, N T RKICS, EHFEE © /S,

ER TP, BRI RMES AT USRI, B, Klein-Gordon FFEF1 Dirac FHE
XX IR 7T R R 2 B R FUHEs), HET R E FES, fEhFRSNEE R
KA, WS DESERZ MRT, BT PR R R, HIE AT R~
A BRI K EAFRIR LRI S H s 2 R e, NEHIRERRME, SR p R
THEREE, MR RN RAATINER TS RN T8z, RN EE TR R,

1.2 BRI

BFIERE SR TN ICRIEE, K& HILME Planck HE n MEZHHY
JRE ¢, XK PN E—THJINAKPELR, T2, N TRlRE, EERHBRASN
ill, B

[ h=c=1. ] (15)
M, Klein-Gordon 7742 (1.1) £
82

(ﬁ B vERE m2) U(x,t) = 0. (1.6)

MRHE 1 =c=2998 x 10!1° em/s, A
1s=2998 x 10" cm. (1.7)
M EHRR R

1=h=6.582x10"2 MeV-s, 1="hec=1973x10"" MeV - cm, (1.8)



4 - F1E EHIA

1571 =6.582 % 1072 MeV, 1cm™' =1.973 x 107!! MeV, (1.9)

1 GeV ' =6.582x 1072 s = 1.973 x 107* cm. (1.10)

AIOL, TE BRI, HERA RN (dimension) ; KEENSIEIRNER, ZREEENH
%G aeR. EMshEBAHREN, n] DUSsER BN IREF (V) f1E IR E ENEE
BAYFEA BN,
FEAEEAGHEL (fine-structure constant)
e? 1

“ 7 Imeghe 137036
EIRAEENN, CERBIEEEA AN N AR, R, BRBAHIARTRER 7y e\ e M
e XPINEHEFENIT—L, ERFHieth, BEHARETMEEHS

[FIRN IS E PSR 1o = (s0c?) ™t = 1, XFEHIHIZRILT Heaviside-Lorentz BT, AT,
AEITF Gauss A, HZ Maxwell FREHPASHIITCHEEL 47,

V-E=p, V-B=0, VXE:—%—]?, VXB:J+(Z—]?. (1.13)
BEACH BN FR DB BRI B R AN, BUTE, FEANEsaH 2n] AR fEIFRIEN o = ?/(47),

7] AL A7 FEL 7T

(1.11)

e =Vdra = 0.3028 (1.14)
EEEENN; 4 NTFSHINALE Coulomb EFEAH, MM Q B Coulomb HAFRIKAK
- Q
- = (1.15)

1.3 Lorentz ZT#f Lorentz &

MR RIS R AT EMEIPARIIE (6], ERVEAREL T,

(1) ERTEE: EEEEESERT, HahieE LR,
(2) BAERERIR: (ELEMIESE R, WE AR,

EEM MRS E RN EALFRH Lorentz T [7] BERER, WNE 1.1 Fr, IR TSR
R O IHEBRMEARER O B « B mLAREE g S1Eizs), B P £ O RFWBIRN (t,2,y,2),
£ O ZHIRFRN (¢, 2y, '), W Lorentz ZE#EHITE 2

t'=q(t—pz), 2'=q@-p), ¥y=y, =z (1.16)



1.3 Lorentz ZZ#AA1 Lorentz #f -5-

|
|
|
|
|
]
10 T o’ - r

B 11 BER O HXHRMER O W « BUTRILUERE g (E5Eissiit, FiF: P ERDERER
FRJARBR,

H Lorentz BEF v = (1 - 82)"Y2, M 0<|8| <1, X# Lorentz AR NI « Fli 7y 7)1
IR (boost) ZBHt, TEHTHT, A

2 gy 2 72(75 . 5@2 _72@ _ 575)2 oyt 2
1

T 1o
A, 2 — 22 —y? — 2% 7E Lorentz Z2#t R A2, Z— Lorentz AT E (invariant) o Lorentz 128
BEARRERPEAMEEIE, X/E Lorentz ZRHON N AYIIFRMYE (symmetry), #59 Lorentz
FFRME, WA Lorentz R4,
K R A RN S [E A RS Sk, HIRkPU4E Minkowski BYZS [8], ABARICHN

(* + 2® = 2But — 2® — B + 20t) —y — 22 = =2 — P =25 (1.17)

o = (20,21, 2%, 2%) = (t,z,y,2) = (2% %), HF p=0,1,23. (1.18)

EFFRRICIERFENH. x = (2,y,2) B— D=2 RKE, HRLKER, o B2 PHER
(contravariant) F Lorentz PH4ERE (vector), “WAE” FEEHIERT (index) p 5L L. ZE
(1.17) KE %, FIBUE X Lorentz ALK AFR!

?=x-1= (2" (2")? - (2% - (*)* = (2°)* - x|~ (1.19)

FIANFER Minkowski BRI (metric)

1l
Guv = Gvp = ) Hrp pv=0,1,2,3. (1'20>

—1

1(1.19) LS EARRA, B 22 BREIICS, ME A 2«2 /GRS 2 MERBR, FEEX D,
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RAIIRFRISXZEAVERETE, K g, TRDERR o 8 v 2515 TRPIHR S, =HE)
%Eﬁ$ﬁ%go ‘&?}E%iﬁ, Joo = +1 s J11 = g22 = (g33 = —1, EE%%%BI% 0o }‘Aﬁﬁ, ?Equﬂ:\l (1.19>
R,

3
22 = (2°)° — (212 — (2®)% — (2%)® = Z Guata’ = gata’. (1.21)
p,v=0

B 0RH T Einstein XA E

[ $§&*mﬁ%,§§m%ﬁwﬁﬁiﬂo]

PRAEFERIFE S, BEHERIAERXNE, £ LRXF, HRENFRRRITER 2 AIFE_EARA AR
B MR, XFRNGEFH (contraction), s& Lorentz N2 & AYHRE A
N TH—BEAAILS, EXBHE (covariant) Y Lorentz PU4ER &=

[ T, = gz’ = (2°, —a', —2* —2%) = (2%, —x). ] (1.22)

BT FRRURAENR 1 BAEG M. T2, W 2? BIRIEIK (1.21) ik
2? = ', (1.23)

(1.22) AT AB R EM g, WS GFF RS LR E o HHEPRRE PR, ZRHERE 2. NTT
MERIFEE, JERL g, HOEN

+1
—1
g;ux _ gl/u _ X , (124)
—1
i e
[ 9" gy = 0"y, ] (1.25)
HA Kronecker § T35 E NN
. , 1, a=0b,
5oy = 6,0 = 6% = 5 = (1.26)
0, a#b.

Minkowski M g, SERH g BAMRENEMEERN, EE R ES EREARFE, K
(1.22) X 2, = gz’ WILERTRLL g7, X p H59F, 18

gHx, =g gua’ =67,a" =, (1.27)



1.3 Lorentz ZZ#AA1 Lorentz #f -7-

Y TH ot B4 ERE o, BFEIRAER, BROYERE 27, AIU, TERES
R ER——RNH, BXFE— Lorentz KA,
FIF Kronecker fF5HIE X (1.26) . (1.25) FNAIERANFRIE, HEH
9" =g = 9"9" 90p = 9" 9" 9o, (1.28)
Juv = gupépu = gupgpagau = g,upguagpg- (1'29>
XM AR, AT LSRN R B & BfErgi T H F%,
¥ Lorentz HEIEA R (1.16) RISFIFEESHIREZ1IFFIE R,

" v B x’
't -8 x!
L= .| (1.30)
x 1 x
xl3 1 IS
FP4ER EIdSE
gt — N, (1.31)
Hr
v B
A= | TP | (1.32)
1

TR, & Ar, MOERERER, WARTER o RIS S, WERTER v ZRVIw S, A, 1)
R RFFAR 22 = ara, A, MHE ot FEAFBRERPEAHRRE, JATHF A,
INFRBRET ot RENEMETR, 88 GFR) Lorentz T, MT

x/2 — gw}x/ﬂxlu — g/WAuaAI/IBxax,B’ x2 — gaﬁxaxﬂ? (133)

FUSF| 22 = 2%, Lorentz Z8#t A*, W ERE KM

g/ﬂ,A'uaAVﬂ = gaﬁ' (134)

= E e TR IR EF [x|2 A2, H (1.19) XATHI, XA EHE T Lorentz 254k, 4N 1.2 ffr
R, BRER O BN TRMER O 48 » ¥k 0 1, B P EMDMEER LIRS
t'=t, 2 =xcosh+ysinh, y = —xsinh+ycosh, 2 =z (1.35)

[AITmAE M. F Lorentz ZE#aRERE A

R.(O) = cosf  sind . (1.36)

14 .
—sinf@ cosf
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B 1.2: BPER O X TIRTER O &8 » Whiksh 0 M, FiF P e DEERTEIER,

AT AR E T R A4 1 (1.34)
5, WIRERE R MRAERE 1, TR MREFRAY Lorents 258, (18 o = o#, 0¥ = o#, B
o XAV IR, G, o0, BIEETHR, ST Lorentz B A%, 3IA

(A™H*, = "% g,al\s, (1.37)

A2, H (1.34) F1 (1.25) 15
(A_l)upApu = guﬁgapAa,BApV = 9“59,81/ = 5“1/- (138)

RFREH, JefE A BHe, BE A D, MY TEESDE, i, B (1.37) &
AT 2 A RIETR, KMtZ2—1 Lorentz 284, fEXEEILS T, HWEKRE z, B Lorentz ZEH
] ARIE N

xit = gt = g\ 2’ = g\ 9" x, = xo(A’l)"#. (1.39)
A~ BESASE—™ Lorentz Z8H#t, WA7E T R RIS 1
gul/<A_1)'ua<A_1)y,3 = GaB, (140)
TR
9" = 9°9% 9ps = 9°° 9" G (N (AT, = 6°°97 9un g™ 9ps N4 9" Gor N
= §%07,.67,g"°N° ATy = g" A AP, (1.41)
X T REEM (1.34) BFIENMTEK
gAY NP, = gh (1.42)

R Av, OUERERE A, WIHERERERE AT U &IE (AT)," = Ax,, BRIERIEM (1.34) 13

Jap = g;wAMaAyﬂ = (AT)aﬂg;wAyﬁ' (143)
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FERGIONFGANRE, EERMEMSIER A48, SN THEMRE, B g RREMER, KL
G EFEE
ATgA =g. (1.44)
MM EIFTHIZA det(g) = det(AT) det(g) det(A) = det(g)[det(A)]?, FEI [det(A)]? =1, &
det(A) = 1. (1.45)

Lorentz 2BFREZEHE 2/# = A*, ¥ FY Jacobi 1742
0 01 02 03

7 = det | 222w )] :det(axu> = det(A), (1.46)

O(20, b, 22, 23) oxV

T2 Lorentz ZZHLEIRFITT dia Z5HEH

d*z’ = |J|d*z = |det(A)|d*z = d*z. (1.47)

AL, Minkowski IS ZHIAFATE d*z /& Lorentz ANEEHY,
A DAA det(A) BIEZ Lorentz Z#i773K, det(A) = +1 BRI NER (proper) Lorentz
e, det(A) = —1 BINZIEEE (improper) Lorentz 28, A, HRESH (1.34) 15

3

1= goo = gu Moo = (A%)? — Z(Aio)Q, (1.48)

=1
(L \
(M%) =14 (Ng)* > 1, (1.49)
=1

A% > +1 B A% < —1, A% > +1 B9 Lorentz Z#FRNAREYE (orthochronous) Lorentz 2%
#, A% < —1 BUFFNRBESE (antichronous) Lorentz ZF#,

TEBCE b, REREMBSERIA, MEFESIIE ATV (qowp), BUCRAGTRE, FAH
TR M OON PR #EARER, 2 LR P9 &4

(1) FENSRIEASEYE, B G MEEMDNEIT g0 1 g0 RISRFUYE T IR
9192 € G, Vg1,92 € G. (1.50)

(2) BERILTHEERER:
91(9293) = (9192)93, V1,92, 93 € G. (1.51)

(3) Bt G FBE—NMETT e, NN TIEHELZH, ES5E—FIT g BRI g
eg=ge=g, VgeQG. (1.52)
(4) HE—HFIT g R DAMERE G HHEE—DETT g7t XN TR, E BN ETT:

VgeG, g 'eG, g lg=gg'=c (1.53)
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TELRIERE T, FERFRATRIE, BT AIHE 7T FERESAKIE B B ik R NRE, RIFEREEY,
BRIEHRIBRIRE, gige F—EFT o1, WART, KBTI, e
FIRERR N Abel 8, TisiRAIFRNIE Abel B, GHRAE G BIFH H PRITRKIRERIIFRIE
UL R AR 26 E, WIFR H 2 G WIFE# (subgroup), 1IE1F H < G,
i 2
OTO=00"=1 (1.54)

HISE T BE O FROSEIER REPE (real orthogonal matrix) o FTE N WS IERRF A RIEREE O(N)
X (1.54) REBUTHIR, 15 1 = det(O7) det(0) = [det(0)]? o AIW, SZIERZAERE O BIFTHI1Z0N

det(0) = +1. (1.55)

H det(0) = 1 BY N BrsLiEZSRERE O M HTHENONSFBRIERREF SO(N) o AR, SO(N) < O(N),
IF Abel £ SO(3) fliik =4k=3 R FR ARG HEE L #t, FROVZSIBIEAEEE, Abel £ SO(2) #fiid —4EF
T _ERIRTE AR, B, IR SEIR R E e PR e de 2k, 4 R.(0), KM SO(2) < SO(3) .

i 12
UlU =UU =1 (1.56)

E TR U FRNALERERE (unitary matrix) . FTH N BT A IERERFH A ERE UN) . A (1.56)
REATHIR, 15 1 = det(U) det(U) = [det(U)]* det(U) = |det(U)|* s AIM, LIEHRE U 1575
e

|det(U)| = 1. (1.57)

H det(U) =1 B N B A 1B U M RAIBFRNSERALERE SU(N) . 24, SU(N) < U(N),

FiiE Lorentz ZZHi A% Lorentz 8%, TJ2iE Abel #f, TREMEZLE ATgA = g BIERFKH
(1.54) #7772 1 DMRIZEER 3 DM RIYEENE, T2% Lorentz #HICN O(1,3) . O(3) #*
AT O(1, 3) BERY A== |IER 73, Al O(3) < O(1,3) o B B A Lorentz ZH#fKER Lorentz
Bf, 121E SO(1,3), B SO(1,3) < O(1,3),

Lorentz Z24#A] A —HIESZR RIS EL (W0 5. 0 3F) KAk, Himg—MEssml, i
DA Lorentz #f2— MELEE, SEHVRXIEFR vEE=El, B2 A H— DR M E — B
TCo UNSREFAS A AER M AR] DUB — S5 Gk, AR A2 ERN, PR AR
NiERESEE, SRR EESE,

Lorentz fte—MREGIESHE, B IMHZEAZEERN, BAUMERBD S, WE 1.3 fr
R, AAREE RS [det(A) = +1 H A% > +1]. EARNMESX [det(A) = +1 H
A < —1]. EEBERNMED X [det(A) = —1 H A% > +1] FAEEA kA2 [det(A) = —1
H A% < 1], WXz B EAER, Hx (RMEEFZ) fEEA RN XE, XM Xe
SO(1,3) WTEf, FNEIRRESE Lorentz 8%, 12/E SO'(1,3), BEEEWHE LBRMESE R
HIFTE Lorentz ZEHl, Lorentz R R ZIHEIEHEIE B A R & Lorentz ZHE N AR &, HH
R, FAETFREMNERR SO(2) < SO(3) < SO'(1,3) < SO(1,3) < O(1,3) 6



1.3 Lorentz ZZ#AA1 Lorentz #f

—11 -

EEBEFRNATXZ EEBERNASZ
det(A) = —1 det(A) = —1
A% > +1 A% < —1
EEERENEba -3 BB RNMADZ
det(A) = +1 det(A) = +1
A% > +1 A% < —1

1.3: Lorentz AEHIPU/MEB I SORE R, 1. P M T 2plERIEFZ, TR R

e, A REA RN A EETR,

XHEFI AN NRFRR Lorentz 24, & XFR (parity) e

+1

(1.58)

ERIEEE R AR, TR EIRET (space inversion) B, BERERZILFTE 2T &K

A, EXBE][RE (time reversal) 28ty

+1

(1.59)

eEAEEA RN AR, BRIERRLER R8I, X FEA R A Lorentz FFHHERITR
A, T LR el (R I AR B #GE] PA. TA f1 TPA, Ef155ET Lorentz RIS

HR=A030

KM, O3) BHUZRGESHEE, BAMMNEE D > WEETTH 2 >0Z SO(3) &, XN T
det(0) = 1o H—PNIEXNMNT det(0) = —1, BEAERITREAIH diag(—1, -1, 1) FlL SO(3)

FLRRRE
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G ~ D(G)

T

L4: B G SEMERR D(G) FAREE. EREFRR——XN, RIFEG; MTRERRZ
— X RL,

9

1.4 Lorentz <=

R m 7T HERSRTER R SHE G TRARIERR G RME, #ia] DUHIX AR R
TR G, XEFEMER N TR G BI— m MR (linear representation) D(G) ; BRI,
B G HEERIT g M1 g HAIRNTFRR D(G) FINFRTRIEME D(g) M1 D(g), 1M gogi XM
TFIRHRE D(g2g1), HERESKR

D(g291) = D(g2) D(g1)- (1.60)

D(G) FH—DFERERI A——X N T G I —MEET, BEEXN M T G FRZ M. 85 B
G 5 D(G) [A7 (homomorphism), 12/ G ~ D(G), WE 1.4 iR, FIHRER m 4ELMERR,
A DUREA PR HRARAE m x m FERE, K HER AN RE m 450K &, A XS R 2R
— m HELRMEZSA], FROUMHM YR TIE] (representation space) o

HBER AT E LRI 1 4B 5B 1, SR T RFRVIE SRR, AR+ B AT, WNREE G
HHE DML —— XN TRR D(G) R MERE, WK G 5 D(G) @AM (isomorphism), ic
£ G = D(G), WNFR D(G) 2 G BEBERT (faithful representation) . R D(G) HFTERE
FER R AIERY, AR D(G) RALEERT. HEMHASHREHCHN—MRR, AN a S A+, W
FRONERL RS

MEREE G PMEERT g RAEEMERINMNEMERTR Di(G) Fl Dy(G) FX R AR FERE
Di(g) 1 Ds(g) FAEFFERIMELIEBOC R, B

DQ(Q) = SilDl(g)S, \V/g S G, (161)
NFRXP N FRBEFNH, FNFRNBERRZ RFRARNRERSEIN, AR ERNZE,
RFTR D(G) MENFIRRERE D(g) 8] DAE Rl — ME DAL M R BB RE R,

S1D(g)S = (Dl(g) lj\ii))) , VYgeGq, (1.62)
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et Dy(g) Tl Dalg) W5, M(g) FTBLESENE, MIFK D(G) REIAER, ENFR DG) H
AREIYRT (irreducible representation) » HFASRR (1.60) 15

S D(g291)S = S™'D(g2)D(g1)S = S™'D(g2)SS™ ' D(g1)S, (1.63)

[RIT (1.62) EKE

<D1(9291) M(gzgl)) _ <D1(92) M(QQ)) <D1(91) M(g1)>
Ds(g21) Ds(g2) Ds(g1)
_ (Dl(QZ)Dl(gl) Dl(gz)M(ngM(gz)Dz(gl)) (1.64)
Dz(gz)D2(91) 7
[
Di(9291) = D1(g2)D1(g1),  Da(g291) = D2(g2) Da(g1)- (1.65)

A, G {Di(g9)} A1 {Da(g)} HHHIFEFFHIR R RIASK R, BNMRHEE G FIM N SERTR, K
P, PIAFRREREEIBIE NI AFRRIE R, KRR RIS THEIT A A SE
ICIESE

£ E—T, BIELHBEERNERFRIT Lorentz 254 A»,, BT {A#,} HIRMAMIA
% T Lorentz BEHI— 4 MR, AIEMF R, E2— T ATHEEET, MAKERT,
[Kltt, Lorentz KiE 2 BREBRTTIEIT Lorentz ZEHAEFE A+, FifEHRYSIR &,

—fBiitl, Lorentz KE A* &€ X _EERTEHEEA &ETE Lorentz 4 i &

[ Ar =AM A, ] (1.66)

RKOIT (1.39) 3, WERE A NNAIHERE A, = g, A BIEHLRNTE Lorentz ZEH#iN

[ Al = A ATy J (1.67)

EEM Lorentz Kig A* = (A%, A) 1 B» = (B°,B) HATRE X

[ A-B=A"B, = g, A*"B" = AB° — A - B, ] (1.68)

H (1.38) NAJHN, ERBA IR ® Lorentz Rikt) R R £,
A - B = A/MB[/L = A“VAVBP(A—l),DM — AVBpé,OV _ AVBV —A.B. (169)

GIXERN LRI Lorentz FRE (scalar) s HITEM g, WNATTHERN, Lorentz K&
Ar B EFRNIR A% = (A%)? — |A|2 INFFSAEIER, rIPAg=2K,

(1) & A2 >0, BU|A° > |A|, WIFR A* BT (timelike) K,
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(2) & A% <0, BI A% < |A|, MFR A* HEZT (spacelike) K&,
(3) # A2=0, BI|A° =|A|, MFR A* HFEH (lightlike) K&,

HT A% /& Lorentz A&, FREIEITS Lorentz ZHAKEE Ar HYSRAL,
PAEIIRHZ 7 LI Lorentz K&, AIE FARAHE S — PR BN MR E, H
— MR EATFHRRLH
A = Pr, A, (1.70)

FRNRKRE (polar vector), HAF HERBICNKE, Bk LK E, H=M2ERNFIRLHN
A= —A, BZAER o FE— TR E, B—fRERN TR N

AM = —pr, A, (1.71)

MNE & &, HEHRE (axial vector), HZHTEIFIREHA A’ = A, TELIS)¥EH, =5
[FAAHR x FIBE p SRR E, MAYE L =x x p BKE, EXZERMNERT, ¥ = —x,
p=-p, '=xxp =(—x)x(—p) =L, SPAEEX—E,

N2 ABHR 2 BITE > dot 2 — 1 Lorentz Kig, EHIHIRAM

ds® = g, dr"dz” = (da”)? — dx - dx (1.72)

B Lorentz fRE, MM ds = /|ds?] FEH Minkowski IfZ2HI4ETT (line element) , Minkowski
ISR — SRR A9 s @I ds I RhERAR 7RG 2,

—NURAE VU 4EIN S RIS S ] AZEAL N ot (s), EAdizshPusink s 2—1
Lorentz frig, FONBUSHIEIRRY (proper time) o fEBURRAIERIEZE R, ERHILE —KINE
0 JTENSEIES, W ds = d2°, HWEHN s U RRAest ik RHEINE 0, EEE
MRS, BURHEEIEREE N

V=0 (1.73)
¥ (1.72) ABERK 2
S
(dz0)2 1= dz0  dz0 1—|v[, (1.74)
HH S | AR TR E v Y Lorentz BT
dz? 1
W= T JI- VP (1.75)
JR A AL E E SN )
V= mddis> (1.76)

Hebhm > 0 Z2RENGEEDRE, B2 Lorentz Frmo, MEXEH, p# & MYAH Lorentz
WRE, CEHENHERE p, = g.p" FIEHLRNTE Lorentz ZE#i

Pt =AY p, = (A7), (1.77)
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&l 1.5: AHAETEEBCEE R

p* FEBHRNE
o Gudatda”

— (1.78)

P> = gup'p” =m
i (1.72) 153

[ P =m2, ] (1.79)

XA FFRABTE (mass shell) &, m > 0 BWREFUSHE4ESh & pr 22— DENRER,
Reruges) & o

P =(E.p), (1.80)
e 0
By = o (1.81)
AR, T e
P = g = g a0 e

RFRNhE, K m, = wm BIERAEN “BaIRE", W p = myv 5 Newton J1%H13)
HEHHEENRXAELLL, (1.81) XRH E = m,, XF2BEARBMHI THREXR, HETTEA
P’ =E?—pl> =m* Ml E = vym > 0 #HEHHIEEBERXZ (dispersion relation)

[ E=+/[pP+m2 ] (1.83)

XA REA BT PU4Es) B 22 [ A BT m BRER— D =#EXmE, R, & 1.5 ml E B
p| ZALHEhZE (DL m B, B2 —5oMilhgk, MR8 (1.81) #1 (1.82) X, BURHNSsIEER]
Az FREEARIEN

p
_ L 1.84
YT F (1.84)

FERURATRRIERS, p=0, TMRER £ FTHE m,
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ERRTFRRIITIEHEN TERENR T X TIREA T, Ity PU4EshE p
RWBRFERANE p* =0, BERN E = |p|. ERTIZIEY, GRNZMHEE-RI4ESE p- |
‘B Lorentz ZBHHIMMIAR (1.77) KX, (EATFZWHE BT,

R B == AR RS EIC

) ) 9 9
= — _ = _— _ — oMY
0= G (8t’v>’ 0 = 9z, (815’ V) 9" 0, ‘ (1.85)
Jll
v = geayt = gl _ guegr, = g (1.86)
g 0p g P g p—g - .

AP RIG R TERY, RIMXER TN S SEGEM BN R S HE, XN a3 A FRIE
Lorentz 28t o/t = A¥ xv I, B 2, = z,(A1) M5 A, B, 15 A, = z, (A1) AF, =
07, Bz, = A”,,x;l, 54

o Oz, 0
ax; N 8x2b oz,

XERZTSE o* 1Y Lorentz R, ‘BE5 Lorentz KeEMZHEAAMFE, Hima] LUK o+ &
E—" Lorentz ‘K&, HHNH, 9, B Lorentz ZE#iz2

o = =AM, (1.87)

d, = (ATH),0,. (1.88)
E X d’Alembert HDERF?
9 =0"0, =05 —V? (1.89)
RS (1.34) 15
02 = g, 0" = g\ N8P0 = g,,0°07 = O, (1.90)
A, 6% HAFE Lorentz A2, HEH Klein-Gordon 7712 (1.6) X5 R ZEHIER
(0% +m*)¥(x) =0, (1.91)

Hrp o RORIUYERT =S 2848, Klein-Gordon 73 8ERF 02 + m? /& Lorentz AR, FIH Klein-
Gordon JTFEEARRIBERFPEAMERANIERX, HEA Lorentz thEM (covariance)
1.5 Lorentz K=

Lorentz 5K& (tensor) 5& Lorentz REMHE o — 1 p+ ¢ BTHY (p,q) & Lorentz K=
Trate, . BA p DHFERRM ¢ DUEEFERR, FFRE AN B A #Rid @ Lorentz Z2 AN :

T/,u,l.u,u,pylmyq — ‘Aﬂlp1 300 A.U»ppmeu.ppolmaq (A—l)al 5 (A—I)Uq (192)

11 : Vg®

2HLEFE &’ Alembert BRFIEE O,
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X SRR AV EAR AN Lorentz 384%, 522 H Lorentz SKEFRIZH R G EEE
Lorentz & M, TEARRIERTEAMFBIEI, M e B SR PR,

Lorentz fr&E /2 0 BT Lorentz 5K, A Lorentz $5¥R; Lorentz KEZE 1 [fi Lorentz 5K &,
BA 11 Lorentz f&¥r. Minkowski EER g, &—1~ 2 BTHY (0,2) B Lorentz 5K &, I, B2H
B, TEEMBIER P, Lorentz ZHBINIFLRRERSEM (1.40) o HIT 6+, = A#,67,(A7Y)7,,
Kronecker £15 6%, Z—1 (1,1) B Lorentz K&, TR, BAR A+, BEMNER, BHIAR
J& Lorentz 5K,

I ERLA] DAA BAE R Lorentz SKERYFEIR, MK &R ik, HRERTERM A
Lorentz Sk EEVHE X ERFME, bk, 7, = g,, 7", H g,, ¥ (3,0) Bisk&E T &N
(2,1) Biska& 7, MRS, THr = geeTrv, ) B g B (2,1) BlskE T, TR (3,0) BUTKE
THve

X (p, q) B Lorentz 5K &M —NEZFEIR— NIRRT, 2B2—1D (p—1,9-1)
A Lorentz 5K&, Hla0, H (1.38) 15

T = M5 T (A7), = AT 070 = AT, (1.93

Af oL T, 22— Lorentz ‘K&, AJCUBIEHEFFH T Lorentz 5K ERIFTHTEIRRATIE Lorentz
“EE, JXZRNTE Lorentz 28 N — X SN46FF R ASFEFRAI IS FEFR T REY A [FF0 A1
K+ S BB, tean, PATRIARHZ Lorentz bR :

™, =g.,T", T"A,B, T'"T., GuI",T°,. (1.94)

FAUT Lorentz K&, 1ZFIRZHNMETURE Lorentz K& 70 MR, 58 —Fhok &2k LYK
8, HFWEHN

T/ulmuplq-..uq = Pulpl o PMpPprlmppUl“'Uq (7)—1)01”1 e (P_l)aqu, (195)
T — Rk BFRVESKE (pseudotensor), AHNAYFHRALHL N
T/m--'#pyln_yq — _'pmm .. .’pﬂppprl"'ppal,._oq (7771)011,1 T (P’l)”qu- (1-96)

Rk, EFFRTHT, ®RXWIRE ¢ e ¢ = ¢, MEFRE (pseudoscalar) ¢ H/E ¢ = —p,
5| NP4 Levi-Civita 5

+1, (v, p,0) & (0,1,2,3) BIEEHL,
er? =<¢ -1, (v, p,0) 2 (0,1,2,3) HEEHH, (1.97)
0, HeMli

XHEAER (permutation) FEHRRAEIREHHEY, WHA MEPRAIA BRI, &5 EuEid
AP E], BERE HEOHRG R, XHE HRE e B2 RITRRY, BIXTHE
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B DERRONFR, W1 ervre = —gvier = —gpvio = _cover . RNFRMERREBE 2 MEL Lk
FHIFIFEFRAY Levi-Civita fF5NZE, 1 9120 = 0120 = o KETEXR (1.97) HHy “HElE
o’ BRI EE Y

Euvpo = guagvfﬁgpvgaégaﬁw- (1.98)

e WA LRI, 40
Evppe = gl/aguﬁgp’ygaégaﬂvé = guﬂguagm/ng(_gﬂaVa) = —Euvpo- (199)

HHEE S, o123 = 900915927 935°7° = Googi1922933" % = =13, H

e — 41, gpi3 = —1, (1.100)
[iif=!
—1, (v, p,0) & (0,1,2,3) FEERR,
Eavpe = +1, (u v, p,0) 72 (0,1,2,3) M7 B, (1.101)
0, HEIEM,
M

Efwjpgéfw,pg =4l 8012360123 = —4!. (1102)

FIH Levi-Civita fF5 7] DA Lorentz ZEHRAEFERITTHIZN det(A) $2R81THINE 5 L

1
det(A) = A%, A 3A2 A35e0P70 = T Epo N o N g AP N7 56570 (1.103)

T2
€92 — 1 = [det(A))* = det(A)A° A A% A3 52570 (1.104)

HIF emver B4 RO FRIE BTS2

51023 — —50123 — det(A)AOQAlﬁAQ,},Ag&Sa’B’y&

= — det(A)AIBAOQAQ,yAB(;EaBWS = det(A)AlngaAQ,yAg(;SBavd. (1105)

RIESEHE, AT DAIERA
g7 = det(A) Ao A g AP AT 5070, (1.106)

X T [E A RINTA] Lorentz Z8#8, det(A) = +1, NI
ST N AV AP N 5 (1.107)
X T TR, det(P) =—1, W

chvpo — _P#apyﬁpp’ypgdgaﬁ’ﬂs' (1108)
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Aj oL, ervee J—AN (4,0) A Lorentz B9k &, NI, BRHE, TEAEMMERFPALE,
TR, cupe 21 (0,4) B Lorentz [E5KE, MHMAJEA Lorentz ZLHLHN

Erpr = Capns (A7), (A7 (AT (A1), (1.109)
M
EapysDN N AT A = e (AT (AT (AT (AT A AP AT A = £40re07,07,07 4055,
(1.110)
R
5aﬂ'y5Aap,A/BVAWpA60 = Euvpo- (1111>
=4 Levi-Civita fFSE XN
+1, (i,5,k) & (1,2,3) EEH,
e =S 1, (4,5,k) & (1,2,3) M7 Bk, (1.112)
0, HEIEN,
iy
gith — Ok 123 _ 4 (1.113)

B, BATEEH i),k FaTFERE=4SHIER, RECERZ 1,2,3; TH pv,p F
A F AR IR S HEhR, BUETEREIE 0,1,2,3, V% RF = RfEhE2RNRE, &
g123g123 = 1282128 — 1 ] £230982 = S123:132 — 1 | RIESEHE, (HgNHSRFIK

[ giikgimn _ simgkn _ gjn skm ] (1.114)

173 ~153 — 123 ~123 213 213 — 173 ~i51 — 123 ~121 213 211 Vi #R
g3¢ gl123g123 | 213¢ 2 F €3¢ g1zl 4 ¢ =044 &5

[ mk Z]l 5k’l ] (1115)
FIH gk | ALK =4ER EIMA
e €y e3
a‘e; +a’es+ales =a=bxc=|p B B3
A2 B
= (b —b*cPey + (3! — b'c)ey + (b'c? — bPc)es (1.116)

at = kb ck, (1.117)
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BRI RITICEZTEN Maxwell HEHTE Lorentz 3R EIBEEHER, £ Maxwell FTFEH
(1.13) W, p ZHMEEE, J EHEREE, BNIHK— Lorentz K& J* = (p,J), R NMELR
MEE, M, KHEESME S

dp
op J= 1.11
5 TV I=0 (1.118)

B BX Lorentz WAEIEZ

[ 8" = 0. ] (1.119)

teAh, HiZEE E AN EE B ] A © MIXH A RiEN

E:—V@-%—?, B=VxA. (1.120)

® fl A H— Lorentz K A* = (0, A), FRAMELERSE, W (1.120) KW EEAX NS

E' = —8,A° — 9,A", B =" 9, A% i jk=1,2,3. (1.121)

5| NBBH#EI7 (electromagnetic field) HY175R5KE (field strength tensor)

FH = gAY — OV A = —F"F, (1.122)

B 2 BRAIFR Lorentz Gk, BTSSRI P AT DA, M _EIRE St

PP = QPO A” — DV AP) = OPAY — QPP AP + 979" AP — 9 OP AP

— OHFPY L QVFHP — _QHEVP (9va#’ (1‘123)
B Bianchi 1EZET
OPFM + OFFYP + OV FP* = (). ] (1.124)
Fre 1) 0i 08N
FU=9°A" — 'A° = 9o A" + 9,A° = —E', (1.125)

APOL, FOCRE N ISR, RN (1.114) T ke = gimatn — singhm - HIAS ]
gk B = clkhmng An = (§mgIn — 5§, A" = 0, — 9 A7, (1.126)

M
FiI—gA — A = -9, A + ;A = —c* B~ (1.127)

BCFm [ g oy BN N T RN R, P EOEREE R

0 —-E' —E —FE°
E' 0 -BY B?

e N (1.128)
E* B 0 -B

E* -B* B! 0
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Gauss TE BN M7
V-E=p (1.129)

FNT
J'=p=0E = -0, F" = ;F" = 0,;F" + 9 F* = 0,F", (1.130)

MM Ampere I ERXN MEY Ampere-Maxwell 7512

VxB:J+%—];3 (1.131)
HET
J' =" 0;B¥ — O E' = —0;F7 + 0y F" = 9;F7" + 9 F" = 0, F"". (1.132)
JAgNEER, 153 Maxwell HiE
[ O FH = J¥. ] (1.133)

XN ERH Lorentz 5Kk &5 H2RAY, BA Lorentz WM, FEEAG LRI A Lorentz 25 #t
~, B

O F™M = 0 [(AH)* AP gAY FP] = 0, (8 gAY, FP) = NV 0, F™ = NV, J7 = J". (1.134)

AL, IXFERY Maxwell 77277 AR EANFIRME R P EAMEFERE, P SO R B,
KA (1.115) FUT Fvcil = 2060 | #7 ek ik = —gikaikipl — 2§ Bl = —2p° | Rl

B' = —% 'k pik, (1.135)
Gauss WEEEN NI 75 12
V-B=0 (1.136)

FMT

0=0DB"= —3 gk g, Ik = —6(5Z]k8iFJk + K9, PR 4 Mg, )

1 .. ) ) -
= R (O, FI% + 0; FF 4 9, FY). (1.137)

A E IR BT = A0, T, X T2 S AFaR R, BT
BRI R, A

O'FIF + TR 4+ 9FF = 0. (1.138)

iX72 Bianchi {H3N (1.124) A2 R BAE R K Faraday FRIBAEN E BT R Maxwell-

Faraday /7#2
0B

E=——.
V x T

(1.139)
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G elER, |7 —0B" =g, En = —ckmn g, O = ckmng,, 0 0 M\ (1.127) FHEH
QF = —eTgyBY = likehmng, [0 = (§imsIn — 55T, FT0 = 9,F° — 9;F°, (1.140)
Al
FY + 9 F° + 0 F* = 0. (1.141)
X2 Bianchi B3N (1.124) BURE T EAITE
FAVY4E Levi-Civita 5 7€ X AR IHEZIRIKE (dual field strength tensor)
v = L owep 1.142
= 5 g po — ; ( . )
PHZE—A 2 MIRAFR Lorentz k&, F* B 0i 78N
_ 1 ciik pik

=06 1 ioo 1 iik 1 ijk Y 1 ijk fmn
FO = = 80 P ; oo — = 60] F}k = = €j gj“gky - _2 gj g]mgk:n 2

_lgijksjlel _ _1 2§l Bl — _pi
2 )
EHSAHT gy B = —0imFm™ = —Fir, BEEE B RERMXR (1.115) AlW, FO X

N TR R, 55— 71,
[i] 1 ijpo 1 150k i7k0 0ijk ijk uv
FY = 5¢ Fp = 5(6 For, + €7 Fro) = 7" For, = € gopgin F°
. _ _gijk;FOk _ 6ijkEk, (1.144>

B 0 E* —E?
. (1.145)

B P E X H
[V 1 Uy po 1 vupo 1 vupo VPO L voup
aMF = 56 aquo. = —55 aquU = —6(8 aquo- +é apFau +é 80Fup)

1
o (0 + Dy + O ), (1.146)

(Kl Bianchi 153X (1.124) ST
0, F" = 0. (1.147)

MIXEETHE AT PAE R, H Lorentz 5Kk &EIE S #RIKX Maxwell HFEHZE T 8HEY, mHAGRE
1 Lorentz WA BAHA,
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1.6 ERERE

AR A 2 EBS NS IS 7712, U, SeRE— &) 221
ﬁﬁ%)f?fio

1.6.1 ZENFHERAERE

ez 59, BRG] DTSR H E (Lagrangian) iR, ‘B2 RGtHI3NHE S HHE
ZZ, NTEA n MEBENRS, AIPUE X n DMHEINZYT X AR (generalized coordinate)
¢, EIRESECRT MIRE (generalized velocity) ¢; = dg;/dt , MRS HERIE N
SCARRRANT SORFERIEREL L(qs, ¢5) o HLFEEH H BRI [RIF 7Y

5= / "t Ll (t), 1) (1.148)

iR E.
(/) fEREREREH,

[ (EFRIOT S IRE (55 — 0) HT RS EIUETIEL, ]

BIRISTAIRYAE 7> 6t = 0, BIAVERS AL FRAY AR, T

G =0 = 304 (1.149)

HIENNIETES S GRS o et N NN TS o SRNTE G &

b2 . f2 oL oL . t2 oL oL d
5= [ de[qxw,qxw]—/ﬁ a (8—%5qi+a—q.i5qi) - dt(aq sa+ Ok dtai)
CE Y oL d oL
= [ o g (g 00) - (o) o]
t2 oL d oL oL _ |™
—/ﬁ d (aqi _ani) og; + a_qi(;%‘ ; (1.150)
HSE, HPH TS, BHRIREMEMEE /N ZIT AR ZE 53 A, B 6¢;(t,) =

0gi(ta) = 0, W EXEJG—ATEHE ZINE, HTED 6q:i(t) (b <t < ty) BEREN, 65 =0 FH
:j:

d oL 0L
dtdg  dg
X/ Euler-Lagrange 512, BAHANRANEHIZS T/, WK 1.6 Firs, e dqi(ty) =
5qi(ty) = 0 WIBBHEIE B TCE 2 2%, MME—WZILZFHIE R Euler-Lagrange 77 F2RYME, XM
A0S =0,
I AT XTIE (generalized momentum)

i=1,-,n. (1.151)

pi=5l, i=len (1.152)
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K

FH1E PR

1.6: 0S5 = 0 X ML HIZEIHIT,

Kl ERXFRRI n DR, R SORERIRE ¢; 71 p; BIEEL ¢;(q5,p:), RGBT Legendre
T HE X IaZE (Hamiltonian)

H(gi,pi) = pigi — L,

B ¢ M p BB, XA XS EIEEAR FRRGHERER, AIaigeSHaEcm, H H
BOF LRFAMERR S, NEHERZ DN

to to
55:/ dtaL:/ dt 0(pigi — H)
t1 t1

t2 OH OH
dt | ¢;0p; i0G; — — 0q¢; — — 0p; | . 1.154
/tl (q pi + pidg 92 2%~ 3, p) ( )
H
56 = pi L5 = L g — pidas (1.155)
p’L qZ _p'L dt ql - dt pl ql pl Qw .
=

05

T d . OH oH
/ dt | ¢iop; + —(pidg;) — pidg; — = dq; — = Op;
t1 dt 8 ;

7 8pz
to
/ dt [(Qz - 8_H> op; — <pi + 8—H) 56]1'1 + pidg;
t1 apl an
FRIEFTE IR 0qi(t) = 6qi(tz) = 0, ERBE—ATEINE, T/& 0S5 =04

. OH . oH . 1
i — 5 P — T t= 1, M.
! Opi P ol

to
t1

(1.156)

(1.157)
IX72 Hamilton [ENBEEIATE, HYTH 2n DN—M7ARMARERE n 2/ Euler-Lagrange
TR (1.151) o J7SUARHR o O XBh&R p; SIFFANIENTE,

1.6.2 ZHIFICHRIERZERIE

BRINAS AR o WFR, E2R5%H, 15 o(x, 1) BRGHI SUER, F— 285 x
MR E I, A T B TE9 2 NS HE IR A, TR (local) S,

FASBAHBRRIEN L) = [P L(z), HF L(z) SRRABERE, £ FXXTR L(x) FFEHN
HEKE, XHER R 45 Lo) RIRBT —PMNZER o, AR T HEN A,

& L RBRGIT n ™M Pu(x,t) (a=1,--- ,n) NHINTEFE 0,0, WEEE, NWIERAERIEN

S = /dtL = /d%ﬁ(@a,aﬂ@a).

(1.158)
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B 1.7: WZXE R LAY &,(x,t) 6

(1.47) ERFAT, NZAEFIT d*e /& Lorentz AR, WRHKE £ 12 Lorentz 2K, N
EF & S W2 Lorentz A2EE, M HEH&EFEBEGF RSN 77 i R P SN MR, [Hit,
KA IR PEIC B CHELE T(EH Lorentz AZERIHIIRE £, BIZER £ 22— Lorentz #7 %,

Bl 1.7 L T2 X R EY ©,(x,t), HAP=4E2A%R x {H—FBRIIRR, R
HIASH N S = OR o FMUT AT BRI ZRIEETT X, RGN SRS Sat = 0, BIAME
NP2 ARARA AL, AR AR RN 2= SRS 0 4 T 1528 0 N 23 54,

5(8,80) = 0,(5D,). (1.159)

— /d4x(5 /d4 [(fiﬁ +%5@@Q)} = /d4x [aaqi a+%aﬁt(5q>a)
[ e ] - e )
= d%{ “a @ 5, }5<I>a+/d4x8# {a(g,;a) 5<1>a]. (1.160)

PR ESE 175 AR R RO R TN S AR PRI 2 #UE. (total divergence), FIFH T 3L Stokes
K CRRA NI XA S ERIEI

/d%@u {% 5P } /dau a(gf:b )5<1> (1.161)

Hr doy, & S EWETT, #H—PRIZELSE S £ oo, =0, W EFNE, BATEFE IR
N X ERYY, XM TRIE ¢, A IEN TR ENE D AT, XK, H 65 =0
i

5 0L oL
1 9(0,0,) 0D,

=0, a=1,---,n. ] (1.162)

XF2HM Euler-Lagrange H12, B4AHNEHIEEIHIE,



a6 B AN

SIAHIERIEZREE (conjugate momentum density)

oL
[ Ta(x,1) = P (1.163)
IXAHRN E ) 4535, BB Legendre 2SI 20 & 72 N
H= /d3gc7raci>a — L= /d%%, (1.164)
HBEMEFEE
[ H (Do, Ta, VP,) = Ta®, — L. ] (1.165)
TEF &SN
68 = /d%éﬁ = /d4x5(7ra<i>a —H)
= / d*z {(ba&ra + T 0D, — % 6, — S—Z 0y — % : 5(vq>a)} . (1.166)
Fi S SR IR S5 — I B A
Tad®, = wa% 60, = %(waéd)a) — 7, 0®,, (1.167)
—% (VD) = —% V(D) = -V - [% 5@4 + {v . %} 5®,, (1.168)

RAERER, @
. OH ) OH OH
5S:T/d%{<®”_8m)5%“P”*EEJ‘V'mV¢J}M%}

d . OH
—i—/d%E(wa&DQ) —/d AVA {a(wp )5c1> } (1.169)
SR —F, BRIRENZ XA 5RE E 5o, =0, M EXFE TN N2SERT T AE,
T2, 65 =0 LA ENE 542

OH . OH OH
= om =00tV ey (1.170)
% @, MENEIINERE r, RRENEN L F,

1.7 Noether FIE. WHESFIEER

T SR AT WO N A PR AR B SR IR . Lorentz MNFRIERLE —RNZES XN FRIE, Noether &
2 [9] faH

-

AIRARGLAA —MMERMTRE, MR — RN AT IEER,

Noether TEFE LR AL MY BEPG HAY, HLR EEER T FrE YR Ty B /E B IR ERE
ARGt K, TLCREHE 2&E 7B,



1.7 Noether /BB, XFRM:5SFIEER — 27 —
1.7.1 1#HEHA Noether EIE
NHEAEZEHIER Noether B, WX R FH/EHEN
S = / d'z L(®,,0,9P,). (1.171)
R
R MBS, HifE
B, (z) — D (), (1.172)
HAp B E T ARE 2
zh — 2 (1.173)
Bl ph REA N
L(z) — L'(). (1.174)

BATTA] DO RSN BRPERUARER, B I8 A 57 /) A8 H, 10 BiRiELeae

AT NEHIE AN

P! (2') = ®y(x) + 6D,, " =at+ 52", L'(2)=L(x)+ L, (1.175)

AR AT
6S = [ d*2' L)~ [ d'zL(z)=0
| awew)- [ ave@ o,
T3R5 B AR (8RR
(RALTEHAE ()

ox'*
oxV

d*z’ = |J|d*z, J = det ( ) ~ det [5% -

(1.176)

M} | (1.177)

ox?

ERFFF5RRARITE - NE, TR ERETTFE A e E%EN

[ det[exp(A)] = expltr(A)], ]

HrR T3 MR 48 2 308 XN
[e.o] An
exp(A4) = Z s
n=0 ’
XTI/ A, B EXANLRITZE—FNE, 1§
det(1+ A) ~ 1+ tr(A).

FH EFCRE Jacobi 17818 7 £

o(ox#
J =~ 1—|—tr{ (f)x”)] =1+0,(6z"),

MM, AARTHITE TS NEIE R N

d*a’ ~ [1+ 9,(62"))d*x.

(1.178)

(1.179)

(1.180)

(1.181)

(1.182)



Cag B AN

TEF BRI TS /N N RS2

59 = /R @ L) - /R Az L(x) ~ /R A [1+ 0, (62")][£(x) + 6L) — /R 'z £(z)

~ /Rd‘lx 0L + L(x)0,(0z")] = /Rd4x l@aqfa 0P, + %5(@@@) + ﬁ@u(éaz“)] . (1.183)

id ot EENZ RN 6,
60, (1) = @) () — Po(x). (1.184)

o BT A] DAL I S8 s i1,
5(9,@,) = 0,(09,), (1.185)

§ BAFMA—ER L 60, 5 00, KRN

50, = @ (2/) — By(z) = ¥, (2') — ¥ (7) + P/, (2) — Dy(x) = P (2/) — P/ () + 6P,

a a

~ 6@, + (9,P)62" ~ 6@, + (9,P,)dx", (1.186)
RIG—ZE T =M NE, ’Hh 0,0, 5 0,0, ZEMEE—D—F/NE, M,
60, = 6@, — (0,D,)dx". (1.187)
¥ (1.186) HM @, Bl 0,0,, HIF
§(0,®4) = 6(9,P,) + 0,(9,®4)62" = 3, (6®,) + 0,(0,P,)dz". (1.188)

¥ (1.186) A1 (1.188) AN (1.183) K, 5%

58 = /R Az { gqfa 50, + (9D )02 + %[@(5%) 4 0,(0,D0)02"] + za#wx#)}
- /R d*x { 5 qfa 0P, + %(@@a)ax# + 0, [% 5@4 — {@%} 6P,
+% 0, (D Ba)0a" + E@H(éx“)}
= [l (55 oo % 2 o
EE A )
= /Rd‘*x { [;Ii — @“a(g,;a)} 50, + 0, [& 5P, + 55:1:“} } . (1.189)

B MBI RIFARIEN], &e—P R ARZITTE SR L(D,, 0,P,) FIRFRAR

o o z
0 gy P00 0L 00 o, O0)

OxH 0P, O+ 0(0,®,) Ox+ oxt

(1.190)
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FRAE Euler-Lagrange /712 (1.162), (1.189) /g —1THALSHE—TUNE, HTHZXE R
AIDUREZRY, 6S =0 FMTEHE_TUNE, B
oL -

8# [m 5<I>a + £5l‘u:| =0. (1191)

7E M. Noether SFIEJ (conserved current)

LaL -
[ Ju:a@%) 50, + Loat, ] (1.192)
NIEFIERGTE
[ 0,5" = 0. ] (1.193)
R (1.193) BN ZSFEIXIR R #5y, 1BH Gauss 232, 155
0:/d%auj#:/d3xaoj°+/d3xv.j:i/d%j%/ j-do, (1.194)
R I R dt Jz §
Hp do BIFE S _EWERIEIT, PAYNEL S MAIER, 5IASFIET (conserved charge)
QE/d3xj0, (1.195)
R
(1.194) fkH
dQ .
< _/3 i-do. (1.196)

B3 R AP a2 (8 nE) ST ML FE S sk GEN) iR, IXRISFIEREEE
AR, T 0 B SFER R A R

NTEAZgZAM S, LR S T EFEA, BHEERRY ¢, ELFFRAHE, Mifi
FETEFIEAt j — 0, Ne=ENSFIES

Qz/d3xj°, ‘ (1.197)

WE dQ/dt =0, AW, Q FREMFZEN, R—FieE.

gr ke, fEGIRTH, WIR—NRGAAEMESHE, WFERIRFIER (1.192), Bl
RESFIERTRE (1.193), Wiz RESFER (1.197) AR EZL, XME—FFEEf. N
Z&—LEN F Noether & FRIH T

1.7.2 B FEIFRE
IS AR FREY TR (translation) Z8HE XN

o =t + at, (1.198)
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X
1.8: W2 PR R .,

Hr ot BAMKET o¢ BPEREIRSE, 0 do™ = dat s P, PR HLREF Minkowski
INZRHIZRTT 7T (1.72) A, P IN 23 PR 28 k) il B == /% 8%,

REFERTT T ds? RN HFRN Poincaré T [10], WHRIVIEF X Lorentz 24k, Fir
A Poincaré ZHHKIIEEFRN Poincaré 8, Kt L EMWERE AL, A Poincaré #f
J& Minkowski I Z2HYFEEER¥ (isometry group), IE84E ISO(1,3), Lorentz ##/& Poincaré T
B, {EX Poincaré ZH#A] RN Lorentz AHAIIN 2= FAE YA S, WELEDL, NZABAREY
Poincaré ZBHRIRN

[ " = A, 2" + at. ] (1.199)

FRARERZEM (1.34), BHRIEXAERZHRAREE ds? H22:
ds”? = g, dz’*da" = g, A" N ,daPdz” = g,,d2’da” = ds’. (1.200)

## EFR Poincaré BE/2 Lorentz #F5 N2 FAARERY F A A7 R%,
Minkowski IfZ2/235%5] (homogeneous) HY, T HHHRGEARZFRENFRE, R
R o/t = ot + o FIERTT, 3 0,(2) RIIBIRASSE, E 1.8 R, B

P! (2") = D) (z + a) = Py (x). (1.201)

XN TCTS /NR R, KRS o OEy e, W dat = e 6@, = @/, (2)) — Dy (z) = 0,
B (1.187) W%
60, = 6@, — (0,9,)z" = —£0,9,, (1.202)

HRAZI Noether SFEFRIERN (1.192), A

oL oL
o p p_ _ e p
J 0, 70,8, + Le [3(3,@(1) 0,9, — 0 pﬁ] e’ (1.203)
BT/ hE e» BIERR, 0,5 =0 %4H
oL
= — oM = 1.204
Oy [8(8H<I>a) 0,9, — 0 pﬁ] 0, (1.204)
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BWELA g, %), 15

oL
) [0@%) 9"®, — g .c} 0 (1.205)
XA HESE 7 2 IHEESNTKE (energy-momentum tensor)
oL
py — v H g
‘ T = e O %~ 9L (1.206)
A
9, 1" = 0. (1.207)

ik, X 7% (v =0,1,2,3) fER=ER, SRR 4 DFlER, HZLRIE £ /& Lorentz fnig,

A2 T Fiag 2 B Lorentz 5K &,
T 1 00 43 &N

oL — b, — L=, (1.208)

od,

& H, MM TNEPEEZER 20 = 204+ 0 T RS

H:/d3azT°0:/d3x7{

RS AR B <P E A, W dH /At =0, K,

TOO

AU, T R R

(1.209)

EHREDE, NHERESEE, B

E

[ T EEEOJ

T 1 0i &
T = == §'d, = 1,0'P, (1.210)
0P,
BN E R E, NN TREERLER 2 =2 + &', TY eSS
Pi:/d3xTOi:/d3a¢7ra8i<Da (1.211)
N EE, RIE (1.85) X, X =4KEFH
(1.212)

P= —/d?’:z T, VP,.

BB B R S IES, e dP/dt =0, K,

[ T — ]
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1.7.3 Lorentz X#R4E

AETATIR, fEMEXIetEIeh, TRATERN KE £ /2 Lorentz AR, HMEHE S 2
Lorentz RN, RZEA Lorentz MIfME, FETH/NEBHREIFE Lorentz Tk

AR, = 6", + wh,, (1.213)

Hrp or, BARKITEG NS, BHRENSME (1.34), A

Jap = guVAMaAV,B = guu(éua + wua)(éyﬁ + UJVﬁ) = guuéuaéyﬁ + guuéuawyﬁ + guuwuaéyﬁ

= Gap + Wap + Wiw, (1214)
IR
Wy = Gupw’y (1.215)
KT M DTEIR AR :
[ Wy = —Wyy- ] (1216)

K, w,, HE 6 MZo&E, 25N T 3 D2 R MRS HASE 3 22 RARhE
PR,

NEZER DA w,, BRI, N T4 - fliles: 0 AR (1.36), FIH =K%
BHI cosf =1+ O(0?) Fl sinf =0+ O0?%), 15

Wuu = y W = gupwpl/ = : (1217)

T o AR (1.32), & XRE (rapidity)

[ ¢ =tanh™' B, ] (1.218)

M| g =tanh ¢, FIFMEHEREAI tanh € = sinh &/ cosh & Fl cosh? ¢ — sinh? ¢ = 1 #EH

h2 oo h2 -1/2
¥ (1= = (1 a2 (ALY e

B~y = tanh £ cosh & = sinh &, (1.219)

¥ (1.32) XG5 K
coshé  —sinh&

A —sinh&  cosh§ . (1.220)
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FRAEA AR BRI cosh € = 1+ O(€?) M sinhé =€+ O(€3), H

0 =< 0 —¢
-§ 0 £ 0

wh, = y  Way = g,upwpu = . (1221)

TEJC%5 7N Lorentz 2848 (1.213) BITEA T,
ot =AY = (60, + W) = ot + Wt (1.222)

ARSI @), (') FTEAURIT N

@;(l‘l) = Cba<£€> — %wwj([lw)abq)b(l') = 5ab — %ww(I“”)ab (I)b(.l') (1223)

XH (1), & ®, Ft/& Lorentz BERRIVERTT (generator), BN T/Z2LA a Fl b FITHIFEFRAY—
HELFERE, (1" 2RXT p v ROSFREY,

(1" ap = —(I"") ap, (1.224)

RITXARERE A 6 MESIERE, B MHNIEMES w,, BF— MRS 7r B RHPEEL,
IAE 0t = 2" — ot = wh,2v, H (1.187) M (1.175) %

- i

0P, = 0D, —(0,P,)02" = D) (2') — P, () — (0,P,) 0" = ) Wyp(I"7)ap @y — (0, P )" p”, (1.225)

5 Noether Hi N

= % 5, + Loah — —% oy %(W}ab@b - %@@a)ngﬂ Lt o
= _% Wyp %([’”)ab@b — % 0, P, — 0, L| W ,af
— _% Wop %( 7)o@y — T " 1 (1.226)
e oL
TH, = Thg,, = R 8,y — 6", L (1.227)

FERESNIKE (1.206) A —ME L, FIHERAT CAHAT LR HER AR LE,
T, W, =TF,0" W, = T",0" gaow? , = TH wa, = T w,,, (1.228)
AI&54%HB Lorentz 8in—H—BEARMERAEXNER. FHAH w,, FIRXSFREHEH

1 1
14 4 4 4 4 14
TH WY paf = T w, o’ = §(T“ Wypx? — TH wp,af) = §(T" Wypx? — THPw,,x")
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1
=3 Wy (TH P — THPzY). (1.229)
T2, Noether it (1.226) LN
~u:_i 0L I q)_l TWp_Tupvzlwp 1.9
.] 2 wVP a(&qu(Z)( )ab b 2 wl’P( T z ) 2 J wl’P’ ( . 30)
H
e = pregy g — 95y g, (1.231)
0(0,9,) ¢
TR w, AR, 0,50 =0 %t
8,07 = 0, (1.232)
RREEYY
JVP = / d?z JOP = / B [T%2" — T2 — im, (1'7) 0 Py). (1.233)

U gre = —Jev, Wii—HA 6 MZAYSFIER, e dJ77/dt = 0o
NS S, K T o R I
JWP =L + S¥P. (1.234)
H—ITN
L7 = / Pz (T%z” — T%x), (1.235)

KTHEFRI ORI R R E ERai = | 0 & L hIE 3 DNEMSLHY, M =4k Levi-Civita #F
SH P WER=YERE L

L'= %giﬂ'ky’k = (L*, L', L"). (1.236)
ENlijitan
L'= %ﬁjk/d% (T%27 — T k) = /d3x gk T = /d% ek i T, 0" D, (1.237)
Hep 7% = 1,080, EANREE (1.210), ERAEFEA, 1§
L=— /d% x X (1, V®,), (1.238)
XESNMERDIE, F TN
S0 = —i / AP 7, (1'7) 0 Py, (1.239)
[FRE, Sve aizd a7 B EHME=4ER 8N
St = %a””“sj’f = (5%,9% 8" = —% aij’“/d3a; Ta(I*) by, (1.240)

X R BhefAnhE, Jvr A=\ &R =4ERE N
Ji= %g"j’“ﬂk =L+ 9, (1.241)
XS AThE, EA RN Lorentz AFHIEAN B2 wl2 23 AITEFEAE SO(3), R,
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[ ?Eﬁ%ﬁ%ﬁﬁﬁ?%ﬂ%@@iﬁo]

S, LY B0 3N
L° = /d3x (Tz" — T"2%) = /dgx (2'H — 2°7,0'®,) = | v a'H —tP". (1.242)

i dSP/dt =0, M dJP/dt =0 BHE dL/dt =0, BHEGHESE dP/dt =0, 55

L d [,
‘ P = 1.24
FrRial T A’z x"H — 0, (1.243)
Rl L
P= i, b=~ [ @i, 1.244
Vo, V=g /d rx'H ( )

TR, BREERASFTEAE, H~ M, SEHE P ~ Mvce, 1M ve 2B (RIFEH
ILy, center of mass) NIZENEE, M Newton 28 ~&f#, M
P dve

a M
XpEm iz sh £ 38, Wik, L BSHEELIS PN N T RIS STIEER: HRAINIF
TER, BUOAIINERE AT, BULCRRHE B E S IR ELizE),

F = (1.245)

1.7.4 U(1) BEIFFRE
FBRUEEY o(x) MHEHIEY ¢ (x) WHIKE
L= (0"6")0u — m*6"0. (1.246)
Xt o fE U®1) BiETHR

¢ () = e (), (1.247)

HA G ¢ R, ESMSE 0 B8, BB (global) 45 0 MK T I 252K 2+

elt? B—ER 1 E’J*Eﬁl% (phase factor), AIEIE— 1 XL U = &7, W2
(1.56) X, U BNESHL UQ) 8, ©RE5 SO(2) FMEH Abel B, SO(2) BE=HEE—NE
&, WK 1.9 PR, SO(2) FeZ S5 0 18 (0, 2n] PIVEUER B FE LA &, [F o 18
[0, 27 /q] FHIEMEX N T U = ¢ BIFTEEUE, WE U0) = U(2r/q) = 1,

N HE, o+ B9 UQ1) BEIRZ R

(0" ()] = [¢(@)]" = e7"¢" (). (1.248)

Ry, B (1.246) 208 XHY £ XA ML, RIEA U(1) BAEXFRE, ¢ FOVHRE)
U(1) fa. SRITEBORHTRMOFRIEAR], 3XBADS AR HIRAE A AR 2SR, S (A
7S EFERSZ (020 = 0), K2 —FER TR,
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dap
N

&l 1.9: SO(2) = AREEL

U(1) BRI TC55INER N

¢'(x) = p(x) +ighp(x), [¢"(2)]' = ¢*(x) — ighp* (x), (1.249)
&8 6t =0, B
5 =d¢p =iqho, d¢* = dp* = —igho*. (1.250)
o(x) 5 ¢*(x) B, KEWMEIERZAIEHE, Noether it (1.192) RiXH
p_ 0L o 0L ol Y
"= 50,0 ¢+ ¢a(au¢*) ¢*(ig09) + (—igfe")0" ¢
— 1g8](9"¢")6 — ¢ (8"¢)] = —iab6" O 6, (1.251)
Heh, OF e FRE Y,
b = 6" 0 6 — (0"6). (1.252)
PTIES /NS -0, EX U1) FIER
l Tt =igd* 9, ] (1.253)
M| Noether L 0,/ = 0, HIRAISFEAZ
Q= /d3x J° :iq/d?’xqzﬁ*b?gb, (1.254)

e dQ/dt =0,
TESLRN AT, ¢ =l © GHIRATR TR R SRR, anrfe, EF. BTEL wiR
B BB OREL TG, Fit, R U A FRM BT S BT e A, b,

[ %muu)gwwWﬁﬁm%ﬁﬁ?EE&o]




Sh g

> &
1.1 fFEERBEAHIF, 1 GeV 2 HFFZ/D cm?

1.2 #EHS - ks 0 AIEHAI (1.35),
(1.44)

, WEFZ/D cm?/s?
6 UEAR N S ARG B (1.36) T R AR LS5

1.3 RPU4Esh g pr WA p? =m? >0, I o By mA ErE ISR, 15

PP =70 —6p"), P =A0"-8"), p?=p" p°=0r" (1.255)
WEBHTER p° > 0 02 p° <0, &FH ;
];—0 >0, (1.256)
B IR HANGERLEE p° BIFF S
1.4 &PU4Esh & p* F k* EFTESM p? = m?2 F k2 =m2, HA my,me, p° k° >0, IEHH
(p+k)? > (my+mp)?,  (p—k)? < (mqg —my)? (1.257)
1.5 CHIZE o HE2Ht R,(0). 5% v HHBERASHE R, (0) . T v FIEZHL B, () FIi ~ Sy
HHE B, (&) MEMRER Y
1 1
R,(0) 1 | R(0) cos 6 —sinf ’ (1.258)
cosf sind
—sinf cos@ sin 6 cosf
cosh & —sinh & cosh & —sinh &
1
B = B, )
y(ﬁ) —sinh & cosh & (©) 1 (1.259)
1 —sinh & cosh &
(a) Z3AIHE X YRR TE 5 NE RS w,, FIFERETE
(b) 1EHH Ry(el)Ry(92) = Ry(el + 02) ﬂ] By(&)By - By(gl + 52) o
1.6 UERH
9" 9o (A1), = A¥,,. (1.260)
1.7 ¥ S ZXFRAY Lorentz K&, A, 2RAFRA Lorentz 5K &, UEMA
S A, = 0. (1.261)

1.8 H EfI B ¥ F, F fl E,, Fr» FoRrHk,
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1.9 48 Euler-Lagrange 712 (1.162), MW FAIFKRESHY ¢(x) B A*(x) NEHIBEN TR,
(0) £ = 5(00)30 — ym*? + 3 ", Hob m FI X RAHL
(b) £ =~ (0" AM)D, Ay + 5 mPARA, , Fsht m RHHL.
(¢) L= —%(8”A“)6VAN - g(aﬂA”)&,Au, Hrb o f1 b W
(d) T =N, Ba=1Hb=-1, RH F = orA” — ov Ar RIXZEIIZHNTTIE,



B
N
Ik
HEI
A
|
HEI
N\

AREWWIRTED (scalar field) FJIEMZEF (canonical quantization) 777%, IrnEZHEF
LR AEAERIEIRF & LRy, BISemm— & b s a9 BN & .

2.1 fEEIRFHENZEFE

—ETEIEHRF (simple harmonic oscillator) HIFGEEHREFRIK A

2
1
H= 2p_m + 5 mw?z?, (2.1)

Hepom ZE, w BAIR, BTU2NRE, B _IUEHRE, ER 7%, L4 « MzhE
p XPNIENZE R B (EORELRF, ZoRENTEENNZ X%

[z,p] = xp — pxr = 1. (2.2)
FEMR NI K A TC BN EAT
a= \/2171_w(mwx +ip), a' = \/;n_w(mwx —ip). (2.3)

a FRERBERF (annihilation operator), af FRFEEEFRF (creation operator), WE B ALK
4% (Hermitian conjugate) . EfTHIX ZXFR 2

[a,al] = %[mwx + ip, mwzx — ip| = ﬁ([mwx, —ip| + [ip, mwzx])

= S(ile, ] + i ) = il ), (24)

WEIENX ZRER (2.2) 15
[ [a,a'] = 1. ] (2.5)

[ B
[ [a,a) =0, [a',a]=0. J (2.6)
FR4E (2.3) SURIERHA o F1 of Fom 2 F p,
r = ! (a+a), p=—i %(a—cﬂ), (2.7)
2mw 2
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1 mw mw* 1

_ - . h2 2
om 2 @A) g et d)
= —%(aa —aa' —a'a+a'a’) + %(aa +aa' +a'a + a'al) = g(acﬁ +a'a). (2.8)

HXNBRR (25)F adl =dla+1, T2
_ Yot —ilatas L) = 1
H—2(2aa+1)—w<aa+2> w(N+2>, (2.9)
=

Hrt N = dla BDNEKRER, VKR FHER. N CEMFEERER, NTEESEK V), N
HIHRFFHE (expectation value) EfL:

(U| N [T) = (T| ala|T) = (a¥|aT) > 0, ] (2.10)

HA |al) = a|V), HIt, BEHEEEERR, (V|H|V) >0,
¥’ |n) B N AR, WEH—HEE (njn) =1 HIARESE

Nn) =n|n). (2.11)

H n=(n|n|n) = (n| N|n) >0 AJHl, KIEHE n 2D 7T FHANZTFAR

[AB,C] = ABC — ACB + ACB — CAB = A[B,C] + [A, C]B, (2.12)
[A,BC] = ABC — BAC + BAC — BCA = |A, B|C + B[A, C], (2.13)

Ejidan
[N, ] = [afa,af) = al[a,a'] = a', [N, a] = [ala,a] = [a',ala = —a, (2.14)

W Na' =a'N+af, Na=aN —a. M

Na'|n) = (a'N +a')|n) = (n+ 1)a' |n), (2.15)
Naln) = (aN —a)|n) = (n—1)a|n). (2.16)

I, atin) M1 aln) BR72 N BUARIES, AEEZHIN n+ 18 -1, HHEENR,
a'lny=ciln+1), aln)=cy|n—1), (2.17)

Hrh o) 1 ey B NEA—ILERL FERRF o BARMEEN n FSZERAEER n+1 UE,
MAWAR A A B4 (raising operator) ; FEKBERF o FAMEERN n FISZRAIEEN n — 1 PIE,
RITHAR % H4F (lowering operator) o JBEIT—LHEEHIE, HITUARIHEAE,

n+1 = (n|(N+1)n) = (n](a'a +1)|n) = (n]ad’ [n) = |er* (n + 1 +1) = |ea]?,  (2.18)
n = (n|N|n) = (n|ala|n) = |co]® (n — 1|n — 1) = |ea]?. (2.19)
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K e T oy BBONIESSE, 15 ci=vn+ 1Ml c=n, W
a'lny =vn+1ln+1), aln)=+nln—-1). (2.20)
M N BIEDNRIERS |n) R, FBERF o BHR1E, BEIAMHEBR RN —RINAES
alny, a*|n), a®|n), ---, (2.21)

AAEE ST HIM
n—1,n—-2 n-—3, - (2.22)

HT n>0, WEFE—DRDRIEE ng, ERIRIES |no) fifi/E
a|ng) = 0. (2.23)
ERBHEAEEE IR NSRS T2 N |n) =dafang) =0=0|ny), AW ng=0, H
[no) = 0). (2.24)
ROdk, M0y ik, AABER of BHEE, [EARIEER KGN —RIIARERS
a'|0), (a")?0), (a')*]0), ---, (2.25)

AAEE ST RN
1,2, 3, - (2.26)

gi b, AMHE n WEUER A f 4, BE TR, H o M1 |0) BRI |n) RN
In) = cs(a”)™|0). (2.27)
NIEA—HEE o3, HITUTIBE,
(nln) = Jes|* (0]a"(a")"[0) = [esf* (1] @M (a!)" "M 1) = 12 |eaf* (2] a"(a")" 2 [2) = - -
= (n— 1! |es]® (n — 1 aa’ |n — 1) = n! |es]? (n|n) , (2.28)

W |es? = 1/nle BX ez MIESEEL, 1% c3=1/vn!, T2

) = —= (@) 0). (229)
M (2.9) REZEH, |n) HZE H PIARIES,
Hn) = w <N+%) In) = w (m%) In) = E, n), (2.30)

MR A REEASEE N

Bu=ufnrd). ] -
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A |0) WEEEAEETZES, M2 E) = w/2, MAZMEE (zero-point energy), HARNET
o XEERTHFHRAELER, BATRILMK 0) BEESE, ¥ n >0/ |n) EFEEEZ n MEF
(phonon) KIAR, BIMETFEAE —MEEE w, XMF—K, n BRFTFHIIEHE, B F+HER
N F5RE T8, of BERRSE—1FE T, NMEN—MmEsR; « IEHZREXK—PETF, M
M D —eEE, X2 o 1 o FOV=EBERFAEKERF IR A,

& O

2.2 EFIZIEHMIENNZ KA

fEE—rh, XREIEIR TR T N E TR SR E TR R GIRRIT ARPR « M1 XEhE p
2744 Hilbert 22 R ERYERF, ZORENTHRIENN SRR (2.2), AT, FAPKIXRTT%
e E, NMXSATEN R b, XFEED LR RLH, £R 1%, Schrodinger
223 M Heisenberg 2220 T AR AYIEIATTTE, BT IR &N B X EZBAH B,

£ Schrédinger (22, &K |U(t))° NERFER FIEAAPIEL, W2 Schrodinger 5
2 [11]

(2.32)

. 0 S S
[EWWme,

i Hilbert 23] FEVELF 05 TRATH A, REMIBEWE H (ENEIF R4, Schrodinger
FARHIRTT DAZA N

[U(8))° = e | 0(0))°, (2.33)
XSRS, N TS A, BRI E N

o0 An
et = ; — (2.34)
BHRIUE (2.33) i /E Schrodinger 772 (2.32) :
2w =19 w(0)® = He T [w(0) = H |w(1)® (2.35)
ot ot ' '
AL 0)) 5t =0 RNZIASE [9(0))° @i L IEEH ot BRARRR,
£ Heisenberg 448, &K |[0)" &N
[ ()™ = e T (1))° = [(0))°, ] (2.36)
EARER [E)EAL, 5
o o) =0. (2.37)

TMERF OU(t) Mo TN, JET — NSRRI EIEE LS 08 BRREK,

[ Of(t) = H1OSe 11, ] (2.38)
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mT [H H =0, A
St e 1Ht — Felfte=iHt — [ (2.39)

WG EIR H EIXMRZ SRR,

[ HY = HS=H. ] (2.40)

H
] OM(1) o) = (] O W) = S( (1) OF (1) (2.41)

AR, PIRRZR SR ) BAEAS BRI EAR ], DM SR MR R, esh, Rl DA
ia()OH(t) — (iaoeth)OSe—th + ethOS(iaoe—th) — _HethOSe—th +ethOSe—thH
= —HO"(t) + O"(t)H, (2.42)

Bl Heisenberg LAY EINERF O(¢) i€ Heisenberg B2

i OF(t) = [OF(t), H) (2.43)

IXJ2 Heisenberg 225 AIZEN 771,

TN R PR R LR TE Schrodinger T, RN A B ELIRER «
MENEBFF p IR EMRE . RKFIENX SR (2.2) MIEN [25,p°] =i, EFE Heisenberg 25
HEAZE

(), pl(t)] = [elHtzBemiHe GiHtpSemiHt] — olHU S Se—iHt _ (iHt,S, S —iHt

. eth[xS,pS]efth _ oiHtio—iHt _ (2_44)

a0, BN B RMEAR R TR, (2.44) REER—KZ] ¢ A28, FRNER (equal
time) NAFRZR, B FRITHETE Heisenberg s T, BRSEIMREN AR H,

Bt 2 5EE o MTEHBEENRSR, 2 qi(t) HNABIE Heisenberg 25T X ARIRE
FF, pi(t) AENET SREER, EMNRRENENZ R, HTARE B HERRIZE TR, X
SRR S R Y SEIN N 2 R AR

[4:(8): p; ()] = 1035, [a:(1), 45 ()] = 0, [ps(t), p;()] = 0. (2.45)

1.1 THRE, R Fmied, T FAERACEIN AT SR, AR x V15 N R ARFR ¢ —
FENBR TR o(x,t) IS8 HEWIEERAELS 2 MESLHBHENRS, 8120
MAox B ©(x,t) #R X ABR, T WERRD I H R RIS 2 MESLH B E,
Mok MR, QRIEs 2 IMABUE Vi, BV, — 0 BIRRIRRIG ENES A3 R
SiRe EMRUT V; XM L4 47

By(t) = % /V @ a(x,), (2.46)



o 2% RTHREY

XY O(x,t) £V, PHIESME, R 0,0 FIHASEHH BEEE L(9,0,0) 12 V; HHIFIEICHN
J— 1 J—
0,0, = Vi/%d%aucb, L; = Vi/%d3x£(q>,auq>), (2.47)
YV — 0B, £ BN ®; 10,0, KK £,(9;,0,9;) . DIASGFAHERIEN
L(t) /d%ﬁ Z/d%z ZV /d%ﬁ Zva (®;,0,9;). (2.48)
HEE XK (1.152), (BT v I Xshz 2

I1;(¢) Z Viso sy Z Vidii 5 a =Vi5 (goﬁéi) . (2.49)

0

B (2.45) AIGRIFRR 2R

[@:(1), IL;(1)] = 1635, [®i(2), ®;()] = 0, [IL(2), 1L;(¢)] = 0. (2.50)
SIA oL I1;(t)
mi(t) = 8(3()&),») = ;/; , (2.51)
ISR — NS0 = F IR B R AR AT mi(t) 3RIEN
dij
[@i(t), m; (O] =i, [m(t),m(t)] = 0. (2.52)
j
MEFEIZELE, Kronecker f75 6, KK 6 K%L, Dirac § KREUE X
5(x) = {+°°’ r=0 (2.53)
0, x #0,
i FLith 2 N
/ dzd(z) = 1. (2.54)

M, N FERIESREL f(2), B

+o0
ﬂwz/dMWM@—w (2.55)

IXE 6 RBAIPRESE: f(2) 5 6(x—y) MHIEZG, BERDPOEL f(2) £ 2 =y XHE f(y) .
§(x) 2HKEL, AP
d(z) =d(—x), (2.56)

T B 2
f(@)d(x —y) = f(y)d(z —y), (2.57)



2.2 BFHICHRIENRN 2K 5 ~ 45 -

zo(z) = 0, (2.58)
/+OO dz ™" = 27 6(p). (2.59)

XEAE, K f(r) B Fourier T

~ +OO N
F(p) = / doe P f(2), (2.60)
M Fourier TN .
® q L
fla)= [ P o) (2.61)

(2.59) K, 27d(p) & f(x) = 1 B Fourier 28, X TIELLLREL f(x), AL f(z) =0 B
BHET DR RR 2, N

3[f(2)] = Z 5’(;(;5;) ] (2.62)
F 3 N—4E 6 BRELZIUE X =4 § R%Y
63 (x) = 6(ah)d ()8 (2), (2.63)

AL EEL 66 (x) RTE x = 0 AFE, H 66)(0) = +oo, FHilE [d3200(x) = 1, N THEEE
LREL f(x), A

f(y) = / &z f(x)09) (x — y), (2.64)
FE)FP (x—y) = F)FD(x— ), (2.65)
x0®(x) = 0. (2.66)

03 (x) BET x WIBEE, 0O (x) =6 (—x). H (2.59) RifEH
/d?’:z: eTPX = /d.iEl et /d:zc2 eiip%Q/d:E?’ P — 9m §(ph) - 27 8(p?) - 2 8 (p%),  (2.67)

I =4E & BREH 2

[ / A3z eFP* = (27)26) (p). ] (2.68)

fE=4E=3 |, BE f(x) BY Fourier 2842

fp) = / &Pz e™ f(x), ] (2.69)
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100 = [ S oo ] (2.70)

i, (27)36G) (p) & f(x) = 1 BY Fourier 284,
& fi & f(x) £ V; ERESE,

5ij
= fi0i=>_Vif; Vj (2.71)
J J
¥ (2.64) K5 N
109 = [ 1530 -y, (272
2 (2.71) IIE V; — 0 WAIRIRIE R, M@, fEESmRT,
% — 0¥ (x —y). (2.73)

SB—75H, EHRRT, @) - &(x,t), 9,8 — 0,D(x,t), L; — L(x,t), MM (t) ZERLH
(1.163) & HHEs & H L,

oL; . oL
9(0e®;)  0(0v®)

Rltt, SR ZREER (2.50) F (2.52) {L9
[CI)(Xw t)’ W(Y: t)] =16 (X - y)v [(I)(X7 t)’ (I)(Y7 t)] =0, [7T(X, t)v 7T(Y7 t)] =0. (275>

T REEE T 0, RS, BIRARBSHELIRN, N

mi(t) = = m(x,t). (2.74)

[Pa(x,t), m(y, )] = 100@ (x = ¥),  [@a(x,1), Po(y,1)] =0, [ma(x, ), m(y, )] = 0.
(2.76)
XZEFHIEFHNENNZXER, E2UIENELIHE R, i, RIAIENZEE
D, (x,t) Fl 7,(x, ) #52 Hilbert 23 [H]_LAYERT,

2.3 SEAREPRVIENEFH

QIR ¢(x) 72 Lorentz b, WMENIRET, (EEHRING Lorentz 2T, FHHZE4E
PRRYZEHN of = Az, NIAREL ¢(x) HIZRHRERR

[ (&) = 6(c). ] (2.77)
AT, RITHESRES o(r), CHEBREE (selfconjugate) 4fF

[ o' (z) = ¢(x). ] (2.78)
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BTEZE, o(x) B—PNEXRER,
Bi% ¢(z) BAZE5MHEERK & L&, MHNAT Lorentz REHAIKER

L= %(aﬂqb)auqﬁ = %m2¢2, (2.79)

Hrbm > 0 BErRHRE, H—TU2aREN, B IU2RED, 23

(0"¢>) Ot = “”( 0u9)0up = [(3o¢)2 —(019)* = (%:0)* — (939)°], (2.80)
A oL oL 4
o) Do = 3¢, 500 .0 = 09, (2.81)
IHZAEERAT or or
O = 9", 9 —m2é. (2.82)

[AlItt, Euler-Lagrange /712 (1.162) 5t

- oL _8_5_ =z 2

tEtE b, ¢(z) /2 Klein-Gordon F7E [1, 2]

(0> + mHo(x) = 0. (2.84)

IXIEAR RN A M5 L
RYE (1.163) I, SARED ¢(x) XN AHAER) R %2

oL
9(009)

Bl () 2 o(a) FORTIAISHL, H1EEAE40F (2.78) 18

m(x) =

= Byo(), (2.85)

i (z) = 7(z). (2.86)

WMRIERINE (2.79) RIBIREIHAGIA 1/2 A+, BR1EE] m(x) = 200¢(x), WHIEZhEEHE
BATREEMYF— (canonical normalization) . fESNEEIIHSIA 1/2 RF2)5, BREIHAIM
5IAN 1/2 ¥, %W Klein-Gordon AEHIIRENZE m, ME vV2mo

TE, HIENZRE ¢(x) f w(x) BIE Hilbert 2SR LERF, ZRTENTHEENHNZXR

[¢(X7 t)? W(Y? t)] —15® (X - Y)’ [¢(X7 t)v ¢(Yv t)] =0, [W(Xa t), W(Y: t)] = 0. (287)

IXAMETEARA IEN & F1E.
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2.3.1 FEEEF
ez T h%H, ARZ 0 BERFREE v ATEREE (plane-wave solution)

U(x,t) = exp(—iFt +ip - x). (2.88)

i— = Fexp(—iFEt+ip-x) = EV, —iVV =pexp(—iEt+ip-x)=pV¥ (2.89)

p=—-iV (2.90)
B EM i, HERK, MEMEHOENE
Pr=i 2 —V | =io*. (2.91)
ot’

RIS X W (2) = exp(—ip - x), HH p' = (E,p), o= (t,x), N
i0MD = igle 7" = ple P = ph, (2.92)

Rk, pr & p = ior BWAIEE, “FHEE U(r) = exp(—ip - z) fHRME4EsI & p* BIKLF
MEIEZ T HeEN, EILRSEA, RINRE 6(x) #HER Klein-Gordon J7HEE
AT e

o(x) = exp(—ik - ), (2.93)
i
O*p = 0"0up = 0" (—ikup) = (—i)*k ko = —k2p, (2.94)
M, Klein-Gordon LN
0= (0" +m*)p = —(k* —m?)p = —[(k°)* — [k|* — m’]p. (2.95)

XK (K0)2 = |k|>+m?, Bl K®=+F,, HFf
By = /k[2+m?>0. (2.96)
i, XFEER k, AR
(1) k° = By MR T IEAERR
o\ (x) = exp|—i(k2° — k - x)] = exp[—i(Eit — k - x)]. (2.97)
(2) KO = — B MRIT AR

o7 () = exp[—i(k°2" — k - x)] = expli( Exl + k - x)]. (2.98)
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M, /2 Klein-Gordon FERIGESRT o(x,t) B—MMRAIE e Mg,
Bk 1 _
P(x,1) = /W\/?Ek [ak%(f)(l“) + Gy )(93)]
3

= /((217:;3 21Ek [akefi(Ektfk-x) _i_ngei(E‘kiEJrk-x)}7 (299)
H q M1 @ BNDREREHT k AR, 1/V2E 2IH— LT, X2—1MERXN Fourier £
ST @A RN, 8 o(x,t) BT =4 &P LS 2 N EERT (mode) BYZEN, B L
AT, 15

_ d3k 1 T i(Ext—k-x) ~1 —i(Ext+kx)
Pl (x,t) = /—(27r>3 TN [ake Eit + afemiEtt ]
_ 4’k 1 T Li(Ext+kx) |~ —i(Ext—kx)
_ / P [a_ke bkex) 4 gl il ] (2.100)
WA T MR MR =S BRI TN, KRR k F R -k A=
AU, T By — Feo T2, BIIEREE 6 (x, 1) — o(x, 1) BIKE

—+

e =al,. (2.101)

TR, B EATLAEN af =ay M1 aT, = o AT

(x, 1) :/ Bk 1 [ake_i(Ekt—k.x)+aT ei(Ekt+k~x):|
’ (2m)® V2E) n

-5

[ake*“Ekt*k'X) n alie“Ekt*k'x)] . (2.102)

_/d%
) @n)P V2R
E BT S TR R k — —k,

WHRIDE k B p, ¥ o(x,t) EERBF R

DO

Cr ) /25,

H(x,t) = / dy 1 (ape™™ + ale®®), ] (2.103)

Hp.o=p%—p-x, Hp’>0, WHERTERH

P’ =E, = /|p|>+m2. ] (2.104)

ap BEREN, MNMTIEREM e 7 of BFEERN, MY THAREM oo RIE (2.85) 2, H
Pezh e BT R PR R TN

3, i . .
7(x,t) = Dop(x,t) = / ] (ape™ 7" — ale?™). (2.105)
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2.3.2 FEEAERGHMNZXER
TE=HEZR AN o(x,t) 1F Fourier X%, &

. d3
/ P 7 () = / i / B [ae P0F 4 0] (2.106)

X BLEE Fourier ZB#A3 (2.69) 2 T—A &0t [NF, HH 0 = B, (HHEEUIA TR eid"te—1ax =
v, [ (2.68) /S

/d3x ptilr—a)z _ /d3x (=)t Filp—a)x _ (2ﬁ)3eii(p0—q0)t5(3) (p—q), (2.107)
/ Bz H 0T — (2365 (p | q). (2.108)
1
/ d*z et (x) = \/ﬁ ape WG (p — q) 4 af G (p 4 )
_ \/ﬁ (aq +al ¥ t) , (2.109)

EFE T, p° = /Ip|2 +m2, ¢ =/|q]> +m?, W/I\Zéﬁ § BREAIER p=qf p=—q,
#HFE p° =¢°, FH (2.64) JQX]L d3p P ESE D85, KM, n(x,t) B9 Fourier 28t h

/ Pz 4 (z) = (;;];3 \;;p_l;p 01 [age PO _ gl eiprae]
— [ & \;;% |ape™ WG (p — q) — a6 (p 4 q)]
- —2inoq (a — af e t). (2.110)
NI]
[ dadrina@) o)) = [ dvern@) ~ig [ drdro) - ;22%: ~iv/2E, a4
(2.111)
B
ﬂ ap = \/ﬁ/dsxe‘” —ipoo(z)] . (2.112)
EREUEKIEE, HEHBRERS ot = M 7l =7, 15
al = \/_ dPre P [1(z) + ipep(x)] . (2.113)

A _EHERDNRIEXFEFEN N ZRR (2.87), £

' =y =t, (2.114)
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HEH
lap, ag] = \/W P d’y [P {m(x,t) —ipop(x,t)}, e T {m(y,t) +iqo(y, t)}]
B m/ dPx &Py P70 [1(x,t) — ipod(x, t), 7(y,t) + iged(y, t)]
= i [ ety Gl (x,0),005,0) ot 0,703, 0)
= g | et i+ a0)is® - y)
_ E +E‘l 1(Ep Eq)t 3 i(p—q)x __ E +Eq 1(Ep Eq)t 3 o
= —\/m /d re —\/m 2m)20®(p—q).  (2.115)
FIEEE P HE (2.64) 3, ma—HPHE (2.68) o RIE 6 KWERIHER (2.65), A
u 1Ep Eq)t 5(3) u lEq Eq)t _ — (3) _
\/W i (p—q) = \/W 0¥ (p—q) =V (p—q). (2.116)
L4
[ap, al] = (27)°6®) (p — q). (2.117)
AL,

/d3a: A3y el Prrtay) [m(x,t) —ipo@(x,t), 7(y,t) —igoo(y,t)]

—1
ap, aq] = ——=—=
AE,E,

—1 , ,

- A diy 00t [ igoln(x, 1), 6(y, )] — ipolo(x, 1), w(y, £)]}
VAE, By

_1 (0 0 :

= B By P+t i xtay) () 0 V5B (x —
Ey— Ep / E,—E

— 4 TP 1(Ep+Eq d3xe il(p+q)x _ a9~ P el(Ep+Eq) o 35(3) +q). 2118
= JIGE, N @r)opta). (2118)

8@ (p+q) RTE p = —q LAEZ, BUEN +oo, Tl Eq— E, 1E p = —q CEBUENZE, T 6@ (p+q)
£ p = —q &M, A

(Eq— Ep)d®(p+4q) =0, (2.119)
14
[ap, ag] = 0. (2.120)
ItAh,
lal, af] = alal — alal = (aqap — apag)’ = ag, apl" = 0. (2.121)

R, FfTAT A ECHE s B N K B P A SR TRRUAIF, B apag = agap, abal = alal o
b, EEEREGEHENSEE

[ap, af] = 27)°6P(p —q),  [ap, aq] = [}, al] = 0. (2.122)

XX GHRER (2.5) 1 (2.6) IR T HICTHIHET
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2.3.3 MBEUEMNIohE
RAEE XX (1.165), HHEIrE IG5 S 5% E N

H=nu) — L = (000)? — 5(06)06 + 5 m*6 = (006 + (VoP +m?¢?]. (2.123)
HEE =000, KEBWMEBREFRIEN
H = /d?’x'H = %/dgx [7° + (V¢)? + m*¢?]. (2.124)
H—FH, BHE (1.211) X, LFREZNEHEERE
P’ :/d?’ma"qa. (2.125)

MASENYHRER (2.87), HEEXNZERR

o). H] = 5 [ Pylotx.0) w(5.0)
= 5 [ Culrtr D06 7(3. 0] + b, t).7(y: Dy )
=i / By n(y, t)6® (x —y) = in(x,t) = i0°¢(x), (2.126)
@) = [ @ylotx ) n(y.0) 5 ow.0)] = [ Sylotx.0)wly.o)] 5 o630
= / By G (x —y) a%- oy, t) =i a%- o(x,t) = idp(x). (2.127)
S| NULETHEERT
[ P = (H,P), ] (2.128)
FEXTIAA 5 R A R
[ [¢(z), P*] = 10" ¢(). ] (2.129)

AT, 8 ¢(x) SVUMESHERERT Pr BN 5 Y TRP4ESN &0 BT ior fERITESEhng
7 ¢(z) Lo
RPEBRIFI (2.103) #1(2.105) FOA (2.124) 3K, WBEHIEER LN

1 dSQT d3p d3q . . . . —ip-x ip-x —ig-x ig-x
= 3] G L) + ) )] (e — ) (o™ — afe*?)
(e 4 alo) (a0 +ale) |

{(poto +p- @+ m?) [agale™ 9" 4 ahage =]

_ 1/ d3z d3pd3q
2

2 ) (2r)5\/4E, B,

+ (—pogo — P-4+ m2) [apaqe—i(p+q)~x + altattlei(pw)w} }
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1 d3pd? . .
= - / L {5(3) (p — q) (poqo + p . q + m2) [apaile_l(po_qo)t + a:’)aqel(po_qﬂ)t}

2 ) (2r)3,/4E, E,

1 d’p 2 2 2 t

_ T

— 5/% [(Ep + |pf* +m?) (apal + alap)

H(—E2 + [p +m?) (apa,pe*mpt + alta*_pe2iEvt) } , (2.130)

IS = HE] (2.107) F (2.108) Ko HIFZESHMF (2.104) 1§ —E2 + [p|* +m? =0, MG
IR HEE R IR A TR AT

L[ dp fy gt L[ dp f 35(3)
=5 ) ey (apay +apay) = 5 (n) v [2ayap + (27)°6 (p — p)] , (2.131)

R

(2.132)

d3p d3p FE
H = E. af 271)353) / —_r
/(2#)3 p abap + (27)°0'7(0) @rp 2

RS BRSNS ER (2.122),
/N A A R RTIR FIA IR (2.0) FITC57% E RN, ¥ E 2 B

N, = ala, (2.133)

B_HEHRSRPIEN p AR FEREZERN, SN THRVERR E,. £ (2.132) iz
Ja—1Trh, BIREKR G ER AR B RER 2, M (2.68) Rf5

[ (2m)26®(0) = /d% =V, (2.134)

Her v 2ETR IS EERR, N TRBEMS 2SR, B, (2.132) REF—1THE
“IUE N IETS K ¢ B (c-number, HIZHATE, NEREAT), 2EZNEREE, BTFIE
BREIE RS RITTIAYZ RBEZ M, 2.1 TORERIINIERE], —4fIERFIITREN E) =w/2,
XEEBEN 1 INIEER, #2052 83 HE BARERIETLS RE RRE. RAIIET]
DR, ENMFLEEEFAEZ, ROk EARENEM MR £, @ ENE g,
KRR ETE 2 EXRN, NMEERREERME,

I Z A3 (212), WWETE 7 5B NEKERRX 5250

d’q d’q
H, a;r)] - / (2r)3 Eq{ajlaqva;r)] = / (27)3 Eqajl[amai)] = /dgq Eqa:fl(s(g)(q —p) = Epa;r), (2.135)

d’q i d’q t 3 (3)
[H,a,] = W Eq[aqaq,ap] = 2n)? Eq[aq, aplaqg = — | d°q Eqaqd"” (q — p) = —Epay,
(2.136)
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¢
HGL = aLH + Epal,, Ha, = apyH — Eyay. (2.137)

% |E) & H AMES, AMEER B, N

H|E)=E|E). (2.138)

NIOR
Hal |E) = (alH + Eyal) |E) = (E + Ey)al |E) (2.139)
Hay |E) = (apH — Eyap) |E) = (E — Ep)ay |E) . (2.140)

AL, 3 al |E) #0 B, PAERR of REFRMEREEAMEERLIN E,; 34 ap|E) #0 I,
BT ap WTEH 2 ERERAEERD E, o
KPR RN (2.103) #0(2.105) RN (2.125) X, EShEERHEH
I __ [ _Fadpdiq
P = /d xVp = /(2%)6 YN
d3 d3 d3 —i(p—q)-x i(p—q)z —i(p+q)-x
[ B 7 5y 7
d’p &*q pog —i(po—qo)t i(po—qo)t
[ o it

— G (p 4 q) [a (qe —i(po+qo)t + ap :Fl 1(p0+q0)t] }

d&pE .
_ /( D Lpp (apa;—i—ai,ap—i-apa,pe*mEPt+a 21Ep)

(i) (o™ — afe?) (ia) (a0~ — afes”)

L ei(p+‘1)'90]

21)32E,
1 d3p ; ;
= 5/ 27)? p <apaIT, + az,ap + apa_pe” B 4 a;r) T_p 2Bt (2.141)
FefFE B p — —p, BAAXERER (2.122), AlfE
1 d’p —2iEpt A A d°p —2iEpt t f 2iEpt
5/ 2n)7 p (ap a_pe +apal e ) = 5/ 2n)? (—p) (a,pape +alyaje >
1 [ & ; ;
= —E/Wp (CLP _pe —2ikEpt +U/Laip62 Ept), (2142)
WX MR ANE, AT, (2.141) Aeeja— 1T RS S HRIGMITE Tk, A,
1 [ &3 1 [ d3
b= 5/ (2m)3 p (apa; T a;f,ap) P / (2m)3 p [QGI»GP + <27T)35(3)(0)}
d3
- /(2 )3pa bap+ 5 5 (0 )/d3pp. (2.143)
BT [d*pp= [dp(-p) = — [PPpp, FABEATHE AT, T&,

d3p
P= / 2 palap, (2.144)
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ASEyI) s vedb IR ERyIb 0 LS SY AR RUAL NN )= 1
P SRR BTN 1

Pl = [ Sl — [ S adlad = [@raasa-p) —pa,  15)

Pl = [ o alana) = [ L alolanln =~ [ Poani¥la—p) = -pa. (210

PaIT, = aIT,P + paIT,, Pa, = a,P —pa,. (2.147)

2.3.4 NFS
NTAERSNE p NN KER o, BIZETE |0) #HE

' ap |0) = 0, ] (2.148)
e
(0]0) = 1. ] (2.149)
BB 1 KR (2132), 45 H (FRELEEESL, 13
wmammaﬁww/ﬁ% (2.150)

—J'J—IL 0) FIREEAIHER T AEE Fraeo LD, BEXESEBREERINIVES, AN, RHE (2.144)
, |0) NESEAREHERFRE:

P|0) =0]0), (2.151)
AIEZST AR,
Th, EXRRFE
p) = \/2E,al |0), (2.152)

Hrp | L2F, RIA—LKF, R4E (2.139) X, &

H|p) = (Fvac + E) D), (2.153)
S—7iH, H (2.147) K15
Plp) = \/2E,Pal |0) = \/2E,(af P + pal)[0) = /2E,pa |0) = p|p) . (2.154)

AIDUEH, MIETEZE |0), BRFE p) 27 —HaEE E,, 7 —03E p. Hit, |p)
HIRKR— &N p KT, X PRFRIBEREN E, = /[p]> + m?, EPSHIEHRIE
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e

AR AR (1.83), THZIRE (2.79) HSARESHIPE m RN FHIRE, AIES], FAERR of
HIER L — 1 shEN p KR,
REXKEHERERR TS L, 19

ap ) = /2B apa} 10) = v/2Bq [alap + (276D (p— )] [0) = /2B, (27)*0®) (p—q)[0) . (2.155)

R p #£q, MEKXNE; R p=q, WERFE |q) = |p) 1£ a, FIFEHTEREZZ (0),
A, KRBT ap BITERZIRD — P aEN p BIRLT

BARFASETARY
(a|p) = VAEGE, (0] aqai 0) = VAEGE, (0] [a;aq + (27T)35(3) (Pp—q)]0), (2.156)

14

[ (a|p) = 2E,(27)*s® (p — q). ] (2.157)

EIZ Lorentz: FERY, X2 (2.152) RAE—LEFEUK /2F, FIBRE, HHRUERRG R,
IEBA 5[ Heaviside FIEREKIZK (step function)

1, x>0,

O(x) = { (2.158)
0, =<0.

TSR (1.79) H4EshE p, p° WFSERERERTAZUNE (BESM 1.3),
B 0(p°) MEEREEA RN G Lorentz ZHEFAZE, — MIBRFRITU4ER & pr R o 4t
pP—m? =0 HEERNE (p° > 0), Kk, £E Lorentz MEKEL F(p) fEVHsh & X LAY
Lorentz AR RIEN

/&MW—menm—/ﬁm%m%—mtm%wwwm

5(p° — E &
= /dgpdpo%l’(po,p)Z/%F(Ep,p)- (2.159)
P

p

Y

HHHE (2.62) 31K, 0(p°) PHELTTE (p°)2 — [p|? —m? = 0 FIER p° = /|p|? + m? = E,,

1

ol(°)? — [p|* — m’]
op°

= 2p0|p0:Ep =2F,. (2.160)

pOZEp

HT (2.159) R LEHAGH F(E,,p) #72 Lorentz L&,

—= (2.161)
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HPESE Lorentz A&, B2 Lorentz ALMIEIE T BMATRTT, XEE Lorentz hRE PREL
g(q), MWRHE o HEBIPRIENE, H

3

9(q) Z/d3p5(3)(p—q)g(p) 2/%% 5@ (p — a)g(p). (2.162)

BT ERR A ERADEE Lorentz A5,

[ 2E,0%(p — q) ] (2.163)

WNESE Lorentz TNAEHY, IEEE

HRFAS |p) BTN (plp) = 2E,(27)%0®)(0) Z&H (divergent) HY, IRRETET =4H
T of BEAMERFZ 10 R IHEE 117 T IR AR T R, A IR AR A a1 R B
(wave packet) 152, W& 2.3,

KRB BERT o(x) FHBIESES 0) |, [FRESK

_ d3p 1 —ip-x T ipx _ d3p 1 t ip-x
¢@)m>_l/Z§6§—3ET(%ﬁ T ale )m>_}/(%ﬂ3 et AU CALY

P

5 ERLTAS [p) HIMELS
d3q d3q
w010 = [ b\ [op Olawager 10 = [ 4 \/g o a6 0
/d3 \/7 (p — )" (0]0) = e (2.165)

[ 715, PR EARES [x) SEhEAMES [p) Z RN

(plx) = (2m)~*/%e 7P, (2.166)

Hrr (2m) 732 BIH—kEF. MAPNRIRIERERL FHik, ¢(x) |0y KEIT ¢ = 2° MR AL
FALEARER, ¢(x) FHLE |0) EESTENTA o = (¢, x) &7 FE DR+, AIDER, &
SR A (2.103) FEIEH—REFECY 1/ /2F, BBITEAM (2.165) A Lorentz FEHY
3

W=, EXFRIAN pr, - pn B 0 DRT R NI ZRFEN

1, pa) = Chal ---al |0), Oy = /2B, - \/2E,, . (2.167)
RIE (2.137) X, H NERNERS
Hpy,-- ,pn) = CiHaf ---al |0) = Ci(a] H + Ey,af)---af |0)

P Pn
O> +Ep1 |p1a e 7pn>

= ClaT HCLT cal |
|O> + (Epl + Epz) |p17 e 7pn>

T
Pn
= C’laT T JH - CLI)
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- _Clapl P2’ 'a;nH|0>+(EP1 +EP2+'”+EPn>|p1="' 7p">
— (Evac _'_ Ep1 _|_ E’p2 _|_ e + Epn) ’p17 e ’pn> , (2168)

[AE, P ATERERZA T

P|pi,---,Pn) = (P1+P2+ - +Pu) P, -, Pn) - (2.169)
WHLREY, ZRFE |p1, - ,po) WRERAHEN S EAMEEEZHS M FNEENI RS
NIk,
X 5KRER (2.122) 7
alT)j --al 10)

D1 P By Pa) = V2B /2By, ab - eal Pn
= \/2E,, -+ \/2F, al . a;_...aii...aT 0)

Pn ¥'p1 j Pn

= [P1,- Py Pir 5 Pn) - (2.170)
A DVEF], MR SPHEEMNMRT, JEINSRSERMESE, B2 1848 T 2R/
FARBRA AR, KSR RHIAR TR — Rk &7, F2 WATERET (scalar boson),
M Bose-Einstein 45t [12]. I MEIGHCHE TR A AT 5.
RRLF-ZSHINFLA
<q1, q2 | p17p2> = \/16EP1EP2Eq1E q2 <0| QqyQq, @ p1 p2 |O>
= V/16Ey, By, Bq By, [(27)°6) (1 — a1) (0] agoaf, [0) + (0] ag,af, ag, af,, 0)]
= \/16EP1EP2E(11E(12 [(277-)35( (pl —q1 < |aq2 p2 ’O> + (27) (p2 - Q1) <O’ anCL;r)l |0>]
= \/16EP1EP2EQ1E(12 [(27T)65 ( b1 —qu )5( )(p2 - Q2) + (27r)6 <p2 - ql)é(g) (Pl - qQ)}
= 4By, By, (27)° [6®) (p1 — @1)6® (P2 — @2) + 0P (p1 — @2)6® (P2 — aq1)] - (2.171)
AN FZZATEE, —ME2pi=a Hp=q, 5—MEZp=q Hp=aq
TE X BNRIN q B ng DR B Z RTS8
ng) = Calal)™ [0}, Co = (2B, (2.172)
WKL FBCRIERIR N, = ala, A SRR
Ny lng) = Caabap(al)™0) = Caa [afay + (2059 (p — @)] (a})"0)
= Caafalap(ab)"s~*|0) + (27)*0%) (p — q)Caaf ()"~ |0)
= Coa(ah)*ap(ad)™2(0) +2(2m)*6™ (p — @)Chaf (af)™ " |0)
= - = Chaf(af)"ay [0) + nq(21)*6™ (p — q)Coaf (af)" " |0)
nq(2m)*6%) (p — @) Caal(al) ™ 0) . (2.173)

fER R AR R TRy, FEIERFHES

d3 d3p
N = )3 / n)? az,ap. (2.174)

q)
)
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H (2.173) 1§
d3p d3p . .
Ning) = [ s Mol = [ 55 ma(2)'5 0 — a)Caal a0
= nqc’2(a£)nq |0) = nq[ng) - (2.175)
I, [ng) 5 N BOARGER, REENETE 0.
i, E X ZRTS
gy =+ o) = Cylah )™ - (a Yo [0), Cy = [[(2E,)™7, (2.176)
i=1
DAIRZNEN py, - P BIKEF3RIE 1y, -+ 0y, THRES, HEF, &
N ’npla e 7npm>
d3
[ el -ty
d3
- [ & i et 0
+ 1y (2089 (p — 1) ()™ a2 - (a1 [0)]
d3
- / (271'];3 Cs [aT (a;rn)npl ap(agg)n” (a;r)m)npm ‘Oﬂ + Npy [Mpys o+ 5 Mp,)
d3p n T\,
= :/<2 ) 03[ ( ) P "'(Cme) pmap|0>] _'_(npl +"'+npm)|np17"' 7npm>
= (np, + -+ np,) [Mpys 5 1p,) - (2.177)
AL, N HRIE R SR R EAT
2.4 EREMIENZETFH
AT, BANTHEEEY o(x), ERHELZBHIEEM (2.78), B
o' (z) # o(x). (2.178)

HHERENNRERA 1.7.4 /1 (1.246) KWER, A, BTFREFAZE o) BR

7, TEAARERERIEICS « BUREAIIEILS |, & Lorentz ATHKEN

L= (0"¢")0,0 —m’¢'e,

Hrfm > 0 BEREINRE. o(x) 5 ¢ (x) &RIEMZ, B MR ZHVIENEER, 7

oL . 0L,
20,00 P ag = ™Y

oL
9(0,9) L0

oL

= 8M¢T o _m2¢T7

(2.179)
FEE

(2.180)
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M (1.162) LA IEE 7712
(0* +m?)p(z) =0, (9> +m?)¢'(z) =0. (2.181)
Bt UL, o(x) F1 ¢'(z) ¥JiH/E Klein-Gordon J7 &
ALK EREY) ¢ AN EIREY) ¢ F ¢ FIRMEA S

1 1

\/§(¢1 + i¢2)7 ng - \/§

¢ = (1 — igha). (2.182)

MM, HIERE (2.179) fkH
£=5W%—MM%%+Mﬁ—%MM—wm@+m)
= %(3%1)5’“% - %m%? + %(8%2)8“@ - %m%b%. (2.183)

5 (2.79) SNCEATAL, EFREIZHIHRER S T 248 B R SChR 2 H0HL RE,

2.4.1 FEEEBRH

NTEREY, BT CUEAE 2.3.1 /NEHRR7TEN IR R R R, XAIE T Re
N BHHugett. MM, B8R o(x,t) B—REthEE (2.99) XAER,
3
o(x,t) = /(gﬁl; 21E [akefi(Ektfk-x)+akei(Ekt+k-x)]
V 4L

dSk 1 —i —k-x ~ i —k-x
~ | G e B o). (2.184)

FEANTTHES S I FE RS k —» k., HTEREYNE BHIEEM (2.78), BAF
EL_k L:J‘ ax ‘&ﬁﬁ“&%%, BﬁZiE?'ﬂ

bl]; = dy, (2.185)
] Fe 2 AZ A
4’k 1 —i(Ext—k-x) T i(Ext—kx)
o(x,t) = / on) VaE, [ake k + bye' } . (2.186)
Hiagids, # o(xt) NEERBFEREK
d? 1 : ,
¢(x,t) = / #W (ape™" + ble?™) | (2.187)
P
Hrp p® TR RTEA
P’ =E, = /|p?+m?2>0. (2.188)

UG KSR, WRE] of (x, ) AFEE R

d3 1 , .
Pl (x,t) = / P (bpe ™" + af,elp'x) . (2.189)



2.4 EFrEHIENSE 71 ~ 61 —

MAE, ap F by B HEMSZAE KRR, 1 of M1 68 2 ME B A FAT,
R (1.163) R, o(x,t) X R YHYE) &% E 2

3E d3p —lpg s .
= = T ) px T p-
m(x,t) 0d) Do / P Ak (bpe ale ), (2.190)

o' (x, ) XM HHLHE R R 2

&y — ~
m(x,t) = — Do = / - 1p0 ape 7T — e | (2.191)

w@ﬁﬁ%ﬂxoﬁﬁﬁkﬁﬁomﬁﬁﬂﬂﬁ,%Wﬂ%*ﬁﬁ

[qb(x, t)v 7T(Y7 t)] = 15(3) (X - Y), [¢(X7 t)? ¢(Y7 t)] = [W(X’ t)v W(Yﬁ t)] =0,
[0 (x,1), 7! (v, )] = 16@ (x —y), [8'(x,2),¢'(y,8)] = [« (x,2), ! (y,8)] = 0, (2.192)
[p(x, 1), 7! (y, )] = [0 (x,8), 7(y,1)] = [p(x,1), 6 (y, )] = [w(x,8), 7" (y, )] = 0,

AR AHEH DU R EERBERN SRR, ARHESTENL 2.4.2 NIIERNE,

lap, af] = (27)%6®)(p — q), [ap,aq] = [a}, al] = O,
[bp, bl] = (2m)*6® (p — @), [bp, bg] = [b],, bi] = 0, (2.193)
[ayp, bl ]

[bp, @ ] [ap, by] = [a;r),b];] = 0.

KU (ap,al) 5 (b, b)) BFTERRNFATERE, HRHH TR QK E T

2.4.2 EKiFE. WEFEEAERHNGE XA
ANIHES AT K ERFIN KA (2.193) 6

F
: dBp 1
A3y elae :/ /d3 i(p—q): +bT i(p+q)-
/ xe¢(x) ) JoE, x [ape™ “]

d3p

:/ — ape” i(p®—¢q° td?’)(p q)—l—bT (P°+4° NG (p—i—q)]
V4
1 (0

_ T 2ig%t

- 7= <aq+b,qe ) (2.194)

il

/ 1qm T

—1 —i(p—q)-x i -
/ 212 [ape (p—q) —bﬁe (p+q) }

_1p - [age 060 (p — q) — Bl TS (p 4 )



e $28 BTRES
- \;% (aq - biqe2iq0t) , (2.195)
q
/5[: 2.
/d3x e (rt —igy) = _2120 aqg = —i\/2E, aq. (2.196)
q
TR,
i : —i .
ap = Bz e (nt — i . al = /d?’:celp"“" + ipeo?). 2.197
o= g | e o, dh= o (rtipd). (2197
M, A
1 i(pez—a- . .
[ap,afl] = w/d?’x APy eiPe=ay) (71 (x, 1) — ipod(x,t), 7(y,t) +iged' (y,1)]
V P—q
1 ; ; . .
= AR E /d3a: 4Py 10’0t i Px—ay) (IQO[WT(X, t), o' (y. )] — ipo[o(x, t), 7 (y, t)])
\ alplig
1 / (0 0 g
- | &z d3y el(P’=a")t o —i(p-x—qy) (po + q0)5(3) (x—y)
VAE, E,
_ P + q el(Equ)t/de efl(pfq)-x _ P + q el(Eprq)t(QW)35(3)(p . q>
4E, E, V4E, E,
= (2m)%6® (p — q), (2.198)
PAK

/ P dly T [11(x,1) — ipod(x, 1), 7 (y,1) —igee(y,t)] = 0. (2.199)

—1
ap, aq] = ——==
/AE,E,

573, H
iqg-x d3p 1 —i(p—q)-x i T
/d?»;ceq ol (z) = / (27r)3\/ﬁ/d3$ [bpe (r—a) +a;f)e (p+q) }
p
3
2F,
1 ( T 2i%
_ by + al e ) (2.200)
2F, 4
Al
By ola® dp__—ipo 3 —i(p—q) _ ,f ilpra)
d’z e (z) = @) B, 4’z [bye —aje ]
p

= /d3p ~ Do [bpefi(pofqo)té(i‘i)(p_q) al @+ 563) (p 4 q)
V2E,

" <b —al eQiq(’t) (2.201)

2B, VY T
! N
/ &3z e (1 — igee!) = _2120 by = —iy/2Eq by. (2.202)
q



2.4 ShrEHIIENE T ~ 63 -

T,
by = 21Ep /d3x P — ipeg!), b;r, \/ﬁ AP e P (1! +ipye). (2.203)
Miti, A
1 . ) )
bt = e [ T (0 i (0, 75,0 + o, 0)
| |
1 . . ‘ ,
= I / P dy 7T figy [ (x, 1), Gy, 1)] — ipolo (x, ), 7 (3, )]}
plq
1 . .
= 7= /d% APy "0V mix=a) (0 4 0)5@) (x — y)
V 2bply
_ Pt B im-m / B eiv-ax = Dot D imnt 9)350) (p — g
/4E, B, /4E, B,
= (2m)* (p — q), (2.204)
AN
—1 - : :
[bp., bg] = \/ﬁ/d% APy P [1(x, 1) — iped!(x, 1), 7(y,t) —igod!(y,1)] = 0. (2.205)
P—q

ah, EH

[ambjl] = \/élﬁl?iE/de APy P09 [7f(x, 1) — ipo(x, 1), 7' (y,t) +igod(y,t)] =0, (2.206)
ptiq
PAK

-1 (D2t ) )
[ap, by] = \/m/dsx dgyel(p +ay) [WT(X, t) — ipoo(x,t), w(y,t) —1qo¢T(y, t)]
pLig

1 ) )
- / &P 4Py e ) {igofrt(x, 1), 61y, 0)] — ipol(x, 1), 7(y. )]}
VAE, E,

1 . .
= TYonoH /d% A3y e+t i xtay) (po — q0)6P (x —y)

E, — I / _ , E, - L
= B4 Bt E [ @3pemirax — TP G5t Et(9)35G) (p 4 q) = 0. (2.207
T VBB, NZvN (Em 97 +a)=0. (2207)

2.4.3 U(1) BIEWRME
KOIT 1.7.4 /NEHINIE, NEREY o(x) 7F U1) AR
¢'(x) = p(x), [¢'(x)] = el (2), (2.208)

HAPSEH L ¢ 2 U(1) faf, SE&C0 %Tﬁ@ﬁ? o RS R, WHIRE (2.179) M, RGA
A U(1) BANFRM. N U(1) SPIERERN

JH = iq¢T§‘>¢, (2.209)




i
I
il
T
1
i
N

— 064 —

WESFEIRIE 0,00 = 0, ER— Do KER,

(") = {iglg0"6 — (0*61)gl}T = ~igl(@"61)p — 610"9) = iqo D 6 = Jn. (2.210)
MNE U(1) SFIERREAE

Q@ =g [ #26'Fo—ig [ Exloie’s - (@6)0] =g [ @ (oia —n0)
: d3 d3 d3k —ip-x ip-x : —ik-x ik-x
= 1q/ﬁ [(bpe P —i-a;ep ) (—iEx) (ake o plelk )
. (—lEp) (bpe—ip-:v . a}‘)eip-:v) <ake—ik-x + blteik-ac> ]
_ / A3z d®p d3k
N (

21)6\ /A, i

{(Bt By [afac' = — byl
+ (Ex — Ep) [bpake_i(ﬁk)“ — ai,bltei(p%)'x] }

dPp &3k . .
— g / __eper {( By + E,)6®) (p — k) [alf)akex(ErEwt _ bpbltemerEk)t]

(27)3\/AE, By,

+ (Bx — E)0®(p + k) [bpake’i(EerEk)t — a;blei(EﬁE“)t] }

R B . 2.21
= q (27T)3 (apap — Up p) . ( N ]‘)

FAXNZ XK (2.193), AlfF

(27)?

Q :/ gt (qaf)ap —qbgbp) — (27?)35(3)(0)/ (;;1;3 q. ] (2.212)

BB IR R 24T, S TR S, R 8EERR ola, FRECE ¢, MRFHEE
BT biby, RELZ —qo AT, (ap,af) MIRRIRIFBAK UQL) N ¢, FENIERTF; 5577
[, (by,bl) MIAHIRFEAMHKE UQL) 0 —q, FNRKLF, Kk, ErrEZER—XER 47
TRET, BREFRM, S Q BITAFNERAFA LR T o#ikE UL) iz fl, JXEAAD
RLFHT U(1) M ¢ BE —g XPEMT Q BYTTERZMINPERY, FER BT MBIt Kimig—
FRAZRAENNMEE F#L (internal additive quantum number) o SEBR_E,

R SR ¥ HIPRA N ERARNTE & F 255 HH M B A AR .

WIS RRRLE) o(x) BB T 2R TR W (o), U

%:3/&HMW¢+wwa (2.213)
R TREE (1.3) RSN, R, KT Qg KA RN R T8 5 R
BITH % BRI, WALRN, fERTHIET Qg R TR A BRI
S T IR T SRR,



2.4 EFrEHIENSE 71 — 65 —

USSR BRI U(1) SISl I BEAEAR AT (2.78) 678
P (x) = ¢'(z) = [¢(@)] = [(Po()] = e (2) = o(a). (2.214)

EREK ¢ =0, Kk, XEAREGAREHITIEERER U(1) 8BRS, KPR L, BILPEsmAaE
SEFR R I ARRRL A RE B A A AEZR R NEAE N E TR, W, [R5 &b 2
[, SCAREIGHGIRE — R MR F (truly neutral particle) o

g —PiE, [AEREGINIEEMEER

d3p d3p
H = / Ep (a;ap —+ b;bp) + (271')3(5(3)(0) / W Ep.

I (2.215)

PR 7 F AL, WMETERZE3EEAA LA FRIRERE M, BN 75 BT B A48F 49
g m, NMsIEN p NEERYIN E,, 5—J7H, EMMEGNESHERNN

Ep ot
= 2n)? p (ajap + blby). (2.216)

SRR A ERE R FRIEIE 2. BAHESEREN 2.4.4 /NEBNA,
2.4.4 FER: HSREWENSHE
RAE (1.165) 3\, ErREHINGEIEEE

H = 10hp + 70" — L = (0°0")p¢ + (9°0) 00" — (9" ¢1),p + m*¢T
= (0°9)900" + (Vo) - Vo + m*¢'o. (2.217)

T2, MEE AT IS

<

H — /d%?—t — /d% [7lr + (Vo) - Vo + m?¢T¢]
:/A%MW+V4MVM—MV%+m%w
_ / dx[rtr — 610°006 + ¢1(8°8) — V2 + m?)g]
_ / &z [rtr — ¢16°0ps + o1 (87 + m)]. (2:218)

EEB=H T SEEGRBGEN], SBIUPTHE 72, &E 1T S B =10R] OE
it ¢ MIzaN7iHE (2.181) THZEK. MM, 155

H = /d3x (mim — ¢T0°0y0)



— 66 — ek = = — =
F2E BETIhE

_ d3z d3p d3q . : ‘
= / ( {(—1Ep) (ape_lp'x — bLelp'x) (—iEq) (bqe_iq'x — ageiq'”)

(2m)°\/AE,E,
— (bpe_iw + az,eip'x) (—Eg) (aqe_iq'x + bgeiq‘x) }
3 3 3
= / —?2;;61 L _ZE‘JIE‘; [(pr;bq + Eqalaq)e P07 + (Egbpbl + Epapal)e =0
+ (= Epapbq + Eqbpaq)eii(pﬂ)'m + (—pr;ag + Eqa;r,b(];)ei(pﬂ)"”]

= M 53 T t i(Ep—Eq)t
(27)*\/AE, By {990 — @) [(Btfba + Bafag)e

+ (Bqbpbl, + Epapal)e P Fall]
+69(p+q) [(_Epapbq + Eqbpaq)e_i(Ep+Eq)t
+ (_prf,ajl + Eqaz,bg)ei(EPJrEq)t] }

_ [ EeE g i t
= | arr [bhty + byb, + apa) + afay

+ (—apbp + bpap)e " + (—bl;aip + aLbip)eQiEpt}

_ [ I Borory oy 35)
(2r)3 2 [7P°P + 2aa, + 2(27)°5°(0)

+ (—apbp +bpap)e " 4 (~blal, + aT_pb;)emEpt}
d3p 3
— i d
/ @2n)? Ey (alap + biby) + (2m)%6@)(0) / (277';3 E,. (2.219)
XELE (2.215) R
RE (1.212) X, EREZNESIEN

e _/ &’z (7Y + 71V e)
:_/M T .
(2m)® /—4Equ [ — 1Po (bpe —aye ) iq (aqe T _ bLelq'w)
— iqo (aqe_iq“ — bjleiq“”) ip (bpe—ip~m _ alf)eip.m) }
_ / d’z d’pd’q
(

2m)6\/AE, E,

[(By abyb] + Eqpbiby)e @0
+ (B QOJLaq + Eqp aqal)ei(p_q)'x
— (B, qbpaq + Eyqpaghy)e @He

— (B, qaldl + B pbial)el o

d’pd’q
= / (%— {5(3) (p—aq) [(Ep qbpbf1 + Eyp bjlbp>e—i(Ep—Eq)t

)3\/ 4FyEq

+(Ep,q a;aq + Eqp aqaL)ei(EP_E‘l)t

— 5@ (p+4q) [(Ep qbpaq + Eyp aqbp)e—i(Ep-i-Eq)t



Sh e

+ (Epqald) + Eqp bgapeiwﬁw} }

d&p E
_ / B2 P o)+ biby + ajap + apa)

(2m)32E,
+ (bpa—p — a_pby)e ! 4 (albl | — bT_paL)eQiEpt}
= [ s 5 o+t v = [ 5wl ) 4970 [ o
= / (;;];3 p (afa, + blby). (2.220)
XL (2.216) o
> &

2.1 REAF o GEJEKILL of WERMZHRA
{a,a'}y =1, {a,a} ={a’,a’} =0, (2.221)

HARFMZFENN {A, B} = AB+ BA, IEHEFF N = ala WAIEEN n, KIESH |n),
Bl N |n) =nin), =N (njn) =1,

(a) UEBH [N, a'] =o' #1 [N, a] = —ao
(b) UERAATE(E » HAEE 0 1 1, WiH
a'lny=vV1I—-nn+1), aln)=+vnln—1). (2.222)

2.2 BHIPEEREAFNNGRER (2.122), PAK o(x,t) F n(x,t) BRI (2.103) #
(2.105), HEHZFERXZRKER (2.87),

2.3 HSEhRERIRALTA (2.152) Widik e, &

_ d’q Fp(q)
HAREL Fy(q) T
d3q s d3q _
/ (2m)3 Fol@l” =1, /—(QW)?, [Fp(@)]"a =p, (2.224)

SKPT (W, W,) FUSE R EIFEE (1, P |v,)
2.4 WSRR o(x) TR (2.103) AR HHR (2.120),

[P, ap] = —ptay, [P“,ag] = p“aIT). (2.225)



K5

— 68 — Fo2E BEThEY

2.5 NT HHENREY ¢(v), BRIE 1.7 TKT Noether &HAIIIE, Lorentz MFRMEL HHYSF
TEART SRLAF
JH = / Pz (T%x — T%z"), (2.226)

F A
T° =H = %[H + (Vo) +m?¢?], T” =nd'¢. (2.227)

FIHZER AT B R FR (2.87) #HEH
[o(x), JM] =i(x"0” — 2" 0")p(x). (2.228)

2.6 BnEY ¢(x) AIHZ (2.182) RN DIAREY) ¢ (2) F ¢o(2) EMEHEG . 1% ¢1(2)
1 ¢ () BT FRFF A

dBp 1

0@ = [ G o (e ). (2.220)
— d3p 1 —ip-x eip~:c
Pa(z) = / 2n)? \/Q_Ep(dpe +dle? ") . (2.230)

(a) HESERRGTEIBITR (2.187) A1 (2.180) FPEAIE BRI (ap, b, by, b)) 5
AR B AETER BT (¢, b, dp, df)) ZIAIIRR,
(b) MRHE LR XA NI Z K ER
[cp.cl] = (27)°6¥ (p—q), [dp,d]] = (27)°6® (p — q),
[cp, Cq] = [C;[),C:rl] = [dp, dq] = [d;,d};] =0, (2.231)
[cp,dq] = [CLdZ] = [Cp,d(];] = [Cliadq] =0,
BUE (ap, al, by, b)) TEXT ZRAR (2.193) 0
2.7 BEY ¢(x) BIFIEMERF Q A AKX BEAFRIEK (2.212) 7
(a) UEBH
[Q,¢] = —q0, [Q,0'] =qo'. (2.232)
(b) ¥ |Q") 2 Q WAMES, AMEEN @', Bl QQ) =Q' Q") WIE ¢|Q") Fl ¢ |Q") BY
Q AEEZHNN Q' —q F1 Q'+ q-
2.8 NTEINREY ¢(x), AZEA |0) #/E ap|0) = b, |[0) =0 F1 (0]0) =1, 5IAZNEN p WIE
RO T ph) = /2B, al |0) MIRMREREOTE [p7) = \/2E, 01 (0) o
(a) KA (qp™)« (a7 [p7) M (g |pT)o
(b) 3K (0] p(x) [p*)+ (0] o' (z)[p~)+ (¥ ! (x)[0) F (p~|o(x)|0) o



Sh 60

(¢) MUESFIERIETT Q IF0AR (2.212), Hith

Qp") = (Quac+a)[p?), Q[p7)=(Quc—a)|p7), (2.233)
Hrp ;
Quac = —(21)°6)(0) / (27:;3 q. (2.234)

2.9 HEERESFEMAERT Q MIREMERST H FRIXKX (2.212) 1 (2.215), 1EH

[H,Q] = 0. (2.235)
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% 3 E Poincaré WHESHRFE

REDRARAT 01 B TR A 2 Y Poincaré JFRME, A TR E LI E T Poincaré
e, HXIIESP NEIE T Lorentz Z8#t, Lorentz RELFN Poincaré fX%X, Lorentz &5
Lorentz FFRYFREICEYINER, MiaEN TRAFBEM &2 0 ZRRIR, fEEFHIeH,
KiFH Hilbert ZRIFPRIESKIIR, MAICHERIR F1B515 & T Poincaré ZRHONSRKIIERA
K, HHAT DIy BR 82,

3.1 =F Poincaré Tik

1.7.2 /N4, I 2HREY Poincaré 288 (A, a) N
o' = AF o + at, (3.1)

‘B2 Lorentz ZEH A FINZZEREZHR o WAHE, WRETRHAEA Poincaré RN, RIFEIN
BHA Lorentz XFRPERIN 23 AR, ﬁﬁﬁ*ﬁﬁﬁ"] Poincaré 284t (A, ) TEYIEE Hilbert Z3[H]
PSSR (V) LMt IR

|\P/> = U<A7 CL) |\P> ) (32)

Hrh A NE AR S Lorentz e, 1M U(A,a) B— MM L EFA, fHIAEF Poincaré I
3, W
U'(A,a)U(A,a) =UN,a)UN (A a) =1, U YA,a)=U'(Aa), (3.3)
HU®@1,0)=121EFER. U\, o) WAEM (unitarity) PRIESKEINIRIEE F Poincaré 25
AR,
(U'[0) = (T|UT (A, a)U (A, ) |T) = (U]T). (3.4)
a* = 0 NN T Lorentz 2848, [Alkk
U(A) = U(A,0) (3.5)
fIAEF Lorentz TR, #E U1(A) =UT(A)o U(1,a) NFIAEFIITFB TR,
X2 ABFRFEAE Poincaré 284t (Ay, 1), 195 2 = (Ay)* 2” + af , FAE Poincaré 284t

(AQ,CLQ), *&Hj
P = (Ao, 4 = (A [ 20 ] + b = (AsA o + (Aol +ab (36)

p

71



79 % 3%  Poincaré XIS 745

XA FAE Poincaré Z8#t (AyAy, Agay + ay), T Poincaré MFREIIFIERKRE R & X &
U(Ag,ag)U(Al,al) == U(AgAl,AQ(Il +a2), U(AQ)U(Al) == U(AQAl) (37)

¥ UA, o) IETCRRYERERE, WIS {U(A,a)} 1 {U(A)} 73 AIHEAK Poincaré FEA1 Lorentz FERY
FFR4E L E& M AT, M, H

U NN a)UNa)=T=U(1,0)=UN'AA'a—Ata)=UN, ~Ata)U(A,a)  (3.8)

1SRN EAT
UtAa)=UNT, -Aa), UNA)=ULAM). (3.9)
o557 Lorentz 284t (1.213) BEEFEENE A = 1+w, L5 /NN ERBHRIKR N ot = &+,
Hrr w # et BIF/NE. M, J&%57 Poincaré ZHt (1 + w, &) WSS /DAERRFN

OU(A, a)
0w,y

OU(A, a)
O,

Ul+4+w,e) =14 w,,

+ &,
wpr=¢€,=0

Wy =€p=0 (3.10)

i
=1~ 5w " +ie, P,

XL (W, e0) = (0,0) BFIEXT U(A, ) 1F Taylor 2%k, HEHE w,, F e, BI—FIE, M

JH = 2i —8U(A) fmoopr=

CoU (A, CL)
_l —
&uu,,

O,

(3.11)
wur=¢€,=0
7l EF Lorentz ZRHM & 1IN PR EAYERTERN. RiE 1.7.3 /NIie, £S5
Wy T SOSFRRY, BT T 2 RO FRIY,

wpr=¢€,=0

T (3.12)
T2, JvH 6 MLsrE, T PHA 4 MY E. H U1 +w,e) BNAEMEHED
I= U140, U1 +,) = [T+ L wu () - igﬂ(mq [H I i P
= T L) — ] — iz, (PR — PP, (3.13)
FUE— S BT o B =, IR, GO0, o i P (IR 5 BEER S K BT,
(Jt = g (Pt = P, (3.14)
FRIFF A HRIAN (3.9) MIFESER 3.7), A

U A a)UQ+w,e)UAa) = UA, A a)U[(1 +w)A, (1 +w)a + €]
= U{AN'(1+w)A A (1 +w)a+e] — Aa}



3.1 =T Poincaré 25t - 73 -
= U1+ A 'wA A wa + A ). (3.15)

X BRI E—2 0, 15

U YA a) U +w,e)U(Aa)=U (A, a) (H — —wu, I+ ie,fﬂ) U(A, a)
—1- %wqu—l(A, Q) JU(A, a) + ie, U (A, a) PPU(A, a), (3.16)
UL+ A oA A wa+ A le) =T~ %(A‘lwA)WJ’“’ +i(A'wa + A e), P*. (3.17)
AR (ATH), = g°7gsoN0, B
(A 0N T = (AT WA, T = gua(A) g AT, T

= guaga"gﬁpApawﬁvAvyJW = ANy AT I = wp AN TP (3.18)

(A_lwa + A_le)MP“ = gm,(A_l)”p(wpUa”P“ +efPH) = gWg"ngQAaﬂ(wpga”P“ + e?PH)

= 55”Aa5(wagaUP“ + o P") = Wae A% a7 P* + e,A%, P*
1

= 5w Apa" PP+ w, A" PP) 4 g A, P
= %ww(A“pa”P” — A”pa“Pp) + e AP
A (3.17) R, 1%
Ul+A"wA A wa+Ale) =T~ % W (AN 5 TP — AF 0" PP+ N 0 P?) +ig, A", P¥
5 (3.16) I, W w,, M e, REEMHEL

U YA, a)J"U(N,a) = AN, — A 0" PP + N ,a" PP,
UYA,a)P*U(A, a) = A", P

ERE, (3.21) NALEX o M v FEPRROSFREY -

AN JP7 — APy PP 4 A @ PP = AP A, 7 — N ja” PP+ AY 0" P”
= —(AY AP, TP — N @' PP + A PP).

(3.19)

. (3.20)

(3.23)

AR RN PR S (3.21) NAEOMR, S RAGERAZ, XZHAE (3.19) His/amizb HiA]

FAEAREE AT w,,, IR FRMERE TS ORI
Bat=0, 15

U Y A)J*™U(A) = A* A, 7, (3.24)
U Y A)PFU(A) = A*, P". (3.25)
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i, AROTREAF g M PrAE |U) = U(A) |O) RRYEAIRHES BAHE |v) HRIBIRHEZ RIFY R

(W] |9 = (U (A) U (A) ) = A¥,AY, (0] 77 [), (3.26)
(/| PH|U") = (0| U‘l(A)P“U(A) W) = A¥, (U| P” D). (3.27)

Al U= (A)JU(AN) F1 U-Y(A)PRU(A) 73 RIBEHSKIIE T Lorentz ZHIE S HIRAY JHv
M P+ EFFHY Lorentz 25k,

JW = U N)J"U(A) = AN, TP, P*=U"'(A)P'UA) = A", P. (3.28)

XEREH J* 22— 2 i Lorentz =, 1M P* &— Lorentz X&,

3.2 Lorentz VZ#1 Poincaré 11 %%
THAFFR (3.21) Ko FHIETLF /) Poincaré 224t (3.10), ZWE K&, (3.21) XLEBHN
U1+ w,e)J"U(l +w,e) = <]I + %Wﬂs — 157P7> JH (11 — %waﬁjaﬂ - ieaPo‘)
= Jm — %waﬁ Jr Jer 4 %Wﬁ“ JH 4 iy JH P — ig, P
. %wm[ﬂ“’, 7] + e, [, P7]. (3.29)
(3.21) ALE —ITE K

(LW (14 w), T = (8 + W) (876 + W g) P = 8#,8" 5 P 4 8 o JP7 + w0 5 T
= T W WP = T W TR wepght T
= Jm 4 wpo_( g’PJHT  gHo JvP)

v 1 14 a g 14 1 vo vo
= JH +§wpa(g PR 4 gt J”)—i——wgp(g JHP 4 ghe JVO)

2
= J" + %ww(g”ﬂj’w + gho g — g" T JH — gt Jv?), (3.30)
HIh, CPHB T M w, BRNFRE. (3.21) AGEE = =TiA

(L W) PP 4 (L w)” eh PP = — (6, + wh,)e PP+ (8, + " )PP = —" P! 4 P
= —c,(g""P" — g P). (3.31)

Heie =R, B w,, Bl e, BRI BOTE Tov 1 Joe BOX 562

[(]MV7 JPU] — j(gVPJMU — gHP IV — g7 TP 4 g.uUJVP>

(3.32)
=i[g"’J" — (< V)] = (p > 0),
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Lie 1$£ (1=a))

Lie & (5 m#A2)
3.1: Lie BEAI Lie 1REHYLAIE X,
DAz Jr Fl Pe N 5 R ER

[J*, P?] = i(g"°P¥ — g"*P¥). (3.33)

£ (3.32) EEATH, (u > v) FORKRTHAYIT g7 Jre BUEAR p F1 v XTI, 133 gregve;
[FEE, (p < o) RONKRTEAYI i(gvP JHo — gt o) BIFERR p B o XTI, 182 i(gvo JHe — gt J7P) o
HRE, (3.32) NGWEERET 1 M v RONFR, HXTF p Fl o RNFR, THXT (u,v) Ml (p,0) K
XIFR, XA RN SR — 5, PUERTT Jm B 6 DN BB IR &b = 1]
DRFPHERERER Jv NEEHE, ANSXR (3.32) EXNRER L, MEEREFRRZ
AR E, RISREEE RN, FREMESSADY Lorentz 13 (algebra) .

Lie B2 —KRPRAVESEE, n 4t Lie BERVBEZRIE n DMRSZHESLSE 67 (0 =
1,2---,n) #0R, BAH n i ARG, O(N) fl SO(N) & N(N —1)/2 4k Lie B, U(N)
& N2 4 Lie #f, SU(N) /2 N2 — 1 4E Lie #fo AT n 4E Lie BEI—1 m $EEMEFRR, TEHAL
FERERTIT, Too5 /IR N RS FERE AT Ry

1 +i67t" + O(6°0°), (3.34)
Hrr o 2 n DMESZAT m BrAERTTRER, XA It N 2K R

12, t% = if%®,  a,be=1,2--- ,n, 3.35
[

Hrp fobe J2—2HSLEL, FRNVEEIIEEL (structure constant), {fE fibe = — fbec, NEGERILNE
TR B REIMPAERTTRER, A, F— Lie BEATA M FRRAIEEH HEES & — R, B
iR Lie BEAYRIEMERT, QR — Lie B5E Abel #f, N HEEEZE, LRTTHIXN 5 TR
N Lie &5, 2—MREkzE, DMEMITTNEKRVEMEZSEIX Lie 55185 25 AW,
R EL, PR Lie U8, Lie fRELXIE Lie FEEETTMITRYRIE, N &M RIAEETA
It =18, i 3.1 Fios.

Lorentz #H2—1 6 4E Lic B, BEXTNHY Lie fREUH/E Lorentz 184, Lorentz FHEMZRME
TR AEBOTHRE# 2 Lorentz fUEIR R (3.32) . IdR, EdMEHE (3.32) AR TTIE
FE, B]DATSZE] Lorentz FERVERMETRIR,



76 - % 3 & Poincaré NIRESR T

FATA] DHESRAT Jmv 19 6 DAL EHE R 2 D=4 RBHT

. 1 ... . . .
T=3 gk gik K= % (3.36)
Al
J=(JB, %), K=(J%J% %) (3.37)
A EERI AR S5 T BN B RAN
[Jz’ J]] — Zé_llflg]mn[Jlfl’ Jmn] — igzklgjmn{[glmjkn o (k PN l)] o (m PN n)}
— %giklgjmn[glmjkn o (k PN l)] zklgjmn lmjkn — _igiklgjlnjkn
= igiklgdnt Jhn — (gl ghn — §ingka) jkn = —i 7t = i.J4 (3.38)

B P FIEI=4E Levi-Civita TFE RN FRYE, TEEEE =4 HF (1.114) o B J® = J!
S231 71 g31 g2 _ 312 72 | J12 — g3 — Z123 73 4,

T =, (3.39)
NIEEE
[JE, J7] = ie9* J*. (3.40)
FIN 2 =R E X
0 = ~5 e*wi, €= —wy, (3.41)
&l
0 = (—waz, —ws31, —wi2), & = (—wo1, —Wo2, —Wo3), (3.42)

XH 0% = —wpy & (1.217) NS - BEEshAE 0, 1M ¢ = —wo 22 (1.221) A o fikEiE
IHREE ¢, HEAh, 0 F1 62 7 AESE « SN o RS, €2 F1 & 2RI v BhAD » G
HIHREE, MM, Jo%/NET Lorentz ZE#ifk )y

1 =1—-=
Ul+w) 5

=1+i0-J+i¢ K. (3.43)

XNTF5E 2 HIRFER A R.(6°), 00 =02 =¢ =0, ERBEWEE U[R.(0°)] =1+i0°T° + O[(6*)?],
L

U.)W,J'u =I- 10023J23 — iu.)gl J31 — iCU12J12 — iw01 JOl — i(JJOQ:]OQ — i(JJogJOS

dU[R.(6%)]

& |, i3 (3.44)
3=0
MR UIR.(0)] = T sRISHER Y & T ek 25 #h
UR.(0%)] = exp(i6® J?). (3.45)

1.7.3 /NRE], ZBRBEE RIS VA e EEE, Wi J° 2 B AsIEERAE - ik
Wore. FE, J' A J? Rl S AEhERAE « Bif y M bR E, BatEi, EROTERT
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J M RAMERR. SHEEERE SO(3) /& Lorentz FEEAISEIRHIF#, SANEERJ
EETTRENRETIRAAEBITAERT, M (3.40) 2 3 4k Lie #f SO(3) B Lie fRECLHR, MM
EEREEUZ Levi-Civita FfF5 ¥k

SO(3) #H5 3 4E Lie A SU(2) AEREIEKR, £ SU(2) BAVEAMERRP, 3 MERITE
RERIK Ny i
T = %, (3.46)
H o' 2 31 2 x 2 [ Pauli %R,

1 1 2 _ —i 3 1
a:(l ), U:(i ), O'_< _1). (3.47)

EATTERR BRI A X AR,

(o)) = (o)) =o' (3.48)
Pauli A FF IR R RAR A

olo? =io®, o%® =10, oo =io?, (3.49)
o’ot = —io®, o%0% = —iot, o'od = —io?
HghEER, A
olol = 89 +iFo*, (3.50)

GIOE AN T 2 x 2 BAKERE 1, MM

[0, 07] = ic"ho" — il ok = 2icF ok (3.51)
{0,067} = o'o? + olo® = 26" 4 ichoh 4 idF ok = 267 (3.52)

T2, SU(2) ERTT 7 KX 5 RARN
(7%, 7] = Z[az,aj] = %éjkak = ighikrk, (3.53)

5 (3.40) sNELER I, SU(2) #HY Lie RBCERRE SO(3) AFER—8, XEKRE SU(2) BEEE
TCHHER RIS SO(3) BE—1E

B2, SU(2) BERVEAILFMERS SO(3) BEA—FE, SU(2) F1 SO(3) HUREZS [RIED /2418 1Y,
RIE 1.3 THIE, SRR Lie B, BEA4EMPE, SUQ2) MR REEN, EEHS
B R R BT TR N 25 M 26T DAak 42 36 0 L AR bt, S0t B RIPERE — S E HhZmT DUE
sl — s, WE 3.2 Fire SO(3) MEFZ AR NUERBRY, REBESN 2, EE=EPH
RITHE TR 2 28, [Fl—2R kRISt t, REZRHHZRNIANRE; MR, P& HE
Sty 2 2K, A—RREESMAR —R, BT
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A\
& 3.3: SO(3) A= ARE K B 3.4: — 2R RO R HI SR e b5 2L

3.5: SO(3) A=A RYMZEH Lk, NOBIRER NN ER, 7ZEFPRIH & thgkn] D
ESHE WAL — R A EPRIA G-I ZAER R R R AEBRER, T REIESIMAE K — .

& 3.3 R SO(3) MBS, BN « MEKIK, SR L FRAERE s
JiAl, RAAEFRERGEEL A, SRS « ST FMER IS — M) © AIX
PNTERE R —FERY, IXIRBILER] 3.4 H, A, BRI BERPEG SO N T F—MET, X
FER AR AT 2 5, QIR 3.5 HAEEPTR, AR —FFE ek LS8R ERKE L, A2 Hhek
A DUELLIRAE i — rio QNIE] 3.5 HAEIFTR, 05— HE hEZamid BRim A kRS &
X2 R AR S 812, AR IS TIE SR, S5 BRI X2 s L RE RO HiLAE
BRI LR85, AREEIIESIZ D HRIXFIERER, T2 RRESIR R — R

SH—7iH, SU(2) BIEEZEIE RN 2 BIERIK, ERE_EATE R REN N TR -1, WY
3.3 F1 3.5, RM—2& A& LRSI NERKH BRI A, fEEESTE RN IX I AT ATEEK
BB, WmER—DR, HERBEL, FIEREAE &R IESI g — R, BIEE
BN 1,

UG TE /R E AL https://www.bilibili.com/video/BV1Gv4ylt7yx?p=2,


https://www.bilibili.com/video/BV1Gv4y1t7yx?p=2

3.2 Lorentz fREFN Poincaré {XEX - 79 —

BEE O B ) o ye n BXRT D(G)
n:1 BEE 1:n XM
K 3.6: BRI RERE 3.7 n {HFR

BE LR DAERA, GNSRMEH Lie B G WERZSELE n BEEN (n > 1), IBLADBAREFLE—T
HIEEEE Lie #f G 5ZR&, G ~G, RASHNKRN n:1, Bl G FH n DITERERXNM
T G H 1 MR, BINFR G 8 G IEBEEE (covering group), 0E 3.6 iR, G & FE &
T G n BRER 5 EBEEGHEAEM Lie X8 1.4 /NTER|, EBNLKHEEATH, BT
SRR Z A BA —N—E & 2N —RN N KRR, HZ2, £E 3.7 R n [HERRH, BT
S5FRREMEZRER 1:n BNNKR, Fik n HERRNZ2EERT.

SU(2) #5 SO(3) AEEA—R 2. 1 FFEIZSKER (W@ 3.4), BT SU(2) ~ SO(3), H SU(2)
HI BT RIZSHIN BT SO(3) BFI— MR, K, SU(2) /& SO(3) RIEERE, SU(2) HYEsE
FrsE SO(3) BRIAUETR TR,

5—7iH, K BBERER. J 5 K NS REN

1 N . .
[J, K] = §5lkl[JklaJ0j] = §5Zkl{[9l0a]kﬂ — (k= D] =0+ )}

— jgikl[glojkj . (O o ])] — igikl(glﬂjkj o glijO) — _igiklglijO

= ighI Jr0 = jglik JOk — jciik |k (3.54)
M K BERNZRXERN
[Ki’ Kj] _ [J0i7 Joj‘] _ i(gz‘ojoj‘ — g% Jid — i Jo0 4 ngJz'O) — g — ik gk (3.55)

AgER, H

[J8, 7] =ic* gk [J', K9] = ieV*K* K K] = —ig* J*, ] (3.56)

X2 Lorentz REURHR (3.32) B —MRixG X, BA (3.35) XBER, AIW, =PMERTT I
H Rt AT IR RE AR AREL, =1 ERTT K Ak,
THEHBFFR (3.22) Ko FIEILT /) Poincaré 284t (3.10), ZBE /&, (3.22) XELh

U1+ w,e)PPU(L +w,e) = (H + %wm;f*‘s - ievpv) pr (]I - %waﬂjaﬁ + ieaPO‘)
— pr_ %waﬂpwaﬁ + %wwﬂpﬂ +ie, P*P? — ic, PYP"

— pr_ %WPU[P“, J*7) + ie, [P*, P], (3.57)
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(3.22) XEILEERK
(1+w)" P = P* 4wk, P’ = P 4 w,,g"" P° = P + %wpg(g“ppo — g"7PP). (3.58)
PIMHERES, B w,, F1 e, BESMEHE A BTTERFN 5 X R
[P*, JP°] = i(g""P7 — g"° P?) (3.59)

F

[P, P¥] = 0. (3.60)

XEF-INGRRENT (3.33) Ko DUERTT Jw 1 P Y 10 MR BAE R KRR
MEsE, AN ZRER (3.32). (3.59) Fl (3.60) & X KREFIK, WA T Poincaré fE, X2
10 % Poincaré BEHY Lie 1%, Lorentz {XEUZ Poincaré {REHY TKEL,

L H=P°, W pr=(HP), H—HHH

[Pi7 JJ] ]kl[Pz sz] 5 6jkl( ik pl _ gilPk) _ %(_gjilpl + 6jkipk) — igiik pk. ( )
[P, K] = [PZ JY =i(g"P? — ¢g"P") =16 H, (3.62)
| = (3.63)
| = (3.64)

[H, K’ [PO JY =i(g OOPZ — g% P%) =iP", 3.63
[H,J* ”’“[PO T =3 £k (g0 PR — g0 pi) = 0, 3.64
BHE—-F, A
[P%, J7] = ie¥* Pk [P' K9 =i6YH, [H, K] =iP, (3.65)
[H,J'] = [H, P"] =[P, P'] =0. (3.66)

(3.56)+ (3.65) Fl (3.66) TR Poincaré RIS RM S —RhFRIE =Ko
M w,, =0 a* = (.,0) B, (3.11) XEHEE

dU(1,a)
dt.

= iH. (3.67)

t«=0

£ H AT ¢, WEBHIESMA U(1,0) =1 RKEEFIYEFETHR
U(1,a) = exp(iHt,). (3.68)

ERERIZRERM ¢ NZPFEE] ¢ = ¢+, WZI, 1.7.2 /N13E2, BRSPS R FRMR VA5 E
BAPEER, WMAERITEN H fi2hBmER N,
GMANERT AT BAHEXNS, Bl [A Bl =0, W=5XZEML:

n

| . .
(A+B" =3 "(an AB (3.69)
= =)




3.2 Lorentz fREFN Poincaré {XEX - 81—

B el e SR AR B DR B R T m < 0, X

1
ml— o0, — —0. (3.70)
m

M, ST 5 >n, B [(n—j)]" — 0o XK, TATAILKE (3.69) NATLRIFEULRTCTT
P,

(A+B)" = ZO m AIB". (3.71)
FH
00 1 00 1 00 ' 00 Aj 00 Bn_j
P =N (A By =Y Sy BT =Y Y (372)
n=0 n=0 7=0 J ( ]) 7=0 J n=0 ( ‘7)
&l
[ B = eAeP ] (3.73)

X [A, B] = 0 Bz, ESERNE, EXNMOMEENZNER L, HWAHEEX ZREM A
BE KA,
Y w,, =0T a* = (0,x.) i, (3.11) 3K

WLa)|  __ipi (3.74)
axi X« =0
HF (PP — 0, RGBT EETS R
U(1,a) = exp(—iP'azl) exp(—iP*2?) exp(—iP?z?) = exp(—iP - x,). (3.75)

HFHHE (3.73) o BEREFHRHERMN x MEVFRE X' = x+x, (LE, ZRFEXFRME
XNESRESEER, RN ESOTRERT P l2th&8 N, M, P+ = (H,P) ZEHNERN,
FEET NPT, SREWENZHNNFRESER, T2, [HP]=[HJ] =0 EWRENEME
fmohEART8E, M [H, K] =P RIAHEER K ~2FHE,

HT [H,P] =0, —f&iEFRSFRERATRIEN
U(1,a) = exp(iHt,) exp(—iP - x,) = exp(iP"a,,), (3.76)
e oU(1,a) ,
o au:o:lpﬂ. (3.77)

FIBIN T PR o' = ot + ot N —RAELRF O, (x) FIEH, 5 (1.201) RO MAYERFER
LW
P (2") = U1, a)Pu(2")U(1,a) = O (). (3.78)
IR AT RLIT (3.28) o EHXFENMT

Po(z+a) =U(1,a)®,(z)U1(1,0a) (3.79)
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XTIT /NN o/ = o + e, (3.10) Gt
U(L,e) = +ic, P, (3.80)
MR (3.79) F301ER

U(1,a)®,(z)U ' (1,a) = (I +ie,P*)®,(z)(I —ig, P") = ®o(z) — i, P4 () P* + ic, P Py ()

= By (x) — ieu[®a(x), P, (3.81)
£ o AR (3.79) FEIL T8 e+ I—BIN, 15
Dy (r 4+ a) = Dy(x) +£,0"Dy(x). (3.82)
PIMHLELER, Zath
[.(z), P"] = i0"®,(z). (3.83)

Wt B, —IBER o,.(v) SN EFERT Pr BN 5 Y TRIU4Es) &M 0 55T o 1
RTE @,(z) ko B p=0, 155
0

ia O, (x) = [®,(x), H], (3.84)
IXRE Heisenberg i£3) 7 42 (2.43), A UWVEZN BERENFRIERES,

MFSHRRS o(r), ERAN [6(0), P = i0o(x), X5 2.3.3 /N (2.120) AR, T
HI EEL I 2 i 2 AR B B 1 SOEE 1.7.2 /NTTHH Noether BHIZA HIAVFRIER, WELE N, @i
Noether &M HM BRI EM DS E&S AKTTHET Poincaré ZH#UE X WIREIEERT H
EET P 22—,

3.3 RFD

Poincaré #i#18 Minkowski I Z IR FRYE, R F1E Minkowski B Z=HIZZ), AR FSEHIRL T
H R B iErl— 25 PNEOS PRI ) & 2 (AT rr, 32780 A8 INRAX 77 A i ie
WHAfEIE Poincaré MFRERF 7328, BATK 2GRNSR, B DR BA — & PU4Esh s
HE7 BEINAIHE, J58 BRAE  #AR SR T8 AR FIESSEIEF L Lorentz 3 AR,
4EsE S LA, 1B ENR IR FECE R RERCEE, 2k 75 AR Lorentz 284 007E, {H
A&, BIERE FEFRINEE PSS, Y A =1/, 3.22) KA U-(1,0)PPU,a) = P*,
Ktk Pu4ish 2 54T Pr fEE TN PR A2, MMAM P2 = prp, A28, 55—771H,
P? IBJE Lorentz tng, TE2EMRARIEE p? /& Poincaré LI &, MNEBEMK TS, HRIE
e kAR (1.79), p*=m?, WXPMAEERNFRE m T,

Khn b, KFZAH Poincaré FEHY AR 29 4 A TR, 1939 4F Eugene Wigner FEK 11X
TR R TAE [13] o —PDRIF A DA —HIER T Poincaré 224 MHERRAIELR {19, (p"))}
ke, Hugishe pr 2IU4EshE AT PrESK |V, (pH)) ERALHE,

PrIW,(p) = p" [Us(p")) (3.85)



3.3 RIFA 83

MfEtn o RAEELTHXBHE, BHEIDAE, 2.3.4 /NIEXHFRET AT |p) BUEIXAE
HIASR,
RTINS (3.76) FITERT, BALT& |V, (pH)) ZBHH
U(L,a) [W,(p")) = ™% [W, (ph)) = &P [W, (p")) , (3.86)
HHBAEA BRI, 55— H, HEF Lorentz 24 U(A) ERG IR TS UAN) |V, (p")),
i 2
PYU(A) W, (p")) = UMNUTH (A PHUA) W (p")) = AU (M) P [T, (p"))
= N PPUN) [Y(p1)) (3.87)

FHHHE (3.25) Ko B, U)W, (p") FIPU4ESIBARIEE N AL pY, REREELERS
K|V (Arpr)) BIEH S, R

UA) [Wo(p") =D Corg (A, p) [T (A", ")) (3.88)

B NE A IE MSEIRE O, (A, p) FITER
TEEH PRI A Lorentz 28R, pt WA p? A, p° NFEMASHKEE, BENTZTER
HSZRANALEE, p? NENEUERN p° NEMFSE T —4HU4EshE {(pt), itz REE
BIRINTA] Lorentz 2Rk R AE, A DUER—MAENLERIE i+ c {p*}, 5
pt=V*H",(p)k”, (3.89)

Hrp ve, ZHGT pr BIEARINT Lorentz 22 #t, M, FriEPI4ERNE b+ R TIXHRT AT
R RIPU4ES & {pr} o AIRAKE {pr} HHERITER p XN RYBRL T (W, (p*)) XN

Vo (p")) = N)UV ()] [Ws(K")) (3.90)

Hr N(p) BIKET pr WIH—LHEF, EXAEGMIBHIE—MER o, EBr L, XFEAF
€ THEMR o S5PU4Es&E pt Z AR,
AR FAER T Lorentz 258 U(A), 74
UN) W (p")) = N(p)U[V(Ap)JUHV (Ap)]UMUV (p)] |4 (k)
(P)UIV (Ap)JUIV = (Ap) AV (p)] [ ¥, (k)
() UV (Ap)|U(W) [, (k")) (3.91)

—~

Hrh, [EH LR Lorentz A5t
W, = [V Ap) AV (p)), (3.92)
ek ke AHRE pr FARHRE] (Ap)H, ESEASHRM] koo

WHE = [V Ap) AV (p)]! & = [VTH(Ap) AJ p” = [VTHAp)I, (Ap)” = k¥, (3.93)
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BU We, fREF ke A2, PR k¢ REREA R Lorentz Z8#e {W*r,} #IAK Lorentz BEHY
—/NFRE, FRONNESIE ke XN (little group), RELT (3.88) I, H

W) [0, (k")) ZDM k")), (3.94)

H Doo(W) BEMAG R M/ NEHEERNZS (W), F(Wo)r,, BB

Z Doro (WaW1) W0 (kM) = U(WolW1) [Ty (k")) = UWo)U (W) [T, (k"))

= U(W,) ZDU o (W) | W (KH)) ZDM (Wa) Do (W1) | W0 (k)Y | (3.95)
PNIEEE | EEST A
Doio(WaW1) =~ Doron (Wa) Dorrg (W1). (3.96)

A UL, RS {D(W)} MIROXAN IR — D &R A T
¥ (3.94) RN (3.91) R, FIF (3.92) R, 18

UA) [0, (p")) = N)UIV(Ap)] Y Doro(W) [¥r (k*))

= N(p) Y DoV (Ap)AV (p)]U[V (Ap)] [T (k) - (3.97)

FRAETEN (3.90), A [Vor (Ap)) = N(Ap)UV (Ap)] [T (k) , BRI

1

UV (AP [0 (1)) = s (400 (5.99
RN (3.97) K, 1§
) (07 = iy S DoV APAV ()] 1 (17 (3.99)
5 (3.88) bL#L, HEHREAK
CorolA,p) = ﬁg{% DoV H(AP)AV (p)]. (3.100)

IR THEEREA, FATAT DOEE FRIEPI4ESN) & ke FIRH R ANy B 2500 28, P B RIBF =
G2, FE—RENRETE, N p* = (0,0,0,0), MisfEN4EsEHHREERZ B = (0,0,0,0),
LR Lorentz Z8#t FAZE, HHM A/ NEEZES RIS Lorentz #f SOT(1,3), B, =MiH
oyl A REM TR EAR T, 78 NEMD/ NN,

ZEFEAPNSIENSE S [13] 5 2 &,
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3.3.1 BREWKF

NFBERENKIF, p? =m? Hp® >0, HFFRE m >0, M pr BRERE, BHRHENY
HEEHEN k* = (m,0,0,0), HHEREITAIN Lorentz HIHEHAILEE ke | E7E 43 A HERE 28 i 7
Fi ke A48, RIAEMF/NER SO(3) o

FEETI¥H, H—ENSEIAEE —EMEEE, &% |v) SHEZE - NMHEAMALRKT
IZSK &9 V) (¢ AEE) FRHEFENE TS, ik, —8H, BT Lorentz LHAWFARXR
U(A)U(Ay) = U(AsAy) BABIER

U(A)U(A) = P2 (A A). (3.101)

BB o(Ao, Ay) FIERE, MES {U(A)} TR Lorentz BERIERT, MRRERT (pro-
jective representation) o

X FAERVINEES i W, W, € SO(3), WIAE
U(Wo)U(Wy) = W2V (W, i), (3.102)

AWML AWERBIAR |V, (k) £, FIH (3.94) X, 18

Z DU’J”(W2)DU”U(W1) |\IIJ’(kM)> = (M2 Z DU’U(W2W1) |\1/U,(k;ﬂ)> ) (3-103)
1
> " Doton(Wa) Dorg(W1) = ?W2W0 D, (W), (3.104)

o o(Wo, W) NMENE, NHEMEES {DW)} MEVNE SO(3) I RR,

IXHIERFE R 3.2 TREIN n HER, BERNFEEREHTSHREEE n > 1,
KX RE A E R S B SR A, WA RAPBE RN N T s BRI MEROR, (I, W i%
HBZBENAENFIILERT IR T,

1E Lie BERYBES IR, B B0 N —DMHETT, TRV ETEAE, PN EETAY SR — & A B TR
23[R A AL o AT, BEZS [E] R A — SR 2R E RS — RVIATEETERN, 3l tH SR A BE TN B [ 5%
Lt & X SRk, B8 SO(3) RFE RN —& M athzk, e METTHR, B —R YRR
akzgid Wy 1 WLWy N R EIENETT, MR TS UL (W)U (Wa)U (Wh) . Q1 3.5
W EEIFR7R, X ST ZRREIE SR AR AR T TTIX — /L, WNESLEREIRE U (WoWy ) U (W)U (W)
EMEFERRT I, & 3.5 PHEMR, XSRS T EOON R ABRER, WINREZESU e R E
TR, T U Y (WoW ) U(Wo)U (W) A—E2EEFERR, ik, WE 3.8 R, EEEXET
BHIZRAREIRMR, NMES B RRBEL, rldd ESIE AR HEPRIXEEPRER, Mimi4EpiciE
e, LR,

(U Y (WoW)U (W)U (W) =1L (3.105)

SHESCIERANE UL https://www.bilibili.com/video/BV1Gvay1t7yx7p=3,


https://www.bilibili.com/video/BV1Gv4y1t7yx?p=3
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)D&

SAs

3.8: Xt & S 2 DATH BRI RO 12 BRI Wi BB T — RURE B, 28— T8 EE TR
— S ILE T M,

OB

(

HIASE] U (W W)U (Wo)U (W) = I, Bl

Al SO(3) BERAERLIAF eleW2Wa) AIEY £1, MHAZEFEIREE +1 XEEEX —1 AU I BT
SAL K T

SO(3) BV AT SU(2) AHRIEEN, B2 REHMERSZETTHY A& L RE a2 E T
— kb, RIHEMETFET 1, FEEREIR, 8 RIS SUQ2) BEI&MEFIR, M NR
g2 6|2 TEER VAR ENINGS

BT SU(2) 85 SO(3) HEEAMMER Lie RECRR, FIKEMINEEST J BIE SU(2) AF
A TTEST. H J #WiE— 2 B Casimir BfF

P =JJ =N+ (J)? + (JP)2 (3.107)

H SU(2) fRECESR (3.40) F % Y4 RO FRMEHEH

(32,0 = [JJ5, J) = J[J, T + [J2, J]J = ie?* 3 gk 4 igf® JF Ji = i(eht 4 M) Ji g% = 0,
(3.108)
Bl 32 S5t ERTTN 5, X2 Casimir BRI —RRHE, Ht, JERER J2 5 73 AlDIAEFA I
AR [N, o), WRE—RXR (N 0|\ o) =1 FARETTIE

FNo)=A\o), JNo)=oc|\o), (3.109)

HAPARIEE X F o BEE
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FIANHADELF
JE=J 4117 (3.110)

BALHE (J5) = JF M
B2, 0% =0, [ JF) =[] J +i[J?, J?] =iJ? £i(—iJ") =iJ? £ J' = +£J*. (3.111)
M HS

FJE N o) = JEI? |\, o) = A5 |\, o), (3.112)
PIE N o) = (JEPE T\ o) = (0 £1)JF |\ 0), (3.113)

B J= N\, o) B9 J2F J3 ARMAEED A N o+ 1, KTMAIRIEN
JEIN o) =, [\ ox1), (3.114)

Het of | BIA—LH L XANEEREKM, JF 6 J° KMEES 1, B— A8, J- £ A
fEERAD> 1, B2—1DEER,
T Hilbert 22 EIFARA BIRANTAER, FAARIETTRE (3.109) #1 (3.107) HEH
A=0® = (Nal(A=0?) [N a) = (N a|[J2 = ()] |A, 0) = (A, ol [(J1)? + (J*)*] A, o)
=\ a| (DTN o) + (N o] (JAHTT2 N o) >0, (3.115)
BIA> 02, BA>0H -\<o <\ XEKE J° WAMEE 0 BAERKE 0w FE/IME 0w,
15
TN, Omax) =0,  J |\, Oumin) = 0. (3.116)
HTHRBEERT JE X |\, o) BERIERAME o BHMESEINEGRD 1, o ATEBUEN

Omax; Omax — 17 *** 5, Omin + 17 Omin; (3117)

KT Omax — Omin & DIETEEEL
H (3.107) AN Z R F (3.40) H#EH

JEJE = (JPFiJA) (I EiJY) = ()4 (JHDE AL T = T2 — () F TP, (3.118)
NI
0= J I N omax) = [32 = (J°)? = ] A, Omax) = (A = O = Omax) [As Omax) - (3.119)
0= J T I\ i) = [J% = (J*)2+ P\, 0min) = (A — 025+ Omin) | A, Omin) ;. (3.120)
W

A = Omax (Omax + 1) = Omin(Omin — 1). (3.121)
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R EXEMERT o BITEE, B— MR omin = 0max + 1 NHE 0min < Omax, HBEBEE MR

Omin = ~Omax- (3122)

/7"\ j = Omax » Ij_\”J Omin = _.] ) ﬁrl_j 2,] = Omax — Omin Z 0 %_A/I\%%i&o ﬂ:ZEé, ] E@ﬁﬁﬁﬂﬁﬁﬁY{E%

3 5
’572757... (3.123)
2 WARTEER N =5 +1), j MANBSHEEFE. J° NWAIHE o FOVEETFER. N TREER
j, o —HHH 25 + 1 MIE,

1
1 =0,5,1
.] 727

R 32 5 73 B FEAMESKICH [4,0), WEIERT—XAR

<j70',|j,0'> :60"0'7 UaU/:jaj_la"' 7_j+17_j7 (3125)
R |
J
> ljo) (ool =1, (3.126)
—
AEF 2
Vj,o)=j(i+Dlj,0), Jljo)=0aljo), (3.127)
PAKZ
JEj,0) = ¢y lj,o £1). (3.128)

FIA (J5T = JF F1 (3.118) KifEH

1P = (o 21| (c;,) ¢y i, o 1) = (j, 0| JTTIT ], 0)

= (ol (P = (PP T jo)=j+1)—c*Fo=(TFo)jto+1), (3.129)

M

JEjo) =GV Fo)jto+1)]jo+1), (3.130)

Hrpr ¢ BB 1 AR ERAH JT[5,5) = T 15, —5) =0, FFE Owmax = J M 0rain = —j
HIZE, Ry, XERHEAET ¢, By

N -1, o 2>0,
Cio = (3.131)
+1, o0 <0,

il

Tt g, 0) = (3.132)

{¢<ja><j+a+1>j,a+1>, o> 0,

\/(j—a)(j+a+1)|j,a+1>, o <0,
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NG SU(2) BERY 27 + 1 HEERMERROR, MNIVEROTRERE 7)) XA

(())ore = (G, 0" J* |4, 0) - (3.133)
BT JRBIEKER, &
() = (G201 I 130" = (5.0 | (), 0) = (G, 0| 1 o) = (7(5))oras (3.134)
B 7/, IR,
()" = 705 (3.135)

HSE& SRR (3.126) Fl SU(2) FRELR (3.40) H#EH

T T lore = > [GL 01 T 50" (0" T8 |G o) = (o' T8 |5, 0”) (G, 0| P14, o))

= (4, 0'|[J", T*]15,0) = ie™ (,0'| J'|j, 0) = 1™ (7(;))orer (3.136)
AL, XAEE YA BOTIERER T SU(2) RECRR
7y () = 1™ 7 (3.137)
SIN 25 + 1V ITRE 75, SO
(75))oro = (3, 0| J* 1, o) - (3.138)

H (3.132) SXFERIH—XK AR (3.125) 15

-, (j—0)i+0+1)6s 641, 0>0,
(7))ore = (G, TF ], 0) v o (3.139)
\/(]—0 (J+0o+1)60 o011, o <0,
Bl (J)=J" #EH
(T(;))O'IO' = <]7 OJ‘ Jﬁ ’j7 0> = <j> 0‘ J+ ’j7 0/>* = (7—(—;));0” (3140)
B
5 = (i) (3.141)
RiE J+ lEX (3.110), B
J' = %(ﬁ +J7), JP= —%(ﬁ —J7), (3.142)
DAL HE HY X .
1 _
o =3 T ) T = 500 ~ ) (3.143)

H—TH, AEHE (3.127) KH

(18))or0 = (4,0 T2 13, 0) = (j,0'| o |j, 0) = 7. (3.144)
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SU(2) BEI Casimir BIFLE 2j + 1 EPEFerehszE YN
76y = 2Tl (3.145)
HEETERR (3.126) FIARMEASTE (3.127) H#ELH
(T5))ore = (T(nT())ore = Z (G, o' I g0y (Goo”| It o) = (5, 07| 32 |j. o)
= G liG+ D) 1,0) = 3G + D (3.146)

FIF LRk AT ASEI AL BTRERE 7)) MEAIER, % 5 = 1/2 ¥, o F1 o' #5FAERR 1/2
fl—1/2, TiAEEH o, MERETRE

1 1 1 1 1 1

5 5)=\l5T5)5-5+1)=1 14

2’ 2> \/<2+2) (2 2" > ’ (3.147)
0 1 3 0 0

T(J{/?) - 0 0) v Tz = (T(J{/z))T = (1 0) : (3.148)

S 2] SU(2) B 2 et xRniAE BT HEE
1 o3
( _1> = = (3.149)

1 1 ot 1 —i o2
T = 2 (1 ) ~ 9 T2 = 2 (i ) ~ 9 Tl =
Hj=1H, o Mo WRIEHN 1. 0 —1, JEF0 7], FFIT2

11
+ — (- Z
(7(1/2)>1/27—1/2 _ <27 2

4

N | —

X AR FA RN A SOTHERE (3.46) o

(Ta))LO = <1> 1‘ J* ’170> = _\/(1 - 0)(1 + 0+ 1) = —\/5, (3150)
(o1 = (LO[JT[1,=1) = VA + (1 - 1+1) = V2, (3.151)
e
0 —vV2 0 0 0 0
=10 0 V2, =) =]-v2 0 o], (3.152)
0 0 0 0 V2 0

HETRE] SU(2) B 3 4ELeMEFRnrIA SOt

—1 i 1
7_(11) = % -1 11, 7—(21) = % —1 -1, 7—(31) = ( 0 . (3153)
i ~1
BRI W e SO(3) ATDAH = ANZ2HITesk /A o #iid, BAE SU(2) BEY 25 + 1 4EZkMt

TR SRR RE
DODTW (6')] = exp(i0'7(;y), (3.154)
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HIes5 /NP E (3.34) o RMEARRIEMERIE ST SU2) #ERY 25 + 1 4E4MEFRoR
DWW, SZhR b, SU(2) BEFTAIAEM A ATALM R R

: 1. 3.5
G, j—0.-12922...
DY, j=0,5,1,5,2, (3.155)
TR AR, WHERTTERE 7)) BIEK,

N HBER S, MEEPUEMSE, KNI HETARASIEEN S, MBkEF
HE s =5, ERATHATRERE N

1 3 5
[ 8—075,17572757"' ] (3156)

25 + 1 fERMEFRRNIERETLRIE N DS (W), Hih B 7

[ o,o=s5—1,--+,—s+1,—s ] (3.157)

FHAEBhERE. FIDAH HIRE 8 s NEREN T2, BIE (3.99) X, BIEN s WEREHR
KT U, ,(p")) FIET Lorentz 220N

UA) |0, (p)) = > DELIV T AP)AV ()] W, 0 (AF,pY)) (3.158)

Kt

[ B s (EREBHIT A 25 + 1 FEERLS. ]

AIUL, & Lorentz ZBHLR o X RIS o X R SHIZEH S

M s NEEEL (0,1,2,--+) I, DO 2 SU(2) BEARESREMRR, FRHZ SO(3) ALk
MR, WRBHBRNA T, DO BXWMENESRR, MAZAEAN . DY 2 SO(3)
PRI R, IR BEN 1 AR T

M s NPEEER (1/2,3/2,5/2,--+) B, D® 2 SU(2) BFESRE&MERR, FRHEZ SO(3)
BE AT, WIRFFTHEENR . DY/ Z SU(2) BEEMZRR, fIABIEN 1/2 HIk
Fo FE BTN M ENERT, HEETEe4H K,

H 6L & ACEER FRE SO(3), BB Lorentz # SOT(1,3) LB2XUEHER, THES
FHEEHUN C LI 2 BAFRREEMERYE SL(2,C), W) 3.6, 7E Poincaré FF=2EIH, S1HICIEE
(OB AT REF SOT(1,3) Sz SRR L EREE, TRIGERN, MNIERIEE SL(2,C) 5
Nz SERR R E EARE, 1F 3.1 F1 3.2 WIWITieH, BAREHETERT Poincaré BHEFIASRR
(3.7) I ANMHAE T, XS TEE SN R TIIe, FmSHEERE S,
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3.3.2 TRENF

NTERRERHF, p* =0 H p” > 0, K, pr BEOERE, BAMENNLERIEN b =
(£,0,0,k), HA v >0, HN=4EghE k i 2 By7w. MHN/NEHREEZS We, e
WHEY = k*

BATFREHAVEREF b RERNEER 20 AL, 5IN B =k /k = (1,0,0,1) s HI WH, k" =
WK [k = k' [k = ke 135, b AR NRRI R AR, MM ERRIE &, = kLW, .

IR Lorentz K& t# = (1,0,0,0), /MR Wr, MEERBIZERN t+ = Wr o i
i

k= WHEk,(W), =600k, = 1k, = 1. (3.159)
R b = (1,0,0,1), WERXFE—D 1= trk, = t° — 3 ZH0 v+ — BN
t=(1+¢aB,0). (3.160)
57, t EFEANTZ
tht, = WH T, (W™HP = 11,00, = 11, =1, (3.161)

Wtit, =1+ -2 -2 -C=1, WM ¢ 5 a. BHXREN
(=50 + 87, a,B € (~o0,+00) (3162)

2R o K B BB Z L) H,
Z E[EA LA TA] Lorentz AF#t

1+¢ o B —C
« 1 0 —«
St (a, B) = 5 01 -8 | (3.163)
¢ a f 1-¢
A AR EIRE g = STgS Al det(S) = 1. 7E S(a, B) MITERR, i+ MIZSHN
St (o, B)E =t = WH . (3.164)
=[5 (a, B))", 5" (@, D) =[S (e, B))7 , W, 1", (3.165)

LR, e S (o, /)W FRFFRINRE t = (1,0,0,0) A2, FIAERLE R — D2 AR
#, BEGRIUE S*, (o, )k = kv, Bl S(a, B) m— /DR, M/ S—1(a, )W 2R
Kkt = (5,0,0, k) NS EITERZHR, BT RS » FEREIED 0 ARTERRZHE R.(0), i
B

S Ha, B)W = R.(0). (3.166)
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R.(0) RIEMIEAM (1.36) Xo T2, DEEEHR R —RPE
W(a, 8,0) = S(e, B)R-(6). (3.167)
WA, S(a,B) 1 R.(0) 737l 2

S(au, B1)S(ag, B2) = S(on + ag, i + Ba), (3.168)
R.(01)R.(0:) = R.(01 + 0s). (3.169)

M 5(041,51)5(042,52) = 5(042,52)5(041751), RZ(QI)RZ<92) = Rz<92)Rz(91) s Pz {S(a,ﬁ)} il
{R.(0)} 73 AR INEERINYS Abel B, FE—HEH

R:Y0)S(a, B)R.(0) = S(acos @ — Bsinf, asin @ + B cosb), (3.170)

z

RXEMWE S(a, B) TAER/ MR PIRH NZE#E T8 {S(a, B)} FHITTR EXMERT,
B LAR {S(a, B)} B/ DR ARTFEE (invariant subgroup) o

/NEREHR T DA_ERTE GRS 4 Buclid ZRINAEEERE 1SO(2) HHUSRIERRMER, 1SO(2)
FEAS L — 4B R ER R e A . HT o, 8 € (o0, +0), (a, B) RITEN 4
PR MEISEL, T 0 RIS, Wi, XEA/NMEE 1S0(2) #.

IAE IS/ NEE ISO(2) FAERUTHERF, 1S0(2) 28t (3.167) LS /INERE WH, (o, B,0) =
o, +wh, , BT/ NSO

0 a [ 0
0 6 -

Wt = g 0 _; (3.171)
0O a [ 0

BHRAE wh kb =0, NMIXAERTIET/NERES ke A2, T, SONFRIES/NSEGZ

0 Q 6 0
—a 0 —0 «
Wy = Gupw’, = , 3.172
n p 5 8 0 B ( )
0O —a —p 0
Bl
Q= —Ws3 =Wz =W = —Wig, [ =Wz =—W3y =wWpy = —Wa, 0O =wy =—w. (3.173)

RE (3.10) X, NS NETFEHH

U(]. + W) =1- i(W31J31 + (,()01J01) - i(w23J23 + w02J02) - iW12J12
= [ +iaA +iBB +i0.J?, (3.174)
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Hrr 2 = g2 MABOTER A B &N
A= - "= -K' B=-J2-J%=_-J" - K> (3.175)

H Lorentz fRECEHR (3.56) #HEL/MEE 1SO(2) ARTTESRT J3. A1 B X5 RAR

[J2, A = [J?,J?] - [J?, K'Y = —iJ' —iK? = iB, (3.176)
[J3,B] = —[J*, JY] — [J}, K* = —iJ? +iK' = —iA, (3.177)
(A, B] = —[J3 J' = [JA, KA+ [KY Y+ [KY K2 =i —iJ? = 0. (3.178)

1X5 Poincaré fREER (3.65) 1 (3.66) HHHIX R HR
[J3, P?| =iP', [J? PY=—iP? [P? P'=0 (3.179)

HHE, E3E 3. PUAI P2 AERRT oy SEEIY 1SO(2) BFARH#E,
A5 B BMHEXNZHCKER, 6 BALFEIARMERR T (U, (kH)), AREEDHIH
a f b, WE

AW (K) = a|Vau(K")),  B|Wap(k")) = b|Tau(kH)). (3.180)
AR (3.170) R, /NEE 1SO(2) B T ERIASKR
U MR.(OU[S(a, B)U[R.(0)] = U[S(arcos§ — Bsinf, asinf + S cosd)]. (3.181)

R ERIFEITES NS - o F 5 IS —R, 1%
U MR +icA +iBB)U[R.(0)] =1 +i(acosd — Bsinf)A +i(asind + Bcosh)B, (3.182)
W o 1 g BEE MRS

U YR.(0)AU[R.(0)] = Acosf + Bsin®, U '[R.(0)|BU[R.(0)] = —Asin® + Bcosf, (3.183)

Bl AU[R.(0)] = U[R.(0)](Acos@ + Bsin®), BU[R.(0)] = U[R.(0)](=Asinf + Bcosf), B4,
AR [Uapp(k)) = U[R.(0)] [Wap (k) & AR B BIFLFRIAILT,
AlWapo(k")) = AU[R.(0)] [Wa,(K")) = U[R.(0)](Acosf + Bsin0) |V, (k"))
U[R.(0)](acos@ + bsinb) |V, (k")) = (acosf + bsin ) [V, p0(k*)) , (3.184)
B |W,p0(k")) = BU[R.(0)]|Vap(k")) = UIR.(0)](—Asind + Bcosf) |V, (k"))
UR.(0)|(—asin® + bcosf) |V, (k")) = (—asing + bcos ) |V, p0(k")) . (3.185)

HTshf 0 BUESHE, XEAIAIEE acosd + bsind Fl —asin 6 + bcos 0 WIBELZH, A
I, HE oMb A2ANE, BE —RIESRIARIES |U,p0(k")) o HZ, K5 EEAWMETE
FREN T BEA DA 0 fFohiEsE RS, Wik, BARTHHNEESZE a=0=0H
AR, HEF SR/ NEERITEST J°2 WAREE o Frid, 120E [P, (k4)), Tl

AN, (K =0, BIU, (k) =0, J30, (k") =0 |W, (k")) . (3.186)



3.3 RIFA 95

JP REAERER I 2 MR R, BT AR SNEEIEASE, JEXER

MR BiefshE. EL4ERIR b = (k,0,0, k) MR =4E3058 k HIRE - By, Fi o mt

& B e s &R AEsh &7 A LR ERIAIEE, FRVENERE (helicity), FRAE A 21k,
o5 /NE AR (3.174) R

OU[S (e, B)] . OU[S(a, B)] . dU[R.(0)] 13
_— =iA, —= =iB, ——= =1iJ", 3.187
O a=p=0 op a=B=0 de =0 ( )
SRS
UlS(a, B)] = exp(ia A +i8B), U[R.(0)] = exp(i0.J%). (3.188)
— B/ NS (3.167) KRR T AR
UW (a,B,0)] = UlS(a, B)]U[R.(0)] = exp(iacA +i8B) exp(i6.J?), (3.189)
e FRVE BB TS [w, (k) E, 15
UW(a, 8,0)] [Vo (k")) = exp(iot) [Ws (k")) . (3.190)
5 (3.94) Kbk, A
Dyie(W) = exp(ic0)d,- (3.191)
5H—77H, (3.92) A
VUAp)AV(p) = IV = S[a(A, p), BA, p)]R.[0(A, p). (3.192)

EDRBRET 6 X A, T pr BRI R, MRS (3.99) 2, (3.90) ZUE Y — BRI 745
|, (p")) HIEF Lorentz 28y

U190 = 3

XA FERIA |0, (p)) STHSEEE UN) |V, (pt)) BEMHEFEL o, HEtED, &F Lorentz 28
e U(N) ARG BANRIRRE TR ER &, XERE,

expligf(A, p)] |Vo(A",p")) . (3.193)

NIERERTF K, 121EE o REEREYMA Lorentz TIRWALTE, 1F
Fir A 18 1% & A BUEAH T

[Klitk, JCRREN T AT ARIRIEERE o B2,

AIEHER], BN Lorentz B SOT(1,3) MBS A XIGEREN, 5 SO(3) HIEM —FE,
MR ENMIETCH R, &9 A, fT AN, FERNIETTRIAEES HRZE, —2ReEESIgE e
TR, B—ERE, ATDAHEHIZEMRL (3.106) FAYXR

U(A)U(A,) = U (AsAy). (3.194)
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MR —F A GO SRR RIS - WEAE 0 = 2r, AL ESTE SO(3) BB AP &
J— 0N R RBRER, IX 2N B S « MR E FIE— DA R A N TR T, (3.193)
AR, XEHAGHEE—NEAETF exp(iod) = exp(2noi), BEMIZHE LG ILHIMEAEF
+1, MR—FHAGHEE SRR ZIERTIS » #ED) 4r 1, WESE S NN RBREX,
M R] DOZE S 4 i TE T — R, MR AR T2 1, i)

exp(4moi) = 1. (3.195)

XA RARRE T ERENLFIBIEE o AYIUE, K

1 3 5
=0,+-,+1,£5,£2, 45, - 1
[ o 07 27 Y 27 Y 27 } (3 96)

o NN T SO'(1,3) MERMERR, o NEFENT SO'(1,3) FIER R, HT I8
EHIEAshEASRTTI ERRE, TRENFBieEF B0

R ] (3.197)

N W
DO | Ot

1
= o] =0,=,1
[ 8 |O-| 7277

SHEENFRIETRERE ., T2,

Bief s WERENFES 2 MBRIRKS, XN T 2 MBigE o = £,

GRS, AT DA s AT o ARIFPRAICBER 1 S EA R 7R, AT,
WHMISATRAFAER, FAREIRER o BT R, BAsIRTAANE, REESE o BT
Z, MTECRIRHE M R IR TC R+ AERTER BN A S S5O TFARIAE I EM, W
SEE FEAH S R PR ADRL 5~ B AR R AR ELPERIAT O, T AT DA AT T 5 AR Rl —Adoks 7 B R R B E
&, SEbr b, waiAREARR, 5&A8EAR RG] A48 ZAR A ERRFFFARSFE, 10 &1,
FFRBEN 1 FERER T, BA —1 M +1 WMIRGERE, 0R0 BT H 7S G A A2 e
WAL AR, RAERISIF (graviton) ZHEEN 2 HILHERN 7, BHE —2 M +2 MAf
BRESE

FEARRARR R, BEEN 1/2 WM RERE, S5O0 TRIE4EER, B2
IRHEE N —1/2 MARRERRF, DANAHNASRF, BMREGEE N +1/2 NARRPHF. XE
JEIEH A SE TSRS EGIEP M T4, (B2, LR RALZNS555HBERE
HHEEH T, EMARERRRE T E,

> R
3.1 ¥ Lorentz BERYZE R FEFZERTT J° FIRGIEA OT K* &RPEH G K

Ji=(J 4K, J=

(J' —iK?). (3.198)

N | —
N | =
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R 5 F (3.56) UERA
(o, Tl =igd% gk [T ] =ik gk [T ) =0. (3.199)

B, JL M T RREBUHIRSZR SU(2) AHERDT, M Lorentz RECEMA SU(2) REH)
E:*no

3.2 MRIEXHRR (3.65) fl (3.66), WEFHERF J-P = JiP /e

[H,J-P]=0, [P,J-P]=0. (3.200)

3.3 R SU(2) BERIERITR U RIEN

a b
U= ( ) . (3.201)
c d
(a) HH UTU =1 F det(U) = 1 #ELH
la? +|cP= b+ |d*=1, a*b+cd=0, ad—bc=1, (3.202)
FRUERRTH 21X L 7T IR
a=d, b=—c, |cP+|d*=1 (3.203)

é’\d:U0+iU3, c:u2—iu1, Ij\”JU%%iij‘g

U= <u° T TR ml) . (3.204)

Uy —iuy g + ius
TS g ur uy R ug AR
ui +ui +us +ul = >+ |d)* =1, (3.205)
K, B2 A =R B oo wr s ug T ug MPETOLES BRI E A APR, Y
A (3.205) FRAH SU(2) MIREZS (AR PO4EZS [l I = 4EEKTH S°

=R R w ERABFRR (w,0,¢), W w=wn, HFHEAKE n0,¢) & w BHFARE,
FER B E A AAARN n = (sinf cos ¢, sin §sin ¢, cos 0) o &

Ug = COS g, u; = sin g sinfcos ¢, wuy = sin %} sinfsin¢, w3 = sin %} cosf,  (3.206)

MIZHE (3.205) FHEIEE, MTTFTRUR (w,0,0) (EARRER Un,w) € SU2) =AY
SBH,
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(b) UEEH

U(n,w) = cos % 1—isin g(n o) (3.207)
il

(n-o)?=1. (3.208)

(c) UERH
Un,w))U(n,wy) = U(n,w; + ws), (3.209)
U(n,2r) = —1, (3.210)
Uln,4r) = 1, (3.211)
Un,w) = =U(—n, 21 — w) (3.212)
U(n,w) = U(—n, 47 — w) (3.213)

M (3.207) XFEH, NTEEKN n, Um,w) & o HEIERE, BN 47, (3.213) KA,
n J71A BN w e 27, 4n] BTN T —n J71A L1200 47 — w € [0, 27] RIBETT,
I, SU(2) BIEEZS I A] DA BCEAR N 2r RUERIR, BRIAFERE — B/ H n 5k, 55k
OIIFEBS N w, (3.210) FREMKE BRI L FTA 1 SEN BT BT —1,

3.4 Pauli JEFF (3.47) RICIJCKIERE, MERE 2 x 2 LT KIER X RS =12,
RIH2E FT LR X T A=A Pauli FEFERYSEERMEH G, FHHEREBOV =4S RIPER
— P N="PEMBR o, 15

o 3 b —ix?
X = gioi = . (3.214)
(xl +iz? —3 )
Al DL, TCNEKRHERE X 5 P RN ERE x = (2!, 22, 23) 2 —— NN,
(a) UEBH
L %tr(Xai), det(X) = —|x/|*. (3.215)

(b) ¥ 2 x 24 U e SU©2), BIHRE UlU = UUT =1 Fl det(U) = 1, X X {EACIES #
X'=UXU", FIH tr(AB) = tr(BA) fl det(AB) = det(BA) IERA

XT=X'" tr(X)=0, det(X’)=det(X). (3.216)

Al X7 RO JEoREERE, KRIMAIRIEN X = oot BN T =45 —r P’ /Y
NERE x = (2, 22,27) det(X') = det(X) FI |x'|* = |x2, Wi x5 x Af2H 3 B
SLIEZRFERE R BRAREEK,

2" = Rl (3.217)
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an
\\ X/
|
[
[
[

|

|

| bsinw(n x m)
| : nxm
\

\

3.9: 48 x &8 n JAELEN w MIRE] X BIREE,

BU=1N X=X, 8 R=1, RNAER U AJATEE@EM SU(2) B2 B TES:
TASE], LA R WATDL O(3) M= EIF HECES A MGE], XEKE RJET O(3) At
(B F# SO(3), WE det(R) =1,

TR MTHIFAEER 2 x 2 TEWEKHERE X M X afDUH U € SU(2) 1R B R
XK, (HIXFER) U A 2ME—,

(c) ¥ Uy, U, € SU2) e U XU = U, XU = X', IEHH
[UlU,, X] =0, (3.218)

Bl Ulu, 5EE X X 5. Wit Ulu, 58080 RHEZE - NMERIET A, B UIU, = A1,
WU, = AUy R det(U)) = det(U,) = 1 IERH

A=+1. (3.219)

T, HU M —U X X fEROEEER S EIER X, B R jaio’ = 2o’ = X' = UXUT =
P UUT Fl x BEEMHSE

Uo’U' = o' R}, (=U)o? (-U)' = o'R;. (3.220)
IX4EH SU2) BT U M —U 5 SO(3) BHLE R Z B XN —HIR KR,
(d) & UyodU = o'(Ry)Y; Fl UsodUS = o'(R,)'; , UERHRA L3 B 56 R A BER AR A ZE, I
(UuU0) % (UyUp)Y = o' (Ro Ry (3.221)
Rtk XM RCERZ SU(2) BES SO(3) FEZEIAY 21 1 MK R,

3.5 AL (3.207) RIEM SU2) BT U(n,w) RN KR (3.220), W& 3.9 FR, ¥
EREMERE x N FATT n D E an MEET n 2 E dbm, Bl

Xx=an+bm, (3.222)

HARMNRE o Ml m HE n?=m?=1Mn-m=0,
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(a) FIH (3.208) FIUEH
Ulm,w)(n-o)U'(n,w)=n-o. (3.223)

(b) MTFEEZAER AR p F1 q, FIH (3.50) RIEH

(p-o)(q-0)=(p-q)l+i(pxq)-o. (3.224)
DA HY
(n-o)(m-o0) =ilnxm)-o. (3.225)
FIF (1.114) UERA
(nXm)Xn=m, (3.226)
ke
(n-o)m-o)(n-o)=-m-o. (3.227)
(c) UERH
Uln,w)(m-o)U(n,w) =m’- o, (3.228)
Hrp
m’' = coswm + sinw(n X m) (3.229)
24 m £ n JTAEE) o ARSI RAIRE,
(d) %
X' -0 =Umw)(x-o)U(nw), (3.230)
UERA
x' =an+bm' (3.231)

Bl x' =an+bcoswm + bsinw(n x m),

ME 3.9 ATLUEH, x' [EEX x 58 n RS w ASRINAERER, AP SO(3) BT
R(n,w) RIEN
2" = R'j(n,w)a’. (3.232)

B BN (3.230) K, 18 U(n,w)270?UT (0, w) = o' RYj(n,w)2?, H x FHERMEZRIGE]
Un,w)o’Ul(n,w) = o' R (n,w), (3.233)

IXFRRN MR (3.220) 0 SO(3) MR RIRE—E2 7 BIBRIK, BRIKPEE— RN M
H n #08, SEROOMEEEN w, MNKZR (3.233) R, w e [0,7] BY SU(2) #t——X M
T SO(3) Bfyt. w2, fEF1EN « HERIRH, SU(2) 5 SO(3) WA T——R M, H—
i, MRAE (3.212) I, n HWILERN w e [r,27] B9 SU2) BT Un,w) FF —n M E
A2 HN 21 — w € [0, 7] BIBEIT U(—n, 21 — w) B R4E, AI, WM TERE SO3) BT R
[—XF SU2) BT U AL THA2HR « BIERIRHRIEAR N 7 Bl 21 BIERFEH,
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3.6 5IN o =(1,0) Fl o+ = (1, —0), MHEERZBIR ot ——RNT 2 x 2 JEKHEFE

0_ .3 _ 14 :.2
K =ato,=a'1-aio = © T T (3.234)
g —zt —iz? 20+ 23
(a) UERH
1 - .
= —tr(Xa"), det(X)=az"x,. 3.235
9 p

(b) & X BIE |det(\)| = 1 FUERE 2 x 2 AlEERERE, X X FHUS 2T KAER:
X' = AX )\, (3.236)
ERH
det(X') = det(X). (3.237)

(c) ¥ X' F9EN X' = a0, , W (3.237) KM 22!, = at'z, o FIHL, A\ KR T—4> Lorentz
T A(N), T2
Mto N =2, = A, (N)2v o, (3.238)

XNTE [det(N)| =1 BIER 2 x 2 AIHERERE A, f1 N, TERARISRR
Aul,()\g)\l) == Aup()\g)Apy()\l). (3239)

A5 Ay A A FUHZE—ANEORAIOIER 7, B g = Ay, 307 ] = 1,000 M X0 = P4, 0] =
NI, BT Ay N S TR Lorentz 258, HIMIXRENE G, AT LUE 4 EHR
IR, 613 det()) = 1o BFUAEEINE det(\) = 1 BIER 2 x 2 A SERE A,
EIXREERE (\) KIREHOF L 2 BMSHRAEIERE SL(2,C).,

(d) HRABLMEIREIIN M RERE, T2 )\ € SL(2,C) AIASM @A
X = Uexp(h) (3.240)
HP U eSsU©2), MMih2—"2x2 TlokER, X+ X' =uXUt, I
2" = 2" (3.241)
Ktk U € SU(2) MMEY A(U) 273 BIhEEE 2 #,

IR 3.4 BIIe, R 2 x 2 TRIEKREERE b XM T =4 Euclid 25 R H—/Mi
BRE, MMTE h RSN NEZEZ R, S 3.3 BTHERE, SU(2) BIEFZS AT A
BIE=4EEKIH S°, ZRE K, SL(2,C) RUBEZEIZRY R #1 S3 BUER R x S3, XAEAVRE
RS RIEER, Hk, ) e SL(2,C) & S1EIiEd, M A\ WSECERE, Bl AN
S [EA R Lorentz 25 #,
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SL(2,C) BETTIIHT 4—1 = 3 NMESEL, B 6 NS, 5EH R Lorentz # SO™(1, 3)
RS2 SR FHRIEUR, 2R SL(2, C) A2 SOT(1,3), BRI X/ = AX AT = (=) X (=M1
RIH N FI -\ XN THEFAER Lorentz e, T2, SL(2,C) 5 SO™(1,3) ZAFHE 2: 1
FAIZASKR, SL(2,C) f2 SO'(1,3) ME S,

(0) 1 0 HIH, %

oi0/2
A0) = R (3.242)
IERH X7 = M) X AT(0) AT X X B AR 23 A AR 12
0 =2° 2" =a'cosh+a?sinh, 2= —a'sinf+a’cosh, ®=2° (3.243)

ATUL, A(0) NRZHY Lorentz 284t A[N(9)] f25%% ~ ’iﬂﬂi’?iﬂ 0 FARIZSIAIGERL AR, T A (0) =
I A@27) = —1 RN T R—1 Lorentz 2t A[N(0)] =

3.7 ZE (3.163) FRIXM Lorentz Lt S(a, B) F1 (1.36) RFIEMIFEREZH R.(0) o

(a) HeUE g = STgS F det(S) = 1,
(b) #EH (3.168)
(c) #EH (3.170) o

3.8 H Poincaré BERAERBOTELAF P+ 1 J E X Pauli-Lubanski BXE85%&

Wh = %gWPUJy,,PJ (3.244)
AP MR R RAT

I= égWUJWJPU, (3.245)
W? = WHW,,. (3.246)

(a) UERA
wHp, =0, [P*W"]=0. (3.247)

(b) HEFH
[, P =W+ U YNNIUA) =1, [J* I]=0. (3.248)

() NTHEEER A. B C, # Jacobi [BEK
[A,[B,C]] + [B,[C, A]] + [C, [A, B]] = 0. (3.249)

HETIERH
[JH WP = (g WH — g*W™). (3.250)
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(d) UEEH
[PH W2 =0, [J,W? =0

(3.251)

RAIOL, W2 5 Poincaré BERITEEOTETTA 5, BIE R Poincaré #fH Casimir B,
i W2 BAHETEAER Poincaré 284 N A2E, Poincaré FEHIUANATLI L IERRA] LA W2 I

H— Casimir BRF P? BUAEERZH,

(e) HEH
Wl=-J.P, W=-JH-KxP.

(f) BN m > 0. HIEN s FIBRLTES |0, ,(p)) R

P, . (p")) = " |Vso(p")), p? Vo (")) = m® W50 (")),
PO, (p) = s(s +1) [T 0 (0"), T2 W0 (1)) = 0 [T (p")) -

B p* = (m,0), HEH
WO W, (p") = 0¥, (p"), WU, (p") = —mI |V, ,(p")),

F
W2 W0 (")) = —m?s(s + 1) [ W0 (p")) -

3.9 W j=3/2, #RYE (3.139) M (3.144) A SU(2) BE 4 HERRAVAEBTTIEFE 75 5,

3
782y 0

(3.252)

(3.253)
(3.254)

(3.255)

(3.256)

2
T(3/2)
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4 8 =2FKRK=E

il
iy

KRESHRED (vector field) HIIENE Tt M Lorentz #ERIFRTKE, trapi N TH
HFRR, REGN N TRERR, M Lorentz FEATH BRI N T H BRI, LRk, AT
LR TFHICTRFE PSR, hmiiE I [REAHUZ Lorentz AR, XFE RGN &
TIHAET Lorentz AERE NN R REPE R THIRTRBE S, TR Lorentz BEHIR &

TR, HURKEGNMNERE, REATNEEREREGNLRER R,

4.1 Lorentz BEHEAERT
Lorentz 2 TCT /NSEL wey AT DAL

[0 (07 1 (03 Q. 1 (07 1% Q. 14
wﬁzg“wuﬁ=§(9 “wuﬁ—g“%u)=§(g "W 0" g — g™ wyu0” g)
1

o v av i : o SV roa i 17804
= 5(9 wwd”s — 9" wu o) = —§wW1(g“ 0”5 — g""0"g) = _5(’0#1/(&7# )% g5

Hrf (), 2R

(T = Hg"6 5 — g20"5).

o F1 8 BIEFEFERITTHIERR, W T & 4 x 4 FEFE, T KT pn f v 2 ROSFRE,
T = g,
K —H 6 MESZIERE, B —ME %2
(7)ot = Gor T = 100 (0785 — g705) = (5% — 5"a8"5).
IXFERTTE, ATRAETES5 /N Lorentz ZRHE hik
(M) = 6% + % = 0% — 5 wu(T™)°

T 5 T B BREN

T2 = (T (T = (T (T
= (g0, — g8 (g8 — g7 8%) = (1 v 0)

105

(4.3)

(4.4)



~ 106 B8 RTREY

= —g""0",g" %5 + g%, 970" 5 + 976", g7 6% 5 — 9" 0M,9770 5 — (1> pov > 0)
= —g""g™ 0%+ g7 0 s 4+ g7 g% — g7 g7 s — (u > p,v > 0)
= —g""g"" 075+ 9" g"" 75 + "7 9" "5 — 9" """
—[=g""g""6" 5 + g™ 976" s + g7 9" 0" 5 — g™ g7 "]
= 9" (970" s — g"*%p) + 9" (970" 5 — 976" 5) + g7 (g"*0"5 — "% 5) + "7 (970" 5 — 970 )
= —ig""(T7)" 5 —1g"(T"7) 5 —ig”7 (T")" 5 — 19" (T™)% 5
= i[g"7(T")% — g""(T") 5 — g7 (T")" 5 + 9" (T ") ], (4.6)
Bl
(T, T =1(g"T" — g T — g7 T + g" " T*). (4.7)
AL, 4 x 4 JEFE 7 T2 Lorentz fRECRFR (3.32) o [IH 1.4 719, A% JET Lorentz HEHY 4 4
KeERon, Al g RRERTHEMITER, BENEHXNSZE Lorentz K&,
TE55/IN Lorentz Z8H#t (4.5) FYREFEICIE N

i

Ao=1+w=1-wuJ", (4.8)
‘BRI AB ERE R AL
A = exp (—%WWJW) — o= f: ‘;—T (4.9)
HEHZ o —MIIREER, R w 5 g 2 -
(97w 9) s = g™ (W) gss = 9770955 = g Wy = —g T wos = —w7, (4.10)
Bl
g 'wlg = —w. (4.11)
M
g 'ATg=yg"" [g (w;!)n] 9= g Wl:# = exp(g 'wg) =¥ (4.12)
BT [~w,w] =0, RIE 4.12) #1 (3.73) X, H
g IATgA =e e =t =0 = 1. (4.13)

BOATgA =g, B A SRZEREEMIARIR (1.44) 0 BRI, 1 (4.9) SUE I A J2 Lorents 2Ht, I
N, B w,, TR/, WA RAEE, i

A =exp (—% wu,,j“”) (4.14)

&M Lorentz FERER AT T A RAIERZEM (finite transformation) , HTZEHSEL
wy A DAESHE] w,, = 0, H (4.14) FNERIXHY Lorentz Z2HLAEREZE [R5 18 5 R HuAH 1%
#, WiieET EA RN Lorentz 2, WK 4.1 FiRe Y w,, BB AITATE SEEUER,
Lorentz 284t (4.14) & Fr G B EA CRIN A Lorentz T3
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SO'(1,3)

4.1: EBEHEETT Lorentz BEFHIAERR Lorentz 28,

y' Y

& 4.2: 7E5% » XS MIERZH T, EY o(r) NEHRERE,
4.2 =FIFB Lorentz Tk

4.2.1 =FI=178 Lorentz TR

SWIENME TG, FREY ¢(x) /& Hilbert 28R EETRF, KT (3.28) X, o(z) MIE
B IRINTA] Lorentz IR R (2.77) WA

¢(a') = U™ (A)g(a)U(A) = o(x). (4.15)

AR, S PR B 1R AR G RN 22 iR AUE S T2 e bR B 7 R A AT N 22 b
HME. K&l 4.2 DR A BeF R BB AME DL s T o/ = A SFIT 2 = A1/, X (4.15)

B o >z, 2> A, 18
U (A)p(z)U(N) = p(A ). (4.16)
SH—J7H, H (1.87) X5 04¢(x) FIAHMN Lorentz 224t

U YN p(xYU(N) = "¢/ (2') = " p(x) = A*,0"d(z). (4.17)

15 1.3 1, XERARBI SRR R, BITEARAR R R A AR (LB L T 5 IR R A AL e &5
R RpIESHELES @2ES (2] 1931 7)) RANEDRSEG A,
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T, KEirEaparizla, hikE (2.79) (EVERFRIEA RN Lorentz Z8Hy

L) = U ALEUA) = % U~ (M)[0"¢(a")8,0(2') — m*¢*(2)]U(A)
= %{ng (M) (YU (MUTH M) (2 ) U(A) —m?[U~ (A)p(2")U (M)}

= Sl A PN G0 6(2) = 2 (2)] = {000 D)0 () — ()

= L(z), (4.18)
{50 0 FHEIEREERR SR (1.34) o AT,
U YA L(z)U(A) = L(A '), (4.19)
AL, FIREBERF L(x) BY Lorentz NI SR EHENT ¢(x) —FF, EMTIZ—1 Lorentz
=
XFTEF5 /N Lorentz Z8#t A#, = o4, +w”,, B
(A_l)u,/ = gr/oag'uBAa,B = guaguﬁ(daﬁ + waﬁ) - guﬁguﬁ + guﬁwuﬁ = 5”1/ - g,uﬁw
= 0", —wh,, (4.20)
NID]
(A1) = (6%, — wh))z” = 2" — wh 2", (4.21)
1« 0¥ (4.16) NELRAE w —FII, 15

S(A™'z) = d(2) — w270, (2) = $(w) — w0 P(x) = d(z) — %(wuux“a” + W 0")o(x)

= 6(a) — 5 wui(e0” — 2 )o(x) = O{x) — 5w L), (4.22)

Horfoa SE45 L 58 SUH

[ LY =i(a"d” — 2" 9"). ] (4.23)

HHE (3.10) &, ¥ (4.16) REBEIFE w l—HIH, 15

(]I—l— wwg(]”‘s) <]I— §wa5Jaﬁ>
b(x i

7) — 5 wusd(@) I + 5 s 9(w) = O(x) — 3 wul(a), . (4:24)

Ut

PIAHELEE, 2

[ [p(x), J*] = L ¢(x). ] (4.25)

XN Z KRR S 2.5 HEHY (2.228) AHF, AL, 8T Noether EFF Y Lorentz AR
PESFIERT (1.233) 5IXEHE T Lorentz e XAEBITEST Jv B—E M,
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Ar('y = At AY ()

T
4.3: 1E5% » Wi e 2 i T, K& A (x) FEHRERE,
L Hyalizsial sy & LY BB =4 2 AR

L'= 55”’“[/’“ = %Ewk(aﬂak — 2k = %(5”%98’“ — Mg ghy = igik I g, (4.26)

BN =4 R B2IMRAE R Z
L=—ixxV. (4.27)
BT —iV = p ZHEMPELT (2.90), ATEH L 2HERTIERHIER. g (3.36) X, ¥
(4.25) SREYAEA IS RS Ny
[6(x),d) = Lg(x). (4.28)
ERXFERH, SRR I SRETETT o(x) WS FEH THIEASRE, (BRE4SHEIEA
g, XUIARESRA BiE, HIGEREFIIBRA 0.

4.2.2 EFREDH Lorentz Tift
Oro(x) RIBIINIREL) ¢(x) BN FEAF NN Lorentz K&, HEHIZ Lorentz RENZ
T Ar(z) WRIZEAB (4.17) IRFERIIEH PRI 7] Lorentz ZE#EIK, Rl
A2y = U YA A*(2YU(N) = A", A" (2), (4.29)
B G K
U YN A*(2)U(N) = A", A (A ). (4.30)

Xt REFRE A*(x) B Lorentz TIRAZT, &l 4.3 PAAS[AIhEE A9 115 B K% = 3 A9 28
WG, 1E Lorentz ZLHAN, BR 7 RESHH 0 XIS EH 2% RAVHN X825, KREZH
EWELL Lorentz RETBRAIV G4, HBIE (4.8) K, (4.29) XTEFH /Ml

i

AR() = |8 = L ep (TP, | A(0) = A(2) = Lo 7P, %) (431)

R B35 (1.223) LR, ATDUEER 1.7.3 /N BIAERTTERE 17 SRR BFRIRPN T T
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FIF (4.21) R, 76 o 0¥ AY(A-2) BFFS w I—WT0, 15

AY(A'2) = AY(2) — w20, A" (z) = AY(2) — wagr’ 0" AY (z)

_ A%(2) + %waﬂ(:ﬂaaﬁ PO AY () = AY(x) — S waslPAD). (432)

M, (4.30) ELEFN

A AV (A1) = {5#,, - %wp,,(jm)#u] [AV(;L-) - %waﬁmﬁm(@]

= A(w) — S eopo BT AM(@) + (), A" (a)]. (4.33)
H—FHE, (4.30) XNEBTLE/NEFE

U Y A)A*(z)U(N) = (]1 + %wwg(]w) Al (z) (]I - %waf;Ja’E})
_ AM(r) — %waﬁA“(x)Jo‘ﬁ + %WW(SWAM@) — A () — %WPJ[AM(Q;), 7). (4.34)

AR E

[ [A#(x), JP7] = LP7A*(z) + (TP°)" AY (). ] (4.35)

TR, BEFREY A'(x) BA=EH, Hilbert ZRIMIERT Jro @R 5 FAEREERER
Sty b, WOERF L (EREENS SN, REFRERTT (J7), TEFTEER Lorentz &
=250k,

AT EERE g Al A BN B =R R

jfz%aﬂjﬂ,‘yz(j%¢ﬁﬂj”y (4.36)

HF g %28 Lorentz {REUEER (4.7), J' WE (3.40) BT SU(2) REEEA
(T8, T =ik g+, (4.37)
Hitt, J° 2 SU(Q2) BEENRMERRAERMTT, BRYE (3.36) #1 (4.26) X, FF (4.35) AAyaizs

[E] 5> &S H
[A*(z),d] = L A*(z) + T", A" (). (4.38)
R, BASERES I NRRGER A4 (2) NS FAAHE THIEAIE, KA1 TH
J MiRH BiefAmE.
Tt BRI

(T, = (TP, = (g8, - g%6%,) = o (4.39)
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0
(T2, = (T, =i(g™s", — g'e%,) = ' 0 | (4.40)
—i 0
0
(TP, = (T2)F, =i(g'e?, — g?dt,) = ? ';i . (4.41)
0
R A m gk 7y, A
0 1 1
(JTTY, = 1 S VAVEE 0 . (TPT%); = 1 . (442)
1 1 0
]l
2
(T, =TT+ T+ T°T°); = 2 = 201, (4.43)
2

HRUE 3.3.1 /INTERI) SU(2) BERRBEIE, I Casimir BAF 72 BIARGEEN s(s+1), B (3.146)
RiG (T2, = s(s+ 1), HF s NEFRTH, AW, KRS Ax(r) 205 R E R 75
»

s=1. (4.44)

BTG, RR% A () REREN 1 BR T s = 1 B 71, 72 A1 73 [ainsmm sy
SU(2) BEPEREZRR DO HZAERIEAERE, T DO g SO(3) BEHRIFET,

4.3 AREXEHHIENEFK
KT B, TR A 2 SRR 5 25 %

P = —FYh = QrAY — 0" AV, (4.45)

FEIHHNEREN X KED A, BN A HHEHF

[A“(X,t)]T = AH(x,t), (4.46)
N Lorentz AL H EKEE1E
c=-tF, g Lpza,a
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L HE—TUZFNEEI, B _UUR R, M m > 0 Z2REHIE, shEEInIH Ar KKK

_i Y = —}1(8#14,, — 0,A,)(0"A” — 0" AV)
= (0,4 A — (0,4, A" — (D,A,)0" A" + (0,4,)0" A"
- _%(aﬂ A)O"A” + %(&,Au)am". (4.48)
M or or
A — _OMAY £ VAR = — RV, A= m2AY. (4.49)
Euler-Lagrange 7712 (1.162) %t
0—pg, 0L 9L _ — 8, F" — m2AY, (4.50)

“9(0,4,)  0A,

K, A+ N&HE8) 77182 Proca A1z [14]

9, F" +m?A” = 0. (4.51)

W 0,0,F* = —0,0,F""* = —0,0,F"* = —9,0,F* A4,
9,0, F" = 0. (4.52)
M Proca J71& (4.51) 155
0=0,(0,F" +m>A") = 9,0, F" +m?d,A” = m?d,A". (4.53)

g m # 0 BERERES A* M YHE Lorenz 42

[ 8, A" = 0. ] (4.54)

M
OuF™ = 9, (A" — 0" AM) = OPAY — 0”9, A" = DPA”. (4.55)

Kltt, Proca 7512 (4.51) M THFE Lorenz &M Klein-Gordon 7 #2
(0% + m?) At (x) = 0. (4.56)

MRE (1.163) R, Ar M NMATHESEEh & HE N

oL
Ty = W = —80/4# —+ (%AO = _FO/M (457)

HFBTFIEYHER Ludvig Lorenz (1829-1891), MR =¥~ % Hendrik Lorentz (1853-1928),
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IS [ 73 B 23 [A) 7 B 0 il 2
o = —FOQ == O, T, = —80Ai + 8“40 == _FOi' (458)

BT mo =0, EFREMEANS A XMAENIYEE, WMAERN A MIEIENRX 2R, LR
E, BT Lorenz &% (4.54) WIFAE, A+ A 3 DS &, TATATLUR A° RT3 4
ZHE A KE, T2, ENEAERERRAENZEHEERNZRER

[A'(x, t),mi(y, )] = i6ij5(3)(x —y), [AYx,t), A (y,t)] = [m(x, t),m;(y,t)] = 0. (4.59)
B (4.58) 2VA
7= —0"A"+ 0'A’ = —F% = 0, (4.60)
A RRENER N
c— A VA, (461)
(¢
A=—m— VA, (4.62)

X Proca 772 (4.51) Bl v =0, 1§ 0,F"° +m?A° =0, Kk
1
m?

i EFADRE A0 FRIEN 7 BIEREL

1 A 1 A 1
0 __ 0 __ 0 __ 1

4.3.1 WMEURESTFEREEFHF
Ky A (x) BRI E Klein-Gordon 7512, NIZEA W N, BIEREM exp(—ip- )

FITARERE exp(ip - )0 HIT A¥(x) WH 1 Lorentz &R, “FHKEHXRHDLMEA —
PRAERFEIR, — M, X THENShE p, REDNIERBEXARGW MER:

¢"(z,p,0) = e"(p,o) exp(—ip- ), p’=E,=+/]p]>+m?. (4.64)

XHBEIIREL e (p, o) /& Lorentz K&, FNRIEKRE (polarization vector), AR T3& p, M
HEBGHBIN—MER o IR R ER FHIRAS, TR E—HR R EREBAIK Lorentz K
s A —H AR, WA ENTR] B —MEER Lorentz K&, N THEIX—K, —HRL
REN YR MM BIFR &N,

Lorentz REZSRIE— 4 4220, AT —H 5K By

&(0) = (1,0,0,0), &"(1)=(0,1,0,0), &*(2)=(0,0,1,0), & (3)=1(0,0,0,1),  (4.65)

Hep er(0) BEIRR, 1Mier(1). e4(2) fl er(3) BRZBRE, nTURIE, IXHFLRHEER
3

—REFR E,(0)8(0") = goor (0,0" =0,1,2,3) HIEMERR 3 0506.(0)8,(0) = guv o
o=0
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KA, ENFERI—HM R BN SE 4 4, G816 1 DEFEHREKRE (p,0) 5 3
ANEEHIRIIRE on(p,1) . e (p,2) FT e#(p,3) o FellTERIX 4 MRS, T il
Lorentz KEZRIHFHIIERT—XKFH

[ eu(p,0)et(p,0’) = goor- ] (4.66)
MEEMXRFR
3
> Gooeu(p. 0)es(p, ) = gpu- (4.67)
o=0

M, DIRAR BN ERADRHME R Lorentz K& V, B

3 3
Vi =9V =3 roeu(.0)e (0. )V = 3 va(ples(p, o), (4.68)
o=0

o=0
HAPRBFRE v,(p) = gosen(p,0)VY o HHLRMN, XHAMMKER TSI,

IERA—KER (4.66) e RR (4.67) #B2 Lorentz M), HEAERLMAMERPECE
FFEIXFN KA —dHW LR &, B Lorentz 2Rk n] DAEEL BN ME R SRR IR L IX
PREW—AHMI K E,

HTE, TAMRIESERNE pr MRREFE AWK E, Bk, W 2 MEZHTER
KRR &

e'(p,1) = (0,e(p,1)), e"(p,2) = (0,e(p,2)). (4.69)
[l X
e(p, 1) - |P||pT| (p1p37p2p37 _|pT|2)7 e(p7 2) = p_T|(_p27p17 0)? (470)
Hr
pr| =/ (ph)?* + (p?)2. (4.71)
“Bia” 8RR ENIE=42mh s p FE, A
p-e(p,1) = |p||1pT| [(p")*P° + (P*)*P° = P*lpr[*] = 0, (4.72)
p-e(p,2) = |p—1T|(—p1p2 +p°p') = 0. (4.73)
IAh, FHEMRXAR:
1
e(p,1) e(p,1) = W[(PI)Q(PS)Q + (*)?(0°)* + Iprl’]
1
= pEpeE pr*[(p°)? + [prl’] = 1, (4.74)
e(p,2) - e(p,2) ! [(p°)? + (p")?] =1, (4.75)

B |PT|2
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4.4: KRBT SGEIRTTIARER, p BET e(p, 1) M e(p, 2) RERF-[H,

e(p.1)-e(p.2) = m(—plpng +pp’pt) = 0. (4.76)
WEtEdl, EffE =423 A2 ERT—:
e(p,i)-e(p,j) =0y, i,j=12. (4.77)
M, IX PSR AT AR A % ik e PO 2 A ) % 14
pue”(p,1) = pue’(p,2) =0, (4.78)
FIEARZH—K AR
eu(p,i)e’(p. j) = —e(p,i) - e(p,j) = =0 = gij, ©.j =12 (4.79)

Al 44 REMEHEL p. e(p, 1) Ml e(p,2), BENE=4EZRPHNHEER,

R, TR 3 PREWMMKRE e (p, 3) BMBKY, BIE=4E= TS p AT, QNI 4.4 Fr
o RXFEIEAREWE ERIN R 08, Nt — 2R e e PU4ERE A 450 pet(p,3) =0, TMIE
REJA—RFR (4.66) RFOEERIT—L, T2, ARy

p| pop)
e’(p,3) = <—, ) 4.80
)~ (2L (4.50)
BHRAUE, CHISH E PY4ErEm 250
0 0 0
p p'p b P pp
pue(p;3) ZPOH -p- _vpl_rpl_ 0, (4.81)
m m|p| m m
MIERIH—R A
pllpl  ®")’p-p PP (°)? (") — Ip/? ,
eu(p73)e#(p73) = EE - m2|p’2 = m2 - m2 = - m2 =-1= 333, (482)
0
. P . .
e.(p,3)et(p,i) = — p-ep,2)=0, =12 4.83
(.36 (p.1) = —Lp-elp.) (4.83)

BJo, BATAT DR SRS R EHONIE LT p HIRE

e'(p,0) = %M = %(po,p)- (4.84)
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R %R 2
p

eu(p, 0)e"(p, 0) = i 1 = goo, (4.85)
T EL 762 UL BT PR 3 Ao S R e,
.0 (p,1) =~ pc(p,i) =0, i=12,3 (4.86)
i, ei(p,0) i RIIAERRIAZE P,
P (0.0) = L =m0 (487

SRR, A2 U4 r] S5 RN e R . TRIRIFE T, ST DABR— MR I
FRF p = (m,0), MRNRKE e (p,0) HINEIZSTE—EIEZ, B p.e’(p,0) = me’(p,0) # 0,
HT p.et(p,0) & Lorentz R, TEAERMIERTIIE pet(p,0) # 0,

AT DASGIE, FH (4.69). (4.70). (4.80) I (4.84) TN XXM ALK B RS e se s ok
2 (4.67):

3
> Gooeu(P,0)en(p, o)
o=0

= eu(P,0)e,(p, 0) — eu(p, 1en(p, 1) — eu(p, 2)en (P, 2) — eu(p, 3)en (P, 3)

popo _popl _p0p2 _p0p3 0 0 O 0
I O e o b L A I 0 p'p’p'p® PP’ —p'p’lprl?
m* | —p® Pt | PP 0 2 2P 0% leef?
—p*p® pPpt pp? pPp? 0 —lpr’p'p® —Ipr/>p?*p*  |pr/!
0 0 00 p*> =Pt =P %
0.1 ®% 1.1 D% 1,2 ®Y% 1,3
1 0 p2p2 _p2p1 0 1 —pPDp e pbp Ip? pp Ip2 pp
— _— 0)\2 0\2 0)2
prl? [0 —pip2 pipt o m? | —pp? Bkt Ehp? B
0\2 0\2 0\2
0 0 0 0 —p0p3 (ﬁ)I)Q p3p1 (ﬁ>|)2 p3p2 (ﬁ>|)2 p3p3
1 0 0 0
®EHY2 [ 92 _ @')*+0*)%pl2  p'p? [ GD2] _ p'Pe3)% -3 pp® [ (®9)? pp?
R [1 |p|2} DETE m? {1 |p\2} PRTE m? [1 |p|2]+ o
- 1,2 02 1,2 3\2_ 2 2\2 0\2 2.3\2 1\2 2 2.3 0\2 2.3
0 ok [1- k] - Pt GF [1- G| - O o - G|+
pp® [ (0°)? pp? p*p® [ (0°)? p2p? @®)? [1 _ 93] _ lpr/?
0 m? [1 |p|2] Bk m2 {1 \pIQ} B2 m? {1 |p\2} L
1 0 0 0
@Y% P+eH2(p2—|pr*)+(p*)?|p|? _p'p? | pp? S
0 T TEERTE pZ T o
= _plp? | pp? 02 P+@®) (e A=l D)+ (@32 p*® | p*p?
0 FERRNTE e pZ T o
_p? | pp? _p*p® | p*? _ (P®)?+Ipr/?
0 Pz T P P T P P
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_1 = G- (488)

0 -1

HTEREREY A DBIHE Lorenz 55MF (4.54), IEREMAE (4.64) B2

o O O

0= 0,¢"(z,p,0) = —ip,e’(p, o) exp(—ip - ), (4.89)

Rl

puel(p,o) = 0. (4.90)
W2 i, SR B RE X EHRIR K E TR B LN 5. Kt KWK R e (p,0) &
REH TR A E R &) A X A HE 3 M2 ARLIRE, IR &R e (p, 1)
e"(p,2) M e#(p,3) ik, HUEZHEIRR (4.67), X=YERRML R

3

-~ ; eu(p.0)e,(p,o Zgaaeu P, 7)ey(P, ) = g — Gooeu (P, 0)ew (P, 0) = gy — p:g”, (4.91)
BRI EE AR F= X & )
> eu(p.7)eu(p.7) = g+ 15 (4.92)
LM G o — EV PRI R E e+ (p,\), HP A=+41,0,—-1:
(o) = 5 [e(p. 1) & i (p.2)], (4.93)
e'(p,0) = ¢“(p,3). (4.94)
MOREE L) oo (p,+) BB, T co(p,0) RS0, B ARSI
pueh(P,A) =0, A==0. (4.95)
EATIE T 2
(0, £)2 (b, £) = Sleu(p, 1) F e, (p,2)](p. 1) & ie¥(p, 2)
= S DD, 1) + 5 e 2 (B2 = Slgu +gm) = -1, (496)
0. H) (0. F) = 2 le(p. 1) F ieulp, 2 (p, 1) F ie(p. 2)
= S eup DB 1) — 5 eu(p,2)e (P 2) F ey (p, et (p.2)
— 2911 — 922 F 2ig12) = 0, (4.97)

2
£,(p,0)e"(p,0) = eu(p,3)e’(p,3) = —1, (4.98)
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(0, £)2(p,0) = 2 [eu(p. 1) F ieup, 26 (p.3) =0, (4.99)

RMIEAIERIF—KH

(P, N (p, \') = = (4.100)
5 —J7H,
S b Vu(pA) = leu(p. 1) — ieu(p. 2)][e0(p. 1) + ey (,2)
A=£,0
+%[%(P7 1) +ieu(p, 2)][en(p, 1) —ien(p, 2)] + eu(p, 3)ev(p, 3)
= eﬂ(pv 1)6,,(}), 1) + e#(pv 2)6V(p7 2) + e,u(pa 3)6V(p7 3)
= Zeu(p, o)e,(p,o), (4.101)

5 (4.92) AEIHYE, HMFERERIXR

* PuDv
Z g,u(pa )‘)51/<p7 )‘> = —Guw T # (4102)
A==,0

IXPNRAE Lorentz WIERY, PULERERIZRAF (4.95) KB

2
v \ PuP
p A_zi:o e.(P; Nen(p, A) = —py + ;2 = —pu+pu=0. (4.103)

SEPR_E, REASEARE R e (p, 1) Fl e#(p, 2) AR B IIERIRS), N IIRS) 7T 8
FRAITER e(p, 1) 2L e(p,2) 5 p REMFHE L, 55—77H, MAEMRMMKE e (p, +) Fl #(p, —)
R R EZNERWIRS), & X (4.93) FLEEHE R I i = /2 BIRE R HPA
MRLZEN £ /2 LML AR

E 3.3 Titie, BEEREN T EIEAINEESIET A LR, N T AN 1 AR
BRF, BIEEAMEENEBESE -1, 0 1 +1, MNT 3 MEiElkis, shE p ATRH
p = p/|p| EIE, 7E Lorentz BEREFRH, BIEMAIEMEN T BRI (4.39). (4.40) F
(4.41), MImSRREEREFEIEAZ

. 1 1 0 —ip®  ip
pT=—p T=—

™ (4.104)

p| i 0 —ip
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¥ (4.70) F0 (4.80) AN (4.93) F1 (4.94) K, 155 e#(p,\) WFIREEA N

Ip|? 0
1| % 1 p'p® — ip?[p|
<C:M(pv ): i 0.9 y gu(p7+) = = 1 2 3 .1
mlp| | p%p V2/pllpr| | p*0° +ipt|p|
Py ~[prl (4.105)
0
(o) = ! p'p’ +ip*|p|
V2/pllpr| | p?*p°® —ip'|p|
—|pr|?
M HEH
0 0
1 _1 3.0 2+1 2,..0,.3 O
(BTN p0) = —— | LU TR =0¢"(p,0), (4.106)
v 2 3 0.1 +1,.0,.3
mp® | ip*p°pt — ip'pp 0
—ip2p0p1+iplp0p2 0
0
N 1 —ip*(p°)? + p'p’[p| — ip?Iprf?
(p'J>V€(p’+):\/_—2 10,032 2.3 il 2
2|p|?|pr| ip*(p®)* + p*p®p| + ip' P
—ip'p*p® — (p*)?Ip| + ip'p*p® — (p*)*Ip|
0
1 p'p*lp| — ip?|p|?
= =g 1| s e | = P ), (4.107)
V2/p2lpr| | p*P%Ip| + ip'|p|
—Ipr|?|p|
0
N B 1 —ip*(p®)* — p'p*Ip| — ip|pr
(p-J)V€(p,—)—\/——2 100132 2.3 1 |2
2|p|?|pr| ip'(p®)* — p*p®p| + ip' |p1|
_1p1p2p3+<p2)2|p‘+1p1p2p3_|_(p1>2‘p|
0
1,.3 s 2 2
V2[p2pr| | —p?p®[p| + ip'|p|?
|PT|2|P‘

FgER, H

(b T)e"(p,A) = Aek(p,A), A==%,0. (4.109)
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LB R & e (p, \) BIRTEE MR AIER &, AMEEN Ao K, e (p, \) #IRHE N p.
WEHERE N \ BYR BN T IS BBEEE A = 1 X T RAMERAR ML (transverse polarization)
BRI (\ = +) HERRKE (A= —); A =0 XN NTMUEIKRK (longitudinal polarization) o

ARERNEREGEFT A4 (x,t) FFEEBRFIUN Y& EREMA A RER Y AT A 3 E X
IR AR, FHim e B HPESM (4.46), FFEZRITER N

Al (x, 1) = Nap e~ + e (p, \) ;Aeip'x], (4.110)

[mm X [

A=%,0

Ho 0 = By = /pE+ 2, PR of , RIEKET o, HEBRIER A,
BOPE R (4.110) £ (4.38) RAIDRIED, 43H11EE)

a0 - [ 52 S I CLSVCSE SRR GAE S BRI

i
LA (z) + ()" A"(x) :/ pZ 16", x X V + (T
x {er 2 Napae P + € (p, Na, o"*
—/ 4 j_p;{(w X X p+ (T Je” (b, Nap e 7
+ =64, % X P+ ()" e (p, A) p)\elpx} (4.112)
MREELER, B

et(p, N)ap.J] = [0F,x x p+ (T)* " (P, N)ap a- (4.113)
L5 p fENE, EAIA (4.109) X, 15

' (P, Nlapa DI = (b T)","(p. Napr = Ae"(p, )apy, (4.114)
M T
[apx, P-J] = Aapy. (4.115)
A _EREUOKRIEYE, 15
Nafy =lapa, p- T =[p- T, al ], (4.116)
L
(p-T)al \=al (p-T)+Aal . (4.117)

HZS (0) EXHNBER ap, HRIE, B2

ap [0) = 0. (4.118)
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J|0) = 0. (4.119)
SINBRFS
p.A\) = V2E,al ,|0), A=+0, (4.120)

0 (4.117) REKE

(P-J)|p.A) = 2L, (f"J)aL,)\ 0) = V2E; [a p,\(P J)+ Aap/\ 0) = Ay 2Epap)\ 0), (4.121)
R

[ ®-J3)p,A) =Alp,\), A==£,0. ] (4.122)

AR ARG PUE R, I p- J A TIRIEEESEAT, AW, FF=AE8HAT o, & X
$‘*_“_l:¥‘?§ |p, > Em«?ﬁﬁrzkﬁﬁu\, zlgﬁE'fﬁﬂg Ao
MR (4.58) X, HLHEEHEZEN

T = —0oA; + 0;Ag Z/ 27)? \/Q_Ep Z {127()& P, A) — ipico(p, /\)]ap,xe_ip'r

A==%£,0

+ [—ipoe (b, \) + ipicy(p, Maf e}, (4.123)

EIVN

Ei(p, ) = &i(p, A) — ]%50(1)7 A, (4.124)

]
poci(P, A) — pico(P; A) = poci(p; ), (4.125)
MR L) & 5% TR R NG 1S E IR %
mi(x,t) = / b0 [el P, \apae PP — & (p, )\)a;/\eiw : (4.126)

2m)* 2B, 2 50

TR E R E B S
[mi(x, )] = mi(x,1). (4.127)
FRAE-F I B (4.110) F1 (4.126), PANERNXNZRXER (4.59), HEHFEEFERBRFHIN
ZREFR

[apa al ] = 27250 0P(p — @), [apr, aq] = [al 5, al ] =0. (4.128)

BAMESEREN 4.3.2 NN E, EXNRHE, W EBRFHEONS, Hit, SREsmdiil,
ARER BRI F2—Mi 7, FRAKREEEBF (vector boson), HIEN 1, HLhnE
B, BRESLREIGN NIRRT 2k Y,
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R (1.165) X, ARBREBYIGEIEREN
H=m0A —L=—7 A+ }LFWF’“’ - %mzAMA“. (4.129)
FIF (4.62) F1 (4.63) X, B

—m-A =7 (4 VA) =72+ V- (Agm) — A4y(V - )

1
=m+ V- (Agm) + ﬁ(v -2, (4.130)
_12 u__12 2_2__L _2122
S mPAAY = —om?[(Ao)* — A7 = 2m2(v m)* 4 5 mPA (4.131)
S—75H, H (4.58) fl (4.60) XfF
1 1 1,

- FOiFOi = §7ri7rz = —5 ™. (4132)

2
RN (1.114) R, #HEH

Fi = 9 AT — P AT = (67§ — 5T g A" = ckkmngm AT = _ciikckmng A (4.133)

M,
1 i 1 ij g 1 ijk _kmn n\ -5l _Ipq q 1 kl _kmn n\ ~Ipg q
ZFijF = ZF FY = 1 (O A™)e ' e™10,AT = 55 "m0, A )eP10, A
1 1
=3 ehmn (9, AM)eP19, AT = (V% A2 (4.134)
i 1 1 1 1 1
Z MVFMV: 5 OZFOZ+ZE]FZJ :—§W2+§(VX A)2 (4135)
TR, MEaEEEAN
2 1 o 1 o 1 2 1 2 1 940
H=mn +V-(A07r)+W(V~7T) 5T +§(V><A) —2—m2(V-7'r) tgm A
1 1 1 1
= §w2+v-(A0w)+w(v-w)2+§(v ><A)2+§m2A2. (4.136)
EREEATHE IR N EEUE, NSRRI R T
T, REWMERTN
1 1
H = /de’H =35 /d3:1: {71'2 + (V-7 +(VxA?+ m2A21 : (4.137)
m
M-SR, il
H=Y /ﬂE f aps+ (2 )3(5(3)(0)/‘13—2’%15 (4.138)
= ) p (p \0p, m 27) 2 P> .

A==£,0
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Hrh S~ Ao BRI GRS A R B O F B RER M, B IR T RAE. &

—JiH, SRHERFN
/ FrmVA = > /

A==%,0

IXRIAS S EENA N BEEXT ARSI E RER G Falish a2/, BAESEREL
4.3.3 /NTTIERTENE

4.3.2 EZiFE HEFEELABERTHNNZ XA
ANTHESATERKATFRIN SRR (4.128),

A
/d3x eldT AH
A3z Z Jap e PTDT L (p N)a, T)\ i(p+a)w
/ 2m)? V2E / A=+,0 " }

d3p _ .
e / Z |:€:u(p’ )\)alp7>\e—l(p0—q0)t5(3) (p _ q) + E,u* (p7 )\)a;’/\el(p0+qo)t5(3) (p + q):|

V 2EP A=%+,0
1 )
_ > [5“(q, Aagx + " (—q, Nal q,Ae%qu} (4.140)
V 28, A=%,0
il
/d3]] eiq-xaoAM — / _lp() /d3 Z Cl /\e i(p—q)-x _gu*(p )\)CLT ei(p+q)-x
2m)3 /2E, ) P
A=%,0
dS —ipo [ (00
= e"(p, Nap e @53 (p — q)

(2m)3 /2E, A:Zi,o P

" (p, )\)aT Aei(zo%qo)t(;(?)) (p+ q)]

S— Z [5“ Q, Nagy — " (—q, N)al G Q‘qot} , (4.141)
V2Eq 7, "
PANIERIH—RK AR (4.100), #HEH
£*(q )\’)/deeiq'I (O A" —igeA") = €7,(q, A —21QO Z Yag
p A\ ) \/2_E1 q,
A=+,0
\/2E Z 5/\/)\ aq,\ —l\/2EqCLq7>\/. (4142)
A=%,0

M Lorenz &4 (4.54) 5
DAY = —0; A", (4.143)
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MRIE (4.58) X, B
30Ai == —80A, = T; — @AO = T — @ZAO (4144)

TR, EXKER ap, AIRIEN

—i

Iy = ﬁ
« /2E
T /2Ep

€Z(p, A) /d3x e?* (9p A — ipy AM)

/d3x e [er(p, \)OpA” + ¥ (p, \)Op A’ — ipoey, (P, A) A"

/ Pz e?? [ - e5(p, NAA" + &/ (p, )mi — &/ (p, \) D A°
— ipoeg (P, A)A” — ipoef (p, A) A" ]. (4.145)
B SEWAT G S H RS — TR 58 =100 AT DI 43 AR 4
/ e[ —eh(p, AT — e (p, \) D A°] = / A3 [ (p, \) (94T T) A + €7 (p, \) (Die'P®) A
_ / & [ipie(p, \)eP* A' + ipet (p, AP A

= /d3xei”'$[i€3(p,)\)piAi—i—ipl-e;?‘(p,)\)AO], (4.146)

M
ap\ = \/%Tp/d% e?? Ligg(p, NpiA’ + €5 (p, \)m; + ipie; (p, A) A°

— ipogg (P, A)A” — ipoe; (p, A) A’ |

= \/;Tp / Pz e?? {e; (p, \)mi — ipte;, (P, N A® —i[pog; (P, \) — pigg(p, V)] A’} (4.147)
FAFH PY4ERE T 25 0F (4.95) A1 (4.125) X, 153
g = ﬁ [ e [ (. (o) — i (p VA
= \/TTP / d*ze?* [e™(p, A)mi(z) + ipog; (P, A) A (2)] . (4.148)
oA, 15
al = \/ﬁ dPre™7 [(p, \)mi(x) — ipoés(p, A\)A'(2)] . (4.149)

FHZERNNZRER (4.59), AISERKBERFS=AAFHIN B RXEN
[ap, a:;,x]

1
- \J4E,E,

/dgx APy oPr=ay) [£%(p, M)mi(x, 1) + ipog (p, ) A’ (x, 1),
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1 . . .
= \/Tpqu / d’z d3y ellre=a1) { — igoe"™ (pa )‘)gj (q7 A/) [ﬂ-i <X7 t)? A (Y7 t)]

+ipo&; (p, N)e? (q, ) [A'(x, 1), m;(y, )] }

1 i ' ~ ' - j n si
= i ] P e T e 0,V N ) X))
\/m/d?’xe P=ate i x [ g o (p )& (q, ) — Epet(p, Ael(q, V)]
1 ~ / ~% ) !
= —52m)%89(p — @) [£" (p. ME(p, X) + E{ (P, Me'(p, X)]. (4.150)

MRHEE R (4.124)  PU4EREAZ50 (4.95) FIIERIA—K AR (4.100), B

1 ~ Tk ]' %
¥ (p, N)éi(p, N) = e”(p, Nei(p, \) — oo pie (P, Neo(p, N)

. 1
= " (p, Nei(p, \) + p—0p050*(P7 Neo(p, N)

= " (P, Aeu(p, A) = oo, (4.151)
BEHE, 15
g NE(P,N) = —ban (4.152)
TR
1
[Clp’)\, CLL,)\/] = —5(271')35(3) (p — q) (—(5)\)\/ — (5)\)\/) = (271')3(5)\)\/(5(3)(1) — q> (4153)
53— 77,
[ap,x; Gq,x]
-1 : . A
= \/Tpﬂi dS.I dgy el(p-x—i—q-y) [52* (p, )\)77'7, (X, t) + lpoé;k (p, )\)AZ(X, t),
e (q, N)mj(y,) + 105 (a, ) A (3, 1)]
= _—1 / dgx dsy ei(p-x—l—q-y) {iQOgi* (pa A)éj<q7 )‘/) [ﬂ-i(xa t)a Aj (Y7 t)]
VAE,E,

+ipog; (p, N)e” (a, N)[A'(x,1), m;(y, )] }

—1 : ; ~ 1 ~% ] * i
= \/ﬁ /dgx dgy e!Prtay)§3) (x —y) [g0" (P, A)ej(qv N7 — poéi (p, AN)e’™(q, X')d il
P—q
_]- 1 ~% ~k 1%
- ViE,E, QP PSP OX (B (p N)E (g, N) — By (p, A)e™ (. V)]
P—q
1 i L% ~ ~k Tk
= —5(2m)*0 9 (p + @)e” " [ (p, M) (=, \) — £/ (p, V)™ (—p, X)), (4.154)

X PULERE A 25 (4.95) BUE SL4E, 19

pue™ (P, A) = poc™ (p, A) + pie™ (p, A) = 0. (4.155)
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5 R p BHUR —p, 18

poe” (—p, \) — pie™(—p, \) = 0. (4.156)
(Al b,
pie” (P, A) = —poe” (P, A),  —pie” (—p, A) = —poe” (—p, ), (4.157)
EGF K
P ' (P, A) = poc” (P, A),  —p-e"(=p,A) = poc” (—p, ). (4.158)
M,

e (p, e (—p, )

£ (p,A) |21 (=p, ) + L ei(—p, \)
Po
= "(p, Nej (—p, \) + o, e (P, Mep(—=p, N)
, 1
= 81* (p7 A)g:(-p) )\/) - p_o p(]go* (pa A)€8<_p7 /\/>

= ™ (p,Ne; (—=p, ) — ¥ (p, Vi (—p, \), (4.159)
g;k (p> )‘)El*(_pa )‘/) = 8i*(_p> )\/>€: (p7 )\) - 50*(_p7 A/)€S<p7 )\) = gi* (p> )\)éj(_pa )\/)7 (4160)

B =™ (p, A&7 (=P, X) — & (p, N)e™(—p, N) = 0, #X

[ap,x, agx] = 0. (4.161)

4.3.3 EiFE: HESREBEUSMNEchE

B RIS B E (4.137) o
IV 25 e ) 25— T 2

1
/d3x7r

d3x d3p d3 . ~ —ip-x ~ ip-x
=32 ] e i (i) £ N & (0. 0]
AN

. [é(q, )\/)aq)\le—iq-z . é*(q, )\/)aj;xeiqw]

A3z d3pd? .
-3 / e qp°q°[—é<p,A>~é*(q,X)ap,xa;x,e—wp—@w

AN AE,Eq
>\> (q’ X ) IT)/\aq Xe ip=a)w + é(p7 >\) : é(cb /\/>ap,)\aq,)\/efi(P+Q)-x
+e°(p,A) - €(q, X) pAaTAew).x}
d?’p d%q poqo |
T2 ~0¥(p—q) € CE(q, N t oilPo—ao)t
— Z/ 4E E { J (p q) |:€(p> )\) 3 (q,)\)apy)\aq)\,e Po—qo0

AN

+ & (p’ )\) . é(q’ A/)@;’)\aq)\/ei(po_qo)t
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+5@ (p+4q) [€(p,A) - €(q, )\/)ap»\aq’)\,e—i(?o-&-qo)t

+ é*(pa )\) (q, N ) p )\aT N ,e (p0+q0)t:| }

d3p 1 - . i
- Z/ AR E [ (p7 )\) - € (pu A/)ap,)\a;)\/ + € (p, )\) . E(p, )\/>a;r)7)\a,p,)\,

o/ (2m)* 4E,
— é(pa )\) . é(_pa )\/)ap’)\a,p’)\/emept _ é* (p7 )\) A é*<_p, )\/)al,AaT_p)\leQiEpt} . (4162)
C RN iprs
1[5 1 )
L &z d®pd®q (ipo)(igo) | |
T2 /IE.E. ip-&(p, Napre P* +ip-€°(p, Na] e”"x]
2 AN\ / (27T>6 4Equ m2 [p (p ) P,A p (p ) P2

< |iq- &(a Vg™ +iq- & (q, N)ah |

1 d3z d3p d3q pog ~ . e
-2/ 0L e(p. M)l (X Japaal e 0

AN 27T \/4E E m2

_ [P . 8 (p7 A)][q . €(q, )\ )](I;ACLq’)\/ei(p*q)-x _ [p . é‘(p7 A)][q . é(q7 )\/)]ap’)\aq)\/e
—[p-€(p,\)]a-€"(q, X)]a;/\ail,xei(ﬁq)“}

d*p d*q pog i ~ o
0q0 {5(3) (p—aq) <[p -€(p,N)][q- €"(q, )\/)}ap,Aa;/\/e (Po—qo)t

-32) )\ /ABy Eqm?

—i(p+q)-x

_'_[p : é* (p; )\)] [q * é(q, )\/)]a;’kaqy)\/ei(poffm)t)
+6® (p+4q) <[p -€(p,N)][a- €(q, )\/)]ap7)\aq’xe—i(po+qo)t

Hp & (0, V- (. X yap e ) |

Bp 1 Elf N / T

= %;/ (27’(’)3 ﬂm_ {[p €(p7 )\)Hp - € (p,/\ >]ap’>‘ap7/\’

+[p-€"(p,Nl[p - €(p, )\’ﬂa;AGIp,)\’ —[p- €, N)][p-&(—p, N)]apra_pre 25!

—[p-@MNp-(-p, A’)]ai,xaipweZiE"t}- (4.163)

BT
1 3
d®z (V x A)?
d3x d3pd3q ' |

- ' T * T ipw
A

—iq x e*(q, )\/)a:;’/\,eiq'x}

—ig-x

- [iq x e(q, \)agve

3z d3>pd3q ) .
§ :/ 427 {[p x g(p, )] - [ x €*(q, X)]ap,,\a;xe (p—q)
AN E,Ey

+[p x €*(p, A)] -[q x e(q, )\/)]a;Aanei(”_Q)'” —[p x e, )] - [qa x e(q, )\')]apAaq,,\/e_i(erq)'f”
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—pxe’(p, )] laxe(a, )\’)]a;)\ajl,xei(p-&ﬂ)'x}

d3pd3q |
= (3) _ . * / -|- —l(po—qo)t
%:/ 21)3\ /4B, Eq {‘5 (P —a) <[P x e(p, A)] - [q x "(q, \)]ap g ye

o x & (V)] - ax el X)la) e )
_ (5(3) (p + Q) ([p X €(p, )\)] . [q X €(q’ )\/)]ap’/\aqj)\/efi(poJrqo)t

+ o x & (2, )] - [a x &g, N)]af yaf e o) |

d’p 1 ) /

- Z/ 21)3 4, {[p x e(p.N)] - [p x & (P, N)]apaay
_|_
+

) - [p x e(p, /\')]a;/\apw +[p x e )] [p x e(—p, N)]apra_p e 25

P
px e (p,A)]-[pxe(-p, X)]al,xaip,xempt}. (4.164)

X

m*
=

>

1 B B dBa m2 . |
- _Z/ it A B [E(P,/\)ap,mﬂpw —i-E*(p,/\)a;/\elp-w}

24~ ] (27)6\/4E,Eq

. [E (a, X)aq,/\’eiiq.x + &*(q, )\I)CLL,A/eiqw]

L d®z d%p d*q m? / T
2 e —i(p—q)-z
2 g/ (27)8\/AE, Eq [s(p,/\) e"(a, N)apaag e

+e"(p,\) - £(q, N)af \aqn e " 4+ e(p, ) - €(q, N)ap raq e T
+e%qus%%xmmwbe@“’}

d3pd? |
= Z/ p q m? {5(3) (p — q) [€(p, )\) . 5*((1, X)CLP,ACLJ; Xe—l(po—QO)t
OV 4E Eq 7

SN
+ 66 (p+4q) [e(p, A) - e(q, X)ap’)\aq’/\/e_i(po+q0)t

+e'(p,A) - €'(q, )\’)a;)\a;wei(po—i-qo)t} }
= Z/ 27T 3 4E [ (P, >\) . 5*(p, )‘/)anAaL,,\/ + 5*(1), )\) X €(p’ )\/)G;r,’)\ap)\/
AN

+—e<p,A>-s«—p,AvamAa_m»e—”Eﬂ-+e%<p,A>-e*o—p,AUaLAaiE»e”E%ﬂ- (4.165)

ey A

dBp 1 i . ;
H = ;/ (2r)? E [f1(p, A N)apaag o+ f1(p A, N)ag, yap x

+ fa(p, A, N)apra—p e > + f5(p, A, X) pAanA,emEpt], (4.166)
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Hrf,
E2
AR AX) = EpE(p.A) €' (p,N) + —S[p - E(p. M][p - €"(p, V)]

+[p xe(p,N)] - [px e (p,X)] +m’e(p,\) - "(p, X), (4.167)
fpAX) = ~E2&(p.Y) -€(-p.X) — 4(p- (b N]fp (. V)]
+pxel@ V] [pxe(—p,\N)] +m?e(p,\) - e(—p, N). (4.168)

e, BATHE filp, \, N)o H (4.124), (4.158) F1 (4.100) 2, AJ%%

mm»wnmzkmm—ﬁme-kmm—ﬁ%mm

* ! 8 7)\ * ! 8* 7)\/ 2 * !
— e N) et N) = 2PN e S oy PE e nen e, )
Do Po Do
* ! 8 7A * ! 8* 7)\/ 2 * /
= E(p>)\) = <p>/\> - 0(p )p0€0 (p7>‘) - O(p )pogo(p, )‘) + %50(1)7)‘)50(1)7)\)
Do Po Do
Lk / |p|2 * ! m2 * /
= —eu(p, ) (p, N) + P 1) eo(P, Aeg(p N) = daw — 55 co(@ A)eg (R, X). (4:169)
0 P
57T,
p-€,N)p-€(p,\)]
2 2
=pamw@wmwﬁﬁmmJimmv
Po Po
2
=ms@Ampf@AW—%den»mwAv
Ip|? V| 1 e
- 60(p7 A)[p - € (p7 A )] + o 50(p7 )‘)80(1‘)7 A )
Po Do

* p *
= p()go(p: /\)pogo (pa )‘/) - EPUE‘:O(IL /\)Eﬂ(pa )‘/)

2
1Y * *
- |p(|) €0 (p7 )\)pogo (p7 )‘/) + B} 8O(p7 )\)5()(1), )‘/)

4 2
= (=20 + ) catp i) = |58 = o+ ol = 48] utp Mo, )
0 0
_ 2 2|P’2 % / _m4 X ,
—\mom 2 50(1),)\)50(1),)‘)—ﬁgo(Pﬂ\)%(P,)\)- (4.170)
0 P

NTEE=4kEaf b, FIH (1.114) X, A
(p % a) . (p % b) — gijkpjakgimnpmbn — (6Jm6kn o 6jn5km>p]akpmbn
= pla*p'tf —p/d*p'V = p[’a-b— (p-a)(p-b), (4.171)
NIDEGE

[px e, A)]-[pxe(p.XN)] = [p’e(p.A) - (p,N) —[p-e@.N)][p-e(p, )]
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= [p|*e(p,\) - €*(p, N) — poe’ (p, \)poc™ (p, \')
)-€*(p, N) — E2%(p, M)e™ (p, X'). (4.172)

[\
®
—~
=
>

Ti&, (4.167) RfkH

fip, A X) = Ejoaw — mPeo(p, Neg(p, ) + mPeo(p, Meg(p, N)
+plPe(p, ) - ' (p, X) — By’ (p, M (p, V) +m’e(p, A) - €”(p, \)
= Ejow + Exe(p,\) - €"(p, X) — Eje’(p, \)e” (p, )
= E20\w — E2e,(p, \)e"* (p, N) = 2B 5. (4.173)
(Kl
fie, A N) = fi(p, A\ N) = 2E26,. (4.174)
BE, BATHE fL(p, A\ N)o H (4.124) F1 (4.158) 1%

E.N) - E(-pX) = |em.A) - 2 cofp, A)] - [a(—p, 0+ 2 o)

Po
50(p7 )‘)

— /\/
= e(p,\) -e(-p.\) — T e(—p, ) + w

2
P E(p7 /\) - % 60(p7 )‘)80(_]?7 /\/>

/ € 7>\ / Eol— 7/\/ 2 /
e e(py V) + 2P o p a4 R o = P heo(—p, )

Po Po i
=e(P,\) -e(-p,N) + Eig@Eﬁ — [p[*)e0(p. N)eo(—p, N). (4.175)
55 —J71H,
[p- €. N]p- é(;p, A 2
= [peeton = P ] [p-etpx) 4 Bhcoop )

P Mp - e(—p ) - ’%‘ co(p. Neo(—p, V)

2
= —poc”(p, \)poc’(—p, \) %') poc’ (P, N)eo(—p, N)

4

|y

_ (—p% o2 — —’pl ) co(p. Neo(—p, N) = —— (B2 — [pP)?e0(p, Neo(—p, X)
0

- - 50(p7 A)go(—p7 )\/)7 (4176)
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)\/) + p0€0<p’ >\)p0€0<_p7 )\/)
) -e(—=p, X) + E3e’(p, N)e’(—p, X). (4.177)

2
=
>

T2, (4.168) RfbH

fa(@, A N) = —Eje(p,\) - e(—p, ) — (2E; — [p[*)e0(p, Meo(—p, ') + m’eo(p, A)eo(—p, X')
+[ple(p, A) - e(—p, X) + E2°(p, A)e’(—p, X') + m’e(p, A) - e(—p, X')
= (=2B; + [p[* +m? + E})eo(p, Meo(—p, \) = 0. (4.178)

(&,
f2(pa )‘7 )\/) = f2*(p7 )‘a >‘/) =0. (4179)

B (4.174) F1 (4.179) FARA (4.166) 3K, HRHFEREKBERIN SR (4.128), #HEHA
R R R R G B R EAR N

d3p FE
= f f — P i i
H = Z/ 27‘(‘ 3 E 2E 5)\>\/(ap,>\ap,)\/ + ap,/\apJ\/) = 2/\:/ (277)3 7(ap7>\am + ap7/\ap7>\)

AN

] 35(3) d’p 3
- Z Epapykap,w(zw) §%)(0) Wng. (4.180)

A=%£,0

X (4.138) o
BIE (1.212) X, BRERAEGIESEERTN

P=— / Brm VA

dg.flj d3p d3 ~ —ip-x ~% ip-x
=3 [ Gy (20 [ N = Ao
AN

><<iq>[ (@, N)age ™ = = (a, X)ah e

d’z d3p d*q pogq [ : .
= — &i(p, Ne"(q, Nap ra! e -0
%:/ JIE,E, (P, A)e™(aq, \)ap aag

—& (p’ Me'(a A )al,Aan’ei(p DT L E(p, Ve (g, N)ap aaq e PO
Sy

d3 d3 ~ % —i —
_ Z/ P 4 pod {5(3) (p—q) [&‘(P, Ne™(q, X)%,)\a};,,\’e (Po—qo)t
Y 4E Eq

+ & (p, /\)Ei(q, )\')a;)\aqy/\,ei(po—qo)t}
B 5(3) (p + q) |:g’t(p7 A)El(q_, )\/>a,p’)\a/q7)\,e_i(p0+QO)t

+ E(p V)" (4, X)af yaf e | |

d3
— _Z/ p I;|:€z<p7)\) l*(p;)\)ap)\ap)\,#—&? (p,)\) (p,)\) I))\G’P)\/
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+&i(p, Ne' (—=p, N)apra_p e 2P + & (p, \)e™ (—p, X)a;AaT_p’XeZiEpt] . (4.181)
HH (4.124) F1 (4.157) FNHEH
50(p7 )‘)

E(P, Ve (—p, X) = &i(p, \e'(—p, ) — pi'(—p, )
- go(p, A
= Si(pa A)gl(_p7 )\/) - %%5%_& >‘/)
= 5i(p7 A)gl(_p7 )\/) - €0<p7 A)EO(_p7 >‘,)7 (4182)
M,
p )l (—p, Napra_p e 2Bt 4+ & (p, \)e™* (—p, N)a! \a! eZiEPt]
2 P, p,Ad—p A i\P p, pAG_p

—2iEpt

—Z/ d3

57, pv >‘) ( P, )‘/) - 80(p7 A)EO(_p7 )\,)]ap7)‘a_p7)‘/e

l\Dl'U
/—’H

TP N (-, X) = 50 N (-, Xl yal e |

d3p -p Ny / y
= Z/ (27)3 9 {[&'(—p,)\ )e'(p, A) — eo(—p, A )Eo(p’ M]acpvapae 2Bt
AN

+[*vﬂxAﬁe”uxA>—eavqxxwé“uxAnd;AwiA&ﬁ“}

)\ )gi (pa )‘) - 50(_p7 )‘/)€0<p7 )\)]ap,)\a—p,)\’e_ZiEpt

l\DI'U

——Z/ &*p

Het(—p, Mg (p, A) — 5(—p, X)=%(p, V]al ol p)\,eQiEpt}. (4.183)

BT p — —p BN N & N BUESR, T2 =4igh & mfioy HAF A
FN EATRA, IXPRMRIFRRA SN RS R, B=S MBI AR KEAIN B R AR (4128), #
BRESE-HS5E=HNER I MHERE, v EX8E, K, (4.181) AREMITHIES &
JEMI A TRk, FAIA (4.152) 2,

d3p p d’p p
Z/ 271' 3 2 (5)\)\1(11,,)\(1/;/\/ - (SA)\/GLAQP’)\/) = Z/—3§(ap7)\a;/\ + CLLACLP’)\)

3
= Z/ 3pap/\apA+ 6 /d3pp— Z/ 3pap/\ap,\ (4.184)

A=%,0 A=%£,0

XEE (4.139) o

4.4 FTHhEXEIFVIENEFK

4.4.1 TREBRTERKLKTE

s m =0 I, H (4.69) 1 (4.70) NERXAIH DAL KRR e (p, 1) T e(p,2) 2
TE S REFH, 15 (4.80) EAT BRI E e (p, 3) FIRLFEN, IR, WIHREXK e (p,3)
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=S| IEEET p, M et (p, 3) —ENRERF & PULEM A 5514 ; 55— 77T, KRINHRILRE e (p, 0)
AT REZ PU4ERE R ; PHOCIBTEIE RRE N ST 4.6 453, [Alitt, PO4ERE ANz AR R & R
et (p, 1) M et (p,2) XN, AN, HTIRERBULT p? =0, WARERS (4.84) IAKEE e (p, 0)
BOSIELLT pr BIRRE, SN e, (p, 0)e”(p, 0) = 0 TIARESRIEFAYH— 1, T2, Fdll
T EHTE N e (p,3) F e#(p,0)

TER (4.69) 1 (4.70) NE X et(p,1) M e(p,2) I, FRATELIER T —MREEWIRIESSE
FRo TERXNZHRPE N — RN B R =

nt = (1,0,0,0), (4.185)
HERNE n2 =1, A, HRNHRIEE 4 (p,0) EHSERTHIELRFEC ne, Bl
et (p,0) =n* = (1,0,0,0). (4.186)

e(p,0) EEEMRMSE RPN TET Lorentz ZHASEN, 5—7H, F p* Fl ot PRI

R ETE NN

)_p“—(p-n)n“
B

RSO EH, BHTCREN T LOEHIzs), Haig p EANE, Bkl p* = (p°)2 -

Ip|?> =0 BKE

e (p, 3 (4.187)

p’ = Ip| >0, (4.188)
M et (p, 3) TEFRATTEIIISHE RHFRIE N
P — ponu |Y 1 1 2 3
e'(p,3) e ( ,‘p’) ’p‘( 057,07, (4.189)

H3Ay &S p VAT, BIE=4E2 R 2@ i,
XHAEE XY e#(p, 0) I e (p,3) B IERIA—KZA (4.66) :
PP

eu(p,0)e’(p,0) = n?=1, eu(p,3)e’(p,3) = _W = -1, (4.190)
eu(P, 0)e"(p, 1) = eu(p,0)e"(p,2) = eu(p, 0)e"(p,3) =0, (4.191)
eu(p,3)e" (p,i) = —‘%p ce(p,i) =0, i=12. (4.192)

Ah, RTRABRIUE, HH (4.69). (4.70). (4.186) F (4.187) B SLHIX AR b I B HhSL i 2 s/ 1
KA (4.67):

3
> Gooeu(p, 0)en(p, o)
o=0

= eg(p, 0)e,(p,0) — eu(p, 1en(p, 1) — eu(p, 2)e. (P, 2) — eu(p, 3)en(p, 3)

10 0 0 0 0 0 0

o000 1[0 p'Pp W el

o oo 0 of PP |0 pptpt Pt —p2pPlprf?
0000 0 —lprlp'p® —Iprl*p?p® pr|*
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0 0 0 0 0 o0 0 0
- 1 0 p2p® —p*p' 0 - L 0 plpt plp? pp?
prl> [0 —p'p® p'p' 0O p* [0 p*p' pp* P
0 0 0 0 0 pPpl PP PP
1 0 0 0
0 _ (@Y2@*)* + (02 p 2+ (") pr|? _ p'P?l(P*)2—[p/’l+p'P?pr 2 pip®  p'pd
_ [p|2|pT|? [p?|pT|? Ip|? Ip|?
0 _ p'?[(0*)2—|p|*+p'p?pT | @22+ EH2PP+ @)% pr2 PP PP
Ipl?[pr|? Ipl?[pr|? p|? p|?
0 p'p® _ p'pd p?p® _ p%p _ prlP+(®%)?
p|? Ip|? [p[2 [p[2 Ip|2
1 0 0 0
0 -1 0
0 0 0 -1
Ak, et (p,0) F et (p, 3) BB itk R U4ERE A S5 1 :
PP
pue’(P,0) =p-n =p’ = p| >0, puet(p,3) = —W =—|p|=-p-n<0. (4.194)

AL R E e#(p, 1) F1 e (p,2) BARHXR

2
=Y e, 0)eu(P,0) = D goweu(P. 0)en(P.0) = g — gooe, (P, 0)e, (P, 0) — gszen(p, 3)eu (p, 3)
o=1

o=1

P — - 1)nupy, — (p-1)ny

= Guv — NuNy +

p-n pon
PuPy — (0 - M)puny — (p - n)pn, + (p-n)*nun,
= e = B ]
= g + (]f’f];”)Z = p“ngrf”"“ (4.195)
&l ,
R Y N e 2
;eu@,a)ey(p,o) = T (4.196)
HRIEIR (4.93) e A ENR LR & e#(p, ), W (4.101) BRI KA1 R FRH
2
D en@ Ve (@A) =) eulp 0)en(p, o), (4.197)
A=+ o=1
itk KX FR T
S e (0, Ny (B, A) = — gy — 2Dy ulle TR (4.198)

= (p-n)? p-n
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P4EREm SR pct(p, £) = 0 £ R AT

2

y . Pup pu(p-n) +p*ny,
j% 5 e, (P, Nen(p, ) = —p, — - =—p,+p,=0. 4.199
A=+ M( ) ( ) ! (p-n)2 p-n g : ( )

4.4.2 THREXREHS5IERHIRE

FEHHAERBRREGIAIE (4.47) W, 228 m =0, MAEIEHTLRELREY
Ar(z) FHLRE

1

[ L=—1 FuF", (4.200)

Hrr prv = grAY — 9V AF, [AIRE, 2 Proca 7712 (4.51) ' m =0, HISBAHELHREREHNSG
Wizz) 752

[ 8, F™ = 0. ] (4.201)

RAE 1.5 TS, X NHEMZ LR Maxwell F12, w3 E —MICHERXEY), /FVH
W g+, XF2—FERN 1 NERERERET,
ZIEXN Ar(x) fEAEEHR (gauge transformation)

[ A (z) = AM(z) + 0"x (), ] (4.202)

Hrr, fENZHSEN (o) B—MEER Lorentz bREKEL, M TINZS84%, KRIMIXFERIAS
HOZREL (local) A8H, FEMMITEZR T, HEKERE,

F''™(x) = o* A" (x) — 0V A" (z) = O*[AY (z) + 0" x(x)] — 0" [AH(x) + O x(x)]
= OMA"(x) — OV A*(x) + 010" x(z) — 0" O"x(x)

) — )
= O"AY(z) — OV A¥(x) = F"(x). (4.203)
T2, HEKE (4.200) FITEJR Maxwell 7712 (4.201) S, X NFEXRME (gauge
symmetry) . [EIE (1.128) X, FWIZHIHEEE E &N EE B BBk 7 &, K
HEMEARLTE (gauge invariant) .

PrICHER (4.47) PHIBTERIT m? A, A /2 TEMTEZE R N R AN, HitBHNERERES A
HARTEX R,

RO PRI E SIS ) 2Pl AR, ERANI4ERE A (x) ARESIE—HIERE,
MAREREWNE, B3P EREIEEMEET «(2), 2, MR TRERE
B, MFORNFRPER AN R TCRER B SR T ME, N TETIHE, WERBITEEE TR,
SRS R TR B AORITE, i, BaiSHrTMINE (H5EE E AN 5EE B)
IR IE AR R E,

IX B HY— 2 AR 2 1
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Lorenz #y: 9,AF =0; (4.204)
Coulomb FE: V-A=0; (4.205)
I (temporal) FfE: A =0; (4.206)
] (axial) KATE: A3=0. (4.207)

EXELEAF, RA Lorenz FISE [15] M Lorentz VMR, EE, B Lorenz ML

0,Ar = 0 BERGHREREN Lorenz 55F (4.54) tHF, HZ, EHAAREREGNE

JE MIBBH 7T REHE S SRR AT R B 551, AR R TC B R ' E H 2 — M A vIEEE,
NTAERR A* (), LRTEZHLREL ¢ (z) WETTHE

O*x(z) = —0,A"(x), (4.208)
W2, TERIVER M JEHIY) A (z) FRETHE Lorenz MTUARE,
DA (z) = 9,A"(z) + 0*x(z) = 0,4 (z) — 9,A"(z) = 0. (4.209)

B2, @XM )m, REGTRAHME—HIHE : XN T Lorenz MTESRMFHIRES
Ar(z), B ETTIRIENTTHE

O*X(x) =0 (4.210)
W VB AR BRI AR X (o) FHE—IRMTE AR, #RBETS 22 Lorenz BMVEARATHY S — MR ED
An(z) = At (2) + 0"Y(z) o AT, TFAERH Z MITEEMIIRRY), ENRRMHRYE, 24
i /& Lorenz FOSRME (4.204),

Ke Ar(z) A 4 Do, RMERAEFMARNEL SRR 4 MEZEHE, B
MAIZENT W Maxwell 7718 (4.201) f#iid, R Lorenz MVESAMF 0,4* = 0 BOLRED 1
MR HHE, B2, RIRMEEMERHE, A(2) A 3 MRV RBHE, SNUEEED
Lorenz VLS 2 JE Mt IME— OB E TR, KPR b, ERBEREY A4 (2) HEF 2 MR/
BHE, E&MEs %, B BREECER, RaTmEE TEREITA, Al DA
AR R E E RSN GRE B #E, BT EAR 2 MREmR e SHN M T IR ER &
Ry 2 DS E R

3.3.2 /DGR, BIEN 1 WERER TEA 2 MHSZH) BIRRER, DUEERE A >k
FAERIE, B2 \ = +1 CEIENRI) f1 A = —1 CEiEtlktb) RIS, 0Bl R T B AR (LR &
el(p,+) M et(p, —) o b, tHLA] DAHBERISAMAK R e (p, 1) M e(p, 2) FRERIX MRS,
IXRERVHAZIRASE E 5T R R BN B —2, WXPNHERE, N THRE
REBEN 1 TCpER -, T E RGOS FRERHIRE (4.200), MTIHFHRLTEXFR
MR Ar(z) RUBESZ B BBV 2 4, IXFEA BRI A S SIS EH

e E—TTHeA R EREY A*(x) FIENETLN, BTN ET & A(2) AR
AHAEshEEE, NMmA R e NS A ENZs 2 &, (X E G A &
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DRRIME, RO RTRAM Proca FiFEFHILARI (4.63), Bl
A = —% V-, (4.211)
RIETESERRITER AY Bids, T2, DA HD R A'(x) 15 3 MINZIENZE#TE T
REEN, BHERTSERERERATH 3 MYHERAS BEE A = +1,0,—1) M,
S b, BATEARER BN RERCY (4.47) WIEXEN T FH Lorenz 55 (4.54) 1EN 1
MR, 15 A (x) HA 3 DS EBEE, MWMAE BIEN 1 A R F IR S,
Hom =0, (4.211) KEAREENL, N TRBEREY, A]DMEIMNELL A%(2) WIE R
SVHENE R, XTFEHEC ARSI ERE, A, Eh KREFEIN— DT 2/
LPPRLE AT, 155
Hrr ¢ B—PA]DLHHIZEAISLSE, nTAEH, 1 A*(z) /2 Lorenz RITEAAF 0,4" =0 HY
BN, H (4.212) XE XK £, FTH (4.200) FEXH £, FGHIIE —(2¢)~1(0,A")? TR
TR PR, S TE—EBRE LEE TS, FMmARENRTEEED (gauge-fixing term) o
WMERE ¢ B DAL L7, WH

(9,A")?, (4.212)

oL oL 1
56,6 " o a2 (4.213)
i
M1 Euler-Lagrange 7712 (1.162) AIl, KT ¢ NAIIBHTTHEH
_2%2(5”14;1)2 — 0. (4.214)

XN T Lorenz IVEZEM 0,44 =0, AIUL, SIA & IXFE—1 34BN (auxiliary field) A] DASEH]

Lorenz MVEIENLIRSHEELIZET FRN7, X7 EM Y T EE8EH Lagrange Fe#kik,

EHEA 0 NMEES k NMRFHF RIS N EA n+ kDR REIRIE T R R,
B Lo It N

£1= 5 OuAPA + AN A — 0,4, (4215)
HR (1163) 3, Av KR HATEN RLR
oL 1, 00A)
Ty = m = aoAH + (%AO 6(8,,14 )8(60Au) = FON ggouayA s (4216)
Rl .
T, = —F()i = —30141' + &Ao, To = _g a,uAu‘ (4217)

BAE, A° BAMNMASISIREE .
ENEFUARFERERF A f o« HEFERTZ IR

A" (x, ), (y, B)] = 10,00 (x —y),  [A"(x,1), A (v, B)] = [ma(x, £), m(¥,6)] = 0. | (4.218)
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B2, XHENENNHRRE Lorenz IERMFHEFE, HE A 5 9,4 BN ZF, FIH
(4.217) X, 153

[A(y. 1), 0, A (x, )] = —€[A°(y, 1), mo(x, )] = —i&6®) (y — x). (4.219)

ERTE x =y BAEE, WM 0,4* £ 0 EMENFT, FTPA, A+ fERNBERFEREFN X 5
KAKIFI R 485 Lorenz RVESRMF 0,A" = 0o XUHA Lorenz RTUSM BAREH T4 8L
Ar(z), BNTERTFY A4 (x) RERHIRE T, FHESFESSH Lorenz FITEEM,

BT 0,48 = g9, A,, B

0L, 1 Ly

= —olA” VA — — g0, AP =0. 4.22
9(0,A) 0 0 fg %’ 0A, 0 ( 0)
T2, ML, FHET A* iy Euler-Lagrange 7712
oL, oL,

0= 0p0,4,) 94,

Rl Ax (2 azsh 7552

—0*AY + 00, A" — %gﬂ”auapAP = —9°A" + (1 - %) 9"0,AP, (4.221)

D*A" — (1 - %) o9, A" = 0. (4.222)
A =1, W EXMN d’Alembert 572
O* A (x) =0, (4.223)
XA ABE TR EE I R Klein-Gordon Fif2, Ak, HEHEREESEHECH

£=1 (4.224)

SRR, IXAMBYEFR A Feynman #5E, K 1EETERHIX MG, £ Feynman #IVE T,
P EREI N
1 w1 v Lo )
L= =5 (0,A)0" A + S(0,4,)0" A" = S("A,)0,A
- —%(8#141,)8“14” + %ay(AﬂaﬂA”) - %Aua,,am“ - %a“(AMaVA”) + %Aua“&,A”
1 1
= —5(8MAV)8“A” + 5 (A 0V AP — AFD,AY). (4.225)

AR ATHE IR D ERUE, EANSEIERENSIE, /&R, K, ERER
JFHSE i fE A FC

Ly — —%@Ay)aw. (4.226)
H e H L EE T ENE & Alembert 7712 (4.223) . R A8 &% &R
=2k _ga (4.227)

D90 An)
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X T d’Alembert J712 (4.223) , K ERERERI TARERR 7 A ELL T exp(—ip-z) T exp(ip-z),
Hrp
P’ = E, = |pl. (4.228)

EH _E—/ NSRRI R B e (p, o), NERBIREY A4 (x,t) (FFEREF, 5

d3 . .
Al(x, ) = / Z e"(p, o) (bpoe P + bl 7). (4.229)

m

RHRAUE, X EIFNE A e it

[A*(x, )T = A" (x,1). (4.230)
LEINAESE b e A W)
d3 . . —ip-x ip-x
Tu(x,t) = —0pA, = / (27:)93 IZQ)OEI, ;eu(p, o) (bpoe ™" — bl ,e?*), (4.231)
LAY IS TS
[ (x, )] = . (x, 1) (4.232)

MBS HE B BN (4.229) 1 (4.231), DAKREERXS B KA (4.218), HEH = A2 R B4 695

[ bz,a’] = _<27T)3900’5(3) P—a); [bpo:bgo] = [b;rm? b:rla] = 0. (4.233)

ARSI REN 4.4.3 /NIEIZNS,

4.4.3 FER: HEFTEELXEFHRZ IR

A/NTHES AT BTN 2R AR (4.233) 0
A

/d3xeiq.mA# :/ 27T \/ﬁ/diﬂ Zeu p,o pae i(p—q)- —I—bT i(p+q)= }

1 )
— Z [e"’(q, 0)bqo + €' (—q, a)bT_qJteqot} (4.234)

il
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I
—
o
w
i
L.
s
o .
()=
Q
=
©
2
=
o

(pO_qO)t5(3) (p — q) — b:)’a'ei(p0+q0)t5(3) (p _I_ q)

V2E, gt
. 3
= —= [6“((1, 0)bgo — €"(—q,0)bl ¢ e Q‘qot] , (4.235)
2E, prd
PARIERRIA—RKE (4.66), RIS
2iq i
. ‘ —2iqo
e.(q,0") /d?’x e'9T (D A* —iggAHt) = o) Ze“ q,0)bgo
/2B, =
3
= —i\/2Eq gglabq,gl = —i 2Eq gglglqu/. (4236)
o=0

FE, BRA LK TEERHER o, HIAFEY o KM, T2,

bp.o = ﬁ Gor€u(P;0) / APz e (Gp A" — ippA”). (4.237)
p
X EEEKSEE, 15
Do = % Jooeu(P,0) / A’z e™ P (G A +ipgA"). (4.238)

P

HARFEIN N B AR (4.218), EKBERSERFIINZRXERN

+ _ JooYo' o’ 3 3 i(p-z—q-
[bpya’bqa’] - \/W eu(q7 )/d zd ye(p )
[8014“( X, ) ipOAAM(Xa t)> aOAAV(Y7 t) + iquV (Y> t)]
960900’ 3. 13, _i(pz—qy)
= e d°z d’y " r 1Y
\/m o) [y
7T“( t) —ipoA*(x, 1), —m"(y,t) +iqoA”(y, t)]
_ YooYo'o' 3. 13, i(pr—qy)
= o)e,(q,o d’x d’y eIy
ViE,E, P e ao ) [ ray
x{— 1610[ (x,1), A%y, t)] + ipo [A*(x, 8), 7" (y, )]}
_ gcrogcr’a’ / 3.3, Lilpz—qy) v 5(3)
= o)e,(q, d°z d’y "IV | —(py + ol (x —
\/m (q,0 )/ ) [ (Po +qo)g ( Y)}
Ep+Eq (E E)t/ 3,. ,—i(p—q)-
= — == YooYo'0’€ O O P d®re™P V=
B+ By

(p, 0)e"(q, o) P (27)35) (p — q)

( )
= —(27)390090'0’900'5(3) (p _ (]) — —(27T)3g(m/(5(3) <p _ CI). (4239)
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IR — P AEIERIA KA (4.66) 0 H—77H, MNEKERZRBINZKEN

goago’o’ i(p-z4a-
[bp.os bao] = \/m o)e,(q,0 )/dgxd?’ye(p +ay)
[a()Au( ) ipOAu<X7t)7 aOAV<y7 t) - lquy<Y7t>]
_ QZEQOEC:’ 6,,((1, )/d3$ dSy ei(p-:c+q-y)
x [ W”(th) ipoA*(x,t), —7"(y,t) — igoA”(y,1)]
_ goaga o’ 3 3 i(p-z4q-y)
- v 7 d d
A, B, Pl )/ rdye
x {igo [7"(x,t), A”(y, )] + ipo [A"(x, 1), 7" (¥, )]}
= Tz b ollad) [ @y (g w6
— %gaaga 0"6;1, p,o ) (q7 O_/)ei(Ep+Eq)t/d3xe—i(p+q).x
E E IAPRT
T VBB, (P, 0)e’(q, 0" ) (2m)36 ) (p 4 q) = 0. (4.240)
4.4.4 YIEEMAES
MR (1.165) . (4.227) #1 (4.226) X, TLFAEKREZNIGE RS EE
H = 7TM80A“ — Ly = —(80A )OOA" + = (8 A,)o*AY
1 1
= —5(80A )80A“ + = (8 A )GZA“ = —5 [7r“7r“ (VA“) -(VAM)]. (4.241)

T2, BWEBEMEE[TRIEN
i = /d3x7-l B 1 /d3 [71-“71-“ (VAu) -(VAR)]

d3x d3 d3
- Z / = ZEE e (p.0)e"(q, o)

x [<ipo><iqo> (B = By ) (e 17— 8] 017)
+09)- (10) (B — b, 07®) (B0 — 8], 77)

3z d3pd3q o
— Z/ 4E E (p7 U)e“(q; O'I> [(poqo + P q)bp,dbl’l,g/e (p q)

+(poqo+p~q)b o bao @ P07 4 (pogo — P - Q)bp oy e PTDE
+(—pogo — P - @b} ! e PO ]

d3>pd3q
= 1 ! .
32 | G 0 +p )

X{5(3)(p q) [bpab i(po—qo)t +bT b ,el(Po—a0)t
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_ 5(3)(P+Q) |:bp70'bq e —i(po+qo)t + b; ab:; e po-i-qo)} }
= _EZ/ d3p [6 (p J)e,u(p 0/)(E2—|—’p‘2)(b abT ,—i—bT b U/)
2 (277—)32Ep aa ’ P P:0"p,o p,oUPs
B eﬂ(pa g)e“(p’ OJ)(EIz) o |p|2) (bpyab—P,a’e 2Ept + b]L bT pa,e%Ept) }

1 d3p
=32 (o B 0.0 0.+ )

dp d3p E i
S o ol 4 hotor) = [ 552 S (0m) Gl + o)

(2m)* 2
3 3
d&p E
- / EPZ gga (27T)35(3)(0)/ (27’(’)3 71) Z(_gacr)2
o=0
dgp d3p
o=1

ERREATE IR F REE, 25— TR ER SR oo 5, 5REMAERT TR — A+,
EBOXAME LA R RLZ Minkowski FERL g0 72— N AEEM, NRXATT goo FERMNATT g
HA4 R IRFS,

REZE |0) ESXNBUER by, FEKHIE, e

boo [0 =0, (0[0) =1, HI|0) = Fpac|0), FEyae = 26(0) /d3pEp > 0. (4.243)

ZEN p. WAIEIRN o RUBRRLFZ7E LN

p, o) 2E, bl |0), (4.244)

p,o

B IMRRERERET, NI, H
i &g L\ i i d’q
[Ha bpo’] = / (271')3 Eq Z_:O(_ga’a’)[bq,a q0"7bpa'] = / (277)3 E Z( gaa)b [quI7bpg]

3

- / ((21733 Eq > (=9510)by 00 (27)* (= 0)5™ (@ — p)

3
=L Z ga/afgafab;a/ = Epbl, (4.245)

N
4m

H|p,o) = \/2E, Hb! , = \/2E, (b ,H + E,b! ,) |0)
2E, (Evac + Ep)b;t,a 10) = (Evac + Ep) [P, 0) - (4.246)

IXBEENRE - MEHIER, WHRR T p

o) HWEZZ T —niER E, .
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AP AR ERFRN Bk AR (4.233) HRBRFSIAR, 7

<Q> o' ‘ P, U) =V 4E4E, <O‘ bq,a’b;f),a ’0> =V 4EqEy <O’ [b;r;,gbq,a’ - (27)3900/5(3) (P - q)] ’O>
— 2F,(21)g, P (p — q). (4.247)

(p,0]p,0) = —2E,(2m)*6®)(0), (p,i|p,i) = 2E,(2m)*®(0), i=1,2,3. (4.248)

EREH, BRI [p,0) FEIRWEUZ AR, IXAFE Hilbert ZRIPRRAVER, MH, A
I A RE B BIRHE 2 2 AY:

(p,0| H|p,0) = (Byac + Ep) (p,0]p,0) = —2E,(Eyae + E,)(21)%6®(0) < 0. (4.249)

XA REREE ALY EBERZE AT HZHY, BERIRIRE T A E E M.

A, WETNE, TREREDHRE 2 MHIZYERES, ST 2 MEER R E
et(p,1) Fl et(p,2), ENNHEw fAREZM (4.78) ; TMFRMMFIRNR 2 EHZR, W
it R et E At PRI (4.229) A AT E PU4ERE A XA RUER 2 REBBTT & Lorenz
LA 0, A" =0, [Nk, ZER Lorenz MEZRAFROLAT AR AIEVBIURALES, (B2, Lorenz
MVEEMFS IENE A EREFAHE, RO EERENE, MTRER e Hilbert 2R
RIJIIRHE £, ZREATYIE ERIFRIREK |V) 267000 2

[ (U] 9,A"(z) [¥) = 0. (4.250)

FXHFRNFE Lorenz MZEHRM
B Ar(z) BPPETRITI (4.229) 73 RIE AR TURERG PN 1R 77,

AM(z) = AP () + AP (z). (4.251)
IEREMEFR N
AP (1) E/ @p 1 ie“(p o) by e T (4.252)
2y g, 2 P 7)o ;
HJE KA A BEARER 7
AP (1) E/ &p 1 ie“(p o) bl _eP T = [AHH) (2)]T. (4.253)
o oy 2 P e

AR ZSRAEATY R _ERVFRYASR |0) #6700 /2 Gupta-Bleuler & [16, 17]

[ 0, A" () | T) = 0, (4.254)

M HEREE
(W] 9, A" (@) = (W] [3, 4D ()] = 0, (4.255)
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M5 Lorenz MIEZEF (4.250) 2L :
(U]9,A4"(2) |¥) = (V] 9, A" (2) [¥) + (] 9,4 () |¥) = 0. (4.256)

A, Gupta-Bleuler £5fFt55 Lorenz FI7E S5 FEsE—LE,
FIF (4.78) F1 (4.194)

-

3

d3p —ie7iP®
Z ] /(27r)3 2k Ey(bpo — bp3). (4.257)

=0

Gupta-Bleuler 55 (4.254) EIRE (bpo — bp3) V) =0, HP
bpo | W) = b3 [T),  (U|b] o= (VD! . (4.258)

T
([ b [0) = (U] ] b [ ) (4.259)

IXAE—R, MRYE (4.242) HE, HES |v) RIREEIGEN

d3p k
(U| H |0 = / Pae E, (V] (-b;obp,o + Zb;pbpg) 1U) 4+ Eyae (U|W)

o=1
2

_ d’p t
_ / B Ep;mbwbwyxp>+Evac (| . (4.260)
gt 2, VBRSNS SN AR RE A sk SR AH L HUERY, BR T EARE, HAMW
R B AR AR LA T REEF 4 T #K (net contribution) . AJ UL, 23K Gupta-Bleuler 55FFKAL
ZEREAREER A ASHY DRk

NT o =0,3 WEKTA p,o), H (4.257) X5

d3q —ie ig-x
aﬂAu(Jr) (:C) ’p7 O> = / 27T)3 Eq<bq,0 - bq,3) V 2Ep bL,O ’O>

2F,

—~
&‘ |

[}
=}

. d3q E, o ;
= _1/ (271')3 \/qu ! Eq[bq,ovbp,o] ’O>
/B . )
= igoo | d’q \/Fpelq'xEqé(3)(q—p) 0) =ie P*E,[0),  (4.261)
q

d3q _ie—iq~m

0@ p.3) = [ G~ Fultan = bas) V2B Uy 0)

: d3 \% —ig-x
= 1/ 9 a = e Eq[bq,3’b;rx,3] 0)

E

=y

)3

)
= —1933/(1 q

E

=

¢ B, 00 (g~ p) |0) = ie P7E, [0).  (4.262)

E
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HT E, #0, HATA |p,0) 1 |p,3) NFE Gupta-Bleuler 54 (4.254), WSR2 AR
9&0 X—J‘:‘F‘ oc=1,2 E/JE‘*_L?/L‘\ > EE [bq707 b;r,’g] = [bq 3 bp g] 0 fﬂ‘

d3q —ie_i“
AW p0) = [ G T Bltan ) VB b 00, (1269
q

AL, R AAOR B Y SR 2 [p, 1) F1 |p, 2) FSE2 3 [, /2 Gupta-Bleuler £54F (4.254) 6
S—Jim, W (1.212) AMGTTRBREGNESHERR N

P = —/dgx T, VA"

A3z d3pdiq
= Z/ . ZEE eu(p, 0)e"(q,0”)

x (ipo) (b o7 = b o0 ) (i) (Bare ™ )

A3z d3pd?
= Z/ - p4ggq€u(p,0)e”(q,a’)

[b bT ,efl(p Q) —|—bT bqp,ei(P*q)'x—bpvgbq,g/efi(pﬂ)x AN l(erq)'x]

pP,0q,0’
d3pd3q Pod

X {5( )(p —q) [bppr U,efi(prqo)t + bl qu,a,ei(prqo)t]

— 6 (p -+ q) [y byore P b B et L

d’p p
== / (27) 2 [eu(p,a)e“(p,a’)(bp,ab;g, +bf bpor)

+eu(p, 0)e"(=p, o) (bp,ob_p,g/e—QiEvt + b;,c,bipﬁa,eQiEvf) ] . (4.264)

Xt ERERSEWITT 1S NS IR BoRAIE p — —p B o < o/ IVEHR, Al1S
3
Z / gﬂps g 6“ (pa O-)elu(_p7 OJ) (bp,ab—P,U’e_2iEpt + b;,abip,o’eQiEpt>
dp —
- Z / 27Tp3 2p pa )6'“(1)7 J) <b—P O”bP Ue_QIEp + bT —p,o’ b;r) o 21Ept>

d’p p 1 1
== / 27)? 5 (=P, )¢ (p, 0) (bp,abfp,a/e 2Lt bt ”Pt). (4.265)

ALEL, EXO8E, T2, BaiEth
d3
P=- Z// (271']))3 ge#(pa U)e#(p7 OJ) (bP»UbIT),U’ + bI),O'bILO'/)

d’p p ! d°p p
_ T _
- Z/ (27T)3 § gf""<bp’”bp,a’ + bp,abp,a’) - / (2ﬂ)3 5 (_gacr) (bp,ob;o + bl];,abp,ff)
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d3p 3 , p 3
= [ G Y Conothotn) +600) [ €53 e
o=0
d3p 2
_ / Wp (—bj,ﬁobpyo + Zb;gbpv(,) . (4.266)
o=1

FRIE (4.259) X, WA V) NahEHIRHEN

L e (—b o+sz0bp0) v - ok

2

meb bp.o |T) .

(4.267)
FIRE, A MR BERME RIS A XN 3 &6 F ik,
WIILRMEA S, TR RELRT by, F by, o € X5 — NI K ALY
Upt = %( o1 Fibp2), (4.268)
FH RN B = A AT ai,,i lEd Ee k1S3, RISk, B
by = %( Fap_), bpa= ﬁ ap). (4.260)

FIFAXNZRR (4.233), HEH

g af] = 500 F iy, by 8] = 3 B, Bl + b2, bl = 250 (p — @),

[apt,ab <] = %[bp,1 F by, by Fibly] = %[bpvl, bl — %[bpvg, bl =0,

(.1 0q.2] = 3lbpa F iy, byr F ibgo] = 0,

g1 05] = 5B F iy, By & bg2] = 0, (4.270)
Mme, Xo=03%H

g 6] = b F iy, V] =0, [ bgo] = by F by, byl =0, (4271)

T2, XEAFEERBERFINZRXREHN

[apa al ] = 2725w 0P (P — @), [apr, agy] = [al y,al ] =0, AN =

- (4.272)
[ap,/\abjl,a] = by, a qA] [apx, bao] = [a px\’bT =0, A==+ 0=0,3

RHE (4.93) X, HMEMERICKRE 4 (p, £) RMALILKE e (p, 1) F e4(p,2), B

e'(p,1) = —=["(p, +) + (P, —),  €"(p.2) = —;[6“@, +) —e'(p, )l (4.273)

Sl
< -
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Mifi, A

Z (P, 0)byo = %[Eu(Pa +) +e(p, —)](ap,+ + ap,—) + %[5M<P7 +) = "(p, —)(ap+ — ap,-)

= e(p, +)ap+ + " (p, —)ap, - = Z&? P, \)ap », (4.274)
e A, 15
2
Ze“ )b} —ZE”*(p7 Nal \. (4.275)
o=1 A=+

T2, AR Ar(x) BFEBRITIN (4.229) 5 AL

W # —ipz T Lz

Z [ Nap e P 4 e (p, )\)aLAeip“] : (4.276)

qﬂ

AT N T AR B, 3 AT R T A R (B AR A A
FIAPTER) B T2

p.\) = 2E,al [0), A=, (4.277)
ERR— AR R R ERE T, BT (4.122) X, AR

®-J)Ip,A) =Alp,A), A=+, (4.278)

B p, \) RAE(E N \ BSEHEE AR, K (4.268) N8 ITEKELRT ap » [ERIEHEE )\ = +
PR . F TR K AT
AR, H(4.269) X5

1 1
Z bL,obp,a = b;,lbp,l + b;,2bp72 = é(a;Jr + a;—)(apﬂr + ap,—) + é(a;Jr - alj_)(ap# - ap,—)

=al bt Op + —i—ap, _ = Z pApAs (4.279)

RS |U) FIBEEEAFFE (4.260) FIEHEEAFFE (4.267) HAERTA

(U] H |0 = /ip3 By Y (W] al yapa [0) + Buae ([0), (4.280)
(2m) ~ ’
(V| P|¥) = / (gﬂz;sp)§:<\11’a;>\ap)\|\1/>. (4.281)
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4.1 EX Lorentz KEFHIHEIHEAE BT
Ki= g% (4.282)

(a) HME (4.2) X, B (KO L (K20 B (KP) HIRERERIAR,

(b) 1RHE T° HIE X (4.36) AR 67 F1 & HyE X (3.41), WERAARR Lorentz Z8#k (4.14) AJ
DA N
A = exp(i0" T" +i'K"). (4.283)

4.2 YERH (4.23) ROE LB BRF L W2 Lorentz {REE R
[L* L) = i(g"P LM — g'P LY — g7 LM + gho L"), (4.284)
SR b, L# J2 Loventz BEEYZE R ERVAERDT, EMVER—NERHELERT,
4.3 PEEZ (4.111) #1 (4.112) KHAEEMIVREL, 152
e (p, Nal 3] = [=0",x x p + (T)" ] (P, N, . (4.285)
PAHAE [p-J,af ] = Nal o

4.4 WIEHRBEREY A4 (x,t) M m(x,t) BFEEEAN (4.110) F1 (4.126) W2 (4.63) =
AO =-V- 7r/m2 o
4.5 WHEREREREY A*(x) MM KER

1
L=—3 1FR + mP Al A", (4.286)

Hrp prv = grAY —9vA*, m >0,
(a) HI Euler-Lagrange 712 (1.162) #EH A#(z) NEIIBE) 1L,
(b) K A*(z) DN DNSEREY B (x) M1 O (z) HIERIMEH S,

1
At = —(B* +1iCH), 4.287
B+ (4.287
IREETARN = CIR )|
1 iz 1 2 o 1 pv 1 2 K
E = _Z BMVB + 5 m BMB - Z_l C;U/C + 5 m C/LO ) (4288)

Hrr B =orBY —ovBr, T Cv = orCv —ovCr, W, BEREBGHIHREHES T
P BUEAH R A SE R BT R
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(c) UEBH A¥(z) BYF-HERIT N

A () = / . Y [ N e p W] (4.289)
2m)3 2F, et [ p ]
Hr= BB K BRI e 2R R
[aw\aag,x] = (27r)35>\,\/5(3) (P—4a), |apr aqn]=la I)majl,x] =0,
o bl ] = (2m)2 06 (D — @), [bprs b ] = [b] 5, bl 3] =0, (4.290)
[ap,kabj;,,\'] = [bp,,\,@;)\,] = [ap, byx] = [ Ap bil)\] =0.

(d) 7F U(1) BARZ e A () = A4 (z), UEBAPLIRE L(2) TR AR, FFfEHAEN
) U1) SHERBER
JW =iq(FMTA, — AT ™). (4.291)

(o) MEH U(L) SFIERIEG Q = [ dx J0 RikN

d3
Q= / qa;kapy,\ qbp)\bp,\) 35(3)(0)/d3pq. (4.292)

)\iO

CIR/N (apA,a \) AR ER T, (ap,\, )%Lﬁ%%fﬁ@?o
4.6 ZBETTREENR NI R R,

(a) BT ARIKRE e (p, 3) FITHETRIELLT p, RIE e#(p, 3) ANRETH & MHLERE[A)
M puet(p,3) = 0o

(b) WUELIRK R e (p, 0) ARETEVTILERE T FZA pLet(p,0) =0,
4.7 HRALRFIRR (4.102) F1 (4.124) FHEH

> ale NED ) = g4, (4.293)
A=%£,0

~ ~% DiDj
D P NEDAN) = —gi — (4.294)
A=+,0 Py

FHAFAAERR, P AEEKERN KR (4.128) LA A#(x,t) Fl m;(x, t) MBI
1 (4.110) 1 (4.126), #EHERBREGHIFNNZXKHR (4.59)

4.8 FIFZEMERR (4.67) FEEKERFHIN G KRR (4.233) PAK A#(x,t) Tl 7, (x, t) BT
BT (4.229) F1 (4.231), ?&tﬂ%ﬁg%g%ﬂﬁ%ﬁﬁ%ﬂéﬁ% (4.218) o

4.9 & hy, BXFRH T Lorentz 5K &1, *#J& Pauli-Fierz {EFE

SPF = /d4l’£pF(ZL’), (4295)
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Hr
1
Lor = SO,y — (D) + (0 ) — S(0R)D,h, (4.296)
ﬁzﬁ h = g‘uthj o
(a) X hy, TERITEZE L
h;u(gj) = h‘;ﬂ/('x) + a,uXI/(x) + 81/)(;1(93)7 (4297)
HAr v, (z) BIEE Lorentz KEKEL, UERH Spr TEMITOHL AL,
(b) 1R#E Euler-Lagrange 7742 (1.162), UEEA h,, NEMISEITTER
Oy — 0,0°hs,p — 0,0 hyup + 90”0 hpy + 0,0, h — G,,0°h = 0. (4.298)
R BTN 1 #0 v X35,
(c) & ,
Euu = hp,l/ - 5 guyhy (4299)
B Lorenz FIyE
" hy, =0, (4.300)
UERH by, BIIZ3NTT1E
Ohy =0 (4.301)



5
)
i
o1
0,
AT
i
S

AETHEHEED) (spinor field) AIENR T, HREHN N THEERT (spinor representa-
tion) o HEEFTTEE G RN Lorentz Bf SO'(1,3) — MR, HEMHENEREE SL(2,C)
HI—PEMEFIR, Paul Dirac ££ 1928 £ E IR e R 2R 5| AZHHAHR-FRIYBRIEH, H#37 T Dirac
Jit& 3] SO'(1,3) Fl SL(2,C) HY Lie fREFERZ Lorentz ¥, BEATHIFRRAT DUEIEAIE 2
Lorentz RECEFR (3.32) MABSOTIERRSE], NHEHIANIH LUZAER 77 NEZLIEE TR,

5.1 Lorentz EfHVIEE=3RT
B, RZREBHRE—HM W TRIMZFRKEAN N x N % +* (1 =0,1,2,3):

[ {7, 7 =AY+ =291 = 29" ] (5.1)

R —PR—MEY, AT N x N BARERE 1, XFERT 4+ FROY Dirac 3B8[%, AR ~ B
B, XN G RABERE

[ YEyY = 2g* — . ] (5.2)

YpuAvN, gv=0, My* 5y 2RANZH], B

[ Y ==, p#F ] (5.3)

i‘L,I H=vr HTJ" ﬁ
(v")? = %{70770} =" =1 ()= %Wmi} =g"=-1 (5.4)

Ktk () BIAIEEERZ 1, () AMEEARRE —1. XEWE 1 FARIEESE £1, ' 1Y
AEEEE £1, FeEfTSAk, M ATTRIXEARIE E, XEERT IR, 10 2 ARER,
v ERJUAIERE, B
() =1" (=" (5.5)
TR
() =0 =1 () =-() =1 (5.6)
AL A0 R A ERIE 2 EFERE,

151
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RJG, LA Dirac JEFERIN B T EX S —H N x N 5EfE

py — i BV
S =10 ] (5.7)
@R, S ET M v ROWHR,
S = 8", (5.8)
K —3tG 6 MR,
I 512
[AB,C] = ABC + ACB — ACB — CAB = A{B,C} — {A,C}B, (5.9)
e
(S, 4F] = i[’y“v” — ¥, = ih“’y” — (29" = A""), ] = %W"V”, okl
= %(7“{7”, VY = {1 =19 — " g). (5.10)
T, MRS TAR (2.13) A
(s, 877] = i[S“”,v’W” =] = i([S“”,vpvf’] = [8",777*])

i
= (8" 17 + 718,77 = [$" 7 = 718", ])
i 3 14 v (o} : vo v g
= Zli(v"g” =7"g" )" + 1y’ (V9" = 7"g"7)

W

—i(y"g"7 =47 g" )" =17 (Vg — 7" g"")]
12
1 o _Vp

= —("79"" =" g + PG — P g

W

— PG + AP GHT — AT g+ 7y ")

)

= %[9”"(7“7" =) =g (" =) = 97 (VY =" + 9 (7 = "))
= i(g" 5" — "5 — g7 S + ¢S, (5.11)
AL, S J# /8 Lorentz fREXX R (3.32), [HMiE Lorentz AEENFRIRINERTIEM, DA S 4
FRAR TR e 8 R T
AR 4.1 VIS, —HZHSE w,, TE Lorentz BEIYR BRI BKEA (RIS A BR
A (4.14)

i

A:exp( 5

K, XS A F R A E A PR A e 4 A PR 4

w,uyjﬂ/y) — eX7 X = _%wuyjuy~ (512)

D(A) = exp (—— ww,S’“’) =, Y= —%wij‘“’. (5.13)
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XFEENH D(A) Bie2RTHH Lorentz TIRFEE, H (3.73) XA
e Ve =Y =" =1, (5.14)

B0 D(A) KRR |
D' (A)=eY =exp (%wWSW> . (5.15)

XEAH R ZHEINN S A NTHEAERMNTH B S A, UM RNEXZE
XBF [B,AM]:

[B,A9] = B, [B,AY]=[[B,AY], 4] = [B, A]
B,A?] = [[B,AY], A] = [[B,A],4], ---, [B,A™]=][B,A" Y] A4]. (5.16)

M

k
Z T AF=mB, AM), (5.17)
NEABCAANEIERRIX N E R,
ERE Y k=0 k=18, (5.17) XIZHKL:

0!
(0 — 0)10!

BA' = BA= AB + (B, A] =

BAY = B =[B,AY] = A[B, AD)), (5.18)
1!

(1— 1)l

1

oo A0[B, A 1

AFB,AD] (5.19)

RI%& k& =m B (5.17) sz, W

m | m
BA™H — m. _Am "[B, Al A Am n(AIB. A™ B A A
B m m! e m o )
_Zo(m_n_)lnlA (B, A" Z —n'n'A (B, A+
m m' A 1 B A m+1 m' A i1 B A(J
—= - m n + m—
2(”‘_”)'”' | Z (m—j+ D —1) | ]
m! m)! m!
= —AmH B, A 0) Amtl-nig g0
+ m! Am— m+1)+1[B7A(m+1)]

[m — (m+1)+1.][(m—|—1) 1!

n !
Aerl B A n m: Am+17n B A(n)
;[ —n'n' m—n-+1(m—n)n! [B,A™]
+Am (m-+1) +1[ B. A m+1)]
(m+ 1)! L (m+ 1) _
= Am+1 B A(O) Am+1 "B A(n)
[(m+ 1) — 0]'0! B, ]+;(m—n+1)!n! B, A™]
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(m + 1)! m—(m+1)+1 (m+1)
T = m D 11 [B, A7)
m+1
(m+1)— (n)
=y m—i—l—n'n'A "B, A™)], (5.20)

n=0
Bl k=m+ 1B (5.17) WAL, T2, (5.17) AOMERIEA TR b 67, EEE,
FRABHET IR TR E S (3.70) ¥ (5.17) INAFILRILEL R T 55 8L,

o |
BAF =" i AR B, AM),

n=0 (k >‘n'
A B
© 1>
—A —A k —A s k—n (n)
Bet = e ZmBA = Zk|z _n|n|A B, A™]
k=0 =0 n:0
© 1>
—-A . n) —A n)
S LS A =3 Lo
n=0 k=0
Rl

MAE, BANESITIE Lorentz FERVSER TR, M (5.10) M (4.2) AT

[V, 877] = —[87 A" = [S877, 4] = i(y7 g™ —~"g7") = i(g"67, — g""6" )" = (T A"
M,
i i
[7“7 Y(l)] = [,YM’ Y] - _5 wpah/#a Spa] = _5 wpo(jpa),uy,yl/ = qufyyy
Y] = [y YW Y] = X9 [0, Y] = X9, XY " = (X2,

[, Y] = (XA

AR (5.23) 2FEH

B B oo 1 . o0 1 ,
D 1(A),YMD(A) —e Y’)/“ey = ZO . ~H Y( ZO m )“,,”Y )

Rl

D7 (A)y"D(A) = Ay".

Kb (3.25) K, U EXBEERERRF Dirac F8FE 4+ [ Lorentz TIRFN, HEZ A+ E—

Lorentz K&, MHNMHEREN
Tu = g,ulfyya

(5.21)

(5.22)

(5.23)

. (5.24)

(5.25)

(5.26)

(5.27)

g

(5.28)
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M
Y=7" wu=-7, i=123. (5.29)

N x N BAAFEFE 1 2
D YA)1D(A) =1, (5.30)

Al 1 2— Lorentz br&, AERITHE S M Lorentz Z8H#4

D (NS D(A) = LD (AW DIA), DA DA = § AN, 77] = A A8, (531)

AL, S B — 2 B RRONFR Lorentz 5K &,
SIA—TH N x N FERE

[ v* =5 = iy (5.32)

RE (5.3) X, A

01203 E ;
s {ﬂ VL v pro) 2 (0,1,2,3) MBS, 5

—1 23 (v, p.o) 2 (0,1,2,3) BR B L,
IXREBAE RS VU4 Levi-Civita f55 (1.101) KL, FEHEIER RNIEASTE cup 5
iAo IR FRAE ELARTY,

10237 V7?7 = —e0123(—°7' YY) = €013y A (5.34)

FH =2

. _ i
7P =" = ey = —

X EA PRI TA] Lorentz 284 (5.12), ~° HIZEHEZ

ST L T L (5.35)

i 1% o (073 1 (03
— 1 Emor N a5 A5y Yyt = =1 S0 Yy = 4P, (5.36)

FHAF (1.111) X BIIWL, 45 B— Lorentz Fr&, +° BIFETTH

D™ (A’ D(A) =

(7°)? = ="V 2P0 = =0 PR = — (1) = 1. (5.37)
B DA HEEBEEE R 109122 B 43924140, 1RHE (5.5) 3, +° BRAKERE,
) = i) )TN)TO) = P10 = iy =42 (5.38)
AN, ~5 5 A# gt 4,
{7, 7} =i + %) =i — AP M) =0, (5.39)
Bl
PP = =0y, (5.40)
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45 B Lorentz A8t A
D™ A’ D(A) = DTHA)D(A)DTHA)Y D(A) = A", (5.41)

K ER"—" Lorentz K&, BIIA

o = %W‘, V] =28, (5.42)

BIEET s, FRDAZ—1 2 BT RAFR Lorentz K&
D (A)o™ D(A) = A A, 0. (5.43)
B4R (5.3) 3, B u#v B, [v8,97] = y#9" — 4¥y# = 29497, B o™ B 6 DNHNLT 8N
0 0 2

oM =il 02 =702 0B =in048 o2 =iyl B =iyl 0B = iy23 (5.44)

BAE, BATIHA —HAERE

[ {1,7°,9%,7%9%, 0"}, ] (5.45)

BN ENMUCZHN 1+ 14+ 444+ 6 = 16, RECEIIS T IXEEHE A EA RN A
Lorentz ZEHMER, FEIATFENTRIFIREIIER,
A" T AR RERE

[ D(P) =+, ] (5.46)
ERAIEEERE
D(P) = DI(P) = (1")' =" (5.47)
H D(P) X 4° F1 ¢ FEREIIAEH, 15
D™ P1’'D(P) =1°1"" = +1°, DU P)Y'D(P) =" = =41y = —". (548)

FIHFHFRER P BUE X (1.58), XMW NRFIHN N
D YP)WD(P) = P*,4". (5.49)

A, D(P) it2ie B3RP RIFMEHRIERE, 2 IREE RN, B2 v+ BIFHREHRIE
I, TG 1.4 WHIEN, v+ BIRKE., (5.48) I A° BFMAMES, AMEEN +, FAGRE
FIR; o WETFHAMLES, KMEEN —, AEEHFFW,

BRPAIERE 1 5 ° B2 Lorentz bri, (HEMAIFIRZBNEA,

D YP)ID(P) =+1, D ' (P)Y’D(P) =~"7"7" = —"7%9" = —+%. (5.50)



5.2 Dirac [E®=% ~ 157 —

RIE 15 THIEN, 12X HInE, BEETHR; ° Z2ERE, BAEF TR 1N, 5 B
FARAHZ

DY (P)y"y*D(P) = D™ (P)y"D(P)D~(P)y"D(P) = =P",7"", (5.51)

1
DY (P)+"D(P) = —"v*, DY P)V'v°D(P) = ++'+°. (5.52)

Y8 1.4 THIENX, " BHMKRE, HOBNTFHRIERS v+ k. &a, o BTFHRERN

D(P)o™ D(P) = 5 [D™ (P)yD(P), D™ (P DIP)] = 5 PLaP s 7] = PP 50,
(5.53)
R

D—l(P)O_OiD(P) _ 7)0&7)1'50.046 — _O.Oi7 D—I(P)O.ZJD(P) — Piapjﬁo-aﬂ — +0.ij' (554)

AL, BRE (5.45) BHIMME 1. JBIRE 5. RE . BIRE +° M 2 B RO FRIK &
o AR, ZAEEEEA RN Lorentz ZRHAMI TR HA, TIX £LRE R A28 B 5125 A HHTA],
Rtz [ &k 2 ), S3EE 16 DERMMNZARERE, BTRMHN N x N EEEZS
A N2, TE N > 4 ARERE] 16 DIXAEREERE, BN =4, FLA]AHIX 16 MEFERF—
EE 4 x 4 J5/FE (BAREONERD, Wi, el —HZ &NEIR, 5—77m, Al
UERH, TR AT ZHKER (5.1) B 4 4 Dirac FEFEZR/DIE 4 Froi e, Kk, K Dirac FEFF 4» HY
H 4 x 4 FERE MHEEFRRE Lorentz BRI —1 4 40K,

5.2 Dirac [EE1%

£ Lorentz BfUFEERTTIEH, A HIERE D(A) ERBYFIREFRN Dirac iEE (spinor) o
BT D(A) 2 4 x 4 JEFE, — Dirac iE& o, MY EH 4 P& (o =1,2,3,4), HNHEH
LRI A] Lorentz 284874

Yy = Dap(A)ts. (5.55)

fRRleEfets o # b, XN
W = D(A). (5.56)
IR LG IR IR Z R 5 51 R 2 AR,
W, R o, KT RZERER o4, BN Dirac TEE37 . (z) . T (4.29) K,
&1 Dirac IR Lorentz ZHE A2

Uu(2') = U (A)a(2")U(A) = Dap(A) iy (). (5.57)

DT 2 Brog BERIIE L, AT A Pauli 2ERERAYIE Dirac FEFE, 1T (3.52) R4 H {io?, 07} = —26% = 2¢%7 |
A ' =io", HBEANHAR S — 2 MTFERESRIN G io! | i0? Ml i0® SO 5 BARE (5.1) o
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XA RN Lorentz 284k, M (5.13) TUFE Doy(A) BT/ NERN

Dab(A) — 5ab 5 w,uu(SW/)aba (558>

T2, (5.57) AREFH/MEZ

YAe') = (@) = 5 (8™ Dt (7). (5.59)

# ERG (1.223) KA, ATDURBE 1.7.3 NSHIERGE v ERERFRANRT s, K%
BERASRR, W (5.57) LA

Y'(a") = U (A2 )U(A) = D(A)(x), (5.60)
AT PAE X
U~ (M) (2)U(A) = D(A)Y(A™ ). (5.61)
XNTIEF 7N Lorentz 2848, MRHE (4.21) X, 7 » K v(A1z) BHE w BI—HIL, 15

V(A '2) = Y(x) — w“,,:c” L 0(x) = Y(x) — wya” 0y (x)

= 0(x) — L Wl — 2PV () = () — LWl (562

Hoep pv J2 (4.23) S8 XM R I, (5.61) RAIRHE] w —BIIIHE 8

D(A)(ALz) = (1 _ %MWSW) {1/1@) _ %wwi}“l%p(x)} — () %ww[fﬂ”zﬁ(m) + S™a(x)].
(5.63)
BT, RE (3.10) XK (5.61) XEBRIFHN

U AU = (T4 L ) 01o) (1= Fenr™)

i

= () — 5 (@) S 0 T (w) = U(x) — S (), ) (564)

MR, 1S

[waﬂszm+wwm.] (5.65)
St A3 A Sy B R HE S 4 BN

Si= %eiﬂ'ksﬂf, S = (8%,8%,81). (5.66)

AT DAM Lorentz fRECRFR (5.11) LT (3.40) AT SU(2) RECLR (S, 8] = ieWk Sk,

M S' /& SU(2) BERMEMEFRRIAERTT, HRHE (3.36) 1 (4.26) I, ¥ (5.65) A4 [E 53 &
K5 N

[ (2),d] = Ly () + S¢(x). (5.67)
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%% 5.1: 5 Lorentz ZSHuAH R Z 23],

LMt [E AR KERR e Nl ]
AL 4 4k 4 4k

AT Lorentz K& A* Dirac fe& 1,

Lorentz BAERUT | ()7 = i(g0% — g=0%) & = 1[.7)

&G (RIS [A] Lorentz 2846k A =exp (—% ij!“’) D(A) = exp (—% wWSuu)

S a1 E Hilbert Z5[Al ]|
YL TeRR4E TCRR4E
ZS[AHICER AK ) B o(x). A*(x). ()
Lorentz BfAERTT B g LM = i(zMd” — 27 om)
[ (RA ] Loventz 254t zmw:mpCé%ﬂw) préwgw)

EREW, BRTYUEASIR L, SARER I SREHER () NS TIEAH TH S i
R a#A T, NETXSEHICE, % 5.1 5IH5 Lorentz ZEHAH I MM AIIE
B, Ef#RE Lorentz BEHIFR/RZZ ],

FIA Pauli %5FF (3.47), FILAKF Dirac FEFERIRAL 2 x 2 73 HE

%=< j’¢:< .“> (5.68)
1 —o'
Hrpt 1 367 2 x 2 BN, BHRIE, BRERRI Dirac MRS (5.5) KX, M EHZRN 5
KE (5.1):
0 .0V __ 1 1 _ 1 _ 00
A TR T -
(27} = (‘“i ) + (0i ) =0=2", (5.70)
g —0

o oigi _ gig (1 g
oyy={""7"7° ] =207 = 2g". (5.711)
—o'o? —olo’ 1

SR _E, Dirac JEFFAZMFRT, (5.68) RRXAMFTRIT AN Weyl KRR, HIRNFIERR

(chiral representation) o
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Dirac JEFERIATA FoR 77 RACZEMHY, BUEd IR SRR, IR v et 5
KA (5.1), ABAlEAERIZES, A = Uy U WileiX M 2R AR

{¥*, 7"} = U_l{’y“, YU = 29" U U = 2gM. (5.72)

£ Weyl REH, R{E Pauli FEFFRIFRIACR (3.49), ~° RIEMAEY

1 ol —o! o?
5 _ in0a1a203 — 2.3 _; 3
= ity 1(1 )( )77 ( ) ( )7
3 3 -1
=i 7 7 = . (5.73)
—ig? —o3 1

F 2 x 2 BFERE 1 H1 Pauli 2EREE X

[ o =(1,0), =1, -0), ] (5.74)

A2, Weyl TR Dirac FEFERYFIRTN (5.68) AJ AR HH AL

"
o)
1
s = 10 =

i [oto” —ovot (5.76)
4 4 Ghov — gvok | .

A (3.51) ¥ S BRI &N

A ROTHERERIE

59 =

]

—olo? + oo
—o'o) 4+ gl o’

i [—2ig"Fok 1 .. [o"
! ( _Qigz‘jkgk> =3 < a’f) ’ 577)
M Pauli FEFFRYJERERIA], SV JZIEKIERE,
(ST = 8%, (5.78)

M (1.115) 3= H e f sl 2

R 1 ... . (o 1 . {o! 1 (0o
St — = gidkgik _ — ijk gkl — Z 94t == 5.79
25 45 5 i 1 i 5 5l ( )
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Bl S BN SU(2) REEERIRRAEROT (3.46) RUER, [tk S° FrE SU(2) BE&MERRZEM D
SU(2) Z:BFRHIEM, H Biefmsh R S #iEH - Casimir HAFH

-1 (et 3 (1 1/1
2 7 QL — — _ — —
S ——SS——4< ii>—4< 1>—2(2+1> s(s+1). (5.80)

EABREWDERS T 4 x 4 BAFERE, ATU, Dirac JEED ¢ (x) HIHEE 7802

(5.81)

1
5—2.

BrEzE, () kBN 1/2 BIRLT

5.3 Dirac 512

NTHN Dirac IE&EY (z) B Lorentz NN KE, FATTFELGEW N IERTKEE
Lorentz tRE, TE Weyl REH, S 1Y 0i &N

0i _ 10 i i g if-0
S = . , .82
St=100 =57 2( (ﬂ.) (5.82)

i Pauli JEFFRYJERMERS

(SOZ')T — _i <_(Ji)T ) _ _i <_O-i ) — S0 (583)
2 (o-i)T 2 ot

AT, SO RRIEKEERE, TR, TR, 4 w0 i,
i

Di(A) = [exp (—%wuysw)y — exp Ewuxsmﬂ £ exp (5 wwsw) _ D), (584)

Bl D(A) RNRLIERERE, H, f(2)y(x) A2 Lorentz bR :
V(@) (a") = ¥ (2) DIA) DAy (x) # ¢ (w)ip(x). (5.85)

RIE (5.5) X, A
()1 =1%% ()1 = =" =% (5.86)
KX ERFAERS R —5FEHN AR
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TR
Di(A)? _emp{2wmxsw>}¢%=§:;%{%amxswﬁﬂRVO:vogégi(%wwsw>"
— A% exp (% wu,,S‘“’) — 2D (A). (5.89)
RAE B, € ¢(r) B Dirac H4E
[ P(x) = ¢ (z)y°, ] (5.90)
WIAHR Y Lorentz ZE#6k
U (") = (") = T (2) DT (A = 4T (2)y* D~ (A) = () D~ (A), (5.91)
XAE—K, (x)v(z) BEE— Lorentz bR
U (@) () = P(x) DTHA)D(A)ih(2) = o (a)y(x). (5.92)

B p(2)p(x) IXFERNEE o 1 BEFRATEENLZEMER (spinor bilinear), FIH ¢ (z) &
REMIE Lorentz WMERYHBEHEEWNEMERL, o (2)iy 1y (x) B Lorentz hRi,

V(@)™ (2) = (2) DN (N)iy’ D(A)Y(z) = ()i (). (5.93)
(@) ab(a) F o (x)yy e (z) #i2 Lorentz K&,

V(@ )y (@) = P(@) D™ (A DA () = Ayp(z)y"d(z), (5.94)
V(@ )"y (@) = (@) DAY D(A)Y(x) = Ayib(a)y"y i (x). (5.95)

V(x)ot () B 2 BT RANFR Lorentz 5K &,
P (x")o" P! (x") = P(x) DTHA)e" D(A)(x) = A, A gih ()P 4p(). (5.96)

W5 (o) BENER (FoR) 2SI, T o (o) A O(x) BRATRMR, X
B MR FUR HE AR 1 1 E0E, R, B 20 A1 40 MUERIER (5.40). (5.87)
SRATH, IR RO, BRbR, R R

(W) = (WTY°9)T = iy = g, (5.97)
(Wir° )T = =i’y = vy 0%y = iny, (5.98)
()t = ( )iy = Ty Oyt = gty (5.99)

(WY P)T = 9T (1) = TPy = =Ty Y = 9Ty Py g = gytyy, (5.100)
WW%VZ—ﬂﬂ()<ﬂ—WWﬁthz—%WNWW—WVWZ&ﬂ%-QNU
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BTG, XA MR N LK St
Ak, BN FEEIE R WEMR ) (2)7#0,4 () 52 Lorentz FRig,

V(@0 (2') = (@) DH AW DAY AT, 0,0(x) = P(z) Ay (A1), 0,1(x)
U(@)8" 1 0, (x) = ()7 Outb (). (5.102)
H

i Dirac JE&) ¢(z) H Lorentz REHIKE

FIF yeo,0 Fl gy B F

L = iy 8,4 — my, (5.103)

H™ m > 0 J& Dirac leBHRE, T2,
oL T oL

) = ipy*, 8¢ = —ma). (5.104)
Euler-Lagrange 7712 (1.162) %4
oL oL .. - _

A BB KSR, 153
0= —i(v")10, (") + m(¥Ty°) T = —i(v*) 1720, + mA % = —4 (v, — m)ib, (5.106)

i (o) MHIEETTREN

(iv*0, — m)y(z) = 0. (5.107)

E iR Dirac 532 3], rBEETERRIEZIY
[i(’}/‘u)abau — méab]wb(a:) =0. (5108)
BBRIUE, Dirac HTEEA Lorentz WA M::

("0, = m)J/'(2') = [(7"(A™)", 0, — m]D(A)¥(z) = D(A) D™ (A" D(A)(A™H)",0, — m]ib(w)
= D(A)[iM" 1 (A1) ,0, — m]y(x) = D(A)(i6" "0, — m)i ()
= D(A)(iv"0, — m)Y(z) = 0. (5.109)

Xt Dirac 7518 (5.107) 2385 BA (—in"0, — m), FIRARMSER (5.1), 15

0 = (=iv"9, — m)(Iy"0, — m)ip = (¥*470,0, + m* )¢ = | = ¥*7"(0,0, + 0,0,) + m? | ¥

2
1
= |50+ Y'4")9,0, +m? | P = (§" 0,0, + m*)Y = (0% + m?). (5.110)
2V, BB Dirac TEE ¢(x) /& Klein-Gordon 7 42

(0* + mH)(x) = 0. (5.111)
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(5.76) R, TEBEFRIVERTTHERE S 1£ Weyl REHIZTEXT AR, KAl Rf e R
RN 2 gEFORHVER . MR, RTDAMEEA 4 08K Dirac fe& o 2N —

STENERE) nL g
)= ("L> . (5.112)
R

XFE o BIEENN Weyl TeE, HA, n, INEF (left-handed) Weyl fe&E, nr FRAGF
(right-handed) Weyl ig &,
FIF (5.75) UK Dirac 712 (5.107) &5

_ ) ioHO T —
0= ("0, —myp=| T (M) = (17 T (5.113)
0 . .
ioctd, —m R ic"0,nr, — mnr

1
i 8, — mipg = 0
O Ot IR = (5.114)
iU”aﬂlR —mnL = 0.
XEMMMEEREEN TR TR m=0, MDNHEMRSEMH T :
[ i6"9,mL =0, i0"9,nr = 0. (5.115)

XS TTRERR N Weyl iz (18], AIU, AEZE m MFERLETFHEAT Weyl fEEYS
MEER, BHIEMsNEEM ST WEMME (5.79) R, AFMETF Weyl & BX N T—1
SU(2) BRI R R, 2 m =0 I, B AR g(x) F gr(z) S EHMR BN 1/2 BIR T

5.4 Dirac IEE2i7NFEIREF

5.4.1 FEEBEN—RAR

AN S REEENTE K- I g — R =
HH Dirac IE&E3 ¥,(z) & Klein-Gordon /712 (5.111), KMAEILF =S 0 H EA FHIK
R, NTHElshE k, FAMRIE Dirac HEEA U BT Hi5 #:

0a(7,k) = we (k" k)e F . (5.116)

A2 w,(k°, k) /& Dirac €&, WE —MREIER oo FREIEETSIR, XD FEBEERAZ
Dirac /712 (5.107) #, 15%|

0= (i7"0, — m)p(z, k) = (7"k, — m)w(k®, k)e ¥ = (K% — k- v — m)w(k°, k)e **. (5.117)

(Al
(K°9° =k - v — m)w(k° k) = 0. (5.118)
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X BT A, 15
(K — 4%k - v) — my°)w(k® k) = 0. (5.119)

I, R BN
[VO(k - ) + mA 2wk’ k) = Kow (k" k). (5.120)

IXSEPR ERFERE A0k - v) + my° BIALETG A2, EERAIFFREBRRAZRREZ IR det[k0 —
(k) —m*) K%, B
det[k’ — 7k - v) —mn°] = 0. (5.121)

XANTTRRERGGH KO ROARMEE, MM AR E e ARIER &,
FHA )2 =1, KFE (5.121) tkl

0 = det[k°1 — 7°(k - v) — m3°] = det[y*(k°9" —k - v — m)] = det(7°) det(k, " —m). (5.122)

R (5.121) FH T
det(k, /" —m) = 0. (5.123)

MH ()2 =1, K EXEBEHN

det (k" —m) = det[(y°)* (k" —m)] = det[y° (k" —m)y7]
= det[(v*)*(—k, " — m)] = det(—k,y" —m). (5.124)

XHEE P HENTHIR R
det(AB) = det(BA), (5.125)

BB A5 5 e RO BIIER (5.40), HRSBER (5.1) &
(k") = Kk, = %k#ky(v”v” ) = kb, g" 1= K21 = (k%)% — k1. (5.126)
M,

[det(k, " —m)]? = det(k, " —m)det(—k,y" —m) = det[(k, " — m)(—k,y" —m)]
= det[—(k,y")* + m?] = det{[—(k°)* + [k|* + m®] 1}
= [—(K")" + [k|* + m?]" = [ — (K")°]", (5.127)

Hrh B = kP2 +m2. T5&, 7712 (5.123) fkN
0 = det(k, " —m) = [EBf — (K°)*) = (Ex + K°)*(Ex — K°)*. (5.128)

RXANTTEE 2 MR KD = B X 2 PRESE 2 BER, FEXNNT 2 DMERUEHSZAAIER &
—3H 4 DA RIAER &,



— 166 — BrE BETEEY

(1) k° = By NNT 2 DMARIER &

Y (Fyk,0), o=12. (5.129)
NfiFEE A 2 NEqkfg, BN
(B k, o) exp|—i(Ft —k-x)], o=1,2. (5.130)
(2) k° = —E XRNT 2 DARIER R
w (=B k,0), o=1,2. (5.131)
N FE R E 2 DA e, R
w ) (=B, k, o) expli( Bat +k-x)], o=1,2. (5.132)
ZRIX 4 DARMEREEE R )2 —X %
wN( Bk, 0) w ) (B, k, o) = 2F0y00, <—>T(—Ek,k,a) w ) (=FEy, k, 0') = 2E05,r,
OBk, 0) w ) (=B k, o)) = w' N (=B k, o) w ) (B, k,o') = 0. (5.133)
5|\ Dirac HE& u(k,o) fl v(k,0), TN
u(k,0) = w (B, k,0), vk,o)=w(-E, ko), o=12 (5.134)
T2, Dirac J7F2AYIEREMEAN DLREME AT LA2T I 5 1R

o) = wH (B k, o) exp[—i(Fit — k - x)] = u(k, o) exp[—i(Ext —k - x)], (5.135)
(z,k,0) = w7 (—Ey, =k, 0) exp[i( Bt —k - x)] = v(k, o) expli( Fit — k - x)].  (5.136)

ez, p,0) =up,0)e *, ) (z,p,0) =v(p,0)e?, (5.137)
Hrhu4izh & p- e
P =E,=pP2P+m2>0, p’=m’ (5.138)

MT, Dirac FEEIHRERF »(x,t) HFHEERETTE (F

@ZJ(X, t) - / \/ﬁ Z z,p,0 cp,U + SO(_) (ZE, p, J) d]J;f),U]

—ip-x T lpa:
/27r \/2—Ep; 0)cpoe P +v(p, 0)d} ,eP ] . (5.139)

Hb, o, BEKER, d , ZFA8N, MH oqq # dyoo FERIRERI u(p, o) M v(p,0)
HIERF—XFHN

u'(p, o)u(p,o’) = wN(E,,p,0)w™ (Ey,p,0") = 2E,0501, (5.140)
of (pa O')U(p, J/) = w(_)T(_Epv ) U) w) (_Epv -P; OJ) = 2Ep500’7 (5'141>
ul (p,0)v(—p,0’) = wHN(E,,p,0)w ) (=FE,p,0') = 0. (5.142)
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5.4.2 Weyl REZFHFEKEHE

A/NTE Weyl REH TG Dirac /7 FERFEHEITR R,

Dirac e id 5 e 1/2 BARERF, RHE 3.3.1 /NiHe, XK+ BEA 2 fk
SEHY B TRRACAS, NN TIRGEE R 2 MARIEE +1/2 F1 —1/2, NETRE, XBEFLATRH)—
WHMETEEARIEE A = 1, BETRESEN, \ = — BEFERIL, )\ =+ 2GR, K,
Teie e FHEIEREMIE 2 T REME, HTRERS DA 2 FHIENEE AMERIEN 2 DERMMSI AR &,

XN B, 2 DERERRISN

e (2, p,\) = u(p, Ne P*, A==+, p’=E, =/|p]> +m?2. (5.143)
4R Dirac 7512 (5.107), A
0= (I7"0y — m)e™ (2,1, A) = (pu7"* — m)u(p, \)e #, (5.144)
BY u(p, \) T /21B8 7712
[ (p —m)u(p,\) =0, ] (5.145)
Hrh 9 X
[ P =" ] (5.146)

IXAPRIZLIC SFRN Dirac §#4% (slash), 72 Richard Feynman 5@,
# Dirac ig& u(p, \) FWEAWNDT_0EE f(p) M g\(p),

u(p,A) = (fk(p)> , (5.147)

QA(P)
Hi 2, FRHE Weyl FREH Dirac FERERIXI (5.75), FHHE (5.145) LN

0= (p— mu(p,\) = (_m UuP“) (NP)) - (p“gug*(p) _mfA<p>> , (5.148)

o'pu —m ) \gx(p) pu” fr(p) — mga(p)
2l
(p-o)gr(p) —mfa(p) =0, (5.149)
(p- ) fr(p) — mgx(p) = 0. (5.150)
H7E (5.150) 15 )
9(p) = 1i(p). (5.151)

RN (5.149) ik, H#EH

(p-o)ga(p) —mfa(p) = A(p) —mfa(p)- (5.152)
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HALE (p-0)(p-0), H (5.75) REARMBRR (5.1), 2

1 Y =74 + VU
2gh = [T T° , (5.153)
1 oto” + a’ot
4
oto” 4+ o¥ot = 29", o'o" +5"o" = 29" (5.154)
A,
_ p=v 1 w=v V= 1 uv 2 2
(0 0)p0) = pupu0"0" = 5 pupi(0"7” +0"7) = S pup,29" = p* = m’, (5.155)

MM (5.152) TREERK

(p-o)ar(p) —mfi(p) = W ) —mfi(p) = %2 i) —mfir(p)=0.  (5.156)
i, AR (5.151) UFEHE (5.149), T2, EBEEE f\(p) HFREME
Ia(p)
up,A)=1{,.5 , (5.157)
e Ir(p)

Wi BIBBN TR (5.145) 6
fEEmFoRT, BN 2 HiEAsh B S Ea&E p M ERNEE, Wp-S. XTF
Weyl RE, R4E 5.79) X, A
f,.s:1<f"" ) ) (5.158)
2 b-o

213.5:(1"” ) ) (5.159)
po

EBIPA FBUEE, RmAEFRIAF Weyl T M AYIH—LIiE M2 p- o, H
Pauli FEFFRYE X (3.47) 15

R p-o 1 p* pt—ip?
po=—"——=—| " | s |- (5.160)
p|  [p| \p' +ip —p

KT Y3 — R he EERE P

FINH—LIRBE LR p - o HIAIERR &5(p), OVIRRER, ThEAIET 42

| 6-oam-r66). A-+ | (5.161)

RIFXATTRE, RENA—EAIERE

1 p| +p° 1 —p' +ip?
L (p) = . £ (p) = , 5.162
)= T <p1+ip2> &) \/2\p‘|<|p‘|—+p3><|p|+p3> (5.162)
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XBEES ¢\(p) WEMAREX, BMHRIERIT—XKER
[ &l(P)éx (p) = dav ] (5.163)
MEEMXR
> el =1 ] (5.164)
A=+
A, B p=p/lp| 1%
(p-o)én(p) = Alpl6a(p)- (5.165)
g on F0 o+ ENX (5.74), B
(p-0)éx(p) = (Epl+p-0)én(p) = (B + Alp)éa(p) = wi(p)r(p), (5.166)
(p-0)éx(p) = (Epl —p-0)é(p) = (B, — Ap)é(p) = w?,(p)ér(P), (5.167)
HAREL wy(p) E XN
wr(p) =1/ E, + Alp|. (5.168)
BEXRT p WKL, wi(-—p)=wp), mHHE
wr(P)w-r (p) = 1/ (By + AlpD)(Ey — Alpl) = /B2 — Xlpl = \ /B2 — [t =m.  (5.169)
BZRIE, (5.162) REIRIVIBIES & (p) FISEZE ) = £ BFIALES,
lplv2pl(lp +p3) \p' +ip> —p° p' +ip?
_ 1 P(Ipl +p*) + (0" %@+w0
Iplv2pl(Ip| + p°) \ (@' +ip?)(Ip| + p*) — P*(p" + ip?)
_ 1 Plpl + Ip\2> _ 1 (p + \py>
Iplv/2lpl(Jp] +2°) \ (' +ip?)|p| 2|pl(|p| + »°) \p' + ip?
= +&+(p), (5.170)

(b o) (p) = ’ p_m)<p+m)
lplv2lpl(lp| +p3) \p' +ip> —p° p| + p?
—p*(p' —1p?) + (p' —1p*)(|p| +p3)>

1
~Iplv2Ipl(p] +25) \ (0" + ip?) (—p' +ip?) — p*(|p| + p?)

= —¢_(p).

)

_ 1 (' =ip*)lp[) _ 1 p'—ip
Ip[v2pl([p| +2*) \—Ip|* — p°|p| 2|p|(Ip| +»°) \—|p| —»°

(5.171)
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i L% & TE2— %2 (5.163)

f S . Ip| +p*
LI ®) = gy (Bl 40 2= i) <p1 sz)
(Ip| +9°)2 + [p* +1p?)  2[p* + 2p°|p|
_ 17
Apl(pl+ %) 2pl(pl ) (5.172)
T _ 1 1 a2 3 —p' +ip®
LBIEP) = i (7= ) ( bl + 7 )
=Pt PP+ (pl +2°)7 2p)? + 2p° |p|
T =) 2Aplel ) (5.173)
i _ v 51 p'+ip
+(P)E-(p) 2|pl(p| + p?) <’p| oo ( |p| +p )
—(Ip| + ) (@' — p?) + (Ip| + p°)(p" —
= —0. 5.174
2Ipl(p] + ) (5.174)
B RS R R (5.164),
Z@ & ()L (p) + ¢ (p)E(p)
_ 1 ( (Ipl +p°)* +|=p" +ip? (Ipl +p°)(0" —ip?) + (Ip[ + P*)(=p' + ip?))
2lp|(Ip| + p?) \(p| + %) (" +ip®) + (p| + p*)(—p" — ip?) Pt +ip?? + (Ip| + %)
1 2|pl* + 2p°|p| 1
- - - ~1. 5.175
2/p|(|p| +p?) ( 2/p/? +2p3|p|> < 1> o
NI ulp, \) TENBIREARMES, FA1E frlp) IEEET &\(p),
frp) = CGoaéa(p)- (5.176)
FIF (5.166) =X, R (5.157) b
o) f(p) - &(p) . &\(p) (5177)
u\p, = -0 = Up,A . O = Up,A 2 . .
27 fy(p) L AP ¢, )
FTAE u(p, \) RV —RER (5.140), FATTHL
Cp7>\ = w_k(p), (5178)
W (5.169) 15 ) )
Oy R wa(PR(R) (5.179)
m m

TRBE u(p, \) HERSTRAN

w-x(P)éx(P)
u(p,\) = . )
(p, A) (wA(p) fx(p)) ] (5.180)
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IXFERYIE, AR (5.159) 2, w(p, \) BIRIEEAMES, AEEY A

A(P) (f)-@&(p)) . (W—A(P>f (P)> ~ M u(p,A). (5.181)

20 -S)u 7/\ = - !
(2p - S)u(p, A) ( wA(P)éx(P)

wi(p) (B - o)&x(p)
B—FE, & 2 MUEERRIEN
e (2, p,A) = v(p, \)e??, A=+, p°’=E,=+/]p)>+m?. (5.182)
g Dirac 712 (5.107), A

0= (78, — m)e (2, p,A) = (—=p* — m)v(p, N)e??, (5.183)
BU v(p, \) i izsh /712
[ (p +m)v(p,A) = 0. J (5.184)
FIRE, % Dirac HER v(p, \) SENFIA S BIER f(p) F1 4a(p),
v(p, ) = (‘f}(p)> , (5.185)
Ir(p)
A
e [ aup#> (fxp)) _ (puaug}(p) +m fx<p>> | |
0=F+meleA (5“pu m gx(p) Put fr(p) + mga(p) (5:186)
&l
(p-0)dr(p) +mfr(p) =0, (5.187)
(p- &) fr(p) + mix(p) = 0. (5.188)
H77FE (5.188) 15 i
a(p) = —I% iA(p), (5.189)

RANENFHE (5.187) fE3, H (5.155) FAEH

- )in®) + mhm) = - DT o) i) = - fe) mAm) =0 (5.190)

A, SRR (5.180) AR (5.187), T2, FBHEE fi(p) HiaEfH

fr(p)
v(p,\) = 5 - : (5.191)
(Wf( ))

A

WEIzsN 7712 (5.184)
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ATIE u(p, \) TENIBFREAMES, FOITZ A\(p) EET ¢ i(p),

F(p) = Coréa(p)- (5.192)

EXERBABAIEEEL fi(p) BT &(p), JEENETE 5.5.4 /NTTFRERH, BITEG: H 52X Fhk
o B (5.166) NHIY A BHLEK —\, 15 (p- ) a(p) = w?,(p)é_a(P), M

NTE v(p,\) WRIT—KER (5.141), FRATH

Cor = Aor(D), (5.194)
i (5.169) FAEH
%A<p> _ @t ®) (5.195)
TREE v(p, ) BURIES i%i‘t
)\OJ)\(P)g—)\<p)
oo, A) = ' 5.196
(p,2) (—)\wx(P)fx(P) ] o

XK, o(p, \) BIRIEEAMES, ARMEEN —X:

Awx(p) (b 0)6-a(p) ) _ _A< Awr(p)€-(p)
“Awoa(p) (b 0)6a(P) ~Aw-r(P)6-r(P)

MRE & (p) FIERIA—KEA (5.163), AIRARIE, w(p,\) F1 v(p, ) /& (5.140) FI (5.141)
FERRIER T —K A&

Wl (o N)ulp X) = (wr(P)END) wr(@)END)) (w?f((r;mp))

(2p-S)u(p,A) = ( ) = —Au(p,\). (5.197)

wx (P)éx (P)
= [wa(P)w-x (B) + wr(P)wx (P)IEL(P)Ex (B) = [wor(P)w—x (P) + wa(P)wx (P)]Orx
= [w2\(p) + Wi (P)]Oav = (Ep — Alp| + By + Alp)drw = 25,00, (5.198)

o, el X) = (Awn (@), (0) —Awoa(@)E!,(0)) (—AAZA_EP(S?_EP()I)))

= M [wx(P)wy (P) + w_x(P)w—_x (P)IEL L (P)E-x (P) = AN [wa(P)wn (P) + w_x(P)w_x (P)]Srn
= >\2[w§(p) + w,,\(p)]é)\x = 2Ep5)\>\/, (5199)

RAIZEFES N AIE T2 (5.161), 155
(=P o) a(—=p) = =2 (D), (5.200)
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M
(b 0)é-A(—P) = A& (—P) (5.201)
AL € a(—p) 5 &(p) IRMARIRIAAE AL, IXEKE € \(—p) x &(p), B
()6 x(—p) x EL(P)éx (P) = dax (5.202)
T2, (5.142) TEAVIER R AR AT :

W N2 N) = (wa®IELD) wr@IEl) (_iﬁfiiffiig)

= Nw r(P)wn (—p) — wr(p)w-x (—P)IEL ()€ x (—p)
o N[w_x(p)wx (p) — wa(P)w—x (P)]drx
= Aw-x(P)wr(p) — wr(P)w-r(P)]oxn = 0. (5.203)

BE—N, VHEERERE up,\) Al op, \) EERA—XHFR

uT(p, Nu(p, N) = UT(p, MNo(p, N) = 2E,05, uT(p, ANo(—p, \) = UT(—p, Nu(p, \) = 0.

(5.204)
A
a(p,A) = (2, A" = (woa@)EL D) wr()El(P)) (1 1)
— (@E @) wa@E®). (5.205)
0(e,2) = o.M = (Ar@)E () —Awa () (1 1)
= (@) Aw@E ) (5.20)

AR (5.169) =X, #EH

wx (p)éx (P)
= [wa(p)w-x () + w-r(P) wx (P)]orx = 2wi(P)w-x (P)drx = 2mdry, (5.207)

o(p, Ao(p, N) = (—)\w_,\(P)fT,,\(P) Aw(p)ﬂA(W) ( N x(P)Ev(p) )

alp. Mu(p. A} = (wx(p)ﬂ(p) wfx(p)él(p)> (w”((p)fw(p)>

=N w_x(p)-(p)
= =M\ [w_r(P)wn (P) + wr(P)w—x (P)]6xn = —2X*wy (P)w-_»(P)Irv
— Omby, (5.208)

o= i o) (10
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wy (P) — w-r(P)w-x (P (P)é-x ()
wx(p) — wr(P)w—x(P)]0x,—x
= —Awr(P)w-r(p) — w-r(P)wr(P)]dr—x =0, (5.209)

o831 oot et (200)

Al=w A (P)wx (p) + wr(P)wn (p)E", (P)Ex (p)
= Al—w_a(P)w—x (p) + wr(p)wx (P)]0-xx
A

= N|wa(p
= N|wa(p

= A[~w-x(p)wr(p) + wr(P)w-r(P)]0-xx = 0. (5.210)
BH—T, A
a(p, Nu(p, ) =2mdyry, 0(p, \v(p,\) = —2mdyy, u(p, \v(p,\) =0(p, Nu(p,\') = 0.
(5.211)
IXEELERTE Lorentz N,
SB—77HE, FH (5.166). (5.167). (5.169) A &\(p) MIZERMERR (5.164), B
> ulp, Nap,A) = W_A(p)&(p)> (wx(p)fi(p) w_A(p)d(p)>
At et (P)éa(p)
(e @HEEE) @ @) m )5() )
T\ wipam)Elm) wA(P)w-A(P)Er(P)EL (D)
_ ma@E®) (- o)l T<p>>
S \p-o)amedme  mamEm
_ ( " p"’) = py +m. (5.212)
p-ocm

H1 (5.166) A1 (5.167) :fF (p- 0)§-a(p) = w2\ (P)&-a(P) Fl (p- 0)6-a(P) = w3 (P)6-A(P),
S vl ip ) = 30 [ AP ) (s ®) Aere)es(0)

A== — \—Awa(P)é-a(p)

>

~N2wy (p)w-r(P)E_»(P)E", (P) A2 (p)Eoa(p)él(p) >
et N2, (p)Ea(p)él, (p) —X2w_\(p)wr(P)é-x(P)E" ()

Z —mé_\(p)E" () (p-cr)sA(p)siA(p))
T \p-o)éamE, () —mén)E, (p)

( e J) =p, " —m. (5.213)
p-a —m

BN, BUNBHEERACR, B, BRERMXEA:
> up Nap\) =p+m, > v(p,No(p,A) =p—m. ] (5.214)

A=+ A=+
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H u(p, ) F1 v(p, \) # Dirac IEEIZEST ©(x,t) FEEEEFN
_ (-) f
P(x,t) = / IE \/m Azi [ z,p, N)ap . + ¢ (z,p, )\)bp,)\] (5.215)
51k
_ —ip-x T ipx
b, t) = / mz . Napae™* + v(p. A0 (5.216)
Heap\ BIEKERF, b, BFEEM, MH apy # bpro T4
T ip-x —ip-x
P(x,t) = / ISE \/Eé[ pAe” + 0l (p, \)bpae ™ } : (5.217)
V(x,t) = / 27)8 \/EA > [a p, Aal e + v(p,A)bp,Ae—ip'f] : (5.218)
5.4.3 MEWMEM~EELXER
MRYE (1.163) A1 (5.104) X, o (x) NMAJHIES) B EEZ
_ 9L 0t
T = ol ihy” =iyt (5.219)
EREEIRETFAN
— jut — ' ip-x —ip-x
m(x,t) =i'(x,t) / o E [ a WP T (p, A)bpae ] : (5.220)
H BHIZFNHER Y ¢ (x) W2 Dirac FFE (5.107), MM, HIERE (5.103) 1LH
— (48, — m) = 0. (5.221)
R#E (1.165) X, HH Dirac Je &G T &% EH
H = 7000 — L = 1dyt) = i) 0. (5.222)

I, AR R
H = /d?’:cHz/d%wiaow

d3z d3pd3q - o
N Z/ (2m)S\/AE,Eqy u'(p, Na pAep + 0T (P, A)bp re ™ }

X‘JO[ (6, X)agxe ™ = v(a, )b} e

d3x d3p d3qE .
_ uf Nt N
Z/ 27)6\/4E, Eq (P, Mu(g, N)ay, yaq e
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‘”T(I” Nu(a, X)bp bl e P9 — ut(p, Nv(g, N)af \bf e #0
(pa )\) (q )\ )bp Alg\€ 1(P+q)-x]

d*pdiq B,
—'220/ I) d {5“Wp-—qj[uVP,AﬁKqVX)TAa el (Po=Fa)t

- UT(p7 )\)'U(q, )\,)bp)\bT /\,efi(EP*Eq)t:|
+6G) (p+q) [ —u'(p, \v(q, \) L/\b:fl e i(Ep+Eq)t
+ vT(p, Au(q, /\/)bp’AaqvA,e—i(Ep-&-Eq)t} }
d3p 1
- Z/ 273 2 , Au(p, \) IT),,\%,X — vT(p, A)ov(p, A/)bp,)\b;)\/
AN

—u'(p, \)v(—p, )\/) T bT p)\,emEp + ot (p, Nu(—p, )\/)bp7/\a_p7/\,e—21Ept]

d3 1
— Z/ p 2E 5)\>\lap AOp, N — 2Ep5,\)\’bp,)\b;)\/)

AN

)\aP AT bp,/\b;x)-

ﬁﬂiﬁz%:iﬁﬁ%ﬂﬁiﬂﬂ—?&% (5.204) o
H—77H, FAERE—XA (5.204), 153

/H%mm%Wprﬁﬁ)

d3x d3q .
i(p—q)x Nt Lipte) e
— E Nage' +uf(p, Nv(q, \)b! e ]
=:/ T P, A)u(g, X )ag e P53 (p — q)
A /2Eq =

Tl (p, A)o(g, X)b B B q)}

— / 2iEpt
- EZ[ N)ag -+l (B, )o(=p, N)bL, 25"
= \/_ Z 2E 6)\/\/ap)\/) = \/ZEP Qp \-

P N=+

TR EAT ap, FIFAEET of | 7N

1 . 1 ‘

- - A3 P 1 7)\ 1), [ /d3 —ip-x, /.t t 7/\.
= o [Eadr e, g | e ute. )
[F] FERHHE

[ et
d3x d3q i
i(p+q)-z t Nt —i(p—q)-x
= [ G 2 [ N X o A Xt

(5.223)

(5.224)

(5.225)
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P, Au(g, X)agye O (p 4+ g)

\/2Eq o
+o'(p, Mu(q, X)b;,\,e*i(EP’Eq)t(S(?’) (p— q)}
\/ﬁ Z [ p, \)a_p e 2l 4 vl (p, No(p, )\')b;,\/]
p
\/E 2 <2E S pA> V2E, b (5.226)

TRAGAEELT b | FITEKERF by\ TR

dee lp:v T p7 /\)77Z)(X7t)a bp,)\ -

\/;T/d?’xeip"”@/ﬁ(x,t)v(p, A). (5.227)

5.5 Dirac feEi7WENZEFL

5.5.1 AFEWNFZRXRKEFN Dirac TeEHHIEME

FErREGIREGIIEN R FEREFF, BRSBTS s 85 B F
It 5 Rk5 (2.76), REHESFHAEEKERFINZXR, HEdiHEAH ETNRENER
7 YT ElEREY, FTEMH Gupta-Bleuler SRS EI EAYIG R HIFHE), MM GALE
BEFmehERAENREFETEREH, AN, FATRZEUHRIERN 3 5 K R
Dirac JEEEITR L, A, BAISZIXATTEIFARES HIEE IR E I E SR, Wiz
AEIITHY,

{B1% Dirac JERIHRELT o (x) SHILPSHEEERLT ©(x) LT ZRKER

p,>\ \/_

[Zba(X, t)a 77-13(377 t)] = i5(11)6(3) (X - y)’ [%(Xa t)7 wb(Y7 t)] = [7Ta (X7 t)v 7Tb(yv t)] =0. (5228)

IXEUR e R EARE B E Hisk, RYE (5.219) 3, RERRENT (2) 5 i (x) FFR 5K
E3

[Ya(x, 1), 0} (3, 1)] = 6u0® (x = ¥),  [Wa(x,1), 03(y, )] = [¢](x, 1), 0} (3, 1)] = 0. (5.229)
IR, BATHEEEKERIXN KR, H (5.225) FIERIT—XKHR (5.204), AfF

1 |
[apns af ] = ———= / &z d*y PVl (p, A)[a(%,1), U (v, )]us(q, V)
’ VAE,E,

1 .
= Bz Py PPVl (p, Nup(q, V)00 (x —
\/m ) a(p ) b(q ) b ( Y)
1 . )
— d3 el(Ep—Eq)te_l(P—Q)'X ] 7/\ 7/\’
) (b, Nua, V)

= 35, ul (p, Mu(p, N)(27)*6® (p — q) = (27)*5,1 67 (p — q). (5.230)
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ZLI ]

1 .
[ap.x; ag.x] = / d*z &%y Pl (p, Nug (g, N [$a(%, 1), Gu(y, 1)] = 0.
VAE,E,

1 (5.227) RRIEZRIT—XE (5.204), Alf5

1 i(px—q-
[bpr, bl 3] = \/ﬁ/d%dz”ye(p Wb (g, X)Wl (x, 1), ¥y(y, t)]va(p, A)

1 i(p-x—q-
1 1 .
= — d3 i(Ep—Eq)t ,—i(p—q)x ,.T ,)\/ ’)\
m/ e ¢ v (g, N)u(p. )
1

= ——= 0, N)o(p,N)(21)*0¥ (p — @) = —(27)*6x 6P (p — q).

2F,
NSRRI S HEIZ T —1 0 5, AN, IEH

1 (pzta- /
Poxboxl = T / A dPy P [ (x, £), Bl (3, £)]va (D, Nus(a, ') = 0,
pPq

1 (pa—q-
[apx U] = T / &’z d®y PVl (p, A)of (a4, N) [, 8), (v, )] = O,

PAN
1 3.3, oilpzt+ay), 1 i !
[apx; bgx] = N d*zd’ye ul (P, A)[Ya(x, 1), 1y (3, 6)v(a, A')
P~q

1 )
B By Pyt (p, Noy(g, V)00 (x —
\/m/ Yy a(p ) b<q ) b ( y)

1

VAE,Eq

o2iEpt

= 55 v Mv(-p, X)(2r)36@ (p + q) = 0.
p

FAEE—PHAIERT XA (5.204),
PR, JEIENTBRER (5.228) BRI ATEKELTA XA N

/d% el (BptEq)t o —i(p+a)x uT(p, Mo(q, X)

[ap,x, a;)\,] = (27T)35/\>\’5(3) (P—a), [apxr agn]= [a;m a;/\,] =0,
[bp,/\’ b;)\,] = _(277)35/\/\’5(3) (p - Q)u [bpw bq,/\’] = [b;w b:;,)\/] =0,
[ap’,\,b;/\,] = [bp,/\va;x] = [apx, bgx] = [al,,\vbjl,x] = 0.

HMIZAERIA Rk 5, A DB EIERST (5.223) (£

d3p
H = Z/WEP(CL;AGP,A - bp,Ab;r,,,\)

(5.231)

(5.232)

(5.233)

(5.234)

(5.235)

(5.236)
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d3p
= Z/ (ah Aapx = B 2bp) + (2W)35(3)(0)/W2Ep- (5.237)

FREBSE—ATHE IR A, BT (apy, ol ) FIRHORF X ERERMITICONIE, H
HT (bpa, bF ) TORBPRLF X RE R TTI 010 AT, KL FECRE b by BUK, A0 RERER
b, XA, IR 42 B A, 1ﬁ1’%$*ﬁ??§ﬁﬂ‘1ﬂ%\ijﬂlf%fiﬁ’]%%, ZU>
510, Kb, HENX SRR (5.228) X Dirac IeR&HTRFZITAER,

5.5.2 FAFERRWFXRRZAEFN Dirac EEi7

M (5.237) REVHHELFEEH, WRAEAE b, F1 0 | ALEAIFEINAEGS SR HES S —
RS, #EA] DA EE 2 (IS BRSER, XEWERNFEENTRZ by 50, FNEXEA,
MiRRA 5 RR. A THREIEIER by, 50, RN ERER, MTEEFEFNNZ KR (5.228),
RZUFR RN ZKER

{Q/Ja(X, t)7 7Tb(y'7 t)} = i(Sab(s(g) (X - Y)a {wa(xﬂ t)? Z/%(Y? t)} = {ﬂ-a(x7 t)v Wb(Y? t)} = 0. (5238)

RHRA 5 R R AT R T TI MY Jordan-Wigner EF 1, RE (5.219) X, XLEXRE
T Y(z) 5 ¢ (z) R 5K ER

{a(x,1), 0} (7, 1)} = 00D (x —y), {¥u(x1), 0y, 1)} = {¥l(x,8), ¥} (y.t)} =0.  (5.239)

B TRR, BATHEAERERNRN G KRR, HEIES E—/h ke, JR23AEs
(5.230) & (5.235) RHPRRA G R THES BURER RN 5 et 5, HHSE|

1 . :
{apa,al v} = / Az d%y I (p, A {dha(x, 1), 0f (3, 8) Yus(a, X
’ VAE,Eq

! 3. oy piPe—a9), 1 NG 53
= i | LT (e X))
= (27)*6 0% (p — q), (5.240)
Gl
{apr,agx} = \/%;,Eq / &Pz dy @yt (p Naf (q X ){Wa(x, 1), (v, 8)} = 0. (5.241)
Hos, B

{bp,)\a b:;,)\’} = /d3ZL‘ d3y ei(p~x—q~y)vg (q7 )\/){% <X7 t)7 77Db(Y7 t)}va (pa >‘)

1

AE, E,
1

B \/4E Eq

,/4E Eq

/ B dPy Pl (g, X )va (P )8 (x — ¥)

A3y el(Br—Eq)t ,—i(p—a)x T<q’)\) (p’ )\)
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1
2E

5 (5.232) A, EAEREAEENTS, KN, FH

vi(p, N)o(p, \)(27)*6® (p — q) = (27)%6,16®) (p — q). (5.242)

Ot} = e [ @@y (ol 0, . O}t Nl X) =0, (5289
P
(o bk = e [ @yl e X Bl ) a0} =0, (5249
AN

{annbaxh = e [ @yl ) s, 0,015 O (e X)

1
~ /4E, B,
RPEOR, W EN R B KR (5.238) (AL ERBRRIAZEREN

/dga: APy Pyt (p Ny (q, N )00 (x —y) = 0. (5.245)

{ap, ajl,x} = (27)35»\’5(3) (P—a), {apragy}= {a;)\, a:rl,x} =0,
{bp, B 3} = (27)°6 0@ (D — @), {Bpabgn} = {b] .0, } =0, (5.246)

{ap.x; bg,,\/} = {bp.x, a;/\,} = {ap, by} = {a;,\, bjl,x} = 0.

AT, (apa,af ) A (Bpa, b)) AT, &ERR—RRT. FIFAXFERRN SR, ER%
WMEEF (5.223) tkH

d3p d3p
H= 3 [ G Eahatan + Hb) = @e900) [ G E2m, (5.247)

ERRJE—1TE IR E NEE. BT sB AT E IR LA R T oI REE 2, &
BIEER, AT, HZFEN N Z KA Dirac HEE 7 TIEN & FLZ&1ER,
A (5.9) AMRMNZRER (5.246), FIfFMETE H 57 AR KBNS 50

, p)\ Z/ qA/aq)\/‘l’bq)\/bq/\/, I))\:|
d? q
= Z/ qA/{aq/\’>ap>\} {aq/\’7 p)\}aq/\’

+ bjl,x{bq«\’a a;/\} - {b:rl’)\/, a;,\}bq,k’>

d3q
d3
H,ap Z/ q,\/aq,\' + b‘”" LA ap,\ Z/ {aq,\'aapA}aq,\')
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= — Z / 43¢ Bqaqx0xr0® (q — p) = — Epap.a, (5.249)

[H, blT:.,A] - Z/ ik ,\'aq x+ bq NP\ pr Z/ ¢ q qu,x{bq,x,bL,A}
= Z / d*q Bqbl 00 (a — p) = Epb, . (5.250)

[Habp,)\] = Z/ ,\'aq/\"i‘bq,\' QA" p/\ Z/ TA/? pA}qu’)

= — Z/dgq Eqbqy)\/(sx)\(s 3) (q — p) = _prp,)\'

% |E) & H AR, AMEHERN B, N
H|E) = E|E).
AT EH

Hal\ |E) = (a} \H + Eyal \) |E) = (E + Ey)al , |E),
Hapy |E) = (apAH Epap ) |E) = (E — Ey)ap |E)
Hb' \|E) = (b \H + Ebl ) |E) = (E+ E,)bl | E),
Hbpy |E) = (bppH — Epbp ) |E) = (B — Ep)bp [E) .

(5.251)

(5.252)

(5.253)
(5.254)
(5.255)
(5.256)

ﬂ%,%@”ﬂ%m%uw$%gﬁ FELE IR af | L6 O PR R AR AR G RN E,

M B by o |E) FNER, FERBLF ap, 71 by HI7EF SR ERERAEERD B, .

IRIE (1.212) R, Dirac [ERZNDHERFTN
P = —/d3mw = /d%wT(—iV)w

d3z d3p d3q :
= (P, V) e”" +vT(p, \)bp ae P
W / VAE,Eq [ “» }

x |au(a, N)agye ™ = qu(a, X)bh ]

d3z d3pd3q q 7,0
— A Nal \a ,el(p—a)z
S [ o i 1 (a0

—v (p7 )\)U(q7 )\ )bp,)\b;)\/e_i(p_q)-x _ UT(p, )\)’U(q, )\ ) T bT >\/e i(p+q)-x
0l (D, Aua, )by ag e F07]

d*pd? ;
N et T AR 10 0= [10. Vula N aqe B
AN

—o'(p, Mv(q, )\’)bmbT Xe—i(Ep—Eq)t]

+ 09 (p -+ q) | = ul(p, A)o(a, N)a b e
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+ v*(p, Au(q, /\,)pr\aq,Xe—i(Ep-&-Eq)t} }

d’p p
_ T T T {
Z/ 27 )32E, Ju(p, X' Ja Ap \Gpx — U (P, \v(p, )\,)bp,Abva/

+u (p’ A)v(-p, N ) T bT —p,N et —of (p, Nu(—p, )\,)bp,Aa—p,Ne_QiEpt}

d°p p
= Z / 27)92E, (2Bp0axab \apx — 2Ep0axbp bl )

- Z / —(27r)3 p (ap7/\ap,>\ — bp7,\bp7)\)
A=+
d’p i t 3) 3
— Z OOk p (apAap,)\ + bp’/\bpM\) —20%(0) | d°pp. (5.257)
A=+

EIEEE =P HFERZIT KR (5.204), mEa—PHBIRMNZRKR (5.246), T2, EshER2m
Ao BRI AT AR R ST 3 & 2 1,

d3
I = Z/ p)\ap/\ + bp Abpr)- (5.258)

5.5.3 U(1) BRI

KT EREY), Dirac leEthBEAE UQ1) BUNFRE, X Dirac JE&E o (x) 7F U(1) %
AAE i

V' (x) = Y (a), (5.259)
M ot () FI o (x) FIAHRI AR
(Wi (2)) = [/ (2)] = ¢f(@)e ™, [@)] =@ (z) = [ (2)]T7° = (x)e . (5.260)

AR, PR (5.103) 1,

L'(z) = ¢ (@) ("9, — m)¥'(z) = d(a)e™ (179, — m)e " (x)
= U(2)(iv"0, = m)i(r) = L(w). (5.261)
BHRIUE, 5.3 THSIZERhER NEMERARAEXAD U(1) B H A%, [Hit, FHIXEEjEs N
SMAERR REAEA UQ1) BRI,
U(1) BRI TE75/MER N
Y (x) = (x) + igh(x). (5.262)

HF 6z =0, H (1.187) X5
0 = 5 = iqhp. (5.263)
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28 (1.192) X, MHRZY Noether SFEIRN

. 0L
7T 0(00)

Py N8 -0, EX U(1) SFIERERF

L

@y,

M| Noether 7EFZS HSFIER /772
9,.J* = 0.

FARZHY U (1) SAEREATY
Q- /d%JO :q/d%wz/;:q/dww

A3z d3p d3k .
=a) (B, Maf 1 + v (p, Ay e 7]
q M// TR [ (P, N, (P, A)bp.x

X [U(k, )\’)ak7)\/e_ik~x + ’U(k, )\/)bl]:’)\/eik-x]

&3z dp &3k .
=4q Z/ iE Ek |:UT( )\) (k N ) p 2\ Ok, Xe i(p—k)
AN

+ ot (p, Aok, N)bp bl e @79 4 uf(p, N)ou(k, N)al b
+ v ( )\) (k )\ )b 7)\ak7)\/e—i(p+k)~x:|

dpd3k
- 53 (p — k) |uf (p, Nu(k, N ol
q;/ 27)3 4EEk{ (p )[u( Ju(k, N)a} p AK€

+ ot (p, Aok, N)byabf e

+ 8% (p 4+ K) [u! (b, Aok, X)ah b e’

oY = iy (igf) = —qby"o.

(5.264)

(5.265)

(5.266)

Xe i(p+k)-x

Ep—Ex)t

i(ErEk)t]

Ep+Ek)

T ( >‘> (k N )bp,)\akyA/e_i(EP‘*‘Ek)t]}

— 4 Z/ o) 32E P, \u(p, N ) p \Gp N + U (p, A)v(p, )\,)prbL)\,

AN

+ uT(p, ANv(—p, ) }Tmbip B ot (b N u(—p, N )bprarp, Xe—QiEpt}

:q§:/ %EQE@M%WMAQE&MM%X q§:/ —(ab yap + bpabl )

AN

d3
= / W(q a} \apx — g bl \bp) +26%)(0) /dSP q.
A==+

(5.267)

FRE-IR TR, WNE—THERAI BN, B (g, ol ) BRRFRIERT, B
U(1) T84 g5 B (bpo, b)) SRR PR RALF, HHH U(L) Fih —qo BREZT M, Hfife

T B RS TS MR 2 S T L 7 Sk U(1) faizFo
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5.5.4 MFE
T BB Dirac BERSS, FU2SA 0) 5 CNBHER ap  RUERE b, , TR,
ap,x [0) = bp\ [0) =0, (5.268)
iz
00) =1 H[0) = Bucl0), Bvse = -2(0) [ d'pE,. (5.260)

&N p. BN X BN ERFSMBENRFSIHIE N

" A\) = V2E,al 0), |pT, M) = \/2E, b, |0). ] (5.270)
ARYE = A K BRI RN 2K 2 (5.246), BB FASHIARUZ

(" N |p" Ay = VAEE, (0lagyal , [0) = \/4EE, (0] [(27)20: 0P (p — q) — al \aq.x] |0)
= 2F,(27)36 0% (p — q), 5.271)

]

(
(@, N[p,\) = VAESE, <0|qupr|0> Eyp(27)* 500 (p — q), (5.272)
(@ XN [p*A) = VAEGE, (0]bga), [0) = —@ (0] af, \bg v [0) = 0. (5.273)

AR (5.253) f1 (5.255) R, B

Hp"'A) = (Bvac + Ep) [pT,A), H|p,A) = (Bvac + Ey) [P, A). (5.274)

A, Ipto ) A p, ) MLESESZ T —hEER B, = \/WO
¥ () PRI (5.216) 1R (5.67) 2,

[Wh(x),d] = —— 3" o Vlap Il + v(p, A B, 3]} (5.275)

/ 2m)3 ,/2Ep)\ ~
KNG, 17

(f‘ + S)@D(l’) = / (—lX xV + 8) u(p’ )\)Clp,)\e_ip'w + ’U(p, )\)b;)\eip'x]

% P+ S)u(P, Napre P + (—x x p + S)v(p A)bj),keipﬂ . (5.276)

- [ w2l
MAHEERR, X TahE p MUIREEE A, A

u(, Napa, ] = (x x p+ S)u, Nap,  v(p, N[B!I = (—xx p+S)v(p, M)b! . (5.277)

FRAE (5.181) F1 (5.197) 3K, u(p, \) Fl v(p, \) R AMAEN A Rl —\ FIEHEEAIES, [

u(p, N)apy, 2p-J]=2p- (x X p+ S)u(p, N)apr = 2p - S)u(p, N)apr = Au(p, Nap,r, (5.278)
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v(p, VB 5, 23] = 2B+ (—x xp+8)v(p, A)b , = (2B~ 8)v(p, A)b) , = —Av(p, A)b] 5. (5.279)
i

[a’Py)ﬂ 215 ’ ‘]] = /\a’p,)n [bp A0 2p J] _)\ b;)\. (5280)
BT J Z2IEKRER, o KH R
Xaby = lapy, 293" = (2p - J)a} , —af \(2p-T) = [2p-T,a] ,]. (5.281)
T
2p-J,a),]=Xal,, [2D-3,b,] = A0} ,. (5.282)

J BEANBEER, BEZE|0) R J(0) =0, HIEH

(2p-D)af , 10) = [al ,(2D-T) + Aaf ,][0) = Al , |0), (5.283)
(2p - J)b) 4 10) = [b} (2D - F) + Ab],]10) = Aof , ]0). (5.284)

EEE@ﬁ*ﬁ?*‘&ﬁﬁLﬁJﬁJ%, ﬁ'ﬁ 2p - J B TIH—LrVRTeE R, Kk, ErEizXsiad

(2p-J)|p",A) = A|p™, ). (5.285)

IXIERBATIATHAZER,

PAEBFGRIE, FAERR of  MIERRMAE—AERN p. IRIEEEA A IER T, 55—
P BT b;A FIER B F=AE— D& N p. BBHEE N X BRK T, IR TR/ AT BAHER
R m.

£ (5.192) R, FADERELE fu(p) IEELT &a(p), 15 v(p, ) HIRHEEARIEES —A, M
M2 b, 0) FVIRHEREAGE(EA X\ IEEHR, WRBANERFLL fi(p) ELT &(p), MK LIRH
S, b, (0) BHERE AMFERM IR X ; WAREDL, (b, 0] ) KRERIBHEE N X BIRRL T
XARTFERMNICE, Bk, &I fp) BOY (5.192) REFER,

HRNZ KA (5.246), B

ap,A\q+,x> = \/2F, ap)\al;/\ 0) = /2B, [(27)*00 0P (p — q) — a /\ap,\] 0)

2, (27)%6, 6@ (p — q) |0) (5.286)
bpr a4 ,)\> = \/2E, prb W 10) = V2E[(27)205 6P (p — q) — qu by 0)
2B, (2m)%6\,6® (p — q) |0) . (5.287)

ATDAB , FERERT apn REFRRD —DETECH p. BRI A IR T, BRI by, (0
PRI —NEIR N p. BBHERE T A BRRL T
B8 2 MERTR 2 AR TIASIT N

P Ais PS L Aos B3y Ass Prs M) = V/16Ey, By, By, By, al bl 0) . (5.288)

T
p1, A1 Ppa,ra Ups, >\3 P4 Aq



— 186 — BrE BETEEY

ZRFHRN AR (5.246), V=L BFFNAE, FI1E

T T T T _ T T T T
aP17A1GP2,>\2bP3,>\3bp4,>\4 ‘O> o _bp4,>\4ap2,>\2bps,>\3apl,>\1 ‘O> ) (5'289)

HETR B ATEIRN Z T
IPT, Ats P, A2s P35, Ass Prs Aa) = — |Prs Aas P A2s P35, Ass P, A1) (5.290)

BIZRHLEE 1 FI2E 4 MRS RIS S FORINSHZE DN 1 5, A, RHHPEEN MR T,
S =M,

—fth, FFESES NPT, KEEER N2 T, 72N R TR
A5, (SRIRS S EROSMEEZE N7 5, W2, 62 ER 18R R AR, XA
Dirac JEEIZHIRIRL T2 —R 5% kF, FRN Dirac BEXF, ARM Fermi-Dirac 4iit [19, 20].
BENXDMECHICRAE T PN RA 5o X TRAMERI R of | 800!, RS
KEFH

al];,)\a;A 0) = _a;,xa;x 0), b;T),AbIT:.,A 0) = _bL,AbL,A 0), (5.291)
14
fal ]0y=0, o b, ,10)=0 (5.292)
a/p’Aap7A 9 p7>\ p7A . .

XURATER A e B BB, NETESh &A1 & ERAE R R B 2ok e R 28K
THRME, XFE Pauli FHERRE [21),

TE58 2 TAISE 4 B, B BINe T BEEN 0 FREZM EIEN | R EY), &I1EMNL
B RURIE A 5 R AN EATHITRE I, Wimellfidke T, B—Hm, EAEY, &
MFREERF R 5 R AA RN BIEN 1/2 MieRgH T aEN & 7k, FmEE7HRR
BRARTF, LR b, XHRPRIUREIER, FEBR—FITER 22, 23):

BB YEL I 5 R R TR L, XN ATR 2R e F
ZT I BRI BRI U R X 3 R R A TR 7L, KM HIR T2 B R T

Al DAMZ A BRI N E MR, 5.5.1 F1 5.5.2 /N YIS 15 BA WA B2 8 B AT Y 1IF
TEMERE ML, AN, WAl AN He 2 EIR TSR A . BT RERERY Lorentz NZEME, Al
RIE (causality) HYFHFETPAIERA,

RN IR B K TEH R NOR - 2AI8h

IpT. A1 p3 . Ae) = VA, Epyal  al 0), (5.293)
RSP AFAR R E
(af, A% a3, Ay [ A pg A2)

EANIE NS E (1] % 12 &,
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= /16Ey, By, Eq, Eq, (0] gy p,aq, 300, 5, ab ., 10)
— \/T6Ey, iy, By B | (27783, 3,0 <p1 — 1) (0] 6, 1,05, 1, 10)
— (0] g 01, 7, T 3, 0 0, 10) |
= /16E, E,,Eq, Eq, (27r) O 0P (p1 — 1) (0] ag, nyal, ., |0)
— (27)03,38% (02 = @) (0] a1, 10) |
= \/16Ey, Ey, Eq, By, [(27)%6), N, Oxon, 5@ (py %)5(3)(1’2 —q2)
— (2m)%63,0 0n, 5@ (py — 1)6® (py — Q)]
= 4Ep, Ey, (2)% [83,2 03,3, (p1 — 1)0®) (P2 — q2)
- 5,\1,\'25A2X15(3) (p1 — 42)6® (p2 — a1)]. (5.294)

bSPTIR S AT A —

5.1 UERH RAIISER,

(a) yp = 2p" — "

(b) pp =p*.

N5, BHFAEEKERR RN BRERGI, XN,
KPR R GO SHRRR (2.171) B LERARZAE,

(c) {phd, "} = 20" k¢ — 2k"pg + 2¢"pk.

)

)

)

(d) Yy, = 4.

(e) ooy, =12.

(f) €upootor? = —24i°.
) é EpvpaY VY-

() [ %)Y’ = i€pe ™
)

(8) WY’ =

_ o 5
(1) €upe0? = —2i0,,7°.

5.2 & HH Dirac €& o(x) RIPLREN

UEAAH Euler-Lagrange /712 (1.162) #EHNZIIZZ) FEZE Dirac 7712 (5.107)

5.3 XM T FHBIEREFRE ulp, \) 1 vk, N), UEBA AR,

(a) (@y"v)” = vy"u.

(5.295)



5.4 IFEH Gordon 1BZ=

T TR

pr+ +w'%
2m 2m

u(p, Ny u(k, ') = u(p, \) ( ) u(k, \'), (5.296)
Hr gt = pt—k*

5.5 TEBRAEIRER T, BHERRIEN p = |p|D = |p|(secs, 054, o), FHH sp =sinf, ¢y =cosb,

(a) #EH
sy —cy
(b) #EHIEREASFRIR
_p—io
o) = ( o ) 2 :< ) 89/2)- (5.298)
€750/2 Co/2

(c) MAELAEMPEREIE (p- 0)¢1(p) = +&4(p) B (P~ 0)E-(p) = —6-(p) o
(d) UEEH
exp(iap-o) =cosa+i(p-o)sina. (5.299)

5.6 1£ Dirac &% (WHNIRERR) W, + FBEERIEN

o_ (1 i o'
7_( _1>’ 7_(_& ) (5.300)

RV R e R ERIE N

Co e ..
u(p,a)\/Ep—l—m( o-p C)’ v(p,a)«/Ep—i-m<Ep"‘m77 ) (5.301)
Ep+m 7 N—o

Hep ¢, MEHTohE p, B2EDMEEF R LN 28 HREAES, RMEEN o = +1/2,
IEIXANEE T YRR RN n, W ¢ WA, ERP—RAMZEERRN
1
5(11 ’ o-)ga = UCm Cj;ga’ = 5aa’a Z CO’C;- =1 (5302)
o=+1/2
SH—JiM, n, EXN
ne = ic*C*,. (5.303)
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(a) BIE (5.300) REIER 4+ WRRMSHR (5.1), FHHE

1
7° = ( ) (5.304)
1
. i k
oi _ L g ij _ L (o
5" =3 (gi ) L SU= e ( 0k> . (5.305)

olo? = —o?(o")T, (5.306)

FH

JETIIERA ,
S0y = 0ny e =00, Y monl =1 (5.307)
o=+1/2
IXUERA 0, WEAEEN o MEEARES, IR ( 22MHE-THEURERT 7, B
Noe = TO‘CO" (5308)

(c) & n = (spcy, 5954, Co), FH sp=sinf, cg=cosho FMT (5.298) X, Al¥ &, B

_p~io
Cy € S
Cr1j2 = ” 2 , o Coip = 2. (5.309)
€7 50/2 Co/2

A 7, BUBARTEES, UERH
T, = 20. (5.310)

(d) UEBH u(p, o) #1 v(p, o) iEiash it
(p —m)u(p,0) =0, (p+m)v(p,o)=0, (5.311)
ERF—KHR

UT(p7 O')U(p, OJ) = 2Ep60'0’7 UT(pa O')’U(p, OJ) = 2Ep60'0’7 UT<p7 J)U(_p7 OJ) = U

(5.312)
B HERMIR AR
S upoamo)=pim Y u(p.0)(p.o) =p—m. (5.313)
o=+1/2 o=+1/2
T2, R Dirac feg i1 mmis I N5 Bl
_ d3p 1 —ip-x T ip-x
¢(1‘)—/(27T>3\/mggﬂ[u(pp)cwe Pt o(p, o)d] e, (5.314)
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AT AMEEIN RO 2K 5 (5.239) AT KERFHI RN 2K 7

{CP70'7C(T1,0"} = (27T)3500'/5(3)<p - q)7 {CP o1 Cq,07 } — {Cp [ qo‘ } = O
{dp"” d:;,a’} = (271-)3500’6(3)( Q), {dp o dqcr } {dp o qa } - 07 (5'315)
{CI%U?dILU’} = {dpp,c;;a } {CP U7dq0' } = {Cp (ol qo‘ } - 07

H (epo,ch o) M (dyo, di ) 2 AR B e R TEON o RIESR TR KT

5.7 ¥ Weyl JREHN ~ KEFF (5.68) 187 4, Dirac REHH v 5EFE (5.300) 120 ~f5, K
ZIEFERE U, 17 Af = UG Us

5.8 X T HH Dirac iE& ¢(x), MRIE 1.7 WXRT Noether EHAYINIL, Lorentz XFRMEL
FISFIERTERT (1.233) RIEN

J = / APz [T 2 — T2 — imy (8™ ) apts), (5.316)

Hep 700 = 7,0M), , FIFAERNRANZRE (5.238) #HH (5.65) 7o
5.9 HFEKRHMIKZR (5.214) FMr T

> ule Nl (pA) = (p+m)’s Y e A (p,A) = (¢ - m)y’. (5.317)

A=+ A=+

R ER, FPAEERERNRS B RER (5.246) PAK o(x,t) i (x,t) BRI EF R
(5.216) Ml (5.217), FEHEFENFONZ KSR (5.239) 0
5.10 RAIRA % 02T 4 % % 81K Dirac IE&EY, FIHGRIRPEHEKERNZRXER (5.236) Hl
a3 e #IA (5.237) #EH
[H,b! ] = Epb | (5.318)

7p)\

HZE (0) e
ap[0) = bpa[0) =0, (00) =1, H[0) = Evac |0),  Bvac = 25(3)(0)/d3pEp, (5.319)
FINBRLTE [p~,\) = /2B, b!, [0), HEH AF 2 HIEER

(P, A|p 7, A) = —2E,(21)%6®)(0) < 0, (5.320)
(p~, = —2E,(Eyae + E,)(21)%0®(0) < 0. (5.321)




%68 =EFHNHEEERE

2. 4. 5 BEAlIR TnEY. REY. REFWENE L, N, XEFIeRBEA
HE NN KE, REZEINEFHIIMEOIE-H, B (2.79). (4.47) #1 (5.103) IXAFER B B
b KBRS AR R E I, T2 A, BiE—TUYEE 2 MABER, WRERANTHEH
—F, FENKEEZZT 2 MEFI, NIXETKEHIASNMEEIER (interaction) » £
it hIKE L(r) PRMEEERTR RS R — N2 RO LNZERF, Bl (o)) ;
FHEE ST ARRINZ R ERFERE, B0 [o(2)]?o(y) . IXFERTDUBERBEEER, AREFERICHY
ESES

e —P e B 2§, FAT1Pen i &M e U4Em 22 &N, 76 B R SRALHT T, N
R o0 I EHRREEBNIIEILL, B 24 = ]!, MINZESEMENZ [0, = [F], =k
FUTHIRNNZ [d*z] = (B4 HTHASAHE L BAREEN, FHE S= [dtL= [d2L
£ BRI RAE RN, mhikE £ ENE

o= | (61)
T2, M KE (6.5) WE—I] IEH, mEZNENE
| wi-15 | (62)
K, SHPIIRE (4.47), BEKMKES A* NENE
[ [A¥] = [E]. ] (6.3)
HHKE (6.8) NE—IRI AR N, REHENZ
| wi=w=im | (6.4

PEREAHHH EAERIA] LR SR —N7, MWiiEids BHEE(ER (self-interaction)
Ban, FHSEhREY o(x) MIEHI KR

1 A

ﬁwgwmm¢yﬁwaw.] (65)

191
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RTINS (2.79) FUHHIE], 58 =TRSIA AR 27 B AR, Hb, A 2 — DSBS B 2 (coupling
constant) , BEHIAR/NEEMEIERE, H (¢! = [E]* 18 [\ = 1, HEEEEH )\ 2ILENW,
L, SERTHR RN ot BB,

M EAE R A] A AR, BIan, FSEFREY) ¢(x) #1 Dirac JEEY ¢ (x) HIEHLIK

f

Lyukawa = Ls + Lp + Ly, (6.6)
Hr

Ls = 5(0"0)0,6 — 5 m3e? (67
B8 ¢ MIBNRETTRI T &I,

Lo = 3" 9 — myy) (6.8)

W& ¢ WBTRENTM BT, A ELAE A I

Ly = —rk oD (6.9)

WARRELS o SHERSS © 2 Yukawa HEFER, JXE « RSHAREL 1T [b00] = [E),
Yukawa #EHE « A EN, XEOUEIREY ¢ SiEEY ¢ ¢ NHILERHRERRZ)IER
(Hideki Yukawa) T 1935 F42H [24], HINFIA 7 o+ IR T ¢) RLi#EZT CINT o)
ZRIASEMEEAEH . Lyuawa 18 Yukawa I8,

AR AR, SNEIUEEN T2 ARLMER), BIA, B Euler-Lagrange 7772 (1.162) #
H ot BIRHIBE TR

(0* +m*)g = —% ?>. (6.10)

NG Yukawa FRICHRRE, MHEMEHITE S ARERENYG, 2B MEEME N8,
XA IZ S TR AR R AR 5 K g, EEFHICTsiEMENE T, =g, SEE
WEC @ N, k) BV, TERILIE (perturbation theory) HRA A ML R A] DATS 2| LLAR
AIEEREIEE R, AT — S 28 I A B & T ELE AR SRR

GNP R EHIAEEMERT £, FEEY 0,(v) MNZES% 0,0,, M 0L,/00, =0, FIH
MG T8 T IXRE L, $R8E X (1.163), MERIZM s &% E ©,(x) = 0L/0d, A2
2| L1(D,) B, K SAMEEERANEER, KRR %E H ok s Bisshil
7> Ho (GIAMEEAEH NG FE R EMHEE) MHEE R H,

H =Ho + Hi, (6.11)
TARAEE A (1.165) WEH S
Hi(D,) = —L1(D,). (6.12)
M, I e P A A L R 2
H, = /d%%l(cba) = —/d3x£1(61>a). (6.13)
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MR £, WEGHNTZSE 0,0,, MHHENEEE r,(v) = 0L/00, FIAMHELIEHIIE
AR, My BIIEASE R,

6.1 tHEFR%=

1E 2.2 TH, HRATCEN AL ERFIE H AENIEN T Schrodinger £33 5 Heisenberg
2 Z AR R, HT Heisenberg 225 AEMSRARMMAL TR B AU (AR, AR T E H
HIEN & AR R R TEIX N R TR, SERR B, 7E Schrodinger Z3 5t HHL AT PASE M i
IEN &1,

TR CUSEFRE ABNETRIE, HHSEREY) ¢(v) BIMGEE ] DA K EAFRIA
% (2.132) AVE: 3

H= /((;TP;BEPCLLCLP. (6.14)

ERAEHE, XEBNERTEARE, FAZLRER—D c B, ARERREENZFA, T
SN SRR, EKERF ap AP AR of MRIGTINE ¢, EMKFREZ Schridinger 5%
HRERY, RIE (2.136) X, H [ap, —iHt] = —iE,ta,, NI

lap, (—iHt)V] = [ay, —iHt] = —iE,tay,
[ap, (—1H)P] = [[ap, (—1Ht)V], —iHt] = —iE,t[ay, —1Ht] = (—iEpt)%ay,
[ap, (—1H)™] = (—~iE,t)"ay. (6.15)

MIT, HI (2.38) F1 (5.23) \#EH Heisenberg 225 AT KA LT

[e.e]

T 1 N - o i
ag (t) = eMaye™ M = Z ﬁ[ap, (—iHt)™] = Z g(—lEpt) ap = e Blay. (6.16)
n=0 n=0
Xt BB RIHE, SR A AT N
ag*(t) = ethaI,e_th = eiEPtaIT,. (6.17)

HMIXPIZERR, F HHEARE R EBEIT (2.103) TR

dp 1 dBp 1

of(x,t) = /W 2E, (ape_ipw*'aleip.x) :/(27r)3 AE,

[ag(t)eip'x + aET(t)e_ip'X} .

(6.18)
TERAIBRNZRIERA, FHEFFRIN EAKHETE RS 7E Heisenberg 225 A=A K BT EHIH,
gk, TE Schrodinger £, HHSLAREZI I EF N

—i i d’p 1 —i iHt ip-x —i iHt —ip-x
PS(x) = e Ht¢H(x,t)th:/<27r)3 7o [e Htag(t)emep +e Hta?*(t)eme Px]
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d3p 1 ip-x T ,—ipx
= /W\/?Ep (ape + aye ) (6.19)
A L, B FFAE Schrodinger 225 HFRASCAMKER TIF (0], [EIRE, RKAE4ish &% IR (2.105)
AHLF| Schrodinger 25 H,  WIFHAE) & %5 B AR I A] -

S iHt_H iHt Ep —ipo o ms " . -
T (X) — o WHip (X,t)e‘ :/ et [a (t)elp'x—apT(t)e_lp'x} ol

(2m)3 \/2F, P
Ep =P o x b oipx
:/(2W)3\/Q_Ep(apep —a;f,e Pxy . (6.20)

BAE 2.2 TR, BN BRANERELRITLK, X—RIRAEZKIE, i, Shra
IERX B E & (2.87) 7E Schrodinger £ 5 HEN

[0°x), 7 (¥)] = 16D (x —y),  [¢°(x), ¢°(y)] = [7°(x). 7>(y)] = 0. (6.21)

A0SR MIXLETE IR 5 R AT (6.19) . (6.20) Hi%, ATDAMEH =B KBNS X R, 4
SAE STE Heisenberg 2 SHIAY (2.122) SXMHE, T2, AIAE—2 SHIG I EK)RIX
K (6.14) o XUEHATLE Schrodinger 25 TIHHEMSB R HIEE R,

HAEABAERR, £ Schrodinger ZRHKASNIGEE H = HS = HY 7NN D
oy,

H=H+ HY. (6.22)

Hrh, F2H 2 Hy R HE QEMHIER) MG FEPE; MPET 1Y i EER, H4GHR
/INEENE X BRI HS F1 HY AR SN, BEN AT DU A B R4S (interaction picture),
EAHRN Dirac o5, BNITRIETER D HY IREIMESKEE, KHARE NN

[ [T (t))" = 0t [0 (1))° ] (6.23)

[ Ol(t) = 5108 5t ] (6.24)

AR, MHEMFERZRPRETRNEBE2S Schrodinger 2[R,

H) = 5t gSe—i5t — HS, (6.25)
B BT,
H(t) = "t He S, (6.26)
BUCHEER o T35 2
Hi(t) = 0t Hpe 5t = Mt (H — H)e ™! = H'(t) — H = H'(t) — H),. (6.27)

HEE HY(t) f1 HI(t) #2489,
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Schrédinger 2255 Heisenberg 2RI R (2.36) F1 (2.38) FT T
W(1))% = e UV 08 = e HOM (1)l (6.28)
PA Schrédinger 25 041, 1REIMHEIEHZ RS Heisenberg 23 5¢ & [AIYARHAOE 2R
() = eote Y Ol(t) = eote HEOM (1) Mt 5, (6.29)

FINAIEZ ALY

[ V(t)Eengtefth, ] (6.30)

BARE V() =1, FLAEZRARRE N

[ [T(@)' = V()W) O'(t) = V(O ()V(). J (6.31)

TZ, MEEHZRPENNZRXAEAAZE, W

[0 (x. 1), 7' (v, )] = V()" (x,)VI(1), V() (y, V()] = V(1) [o" (x. 1), 7 (v, )]V (2)
= V()io®(x —y) Vi) =i6®(x — y). (6.32)

M= 0 I, =AMRTR—EI,
W(0))" = [¥(0))° = [¥)",  0'(0) = 0° = O"(0). (6.33)
AR ¢« %I, 94
N ()] O'(1) [w (1) = S(W ()| 0% [w(1))® = "(w] O"(¢) |W)", (6.34)

I = A s Al R B, RIKEAE EAEH, H = HY , WAHB/EHZ RS Heisenberg 42
AR,

PLETHERL ¢ = 0 BNV RIS EINZ, RS ENZIYOY ¢ = t,, RAFEEE
Mt —t—too

FIH Schrodinger 25 HH Schrodinger 712 (2.32), #EH

i |0 (1) = (1aoeiH§t) 10 (£)° + et [0 (1) = (—ngiHc?t + eiHoStH> (1))

<—H§’ - eiH§tHe_iH§t> MO [W(1)S = [~ Hy + H' ()]0 [W(t)®,  (6.35)

R

. 0 I I I
o (W) = Hi(t) [L(2)) (6.36)
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XEASR (w)) EATE, I, EEEERZED, SREA S BRI ETE
Hl(t) B€, B—7FH, &

i000'(t) = (i0pe'"0*)O%e Mot + 5108 (igge~Ho")

_ _ngngtOSe—ngt + engtOSe—ngtHg _ [eiH(E;tOSe—ngt7 HSJ]’ (6.37)
Rl
.0 I S
i O'(t) =[0'(t), Hy). (6.38)

IXANTT R B A 22 s h AT RO Ul B IR e HS = H) JUE,

gi b, EMHEERZ R, BRIEAIERS Schrodinger LR HHVIZSN 712 (2.32) 2K18L, H
DR RS IR R B B E SR Hi(t), XERELE TE)%F (dynamics)
B BAFREAES Heisenberg 225 FFHUIESNTIRE (2.43) K181, (ERAHIURAIR B A SE MG 25
B H K EBGEE Y, XEEE TIEEF (kinematics) &,

£ Heisenberg 225, MARMMILHIRGR S NEFRIFRR )G, MMAMIUA ATREX
BXEER R, A, MAMILZ EE DB ERLERZ R PR 2 XAR R G IMAMILZ |G
EAIHE Heisenberg 225 FHHISCRMRE, FTDIEREMFEERIIAN, XSt HEERZ RV,
Rl AL ERZRT, BAEMEEIERRIZRATR P R 20k 5 A HE R R R
fH1E Heisenberg 2= HHRIEITAAMR, Kitt, EFAEMLEMBER T, BAULBRRT AT
2. 4. 5 EHSFHI A B ETH-F@ARI X, HARF AR KRR LRI 5 8RN 5
KER, XU PRI EREE,

6.1.1 5l 1: SLARELH
FHEDASAR RSN ¢ B WEIHEH EAEALE, HIERECE (6.5) f1 (1.163) 2, i

BN -
H _ ot _ H
T = D000 0o, (6.39)
5B hmymEAMERE, XEBATR Heisenberg 22 AIPRIC H BARE HK, KIE (1.165) X, MG

R
M= !t — = [+ (V) (6] 4 (0 (6.40)
FUR DU (eI, 06 0L

HY" = /d3;1: HY = H' + H, (6.41)

\
/
&

HY =5 [ @l + (T + miehy (6.42)
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HHHBEWE (2.130) F—1THREAEE), T
H = % / d*z (¢™)? (6.43)

U R (R
% ¢ = 0 B, AR o(x) MFERRIFRS B BRI (6.19) A1 (6.20) —FF,

¢I(X, 0) = ¢H(x, 0)= ¢S(x) = / ((217:;3 \/;T (apeip-x + a;e—ip-x) 7 (6.44)
m(x,0) = 7(x,0) = 7°(x) = /%% (ape®* — ale™®>), (6.45)

Hepr, PEFERERT of Floa, RN ZRR (2.122), X2k dtt, 176t =0 NZl, HL

SRR (2.38) 58 HY(0) = HS . ¥PAE oM(x,0) 1 7% (x, 0) BFHIEEF RN (6.42)
R, il 2.3.3 /NS ISRE, BREZTARE, 53

S _ 1H o d3p

HO - HO (0) - / (271')3

RIS E & B SR> HS 5 (6.14) KERMER, KT (6.15) X, BMTA

[ap, (—iHSH)™] = (—iE,t)"ap. (6.47)

Epa;r,ap, (6.46)

MM (5.23) G2
al (t) = engtapefng‘t _ efiEptap’ aIIDT(t) _ eng‘ta;r)efiH(ﬁt _ eiEpta;[). (6.48)

p

T, HEFHZRTEE « NIRRTy

o' (x,1) = o"lgd (x)e 1" = / ((21;1))32#& [ap (£)e™™ + ayf (t)e ]
A
HAEsh B EER RN
ml(x,t) = S (x)e 0t = / (37353\;% (ape™™* — ale™) . (6.50)

EANRATHAEERY, XM F 5 B HSREIHTE Heisenberg L HFYEFFR (2.103) 1 (2.105) —
ES ¢

[RlUt, AR = AR BRI 5 2C 2R (2.122), AIDAIERA ¢l(z) F1 7l(z) R 5 (2.87) B
LEIEEDEARPSR S

[¢'(x, 1), 7' (y,1)] =16P (x —y),  [¢'(x,1),6'(y,1)] = [7'(x,1), 7' (y,1)] = 0. (6.51)
'ZEM 2.2,
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HAh, RERSRAEA SRR R T Gisa A iR (6.38) : KEIT (2.135) M1 (2.136) K,

g 5] = By, la}, 5] = By, 652)
M
. a I o d3p 1 —ipx T ip-a
18t¢(x’t> o /(Qﬂ)s\/m(Epape —Epape )
d3p 1 i -
:/(zﬂ)g ST, (lap, HSle ™ + [af, HS)e™) = [¢(x, 1), HS].  (6.53)

6.1.2 5l 2: BREXE17

AHER BRI 2SR Y, TER B Dirac e, HEZ, I EHERER
B Av(a) MRERARTFENGER, FEET A%c) ARz ZE, SEEHM
AR REEEMIENDN 7K R, RMEZ =L BERRIME b,

Bz SHLEHNARERREY A4 () BANIKRE

£ =i+ L (6.54)
Hr B Iy , ,
Ly = =7 Fu B 4 o mP ALATY, (6.55)
MHEAER TN
Ly = —gJlAME, (6.56)

A, g B—PNERWEEEE, J(x) BHEEHHRIIR, W 0" (2)y,0% (@) MRIE (1.162)

WM
oct ., oL!

9(0,AH) Y
Euler-Lagrange 7243 H

=m2AtY — g Jtiv (6.57)

O FH 4 m2 A = g gt (6.58)
BT I (z) PMEE AT jN RIS, HEsiE®E S 8 hinE S AaE:

7TZH _ % — _F(ila 7TH,z' — FH,iO — _aOAH,i + 8iAH’O. (659)

HRAERRRNEA, 5
= AT —vAT AF = gl AT (6.60)

v =0, BaI7THEZERK
O, F0 4 m?2 ARO = g J10. (6.61)
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e
1 . 1
A0 = (O — g = (T g1 (6.62)

m2
5EHHIE (4.63) AF, AL AR KT JHO
MR (4.135) KA (4.131) KE—DER, BEHEZEE

HY = glgp Attt — g — g AH _ cH

_ _ﬂ,H.AH_l(ﬂ_H>2 1

1
2 + E(V X AH)2 _ 5 mQ[(AH,O)Q _ (AH>2] + gJH’OAH’O _ gJH i AH (663)

FAMFEFEE L HHEEHREE (4.136) 2 7112, FIH (6.60) #1 (6.62) =X, ¥ (6.63) =X
H—IE N

—rl AR = g (7 VAR = ()2 4 V. (AR ) — 4RO T L gl

1
= (@) 4 V- (A7) 4 — (V- ") % JHO gt (6.64)
o TR R EE, TwiiaEiieE, (6.63) NEMYITH A
1oy H,02__m21 _ g JH0
2m(A)— 2m(Vﬂ' gJ™0)?
g
= g g T (06
I ERLS|
JHO AHO _ 9 JHO(Y . gl g JHOY = 9 JHOY . gH g_Q(JH,O)2 (6.66)
g o oom? g o oom? m2 ' '

XHEEE - WIEDE B HS A B&EN, MIZAOUHEERDL T2, FATRGEEE N

HY = /d% HY = H' + HY, (6.67)
Hr,
HY = %/d?’x [(wH)2 + %(v )2 4 (V x AT 4 mZ(AH)2] (6.68)
H5HHBEWE (4.137) TBAERE, W
H _ 3., qH  AH _ H,0 H,0
Hl_/dx[g.] AN 9 V7‘l‘+2m(] )} (6.69)

fRAE BAEH
IRIEENZRER (4.59), &

(A% (2), (7(y))?] = [AY (@), 75 ()] (y) + 75 (W) [A (@), 75 (y)]
= 2i0";0%) (x — y)m}!(y) = —2i6” (x — y)7(y), (6.70)

J

52 RIRBIEAZ

(A% (x), (7"(y))*] = —210® (x — y) 7" (y). (6.71)
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H—7im, H Vv, ZrRNERRR y FIERR, 53

A(2), ¥, - 7(y)] = —a%[AH% ), 71y = —id, 8%6% _y)= _ia%‘ 59(x — y), (6.72)
RI
AT (2), Y, - 7 (y)] = iV, (x — y), (6.73)
M

A, 18] = 5 [ @ {70, (@) + AT, (7, )

= [y {0 yat) - 19, w9, )
= —imlln) 4 o [ YISO =TIV, )
+ 5V

o[ Ve -7t (2)]. (6.74)

= —imw'(z)

[ eil 2L W 1 11257 8
1 PREAR B B AR5,

A'=V)A"VI@t), w'=vEe)="Vi), (6.75)
|
HS = H, = V() HIV(t) = %/d% |:(7TI)2 + %(V -w)? 4+ (V x A2+ m?(AN?] . (6.76)
HEFHEML R (6.38) MAHZI AT &, FH (6.74) X, #EH

A" = [A", H)] = V(1) [A", Hy' V(1)
— V(1) [_mH + # V(V - WH)] Vi) = —in! + # V(V -, (6.77)

&l
al= —Al ¢ % V(V - . (6.78)

5 (4.61) M0 (4.63) Kbk, AIEH, XMERXE BB EREAHERE,
BUfE, Bt =0 B A%(z) R m(2) BFEIEEIAS ¢ = 0 N E BRI (4.110) F
(4.126) HHIH],

A (x,0) = AH#(X 0) = AS“( )

PX 4 2 (p, Na, e TP 6.79
/ 27T \/E Z |: ap/\e +e (p7 )p)\e ) ( )

A==,0

ﬂ-zI(Xv O) =T (X7 O) = l(X)
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Cipo [ px ipx
Ei(p, N)ap e £1(p, )\) NG , (6.80)
/ 27T \% 2EP /\zi:o p

Hep, FRAEFERERT af | F1 apy TR Z KR (4.128), 1Et =0 NZI, AL Ale(x,0) #1
m(x,0) BFHEEEFFARAN (6.68) 2, ifd 4.3.3 /NS, BETLNGE, 152

Z / Ea p DS (6.81)

A=%,0
RpmgEfE i | Bl HS BA (4.138) XA Mifi
Hg, p /\ Z/ q)\/aq ) CLP )\ Z / dgq Eqaq )\/5)\/)\5 (q p) E ap 2\ (6 82)
HO,CLP)\ Z/ Lk/aq,\,apk Z/quqaq,\&\)ﬁ (q p>_—ECLp)\
(6.83)
T, FMEBHERS (6.15) EAHERIAT
[apr, (—1HSH)™] = (=iEyt)"ap », (6.84)
FHRE (5.23) XFH
a;)\(t) _ engtap,)\efiH(?t _ efiEptaJp’)\’ ag/\@) _ engta;r)’Aefngt — oibety, T/\ (6.85)
HEH—F,
I, _ _iHSt 4S, —iHSt _ —ip-xw * t ipx
At (x,t) = Mot ADH (x)e o —/ \/Q_EP/\%:O[ Nape P + e (p, Nay e } )
(6.86)
7l(x, 1) = et (x)o 51 — / S (e Napae - &Nl 0] (687)
\/ 28, A=,0

st 2, NTER ¢ BZl, A () F 7l(x) RIS Heisenberg L% H 0 H HIZEHF
(4.110) F1 (4.126) —2, XA THIERISER,
Rk, =l(z) #1 Ab(z) BRERWMS BB (4.58) I—FF,

m = = A} + 0; A}, (6.88)

&l
al= —Al — w4 (6.89)
5 (6.78) X\tkiz, 113
AV = —— V.7l (6.90)
m
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RN TFE5BHIRARN (4.63) =2, EARFET Heisenberg 2= HFHIRERI (6.62) o EF5 L,
HT AL AN &, FRATHE Heisenberg 225 HA] AR Euler-Lagrange 77 #2 5 HI5%
A3 (6.62) KifE e, HBEANTLERIEX DN RAREELERZRTRNL, KN s E R
FEIAR HE . AR TEAR ELVE R 22 5 HON B Y

ME (6.90) 3, MHEERBETE (6.69) TEMAHEAERHZ R

2
I _ Hy t/p\ _ 3 I I 9 10 I g 1,012
H, = V(t)H;'V (t)—/dx [—gJ A __mQJ V-7 +—2m2(J )}

2 2
_ 3 I Al 1,0 41,0 g Lov2| _ 3 I 4L g 1,0\2
_/d:L‘|:—gJ A+ gJ A +2_TTL2(J )]—/dx[gJ“A “+2—W(J ):|

:i/£xL£{+§%Umﬂ. (6.91)

BIE—ATHIESHE I L] = gJ AV BERITAEEZIN, BA Lorentz AN, {HE "I
JPFE, NEA Lorentz BN, BATKXMIEMETIC
g2
HYo = 2 (JW0)% (6.92)

2m?
TEIXH, HY, BERIBIAHICH Lorentz MMM, AL, fEESMIIR T, FITRHERIE
IR IR TS T B B R ESE R AR (W 6.4.3 /NTR1 7.4 79) . 2%, BN

SRIE Lorentz TS,

6.2 BIELRICERH S FEfE

QURATFTIR, fEMEAERZ R, &K |U(1) REE AL, CINEM TR (6.36) 2
it E T HHE RN — MR R FIARBIEMERT (time-evolution operator) U(t, to),
FTERR to F1 ¢ PININZIRIASR,

[T ())' = U(t, to) ¥ (to))" (6.93)
H (6.31) XA
[U(E) = V(1) [0) = V()Vte) ¥ (k). (6.94)
PRI AT DORFIN TR AL BT R
Ult, tg) = V() VT(ty). (6.95)

RAEH, WEEAFEARHE

T FHAR A I TR A AT RSRRTE MU

Ulty, t)U(t1, to) = V(L)VTI()V () VT(te) = V(L) VT (ty) = Ulta, to). (6.97)



6.2 INRNECERTR S FEfE ~203 -

B t, =t MRt =¢t, RIS
Ulto, t)U(t,to) = Ulto, to) =1, (6.98)
SO B SAT U (1, t0) HIBEETF N
U=t to) = Ulty, t). (6.99)
I V() FAIEMEH T
Ul(t,t) = V(to)VI(t) = Ulte, t) = U (t, to), (6.100)
XN AT R A BB BT V() =1, Bt=0, A
U(t,0)=V(t), U t0)=Vit), (6.101)
R U (¢, 0) BEZEKR Heisenberg L RAME EAEHARMAELHEAR, (6.31) MbH
W) = U(t,0) [0, OYt) = Ut, 000 () U(t,0). (6.102)
MAESRIETTHE (6.36) HEH

i%U(t,to) W (to))" = i% () = HL@) (W) = H (OU(t, to) |[U(t))", (6.103)

0 1
[ i Ut to) = HI(OU (¢, to) ] (6.104)

XN EEA AR BN T8, &t >, SaPGEEMNE (6.96), KARNMERIEN
U(t,to):]l+(—i)/ dty Hi (1)U (t1, o). (6.105)
ERAEEWIAS SR EEAER, EEIRA, FRHH

Ult,to) = T+ (— )/ dt, H /dtl/ dty Hi(t,) Hi (ts)

{ / dty - / dt, Hi(t,)--- Hi(t )} (6.106)

IXNRERHRERANE T E, FEE— D,

MIRFEFF 4R, BATREBFRHEERSEN EAR 1, BROVAER NANEM N —EIEME
BEHZ RIS,

TEREN (6.106) H, VE R ERRAYINZIZREFHESIRT, Bl t > ¢, >ty > - - > t, > -+ > tgo
H T LIRSS B BB, XN 2 BER MR AERCHE, jjﬂ%?&éﬁzﬂhi/\i%z\ﬁﬁﬂﬁ
#yRE ¢ N, 5IABREFETETR (time-ordered product) AUMEE, I PRAIESE TSN ERH
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TR T IR EA AN I 2N EEIG R FHES, DA n A Hy(t) BRERE, B T FRoRiXfet i
#HEr, B

[ TIH (8 Hy(ts) - Hi(t)] = Hy (b)) Hi(ty) -+ Ho(ts), b >t > - > i, (6.107)

X bty b, B H b, 8, TRIRBUEREFPHSIS 2R, a0, MAPRESERT ¢(x) M
o(y) BINSFPaRART LU BT ERER £ (2.158) F=omh

T(p(x)p(y)] = d(2)p(y)0(z° — °) + d(y)p(x)0(y° — 2°) = {

W —EFFE & — UK TP L SRR, IRV KT ER, TERFHErT o ()
FIEA Dirac 3648 (x) HRBKT SRR, QSIS ETHER 228t T FAMAAHIZEK TSR, IR
WONRII—/ 5, TRTER Loventz SFRIE, LA, PIAFERSASIFE v (x) B duly) BT

P2

Tvha(2)0s(y)] = Va (@) (y)0(z° — 4°) — Dy (1) Va(2)0(y° — 2°) = { Ya(2)P(y), 2”297,

—y(Y)a(T), 20 < yO.

(6.109)

MRICUE T,
TERE X AHA A, Lorentz NS &

(x—y)* = (2" =9 = [x -y (6.110)

TR NN o1 5y ZAIRBZREIRR (spacetime interval) o 45 (z —y)* =0, WFR (2 —y)?
RICERR, MM TE 6.1 AL RAYIEHE (light cone), JYEHERPUZ4ER 2 HhRy =4kiEh
i, HH 20— 0 >0 FAFRNRKSCH, 20— 0 < 0 FAAIENE, (v —y)? >0 FRHE
BHEIFR, X R TOEHEPNER AR ELX I, (2 —y)? < 0 FROVETTEIFE, AR TOCHES M A2 B XI5,
JeHE AT R R B TAEIS BRIRCRREWS ZIRAY A IN 22 /A TR, DEHENERBIIN 2 sR] DAJE
TP RIssRENE, TYCHEAMENZ A AT REEIAAY,

6.1 HHYK RE S NG RE £k 7 IR AL T AR CHE N ERFIE ROCHEWBRAT RN SE (v — y)? HUE
INEHELZL, TREE —5% (v —y)? FRTHFEL, EN18 BXRE PY4ER 2= iR i) — P =4k
i, & EHE EAERNREEAEHEREN (v —y)?, HAEEMN AR DU ES I E A LRI A
Lorentz ZRHLER R LR, 0L, ESVES LRI A Lorentz Z# R B A RICHE FATEM
R, BEARRRAKICHE ERY— D R B A, AR BN 2000 B, ROER, I ZRO0HE
R R BRI S8 RSO HE ER R EISTERERNZ, 2° 5 0 ZRERRNDR
RAE RIREI @R, ARROCHEEGE ZOeHE FRRER), (B1E iR L2 A hE R,



6.2 INRNECERTR S FEfE ~ 205 —

JEBTEIPR / \

x -y

?éElj‘IETJFn o

6.1: BHZ2INE (v — y)® BO593K, KB, MEARIAEE (« —y)? = R%AEL,

T, R 20 5 yr ZREEENSIOCHEE, MAEERRESERY, 20 1 ° K
INERIEWIER), RIRGEEI FEA R A Lorentz 2SN T, RUNMNFHMBA K RELR,
MIEATE AR NS S e BA KN RN CEHEN) SOt mE O L), MmN E
SEfGIRT REN, RIdR, W o+ 5 v ZEEARZEE, W 20 f 0 RN RRER
e, EBOELHRIESE R, BT DISE] 20 > 0, 20 = 0 fil 20 < ° =FpiEm, M,
RN BN A BERBAR OCHESN),, BITRERNLRRITRTHER, BERA
RIEREXZR, &K 2R R R,

Lorentz X FRMHEX I 7 AR E AR — B VK, BN IARESERIIN ST [6(2), 6(y)]
FRA Pauli-Jordan fE3EEEL Dp(x —y) [25], RIEFEIEETR (6.49), EllE

d3pdi3q . . . .
Dpj(x —y) = [¢(x),0(y)] = /— [apeﬂp.x +ale? gee ity 4 aTelq-y]
(2m)6\/AEE P 4
d3pd3q o I
_ /(2706 T {am i(p- qy)+[ agle i(p qy)}
vV *Ep
d’pd’q Cpogy) g
= /m (27T)35(3) (p—q)le (pz—qy) _ il qy)]
V *Ep g

sin[p- (z —y)]. (6.111)

_ Ep 1 ¢ e olp (2= y)
- / 27 28, /
F= TPHEFAEEKERFIN SRR (2.122), &a—F HRIEZEE S EREE XA

simz = & ;ie_iz - %(e—iz — e, (6.112)
20— 0 =0 W, sin[p-(x—y)] =sin[p- (x—y)], M (6.111) Xfg—F PR ETZE p B9
AERER, WO p BOMIEESFNE, B Dpy(x—y) =0, B—75H, HTERUT (2.161) /2 Lorentz
AR, (6.111) REEEE PSR ERFAT, Dpy(z —y) 2 Lorentz TR,
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QUATRTIR, SR o+ My BAZEZREIE, $—Er OB Lorentz ZHAER 20 — 4 = 0;
T&, Dpsj(z—y) =0 XraRZ MM, B

[6(2), ¢(y)] = Dps(z —y) =0, (z—y)*><0. (6.113)

WHELZ Y, 4 (v —y)? < 0N, BAWNDERESEN o(2) 5 ¢(y) AIRETEARIBRESEZ RT A
AARRBINF, (H—EWHE ¢(2)o(y) = d(y)o(r) o B—TTH, H (z—y)? > 08 (z—y)* =0 K,
20 5 o RN RABTEFTE R ERFEER, BFRMA To(@)o(y)] BLFET o(x)o(y), ZHLE
T o(y)o(z) o A, TLIRKTT A, KEHERIOCHER, H (6.108) & AN 7 IFITEAT A 157
PEZRHHMEIE, TEEY Lorentz MARME, 1A, (6.113) KA, 4 o+ 5 ¢+ Z B EG R (AEN,
XN R BRI ERT o(x) T o(y) MO, XRIE T HRERY (microcausality) HY
AT
X T Dirac g&s, FHEEFXEE (5.216) # (5.218) HIE, #

{wa ($)’ &b(y)} - d3p dS Z { &P )\e —ipe + 'Ua(pa >\>bT )\eipw’
(27)8\/1E, B, b,

up(q, X)aj;,xeiq'y + Ty (q, X )bg e 4V}

~ [ e S el X a7
’ T, !
270 /Ay By

+ 0a(P, A)b(a X ) {b] 5, by Je P

d? d3
/ b 55»\ P Q)

27)8\/AE, By

X [ta (P, )T (q, X)e P79V 4y, (p, N)Ty(g, N)el P 4Y)]

. 1 —ip-(z— 7 ip-(x—
_ / (27:)9 2E Z [ua(pa )\)’ab(p, )\)e p-(z—y) + Ua(p, A)”b(p, A)ep( y)}

:/ (§w>sﬁ[(¢+m>abe PO — (=t m)ae™ )]

; d3p 1 —ip-(z— ip-(x—
= (17M8$”+m)ab/WQ_Ep[e p(z—y) _ oip:( y)]

= (7,05 +m)ap Dpi(z — y), (6.114)

Hrhor =0/0x,. . ZHHBEERERFNRN SRR (5.246), BRI HFBIETERF
X7 (5.214), WE—HHF (6.111) Xo T4, H (6.113) 1§

[ {¥a(@), %(v)} =0, (z-y)* <0 (6.115)

WRLRY, = (v —y)? <0 K, TEREDTET o () M 9u(y) TR a(@)06(y) = —s(y)al(z), M
A (6.109) TE XAYIN 7R BUTERTA BIER PR, 1IN, P AR KRR RN %K 5 (5.246)
DEL (@), Uy(y)} = 0 R {Da (), Yo(y)} = 0 WERE (x —y)? BROLo BRI, 4 EIHER 5338 7
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to to to

, &‘1} ’ P VE ’ t t L, ’
2 v 9
N w7 /f dtqy /f dts , ///&
LO L1
t g t g t 7
//
// t ty t t
/ dtl / dtg / dtQ / dfl
to to to to
to to to
7 7 7
d t d t d t
to t ' to t ! to t !
(a) (b) (c)

& 6.2: t — to P BRI XK, =M ILBAERNZIR B T5 TARITE L,

MELBHI TR FELFR, FATBHEIMI_E—D R T AN 2IEE Lorentz XFRME, [FFE, (6.115)
AALHIE 7L R,

BITEZ EREN (6.106) HYZE 3 T, ‘BREZ—DKRT ¢, M t, B ZER9, o XIEAE 6.2(a)
F7R, SeXt ty B9, FAF ¢ B9r. XA ZEMR ] AEHRIEN

t t1 t t t t
/ dtl / dtQ Hl(tl)Hl(tg) = / dtg/ dtl Hl(tl)Hl(tQ) = / dtl / dtz Hl(tg)Hl(tl). (6116)
to to to to to t1

D, BATEOHBORITX ¢ B0, FEXF 6 B0, BN, NiE 6.2(b) FR. 28
BT TR R 1 R by, XV EIRR XIANIE 6.2(c) AR, HHIEHEH

t t1 t t1 t t
21 / dtl / dtg Hl(tl)Hl(tg) = / dtl / dtQ Hl(tl)Hl(tQ) + / dtl / dtQ Hl(tg)Hl(tl)
to to to to to t1

_ / ", / by TIH, (1) Hi (1) (6.117)

X BRI IS AR ¢ Mty BRI TE R FRENEEAN [to, t] XME], RAE 6.2(a) HEIF XK
5K 6.2(c) AV KBIRTFPIR— DN ER W, fE LRXRE—LFE T, ¢, 2 t, D LR,
TRE 4 > to, KM Hi(t)H:(t2) = T[Hi(t)Hi(t2)]; I, ¢ 2 t, BB TR, &
ty > ty, U Hy(t2)Hi(t) = T[Hi(t)Hi(t2)] ; PIUREAN, sESEISE B4R,

¥ EIRTHEHET 298 (6.106) FHRYEE n + 1 TE, 15

t tn—1 t t
n!/ dt1-~/ dthl(tl)---Hl(tn):/ dtl---/ dt, T[Hy(1) -~ Hi(t,)).  (6.118)
to to to to

EHI ot BEVHRRT 0 DN R ZER o MHSITR, T2, FE(6.106) AT PAHIES
FPRIARIEN

(6.119)
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BANJHEIH Dyson B (26, 27]. & AFHREMIOREVETIYAR, BTHX R 5 R A
GEES 28
(8 (6.13) R—FE, ERIRIEH H, (1) RAERIEEIRER (o) 0ZTF)

Hy(t) = / d*z Hi(z). (6.120)
(KIS TRITE A SR i
Ul(t, ty) = Texp [—i/t dt’/d%’%l(:p’)} : (6.121)

S xEFE, AR ABIEIRERE (scattering matrix), @& RGN EICHZOMES, BB RFM
PHIESERIEBIAGSHIMERYRIE, EMHEMERZRH, S FEMEA] DU N RE LSRR IE,

FE— MR HH K3, SHlEAEZEN B EEIER Z R T, EETIARE]— NN
WLDXIR N AR B AR, BEJE Y0k H S 2t < TR 22 Ve B RO I 75, A s i i
B, Kk, TIRRAIE i) ICRRE |f), BATR Atz REA EBImrIERE, #] DAaERL
M EE R, A, FIARSERE B EN 2R SEAMERNER, HEEREEAE
Wi RN RN R, AT ARG 2L Tigimid 28, ZORINZIAE T REIZAK, IXFERIFIARAS
FROHIERS (asymptotic state) o

Bt NZRE IR RGRASRICH [U(t), BEMEEEE (fh - —oo) FIFIZS |i) HILTK,
IR TR SRAT U (¢, t0) RIEN

|U(t)) = lim Ut to) i) . (6.122)

to——o00

B FEAERAY S FEFETT Sy E XARK V(1)) HALFIRIZAK (t — +o00) EARE |f) BIN
&, Al
Spi= lim (f|¥(t)) = lim lim (f|U(t,to)]7). (6.123)

t—+o00 t——+oo tg——00
PA f WATHERR. @ WEHERR, KRG Sy HEFIROERE, ®iSEl S FERE,
FIN 8 B, eSS REZRNHIRHERRZ S BEETT Sy, Bl

[ su-isi, | (6.124)

A2,

[ S = U(+00, —00). ] (6.125)

MK S BAFRIXOVH I E RS 1 (1) R,

s Tow |4 [ a0 .

_ Z (=)™ /d4x1~~-d4an[7'l1($1)”'7'[1(xn)]‘
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B RS R FIN R & BRI SRy, KOV B HIRE IR EE 7, (1) IR,
EAHRN Dyson ik, HINRTEAEAFRIXEERA, S BAFHEXER,

STS =1, (6.127)

XX TF S AERER AN, EIREBERSTIE,

H (6.30) F1 (6.100) SNATCABH, INETEMERF Ut t0) f1 S B AIEMRIET B HE
IR HS MERETE 7 ok, —Bokii, REINKE L) REXM, BEES2T
KIS, than, WR L(x) HEY &, (x) K, A2 (1.165) e S = i & %

N

oL oL

H=—b,+ 0 —= - L, (6.128)
b, 0P},
M Ch= £
oLt t . :
HT:¢>L§§T+§§ @a—£T=®;§;+§(§ b, — L ="H, (6.129)

NS EIE 7 = [ 4 H H2IEKE,
BAEE, HHEFREZNPKE (2.79). (2.179) AN HHRKEIHWHIRE (4.47). (4.200)
#2JEKH, B Dirac JERHHHIRE (5.103) /2

LY = —i(8,") (") — m(p)t = =90 — mapep
= —i0,(Yy")) + iy Ourp — mynp = =0, (vy"p) + L. (6.130)

P it E BN ERUEI —i0, (v ), WX REWZRIERE, T2, EHLEHEIE
W, HESIANEKRIIHEERRLRE £, win] DARRFE I KRB RER M,

6.3 Wick EIF

6.3.1 1EFIFEFRF] Wick EIF

£ 6.2 1rh, EBINEIRAN, FAHE S BAFE REER Dyson HEIEK (6.126), AI, 40
{A13& 2 A PR B G — TR I 7 3R] T Ho (1) -+ Ha(z,)] WB? TERFHHICH, HEIERARS
TR Wy () BEHE T MAERRE, KmERITHZECIENEZ NIRRT R, X
BRAR MRS, S TR EN AN Wick EHHR AL T — R fEAY LI 7T 1%,

TEAREM A ez, SEAREY ¢(x) BFHEBREFIF (6.49) AT AT B NER D :

o(x) = oM () + ¢ (). (6.131)

AN, NREAERMERZ S RMEAIETERRESRME, FARTED A, MREDRERENE S
MEAREE RTEmBEX BRI I XM,
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d3 1 -
MW”E/@ﬁng%ﬁw, (6.132)
f8 o ve [T SRR
d3 1 .
¢H@”?/m$75$%W% (6.133)

BHE P FT, RYE (6.86) I, FAMFEIFER] DIEEREIREY A (x) 53 0 1EREMERT T RERE N
HR4y

A () = AP () + AP (z), (6.134)
Hrp,
EE —ipa
AP () —/(27r) \/2_ P et (p, Napre 77, (6.135)
AP (z) = " (p, A p e’ (6.136)
[ am 2,2

RTEIRE], Dirac BERI ¢, (v) TEAIELIER AR AR PEIEIT LA Heisenberg 25 H
HIARIT (5.216) KB, B

a(x) = Y5 () + 957 (@), (6.137)
Hr,
(+) = —ip-x
Yo (r) = / 2’ \/EAZJ P, \apre P2, (6.138)
() () =
by () = / \/EAZi% P, A : (6.139)

AIDER], {RE TR D RE SRR, mineEma s L& AR,
FIAEFFEFT (normal product) AU, BAN AIES, ERERZEFRTETEEKE
TR EIFT A ARG, TERIERMHEF (normal order) o IEFUHRFAN T 24074 (BE
K) BRyz MR IRAME, F—MHIEE SR, A, FEIFRTEITHRN 5
P, BEhEAFRE R R Y M A BUR T 7 BT Z AR AZH, SEAOZHINAI— D 5 5, X
MIE S PR TP ARG A RS 5 A IERS, Blan, N FhrEaryr- A B KRR,

N(apagakaf) = agafapak alTa:;apak —ala Faxay, (6.140)

S A R, S AN R B R, TR SR
(0}, al] = [ap, ai] = 0 RIEXKLEFKRBEN, W TR IS, 6

T T _ T T _ gt T _ T T
N(bp,klaq,AQGk,AsbL,\J = _aq,Ale,,\4bp,/\1ak,A3 = bl,)\4aq,)\2bp,)\1ak)\3 = _bl,)\4aq,)\2ak,>\3bp,>\1‘ (6.141)
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S A B — MR, SE— SRS B S R MR
SRR, SETHMEAES RHBER (ol b} = (Bpar aen, ) = 0 FRIEXEES
LN

5 SRR AR5 0 ST BIAT, RS S S P A B0, T L AEAREE E AU e
WTFRAERADL. TR, FARREEI Y ERTERy

N[p(z)p(y)] = ¢ (2)0 T (y) + ¢ (@)™ (y) + ¢ (@)™ (y) + 6 ()P (z),  (6.142)
BE TR o0 (2) WIEMHERRSENE] 00 (y) B30, TR MFeR 7SR SRR N
N[a (@)1 (y)] = 5 (@) (y) + 00 @)y (y) + e (@)l (y) — oy (9)elH(e),  (6.143)

e — I o (o) WIEMHEFE R EIE] o7 (y) AL, FHFHB—DMUS, EREAEEA (0)
HITERINZ, U a, |0) =0, FHRHE, (0] =0, I, *N—dr A KRR ERSRIBUEM
firzia, BEEHIRENE:

(0| N (FAEBER SERFRITERY) |0) = 0. (6.144)

g —iLE 0, (x) REBE—BIVHER, T LAERET 6(2) K ¢ (2), WATEERERY
Al (z) BI—AN53 BT DURFERI o (2) 3R o () BI— D38 H, ®,(2)®y(2) D (2) AT A
T~ ¢(x)p(x)p(z), WATBARIR A, (2)he(2)Ys(7) o JGEAIE Lorentz A2EH], {HA]PAFIA Dirac
FEFFERMEHA & Y Lorentz AR A, (2)0a (@) (") aste(2) = Au(2)ip(z)y" () o R Bo(z) 73R
HIERERRERSY 057 () FIFEERE S 087 (),

D, (z) = &) (z) + &) (), (6.145)
|

Bo(2) Py (y) = L7 ()0 (y) + @57 ()85 () + B (2) By (y) + L) (2)0) ) (). (6.146)

a

M IEREME ST KRR, MREMEE LR, A

) (z)]0) =0, (0] (z) =0, (6.147)
M HEH
(0] () s (y) 0) = (0] &) ()@ (y) |0) - (6.148)

Wk, HAERHREEMHFNIT 00" (2)0 ) (y) A ATHEN EaHE B A T 5Tk,
MTE, B ,(x) 5 0y(y) FIEMSER 2 fE N
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Hr, T e = £1 FE THARTEFHIRN B B O.(x) M &4(y) ARZIKTHEAF, W
e = —1; HRIEW e = +10 FIH e 185, IS4 () BAFHIA B ESURN 2 1%
A2H (6.149) AL T (B =00 KN MR, 52

N[®, (2)@(1)] = en® (1)) (2) + D) (2)0 T (1) + €@ (1)) (2) + €0 (1) B ()
= u[®) 7 ()07 (2) + e ()5 () + 057 (1)@ (2) + @7 (1) 8L ()],

R

N[@a(2)5(y)] = ca N[@s(y) @4 (2)]. (6.151)

g l, MRS ERE, IEMSRRAMHZE IR TER RO BRSNS,
)i, B O,(x) 5 0y(y) BINFFRIUEN

T[@4(2) Dy (y)] = Pal2)Py(y)0(2” — 4°) + cas®i(y)Pa(x)0(y" — 2°)
= €ap[eanPa(T)Pp(y)0(2° — 4°) + Py(y) P (2)0(y° — 2], (6.152)

Kk, WANZEAAES G, R AMEZE— DB SOR TR R RN 2 1 S BIIRS,

[ T[®4(2)@0()] = €a T[Ds(y) Da(2)]. ] (6.153)

FEER RIS MR %R, % 20> 0 B, ,(r) 5 dy(y) A FRFLY

T[@, ()P (y)] = Pu(2)Pp(y)
= 07 (2)®y ) (y) + 07 ()@ (y) + B ()85 (y) + @L ()@} (y). (6.154)

S
)
=
&

S~

_)(y) = eab@g—)(y)cpgﬂ (z) + cp((;—) (x)@é—)(y) _ €abq)l()_)(y)¢¢(l+)($)

= ea®) ) (1)@ (2) + [0 (2), @) (y)]5- (6.155)
XE [, ] = [, | RENET, [ ] ={, ) RERME T T B84 o, (z) T 0y(y) B

EVORTAMGNBUES, HREHIRAS, T2, B (6.149)
T[@(2)@o(y)] = N[u(2)Dy(y)] + [0 (2), 85 (y)]+. (6.156)

EE, [0 (2), 0 (y)); BER—D ¢ B, FHh oY (z) HEKERS o) (y) A BRI
N2 FERN 7 FHARERE, e c B M, W8 (6.147) F1 (6.148) KIFH|

(@5 (2), &y ()] = (0] [ (x), @57 ()] 10) = (0] 5 (2)@} () [0) = (0] B ()B4 (y) |0)
= (0] T[4 (2)@3(y)] |0) . (6.157)
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220 <O I, @,(x) 5 &,(y) I FIRFAZERN

T[(I)a ({L‘)(I)b(y)] = Eabq)b(y)(ba(x>

= @) (1)@ (2) + <1><‘>< )0 () + 07 (1)) () + 057 ()B4 ()]
= e {0 (1)@ () + @) ()2 () + 7 ()DL ()

) )
+ @7 ()24 (y > + [ (y), 90 ()]}
= €0y N[®y (1)@ (2)] + € [@S (), @) ()]

= N[, ()04 ()] + @7 (1), 80 ()] (6.158)

BiE—HE (6.151) o RHE (6.153) &K, H

e[ (1), 257 ()] 5 = e (0] [0 (1), @7 ()5 10) = €ew (0] 57 ()27 () |0)

= €ap (0] @5 (y)Pa() |0) = €a (O] T[Py(y)Pa()] 0) = (0] T[4 (x)Py(y)] |0) - (6.159)
LEEIXPRIEIL, T8 20 FT o0 BUKBVN, ©,(2) 5 @4(y) BRI FIRFIET AT AG —HZRIE N
T[@o(2)Py(y)] = N[®y(2)Py(y)] + (0] T[@a(2)Py(y)] [0) - (6.160)

FINGEFFHIGEFF (contraction) B, KM MRS @,(2) 5 &y(y) BIZEFFE LN

B, ()4 (y) = (0] T[@u(z)®s(y)] [0) = { (6.161)

Lﬂié ! )(x) w5 o\ (y) FREKERS ol (y) B o5 () PRI AEEME TR —£74
HRAFNAREEHEFER, NRRENHEANGEFNZE,

H(2) A (y) = G(x)a(y) = A*(z)baly) = 0. (6.162)
AN, RIE (6.153) X, B
Do (2)Py () = (0] T[@o(2)@1()] [0) = ap (0] T[R4 (1) ®u(2)] [0) = € ®y(1)@u(z).  (6.163)

i (6.161) & XHIEH R MR ¢ 8, ZXHH) ¢ BARZBEMHF N /Y
sl FEIERBRA W10 S, S5 %R IREAF Al DLAHRT, M2 548 4ngE
MR, N TREENIHRS, FEEGMAM AR, RS IK T BN 5 NS
Z5, WU GEH SRR, B2 IR RN TS5 ReATHE, Fln,

—F= 1 — —
N(P, PP PP Df) = €cgeefN(PPpPyP D PD.) = €cgcs PPy PP N(P, D). (6.164)

T, (6.160) AR H

1

T[@a(2)Py(y)] = N[®a(2) Py (y) + Palz)Ps(y)]- (6.165)
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R, N BRI oA S T AR IERUSRAIN e 469, IXNE51e ] DR Ak
Wick EIE 28] :

— I BT 3R AT A N e AT IR IEME SRR N PR 7 BE4a H HY IE L3R
ZH, A,

T[@q, (1) Py, (22) - - - Pa, (zn)] = N [q)al (21)Pa, (72) - - Po,, (20)
+ (Pay Pay - - - Po, IFTE FTRELEFF) . (6.166)

X RIEREF Oy, Doy - - - By, PR TIHEIFAENEI N ERIINGEH Hlan, X+
NMABITHER, §

[ 1 1
T(®,P,P.P4) = N (@aq)bq)c@d +&,9,0.9, + 9,0,9.0; + ©,2,D.P,
[ [— [
+ q)aq)bCch)d + (ba(bbq)cq)d + q)aq)b(bcq)d
e —t [
+ DBy DDy + Bu®y DDy + Dy By DoDy). (6.167)

FRIEIERISRF R (6.144), ERIIESEARHEN

e —t [
0| T(®,P,P.Dy) |0) = (O|N(P, PP Py + ©,P,P. Dy + D, PP Dy) |0)

= N(®,2,P. Py + €. P PPy Py + €ci€paPaPaPrP.)
= (0] T(Da®y) |0) (O] T(DDy) [0) + €pe (0] T(Da @) [0) (0] T(DpPy) |0)
+ €catpq (0| T(P,Dy) [0) (0] T(PpD,) |0) . (6.168)

6.3.2 %&iE: Wick FIERIERR

T UERA Wick &3, FBATFCUERA AT 513,
SIEE  RGERF &p(xy) FINEIAEFREL 0 DHEFF ©4, (21), -, o, () HINIEIZBARET/N,
AU 2 <af,--- 20, B4, DARFERNAL:

N[®,, (71) - - - Py, (7)]Pp(25) = N |:®al(a:1) Dy, (1) Py () + i)al(xl) Dy, (xn)i)b($b)

+ &y, (1) Py, (x2) - - - @an(xn)cfb(xb) +oeees + @, (21) -+ Py, (2,)Pp(x3)].  (6.169)

R @, -, 0., PHERMFCLLMBUSH 7, tWEFEES (6.169) HMERER, W

1 1

N(Py Py Py P, Doy - - - P, )Py = N(@a1 D, Dy @y Dy - - Py, Do
[ 1 | T |
+ (I)a1 (Daz q)agq)a4(ba5 ot (pan q)b + (I)al (I)ag (I)agq)a4q>a5 ot <I>oznq)b
T 1 T 1 I [ —
Dy By, Doy D, By -+ By, Dy + By, By By B, By - -+ Dy, By). (6.170)

UERR BATT53 VU5 RAUERA
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(1) K ®, SHEN IR ST RERRER Y, ©, = O + @), WIAT DAEBAIERERRER 5> o)

1
N((I)m U q)an)(pl(;+) =N ((I)cu U q)anq)l(;+) + (I)m U (I)an(pl(;+) + q)al (I)az U (I)an(bl()+)

A + &, - (I;I)Z(f))_ (6.171)
BT o) <29, 2%, &, (z) (i=1,---,n) 5 <I>l(,+) A6 %
o, ()05 (25) = (0] T [®g, ()@ (2,)] 0) = (0] @, (1)@ () [0) = 0. (6.172)

R, (6.171) RADERE TN ETUINE, B—77H, (6.171) RAEDMEDFE —HEE
RIEMHF T, % (6.171) 3L, BifE, HTREIERMRERER S o) e

N, - &, )0 =N, --- &, &7 +d, ...0, &7 + &, D, ... D, )
( al an) b ( al an *p + al an *p + al * a2 an *p
1
4o + (I)a1 q)anq)l(;_)) (6.173)

B oy, @, BRI IEREREER DRI TUREREER 72, W N(Dy, - - - @,,) KFEE 20 T, H—TU2
JNMABERET Y (1 =0,---,n) 5 n—j DERET 2
o) BB ), (6.174)

T REARR 0 BAL T IERERRER 0 HU 23,

(2) FTLUERA, 8 (6.174) HAIBIERERREIR S 2 FL o8 - ol e

ﬁ\

N(®(" ...q)(Jr))q)I(;) = N(® ;r) "'q)(t)q)z(;) _,_q)(j) ...q)gj:)q)l(;) + 3 @+ ...q)(+)q)l(;)

J+1 an J+1 T G542 an

4o +alh ... (I)(j:)q)z(;_))- (6.175)

NE 434U (6.175) 2o
M N(@) e, S (6.175) FEAMFEMNER, XEFEAHE (6.165) AT AEE]

N(@E)o)) = el = T(e(De))) = N(e( e + 008, (6170)

XAERYTE, TEUERARYZ AT DA BB S (6.175) 2o
B N(@) - ool (j+2 <k <n) WS (6.175) FHXHRMZER

1 NN
N(®L - q)(+)>q>l()*) = N(®(H ... oMl 4+ oL .. q)((l:)q)é*) + oDl . .q)gt)q)l(;)

ag an ag an, Ap41

1
T +dH) ... q)((l:)q)l()_))’ (6.177)
W2, FTLARE]

N(@L) 06D - (D)0 = &) N(@L) .- o)) 3l

ap—1 = ak ag—1 an

NN
= ot N(olH ... q)(+)q>l()—)) +N(@C) ol ... q)(+)q)l()—) + ) pHGH) .. .q)(+)(1)l()—)

a1 ap Qan a1 ag Qn, a1 ag Q41 Qan
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1
I + q;é—:)lq)((lk) . q)gi-)q)l(;—))' (6.178)
B2, AR S PR — I,
(=)
q)gk)lN(q)(Jr) q)gj:)cpb )
:(I)()EN((I)( )q)(+)...q)(+)_€q) ol )q) ) pF)
ar—1 ag an ar—1 an

= T(® i oM ... o) — ¢ N(cb(+ o) +<1>< p() o)) ... pH)

ak—1

= & N(o(" ¢£_))®(+)~ B 4 ¢ (I)ak 1(1) D) .. o)

k—1 ag ag an

) —
= eleak_le(@( o) )q)( )...(I)(+)+€ N((I) +) CI)( )(I,((lz-)...q)((ljl‘))

ap—1 ag

= crca, o N(BT00), 000 - 0l) 4 N(L 0l - a(Da) )

ak—1 "~ Qg ak—1 ~ Ak

= N(@L 0 a7 + N(BLD Bl .. D)), (6.179)

HE—HZURFIA (6.151) X, ¥ ol WIEMSRIRF R RANEEEIR A, WimHBLE T
€1 = €apbap_1b " Eak+1b€akb' (6180)

HOFAE o) < 2% WM. BIESHEH T (6.165) KXo HAR/\THEHZIRFAA (6.151) R
¥ (6.179) FURA (6.178) X, ZEISE]

N(CID( ) ) .. q)gi-))q)( N(CD &) .. q)(+)q>( )—i—CI)( ) ). ..q)[(;:)cfl()—)

ag—1 ~ ak ag—1 ~ ak ag—1 ~ Ak

1 PN
+ L) el . + 0 o) ... el ). (6.181)

ag—1 "~ Qg ag—1 "~ Ak

i, N (@5, &5 - oS ol Wil 5 (6.175) TERA RIS, 454 (6.176) X, AIAT (6.175)
FKAZ,
(3) HRHE (6.175) X, I (6.174) Wi/

N(@) - S0, - @)l = &) dOIN(DL), -+ al) b))

al aj41 an ay j aj+1 Qan
1
= - BIN(BL) -l )q)( )4 ) LpWp)
a1 a; aj41 an aj41 an b
+) ) +) ) +) +) )
4 q)aj+1<baj+2 e OID T + o ... oM, )
— N(q)(*) q)( P . .(I)(Jr)q)(*) + ). pOpH) L P
a1l aj+1 an ai a; aj+1 an b
- ) - - )
+ @) e 0 o) L olHeyT + @) 0l ol ). (6.182)
i
O (23) @5 (@) = (0] T[@) () ()] |0) = 0, (6.183)
CIEE:
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b +p) ... @(;)@éﬁl .. (I)((z::)(bz()_)) —0. (6.184)

al a

K, ¥ EX7EEsms (6.182) XA, FXUBARMAL:

N(¢gg @()@Hﬁ ”.¢0H)¢gﬁ

aj41 an

— N2 @)¢Ho.”¢$@§»+§go”4ya¢w>“.@ﬂ$5>

aj+1 a; aj41 an
1 I 1
(=) - - (=)
_{_q)((h)(p((m)...q)((lj)(p((ll)l...q)gj:)(pb . +q)gl)...q)gj)q>((1;r+)l...q)g::)q)b
1 1
+ 3 ... . L ). pPH) ) L. pHH)
a1 a; aj41 an b a1 a; aj+1 - Aj42 an b
—
4o + (I)g;) . (I)((l;)q)((;lr) .. (I)g':)q)l() ))' (6'185)

LRV, N(®g, - D,,) AEREEF—TEWES (6.173) IAMHERER, & (6.173) XAz,
ZHEE (1) Hehie, (6.169) FUKAL,

(4) R @, -, @, PHERFOLEBILTIF T, ATBHEIEE (1), (2). (3) FHIIITE
HATRRIIERR, Rk, 1% (6.170) IXAERE RN, 53

LR, FATAIAHIX A9 [BERUERH Wick &,

IERR H & )2 s iR UER,

Y n=2H, (6.166) FNAHK

T[q)al ('r)q)tm <y>] =N [(I)al (ZE)(I)GQ (y) + @4, (:E)(I)a2 (y)] (6186)

IXRROZH), FAERERS (6.165) AEL
%Y n =k B, (6.166) kaz, B

T[@a, (z1) -+ Py (z1)] = N [P, (1) - -+ Pay () + (Do, - - - o, IFTE ATREHEFF) | . (6.187)
R 29 <2l 2, BATHAT IS E]

T[q)tn (xl) e (Dak (xk)q)akﬂ (xk+1)] = T[Cbal (xl) e q)ak (xk)]cbakH (xk-l-l)
— N(@yy - Doy By, + N (@, - - B, FIFFEATREAIE) D, (6.188)

FRE Lk 5 (AR (6.169) X, (6.188) EZATHE TN

N(D,, - - Dy, )P

1

= N((I)al-~~<1>ak<1>ak+l—i—(IDal---(I)a ) + Dy Dy, - P, P

Ak+1 Ak+1 Ak+1

1

b By B, Dy, ), (6.189)

EAAEBGEFF IR TR RGN G 0, ARIGEH. H—J05m, LRsHEPaER
FrEg et 4 HITE R AN 2 (6.188) 2 —ATHV R BT L, SRIMIERE &4, X
LI EmE, REE—REHNIHEHLES @, R, R MG RT O, - Ogqq B
WE R E4FHFRIATAE RN, Hit, (6.188) REZEET @, - - 4,1 WTERAIREGEFF, &

T[q)al (513'1) e (I)akJrl (‘rk+1>] =N [(I)al (:Cl) the (I)ak+1 (:EkJrl) + ((I)al to (I)akJrl Egﬁﬁﬁmﬁlééﬁﬂ:)] .
(6.190)
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Kk, AT 20, <af,--- 2 B, Yn=>~LF+1 M (6.166) XKL, G55 (6.186) =X, F

fITLIERA T (6.166) X4 29 > 29 > -~ > 29 WAz,
20 > a2 > > 2l ENFMABILN, FATAI DA @4, (21) P, (22) - - - Po, (2,) TS
MEFAE, SRIFFERF IR

O, (21) P, () - - B, (7,),
HARI AR E SIS, 2 > o > > 200 T, %R
T, (21) -+~ @, (2)] = N [ @, (21) -+~ @ (af,) + (@, -~ @, HIFTHATREADF)]  (6.191)

837, (6.153) F1 (6.151) FNEREH, N7 3RS IESRAC TR S a M pUS IR, K, 40
SRBAT 0 AN e SRR IE RS il A2 AR @, (o)D) (2h) -+ - @ () VAR FJE R
T @4, (21) P, (72) - - D, () , KR DERAIETF e = £1, BEHIKFERFHI SN 5%
s, s, BAMSET

T[q):n (‘7:/1) e q)lan (l‘;l)] = 62T[q)al (.1'1) T (I)an (xn)]a (6.192)
il

N[, () - @, (a7,) + (@0, - - O, BIFTA TRESRDT)]
= e N [@, (21) - P, (2) + (Do, - - O, FTHATREGHFT) | (6.193)

ReefanlflN (6.191) INEGRMIL, THZE e, FAIWUEA T (6.166) ZAF 29,29, -+, 20 1Y
ERIRFIAL, IESE,

6.4 Feynman ZEF

TERN FH Wick BN, WINZERNGEITFE—MEAEE, £ L—THRIE&EH, X
M2 5HFNEFPESER —E-EEKETN, FFNERATNE, Feynman EEF
(propagator) [29] BLERXFERVIEZ ST, TEATH, FRMTKEFHENNZXGEER,

6.4.1 SCARE1HH Feynman £+
SAREL 6(x) B Feynman EEF Dp(z — y) E XN

1

De(z —y) = ¢(x)o(y) = (0] Tp(2)o(y)] 10) - (6.194)

ST SRR, (0] T[o(x)é(y)] [0) FUR o — y IERKL, B EITR Dr(e —y).
RAERIF (6.132) 1 (6.133), M 20 > B, H

(0] Tlp()(y)] 10) = (0] ¢(2)d(y) [0) = (0] 6 ()" (y) |0)



6.4 Feynman f£HET ~219 -

d3pd3q . . d3pd3g e ier—ay)
= | ————— (0] ape P*ale?V |0 :/ 0| [ap, al] |0
| G e k0 = [ S iy el
_ / dPp d3qeitrr—ay) 5 (p — q) = / d’p el
=] erpagE, - P VT ) @ 2E
ddp ) efiEp(:L‘OfyO)
_ ip-(x-y) __ 6.195
/ (2m) © 2F, (6.195)

FIP R RKEFAN G KRR (2.122) TR, X p°=F,, ¢ = B, EEZRE
MOEMR, ATDOE LB G — 1T IIE T e 56" /(2F,) th—4ER),
¥ MEEZE, 1E p° WE YV LZEREL
e 1r%(2°—y?)
(p° — Ep)(p° + Ep)
IR FR 7 XD ERBEAEWR DN —IRA, p° = +E,, T3 E, B 6.3(a) REHT p° &
i BRI R R. B8R T TR IR R — PR 5 M RS R, 4
R — oo I, FF B p° = —co —HEIEMIF] p° = +oo. ¥ Ty 5 FEPE _EREEIN ) HR
—4&HZk ol FF + T, s TE, BRI, BT 20 — 0 >0, o #'C" ")
[RRF- etmP)("—) 15 R (Imp° < 0) FEE R ERMEHEEH, WRIEESHHY Jordan 5]
H,OfH

(6.196)

—_in0 (0 _,,0
e~ 1P (2" =y")

li dp® = 1
A o P o T B,) (6-197)
M R — oo I, 1@ITEECE f%ﬁr'%*ﬁf“ IR F1E,
/ dO e—1p" (2" —y?) / £ e—ip°(2°=y°)
p p
I'p )(P° + Ep) ol (° = Ep)(p° + Ey)
Im p0 Im p()
L (+)
- ~ U1z
Ve
/ \
/ \
/ T —FE, +ie
—R|[ —bp F |r 0 e 0
! T > - Rep . Re p
I‘ +Ep ! +E, —ie
\ 1
\\ ’,'
\
\\\ ,,’
\‘ ’,’
()~ =ademe”
FR

(a) (b)
6.3: Feynman £ F RIS B2,
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e—ipo(wo_yo) e—iEp(wO—yO) ( )
= —2mi Res - i 6.198
o (P — Ep)(0° + Ep) 2,
A
(0" = Bo) (0" + By) = (") — By = (p")" — p* = m® = p* —m?, (6.199)
BATE—H152
—1Bp(2"—y") 1 ~ip®(2°—y°) a0 i o—ip" (@40
e = —— dpo - € . :/ ilez—Q (6200)
2E, 27i Jr, (p* — Ep)(p° + Ep) re 27 pE—m

I 6.3(b) FIR, WHERIRAT A AR OB E BRI E — DT INR: ¢ > 0, i
WU T FRRERSEITE ST N ¢, T3 52 4 AR o K S FIEORIS T B3, LI, ARAr BN
P = (B, — ic), WRERERRINE 2 — m? MER

[ 0 — (Ep - jG)HPO + (Ep —ie)] = (p0)2 - (Ep - 16)2 = (p0)2 - Eg + 2ieE, + €
~ p? —m? + ie. (6.201)
TR 2¢E, > 0 fENTEFH/NEEFNT ¢, T e WM RERE PP RIET, T255

efiEp(mO,yO) B / de iefjpo(;cO y°) /dp ie —ip® (22 —y°) (6 202)
2, ) 27 [p° — (E, —ie)][p° + (E, — ie)] o1 p? —m? + e’ ‘

¥ ERRAE (6.195) X, SZEIHEH

3 i elP (x—y) 71p 4 —ip-(z—y)
(0] T[o(x)(y)] |0) = / % / O;i R S / gﬁ e (6209)

420 <y I, WEHFRAE o(z) M o(y) BIRF, B

3y e—ip(y—2) 3y eip(z—y)
e L e e e

3 iEp(z0—y° 3 iBp(z0—y°
— / TP vy BV /d_peip~(X—Y) w, (6.204)
(2m)3 2E, (2m)3 2E,

BIE—HER & p B —p. ¥ Iy ’?Lﬂé%ﬁﬁﬁiiﬁ’ﬂﬁlﬂ r<+ 2H PR — 4k FEI R o
Tp+ %) FFa s 77, BIESE, BT 20 —y° <0, o #"@ ") fRF om0 -y")
e EAEFE (Imp® > 0) % R HARMASECZK, H Jordan 5[H{S

o020 —°)

lim dp® = 0. 6.205
R—oo Jp(h) P (" — Ep) (0" + Ep) ( )

MITTE R — oo INHEH

e (=" —y) eip"(z°—y")
/ dp’ = / dp’
Iy (P° = Ep)(p° + Ep) oS (p° — Ep)(P° + Ep)
e~ i’ (==1°) eiBp (2" —y°) (
=27 Res =27 ——. 6.206
=5 (P° — Ep)(p° + Ep) 2E, )
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L4
el (20 —1°) 1 1 e—1P’(=°—y) A i e—ir’(@*=1°) (6.207)
2E, 2w Jp, b p2—m? | 21 p? —m2+ie’ '

RAF (6.204) R, BIfE

Bp [ dp®ieP e @)

4 je~ip(z—y)
O T 0) = [ 525 [ 5 - [ 52 (6.208)

p? —m? +ie (2m)t p2 — m? + ie

(6.208) A (6.203) B —HEM, Ak, TCit 20 A o0 FUREVD, SEFRESIN Feynman &
ETER Al ARIEN

d*p i

e~ ip(@—y)
(2m)4 p?2 — m? + ie

Di(z — y) = (0| To(x)6(y)] [0) = / (6.200)

R, B3O8 pr BPr A BRAER TR, B p° A —E%FT E,o AIW, VU4EshE pr A —7E i
RBGEERAT p? = m?, Tl RBFESRIERY pr (B4 N TSR E I L Dp (2 —y) /2 Lorentz
LR, T HIR L,

d'p  ieP(@-v) dip e Py
ey-o) = [ T / : — = Dz —y), (6.210)

B HETZEEH p — —pt AU

P(y)o(x) = o(2)e(y). (6.211)

6.4.2 EIRE1HH Feynman FEF

EMHEEAZRY, GREY ¢(o) BFREEEFRDAREAE (2.187) WER. ¥ o(x)
o' (z) 3N IEREMRF A RERRER 77, 15
o(z) = ¢ () + ¢ (), ¢'(x) = ¢! (2) + ¢! (), (6.212)
He,

d? 1 : d? 1 .
) = | e e 0w / o e 62)

d®p 1 dEp 1

¢ () = / o A boe 7, ) (z) = / oy \/ﬁa;eim. (6.214)
(apsab) FT (bp, B1) EFEHE I M7 TR BIAS, MRS X (6.161), B

[ 1

¢(a)d(y) = (0] Tlp(x)p()] [0) = 0, ¢ (x)o'(y) = (0] T[4 (2)¢' ()] [0) = 0. (6.215)
EFEDHH Feynman £REFR2AF-FRENGEIF, © XN

[ Dr(z — ) = d(2)¢' () = (0] Tlo () ()] [0) . ] (6.216)
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KT E—/NEHTHE, R KERFRN AR (2.193), 155
(0] ()" () |0) = (0] ¢ ()0 () |0)
d3pd3 : . d3p e-ip@—y)
= /—(27r pey (O|ape_‘p"”age‘q'y|0> :/ b e , (6.217)

)6\/4E,Eq (2m)3  2E,
AR
_ d*pdiq it o,
T — T(+) (=) _ = F74 ipypt g
016/ @) 0) = 016w 0 = [ L e e+ 10
B d3pd3qe—i(p~y—q~x) : B d3pd3qe—i(p~y—q~fr) @

d3p eip'('rfy)
= | —— 21
/ (2m)? 2E, (6-218)

JHGH 20 > 0 B (6.202) AT 20 < 4 BT (6.207) =X, 1%

e~ iBp(x"—y°) RIDNCASST dp? ie P’
0(z° — 5" 0(y° — ° =] == 6.219
Hrh e >0 2—M%/ha, M
d’p 1 0 _ ,0\e—ip(z—y) 0 _ ,.0\ip(z—y)
Wﬁ[e@ —y)e +0(y" —a7)e ]
P
d3p o (x— e_iEP(xO_yo) eiEp(xO_yo)
- / PR [9(;,;0 “) g PV g
P )
By dp° e °="=y")
(2m) 2w p? —m? +ie

F—HRITHESHE IR L E p B —p, MIMTHE 7Y fIf o7y JFAHK
POy K, K=MESEMA p° R ERIN4Esh &Ry, 15
d’p 1 —ip-(z—y) ip(z—y)] _ dp ie ey
/WQ—EP[@(:UO —3%e +0(y" — 2% | = / 2r)ip =it (6.221)
T2, EMET Feynman (£ TRIXN
Dy(z —y) = (0| Tlp(x)o' ()] |0)
= 0(z° — y°) (0] ¢(2)¢ () 0) + (y° — 2°) (0] &' () d () |0)

3
:/fi@§%wmm—wwﬂwﬁuwwm—ﬁkwwm
- d’p i —ip-(z—y)
= / G i . (6.222)
AT DL Hh, 2 b 7 15 A B EUE A48 R % 9 Feynman F648 7o JAb, B (6.153) 35F1 D (2—y)
B (S R R
61 (2)6(y) = (0] T6! (2)6 ()] [0) = (0] T[p(y)é! (2)] |0) = De(y — 2) = Dp(z —y).  (6.223)

r———

WRRYL, o'(2)0(y) T o(x)e (y) #HF
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6.4.3 BREXEIHN Feynman EZiim
BREXKEF A*(z) B Feynman F8BEF AL (z — y) E XN

1

[ Ap'(z —y) = A'(x) A% (y) = (0] T[A*(x) A" (y)] [0) - (6.224)

AERIT (6.135) F1 (6.136) . PAETEKELFHIN Z R AR (4.128) . MIRMKFIKR (4.102), A

(0] A¥(2) A" (y) |0) = <0!A”(+)( ) A" (y) [0)

d3pd3q .
O e 1pm Uk 7)\ el 0
/ o7 Gmg | €"(p, A)apa (a ) a) 0)

d3pdiget (p-z—q-y) T
o 0| |ap r,a, /|10

/ (2m)8\/4E, E, Z ) (0] [ap.a q,)\H )
_ /d3pd3qe (p-z—q-y)

(27)3\/AE, E, %:

£"(p, \)e” (g, N )™ (p — q)

d3p e~ ip(z—y) d3p php” e~ ip-(z—y)
= = | —— | —¢"" 22
/ (27)32E, Zg P, A (P, /(2@3( g m2> o5, (625)
PAAZ
AV Au — _ 4V _ o ‘
oo = [ o (0 ) S [ ()
(6.226)
M,

A (2 —y) = (O] TA*(@)4"(y)] 0)
—mx—w>mw<><>m+my—xxmm@mwwm
o (=0 P ) G = e e 00— ) ), (62

M T B —ITREFE ST prpr/m? TEE p° = E,, FaNH (6.219) RERREERE KL

d'p —i(g" — pp”/m?)
A (z — ) = e P (@—y), 22
F (L —y)= / T (6.228)

N TELIENRIER, BT pp fm* FIORFIBSE. 1 01 = 0/ow,,, FIKER
BRI & BREHIRAR
#(z) = o(a), (6.229)
R
Oor(z® — yP)e P 4 9(y° — 20)e )]
- aﬁ[ - lpye(xo - yo)e—ip(m—y) + gVO(S(.I'O — yo)e_ip'(m_y) + lpVe(yO . x(])eip.(w—y)
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_ g705 (4 — 2°)eir @)
= —p'p0(a® — y)e Y —igh0p e (a0 — y0)e Y —iptg05(a0 — 3)0)e P )
+gg 0808 (a0 — Yo PE=0) _ pir (g — 20)eP @Y g0 (0 — 10)eP )
—iptg8(y° — $0)eip~(m—y) + g g08%8 (4" — xO)eip-(m—y)
= PO — ) 0y — a0 )
—i(g"p" + g"%p")5(2° — y°)[e P Y 4 P ()]
+ 9090 0p0(a" — ) e T — e, (6.230)

M .
pmp [0(z° — y°)e P @) 4 0(y0 — 20)eP (V)]
Y% .
- 8;;} [0(z° — y®)e P 4 g(y0 — 20)eP=Y)]
- # (g"°p" + ¢"°p") (20 — 4y0)[e P (=Y) 4 (7))
0

9"
m2

895 (2" — yl))[efip-(xfy) _ eip'(u’c*y)]_ (6.231)

xT

_|_

HIHRE AL (2 — y) R =107,

AR (x —y) = fi"(x.y) + 17 (2,y) + £ (2, 9), (6.232)
ez

LY PBp 1 . .

HY = _ 124 zT 0_ ,0\,—ip(z—y) 0 _ ,.0\,ip:(z—y)

(2, y) = (g to )/(%)3 oF, [0(x” —y")e +0(y° — 2”)e ], (6.233)

5 (x,y) = - / dp 1 (¢"°p” + ¢"'p")5(2° — y°)[e P V) 4 P (Eu)) (6.234)
(27)3 2E, ’

v 9“09”0/ ’p 1 ip-( i (o

b — _ z—y) _ oip-(z—y)

(@,y) = =3 2n) 2E, N(z° — y")[e” e ]. (6.235)

RIE (6.221) 3, f17(z,y) N
{LV(x,y) _ (guu+ 3535)/ d4p ie_ip'(x_y)' :/ d4p —i<g'ul/ _pupy/mQ) efip-(;rfy).

m? (2m)4 p? — m? + ie (2m)*  p?—m?+ie
(6.236)
5(a® — ) FUE 20 — 0 — 0 RIEE, I e B ) — Bl — 1 #)
<0 0i i &p p' 0 0\ [w—iP-(x—Y) | Aip-(x—Y)
2 (2,y) = f'(x,y) = —— @n)P3E 5z —y%)le +e ] =0. (6.237)
P

ERPHEIE SRR T p WEEEE, WM =4z &2 EH 2 A%, AL, FIH Fourier 22

AT & e
/ (2753 P = / (27:)93 e = 6% (x), (6:238)
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S
d3p 2 .
P = =5 | o 22 (= [P o)
= —% (2" = y")P(x —y) = —m—ig 0 (x —y). (6.239)
AR, (95 |
2" (2,y) = 2—12 g0 (x — ). (6.240)
SH—7iH, RiE§ BBNSHREN, A
/dx f(x)d(x—a)=—f'(a) = —/dx f(z)d(x — a), (6.241)
[RITAT (6.235) FRAIHAR BRI AT R i
%5 (x° — ) [P (z—y) _ olp ~(w—y)] — —0(a2° — yO)ag[e—in(r—y) _ eip-(m—y)]’ (6.242)
4
v #0 g0 d3 1 —ip-(z— 1p- z—y
o) = ~EE [ g =Rl ey — e
10 0 d3 1 ) )

i v d3p ip-(x— —ip-(x— i v
=5 g 0/ oy §(2° — yo)[ep( V) 4 e ip( y)] - wguog 05(4)@ —y). (6.243)

AR, AREKEY Feynman £ TFHIRIEAN

d'p —i(g" — ptp”/m?) i
A (2 — y) = e emy) g0 054 (1 ). 244
o= = [ G, L0y (6204)

B —TUZ Lorentz K&, AM/ZE Lorentz PR, {HEE “HUZAEMERT, =4f, XMAFFPETE

TRELIE FH AY DT MR L I G T o P PR PRI (6.92) RYTTRRRS AT (UL 7.4 719), AT
BRJE Lorentz WMERY, Rk, FESEPRIFR AT DU GR B 2RI

d4 _ Y71 ZNT)
AR (5 — y) — p (g™ = P"P" /1) iy (6.245)
p? —m? + ie

6.4.4 TLREXEIHN Feynman EREF

TR E IR EH Feynman {175 T-RITEAYIZESE, IXHEIRATH Feynman 70 (€ = 1),
MBS RS, TRERKERY A (x) FFEEREASNAES (4.229) FEX, EREM
FAARERRER S (4.252) AT (4.253) ZREAH:

d3p 1 : —ip-x
AP (z) = / ) > et (p,o)bpoe 7, (6.246)
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AM) () = / o 2Ep ;}eu p,o)bl e, (6.247)
MM A Feynman &% F7E XN

A — y) = AF() A () = (0] T[A*(2) A" (3)] [0} (6.243)
MR~ A PR ERFHIN Z R 2R (4.233) FIfRILRERISEEMERR (4.67), 153

(0] A*(2)A”(y) |0) = (0!A“‘+)( )A”(’)(y)\())

/ dgpd3 Z 0| e 1p-xeu<q O_l)bT eiq-y|0>
276 /4E, Eq o e

d3pd3qe i(p-z—q-y)
= [ i S o) @) 0l 11 0)
d3p d3qe~ilra—ay)
:_/ (2r)3\/2E, By Ze“p, 0')9558” (P — q)
d3pe ip-(z—y) . d3p e—ip~(x—y)
= _/Wzgoae p,o ) (p,U) = _g,u /(27_(_)3 oF s (6249)
p
A 3 ip-(y—=) 3p eir(@—y)
d p e Py d p ey
AY (y) A+ = —g"* =—g" | —= . 2
Ol )@ 10) =~ [ e = [ SRS (6.250)

MNP Feynman £ T3RIAN
AR (z —y) = (0] T[A"(2)A"(y)] |0)
= 0(z” —y°) (0] A*(2) A" (y) |0) + O(y° — 2°) (0] A”(y) A" (2) |0)

o [ dp 1 i (am (o
= —g" /Wﬁ[ﬁ(xo —y0)e P @) L g(y0 — 20)eP @), (6.251)
P
LHPiE m =0, (6.221) N
d3p 1 0 0\ —ip-(2—1) 0 0 ip(z—) dip ie (@)
P — —ip(xr—= — P\ = . .252
| GgE o =) o — e - [ LI (6.252)
T2, Feynman AE NEREBREHH Feynman Z1EFN
’ d'p —ig" e
Ar'(=—y) :/(27r)4p2+iee e ] (6:253)

6.4.5 Dirac IEE178 Feynman £+

HEIHE Dirac BEES . (x) B8 AEMEMERZ RS, o5 (2) BFHEIREIFRE (6.138)

1 (6.139), T Vo (z) FIEHEREIFRIRES (5.218) MIER, E N IEREMANTREMI R
7, B

Yal@) = 5 (@) + 97 (), (6.254)



6.4 Feynman f£HET — 227

Hr
dp 1 i e

() = / (2;;3 T EZ: Da (P, A)bp e, (6.255)

Oy = [ LP
Y, (z) = / \/méua p,\)a/ \e?* (6.256)
Va(2)(y) = Vo (2)s(y) = 0. (6.257)

Dirac TEE17) ¢, (r) B Feynman F8F Sp (2 —y) XN

[ Sran( = y) = Yo (2)¥s(y) = (0] Ttba(z)s(y)] 10) - (6.258)

IR P AR A R 56 5 (5.246) RTEIRERAINAS (5.214), 155

(0] ¢a(2) s (y) [0) = (0] P ()5 () ]0)
d3pd3q
/ S (0] (R Napae 7 (a, Xal 7 0)

2m)6\/AEL, E, vV

d3pd3qe—1pax qy)
:/ 2 0P N0 X) (0] {2, 1 0)

(2m)6\/AE, Eqy

d3p d3g e—ilPr—aqy)
_/ paq Zuap, tip(q, ) oan 0P (p — q)

(2m)3\/AE, Eq
d3pe ip-(x—y) /’ d3p efip-(:rfy)
= Ue(P, \)Up(P,A) = | w5 (P+M)ap —55— (6.259)
/ (2m)32E, Z (2m)3 y 2E,

AN

(O o (y)ta(z) |0) = (0] 5 (y)w <-><x>10>
/ d pd Z 0| T p’ p )\e—ip.yva(q7 X)b;)\/eiq-x |O>

27)8\/AE, By 45

d3pd3qe i(py—q-x)
= / Zva q7 Ub p7 <0|{bp)\7 q)\}|0>

(2)8\/1E, E,

d3p A3g e—iPy—a2)
B / o Z Ua(q, )‘/)@b(pa )\)5}\)\/5(3) (p T q>

(2m)3\/AE, E, N
d3p o—ip-(y—z) d3p elP(z—y)
= &P N (p Na(p, \) = / P — m)ap . (6.260)
/ (2m)32E, ; (2m)3 y 2F,

MIIRF Feynman {£#& 7L

Se.ab(® — ) = (0] Tlvbu(@)vs(y)]10)
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= 0(z" = ¢°) (0] ¢a(2)s(y) [0) — O(y" — 2°) (0] P (y)a(x) |0)
e~ P (z—y) el (z—y)

&*p 0 0 1t 0 0N (bt
:/<27T)3 |:(9($ —y)(%p +m)ab Y08 —H(y — T )(’y pﬂ_m)abW

p P

d3p 1 0 0y —ip-(z—y) 0 0\ ip-(z—y)
- wo)ab/ LBy — y)e P — (0 — 2% @]

Pp 10 oy (2=y) _ ipn(, 0 _ - 0\.ip-(z—y)
+ (Vi) ab p'0(z” —y )e PV —p'f(y” — 7)Y
d’p 1 0 _ 0\, —ip-(z—y) 0 _ .0\nip-(z—y)
+ mdap on [0(2° — y%)e ) 4 (0 — 20)eP V)] (6.261)

XFAEEMATRE f(p°), AR (6.219) A3

E )e—iEp(:L‘O—yO) f(—E )eiEp(a}O—yO) de if(pO)e—ipO(xo—yO)
GO—Of(P 0(y° — 2° P :/— 6.262
(=" =y) 2F, Ol — ) 2F, o w6262

XRRNFEDE RN T p° = E, eREE, 60O NT p° = —E, LRI, RKOT
(6.221) R,
d'p if(p")e v

(2m)% p? —m?+ie
(6.263)

\)

| G B0 = o) - Eoy? —at)er ) = [

B f(p°) = p°, 8 (6.261) REE—IIALHKL

d'p i(y0p)ave” "V

d’p 1 0 0\ . —ip-(z—y) 0 0\ Lip-(z—y)
(ol [ s e (e = 30 ) = Byf(y? — aer =] = [

(2m)3 2E, (2m)*t  p?—m? +ie
(6.264)
FIA (6.221) ¥ (6.261) SFMHILAK
d3 | . . A
(%’)ab/ (27:)93 ﬁ[pzé’(xo —y")e P pig(y® — 20)elr (@)
P
d’p 1 0 0\ —ip-(z—y) 0 0\ Aip-(z—)
+m(5ab Wﬁ [Q(I —y)e P Y +6(y —x)ep y]
T p
. i dgp 1 0 0\ ,—ip-(z—y) 0 0\ Lip-(z—y)
= [1(%)@396 +m5ab]/wﬁ [9(1’ - Y )e +9(y — X )e ]
P
. . dp i e—ip-(z—y) d4p i(%pi + M) ip-(o—)
= [i(7) a0, + mMap) / (27)4 p? — m?2 +ie N / (2m)% p2 — m2 + e € . (6.265)

X =Iihngd ok, 152 Dirac JEEHY Feynman {851

d4p i 0 ' . , d*p i(p+m), )
Sp,ab(x—y):/ ( D100 E 00 L ab e / ( P IPH Iy (6.266)

2m)4 p? —m? +ie 2m)4 p?2 —m? +ie

5 e s S AT U2

Sel —y) = / (d4p Prm) _ pen ] (6.267)

2m)4 p2 — m? + ie
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RIE (5.126) X, A

=0 (6.268)
PNIEEE]
(p+m)(p—m) =pp—m* =p* —m?®, (6.269)
[
(p+m)(p — m+ie) = p° —m? +ie(p +m). (6.270)

ie(p +m) B—MIEH/INE, Hifi LRGBS p? — m? +ie T, FEit (6.267) RNBAT AR

T — ) = d4p 1(}]} ™ m) e iP(—y) — d4p i e~ ip(=y)
o=~ | G —mr - | e - e

TERJERIFRIERE, "IBLRE 1/(p — m + i) BRAEN p — m + ie HYIEAEE,

6.5 HHEHEMRERE

E TR RIEE T, 5 SRR ES ST 1, B S BHIEH Sy = (F| S| = (f1i) -
TR E AR FROERIE, 6.2 THOTHER, S BATAT DURIT AL (6.126) o 3X MIHLHY n = 0
it AR AT, BUATOLE 5 SN

[ S =1+iT, ] (6.272)

Hehir GEME » > 1 NI, T BERFEVOSSRESZ ANIARHER T BT
Ty = (f|Ti), (6.273)
MM, S FEFETT N
Spi = (f|i) +iT}s. (6.274)
FE—TENRE, REHIETEEM LR, YSE —eiRk g b, Wi, ¥
SR FARE —EMEB AN L EETHEE-, HEAT W, S FEREA B IERSIAAH BE R

& Ty . HTRESHESHEER, WA i) HATERFRIPU4ES) R M plf R FTRES | f) AT
AR AR R Z A py, IXERE T ATy

iTy, = (FIiT i) = (20)*6@ (pi — ps) iM. (6.275)

IXEUYE 5 REBUATL TRESNRSFIHER, M 2 Lorentz N, FNRTIEETT (invariant
matrix element), BE ALZEETRIE (invariant scattering amplitude), BERVIARSHLESEH
BRI
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6.5.1 BOFHEER
ERAEMEEREN, @ — f BIERITHERA] DAFRIREK

PO () o) S 1

TGl (LR Gy (FIF)
A (i]6) R (Ff) 5P BIRIIZS [6) FIRZS 1) MERME, BRI EEETER B 2
T—ft, HUE 5 MEGMIR (2.57), EREBIIDTR

(6.276)

Tyl = [(2m) "6 (pi — pp)PIMI” = (27m)"80(0) - (27) "8 (i — py) M. (6.277)
H (2.59) f1 (2.68) R, B
/d4:B =P = /dxO S /d3x eTPx — 27 5(p°) - (27)%6) (p), (6.278)

AL, PU4E § BREGHE Fourier Z8H#/AT

[ / d*z et = (2m)46@W (p). ] (6.279)
TEVUZERTZS ) N TN 23 2BAREI BRI AR f(2), AT Fourier ZHRLIE N
flp) = / d*z e?® f(z), ] (6.280)
AL
dp .-
[ f(x):/ (2w];4 e " f(p). ] (6.281)
MER
(2m)*6™ (0 / (6.282)
Hep) vV 2RISR, T 2R EREENKE, dFexsmenmiisg, efilé
FEHF R, THE, (6.277) RMH
T = VT(2m)*6™ (p; — py) | M. (6.283)

BAE, e 2 AIESE] n ARESHEREERE, RBIRISES 2 MR+ A M B, efiliads
HERRAERS, MM~ E8E n DRFHIRES. BRI MRTRIZE 58 pa M ps,
|2y wTDARAE R AP AR SRAF R IR N

i) = VAEAES aPA pB 0), Eas= p?A,B = \/|pA,B|2 + mi\,B' (6.284)
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WAL FRATT &S 7= A BT RIR RIS (83 1, HIEER) . 0) 2EZE, BICHEREXE
THEMZIE S LA RRI%F, KL, KA |f) TBAE AL

= (H 2E; a&) 0),  Ej=p;=/Ip;* +m]. (6.285)
j=1

Her p, G=1,---,n) & n DRSKFRSNE, N, FISHARSHY4ER s 52

X AR B RFHNNMERNE AR, 7] YIRS i) 5 N8RS ER,
i) = V2Ea, [0) 4 ® V2B al, [0)5 = [Pa) 4 @ |P5)s - (6.287)

SXEL [0), 1 (0), SBURHHE A R B PR BT BINEZA, W1 (2.157) K, HRT
75 D) o A [ps) s B EITRPIALS B

(Pa|Pa) 4 = 2E4(2m)*0P(0) = 2E4V,  (pg|ps)s = 2E5(27)*6@)(0) = 2E5V.  (6.289)
HACHE] (2.134) o T2, TANEH]
(ii) = (pa|Pa) 4 (PB|PB) s = 4EAEBV?. (6.289)

= AR B K ZHF MR SRR TN, & pa # ps, WARSE (2.171) 5L (5.294)
A HIX MR, MRS NS 2R T, FEAR

fIf) = f[ 2E,V). (6.290)
7=1
TS BRI BER 1
pp_ TP VTCR'S O p)MP _ TS ) ME o
(o) (F1£) AEAEsV? [] (2E,V) AE L EgV H(2E V)
j=1 i=1

RGBT LRI |i) W ENBEARIIARS |f) FIEFRNERN T, T ek
IR {p), AR AR

R,y = PT [4EAE[5V H Joni } (2t <pA DY pj) M2, (6.292)

Jj=1 j=1
BEARPY4E 6 BRECAT PAGT il

5 <p,4 +pB — Zn:pj) =) (pA +Pps — Zn:pj)é(EA + Eg — ZR:EJ) (6.293)

j=1 j=1 j=1
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TEIXAERY 2 — n BUETIEREA, RSP n DRFRIBHE ] ABUE R 2185 FZRE, MeEs)
B PEEEX MBI FE &G .
Pa+ph—Y pi=0 (6.204)

J=1
ELAITE (6.292) ZNHIPULE 6 K&, N T HREEERIER, BATRZER {p,} WG TEE
EREEE, Wk, TENRESHSIEAZS R,
R, TN E SRS g AT RERBI B BUE, ZR—4EN, RER )&
BRTE « € [-L/2, L/2) YEEINIZE), &Gl L — coo N THRENEM A ERT p, = —10/0x TEIX
Al [—L/2,L/2] BRJERER, @ RMIDRLTHIB R (o) e ML S a3

, <_§) i <§) , (6.295)

TENBN BAMEASHI R ECR PR 0,(2) o< exp(ipr), GiEFMPEIARRMA, A

exp —ipL = exp lpL , 6.296
2 2

M exp(ipl) = 1, XEWE pL = 2kn (k=0,%+1,42,---), K, shEREEZ

27
—k
L )

4 L — oo I, MHBSBEAMEE 2 EZL RN RIIFH T,

P = kel (6.297)

2T
Apy = Pry1 — Pk = T — dp. (6.298)
MITAS 2]
+o00 o0 ot +o00
d Ap= ). il dp, (6.299)
k=—0o0 k=—o00
]
— dp. )
3 -5 / b (6.300)

B =480, SER T RBIEATA V = L3 BNL A RHIZ8), JERATEL 4 A
TR LT AR B AR — R E S AR R _E RS B RS W AR R B R AR E Y

p= 2%(/@17 ko ks), ki, ke, ks € Z, (6.301)
X5 (6.297) NHUHET s 2 L — oo B, FAIFE]
L? 1%
k1koks

ZERES (BETAF) €1 GIEMR) §4.4.3,
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EREAIDREFI A EBERM, SR rTBOESEER, XKML ERaIaIEE
MHZERGY. F n DRGSR TRIFTASIRBUEAS BIHR, ZX (6.292) A7, MNmfFElH
NITAIA 2 — n A R A S BROERER N

LI Ve
= <H (2r)? / ngj) Rip;y
j=1
dgpﬂ (27)46@ M2 6.303
4E,4E3V H )32, ) (pA—i—pB—ij)] | (6.303)

7j=1

RYE 2.3.4 /NTIITIE, FRATALERRIT (2.161) /& Lorentz AZEHY, KM kXA AEZs AR
d3pj
(27m)°2E;
72 Lorentz AZERY, 1M H (2.159) RN AEN RN 73 IEGF S T2 Be 440 HREE N IE
(IETE s &,
BN AN RS A EE 2R FIIEROL, BIRSE SR AT, EMZE LRRE
MZRERS 2 G, BERDMENPRSHTERTF S, MmitE - SHESHE, RRES
SR k RRL LS ny DR, W

(6.304)

S=1]n!. ] (6.305)

T ERIEMER AL L

n

_ ! L d’p; 45(4) - 2
 S4EABgV (E/ (27r)32Ej> (2r)70 (pA+PB - ;m)\/\/ﬂ : (6.306)

6.5.2 BEEE

BAE, FATICTRMITEELER, N1 6.4 FivR, [EIEH (fixed target) HIEFIEAY A RFHAK,
Wit (beam) H B KT, BRI B KSR EMEIE, Id9 vg, R4E (1.84) X,
vp = pi/Ep o WCHRTRAIBEEEIR Y A, W ¢ I RN SRR — DR EE RN V = Alvglto
MR B KAHIEBEREN ng, MMM, WLV FRIR AN Ng = ngV = ngAlvg|t. TEH
RN RN 2 AL AR B KB RBE, 164E jz, il M4,

NB nBA‘VB‘t
At At

BIRMEEN jp FRFITEINE Na D A RFAHRATH b, W ¢ IR PR A& A R AT

AR N

jg = n3|vB|. (6307)

N = N4jsot. (6.308)
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0 /
0 |
B .oa A Al v=Aal
\
0 \
VB A N
[ = |V5‘t

6.4: I THUREE,

XEGIATYIHE o, HENHHEE BAEHEN, FROVEETENE (scattering cross section) ,
fAIFR BE (cross section) o AUPTEEIN Y T & A BUENIA AR, RIEFGHISERRE, B A
K5 B K+ HIAHEAE MR RE, AR R AZEE (bam), 21E b,

1b=10"2 m?=2.568 x 10° GeV 2. (6.309)
1ESERR A & H B S A 1R SK /N Az, R IER N
1 b =10 nb = 10" pb = 10" fb = 10'® ab, (6.310)

M
1 GeV™> =3.894 x 107* b = 3.894 x 10° pb = 3.894 x 10~ cm”. (6.311)

&, BAALIN R BT R & A RRE O

N N N
R = gy = 28— SOl s, (6:312)

HH = NV ST AR TAERR VR,

HIRAEE D BRTATE D ART E, 2, WTCUBIEERR 7 XM T,
I nq = ns = 1/V, B R AT DRI AR A PIRBRIEREER R #2750 R = R/V o K (6.306)
X, 2 n BREGHTRRIERE

R RV® RV

nAnB|VB| Vv |VB| |VB|

d? p] 4 n ,

B AR FEIENSERROL, BATFEECH T 2HERBMR, Mmal DAL A K
TFHI B K P TAERIBEIRSHVE e AR EBURNEE o & X9 Lorentz N8R, (6.313) 3
B®E—1TH, BRTEZAET AE4Es|vg|)~' 26, HRETE Lorentz A, £ A KT
IEZE R, |vp| B2 B RT5 A KT ZERMENEE, —fsth, MExEREE

Urel = |[V4 — V5], (6.314)
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Hrp vy = pA/EA = A R THBsNEE, ?j‘ﬁ EAEB Vel HAZE Lorentz A28 &,
5\ Moller &EE

1
[ “MQ“EMV (Pa~ pB)* — mEmi, ] (6.315)

TWINSTREF EaBpvvg 52 Lorentz A&, BIHE, TATH vng UL |vp|, RESEEE XN

d p] 4 B n A 9
S4EAE,3UMQ1 (H/ 32E> (2o (PA+PB ;MWI : (6.316)

‘BJE Lorentz AR, MiH R = nanpovyg 158 Lorentz AR, 4 A K FEFIER, E4=myu,
pa=0, E‘&

1

maEp
A E XX (6.316) ATRARE RN (6.313) 3o

1 (6.316) A, NEIRIEHETT (M2 Bah A3 HER, MEACHIEETEZ05RNE, 7
BEIFRES, NARSHENRTEEWN FER,

/ (H/ . fQJE ) (2m)*6@ (p4 + s - Z%) (6.318)

7=1

_ 2 E2 _ 2 2 __ EQ B |pB| 6.317
UMgl = miylug —mympg = ’VB‘a ( . )

Ep Ep

RXADFEN n AARTRTE, A ML (6.316) NG MG —LE,

1 1
T S4E.Eg UMl /dHn M (0319
WK (6.316) NALAERSr, WX N TR B ST 8 m
1 = d3p; -
Y = s v (H <2W>32”Ej> o (patps =3 )MP - (620)
R, BN AT B RS FRER T S, T S5 Mo 8 Z [N RN
o= é/do. (6.321)

WRRSAEEEFRRF, W S=1,
NHEHE—HEEE Moller HE vy HIER. & A5 B RFIBNTTRIZERRAN o, N

V- vg = |v4l||lvg|cosa, |va X vg| = |v4||vs|sina, (6.322)
14

(va - vp): = [val?|vs|? cos? a = |va*|vs[*(1 — sin? @) = |[v4|*|vs]* — [va x vs|*. (6.323)
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M HE

(1 =va-vp)* =1=2va-Ve+ (va-vg)? =1—=2va V5 + [va|vsl* — [va x v5|
= 14 [va—vg|" = [va]® = [va]* + [val*|vs]* — [va x vg/*

= [va—vgl* = [va x vg]* + (1 — [v4]*) (1 — |vg|?). (6.324)

e A0 B HIPUZES) & o i i R 7 B AN 2 R o &

pi - (EAap.A) = EA(L VA)7 p% = (EBapB) = EB(]-a VB)- (6325)
XN Y4Esh m A NEL
pa P8 =Eabp —Pa-Ps=EaEs(1 —v4-vp). (6.326)

(pa-pg)* — miymp = EZER(1 — va-vg)* — miymp

= EZE5(Iva = vs|* — [va x vs[*) + EZE5(L — [va*)(1 — |vs[*) — mimp
= EYE5(Iva — vs* — [va x vs[*) + (BS — [pal*) (B — [ps[*) — mimi
= BAEg(Iva — vs]* — [va x vsl*) + mimg — mimi
= E3ER([va —vs|* — [va x vg[). (6.327)
BItE, 1 Moller SEREEROE X (6.315) 12
1 1
ool = \/(PA -pB)* — mimp = m\/EiEé(WA —vg[> — [va x vg[?)
= V[va—vs]> = |va x vg[2 (6.328)
ﬁﬂ% A\ XVBZO, Ij\”J
UMgl = |VA — VB| = Ve, (6.329)

R Moller & SHXEEAR, ASHRR TN EaBg v o RIX DRI —RMEDIUZ vy B
v N%E, Bl ARFE B Kif#ik, H—ME0E A K5 B RFrzsl RS KR, &
BEFHEN (collider) SLIRHERFIBEI, KRR SXS I, MR ARATH RL5 B R Y
BT, vmg = v I, BB (6.316) 1L

d3 D A n
2 5(4) - ] 2. .
S4EAEB|VA—VB| (II/ Qﬂ- 39F. ) W) (pA + pB ]ZIPJ)V\/” (6 330)

R

1 1
=— dIt, |IM |2 6.331
g S4EAEB|VA—VB| / | | ( )
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HRE, FIEMAFEEMT, v = [va—ve| FISE A5 B IHENEE, HZ, NFissiastt
AR THIRANE, |val =|vs| =1 H v = —va, W v =|va—vs =2, BEEEZIEREDN 2
%, AN BEIER XA IEE,

XA FRES R AL & B LRESE ATHITH, A, ¥ T2 MK FAHRNRS, 1
FRE&HDOSE R (center-of-mass system, FEFRBUOR) AN FEaIRSEE Z LN R ER
BoB%, TRLDREXNERGENBANBNSER, HE

pa+ps=) p;=0 (6.332)
j=1
FUL AP RS REEFNBULEE (center-of-mass energy) Ecy, 1H/E
Ecy=Ea+Eg=)» Ej (6.333)
j=1

1 (pa+ps)? = (Ea+ Es)? — (pa+ps)? = (Ea+ Es)? = 2y WA, Ecy 2 Lorentz R,
EARSERF, ARA

Ecm = (@a+pe)? =+ {p1+p2+-+n) (6.334)

KR BULEE

IRIEPE SRR E R, PIEE A —UIRMES 5 R BEAMHREINE R, RIS EREDS
FERLRPRAE, WHEHEBRMERPHAERLE, Wik, AHBUOZRA] DAk A & AR T
R EW B a4, ERORT, SERSRFHIZNE p;, ANEFN, FULBERK,
>imio FTBL, KA 2 - n BONSRRIZEFEFAR

Ecu > Y _my, (6.335)
j=1

RIBULRER S K TARBKTREZ M. 5 Eon = Y., m;, NARSHZRAERNE, BEHEEA
REA& L. RILAUATN, BUOEE Ecm 2EUK T RGENERIHELIEFHHIA 2t 2,

6.5.3 MWIAEBEHEFE
FToRIIE 2 — 2 BT, Bl n =2 BYEN, HNKRESEE 2 M1, TERSEH, §

PA+Ps=pP1+Pp2=0, (6.336)

Ipal = [psl,  |p1l = Ipal. (6.337)
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P1 '
pa 0 i
PB i
P2 :
(a) BIERXR (b) BRAARRE X

& 6.5: BULRH 2 — 2 HUTE R REE,

A, #IEYH pa 5 ps KAMHE, HFAMHEK, 8 ovg = v ; KRSH p1 5 po HWEK/PMHE,
MR, XEEEFRODRFPIIRARUE 6.5(a) Fim, HA 02 p1 5 pa ZERRA, 79
BT A (scattering angle) o JFUDMBETH &

Ecy = Ea+ FEg = E, + E». (6.338)
RAERNIRRIBEF 402
ECM > mq + mao. (6339)
FRIE (6.330) F1 (6.318) I, 2 — 2 BUATEHI AT PAS A
_1 1 2
VoI — /dH2 IM?. (6.340)

HE 2 AR PR, 5E]

d’py d’py 45(4
/dH2 - / (2m)32E, (27)32E, (2" pat ps = pi = p2)

_/Lg(,@ — B\~ E,)
~ ) @r)4EE, M T

N /de|P1| Ll 5<ECM - \/|P1|2 +mi— \/|P1|2 + m2>' (6.341)
167T2E1E2 1 2

AL ZHE 5 BB 6O) (pa+ s — b1 — po) TEH py FIZHERUY, IXRERIN BRI AR,
(B2 FIRER py WEARSFIESLE po+ s — p1— Do = 0, FILELEHEARHBI py M
WAL, EFRORTIIABN po = —p1, # By = /o 12 = /[P + 13 S=%
FESTERABKRR, W1 6.5(b) FIR, DA pa F7FIHRAITTI, DASCE R 0 MRES (polar angle), ¥
p1 BAERE T pa FOVH E DU YA (azimuthal angle) ¢, AT pi 51 RASEEIARUE
SR dpy = [pu|? dlp| dQ, AT

dQ = sin 6 df de. (6.342)

0 RIBUEYEREY [0,7], ¢ HERMETCE Y [0,27], MAE, o6 RERIRERRT |pi| HIEEL, A
(2.62) 3, 1B |ps| BIRRGr ONIMTER |p, | FEJREETH R A ERER T IERA), =2

/dH :/dQ p d (E —\/!p \2+m2—\/!p |2+m2> h
2 167T2E1E2 d‘pﬂ oM ! L ! 2
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-1
2 2 2
_ /dQ |I2’1\ p1| . P/
16m2EVEy \ 24/Ip1* +mi  2¢/|p1f* + m3
2 1 1\ 2 E,E
= /dQ—'E1| pif { =+ = :/dQ |I2’1| B
167 ElEQ E1 E2 167 E1E2 |p1|(E1 + EQ)

I / a0, (6.343)

167T2ECM

R BB RIS (6.340), 1+

1 1 p1|
7= §4EAEB |VA — VB| 167T2ECM /dQ |M|2 (6344)
FRE, M2 BRI &KL, XHE ORI & ERVU4E 6 BREFE T, Bk
BIEESOTE (M|> NRIERYIARSS &I ERESNRESTIERR py + i =) +pho H—TIH,
UL FRHR ST LR A BT 9 U R T 2R IR

do 1 1 p1| 5
- 6.345
(dQ) 647T EAEB|VA—VB| ECM |M| ( )

?‘?EE?E%)JEE,_\M?H‘J%‘E%%ﬂi)}%i‘%iﬁ?ﬂ)ﬁlbﬁﬁE‘JIZI%& RS T ER LR TP IEIE

K& |p1| = |pal,
Eosi = By + By = By +/ I+ m3 = By + /B —m? +m}, (6.346)
¢
E} —mi+mj; = (Eou — F1)? = Egy — 2EcuFEy + Ef, (6.347)
R
2EcmEy = By +mi —ms3, (6.348)
M By RN X
B, = SFe (EBZy +mi —m3). (6.349)
Iﬂfﬁy E2 %éi_\‘ig
AL, BEBRHIARSK - FERULR TSI RE R 2, RIEFseEM, A
1
Ip1|? = Ef —mi = o (B2 +mi —m3)? —m3
CM
1
= 15 [y +mi +my + 2E2ymi — 2Egym3 — 2mim; — 4Egym]
CM
1
= o (Bl + mi + mf — 2B2m? — 2B8,m} — 2m’m)
CM
1
= = MBey,m},m3). (6.351)

4E%\,



— 240 — Fe6wE mTNHEEIEHR

Hrp, N BREOE XN

Mz,y,2) =22+ 92+ 22 — 22y — 222 — 2yz = (x — y — 2)° — 4yz, ] (6.352)

BXRT o, y, 2 NHR. I, REKFHIZNETHT

2

1 1 e ( m m2
_ _ /2( g2 2 2y _ HCM y1/2 1 2
Pi| = |P2| = )\ , Ty, M = — )\ 1, sy T . 6353

| 1‘ ’ 2| 2EC ( CM 1 2) 9 Eé E(Qj ( )

T, BORHIESTEE (6.345) XA AT K

d 1 2 2
(é) on 1287 EEp[va — Vgl o <17 gg;’ %) T ] o
KR NI L, R RIFRORFPRISK TRERN
Ej= ﬁ (B2 +m% —m%), Ep= ﬁ (EZy +mp —mY), (6.355)
BRI N - -
al = ool = Z5 42 (1, 5 2 ). (6.356)

NHE I R O
(1) GIERBCGE RS TR E (pay MM A E L) BATERNFRME, WAZRE M 5 ¢ T
xK, HUZ 0 HIRREL, M

2, (6.357)

2w s ™
/dQ IM(0)] = / dqb/ df sin 6 |M(0)]* = 27?/ df sin 6 |[M(6)
0 0 0
SN RSO BT
_ l d_a _ l 1 1/2 m% m% /7r . 2
O'—S/dQ (dQ)CM_8647TEAEB\VA—vB|)\ (1’E(2}M’E%M i df sin 6 | M(6)|°.
(6.358)

(2) WNBRHIAS 2 DR TFRIREAAR, ma = ms =m;, K& 2 PRFHFREHHEE, m, =
mg =mys, W (6.349). (6.350) F (6.355) NEMKE

Ei=Eg=FE, = By = =X (6.359)

RIRIAS R0 BUDEE, REM DRI BuLRE, T, GERARES 2 DR 2 2R,
ILASHIRERF S =2, B S =1, H—7FH, H

2 2 4m?
AV2( ) 6.361
( ' ELy Bl Ly’ (6.361)
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MRS ERN DN
EcuB; Ecup
pal = lpsl = =5 ol = Ipaf = =5 (6.362)
/\q:|
4m? 4m?

E¢yy  Ea  Bg E%, E  Ey
FRARHE AR GBI S, 5 RAF— AR FERORPEIER, M 3, B —
RAEKFHIZENER, MM, B pg=-—ps 1%

o _|pa pB|_2[pal _ .,
|va—vg| = By Es|” Ei 20i, (6.364)
NSEREF K 2
EAEg|va—vg| = CTMﬂ . (6.365)
T2, (6.354) XfbH
do\ By IMP
( 5 Q)CM TR (6.366)
(3) WIRHIARZS 4 MRFHIFTEME, ma=mp=mi=mo, W 8 =8;, A
do o MP
()., ~ 7t o0

6.5.4 =ETHE

R SHER A, — PR EA—EREER, FRERF A HE A LOEEHE
TEFRZ (decay) MHE K T. BRi% ¢ NZIE N(t) ML A KT, B A KRR H
WARAFZRRBRZE T, I -+ dt NZRIZFEZG R AR THEZMN AN = -TNdt., A
R

N(t) = N(0) exp(—TI'?t), (6.368)

RV A Ky B R A5 O R R,
T&, —MEHER AR FERZZATEEAIN R ¢ MRS A, 3 — RN

P(t) =Texp(-TIt) = %exp (—;) : (6.369)

)
=

(6.370)

M| =

\]
Il

HOUBL TS (lifetime) o H ¢ (O

T 0

1 o0 (e o] 0o o0 0
(t) = - / te /Tt = — / tde T = —te”"7| " + / e At = —re 7| " =7 (6.371)
0 0 0
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AR, FFan e Rl Ik R EIER N AL, B ARBASF, T BARENEN, ARE
L (decay width), FEIFRTLE,

A R A[REA 2RI, fE—R=EH, ENREERE ( — f RAEBRROY ISR
532 tt (branching ratio), I8F By RERLE i — f KD BE (partial decay width) & XN

[ I; =TBy, ] (6.372)

EE AR FEIERPRAER i — f ERNNRINZ AR, g Z2E R 2 S FI
5

&
ZRIA—H, X
;Bf:f;rfﬂ, r:%:rf. (6.373)
Wil 3 WP TR S - e 1

BATA] DUEI BT AR I R AR « — f S, B, I3 i) RES 1 DT A,
R |f) WEE n > 2 DRF. FIL, [i) BEFERAEDY

(ili) = 2E4V, (6.374)
RKEIF (6.291) X, BLTHERE

Trl>  _ VT(21)*6% (pa — pr)IMP* _ T(27T)45(4>(p,4 pOIMP

P = = . (6.375)
SRGOTR 2B,V 1 (2E,V) 2F 4 H(2E V)
j=1
NF—HFENIARSIE {p;}, PO RN
P n -1 n
Ry = =L = [2E4[[QEV)|  (2r)%® (pA -y pj) M2, (6.376)
j=1 Jj=1

RARSEHERAEBES EER, rIfFRMNRINZERERE i - f BIREMRN

1 (& V d
_E <H (271’)3/d pj> R{pj} SQEA (Jl_[/ féE) 27T 45(4)<pA Zp>|M|2

(6.377)
Hrr § BRESNMMERT. £ A K FEIERT, Ex=ma, M Ry NERZDEE I, W

d3 n
br= SQmA (JH/ f§E> (2m)to (pA—ij)IMIQ- (6.378)

J=1

AT DAEH, RS HENUE S Z Lorentz NER), RMAMZ Lorentz LR,
AR RinER G, BN 0, W ARFiIEREERERITR, T2, E—PRK
SRFESR TR BB AR, B A KNTEFIEFEEE, WETHZ A RTifERE
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ReRITIE, T8, RESKFEsIRITH ek, A KT Bierimoh; ELERER
W, BISH ART B EERVEMETE R AHER, EEBRARDTARBEREEMR, B2, il
AT A KB B BETTTAECE 3, MITIARZSRL FESN &R 77 A _E L B ekt AR50,

BT A KR ERLRRSRFRIBULR, B Eon = mao. B, T (6.335) 1, X
A REHIEFE R

ma >y mj, (6.379)
j=1

Bl A K+ HBEARE ZFVINT ma WHER R,

6.5.5 RTIZEIF

NI IS PRAR =R R IB 6 7,

(1) N TMIARFEE, n=2, 7t A KTHIFLERT, HT Ecu = ma, (6.349) #1 (6.350) X
vy

1 1
E, = T (m% +mi—m3), Ey= G (m? +m3 —mi). (6.380)
1M (6.353) fbH
2 2
_ _MA 12 my My
= = — A\ 1, —,— . 381
[pa] = [p2| = = ( ’mi’mi) (6.381)
2 RAAERHZS ] (6.343) ZERK
|P1| /
dIl;, = d€. 6.382
/ 2 1671'2771_,4 ( )

AL dQ = sinfdfde, T 6 F ¢ 25102 py EERBIRRFPHINAMTIM A, T2, BELR
i — f BB ERIEN

1 1 1
r, = /dﬂg\/\/ﬂz— | /dQ|M|2

EQmA N §327r2m?4
LU gy m m /dQ|M|2 (6.383)
- S64m2my "m? m¥ ' ‘

GUER my # my, M PRESKFRENREFRK T, TS =1,

R AKRCFRIBEFEN 0, BEEXERE T HECEY, ERATNANIE, RSN gy
[A]_E BRI, NIRRT M2 5 0. ¢ Tok, MM RGH—1 4r
¥, MRERTEDEEN

1 |pi o _ 1 IMP mi m3
Ty=— =1 N/2{q L 2, 6.384
[ f S87rmf4 ’M| ) 2 2 ( )

S 167my m% m4y

=2, GIERORES 2 DRLFREMIE, my =me =m, NIH (6.361) X5

2 2 2 2 4 2
\1/2 (17 ﬂél, m_22) _ )12 <17 KQ’ %) — . ]1- ﬂQ (6.385)
my My My My my
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Pt = (E1,p1)

013 ps = (Es3,p3)

/ pi = (mAvO)

= (E27p2)
6.6: A N T E R = AR RN EREE,

MM, 73 BEREA N

1 |M]J? 4m?
==—/1—-—. 6.386
r=s 16mm 4 m5 ( )

RPN RAR TR SR T, WS =2,
(2) WT (KBRS, n—3, B i f R ERRR

1 1
=———> [ dII 2 )
f S 2771_,4 3 ’M‘ ) (6 387)
Hrp 3 AR ZEHZS R
d3p1 d D3
dIl 2m)* 6™ (pa — p1 — p2 — p3). .
/ 3~ / 27)32E; (27 32E2 (27)32E; (27) (pA —p1 — P2 — p3) (6.388)

XH, FATRAE A KT RE LRI ERA B iEsE X e i) B ey mBCHIRIEN, W
HIPAMA, N R FESNE T 1A L BERIR 0, AEIRIEETT (M| SRR FRII230 77
K, RIESHESFIEER, 0 =pa=p1 +p2+ps, BIRES 3 DRFI=4sIEZHNNE,
KMIX 3 D=4z &R BAAER—FHEHN, W& 6.6 Fr. X THER pr # ps, 3 2 AL
FHI=#ZNE p, = —pi — ps HFIETHEEERT, X p, 7, HRRNETEE R
6@ (pa—p1—p2—ps), 55

1 dSPl d3p3
M, — _E, —E,—E
/d 57 8(2n)p /E1E2E3 O(ma = By — Bz — Bs)

1
= 5@ /dQl d|p:| dQs d|ps| % §(my — Ey — By — E3). (6.389)
H, O fil Qy SYBI2 py A ps MERIIISZIRS,
MRCF 1 RURFALE [pof? +m3 = B} FLRMGY, 13 20pi|dp| = 2,4y, XPRIT 3 40

AT DR RIEE BT, )

p1ld|pi| = E1dEy,  |ps|d|ps| = EsdEs. (6.390)
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M

/d , = 2 /dEl/dngdﬂl/ng PullPs] s, — By — By — By). (6.391)
7T

IXHRERX By 0 Es IRSTAESNR, X Q0 R Qs IR TRHEN 2,
R p1 5 ps FTIAIZIAINIRATEN 615, WKT 3 FNZIRAMIT RN

dQ3 = sin 913 d@lg dqbg = d cos 913 d¢3, (6392)

Hrp ¢y BR+ 3 BT MG A, NTHER B M Es, |pi] = VEf —mi T |ps| =
VE3 —m3 WRIEH, T E, I#T By . Es M cosby, RIEN

=\/m3+ |p2|? = \/mg +[p1 +p3f* = \/mg + [p1]” + [p3]* + 2[p1[[ps[ cos b3 . (6.393)

M, d(ma— By — By — E3) BIREMRHT costis, FER cosbis IR, H

dcosbhs  24/m3 + [p1]? + [pa|? + 2[p1]|ps| cos 013 Es
il 0 E,—FE,—F
(mA — Ly — Lo — 3) _ |P1HP3|7 (6.395)
0 cos b3 Ey

ﬁ*ljﬁﬁ (262) ﬁ, 'f/IEIL—EIXﬂ‘ C08013\ ¢3\ Ql E/‘Jﬂ:\l%, ?E'

21 1
/dHS = dEl dE3 dQl dgbg dcos 913’1)1!?&5(”%4 . El _ E2 B ES)
2
" B — By~ Ey)|”
= dEy [ dEs [ A4 [ dos |p1”p3| (m.4 8(;)89132 3)
N / & / dEs. (6.396)
27T
M, 733 (6.387) LN
11 1 e By
G YR dE dE Ey, E3)2 ‘
d S(27T)38mA/n<n 1/m s | M(Ey, Es)| (6.397)

IR, A L ERNFEEANEIRIE M RIEN B M1 B, BRE, mHZEFHEE B, M B,
HIRL D B RBR,

TESLERH, 8 By M By SRR EFATIE, TATTAT DURE e AT H sl B e A Y 22 &
I AP Lorentz 128 &

s12 = (p1 +p2)2 = (pa —p3)2 = mi\ + m§ — 2m L3, (6.398)
93 = (P2 +p3)2 = (pa —p1)2 = mi\ + mf —2makn, (6.399)

ENERFEZE ZP 7R B A EERE, AT PHERT 1 1 2 AR RAE K — D5 20T,
PHA4ESE N piy = pl' + pho HIT ply = (p1 +p2)? = s12, S12 A TRNERRFHIPIE, K
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NRLF 11 2 FIARZRE (invariant mass), BT 1 8 2 B, KLU, /sy 2R
T 2 1 3 AR, si2 1 so3 BIGI 2 AIEELT E5 #1 By B3I,

d812 = —2mAdE3, d823 = —QmAdEl. (6400)

TRE=FREDEENH IR (6.397) KEHN

max max

1 1 /512 /323 5
S ds dss | M (512, 523) % (6.401)
¥ 12 23 12, 523
S 256m3m? Jgmin smin

A B RN, FREARBIRIE M RIKN s1p Fl sop BIBREL, TR, TATTIE s1p AT so
AR B RRR, IX AN o5 FIRIDTAERNR, 0 ETFREMAHT 5120
fERIF 1A 2 IBOERT, P+ P2 =0, FULEE Eov = Sz IXEEATH IR KFRICLE
SEZPYIER, RIE (6.350) X, KT 2 (REEN
~ 1

=
2 2#812
SIESIEERAN ps =Ppa — D1 — P2 =DPua, H sip B Lorentz NEMH

(812 +m3 —m3}). (6.402)

s12= (p1+p2)° = (1 +P2)° = (Pa—P3)> =pa+ 55— 2pa D3
= m% +m3 — 2E4F5 + 2P Ps = m% +m3 — 24/ [Ps|? + m? Es + 2|ps|”

= mi+m§—2\/E§—m§+m?4E3+2E32—2m§

= ma—z\/Eg —m2+m? B3+ 2E2 —m?. (6.403)

L SUIES 2\/E§ —m2 4+ m? By =m? — s1o + 2E3 —m2, PIEFT, HEH

4(E§ —mj + mi)Eg = (m% — s12 + 2E§ —mj)?
= (m% — 510 — m2)? + 4E3 + 4(m% — 515 — m2)E2. (6.404)
ﬁ%fi, ?%!‘ 4812E~§ = (mil — S12 — m§)2 5 m*ﬁ? 3 E@ﬁ%%yg
~ 1
I
’ 2\/ S12

(6.402) A1 (6.405) AFIHZ Lorentz R, WiH, XNFHEMN sio, By F E; ZHEMN,
7":'7#73@, H s93 B Lorentz NEMH

(m?% — s19 —m3). (6.405)

So3 = (P2 +p3)2 = (P2 +253)2 = (Ez + E?))Q — P2+ f)3’27 (6.406)

IXH
P2 + I~)3|2 = |I~)2|2 + |I~)3|2 + 2|p2||ps| cos 5237 (6.407)
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0.7

0.6 |
0.5 F
0.4 F

03 F

$93 in units of mi

02F

pov bvr v b b b g b

0.1F i -

0.0:||||i||||||||||||||||||||||||||||i||||
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

S19 In units of mi

B 6.7: 4 mp = 4my = 5my = Sms I, AT ZIBEN AT X,

Lt Oy J2 By 5 By JIIZIIRII A 4 cosfy = 11, [By + Bl = [Bal? + [Bof” + 21pal [Bs] =
(IP2| + IPs])?, T sq3 HUfSER/IME

sy = (Ez + E3)* — (o] + [Bs])? = (B2 + E3)? (\/E2 m2+\/E2 m3>. (6.408)

M cosfyy = —1 I, P2 + P3|? = |P2)?® + |P3]® — 2|P2||Ps] = (|P2] — |P3])?, T sz BUSEAME

sy = (B2 + E3)” — (12| = [Bsl)® = (Ez + E3)? (\/E2 m3 — \/E2 mg). (6.409)

MNFHEM 515, (6.408) FI (6.409) A3 ANLHY 505 HIFR? NIRAI LR, HE
B,
ERF 11 2 FIBUL &R,

=, EA1/& Lorentz

19 = (P1 + P2)* = (B1 + E2)* — |p1 + Do) = (B1 + Ea)*. (6.410)
Ejjﬂ'—h l—_L,l El =m H EQ =My HTJ‘ S12 HX %/J\{E

ST = (my +mg)?. (6.411)

£ A RFRIEIERS, R4E (6.398) I, 3 B3 =mg I, s, BUSRKE

max

ST = m? +mj — 2mamg = (my — m3)*. (6.412)

TR s12 BRI TR (6.411) FIA2 BFR (6.412) /2 Lorentz A~2EHY,
6.7 Hj i =R LIBF AR IR, 1”& ma = 4my = 5my = 8mg.
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>
6.1 HIE d gER =i fEH &
S = /dd:rﬁ(x), (6.413)
Horrhy (G
L= %(8“¢)8M¢ - %@Ay)aﬂm + %(ayAu)aﬂA” + ipyr 0,0 (6.414)

HSARET) o(x) . LREH A*(x) M Dirac FeEA o (x) WEE, 7 BRANHIT, KR
B [S) = [E]° # [21] = [E]"Y, RIS L. o A" FI o BRI,

6.2 fRIEAFRELREHNFHIKEFR (4.110), IEH

[A¥(x), A (y)] =0, (z—1y)*<0. (6.415)

6.3 UEBAZEL (6.106) A n = 3 FYIR

IE/ dtl/1dtg/2dt3H1(t1)H1<t2)H1(t3) (6416)
ﬁ}?—[ t t t
317 = / dt, / dts / dts TLH, (b)) H (t2) Ha (£)). (6.417)

6.4 XT Dirac TEE ¢(x) FISLKES) A (z), RIE Wick ©HE5 H
T[A*(2) ¢ (2)7,1 (2) A () ()7 (y)] (6.418)
FIIEMFRRFRIER, REESZIEZHH,
6.5 NTHIKE (4.286) MRHIEREREREY A*(2), HEH Feynman (ZH+
A4 (@) A1 (y) = (0] TIA() A1 (4)] 10) (6.419)

HIZRIE

v d'p —i(g" = p'p"/m?) ey L 0,
A (2) A" (y) = / e P mirie e — — g0 (@ —y).  (6.420)

6.6 FEFVLRFFIE 2 — n BUTIRE, FASREFRIEN
2

E2 2
EaBslva —ve| = =M A2 (1, g‘;‘ %"’) (6.421)
CM CM
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|
PT :
|
|

P-
6.8: P A EREE,
6.7 = MRLTFHIBEN m, VWHWESNEN p* = (E,pe, py,p2) o K 2 BT AIREDAR, TlHe
£ = tanh ™" % (6.422)
R FHIAI Lorentz WidAsH, 2 XBEIREE (pseudorapidity)

0
n = —Intan 2 (6.423)

Hrpb g Zah& p 5 ~ Bz \ARA, WE 6.8 Aim. MAZIERIEN pr = (p.,py,0), E

Er=ym?+ [prf* = \/m® + p% + pj . (6.424)
(a) WERA n =& X m = 0 BOZ,
(b) IERA
E = Etcoshé, p,= Erpsinhé. (6.425)
(c) UEBH
E+p.
=1 42
€=l =2, (6:426)
H 1, F
1 + D
&= 5 In E p (6.427)

(d) BRIIX MR AL NRLF 1 AR 2, UERA

m = \/m% + m% + 2[E1TE2T COSh(gl - 62) — P11 pQT] s (6428)

Hftm; . By pr M1 & PHERIT ¢ RUBIR. BEARER. BEAZIRMITRE,
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\r

ay ==
5 7T &2 Feynman [E

EEEIRRAD, N TS AR R A XA S N &, fR ML EIFREA
THRIE M I, RIE (6.275) X, WMFLEUE T FEHETT T, = (f|iT i) NT T FERE
TERTS KB BTN PP o, Wick ERRIRME 7 ALPE ik, EAERRITREER], MRt
—Fr R Wick 2H, REWSSRIBCHRIBAIZRIA, T HAHM A B AR AT PUH Feynman
(diagram) FoRHiK, Feynman B ERITERBEANMATRIAI, XM M HEE Feynman AT
(rule),

F—TMEE/EHBEIER Feynman BT ZE R Feynman AR 2 5, FATTEL AT PAGEHT
A Wick EHRN HERRY BT, B E R EHE BAER IR Feynman &, K Feynman
MU HEEHRIERIAI, R T RIS,

7.1 Yukawa IEit

ok, BATAAREY) 6(x) 1 Dirac JE&Y (z) B9 Yukawa BIENEIRTING, MHM
[hi RESE (6.6) o fEIXNEHCH, RHE (6.12) X, HEIERHPIKE (6.9) MHREGUEMEE
VE IS IR =

Hi(x) = —Ly(r) = & ¢(2)P ()P (). (7.1)
B (6.126) F1 (6.272) X, B
S =1+iT = i %/d“xl o dtr, T[Hy(wy) - Ha(2,)). (7.2)

I, S BAFRIMHEL R BR )

T i i), (7.3)
Hrp -
il = (—ni!)” /d4:rl cdiz, THi(z1) - - Ha(zy)] (7.4)

X2 T R EBRA, n BREIFRIIM (order), K (7.1) AU (7.4) K, HIFE
Yukawa BHEHIEIT 7™ HIFRIER

iﬂm:tﬁﬁ/&mm&%Twmwmww»~w%wmmwm. (7.5)

n!
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EE n B, T GE D (—ik)" WF. SMEEE ~ BN, THE B B/ R
BRAKK T L RE 1S 2| LA Y45 SR
1E 1T RIS 1 B, Bl &' B, tRIE Wick ©H (6.166), B

—

iﬂ”=—m/H%Tw@wwwwﬂ=—M/J%MM®M@M@+¢@W@W@M (7.6)

Beab, ETRHEHERE T, XRE AR 6(x) Al Dirac R o(r) BERRAN
R, -

d(x)y(x) = ¢(x)y(x) = 0. (7.7)

(6.144) KM, XA KERRERABUEMHIF 2 G, BEZHHENE, Fit, N T7EFEE
T T FEFETT (fiT i), #IAS |i) MIRAS |f) MY EEESIAMBER - EE KRR, e
MNGFRERS S EAF—— R L FH (R XA,

FIAN=FBA T E sh & AN IR R A B R,

IR v MIEBEKR T |ph\) = V2B, a4 [0), (7.8)
HERY © FIRBER TS |p7,\) = V2E, b, (0), (7.9)
tREY) ¢ FIRETFE p) = /2E,d|0). (7.10)

NTIRIE, AR o(x) BIP=EBRFSACH of o NTERKF ARG, BIMEshERNG L
MHESRERERN TS, fFTRRRAFE, XEARATDIRMIENOIE, MHMAER AT DI
IENRS, MAESSEMZDARN, SiR2IEE2 DR TIRIES,

‘p+, A g, N k> = /8E,EqEx a;Ab;/\,clt |0) (7.11)

MIRHISEE 1 DR p. BN A [ Dirac IETEKT ¢, 1 DEIEN o 1BIEEN N
Y Dirac R¥KT ©, A 1 DEIEN k BISSRER O T ¢ XH, BATH o © § ¢ 251
PMIESKR T RECKRTRISARBE O AR, 55005 HE, HEECRR, 5—75H,

= 1/ 8EquEk <0| ap,)\bq,)\’ck (712)

PR IARS, TR, 7FLEImDARTF, FEIESKRF SR EHYIR T 5 R 4
KEFFRHPNIRFARE], 818 N AERR B 5 WIRSH I 77 H ELE T, IXFLE S — i
AR AR, EARSIEIEARFT 2.3.4 M 5.5.4 TN LT IRFARIEE, XSWEK
FRALPR EEZE DG 5, BAERIES T EASIERZER,

WAL, I Dirac 2RISR IE A REM R (6.138) . (6.139). (6.255). (6.256) .
(6.132) F1 (6.133), AT ICHBEFSVIREWIESSEF, HERXMGHRKHERTFELN o #
DBEFFHIERERRE O S TEKERF, e FREREAMEMN AR LAl A HARERR
B, BATRIXAMERE NGRS PISEE)F. MM, ¢ (x) SIESRTFRISHAEEE Y

(PN a, Nk

ba(z) [T A) =97 () [pT, \)
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—iq-x
27T \/2_&)2% q, N )ag e \/QEpap)\|O>

d3
q \/_ Z ua(g, N)e " {ag s by} 10)

\

\

/ &g “—Zua (@ X)e 55,69 (@~ ) 0) = wa(p, Ne #7[0). (7.13)

S F 7 A TR BN 56 (5.246) KU, (x) SRk TOISMGIEE LN
3
Jul@) [P 2) = 9P() [p, A) = / (d o ORISR CNE

(P, A)e ™7 (0) . (7.14)

HSN, o) SRR T RO S0
d3 1
o) p) = 8@ ) = [ Gt eV

\/2E
&g By —ig t s VE —i
= | 53 20y, cl]10) = [ d3q Y= e 4763 (q — p) |0) = e 77 |0) . 7.15
/(Qﬁ)z \/qu [car p) 10) q\/qu (a—p)[0) =e"""[0) (7.15)

BVYS R EIFAETEK BTN B KRR (2.122) o X =AEHIIE S IERERR T o0
)i, SEANARERE O EEERR, RerERERA MM E KBRS L]
DUSEHEZ ¢ B, TATRIXMERE KONGRS RENHTF. (o) SIEFRFRENHH

-, - d3
< _<p+ /\w( /(2—733(0|./2Epaw qéua q, A qu
— / d q \/_ Z uq(q, A') (0] {ap,\, g\ e = (0] 1y (p, N)e??. (7.16)
V() 5REKRFARESHIGEHE SN
1 )
(b A ue) = (b2 0(0) = 2Ey b e 3 n(@ N
= (0] va(p, \)e™™. (7.17)
o(z) FEIREIKEOF ARSI E N
(bl 6(x) = (pl 6 (2) = (0] /2E m

_ d3q \/—p 1qx c \/_P 1qx (3) _ eip-;t
| o <oup,q1/ RO = O (119

X =M S MR A e
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7.1.1 k' B} Feynman

HE (7.6) X, ATRLK iT® 2RI, 70 = i7" i1, XFE I

T = iy / d'a N[p(2)d(z)v(), (7.19)
T = _ix / dia N[o(2) o (2) (). (7.20)

BAVERITIE T o BASFEEBER T MR (F1iT" i), PIAMRSHRELS 3 M1,
AJFIH 8 AL,

1 AME, FEASES 1 MIERPCR T 1 DEARERG T, i) = p™ A g N k),
RESBEZS, (f] = (0], MHMAY T BTN

O[T [pt A @, N k) = —iff/d4x (OIN[p ()i (z)e ()] [p*, A ¢, N k)

d*z (0] ) (2) 0 ()P (@) |[p*, As ¢, X k)

{ T \
dha (O] N[6() i, (2)n ()] [BF A5 a0 N )

= —iK

d'z (0] ™0, (g, X')e ™ u, (p, A)e ™ |0)

I
J.
=

d*z 5(q, N u(p, N)e (Pt (0)0)

(q, N)u(p, A) 27)* 6 (p + ¢ + k). (7.21)

1

= —iK

5SS ERERRI GRS, AOKRIZH 8 T, A | TERIEE. H=5
FIEIA B0 SIASAIFINE 3o JIE— 5 I (0]0) = 1 UK Fourier AR (6.279), % o B
53, (3~ MEBLEIASRER R FIERODIAE o ML, AL, RO ESAShRALS KA T 22
SRITRBAER, XAEREE (6.275) ROV, AR, MBI EIRIEN

iM = —iro(q, X )u(p, ). (7.22)

7.1(a) HEEFRRXDNERE, WEGHE LR, XMEFARRIRY Feynman B,
£ Feynman EH, IATHELFREIREIOFRIZE), HEIKRISKLFITR Dirac A FHIIB
3o B EFHEESIRI =R AIPAES & pr | g 0 ke B9T5TA) X URREMERY, ARSI R
T4 =4Es R AYSERRTT 1A eAh, ATBOAIX PR B AR —p o —g T —k
75 115 B3 TAAE R

PR TR BRI SRR TR AR TT R, ATDUANIX B AT U(1) fir (o WIEM, o WK
i) AN TR, BE BB R FE (fermion number) FRANMI T, U(1) i ~FIEEKE —KIELL
PORTFEAE 50, BESIEFRA TR AR, W5 R FRIZsh TR, Hit,
EBORFRIBIRTT A5 PR F 2 ERIRTSL T AMEE, RECRFNIRHR. SR ¢(x) RHI3
R ESHRA T, AEGEM UQ) fr, RmAFTEEEL EAERSL, Blsh+ iaFHIZ b
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P, N . ¢ ¢
q s ky -
7 2 7 e 7
¢ —=——=- w)\4>—\ 1/;7)\a—\
x X x
PN o\ o\
b, A P, N &, N
(a) (b) (c) (d)
DN N ¢ ¢
q AN S k
N N g N
6 " P Y A X
X x X
% Vs 2
YA A U, &,

B 7.1 T TEEREY 8 M=K Feynman [, N 75 B A,

Ak, RIIRK, NRERKFA—HEEI SN TEY), BN SR 74 EhriERTk. =
FRTFEAHLZAREEEAERNRE, TR (vertex) o TE U I ARAME R YN 252558, M
TR B FIARASK FHELIR IIME (external line) , HFRASMR (external leg) o Bl 7.1(a) BLE 1
ATURR 3 SRR, FFFRIE T T RO B A I 22 2R FR 2

A[AE ], Feynman EIVEWHAIL TizaEAMME BAERERE, 1A, EABAE Feynman
IR T — MBERIAR, KRR ADHEER, SUEE T JEFETT (f]iT |i) B3R
KR, XAEHDN N KR —E Feynman RN, P& 7.1(a) MBI, HRIE (7.21) K, =ik
A BT HELF o(2) « ¢(x) ¢(x) SPISHIAEFF, el UG & = eI NGH5h
£% Feynman M,

p .
b, N ——ex = (0]9(z) [pT,A) = (0] (2)|p*,A) = u(p, A)e P, (7.23)

p

DA —=—ez = (0] () [p, A) = (0|9 (@) [p~, A) = B(p, e #?,  (7.24)
p
6 --"2-ez = (0]6(z)[p) = (0|6 (x)[p) = . (7.25)

HTIEPOR T M52 LT AME, BATER TARBHshE T HRESk . RECK T EhE 5
ek bimmER, FMREMADEEEoR R, HtEdl, WRSBIRRAEN AR, NS
RIF£% LRI 48Rl



— 256 — % 7E Feynman &

H—7H, UETEYF Yukawa HEEHRTIR Feynman #NN

/ik\ = —ik / d*z . (7.26)

E= .Ffj}\)\ﬁ,'ﬁé'lﬂj%ﬂ’]gké)%fmﬁl‘% M= “83k”, MTIERMN R IMREC R
XFIARIAL, Yukawa HEAMEHIT Ly = —k ¢ FRI=DIGERF 3500 BT TR _ BRI =k
3K, () MM TRBEEK, ¢(x) MM THERTUREISREEL, o (x) MM TERTURASESSk, 7T,
GRERDE RE P —MHEMERBEEE n MARAF, SEMHNTRAESIH » NSk,

MAE, FATATLASES Wick &3, HIEME 7.1(a) HZ, RIS Feynman MG H T FEFETT:

O[T [p*, A a7, s k) = —in / d'z 5(q, \)u(p, A)e Frthre (7.27)

EE NHORFIITTERN, MYERRY, BE¥EEERFELENFRZRTE 1K, XHEERIRZE
254 (q,X)( A), TAERERE u(p, \)o(q, N) o
52 FEMH, BEVISZESS, i) =10), R&ESE 1 MERFKFR 1 DNEhRED
¥, (fl=®" N a, N k|, FHEE T 5T

Do) = —in [t (0 X5 K| Nig) 3 )]0
= ir [ dt (b4 @ X K00 (@) @)l (@) )

(P X q Nk

fﬁ ‘

| |
m/d‘* (D% X 4 X K| NI () ()] 0)
ik / d'a (0] ey, (g, X)e” T, (p, A)e* |0)

— +i/{/d4x a(p, \)v(g, N )elPrath)e
= +ika(p, A)v (q, X)(2m)*' 6D (p+q+ k)

[ I
—i/~£/d4 <p+,)\ q,\;

I
_l_

N[G() ()b ()] [0),  (7.28)
Feynman EAIE 7.1(c) Fim. HULAT UAZAHAT R B HEIME Feynman S0,

p

T e———— P\ = < Y(z)[0) = (p*, >\|w x) |0) = u(p, \)e™”, (7.29)
p
re—=— A = (p A $(@) [0) = (7. A ¥O@)[0) = v(p. NPT, (7.30)

re--To- 6 = <p|7z><m>|o> — (p|6(z) 0) = 7. (7.31)




7.1 Yukawa FEit — 257 —

HIRZSRLF T R B A (1.79), T HAREENIE, B TTER (on-shell) Kifo ASHIMIKREY]
SRT, HSPMBRERSK T, HMmit L2 ETH,

£ (7.28) I — 2, N TR NSRRI RSN AR 7746555, FAT158H
TSR FHERME, RMHR— MM S, ERITHITSASZENIES, X
FFFS—EREEIRIEEE —PRRERH, A, Z”F“E?ijjxiﬁk ST TR Feynman #F,
REZINA TSN (7.26) 550&EH], IR AR FH I 75 228 [E A N B oK T i BT R AVAS
5, T EMTTEMRIRE, THEXUN R A2 ERIRTT, RTINS 70 X W 5 H
i, SR, £ P XHEMEFR, WR-DEBREFEESMERIRE, WIREZ REENTS
g3 2PV 8

e —HH, BATHEE =R NSRRI, BIEEE e RE AR
X7, MR RATEH AT SUER, EREGEAGEIHFRILS MR, SLIXAR 0, &,
AT LAE 13— Sikla—P Z FRER

HE T MR, IEMESRARRARF R IRHES TR B SRS H
ZJEMEER, TH, SZEMFRPEREHLERRETIRFER, Tt
WIS,

XutE T BEFETTRZEHME, FORXMEL G, TATA DS — P45 R LIRnngarrsk, Bi%
SHE—%, BRRERPRAUBNGITLMEH, 8 MR RIRGHIARZS A NRL 48
7, /JESE=2, MmPkidHIEMBERRIANS 8, XPMMEEEEN, JFEiHHES AR
ke, FH, FATRFREE 2 N REZ RN RS,

FIT™HY 6 FIEMA T Feynman & 7.1(b). 7.1(c). 7.1(d). 7.1(f). 7.1(g). 7.1(h), FHRM
B T FEFETTan 1,

B 7.1(b): pt a, N [irY [k)
_ i / dlz (p*, s q N N[p(2)d () ()] [K)
— tix / dhz (p*, A @, V|60 ()00 ()60 (@) k)

= i [t (0% N N u()0()] )

— +im/d4xva(q,)\)ua(p,)\ i(k—p—q)-z —+1I€/d4l’ —ilk—p—q)-
= +iru( A)@Aﬁ@ﬂ% % )
1 \
— i [ d (b N @ N NG ()] ). (7.32)
7.1(c): (q", \; k| iT(l) P A)

= —in [ e (a2 K| N )
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_ —m/d‘lx <q+,)\’; k| ¢(7)(x)1/j(f)<x>¢(+)(x) |p+’/\>

1

[ 1 —
_ —iﬁ/d‘*:c (q", N K| N[¢(w)¢($)@m+vA>

= —i/{/d‘lx a(q, N )u(p, \)e i@-a-k)e
= —ir (g, X)u(p, A) (2m)*6W (p — g — k). (7.33)

71(d): (o, N KT [pT,A)
= —m/d% <q Ak
:+m/d4@1ACH¢ ()¢ @) () [, )

N[¢(2)a(2)a(2)] [p7, )

= +m/d4 <q N k}N wa( T L)

= +ik / Atz v (q, N)Ta(p, N)e (P17 — 4k / d*z o(p, Nv(q, N)e P-a-k)e
= +ikv(p, Mv(q, X) (27)*6W (p — g — k)

— / A2 (g, X K NG()d(@)i(@)] [ ). (7.34)

7.1(f): &|iTM [pt A, N
B _m/ d'z (k| N[p(x)y(x)(2)] [pF, A a7, \)
- ik / d*z (k| ¢(’)(w)&(+)(x)w(+)($) p* N QN

ﬁ \
:—1;{/d4x k|N ‘P+)\qa)\>
1/1/d4x17 q, \)u(p, \)e iPra—he
= —iko(q, \)u(p, \) (27) 5 )(p—i— q—k). (7.35)
B7ie):  (a" V[T [pt A k)

:_m/*fmtxwwwwwwwﬂmﬂxw
_ —i/{/d43§' <q+ N\ W ¢(+)( Yo (+)(x) |p+7,\; k>

[

3 \
= —in [ dt (@7 V| NWalo)o(e) i )] B, )

_ —ili/d4$ I_I/(q, )\/)u(p7 /\)e—i(p+k—q)'x
= —ira(q, Nu(p,\) 2m) 6@ (p+k —q)
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— _m/d4 (q i+ X|N 1;( \p+ A; k> (7.36)
7.1(h): (q )\/‘IT P~ A k)
= —1/1/d4x (a7, N|N[p(z)¥(z)v(z)] |[p~, A; k)
=+m/d%«rA%%”@M@W$Mww1xk>

[ - \
= in [ d (@ N NDa()o(a) @) [p X5 )

= ik / A"z va(g, X)va(p, N)e PHOT = 4ix / d'zo(p, Mv(g, N)e PHE-a)=

— in(p, Au(a, N) 206 (p+ k — g)
T i \
— i [ di (@ V| NG)o )0 [ A K. (7.37)

A PASGAIE, XX 6 FEN, FATHEEW M Feynman BIHA, RHE Feynman FINE T 5E5/EIC
HHk, FE, TAMURAE—MER, B (7.26) X; ARERNTSMNTEER RFH, ©id
F T AR Y I ] 77 AR 2 8 77 1Al

BTk, SATHHE 10, B (7.20) Ko CESFAGEIEZ ARG, BHE 6.4 e
1 Feynman &4+, N T fEH Feynman &, FAIFHEN Feynman 8T 1% E Feynman FN,
EMEZEY, Dirac JEEIFHHLIREY) Feynman Z#EF8 Feynman #L053518

L Y dip i(p+ .
zeo——=oy = (y)i(z) = Sr(y —x) = / ( 2754]921(% m; i)ie e P - (7.38)
L I d4 : .
ze- -2 -y::wwawzi%@—xwi/@gﬂﬁ_;é+kamww.me

JXHFE] Feynman &R T-FI5R (6.267) Fl (6.209), T my, Fl my HHVE o KTFHR ¢ BT
Fikt, TERIEZSAID, Feynman (SR TR T o AU IEAES] y TUSHORIE, FRA1TH—45%
EREM AN TIRATRLFERRR, IXFERYEARNAIZE (internal line) o 4THT, Dirac P2k FHJ Feynman
PR T AT K SCERAes, BT S Sk /7 — 8 AR FHY Feynman {6967 A 2L
FoR, RIS, EPLRNIRIER D, TR A R pe T BERLSY, R,
NZREN R AT DUBTESERY, [HE—RIIEIUEET (off-shell) i), BRI (1.79), MiH
PO WA—E B IR HNERRIIRFFNEERLF (virtual particle), fiIRHERRIT N, BH
FATBURIESER T, WA DURBFR o STk, FIAMRFDRIOR FHRATTHIF (real particle) ,
T RAEFR T

i) FIF— MR o(0) KRB GG, BT LUET SYARARSHH, BEONSES 1
NIFRRIEET, i) = k), KSRESE, (f] = (0], MK T TN

1

wﬂfqu—m/&wa[<w<><mm:—m/&xmwxmmuwmmnm
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7.2: iTy" TRERAY 2 FiRbisHE,

:—m/&meWA@m@M@ﬂm::Hﬁ/&xmmwxw%wwwmm
/d4x St aa(z — 2)e ™% = +ig [ d*x e tr[Sp(0)]

dip itr(p+my)
2m)4 p* — mj, + ie

+ir (2m)46W (k) / (

— \

[
— —ix [ d' OINB)H ()] K). (7.40)

BV AL E SRR A 8K T EAFRIIR P LT & Feynman 8 FRIEIE, MTTHR—D
WAMITS, B3\ FHEIEREAYIZEIE X tr[Sk(0)] = Spaa(0) o

HHRL Feynman BN 7.2(a) Fim. 73" S SHEHBRTHEAF o(x) 1 ¢ (x) BAH
AR ZEAERR 2, [T Feynman 8 FM o AWTRRH%R, EREREIZ] « LTS, FER—1
BIARTE, XS EEEIIH Feynman EBIFRAYEE (loop diagram) . MR, SEIEEZHE
Feynman EFFIME (tree diagram), Hl40, 7.1 H 8 i Feynman EIHSZMH &,

MR RIS A PAE R, R B N — M U4EsE pr (R [dip/(2m)* 5 IXA p* 1Y
{EAREE ARSI P 4Esh B e, A2 — D AR PU4ES) &, FROVEIEIE (loop momentum)
R I IE TR PR B AL, A, — D3 ARSK 7B oiil — N f 5, T EFRZEXN
Dirac #Ff (BUHFRM) Rit, XM NEELSIE, FOLEEZLH,

fER—REN, BEVSZESS, i) =(0), REESE 1 MrERET, (f|= (|, H
RH T FEFETTH

<mnﬁm>:—m/&xmwwwﬁ@%@mmz—m/&x&w“uﬁumhuﬂm

e

=—m/&x&mw@mxm@@ﬂmwzﬂg/&xéwﬁwwam%unm

= +i/<;/d4:1: TSk a(T — 1) = +i/<;/d4:,£ ™ £r[Sp(0)]

dip itr(p+my)
(2m)* p? — m3, + e

= 4k (2m) 40 (k) /

— —in [ dt (NS0 10). (7.41)

7.2(b) BHMNA Feynman &, BE 7.2(a) Ml 7.2(b) XFEREE—KIMEMN Feynman EFRH
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ELE (tadpole diagram) o

7.1 K 7.2 FHEIZEHY 10 A Feynman EXRT 10 30 ) F PRI, B2, HAKZ
BOod AR E 35 FIFATOIF, ROVRIESHIAGS A RERIIN i 2 sE &M & ~FlEE, atddd, £~
REMMBZE B F 451, 3 my > 2my I, A 2 DIBEZHBIIMY, B2 n el TZ4: Feynman
7.1(b) MNT— ¢ KFREM—MNIER ¢ RFHIIE ¢ — ¢, Feynman & 7.1(f) XM
T—HIER ¢ KFRE (fusion) B—1 ¢ K FHIEHRE vy — ¢,

g, TR ¢ - v IBENMARZRER, RIE (6.275) 1, & (7.32) NP 6 KL
KF (2m)46W(k —p — q) P, BISE] ¢ — ¢y TR NEIRIE

iM = ina(p, \u(q, \). (7.42)

IX02 AT RITRER 1 BTRISER, ER B NI ERRIRRT, BIRSKE (leading order) o
Yukawa #EHE £ LBV, GUEKBTRITTRNZ R T E @B EY ok, xF EXIRERE GFRT
JERIHE), 15

(iM)* = [iwul (p, N7 u(q, X)]T = =ik’ (a, M)y u(p, A) = —iwo(g, X )u(p, A). (7.43)
HEm, AERIERETT 2

IM? = k*a(p, Nv(q, N)o(q, N)u(p, A) = £°ta(p, A)va(a, X)y(q, N)uy(p, A)
= K2 up(p, N (P, M) va(q, N)Tp(q, N) = &2 trfu(p, N)a(p, Nv(q, N)o(q, )] (7.44)

EFE DGR, IREZBFITRE u(p, \) SHIKE v(q, N) HIFEE— DL, BHRMTR
&= 0(q, \) FHIRE u(p, \) HEERIEL, F DR ITRENIIRKEN RIS S HE,
Al AR B XN EATT 7 & TRAN, SRFIFERRZ o F1 b 36 =20 R A1 uy(p, \) BahEIAE
1, I, up(p, Nia(p, \) R va(q, N vy(q, N) BT A BIEVERERE w(p, N a(p, A) 1 v(q, N)o(q, \)
1) ba 57 EM ab 778, FI, X o KHFRRWDIEREER, X o SKAFRRIEFERRIE,

TEHE ¢ NN, MY EAERRERRE, BRTEZFA AT RENEIEBUEZ S, &
B N E AT REMIRIERS, [Alk, TRl A AR AR I8 e B SR A Y IER U R TR IR 75

MP = 3" IMP =22 tefulp, Na(p, Ao(a, X)o(q, X))

AN

= 1° ) tel(p +my)o(a N)o(a, X)) = & tr[(p+ my) (f — my)]. (7.45)

FH=. S HBIEFERKR (5.214) o XMHEIRRAIRIER T PRI R T B KIBIZHE R
JIERMCN Casimir $215 (Casimir’s trick)o
MAE, BANFERX Dirac FEFENHIEMIKIE, X T Dirac FEHFERE, H

tr(y") = tr(7"9°%) = —tr(y°9"7") = — tr(y°y°") = — tr(y"). (7.46)
H—HHE (5.37) X, HEHHE (5.40) 3K, 5= HEIFERE BB

tr(AB) = tr(BA), (7.47)
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F[UPEH—IR (5.37) o AT,

[ tr(y*) = 0, ] (7.48)

tr(p) = tr(puy") = putr(y") = 0. (7.49)
HRHE (5.2) I, P Dirac FEFFSRRANAYLH 2

tr(y#4") = tr(2¢g" — 4"4*) = 2" tr(1) — tr(y"~4*) = 8¢" — tr(y#4"), (7.50)
M
tr(y*7") = 49", (7.51)
T2EE
tr(pd) = pudy tr(7"7") = 4pua.g"” = 4p - q. (7.52)

FIAIXEERT, ALk (7.45) N
W = K2 tr(pg — My + Mg — mi) = fi2[tr(pg) — mi tr(1)] = 4k*(p - q — mi) (7.53)

WRAE TR & = m¢ p’=q = m?/j MEESNESFIERXR b =pt +¢*, B

mi,=k=@p+q°=p"+¢ +2p-q=2(m} +p-q), (7.54)
¢
2 1 2 4 2
p.q:%—mi, p.q_mizﬁ(mﬁ,—zlmfp):%(pZg). (7.55)
v 5 ¢ BARRNIERN T, RENFFERF S =1, H (6.386) 1FEF| ¢ — ¢y TRERTL
B AR B
4mw 2
L(¢ — o) = 167rm¢ e 47Tm¢ (p - q —my)
4m¢
: &T( m;) -
W my =2my, W (6 —Y) =0, ¢— P BBTERGERE,
7.1.2 k% Bl Feynman
12 1T A 2 Br, B <2 B, o (7.5) X5
(—i/@)Q B ) 14
T = / d'ad'y T[p(x)(x)(x)d(y)d(y)oly)] = D iT}”, (757)
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HRIE Wick EH, A 14 MEERNITS . B, H 1 IS4,

—~

—ir)?

(2)
i7" = o1

d*z d*y N[p(2)y () (2)d(y) v (y) e (y))- (7.58)

—

HiX, A 5 MEE 1 R4,

1 = S [t aty N i), (759
1 = S [t aty Nip) s @o) i), (7.60)
0 = C30 [ atdty N @0 b)), (7.61)
0 = S [ataty Nip) b @ow i), (762
1 = S [t aty Nip) i @ow) i) (7.63
MR, A 6 MEE 2 AT,
1 = O [ty NS00 )00 (760
1 = S [t aty N0 i), (7.65)
1 = S [t aty Nip o i), (7.60)
1) = S [t aty ND@H @ i), (7.67
0l = S [ataty Nip s @o) i) (768
1 = C3F [ atdty N @) b)), (7.69)
fe, A 2 WEE 3 KA,
1) = S [ e N )00 (7.70)
1 = S5 [t aty Nip i @ow i) @7

FEHE LM AL,
(1) M5, B8 0 — o) BEHDRE, WBILN 1) = |pf, s py, o), KEIEH (] =
(ah N @ Mo BRI (7.50) 3%, IT2) MGGy T KM TE

(af , Mis dz N TS |pF, A by o)
(—ir)?

= 5 /d4~”‘fd4y (at Nss a7, | NI () (0) () ()b () (9)] [pF Ass P+ Ao)
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107)\2 'l/)v)‘IZ 1/}7)\2 Q q}r r&?>‘l2
\p2 QQ/ \\f/
k I
up=E- Lo - ai
s « //y\\
b1 q1
1/}7)‘1 w’)‘/l wa)‘l 7/17)\/1

7.3: 1T BTHREY @b — @b BEHIRE Feynman B, SSHADAFE, HMNFS N7, KETT
EISVACIEES

= S [atedy (ot 0 a5 M N0 @I @o@a i 6 )
— ) ) (0)d(@) () dH ()60 () + 0O (@)0) () d)b () B (2)6D ()
+ 2 ()00 (@) d(@)d ) B @)D @)] [ s Py, M)

::—&mV/d%&ymnlﬂhAWNw> ()04 (@) d)b ()P ()P )
— O @) W)@ e @) ()] [pF Mi iy Ae)
= —(—i/{)z/d4md4y
{ (ar N X NI ) (@)D )0 )] [ Ao B3 )

(@ M 8 X N )0 ) 0) ()i )] [B5 s B3 o) }
= 1 ————
— (i [t d4y{<c§r,A;; 5 X VIO @) ()0 )] [0 Ao B3 )
- NN |
(5 X0 4 A N o)) [pE A i A2) |- (7.72)

BRI S RRIE AR, 155 4 MEBTL, HE (6.211) R, 6y)d(r) = ¢(@)y)
AIDAE S, W 2 BESHI 23R o 1y (BEIRERS S 1 TR, T DU R — 5, &
T b4 2 AT, CRIGES BT 1/2) TN, 20, 5 3 5% 4 T Baxmss
e o F oy HOXIFRME, EH =5, FRMTREES | ORI 3 0, WMERmN 1/20 W, HiE
B — AN B, X MU A

(7.4) FEm| 7™ FH) 1/n! FF 2RSS LR SR TR E S|
E2H n! [AlFHEH,

BIE IR SHARSHEHIEN, L SHMIEE NG5, Badigsh i, Bh
SR EFPRE (7.59) PR, AHEEIEININS, RIE 7TATE T REMETTRIGEFH L,
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FARZEY Feynman FEHNE 7.3 §ik, A& 2 MTE, SFEA 2 AU, 4 KIMERT 1 4
A%k, AR, AR ERERIG M R 2 AN REIRIGIIEN, Pig 2 R 55 4 7,
HR4E (6.316) LFELEOHBERS, SRR FAIRIBIORT M, JRERIARTR TS 2 g
THIAE, Fi, # T ER o e E e,

1 (7.72) BB B OSSR

(af, N5 gy, N[ TSY [P, Ads by s M)

= —(—i/«;)Q/d4a:d4y
o i d4k' ie—ik:-(:c—y)
8 [“a(qz,k’z)eq Ua(qr, Ap)e™ /(27r)4 k2 —m3 + ie

4 s —ik(x—
1920, (qp, Ny )el ™Y / d' e y). Vo (P2, Aa2)e P2 “uy(py, Al)e‘ipl'y]
(2m)* k2 —m3 + ie

Uy(P2, Aa)e ™ P> Yy (py, Ay )e PV

- Ua<q27 )‘,2)8

1

) d*k 1 , , B
= —(—15)2/ 2 [U(Qh Ap)v(gz; As) R ml 1 (P2, A2)u(p1, A1)
x (2m)'8Y (k — g1 — ¢2)(27) "8 (p1 + p2 — k)
_ / 1 — /
— 0(p2; A2)v(az, As) m u(qr, Ap)u(pr, A1)
x (21) 26D (k 4 py — q2) (21) 20D (p1 — 1 — l{;)}
= —(=in)* [alar, X )o(a, \3)

i
(P1 + p2)? — mg + i€

— 0(p2, A2)v(a2, A)

0(p2, A2)u(p1, A1)

1

(pr — @1)? —mj + e Xy )u(pr, /\1)}
x(27) 6™ (p1 + p2 — @1 — 2. (7.73)
FX o ® oy A, BHESTHE-TEEA 2 D4R 6 KB, BEMN2RIRE 2

TRACHRESN B FIHR R, F—TRERRN k* = ¢ +¢& 1k = pf +py, FEIHIKEN
k= qf —ph Mk =pl —qf' o AT,

[ %ﬁ—mﬁﬁﬁ%W%&%@%ﬂ%ﬂﬁﬁ%ﬁﬁ?ﬁiﬁo]

BN kR, THE 1 ANEYE o RE, R 1 ADNEYE 0 BRE W (p1 4+ pe — i — o) RERW)
RS 4 DR R IIRESI RS EER, XFE (6.275) RAYE, AHMAAZHRIE N

i
(p1 +p2)? —mj + e

IM = —(=ir)? |a(qs, N))v(qa, \)) (P2, A2)u(p1, A1)

1

— (P2, A2)v(qz, Ay) ( a(qr, \Du(pr, M) |- (7.74)

p1— @) —mj +ie

RNFRIRAAE GRSy, NESEBIIMGIREEME, XA B HIRHLE,
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(2) iTy” WATABEIRE vy — ¢y BEHERE, IEHAEN [) = |pf s pi ), RN
(fl ={af Xis a3, N[, HE(7.59) 245 T FEFETTH

(af, Xy a3, X178 [P, A by, Ae)
(—ir)*

Y /d433d4y (at \os @, N NIB() () () ()b () ()] [pT, Ao B )

—ik)? , Uit N (=
_ ! >/d4:rd4y (ar N s N NI ()30 (9)

21
x3(@)p (W) v (@)l )] [T M pEL M) (7.75)

EREE—ATHI TR EREARE R BTN 2RISR FRISHITER, RUTHRENFR 75
R (5.294) BIERE, 2O AEKERINRNZXER, [BEHEREZERN

@) ) [T A P )

A3k, &3k T Cikpy AT
= / - - Zua(klaal)e a zub(k2702)e 2y 4EP1EP2 akhdlakz,ﬂza;r)l,)\la;r)g,)\g ’0>

(27’[‘)6\ / 4Ek1 Ek2 o109

_ / By Bky [ Ep, By,
(27'[')6 Ek1 Ek2

e—i(k1~x+k2'y) Z ua(kl, 0‘1)Ub<k27 02)

0102

xakLUl [(27()360'2A16(3) (k2 - pl) - G/I’h)\l ak2702]aL2,A2 ‘O>

dskldgkz E E ik -z )
= [Tt B e o 7

X (27T)6[602)\16(3) (k2 - pl)édl)\zé(g)) (kl - p2) - (501)\15(3) (kl - p1)5¢72)\25(3) <k2 - pQ)] ‘O>

= [Uua(Pa, A2)up(p1, >\1)e_i(p2'$+p1'y) — Ua(P1, A1) up(P2, )\Q)G_i(pl'ﬁmy)] 0)

[ \ [ \
= N[Y,()¢,(y)] [P, A1 PF, A2) — N[thy ()b, ()] |PT, A; P3 s Aa)

N ()] [T M B Aa) + NG (@) a(m)] [BF2 s B3 Aa) (7.76)

AU, IXAPERD N T EAT S OISHI AT RTREAE I, BIRCE =, =P a8 ZIiATH K iS4
W7 R TR TR RS ARk SN N REAHRE R RIIR P Z G, XS A HIE
g — 2, HNFORGEHF ISR,

(7.75) IVEIECES —ATHEL T A RER e B BATN 2 RIBOR FARSHIEM, 1ERZRN

(af, N; af, A 00 ()88 ()

A3k A3k, Z " .
— / Uq(ky,01)€ 1.;r:ﬂb(k2,Uz)elkg.y1 /A, Eq, (0| Ay N Oy N alt . alt ,
(271')6‘ /4Ek1Ek2 o109 1 A2 k1,01 ko,02

ollkr-z+ka-y) Z Uq(ky, 01)Up(ko, 02)

o102

_ / Bky Bky | Ey By,
(27T)6 Ekl Ek2

X (0] agy v [(27)% 00, 0P (@ — k1) — af,  agu ),
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&k, d*k E, 1E > (k- ) _ B
- [ ey Zm D SUN AL e
kl kQ

0102

x (0] (27T)6[5,\ 0% (qz — k1)dy, 0@ (q — ko) — Oy 015 Nqy — k1)dy, 10,0 (g2 — ko))

= (0] [t (a2, Ay) s (an, X) @ ay) — g (qu, Ny (g, Ag)e!( @ )]
| / / / /
<q1>)‘17q2>)\ |N¢a <q )‘17 q27)‘ ‘wa wa( )]
| / / / /
<q1 7>\17 q2 ’ )\ | N ¢a wb + <q )‘1a q2 7)‘ } N wa 'lvbb( )} (777)

AU, XA E R B 5 AT 5 ARSI PR AT BEAE I
T2, (7.75) Rfh

(af, N5 ag, A 787 [P, A P, Ae)
)2
— _( IKJ) /d4xd4y

2!
[ — T — [ ] ‘
><{<q1+,X1, Q3 , Ao N[ta (2)0s (1) ()0 (1)U, ()0, ()] | T, A1s PF, Ao)
— |5 — [ ﬁ ‘
- <q )‘/17 q2 ) )‘ | N wb w (SL’)(ZS( )¢(y)1/fa(l' ‘p;r7)‘1; p2+7 )\2>

% T — [ ﬁ ‘
- <q1 7)‘/17 q2 ) %y | N % ¢ (y)¢( )¢(y)¢b<y }p )\17 p )‘2>

| % ‘ . ﬁ |
(0 AL 0 N 9000 ) B s ) )

= —(—im)Q/d4xd4y
{ (a4 N ) 0)02)
L — \ }

[ % [
—(af, X5 af, Xy N[y (9) e ()9 (2) ¢ (1) g (€)1, ()] [PT, Ass 3, A2)
= (—i/i)Q/d4:cd4y
| n ] t——— |
{ (a0 X N0 )0 D)) B s B Aa)

[ — —— I
N T [— }

+(at X af X NS @)s oo b M ps ) . (179

B SHH 4 T, MY TRSHARSSEER 2 Mg, 351 5% 4 01, 5 2 5% 3
Wi B B S 22 A0 bR o M1y BORARYE, oidifiESE, R, RS8P R ES 1 TRIES 2
T, FFHERATHEE 1/2! WF. SB=2RHEAR (7.59) XPRRRT, SEEREEMITS,
& T FEMETTRIgE A, ARIEIX DRI, el DERS B8 = PRIER, a4t
LIRS, RIS PRIMIHE - MUS, B8 MR,

XA Yy — Py BETEARRY Feynman EANE 7.4 fioR, BEE 2 MTE, 5 2 MFREATLL
AT 1 DRI TOR T AN (RIS S AR S I 7770 K
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1/),/\2 wa)‘/Z 'QZJ;)\Q ¢7X2

1/)7)‘1 ?ﬁ,)\ll ¢7)\1 w:All
7.4: 1T TREREY Wb — o BRHEFE Feynman B, GEWANFE, HMHEFE R,

¥ A2 P, A2 U, N

,QZJ’ >‘1 1/% >\/1
7.5: 5B 7.4 HHEPEFNHI Feynman &,

(I, AR, IR SR M 2 2 ARSI AN, P AL MRE,
PR T A S 2R PR T RAH AR
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