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/tl <0q " 9q %

_ (e oy,
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(
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t1 &p/amu)

Op

O

(2.12)

(2.13)

(2.14)

(2.15)



¥-F HWMENEFL

= /“/f[w &m7£%EﬂW+/“/fa%(m
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IHF MR FImER:
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<p on
OH _ o oL _
Dp T Bx; \ 0(8p/0x;)

OH oL
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. oM, D oM
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§2.3.2 IFRIIEMETFL

Hrp Av; AFRT
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ENAAKR: i, IENIZhE:
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oL _ Aw;
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(@), 0] = g (2.24)

W ERELST, WRBEARX 5K E:
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b B A F) SRR,
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B 0T AR AT
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o
0 (0udi)
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0" ¢i — gL

cos 0 0 sinf

_ 0 10 0

G = 0 01 0
—sinf 0 0 cosf

;H;EP qu, = (CC,ZCt) = (.r,y,z,ict)
1

cosf = ,sinf =iyv/c, Hfpy=———
,/1—1)2/02
Lorentz A8 ¥ 5% R:

x' = (:z:—vt)/\/l—zﬂ/c2

y =y, 2=z

t':(t—z):z:/c)/\/l—zﬂ/c2

YIEE o (2) = ¢ () # oy (2), B @y (1) = ¢ (0) = Aysips (2) , REHRB:  Ays = aqs .

PR 1, - o) = 2, + Az,

) Az,

9L 9 (9py) A,
0p 0z, " 0(0p,/0x,) Oz, \ Oz, v

oL 0

Ap, — — =
T 9 (0p,/0x,) 0,

(

¢, (@) = 9y (@) = ¢, (¢ = A2) — o, (2) = ~Bp, /0w, A,

Opy
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) Az,

AXERE . B3RS REENFANSER (BUER) P RAMFREZIRL,

AR e

I
Ty = T, = Quuly
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Ay (r) = A, (2') = Ay (1)

b

T L3758
Fo= 04y (z) 04, (z)
py = Oz, oz,
— B i
0
a—mqu, =0
SR A
0 .
aTFuV =Jv (JZ‘)
n
i =
o 0A! (z') _ 8AL (2')

W g, !,
WHFRRS: 70— o, = awr, , WA
p(z) = ¢ (') = ¢ (z)
T HHE, WA

2
(L2 -m)ow=n LL-w-Z

Oz, Oz,

NFR—NEHR:

0 0 o\ ) —
<8xh6xi¢ m><p(m) =0

5
£(o@ge@) = £(¢ @) 00 @)

m
AR

AR R: @y = @), =, + Az, N
oy (x) = ¢ (2') = o, (z) ¢ (¢) = ¢ (z — Azy)

Lorentz #%3):  x, — =), = az, , WFRE:
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/V-j(:c)d3:c =0

VIR RIEN 5
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* Ju (z) — Tyvop (z), pIES
0
8—%T“Wp () =0
Ay DL HY

Q= /d3x Tavop ()
ASFIEE,
2SR

0
oz,

HAfe s R KEN:

Ty = Loy —

T,, =0

XSRS Y P = —i [ Tuda

T44 =L - 7T»Y(,b»y =-H
Ay W R R
Tjs = —imy (Vjipy) = iP;

P2 —7y (V) ABIERE,

adBTHE, o BRETEN, WEXHRER

[0y (z,t) 75 (2',1)] = 04567 (x — ')

BAZ BT
Py =1 (H, QD’Y]
iy =i [H, ]
MTTHE H 32 Bl 5 R
A =i[H,A]
VA=—i[P,A]

CIE-F

0 .
a—muA = —1 [PUJA]

Opy 0L
Oy, 0 (Dpy [0w)

P=(P,iH)

10

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)



¥-F HWMENEFL

(‘23\5:}%':\‘ Ly = (a:viCt): c

il -

[P, o (7)]

=1,h=1)

— / &z’ [, (3") Vg, (3'), 0 (7)]

= - / de! [m, (2') , o (2)] V', ()

- i/d%@wux—xvvuAf)

= iV, (z)

[P, Pu] = —ﬁ/ﬁxuafmgwp:/dwgﬂﬁglzo

&ri

P, (@)] = - / da'n, (o) V' [ (o), 7o ()]

= —i / de'n, (2')8,,V'6 (x — x')

= iV, (x)

§2.4.1 Lorentz TiRFNANETIEE

Lorentz 484t x, — ¥, = qu, , @ (x) = ¢ (2) = Aysps (), FB—DTC5 /M) Lorentz A8 #t,

Ay = 6uu + Euv

1 Lorentz P38 AT LLJIE:

11

(2.52)

— el !
TypTy = T,T, ,

Quw WERR:

ey = Ouw

COVIICONV RS 5;”/

UE B

Tuly = T,E, = ApATAGLATA

4 4 4
= E QAT ) * E Ayg Ty
A=1 o=1

v=1 =

4 4

D H

A=1v=1

4
= 2.
A=1

2
VA

4

xi + 2 Z E A\ Apg AT

A<ov=1

F)?u AurAQye = Oxg szo
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unuy = (Opx +epn) (O + )

O +éexv +eur +0 (62)
= 6}\1, = Exv = —Eux

EI] Euv = —Eup }ixﬂ‘%o
JETT

Ays =045 + %suysﬂys,w
FH ML R 37 R A8 48 A«
1) = 0 ()= 0 () + e Sas (2)
S S S A2 6 Lorents 2 F RIS
SC = L[pL(),00, ()/00,] ~ Llpy (), 0, (2)/02,]
= L[¢, (2"),0¢) (a")[0x,] - L [¢, (z),0¢) () /0x,]

+L[# (), 00!, (2)/0u] — Loy (), 00y (z) /0]

L O, 0L, 0L 0p
= 90, Y 85, T 900,100 Oy
73— 77 H:
dpy = ‘Piy (z) =y (z) = <pr ((w - 533)’) — ¢y (7)
1
= Py (Z’ — 51’) + 56;“/5757;“/808 (27 - 61’) — Py (Z’)
Dy 1
= ——€&uT, + =€ I/S s,urPs (m)
B, " 9 CurRys.n
0
6 (0 /Oxy) = 87690”Y
o

VN &S 04N G P W
oL oL

4] = 7 Swlv — 7
L 6:@6” T 0,

9 (o
0 (0p~ [0z,) Oz, \ Ox,

FUF Buler-Lagrange 7772, AT LI{35:
o} oL 0o~

1
= ey |LOpptty — e, =
oL e, { Ows = (@ 0z, By o 2

Ay 1
WZEHV@“V - Eé'pusws,uu@s (:L“)]

1
E,ullmll - §EMVSWS7MV¢S (27))

oL
e a9 )

0 1 oL
v VT aa/a. /9. \ S,LVY¥'S
o3y [T 3 5y e )

Ewwm—Mpuv,p =0
“ax,, pv,p

Euv = —Euu

12

(2.53)
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e H <P HE
0
6—:1;[)7’)’],””’!) = 0 (254:)
oL
Muvyp = Tyl — 2,1y + WSW&W‘PS (2.55)

XMEISFIERA: [ Pomua, A mp, BIESOERAT LR 1 myw,, BIXAITEAE, EHERDM
S

WS v B4, ) DXk R 2 ) sty <y fE B A JE X

My, = i/d3xmu,,74

= —i/d3m (2, Ty — 2, Tpa) — im0y Sys, v Ps)
w,v B (i,7) , WISAZHEA

Hrp Mo RES M PUE AR

/(—i:chM + iz Tja) &’z = /(:chk —x1Pj) d*x (2.57)
EM AR AR AR AE, S RSN SIT KABIERA R,
i

1. *’f\‘ﬁiﬁ S’ys7;u/ =0 5 ( (PIY (ml) = Py (CE) EI] Eﬁﬁﬂjig)
2. REY:  Syeuw = 0uy0us — Opsuy ,  ( AL (2') = aysAs () )
3. ﬁfﬁ%iﬁ S’ys,,ul/ = % (7#711 - ’YV’VN)»YS = i/lo'l“’

ABIE
M]' = —i/ﬂmjkcpd3a:: —Z'/TFT (mjk)rs (psd3$ (258)

He m A nxn BHEEE, o, 4 n FIFERE. 70 MPAHS

Mjr = Ljk + Sjk (2.59)
Hrp
e = () () oo
(Sjk),s = —1Srsjk (2.61)
Xt 5 R AR
[My, My] =iMs, [Ma,Ms] =iM;, [Ms,M]=iM> (2.62)

Ho My = Maz, My = My, M3 = M,
X BT By R R AT LA FEANT 5 R R

[1y (&,8) s (&, 8)] = —ids8° (x — ')

TERARR Y, 5 A I 7 2 T R e 22 T 0 5



¥-F HWMENEFL
E‘\

S 45 1. PR = 2. RERSIETE (NE0SH) 3. SRR EE=4. &

BE (AR FEYE)

§2.4.2 fHEFEE (EEW) Tik5 ‘R FiE
0 SR PR AR IR AR R AR
pr (2) = pr —idsps (2) (9 (2) = 67 o (2))

e 5o R (RGN, dEEEl), MANKEAE, NF

dpr = —iedrsps = ¢ — ¢
A
o oL 0L 0

9, " ¥ 0 (0pe/00s) O,

_ o0 (oL —0
= 02, \0 (09, [0z, ) T

AT — > ST B

0
a—mu(]u (il?, )\) = 0
. oL
o= GG e
Jo = 7w (T) Arsips ()

FHERN U
Q)= —i/d3m Jy (x) = —i/d3a:7rr (@) Arsips (2)
1. “EEﬁ” %2‘[‘5 ( U(l) ﬁjﬁ%Z:&, mfﬂl}%ﬁﬁ Ars = 57‘3 )1
Q(t) = —i/d%mcpr

TP RETKE, Q B
2. FfLfigsrE ( SU (2) £ERn)

rs=1,2---,n, \Tb»?= (t“:1’273)rs Jtas t5] = teijute
ISIVAINASRER €
T-= —i/wtnpd%: = —i/m (t),, psd’x
3. SU(n)
Aes = (A),,, a=1,2,- n? —1, A%, AP] =i fobene

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)



£=ZE HEBHETH

§3.1 SLEREIZMETL

PR

fE Lorentz #3) F AWz, — T, = Quty, ¢ () = ¢ (2)

X bR & S F B AR & 4
(1) 7E Lorentz 484N &4 X,
(2) ZERNFRIAE =S 18] BT B MEBUAN ).
r—x =-x

éﬁ&ﬁ:{ , , FERFAHT,
t—=t =t

1. & ( scalar ) ¢ (x,t) = ¢ (z',t') = p(x,t)
2. JEtraE ( pseudo scalar ) ¢ (x,t) = ¢ (2',t') = —¢ (x,1)

fln © 7 R—NERREN T,

HHfin gy (BRI E) ¥ 2 Klein-Gordon J7 72,

(O-m?) ¢ (z) =0,

Hrp
2 _ 0 8
H=V 82~ Ox, Ox,
TS A5 AR X L R 7 B

_ 1 (090 (0p) 1 5o
L= 2<8mu> <8mu> 2" ¥
ENshE: r=5=¢

1E & 71k

{[N%ﬂw@%HZMWﬂm@%HZO

[ (2,t) ¢ (2, 1)] = —id® (x — a')
Al R M T R A

H = [ &)

H = 7p—L=1/2 (71'2 + (Vo)* +m2<p2)

SR EAT:

P = —/WV(,OCPiL’

e IR
T = 0u) 00p) — 5 [(@up)? + %] 8
fash i
Myv,p = quLp—-quLp+-525é%§55555%auu¢s

15

e(z),

(3.1)

(3.2)

(3.3)



F-F REIWETR

= xyTy —zuTyy
KA 75 Lorentz 35T, #HM )37 28 # 4

1
or(x) = @h(z") = or(x) + §€HVSTS,W<PS($)

Tt &g o(z) = ¢'(2') = p(x) , FrELARE  Srsyw =0 (ARRAE)
iz Bl 7 AR W] A2

_ 1 3 1 a eikz a* efikz
go(a:)——(wm/ Pk () ()

Hpkz=k z+kizy=k-z—wt
AR ¢ (z) = ¢ (7)

mTF i iphn s, RURERRS: o (@) =9 (@), o o, BRETEA:

1 1
px) = (2 )3/2 dkm

1 (3.12) - w % (3.13) - i AT LIAE]

[a (k) eikz + OéT (k) dfikz]

we(z) +in(x) = on 3/2\/%/dka cike

: 1 etk
we(z) —in(x) = (27T)3/2\/%/dka k

FIH 0 BREE) E X
— 1 ik-
6(k) = W/fxei z
7 (3.14) SUOPTHIRLL e *0 Jpnf @ B4y, MIAT LIS

/dme*ikzwg@(x) +ir(z) = #\/Zw/dm/dk'a(k')eiklze*i“
(2m)3/2

1 —i(k—k" )z
(27r)3/2v2w/dka /:cde ( )

(27)*/ % 2wa(k)

AT BT LA

alk) = W / dwe ™ (wip(a) + in(x))
o) = s [ e wel) ~ in(e)
AH L XT 5 R R A

[a(k),a(k')] = 0, [aT(k),aT(k')]ZO,
[a(k),a’ (k)] = &*(k—-K)

WE: T ESue WAk

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Pu= [ @ 3h o (k)alk) +atk)al (k)] (3.18)
BMABE I

P, = Al}gg%%ku [ Arpal (k)v/Arpa(k) + V/Arpa(k) ATkaT(k)]

= Jlim Xk: %ku ook + agal,] (3.19)

Heb: ap, = /Arga(k),af = /Argal(k).

MR FR K

i \/% = 6*(k — k) (3.20)
A LLHE H 0 5 5k &

g o] = [af ol | =0, [ag.al,| = o (3.21)
Jit L e 44 V0 4 5 1) R TE R

PH:Z%[kak+aka | = Zk [ ak+%} (3.22)

k

iR T HIEARE,

W TR A -

H= Zwk < 1Ok + ) Zwk <Nk ) (3.23)

HFE: wp=V k? + m?
WFHER: N = a}cak,

WA Ny |nge) = ngg |nge) . Ngog [ng) = (g = 1) age [ng)

w5, BAAT:

ag : HKESF (HR—A 41BN ky = (k, iw) FIPRERT)
ol PSR (A AMRRELT)

Np = oy, - BTHSIH

0y : NEERERTHISEEEE, qf0)=0

|nk> . BT HON N 13,

Al ol

1 n
nk>=m(a2) *10)
6. HTFERTHE, WA

S A e SV C A

BF AR HREA:  [a,0f] =1
L. IRABEE S (SRS FRIE)

|k17"'7ki7"'7kj7"'>:|k17"'7kj7"'7ki7"'>

Nyal [ng) = (ng +1) af, Ing)

(3.24)

(3.25)

(3.26)
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2. [A—R TR LA REE R T

§3.1.1 X HZRAMBXNEFREER (LHFEF)
B AT KBTI 5 R R W 133 E T Xt 5 R R

! d3k dBkJ ikx—ik'z’ —ikx+ik'z’
b@ @] = o //\/W k). ()] €% g [af (k) o (k)] e ot )
1 1 ik(z—a' —ik(z—2’ . '
= @n? /d3k% (e k(a=a) _ g=ik( )) =iA(z—2a") (3.27)
R
/d3 /d4k5 (K* +m?) 0 (ko) (3.28)
Hr
5 (K*+m?) = (k> —kj+m?) = i [6 (ko — w) + 6 (ko + w)] (3.29)
_ 1, k>0 . a0 . 1, k>0

0 (ko) = { 0, ko <0 € (ko) =6 (ko) — 6 ( ko)—{ 1k <0 (3.30)
0(x) AFF= ek, Frid
Az —a') = —z’/ (;l:;a (k2 + m?) & (ko) e (=) (3.31)

e (ko) A& Lorentz FAS[y (KA AIRG «f > 2? ), BNRAXERTHPRAE,
KifEpE: o =2 -1 <0, KA =2 —1t*>0, WTRZMEME « o' FHEARENE
HEAHERXR, ( Principle of Micro-causality )

Al LAE B
At =A(-a 1) Aw)= A (-2, 1) {A() = ~A ()} (332
aA&Ew) - 50 (), 8(;A (@] =0, aiﬁ @n] =0 (=129 (3.33)
(D—m2)A(m) =0, [‘P(fﬂ)ﬂﬂ(l")] NA(m_ml)a A(z,0)=0 (3.34)

§3.2 SREHNETL
SRR U (RPN SRRS o1 (2), 02 (o) LA

{ﬂi%ymwt@ﬂm (3.39)
o = Zx i () ~ i )
RIS /OB RS, 2 F DR 749 Klein-Gordon 77, 0 F KB ¢

(O-m?) gi(x) =0 i=1,2 (3:36)
R,

L= —3 @upi) (Gupi) = 301 230
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XM EISAR R EENA: ™=, MM SRRN:

e A 539
WG S A

H= /d%% /d3 [ 77 4+ (Vi) (Vi) + m2pip; (3.39)
BFENAE:

/d3k w(k) [a;f(k:)ai(k) + %] - H

FIARL T HE

Ni(k) = af (k)i (k) (3.40)
XF 5 R R

[a} (), aj(k')] =6,;0° (k— k'), [0i(k), 0 (k)] = [a}(k) ,a;(k')] —0 (3.41)
X T2 RIGNAE:

@) =l +ipn), ol @)= (o1 —ip) (3.42)

EZRAH: @) > Do), ¢ (@) = e ™ ol (2), WREAARGTXFARBRAERAERNE, WAHFE

=N
=20

Q= —i/d3x7rr)\rs<ps = —i/d3:r;)\ [rp — "] (3.43)
B i ~piE.

fif: WA (i), BT, TR (FTFHImRT ), RERDER HETHE R
1 1

L = 3 (Oupi) (Oupi) — §m2¢i¢i
= = (8up") Oup) —m*¢*p (3.44)
AT 75 2]
w—aﬁ—«b* . (1 —i2)
- 8_ - = 1~ 2
i V2 (3.45)
SR
9ot Y= /2 1 +ip2
W R
H = /d%‘% [mimi + (Vi) (Vi) + mP i)
= /d3x [7*7 + (Ve*) (V) + mPp* ] (3.46)
® 5!

[(p (k,t),p (k:',t)] = [(p (k,t),f (k:',t)] = [ﬂ' (k,t),m (k:',t)] = [ﬂ' (k,t), (k',t)] =0
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[7(k,t), ¢ (K',t)] = [r! (k,t), =" (K',t)] = —id® (k' — @) (3.47)
Bl & 23|
T = 1 lkx t —ikx
o) = oo [P +b (l)e ]
tlp) — 1 o—ike ik
A = —o [ + b(k)e] (3.48)
AT H X 5 5K R
[a(k),al(K")] = [b(k),b! (k)] = &* (k — 2') (3.49)

[a(k),b (k)] = [a' (k), b"(K")] = [a(k), a(k")] = [a(k),b (K')] = [al, o] = [b7, bT] =0
Y 24 5 B A

P, = /d%ku [af (k)a(k)+ b (k)b(k) + 1] = /d3kku [az(k)ai(k) + %} (3.50)
SPIE Jut Oujn=0

Xt I ) <71 A

Q= i/d3a: [pto— ppt] = /d3k [af (k)a(k)— bl (k)b(k)] = /d3k [N,-g— N,;] (3.51)

H a,a" G 5IRKIERF IO IR EERF, 0,00 3B F I KA~ EEARF, X T
Klein-Gordon JFFEAFAERI LRI M8, Klein-Gordon 75 Rl i) — A 1E FORE T4 A 5 b
“H” KIARE L,



FNE XEFMB#FHETIL

§4.1 BEAXEIFMENETH

FE AR R (m £0):  Massive vector field

MIEYs: Wi A, WE 20, BEREEY B RBERA R E. ARK Lorentz & Ay: A, («)) =
auAy(z)

FHAEEBEBRAY 1 KR, BEH A £oR.

Quark, Lepton ~ Fermion 17
Gu, WiE AL Z° Hi
o) Higgs 1%

YRR
OpFuy = m*A, (4.1)
Hr
F, = 0,A,—-0A,
XO0F EE A H B FL 3
0,F,, =0, F, =0,4, —0,4, (4.2)
W37 75 REJETT WL AT LAAS 21
OA, — 0, (8,4,) = m2A,

Heh O=0,0, =V? - 00, .
Xt BB L R, WA LG 2]

00,4, — 0,0, (0,4,) = m20,4,

Eﬂﬂ:m#O, F)?u aI/AI/:Oo
Frll 0,4, =0 RIGHGEE—HB5r, MHaT LA B B HEAH 31,

Wt 75 RE AT LS4 O
(O-m?)4,=0
{ BuA. 0 (4.3)
FrEL,  AH R R
1 1
L=—TFuwFu - §m2A3 (4.4)

He FF = (0,4, —0,4,) (0,4, — 8,A,) =20,A4,0,A, —20,A4,0,A, . T A" = A Al = Ay, B}
BL, Al = —A4(Ay = i4y) .

BT, LHREAR Au(Fu =0, RE A1), A RREMIASE, LU A, . BERA
A, m IR EL.

B 0.F., = M?A,, Wv=4, N

1 {
A4 = W (Vij4) = WV * T

21
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A RATARR

Uy == 8875 == AJ’ - iV]'A4

j

Jit LA

7r:A+$V(V-7r)—>A:7'r—$V(V-7r) (4.5)

.

A = 7r2—$7r-V(V-7r)
PR (), WE

/A-7rd3m = / {w2+$(v-ﬂ')2] d*z
frLl, Hamiltonian 4:

H = /(W'A—,C)d3$

2
= %/ w2+ (%) +(V x A)? +m2A2] P (4.6)

®F

[Ai(z, 1), mj(2' )] = i6;;0°(x — ') (4.7)
HAR [Ai, Aj], [, 5] BEFTE.
gIEES: HHEN

{ (O-m?) A4, =0 (4.8)

0uA, =0
S THD 5% A A

A (k) = ey (k) et RT=et) (4.9)
Hbw=VE +m2, e, (k) ATILKE, BXDERRAGHERIOE A HE, WET LIS
en(k)ky = 0 (4.10)

A EHIPIANESE, AT DURR R 1 A 45 1

{ Ay (k) = e, (k) ! (F-@=1) (4.11)
eu(k)k, =0
M (4.10) ATEUAIEY k B LS, B RAAES DML MR R R =520 (k) . gt i
LA
et + % n=1223
eMk) = miw - m (4.12)
ke
l n=4
m

BIWRE kuep(k) =0, Hrr =123 R=ANES M =4 hr K&,



FWNE XEFPMEBIHET
IE?EE_“ﬁ:

Zef‘(k)e;‘(k)jL = dij

3
k. k,
docpen(k) = G+

— IR KRB =R k FAE, Hfbe' k= =0, NWHRHLEEKILXN:

e'(k) = (e',0)

e’(k) = (€,0)

°w = (Sgin)

BwmrE'E7i, A

A/,L(ZU) = W/d:ik\/_ H( )(ax(k)e"’” +a;(k)e_“””)

Rt O AR R, U AT LA 2):

Afz) = 3/2 / N { et [ et + a;(k’)efikz]
A=1,2
+%% [a:g(k)e““" + ag(k)e’i’”] }

)\ 1,2
+%% [as(k)e™* — al(k)e™ ] }
K& In] Loy AR 43
T =TT+ 7L
7l'TZAT (V-7 =0)

Ty :AL+1/m2V(V-7rL)

M (4.16) FiI (4.18) AT DU H I8 K HAT

23

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)



FWNE XEFPMEBIHET
1 3 —ikx W )
ar=12(k) = @i /d ze * [\/;eA(k) CA(z) + \/T_wek(k) Tr(:r:)]
ar—3(k) = 1 /d%:e‘“” [ﬂﬂﬁ cA(z) + L wk Tr(:z:)}

XA =1,2,3 854 [ax(k),al, (k)] = 600>k — k) .
FELL, Wl Y

1
Hzi/d%t

[z BieEAT]

Sjk = — /d3$ (WjAk - WkAj) = —i/dBZ’Wr I:S’]k] Pz

71_2 + (%) + (v x A)Z +m2A2] = Zw(k)ai\(k)a)\(k)

EEP |:S’]kj| s = _iST‘S7jk 5 ﬂ] Srs,;u/ = 6ru651/ - 67‘1/65p o

i N A A A
S3 = 512 52 = 531 51 =
0 —¢ O 0 0 =
= t 0 0 = 0 0 O =
0O 0 O - 0 0
AR [Si, 8] = ieinSi .
k ) ,
S. = sT7=§}j[@@wewmﬂdﬂwmm—ﬂWM@ﬂ

= i [a} (k)as (k) — a (k)as(k)
= ai_l(k)a+1(k) - aT_1(k7)aT—1(k)

Hob as(veck) = 1/VE [ay (k) — iaz(k)], a1 (k) = 1/v2[ar (k) + ias(k)] .

24

(4.20)

(4.21)

(4.22)

*§23

0 0
00 —i
0 i 0

(4.23)

ap1 RAME=Z0RA + 1 MHKERN, o ZRARB=Z080 - 1 NEKEN, o ZRARSE=

SrEA 0 M KELT,
[E%]
kik;
Z ez)\(k)ej)\(k)_'_ kzj = 61]
A=1,2
k.k,
S Ak)edk) = G+
A=1,2,3

/K':Pa:;(a €>\)€)\’ ai_;aJej\ei\’ ;63\632(2]

§4.2 mEgz ( UQ) #sEsn) METFL

}iﬂ%}}ﬁﬁ F,uu = 8#4’41/ - 8VA/,L o
YA

0,Fn = 0

(4.24)



FWNE XEFPMEBIHET
#E— I, WA:
(04, =, (9,4,)] = 0
RIEARNER: (B TRMEAERT, HHREAEIENE)
Au(z) A, () = Au(z) — 0uo(z) [ER—1ZHERT]
AH L ) SO FR 7 B B AR 4 A«
Fo,(@) = 044, (z) - 0,4, ()
= OuAy(x) = 0u0uo(x) — Ay Ayu() + 0,0,0(x)
- F,

PR AT BT, B3R Fl HARBUR.
MTA 75 R AR,

auFLu(m) = OuFu
HF—E TSR (KM tE), e BA M.
§4.2.1 EHMEMIEEY

1. Lorentz #3285 8i3E: (Convariant Gauge):
MIEHA: 0,4, =0, LI EA

{ 04, =0
6,uAu = Oﬂyﬁ%#ﬂgﬁ%

25

(4.25)

(4.26)

ﬂu% Al/ Z<2ﬁ/% 61/141/ =0 s mUEK D¢ = 8VAV 5 j'JF/é‘\ A;,L = Au - 6,u¢ 5 Mﬁ'ﬁﬂuﬁ"ﬂ 61/14;, = 8VAV =

oA, —0O¢=0,

FIRE, M O,A, = 0 BATLL = 9,4, =0, Hrp A, =4, —9,AFOA=0,

2. FEAITE ( Coulomb Gauge ):
MyaskM: V-A=0,
Y 7 AT LA R A

0A-V (V-A+4g) =0
O +0/0t (V- A+ Ag) =0

I ERME A, A

{DA—VAgzo OA=0

HTQ@%%ZO%{
V-A=0

V24, =0
FEA— 6 B T L) % e
V=V V= (6 -00,/V) V; +0:0;/VV;

Hr

(4.27)

(4.28)

(4.29)
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v-vi =0 #itg
VxVE=0 493

(4.30)

FirBA, i3t Coulomb Gauge , {75 A= A",

WRV-AZ0, MR VG=V-A4, &£ A'=A-V (BHFR), WEV A'=0, Rk
ety B LB U BAG Loventz WAk, H RN RIOR T WREHE —MHiss. [N, i (4.28) A7
PIgniE, e k=0,

§4.3 Coulomb Gauge FTHFIHHEFL

T B R AT P Al
1 1

L o= —JFuwhFuw=3 (E* - B?) (4.31)

EE—VA()—A

N A ) Ag AT
B=vxaA . LHARER Ao, FTLL Ao AWML,

-

HHA

oL _
0A
HE, EIEFHEMMEEF, V-A=0F 4 =0 ( AHAMHER).
WRBIAN B RER,

-E (4.32)

mwT =

[Ai(z,t), (2, t)] = i6;;0°(x —a') (4.33)
JES)

[0:4;(x,t), m(x' )] = id:i0%(x —a') #0

i% 5 Coulomb Gauge AR &, B LLRAZR SO 5 R R,
EBUR X 5 R R A

[Ai(z, t), m;(x', )] = i <5ij - 6%6;' ) 8 (x — ') (4.34)

XHEMS V- A=0f V. -m=0—% HMEXZHUW [4;, 4] = [m, 7] =0,
xS

OA(z) =0
Hin 7R { . AL
V-A(z)=0
1 3 1 ikx —ikx
A(z) = W/d kEA;:’z{ex(k) [aA(k)e’“ +al (k)e ]} (4.35)
He ko =w=1k|, JFHA k) -k =0, HAHIENZHE:

AR ax(k),dl (k)

ar(k) = W / et {\/geA-A(x)+\/L'2_we>\(k)-Tr(x)} (4.37)
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B, X5 RN
[an (k). af, (6]

1 ik ik'z i j 0;0;
= W/d3md3m'e ke othe el (k)ed, (k') <6ij P > 8 (x —x')
— Sk — k) (4.38)
P PP P EET PP PP PP P PP TP PP PP P

X 5 R AR HHE S P 215G 3R 20

<5,-j _ 6@2]’) Sw—a') = / dp <5 _ piby

> p(@-a')

€) €y = (5
e(k)-k = 0

PP TP EEP P TP TP T TP EIP TP TP TP PP

eJa, MR B A

H = /d3k > |kla) (k)ax(k) w = |k| (4.39)
A=1,2

P = /d3k > kal(k)ax(k (4.40)
A=1,2

A= 1,2 MR Z AR T E TR — B, b 57 R 0 26 R 5 MERR I A2 5 A R .
§4.3.1 —MABER (FZH)
—RIHHIR 5K R

Y ke (k) [ei'f(ﬂv—x’) _ e~ik(e=a") (4.41)
A=1,2

kik;
Y ek} (k) = b - W
A=1,2

XOLT I RA A RALTT 7,
UIESPOPZE T

Ao i) = i (8- 2 ) Dlo =) (442

H D(z) = A@)|m=0 , EAEEITEAA:
1

D(z) = MW(HICBI) —0(t — |z[)] (4.43)

iXAE— ) Lorentz {48,

§4.4 Lorentz Gauge THIREIHME TFL
B REIANTIAIM AR, BAHE.



EWNE REFFAEBHWET L
Lorentz Gauge N H AN

OA, =0
0uA, =0

28

(4.44)

Au(p = 1,2,3,4) fEAMS I EF, MTAME A YBZS K2 K& (al 04, la) =0, MTTAEIFR

Fr B A1 Lorentz Conviance ,
PR EIIE A

1

£ - —ZFH,,F;“,

T Fua=0, FLL Ay =0, M Ay RHSL, SLBE K K&,
1

£ - —ZFH,,F;“,

1 1 1 1
= =3 00A) (O A + 5 (04 + 50 (40, 4,) = 50, (4,0,4,)

W 2 T T, U
L5 =5 @A) G +3 0,4,

SAMAARE = 2 (A (0.4,)
A B B LA AR
T, = % {(0uA42) (B0 A43) + (B,A%) (BuAr) — B (9p45) (8,40}
31 DO B
P, = —i/de%

- / P {181 0,43) (9, 43) — (0, 4x) Ax — Ax (9, 40) )

(p=[d’zE x B,H = [d®z (E*+ B*) )

BT RE T
L . N
T = % = AH (/I’ =1,2, 374)53.‘&]‘ Ay 3E_\L
I IE D 5K &R
[T (1), Ay (', 1)] = —i6,,6° (z — ')

;H\:'f[BEI(J [ﬂ'u,ﬂ',,] = [AAHAV] =0,
ST Wakt

(4.45)

(4.46)



FUE REFTREIWET L
X HR ] AT e S 2L AE BN IE E.

shE AR I
P = —/WHVAHIPJJ
Mj, = —i/d%ﬂu [Ljk + Sjk]w Ay

Ez%‘M:—ifd3$7T[L+S]A, Mi:(':ijijko
OA, = 0 MiZ/EAISELFF IR T2,
Lorentz 444

X=0,4,=0 = [x(@1),As(a",1)] =0

SXHRR [ra(w, 1), As(2',1)] = —i0°(x — ') FE. FrLRREAA BRI L K41

shEks: [l 0A, =0 aTLlf# ]

1 Y P _ikz
Au = W/\/T_w;eﬁ(k) [ax(k)e™® +ax(k)e™™]

PR K, B

e = (e1,0)
e = (€,0)
s = (S,O)
e = (0,1)
UlES)

kel (k) = M R (AEZM)

Bt ax(k),ax(k) , TIA:
[a)\(k),d)\r(kl)] = (S)\)\/(53(k — kl)

HABK [an,ax] = [ar,ax] =0,
IHE

[Au (z), Ay (xl)]

10, D(x — ")

4

P, = /d?’kku > ax(k)ax(k)

A=1

H = /d%w(k)Z(z)\(k)a)\(k)

A=1

PFh AT = A Al = —Ay, He) =e) CRIBRTEBUOITRISE ). MTH -

29

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)
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ax(k = al(k) A=1,2,3 (453)
ax(k = —al(k) =4 '
It LA
3
H = / d*w(k) (Z al (k)ax (k) — ag(k)m(k)) (4.54)
A=1

é\ Nk4 = —(lTk4ak4 5 ')_]\'Jﬁ I:ak4’aTkl4:| = _6kkl R j&—ﬂ?mufﬁ:iu I:Nk47a1’~64:| = a1’~€4 iﬁ] [Nk4’ak4] —
_ak4 ° Fﬁu Nk4 /Eljgﬁﬁ%j 07]-7
BN apy0>=0F1 <00 >=1, MW al [0> HELA:

<Olag,a},, 0> = <0| [ag,af,] 10>
= —<00>=-1
MG X 4514
(Mg npa) = (=1)"F (4.55)

HE B BLAT I P Y8 th m] 62 4 57 4K

(s H |ngy) = wlk) (ngey| Ny nges)
= wk)ng, (k| nga)
= (D) k(b

M HEBR T S BE ) A,
Lorentz ¥ x=0,4,, (a|xl|a)=0,
¥4 Lorentz AL R T 9 TE 2

Oty = A +8,41) (4.56)

Heh A R CES) WREmmsS, AT RE (50 PB4
Lorentz 4B ANBEEN 0, A, a) = 0, THABBUE 0,457 |a) = 0, XANSHR T4,
BUBH (al 0, AL =0, ATLMEH (a] 0, 4L + 0,457 |a) = (a] A4, |a) = 0

T s
L(k) = Zkueu = |k| (az(k) + ias(k)) (4.57)
A, (@) = W d—;juef;(k) [ax(k)e™ + ax (k)e ] (4.58)

Xli]?bke*zl’zzo ke>‘3 k- ||

i Lorentz 4 9, AL |a) = 0 WA (as + ias) |a) = 0 3% (af (of —iaf) =0,
T4 SR TR

N3(k) + Ny(k) =

= k|, kued=t =iko = i|k|

ab(k)as(k) — al(k)as(k)
% (ag + ial) (ag +iaq) + % (a;[ - iai) (ag —iaq) (4.59)
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i AFA1A
(a| N3(k) + Na(k)|a) = 0

MTBEATATUEH A =3 06T, A =4 xR siE X — OB EER TR, R#ET

A =1,2 MEHLF.
Lorentz 45 7] LIV 2 UL, W2 Lorentz 4R A I T IEA:
L(k)|ag) = 0 (4.60)

B o A—EREZR, AU SHEEOCTHIONT. /ot (MEMESY IR AT, &F
SEEREPEES0), AtaT DI A

lag) = Rylao) (4.61)

He fao) ZRREAROETHR (A=1,2),
Ry K— B0

Ry = 14> f(R)LI(k)+---+ Y flki, - ko)Ll (k1) - LT(ky) + - (4.62)
k k,--k

A0

MR T B R SO (4.57) AT DAHE H-

[L(k),L'(K)] = |H|H|Pk3+h%ya23—ﬁakJ
= k1K { [k 0l ] + [kl ]} (4.63)
= 0
HIT L(k) 1 LT(K') %35, PrLIA:
L(k) |ag) = L(k)Rjy|ao)
= RyL(k)|ao) = 0 (4.64)

BAEKRE — T ARHS Z R B AR,
A lag) H|by) ¥IW L Lorentz 25k, BAERA:  |ag) = Rylao) . |bg) = Ry |bo) . EATKIATIA:

(arlby) = (ao| R}Ry |bo)

= (ao| Ry R} [bo)

= <ao|bo> (4-65)
P B AR L R 29 PR A O A I A AR,
3X HP ) T T fR 4 A
Rl |bo) = (1 + (kLK) + - ) |bo)
k
= |bo)

BRI A Lorentz 44 M5 K AR S ROV BB TR M AR, AT AR T BRSO i,



FHE EEBHNETH
RS A 1/2 WRTY, HRT. H55.

§5.1 Dirac FEERHE TR

BB B AR TR U AR

0

iscth = Hy (5.1)
H = a-(=iV)+8m (5.2)

Y1
(e
Y3
Ya
20 JU B B A0S

HAopjigs ¢ = , o fll B AR 4 x 4 BRERE,

.0 .
E — i3 P — —iV (5.3)

HEXS T AR T A
PP, = -m?
FA BT R SC R, AT LA Klein-Gordon J7#2:

2
BN T A RER IR XR, BRSBTS,
B, 1B Schrodinger 77 #24fE) H) Klein-Gordon 52 (R A BM FISN /TR ) FfeE LR E

Dirac 7721 5|3t
1. B[]0 23 ) A R A A — UK .
0
‘ot
2. —EREZHEN, o —ERnxn R, WRERKERAULREME, 0 EAJLRE
B, [z RspiEg, BTl oy hE 4 - REMRESE, o BRI E,
3. ¢ K —A A BEBLATE Klein-Gordon 772, 3R (9,0, — m) e =0,
M Dirac 582 (5.4) AT LAAIIE:
62

_@w = (a-p+0Bm)(a-p+Bm)y

¢ = [ai(=i0i) + fm] ¢ = (- p+ fm) Y (5.4)

= (aipi + Bm) (ajp; + Bm)
= (ajpipj + ipiBm + Bmagp; + 2m?) ¢
= {% (i + ajoy) pipj + (i + Boy) mp; + 327712} (0 (5.5)

SN B 44

32



FLFE REFWET
iy +aj; = {ag,ap) =28
wf+Ba; = 0
B =1
LUK (5.5) AL A
52

—@1/) = (P2 + m2) (2

(5.9)

4. 0} =1, =1, MHME N x N 0, XEREHREQOAEERD £1, REHT (5.7) a7 LU

i faif = —ay , PR

TI'[C%] = — TI‘[BO(ZB] = — TI"[BZOQ] = — Tr[az] =0

FL o FEREHE A, FRLL N AU EEL (YA ARMEEZ A, TAMEEA +1 ),

(5.10)

RNy, XHT N =24717, BA, XML RFERE A Pauli FEFERIBRAIRRRE, BORENTWHZ (5.6)
APTESRI&AE. (HE, ENMFBAHEERNSZE, e (6.7) . bl &DKBHEN =4,

— ki, FRE Pauli-Dirac £5:
SEHREI
o 0 0 -I 01

§5.2 Dirac TEMHELR

X

¥y = —ifo

4 = B
M o, B FEBERIX 5 o8 R AT AKIE ) = .
Dirac J5 77T PAECE Al

(YuOu +m)p(x) = 0
X2 Dirac R EMRIE A,
E X

Y5 = V1727374 = %euwp%%%%

HA oy ARIRIKE (REBHN]), BREH 57, +75=0Ff %=1,

;E]\élitl:——F, E)ﬁ:ﬁ

v =—-ifc
T YV + VoV = 25;”/
va=p

oy { Y5 = V1727374 2 _
{15,7%} =0 °
Dirac 72 M) B A
EX =Ty, Xt (5.14) RBUSKILDE, WA (2, = (z,it)) -

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)



FEE REFWETR

0
i —
— +tm 0

PR ERLL 74

9
T (%(9—@ +m> 7 =0

ﬁ*ﬁlﬁﬁgu ’7;/71/ + ’Yy'yu - 2(5,“, , ,’L‘l = —I4 5

0
T _ =
11074 <7Namu m> 0
gﬂ(%L u—m) =0

§5.2.1 B TRIMAXIEKGE

W TR A
H = a-p+pm
1. [p,H] =0,
dx . .
il [z,H]/i=[z,a-Pl/i=a,
Frll v =7 = a #1249 F BT K23 # L,
2. HAJE, MslE
d T e . »
Ell = —1 I:IZ,H] = —1 I:li,Oéij] = —iay I:l“P]]
= eijkaij
A
dl _
a = aXp ~UV XD
FIAB K PR

o 0
X = = V¢

FHIEW [Z,H] = ~2i (@ xp), j=1+1/25 hptak, B [j,H] =0,

3. Helicity (#2Jigf), &XA:
p
|p|

WAL-p=0, FI[hH =0, h*=1=h==*1, kEE

Dirac 52 Lorentz Jhpas .

0

Bt x — o' = az, 1), = ap, s WH (@) =Y (@) = Ap(a)

Dirac J7#2 %t B ) B2 A0

VNIIES]

34

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

Aoptpp(z) (4 478),
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(g +m) @) = 0
BT
Q= Oy
KA { . 629
RANA:
(VO + m) AY(z) = 0
WHE Ay Aay, =5, , WA _ETE AT BAHE -
(10, +m)p(z) = 0
FREL, PR R AR A Ao =7 . FIF apan, =03, B A= p, WAF
Ay A = apye (5.24)
Lorentz ¥3fj, auq >0 (FT55/N), WH
Qu = O+ € (5.25)
A = T+ iawew +0 (€% (5.26)
B op =1/2i (Ve — vv) , X TF—REKGA
A= T+ %S,“,e,“, + 0 (€%)
XfF Dirac 33K,
Sw = 20w =73 (uw — ) 5.27)
i (5.26) AT LIAF 2
A =1 e (5.28)

N FEAEW A~ A = auye . FIH [AB,C] = A{B,C} - {A,C} B, Hw {4, B} = AB+BA, NA:

ilow,ml = Dyl
= 29u0x — 27,0, (n#v) (5.29)
P LA
AIpA = o+ % (Exv Vv — €uaVu)

= mtewr =0 +enw)w
= QW
A R EU AR BB 208
U(z) = ' (2') = Ap() (5.30)
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P(x) = ' (@) = P(x)A™ (5.31)
A (5.31) WHES LRI T
(@) = P )

() = [Ap@)] = ¢t @) ATy
XA
Aty = 7 (1 - %Q}ﬂh) V4

€ N, e AR, XEWHN o), = ey, = (z,it) XKH o), =0, BT

yhfy = (1 - %efwaw> o
= 1- %6,“,0,“, =At
WML B
Y@ (@) = d@)AT A (@) = (2)p(z) (23 (5.32)
(@) (@) = @A M) = (@)1 () ES (5.33)
P @) (@) = e (@)7700(x) K (5.34)

BD oy Mbrndk, Py ARE,  dedyu A YRR,

§5.3 Dirac FERYF KR
H H Y Dirac 7 F2RIE XA
.0 .
¥ = [ (—=iV) + Bl o
T TE B i A
Y = W(p)ePT-put (5.35)

o W A0 4t B
FAF] Dirac 7 FEr AT L7 5:

w-W = (a-p+mW (5.36)

1. w=+FE=/m?2+p?, Xt ( 5.36 ) 4.

EWWE = (a-p+pBm)WH (5.37)
Hrp
@
WH(p) = ( a-p ) (5.38)
E+m(p

X o A4 E.



FLE REGWETR
2. w=—-E=—ym?+p?, XW (536 ) X A:

—EWS) = (a-p+ Bm)W)
Hr

a-p
W) = (‘F+ ¢>

7

FmEE (536 ) K, 2

(1)

o, x A Pauli Z 5 EERE. B4, «,B FH Pauli - Dirac £%:

) )

it LA Dirac 75 #20] LLS A& A :

m  o-p ® B ®
= w
(5 2) = =)
A
{mw+(a-p)xzmp
(0 -p)p—mx=wx
M EEHEZARTAUES x = 2Lo, RAFE-AXTHE, NE:

1

(w=—m)p = w+m(U'P)(U'P)<P

p2

- w+m('0

Frid, mTLIARE]:

w2<p = (p2+m2)<p
NIEE]
w = xE=4= p2+m2
1. FRAE w=+E, MATCUHEHR W =w ) |
2. RS
MR E AR TFHE, TUE (—E+m)x=0-pp, & o="2Lx, Nf:
_ ‘ —o-p,
(-E+m)x = E+mp2X:>W: ( m+XE ) =W (p)

AT Bl X

37

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)
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Or
u(p) = WH(p) = \/E;nm ( o p ) (5.44)
—m+E(p’"
o-p X
or(p) ;m><mM7;E(m+E ) (5.45)
Xr
Thi o REHE R, Hb
(ip + m)u(p) =0
p= YuPu (5.46)
(=ip +m)v(p) =0
A TN
{me+mw— (5.47)
o(p)(ip —m) =

W ulp) = (p, E), v — (-p,—E).
PR 3P 2323333333333 3333333333333331333233

m+ FE o-p
ul(p) =/ =5 - ( L A ) (5.48)

FrEl, f a(p) = ul (p)ys FE

_ fm+ E o-p
ur(p) = o ( ol —mwl ) (5.49)

[E) 4 A] DAAS 3]
) = mEE ( i )
v,(p) 5 \mr Y X (5.50)
or(p) = 5 ( e R G ) ) (5.51)
it EA
f —p, TPt
907‘(107‘ (107‘ r
_ m+E m+E
wd, = \ (5.52)
2m op o+ p t
@T‘m_i_E(pr @T‘ (m+E)2(10’r‘
2
p t o-P .+
Xr X —Xr——X
E 2 Ar r
o, = m2+ (m + E) m+E (5.53)
mn A o
m+E r r
2
T — m+E i 1 _rr — E i 5.54
Uy Uy o wr%«( + m+ E)? —Prpr (5.54)
2
VU = oy XrXr (1 + m+E2) "~ T XrXr (5.55)

BT r ZERKRE (r=1,s=-1/2r =2,5s=1/2), FL



FEE REFWHETA 39
Yol => xxli=1 (5.56)

3K 3K K6 3K 356 3K 356 3K 3K 3K 3K 0K 3K 3K 3K 3K K6 3K 0 3K 3K K K6 3K 0K 3K K 3K 3% K6 3K 3K K 3K % K KK K

ut)u(p) = ot (p)e() = = (5.57)
P Ay
ap) (o) ~ 2 = a(pyrau(p) = - (5.59)
Bi a(p)u(p) = —o(p)v(p) =1, ar(p)us(p) = —vr(p)vs(p) = Ors .
SEA
Z (Ur(p)ar(p) - 'Ur(p)ﬂr (p)) =1 (5'59)
T AR HAF
Ar(p) = Y u(p)in(p)
A(p) = =) v(p)o(p) (5.60)
CIEE)
vl P 'g !
m " m+ETT —ip+m
Av(p) = il _ 5 ks (5.61)
- 2m o-p + 2m
(prm+E%‘ (’Dr(m-i—E)?%‘
B[ %7 sz)‘ xb —x U'IDEXT
m+ m+ E)2°" "m+ENT ip+m
A(p) = - =——— 5.62
Y ";’2 am e —xr X} am o
m+E™" T

BHUEM:  Apu(p) =u(p), Av(p) =0, A_u(p) =0,A_v(p) =v(p); Ay +A_=1A7 =A A2 =
Ao, Ar(pA-(p) =A-_(p)A+(p) =0,

% Ax(p) = Ax + Bey-p, FNET (ip —m)v(p) = 0,A+v(p) = 0,A4+(p) = C(ip—m) , FIH
A=Ay =>C=5%, il

2m
m — ip m + ip

o (5.63)

Ay(p) = A (p) =

2m

§5.4 HEEHMETIL
1. ZJu37 0 E N
13775 R AT DL Y 47 RGO
L=—P(1u0u+m)y (5.64)

PREAA L — L, N



SEE REIHET
£ = 5 (Pt~ 5T ) — mid
IFRAT LA H, P R 2 — AN, L
/ d'zL = / d'zL'
PR
oL

Wa—6¢a iy,

I A A
H= /d3x£ = /d3x¢T (- (=iV) + Bm)
SRFIHTIEE,

REEIIRKEN:
Tpw = 8t - Py = (YuBp + M) 10,
B 0,0 =0, FrLATAFEAH R <P 1E &
P, = —i/T,Ad% - —i/ (00 - 01 — B (YD + ) V60) B

Hr
P = —/WV’I/J(P:L“, F Py =iH
AH L F < FE A -
ju = iiﬁ%ﬂ/’

EE 8uju =0 ﬁfﬂ?ﬁﬂi?“fﬁﬁ
Q= [dty
2. B =TS e

1
o) = @mm/fp

i) = oy [
LI A AT A -

(Cr(P)ur(p)e™ + di(p)vr (p)d= ")

(Cl(p)a(p)e " + d,(p)v,(p)e’**)

40

(5.65)

(5.66)

(5.67)

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)
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B = [ @rn Y C0ICE) - 4 (p)d0) — R EE (5.74)
@ = [¢0 Y COICP) +d ) p) - FEE (5.75)

SR T B DU AR S I B R R, B
[a(@,8), 7@, 0] = [tal@,b),iv}(@,0)]

= i6450°(x — ')

HRHE,
TR 4R AT LA,
[c).cle)] = [am),d@)]

= 0,m8*(p—p)
S I T 5

(2.1) SREMIME, FHHIHERAIEE
(2.2) 5 Pauli J{FHT &

3. R 5 RREFKGH
{b,5'} = 1
{b,0} = {p',b'} =0 (5.76)
Wf: [A,B]=AB - BA,{A,B} = AB+ BA,
RVREE SORF RS N =010, RIS i Sont 5 R RATLLANTE 0 =02 =0, FL N? = bbb =
bH(1 —bfb)b = —b"202 +bfb =N, FFLIE N(N-1)=0,

H Nin>=nln>, A&l n(n—1)=0, RN FHEMFOAMEERGERO, 1,
Ty AT B Ok R AT LAHE HY

[N,b] = b  [N,b]=0bf

FELL b AW RESF, b AFEEA, N OB TEES.
4. Dirac 2 F1{L

T
To = ai.i:iwi (5.77)
BIARE 5% F

{vale ) ivl(@,t)} = ibusd’(@ - ') (5.78)
{Wal@, ), 05,0} = {eh@n,ul@ 0} =0 (5.79)
It

[AB,C] = A{B,C}-{A,C}B (5.80)

BBl T e
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bal@,t) = i[H, va(@,t)] = (70, +m)p =0

fa(@,t) = i[H, ma(@,t)] = $(7, 8, +m) =0 (5.81)
PR RS

P(z) = 3/2/ \/7 Z {Cr(p)ur(p)e™” + dl(p)vr(p)e "}

@) = oo [ ¢_§j@ Je v+ d, ()7, (p)e ™ (552

Btk JEA GX AR H— &8 ul(p)ulp) = ot (p)o(p) = E/m) -

1 Im
Cr(p) = 27r)3/2 /d3xe ipz T

1

Clp) = 2@3/2\/7 d*we Yt (z)ur(p) (5.83)

1
dr(p) = 27r)3/2\/%/d3me—wm/ﬁ v (p)
di(p) = 2ﬂJm/me* (5.84)

H S AT DU H SO0t 5 56 3R

{&@%@Mﬂ}::éwﬁ@—ﬂ) (5.85)

{@@m&wﬁ = 08 (p—p') (5.86)

= [&0 Y B {CImICp) + dp)ds(p) - 1) (5.87)
Hooh 1 1) % 5 BE T LUA TE MR AR T 45,
S
@ = [¢r Y {Clwcm) + 4. @)

r=1,2

[#rY {cim 4} (p)d,(p) + 1} (5.88)

r=1,2
BRI E X

(4.1) BERIEE
(4.2) W2 Pauli B

B - goit R &

(4.1) XF AR, BHFIAXNZRR, WHRTERAIEE, JLRNIEER B, Xt Bose
Giit. MRLEIX B RRA [V (x,1), (2, 1)] = id*(x — '),
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(4.2) XF AREALAEE L, MG 5 KR AFREERANIEZR FE, %M Fermi i3t. 4
N HRRN [Y(x, t),n(2, b))+ =i (xz — '),

FUA X HEA BE W A2 BT I8 B 500 R SR,
EARRA N . KHKEMASEEEFNGL, SHRAERRE, STFRKTFHE-DRS, T
FRATAHRAAS.

N@ats) = N (@0 +9) @S + i)
= N{BUE + 00 + B8 + el

= {BuE" + S + O —u e ) (5.89)
S, IR R T BSR4
H ./ (Vv -V +m)p)
XP: Z ®) (Ch,Cp.r +dp ,dp.r) (5.90)
A B 9 TE BRI 04
Q = [dante)
- ¥ 21:2( Cp.r = dp dp,) (5.91)

5. X 5 R AR HART R AR v
EELART A, X FSEAhr A

[p(2),0(y)] = iA(z—y) (5.92)
_ ﬁ /d%% (eik(zfy) _ eﬂ-k(kw) (5.93)

Hooay—y, HNE o) = ¢ @@),ely) = ¢'y) BUIEA:

[¢'(z), ' (y")] = iA@' —y) (5.94)

RI#E XS F Dirac A FHEHIE5 L,

(al@ o' 0} = o [ EE (‘@g"ﬁa;ﬂwﬂv_(ﬁngMfﬁmﬁfﬁ
FEEBSY = (1.0, — m)asAlz —2') = =i(9 — m)asA(z — ')
{va(@), 950} = {da(2),P5(e")} =0 (5.95)
I
{Yal@)ds)} = —i(0—m)asA(z —y) (5.96)

WNFSHERNER v > 2’ = ax,p(z) = ¢'(2') = Ap(z) , NA:

{Wal@)ds)} = i@ —m)asA(a’ —y) (5.97)
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E5y3]

{wtlx(xl):'@[]zi(xl)} = Asw Agﬂ {'%ba '@ZJ,B( )}

= A(mrAgﬂ,(—i)(a —m)a g A —y)

- <(A7uA1)a/3 - m%;;) (=i)A(z —y)

oz,
o). W]
= (o -m)
= <7”az' ) (' —y")

= —i(0' —=m)apAle —y)
B 57 (SR ) R FEHAZE,

Ju(@) = 9(@)1(@) = Pal2)(Vu)asts(z) (5.98)
P(x)p(r) = Patha (5.99)
FIRIXT 55 ot 5 5% Z AT 15
[ha (@)1 (x), b (z") 5 (2")]

Yo (@) {¥5,¥r(2")} ¥5(2") — {da(@), ¥r(2') } Y5(2) 05 (a")
+ Pa (@)t (2') {$5(2), s (2")} — Pr(2') {Ya(@), ¥5(2") } ¢5(2)

=0
(IR (z-2")2 >0, K=MKE)
( A(z —y) =0,if(z —y)>>0)
e LART LA H 39 2 SO0 PR R

aAai‘”) = —§(z) (5.100)
t=0
%:f)t_o =0 (5.101)

X F RS AT LAAIE o(x) =0, ME— K& SAELHE,



EANE
§6.1

§6.1.1 HEEFSHEBIHHEEER

IZHIEA E{E RS LRI iR

R#EEEER

MNTFAHRT H =/p> +m?, MNENEEES, WA H =edo+/(p — eA)? +m? | FHRKAZHA:

H—)H—eAO
p—p—cA

A i Dirac 1%:

Lp =—Y(yu0, +m)yp —

— (Vu(Op —ieAy)) ¥

}pu — Pp — eAu s ;iq:' Pp = (p:iH) o E%%ﬁ%* Pu — _ia/axu = _iau , 5

FigH Pu — Pu — eAu = au — au - ieAu AR

= —(10u + m)Y + ieyp A,

= Lp+Ls

;H\:EP Lr = iezﬁ'Yu'%bAu o
s, NIRERIELA:

1
= _ZFNVFHV

— Y(Yu0u + ) + iepyup Ay

Lorentz Gauge — —% (OvA,) (OvAL) — D(Yu0u + m) + iey, A, (6.1)
FIF Euler-Lagrange /5 %% a] L5 2.
(YuOu +m)yy = tey A,
P, —m) = —iedyA, (6.2)
0A4, = —i€1/_wu¢
FEREXHE AR T Lorentz Gauged, A, =0,
FHEGRPEEATLERRA:
04, = -—eju (6.3)

Hrp Ju= i"/_}')/u"/} PR TR =W o auju =0, Bp
i ('957#(5;/9& + zﬁ’Yuauw) = 0— /jo(x)d3x =

D(auAu) = _eauju =0 EENZHAE auAu =0,

] Bh R

Ty = a—ﬁ.:i’l/JT
o

o= 254,
04,

IENETHRER {p.q} =1:
{tal@ D), ¥f(@' 1)} = dupt*(@ — )

45

DRSS

((auAu)t=0 = 0,8/8t(5uAH)|t:0 =0).
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1)

[Au(ac,t),A,,(w’,t)] = i6,,0%(x — ')
o, 0), Au@’,t)] = [v(@,8), Au(@', )] =0
Warwsy = {ulwl}=0
[ 4] = [du, 4] =0
L R
H = mp+m,A, —L
= Hp+Hem +Hs
Hp = ¢(y-V+mpy
Hem. = 3 {mm + (VA)(VA,)
Hi = L1 =—ejudy = —iepypA,

WHE H = [Hd’r = Hp + He.n. + Hy
ZEB TN

Y =i[H,¢] 74 =i[H, 7]

Ay :i[H:Au] Ty :i[Haﬂ'u]

MM < ald,Aula>=0,

BRXWEH H=0,p=iH,pl=0, p=—[dz(mVe+m,VA,).

1/1($>t) = ethw(w,O)efth
Ay(z,t) = €A, (z,0)e H!
Hr

Vi =i[H,p]  ¢(x,t) =e PTy0,t)eP?®
VA, =i[A,,p] Au(z,t)e"PTA4,(0,t)ePT
B RARNA

{w(m) = eTrmy(0)eir

. | — (p,iH
A@) = e~ 4, (0)eie Pu = (priH)

Heisenberg F 5 H 1) HA5F i 2555,
§6.1.2 FREIHFNBEIFZEREEIER

H B & br 2

L=—(0,9")(0up) —m’p*p

46

(SHE BRI RT

(6.4)



ERNE PWHEIER L LKL B
R

O —  (Op —ieAy)yp

oup* — (O +ieA,)p*

A
Ly = e [(aucp*)cp — " (autp)] Au - 62<P*‘PAMAN
Y izsh i

(0, —ied,)?e = mip
(O +iedy)?p* = mPp*

OA, = —ie[(0up™)p — ¢" (Oup)] + 20" 0 A, = —jy
Buju=0 — 0O(8,4,)=0

Lr # juAu Lr =juA +62<p*<pAuAu

BT

o= a—¢:¢ —epl Ay

[o(x,t),n(x',t)] = i6*(x—2)
[¢f(z,t), 7T (z',t)] = i6*(x—a')
[Au(z,t), 7, (2 1)] = 0,6z —2)
NIKEHE
L = mp+nipt +mud, — £L=MNke +Hem +Hr
Hrxg = 71+ Vel -Vo+miplp
Hem. = % (mymy + VA, -VA,)

Hr = —L'I—62<pT<pA(2)

§6.1.3 HEHEEERNIEARTHE
Dirac 3757 G &% &

1 . -
L = ~TFuwFu — $0udu+m) +iedr A,

1 - .
= —ZFWF,“, — (0, —ied, )Y

AR Ay — Ay + 50, Bk — AN @A #e,

47

(6.8)



AT HHHEIERARMS I RES 48
P(z) — ery(z)
P(z) — pemioA@

BANE
(0, —ied,)p — €M (0, —ied,) TP 15
S5

@E'Vu (au - ieAu) v = zﬁ')/u (6u - ieAu) (0
F.,F,, — F,F,
7D-:e]

1
“FuFuy

L = —(8,+ied,)p! (0, —ied,)p —m ol — 1

M Lr ~ ezﬁauuFuuw F Ouv = 1/2i(7u7u - 'YV'V;L) o
iju FHV — FHV , m:j ,C[ — 6’(/_)UH,,FM,,’I/J = ,C[

§6.2 MHEIMERASHIIXHER ( P,CT )

Lorents &8 7 — az , BIIZTRE o = 1, o T %00, Xt B/ HAY o) —
o () = Ap(@) OB FA BRI v = 1)
%F Lorentz ¥35hE
0o\ (. 0
z:(wcw, e ) - li(w(w), A )

’
I

T ela™'z) = ¢'(z) = Ao 2)p(x) .
HAEZH Up(a)U ™! = ¢'(z) = Ma)p(az), HRKKEWHE

UL(p)U ™ = L(¢'(2) = L(p(a " z))
Ur ((p(x% 8<.0(:I:)> U-l - r <<p’(:1;), 890;(:1:)> _r <A<p(a_1x), 8(A<p(a—1x))>

89:” &L’H
= L <<p(ala:), Opla—

MIFRPL KB U BH A4, B

UL(p@)U™! = L(Up@U") =L(¢ () = L{p(a" 7)) (6.9)

§6.2.1 =EREEITHR P
+1 hE
-1 JEhrE

r = x=-x

éﬁﬁ%ﬁﬁ%{ ,
t — t =1

,ﬁ%(ﬁﬁﬁ)%A:{

|P§0($7t)|P71 = :t(p(—:l?,t)
p(x,t) — Lp(—x,t)

T £ BAAAEN
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L= —30u0)0up) — 3’
@-mHp@) = 0
shERS
1 1 , )
p(x,t) = (2m)372 d3kE (a(k)e””_ka’r(k)e*zkw)
73 1) RO AR R
|P<p(m,t)|P71 = (2’”]53/2 d3k\/]é_w (|Pa(k)|Pileik'w7i‘”t+|PaT|P*167ik-$+iwt)
= i(p(_wat)
= 1 1 —ik-T—iw ik-T+iw
- i(gﬁ)3/2/d3km(a(k)€ Toiwt | o f (k)et® T+ t)
P A
[Pa(k)|P-1 = =za(—k)
[Pal(R)P™ = +al(-k) (6.10)

¥ [P0 >=10>, M
[Paf(k)|0> = |[Paf(k)|P0 >= +al(—k)|0 >
P, = /dkkuaT(k)a(k) - /dkkuaT(—k)a(—k)
He ko = VE +m2
P —» -P
H — H

HMARgh &,
Dirac 3%: x — —x,t —t, N

¢($7t) - W(—fﬂat) = 74¢($,t)
(@) — Y(a") = AyY(a)
P(x) = P'(a’) =)

Py, )P = ap(-w,t)
Pz, )P = g(—a, )
xR A

Up@)U™! = ¢(z)

/7~
2
=
7|
8
=%
+
3
~
=
&
Il
o
=
&
Il
2
=
&
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, —z p=1,23
T =
t uw=0

- 3/2/ \/7 21:2 e!PE=E 1 dl (p)v (p)e‘“”'a"Et))
W23 I RS AR R DR
= nyp(-=

= 3/2/ / Z p)yau(p i(P-$+Et)_|_d:r‘(p),mvr(p)efi(p-met))
r=1,2

1 0 Pr _ Pr — (=
R T | -4 B G B
Y4U(p)  ~ ( (1) _01 ) ( E+£r;z€r ) _ ( Ei—rgfr ) = —u,(—p)

A

{|Pcr<p>|P1 = C.(-p)
Pdi(p) Pt = -di(-p)

|P|0 >= 10>

PplP'=-p |PHIP'=H

WG Ay (2,1), A [PA(@,DIP ! = —A(=x,t), [PAo(@, )P = Ag(~a,8), JFLLL = ~1/4F,, Fy —
~1/4F,,F,, .

§6.2.2 FRHFE5HIETHR (Charge Conjugation)
B e A E N B r &3

Cpx)C™ = ¢'(x)

Q
€+
&

1

Il
5
&

(a(k)ei(k.w—wt) + b’[ (k)efi(k-mfwt))

dke—— (ca(k)c—lei<k~$—wt> n CbT(k)C—le—i(kaT—wt))



FRE GNMEERA o, IR ES
= ﬁ / dk\/% (at (k)= k@=a0 1 p(k)eith-2—on))
it B
Ca(k)C™' = b(k)
Coi(k)C™! = df(k)
Ji4h
Cjo> = |0>
Ca'(k)|0 >= Cal(k)C™'C|0 >= b (K)|0 >

FEXAPAR T, <y B A < 1 AR 3O

Ju = —i (‘PTau‘P - ‘Pau‘PT) = —Ju
Q = i / Pty — ppt) = / @k (al (R)a(k) — bH(R)D(R)) = —Q
W

“2X[A] T Dirac 37—t i L ) B &
b=y =
b= bR
D = —yst JEER R

_lﬁ%ﬂﬁ n= 17273

_ K&
Yyt p=4 -

@E'Yuw - {

+@E’7u’75¢ n= 17273

i RE
Yy p=4 R

&7#'751# - {

%F Hb7E Lorentz 48§ .
=z =azx
{ 1/_}751/) - 1/_}751/) B
Pip = Py
{ 'Jyﬁlw - O‘NV'JJ%’Zp Gk
PYuYs® = Qa5

Dirac 1%:
PIREA

L = ¢ (’Yu% "'m)l/’
i
BRI

0

o1

(6.11)

(6.12)



AT WA EAERR S TR
LRI TR A
zb(vu%—m) = 0
MAR#Y A
[Yu (O — ieAy) + m]yp = 0
R TR
Y [=7u(0u +ieA,) +m] = 0
EIHEHT 0 > oot 205 v o0’ =Ch:

CpCl=p" =p! ¢ =CyC'=Cyp

B2
V4 (0, —ieA,) +m]yp® = 0
53

(7@ +iedy) +mlo = 0

Wil C 45 fE, NFE
[C(—3)C (0, +ied,) +m] Ch = 0
1. R CH)C™ = =y, , MEH
[Vu (O +ieA,) +m] ¢ = 0

2. A1EHE CT=C! o
3. )C=Cy B yY=Cy , FIC=-C; ¢ =—4C",

~ ~ —~——1 — .
B w0 = Ch, T (WC)T = 3 CF = (gima) Cf = 4[gCt = JCt | F Cf = C

J%CT = J%C_l = :%0_174
MEERK ¢y =Cy , M#H C=-C,
W C=npyh=1, Whn=1, NFH

SRS
v = @ﬁﬁ/ﬁvggiwmwmmm+ﬁ@w@em)
SR
Cyc = aggg/d%vﬁgggﬁccxmc—mxmam+mmnmc—%xpw%m)
= v =C)
#E (6.13) MU T

92

ot BB

(6.13)
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u = Cuv
v = Cu
He
= o
_E+€1(‘0T
u = uT'y4
0 o
C = ru= ( 2)
109 0
STV G E)

COp)C =d(p) BF o (;>T <°>¢

Cd,(p)C ' =Co(p) ERTF o (;

(o
Il

0 (30, + m)
o o= [y Bw) (@0 - d o) m)
= [ @03 E®) ()6 w) + dip)drp) - 1)

TERIRABIE AN
L = =N [ (0 +m)¢]

H = N / @p S E(p) (CHp)C: (p) — du(p)di (1))

55}

L= 5 [0 Oudut m) 6+ 5 (B +m) 6]
= N [§ (0 +m) Y]

T

ccet = ¢

M (+) REWMREH, (-) REPEIF W
¥(@) = @)+ (@)

d(@) = PP @)+ (@)

33

(6.14)

(6.15)

(6.16)



HRFE i EAE R o Lt R B
- l{zzma:),wg“(m)} -

rlZ

_ 1 3 MM
- 2@@3/dpf%“

S (Wl )ad (p) - vl ()52 (p))

Her7h

N @yt) - 5 [fmt] ~
N o)~ 5 [Brs] ~
Bt

1 .-
§[¢775¢]

1
=2
va

2[1751# =
7/_}'7;11/) - % ["/_)7'7;17/}] =

7 B AT LU JOh:
L =

l\DI»—\

('Vuau +m)y +

N =

ZHEET > —5 (¢

1 oy 9).~
2
9%

|
-
(] o)

1 _
3 (4
0
- o]
N

(Pt — )
= N (i)

% (7/7'7;”/) - {/7%17})
HHABT Cj.C™ = —jy,

(zmw)

. {¢g—><x>, 3 @)
= o [ TPE X — ()

—5 [ (00 +m) ¥ + 9 (7,0, +m) y°]

- 5—‘”w mzpw]

ox, A ut +myp — mlMJ]

m?> — 4
Py +N(m¢¢)—m/d3

54



EAS AR R o D L
§6.2.3 MHE{EAAM PCT TR

1. WA B AEH

SR j, = iN (V) , MHEERMNKERY L = judu.

P (x— —x,t—t)H

. . ) - Yy p=1,2,3

J— —J,Jo—Jjo, B wwa{ G g4

A— —A Ay — Ay

C A

L:I :juAu P ;H\:EP ju — _ju:Au — _Au o %?E‘J C ?%%J ( -1 )D
2. 71— N ME/EH

FEAEFR PR E N
Ly = igyspp = igNysTN -
He
N o <p>:<wp<x>>
®1
Y = ©2 R
©3

X REERT, o RENT. FTFRMEAN 1, WE=ZARMES &R 1,0,

S

= = —=(p1 +ip2)

@ = ¢3
P A5¥e, WA st = —dysh, 0 = —p (7 HF),
C A
S +9s8) = N ()
T _9—1%0 =3, C1C =755 Fibh C [, 159 C™F = [, 15¢]
= C, 9 — —pC L A#,CoC ' = o,
i 70, JPC =0+
3. WERKT M R

K F A EAEH
no— p+ev, B AR
B H+p = ntuyy TREZ TS
pt = et +rv.+p, (7T = etve, ™ Avy, 7~ qq)

Fermi , 1934 4E
CipT DT Do) + hc.

IO = 19,95, Y75 O

35



HEARE FOHMEERAfL LR ER 56
Lea-Yang, 1956 4&

%m(l + 7)Yy (1 + 75)9 + hec.
H G=1.02x10""/m%, V- AMEIEH.
|P ST,

Yy = =y Yy = oy sy
Yy = Py Py = —yas

CPT E8.: QRAR B AR A WA 3 IR 6 &2 Loventz AARVERIE K, H¥8IRIERH) A st
KRR, WL OPT BREARH T RFFAAE,



FEtE  HGTEEMREIE

§7.1 MEEERARKR

AR RS A ER AR, VISR (FT) ME, Ho HAARERE (Heisenberg)
5. SAUKREEEIS (Schrodinger) £5, [ AAERMEA/EM (Interaction) £5, HAFAERFRKERS ZIAIHIE

{EAHSE:

H < p|0"(t)]a > = 5 <b,t|0%a,t >5 =1 <b,t|0"(t)|a,t >'

H 2B q(t),p(t) = o(,t), 7(x,t) , WH

P (5) = —i[p" (o), H]
it (z) = —i[r" (z),H]
O (z) = —i[O" (2),H ]

H H =0,H =Ho+H (£ H,SEZPME, R AR

ot (z,8) = el tpH (z,0)e H !
o (z,t) = it (x,0)e H?
O (z,t) = MO (x,0)e H?
S A
0% (x) = O"(x,0)=e 'O (z)e"*
la,t > = e #Hilg>H

I ey LS K

H = Ho+H;
Jit LUSLAF 2 I ) A2 A
o! (z,t) = eiH 5 toSs (m)efngt
— iH§ tg—iH t)H (z,t)e'H te=iH 0t
A Z ] ) AR e
la,t >T = engt|a,t >5 = engte_th|a >

0.1) HY$)=HS = H, (t)=0
(0.2) O' (z,t) =i [H,0" (z,1)] , HAFMIZFFHHE

T35

(0.3) idila,t >' = H 7 la,t > Ho, FARREMEMEAELSR, THREMEER,

E
0 . ; ; .
§|a,t >l = H§ el s Ha,t >° —eH St S la,t >3

. i S S
= iH 3 |a,t>! —ietlotg S e iHotg ¢t >1

o7

5]
(a|a,t >% = —iH % a,t >%)
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= iH 3 a,t>7 —iH"|a,t>T

—iH ¥a,t >T (H' —HY =HT)

HF (1) O (z,t) MBsh RN HY = Hy &, (2)BNNEXRELAEEHRTIRE =
(P (1), 7l (2, t) = i0apd®(x — ') 5 FTLLAE AR RS0 L K323 5 RSN 5 X 25 A
B IE R Ze E, 254 (FEMEERR) a5 Amy (EMHEER) BB TrEEL5%4e
i,

1 1 K- T —iw —iRk: iw
ol (z,t) = (27T)3/2/dk\/% (a(k)e’ka’ t 4 at(k)e k.x+ t)

1 1 . —ik.
oM@t = g [ kg (a0 4 ol e )

§7.2 S SEMEAEIE
DU W 2240 B 1 R 047,
la,t > = u(t,to)|a,to >
Hoult to) =1, WRKITFER:
i%u@%):H;@M@m)<:i%h¢>zHMﬂMt> (7.1)
PRI (H ] =H 1) A

ittt =l ) H 1 ()
FREA, B b T S5 R AT DAHE Y
%(u(t,to)uT(t,to)) = 0
AT AT LAAS HY

FTLL u(t,to) AAEHERMF, NEHMZERATLUEH v M¥—EFE, EA ult, to)u(te, t) = 1 FrLL
u(t, to) ! = ulto,t) . F4h

u(t,0) = e o te—iH "t HFla, t > = e o te—iH fla > (7.3)
A
u(t,t)) = u(t,0)u(0,ty) = u(t,0)u*(ty,0)
il it it St (4
S HEFEA
S = lim u(t,to) = u(+o0, —00) (7.5)

tp—o0

I/SSS SR



FHE BOEERRRE
<flISli> = S fi

t=—oco I, HIA |i > LM AEEALE] ¢ = +oo XA, WM S|i>, BERX—%

HERA < fIS|i>.

u HAFHI L TT
t
U(t,to) = 1—3 H I (tl)u(tl,to)dtl
to
t t ty
= 1—i [ H(t)d +(—i)2/ dty [ dteH 1 (t1)H 1 (t2) + -
to to to

t th—1
+(—i)n/ dty to"dt - - / dt,H ; (t1)H 1 (t2)---H  (tp) +---
t to

0

Hrp
t t1
/ dtl/ dtoH | (tl)H I (tg) (tl > tz)
to to
t to
= ) dt2\/t dt1H 1 (t2)H T (tl) (tl < t2)

FRBL (7.7) AR I

(—i)? /t dt, ! dtz H 1 (t1)H 1 (t2)
— (_i)Z%/t dtl/t dt2 H 1 (t1)H 1 (2)
= %(—i)2 /tt dt, tdth (H 1 (t1)H 1 (t2))

0 to
1, [ !

_ 5(_Z')Z/ dtQ/ dt1H 1 (t2)H 1 (t1)
to tO

H (tl)H[ (t2) t1 > to
H (tQ)H[ (tl) t1 <t

T (Hp(t)H 1 (t2) = {

FREL (7.7) A

wtt) = e [ e+ S8 [ [Canr o e )
‘|‘"'+(_n$/ttdt1"'/ttdtnT (Hl(tl)"'HI(tn))+"'
5

t

u(t,to) =T <exp[—i H (t')dt’]>

NIIEE]

S = u(+oo,—00)=T exp[—i/HI (z)d*z]

59
(7.6)

RS |f >k

(7.10)

(7.11)
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S A Lorentz 458, T (H r(t1)---H j(t,)) A Lorentz 45 &,
Hep T sfefiE

T (AB) = %{A,B}+ + %e(tA —t5)[A, B
HE: AXRZRX, e ™, HRZIME [A,B]=0,
A F1 B Al LR BA B O ERF, ] DU 86 WM FOK G BT R 2 A 54T,

1 ta >t
-1 ta<tp

e(tA — tB) = {
HEF O(x) = pa(x)op(z) , BOMHEREZER [O(2),0@")] =0,if (z—2')> >0 H%,
Fi T

1. [pa(),pp(2")] =0, (x —2')* >0
8 el Klein-Gordon 3.

[,af] =1 = [pa(2),pp(z")] =iA(z —2') =0, (z —2')> >0
{a,af} =1 = {p.(2),0(a")} =i (A(+)(:z: —z') = A (z - :z:')) =Ai(x—2)#0, (x—2")? >0

2. {pa(@),5(a")} =0, (x—2")*>0
Dirac 3 (A% H e )

{ea'} =1 = {Ya(@),¥5(e")} = —i(30 —m)asAlz —2') =0
[a,0f] =1 = [Pa(),vs(2")] = =Si(z —2")as # 0

Frd [O(2), 0()] =0, (z —a')* >0,

BHATEHA N [0, of] =1, BiEasit
LA AREAH {aal} =1, Tkt

§7.3 T FEMOMWAH N FEMR, Wick €&

BONAERER I < fIS |i >= S 5i, HAPRIEN [i >=albl---di|0 >, REH |f >=elfT--- 970>,
A

Sp = <flSli>
= <0|g---feSaTbT---dT|0>

HEYS fEf ab--d U el fle gt BEARAE. KX iEFF AT BEwE 2 Xt 5% R AT RE
R BRE,
& XN TR

N (UVW---2) =8,UV'W'---2' (7.12)

Kp U'VW'--- 2 B — WP HES, A prd i KA A = A BTN 20, RN
UVW ---Z @i#3| U'V'W'--- Z' i¥, FRFRBMEEX, Wo,=1, FM 6, =-1,
il 4

N (@) = @9 () = )™ (@) + 9 (@) (y) + 9 (@) (y)



FHF BATEERNRE
N (@) = =N (D) ()
N [p@)d(y)) = N (y)y(r))
N [(2)¢(y) =N (Y(y)(2))

PEBT: IERSRIAATS, FrA RSO TEAFERA LIRS 5, A B @ T3 AT LAX 5.

N (ABC---D) = 4,N (A'B'C"---D")
T (ABC---D) = 6rT (A'B'C'---D")
EX T (ABC---D) =67 A'B'C' . D', XFIRTFRBHK:

N (ABC---XY---D) = —N (ABC---YX---D)

§7.3.1 Wick EIH

1) BFFHWe 45 (Contraction) KA % g3
TE X

pa(@)ep(@2) =T (pa(r1)pn(2)) = N (pa(1)PB(72))
1. SFMRHESET T BHEEAZSENE
ea(@1)pp(x2) =< 0|T pa(z1)pp(22)]0 >
UEH:
T (pa(xr)) =N (palz1))
HiFLL op(z2) BE 1 > t2, N
T (pa(@1))pp(z2) = T (pal(z1)ep(z2))

N (pa(@)ep(m) = N (pal@) el (@) + N (pa(z1)) o (@2)

= N (pateeld @) + N (67 @)l (@) + & (@)e

Hr

(*)(

O @)l (@) = ol

(—)(

AP @) @) = N (03 @)l @) + [5 (@0), 0 (@2)]

F

C.number %

61

(7.13)
(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

)

b el (@) + [ (). 0l ()] AP BIRRBE TR T

[ @ @] = <ol [l ), 0 w)] 10 >=< 01l el @)l0 >

:':
= < 0lpa(z1)es(z2)|0 >

Zf t1 > 1o
FRLAY ¢ > to B

T (pa(z)ep(z2)) = N (pa(@)pp(@2)) + <OIT (pa(z1)pp(z2)) [0 >

< 0T pa(w1)pp(72)[0 >

(7.19)
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bt <t R T (paps) =0,T (pBpa),N (payn) = —N (pBPa) .
2. NAYyzZ mERgESETE

Au(@)y(y) =0 <= [Au(e),P(y)] =0
3. WREAFFZIE, PHEEAFZ RIHKgE A %
P(@)ply) =0 P(x)y(y) =0

4. KPR — Tl e 2R
N UVW---YZ) = 6,VZN (UW---Y) (7.20)

Heh o, = (1), n &KV R Z BB —EFEHROFATEFOEE. RN, BH &L
EXEAWGE T N S5

N (UVW---YZ) = §VZWYN (U---X) (7.21)

EE: WREH Z WREERL UV - XY #N, WE
N@UV---XY)Z = N(UV---XYZ)+N (UV---XYZ)+ N (UV---XYZ)
4+ N(UV-- XYZ) (7.22)
B RN Z &7 e IERENE, FAXT Z A RKEFNE
Z = TWUZ)-N{UZ)=UZ-UZ=0 (7.23)

Hk, REGER UV - XY B KEFRLRE T,
i B2 KEFFRAL, WA

N@UV---XY)Z = N(@UV---XYZ)+N (UV---XYZ)+N (UV---XYZ)
+--+NUV---XYZ)

ek BRSSP, oM

PN (UV---XY)Z = PN(@UV---XYZ)+ PN (UV---XYZ)+ PN (UV---XYZ)
+--+ PN (UV---XYZ)

— B SH

N(PUV---XY)Z = N (PUV---XYZ)+ N (PUV---XYZ)+ N (PUV --- XY Z) +---

BT P RSERS, U PZ=0,
FIRBCE HGERTLHER UV - - XY R KEAF Z 7SR € B IEH .
Hn=1K,

N(Y)Z = YZ=T(YZ)=N (YZ)+YZ

BB EXt n AL, WESERX T n+ 1 oL,
HAERNA

N@UV---XY)Z = NUV---XYZ)+N UV---XYZ)+N (UV---XYZ)
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P32 723 KA

RN (UV---XY)Z

R

+o+ N (UV--- XYZ)

RN (UV---XYZ)+ RN (UV

- XY Z)+ RN (UV--- XY Z)

+-++RN (UV---XYZ)

Xt ERABHE—T RN (UV -+ XY Z) —

RZUV ---XY§6,

FrbA

RN (UV---XYZ)

N(R---Z)+RZN --.

N (RUV ---XYZ)+ N (RUV - XY Z)

WOEBXF n 4+ 1 oL

5. Wick 57 1

T (UV---XYZ)

HERR: EHX T no= 2 RROLHY,

N UV --

+N (UV
+N (UV

XY Z) e
- XYZ)+--+ N UV---XY2)

XY Z)+ - iR/ e

N (UVW . -XYZ) A

— U 4Em

BT n BEROL, ARUES R (HEEVNFIrA RE S RE ) &

T (UV---XYZ)R
N (UV---XYZ)R

N ({UV---XYZ)R

T (UV

NUV---XYZR)+ N (UV---XYZR) + - --

.- XYZR)

§,UV.N (W---XYZ)R

N UV---XYZR)+ N (UVW --- XY ZR) + - --

WT %, ATEHE T n+ 1 WAL,

6. Wick £ 2

63

(7.24)

IR T R EA N R (FRAREGTIR), W EBRIFVIRML, EFEE— N RN
BHAFZ R %,

T (N @a)Aga,) - N () dp(n))

;H\:EP A:'YuAu o

§7.4.1 Feynman Propagator

AP 9 5 X

§7.4

BELBTHNESR
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papp = T (pal@1)pp(e2)) = N (pale1)pp(e2))

= <0|T pa(z1)ep(z2)|0 > (7.25)

SRR < 0T pa(x1)ep(22)|0 >= Ap(z) — z2)
EWnEY: <01 o(z1)e (22)]0 >= Ap(z; — 2)

g < 0|T Au(z1)A, (22)]0 >= 6,4, Dp(z1 — )
Dirac : < 0|T % (71)Y5(72)]0 >= Sp(21 — T2)as

1. by

BE 210 > T20
T o(z1)p(z2) = p(z1)p(22)

= M (@)™ (@3) + 0 (1)) (@) + 0 (1)) (22) + 0 (1) (w2)

N p(z)e@2) = P (z1)eM (@) + 0 (21)9 ) (@2) + 07 (1)) (22) + 07 () 0™ (1)
Fi A
Ap(zy—23) = @M (@) (@2) — ') ()™ (21) (7.26)
FPIEESR

1 dk . ik
p(r) = ChEd \/T—w(a(k)d’kw+aT(k)e k)
it LART LAAS 2]

1 / 1 ikx1 —ik' o !

Ap(z; —x3) = W/dk/dk mek Koz [a(k), ol (K')]

— 1 i ik(z1—w2)

- G / k5t (7.27)
R z10 < @20, MR 21 & x2 BIA], AT
Ap(zy —x2) = ﬁ/dk%e_ik(wl_“) (7.28)
I 6 R,
o = { L @>0 (7.29)

0 20<0
AH L P R 20 ) A
Ap(z) = O(zo)iAT) (@) — O(—z0)iA ) () (7.30)
NITE=]
[p(z1),p(z2)] = iA(z1 — 22)
1 dk ik(z1—xz2 —tk(x1—x2
_ W/%(ek( ) _ ik >)
= iAT (@ — ) +iA T (2 — xy) (7.31)

BRI, dk — dk = dkdky , FFLI
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Ap(e) = o / ih—C
T et ), TR e
Mo 7.1(1) Frs.
Cf +@
(ko)
(n (n)
(0 /
\_/ +0
co c® ()
C
() (V)
Cr
e
C
Ca
(V) (V1)
B 7.1 Bl EiRE
WEH: BT
1 o1 A#-1
k2 + m? k2 —w? (ko +w)(ko — w)
pibr kX —ikozo

65

(7.32)

M zo > 0 I, BAREREH KT exp[—ikowo] MR THE (X) XK 7.1(11), BIR

ko =w E’]%ﬁjﬁfﬁiﬁ

ik-x—ikox
et 0To 1 er
/dkom = 27‘(’1%6’ twio

M ozo <O, BAREREH KT exp[—ikozo] A L (K) XK 7.1(11) , BIR

ko = —w KB B TTHR:

A

A
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ik-x—ikox
€ 0o _ i ik-iEJriwzo
XY
", eikm
A = <0|T 0>= d*k 7.33
(@) T ool >= g [ (733
AH N
—3 —1 2 2 .
pEpr— A o i N (m* = m* —ie) (7.34)
i EA
", eikz
A — 4 .
£ (@) @ﬂ4/ﬁk%2+m2_k (7.35)

Wy HER R

1 eikz
A* = — tp—— .
() (2m)4 /C(i) d ka +m? (7.36)

o B A 7.1(100) |

eikx
A@) = AP (@) + A (@) = (271)4 /C ah— (7.37)

BBl 7.1(1V) .

Ay (z) =iAP) () —iAD(z) = (2;)4 /C d'k k2€f;2 (7.38)
BB 7.1(V) .
2. Wi
(O-m?) Ap(z) = iﬁ/d“kei’“‘ = i0*(x) (7.39)
6T 1) A R L
< 0|T Au(l'l)A,,(:UQ”O > = (Su,,DF(JJl — .1'2)
Hrp
. ikx
Dr(@) = Ar@lno = o7 [ A (7.40)

MBI 7.1(V) . R A

A=1,2,3,4

Cr AHER, Ca AR,
HTHBIEESR (OAu(z) =0) A

1 dk ikx — —tkz
o) = g [, 3, A a0 e
FEEH Al = -Ay,a0 = —al
L EIXT B R R A
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lax(k),ax ()] = ook — k')
PEHITE T HORRAL 264
A;:Z eredk) = b - %
3. Dirac LT
Sp(wy —a2) = < O[T ¢(w1)(x2)]0 > a
Sy TRRAG BL K I 16

(3.1) z19 >z, NAF

<O pla)b@)lo > = {0 (@1), 5 (@) |

W B
Suwne) = (“5") (1.42)

(3.2) 10 <m0, NMAF

<OIT Y(z)p(22)|0 > = — < O[p(w2)(21)|0 >

- — {J,H) (:132),1/)(*)(3;1)}

T 2n3 Z/ pg (—1or(p) (p)B, (p)e P —r2)

_ 1 /d Zp_'_ mefip(z17z2)

= g P2k
_ A 1 dp —ip(z1—z2
= Oy [ e
B
Z(ur(p)ur(p)_vr(p)ﬁr(p)) =1 4 x ABALERRE (7.43)
VNIIES]
__ ip+m

RAAERRTIEAN
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<O|T ¥(z)b(@)|0> = — (é - m) Ay(z)

_ —1 4 m —ip ipw
- (2n)4 /d pp2 Fm? e
_ 1 4 —i ip(z1—x2)
= @ /d piﬁ+me (7.44)

e

_ N 1 1 .
SOT W)B(a)l0 > = Blons = o) (-0 - m) s [ dpgpeien =
3 1 1 —ip(x1—T2)

R 0/0208(z0) = 6(z0), 6(z10—220)A(x1 —22) = 0(KIARERF 22 >0, A A(z) =0 ),

§7.4.2 SIHEEHRILRAMESE

S FEFE 8 S R IT IR 200
S =u(4+o00,—00) = 1+ i (_i')n /d4a:1 . --/d4mnT [H 1 (z1)--H 1 (zp)] (7.46)
—~ n!
Sp = <flISli> (7.47)
Xt F QED ki,
Hip(z) = —ieN()y.(z)du(z)

S FEFE B — B A

SO = (i) [ @)= (o) [ AN [y )]

g
(-0 [ doN {(59@) + 50 @) (A0 @) + A0@) (50 @) + @) }
= (-0 [ @ [P @A @0 (@) + 3 7] (7.48)

B 7.2 fim ok A — Mg s = A,
B i >=C} 10>, |f >=C}, .ol \Jo>, m

1
SE = <0lagraCp S V10 >

= o [ate (e ) (% Q%J,émqveiq’z) (%u@)\/@
(=) e Dor@ o)) [ e -o
() ot Do ) 08— )

1 m ipx —ipx
Y(z) = W;\/%{Cr(z’)ur(ﬂ)e +df (p)vr(p)e” ™"}
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@ 77 (A7 (x)p (x) () 7 (x

© 77 (7" (A (x) ® 77 (AT (%)
@ 777y (A7 (%) () 77 ()7 (A ()

B 7.20 SAEREI—Fr LTt 2 (WAME LS, 8 SO )

_ L Lek a eikzd e—ikx
) = 75 20 e on (e ety

XH AN S RER {C,C1} =1,[a,al] =1,

N S%EKEJT:T%H p—p0 —q¢ =0, Blp=p'+¢ . MEBHSFEFHIERP=0, WHD =4
MEER E(p) =m # vm? +p' + |p'| . FRUARERINRIERER —shE~FIE. WE P AERRFHES, W
(nm)m>m,WTuE$

S ZBir #E B e
S@ = ; d*z / d'e.T [N ( (20)) N (Ble2)A(22)(2))] (7.49)
- d'z, [ d*zsN Y (a2) Az )1/;(@)) (7.50)
d'oy [ dzaN () A@)(@)d@:) Adw)w(r) ) (7.51)
diz, | d*zoN (P(z)A ml)wfi(xz)zp(mz)) (7.52)
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>

d'ay [ d'eaN (b Ao @) d(es) A v(r)) (7.53)
diz, ( B(w1) A ml)wfi(xz)zp(mz)) (7.54)
oy [ d'eeN (Do) A@)v(@)da) A b)) (7.55)
dizy | diasN ($) Ale)w(a) Ble) Al () ) (7.56)
d*z, [ d*z,N (&(ml)A(xl)MA(@)me (7.57)

S R AERE TR ) 2 2 A 7.3 FR,

xq Xq X1 L]
@) ®)
A
xq 1 “‘\
A
Xq |
& A
() D)
1 Xq
X2
1

B/ 7.3 S —HiEihieR

(7.50) A EAWLIA, 1E 21,20 RASH=ZDRT, IPIBEASEE (MFERERZIEFE),

(7.51) XPrEAKZ— DR, EE 7.3(A) PPOREAHRT - WTEE, K 7.38) oKl
T - IEH TG

(7.52) AR MR BT - PG, HR2EWE 7.3(C) fin, ERERZED, FTRTFHTMER
REAERATH, BT AT DRAREA 5 1),

(7.53) AMERES (7.52) XHAREERL, HRKE w1, w0 XHA,
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7.54) XEWMRE—MHETFHRETFE. WK 7.3(D).
7.55) KL (7.54) K,

7.56) R MHETFHIESHA, WE 7.3(E) .,
7.57) X T B EkdE. WK 7.3(F) .

TR G 43 M7 — L i A S R

1. HF - U e 7.4(1) Pros

(
(
(
(

<p'a',qd7'|S P|po,gr >= A+ B

= (P dTIN (P (@03 @) @) (2) Ap(@) Ay (22) ) Iporar)

= {01 CyrCpaN (89 (@) 3™ (@) (22) 1) (2) A (1) Ay (22) ) Chy O [0) (7.58)

H A, B 535104

.y . . . 1 m 1 m
A = (—6)2/d4$1/d4$2€_’p R o {— U /g'} 7 [— U 0}
WWE,p "IV E,
zk(zlfzz)d i —i
LF\/ ]” [f\/ ] R e

) / D@D — p— k)2 SO — g+ k)

62

Lf(@aﬂp%

1 —1i

X Up! 5! Yy Upo [(271.)45;“/ "2 i€:| Ug rYylqr (7.59)

B = /d4m1/d4mze iq' w1 giper g—ip' w2 i [\/_1/ un}yu [—d—uw}
4 ik(m—acz) . _,L
[\F\/ ”"]%[\F\/ ] 27r4/dke o e

) /ﬁ42wawm-ﬁ)kx%)&Nﬁ—q+m

2 1 -
V2 @@@&

- —€

i 1 —1
X Ug' 7' YpuUpo (27{')46“'/ . k;2

— ie] Up' o Yo Ugr (7.60)
SFERIETF ARG, B4 B RAETIT R, A: N (cho,clc,) BN (clcche,),
AR A B MHE-NRT,
2. BT - ERTES (E 742) ):

@'o',¢7'|S P po,qr) = A+B (7.61)

He A TTER N R A

N (@) @)yt @08 ()70 (@2) Ap@) Ay (23)) + N (21 6 22) (7.62)
B TTRKH N A

N (@) ()3 @00 ) (22)70 6O (@2) Ap@) Ay (23)) + N (31 6 22) (7.63)

HH L R FE T A
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NS ) . (B) N
:>ﬁ_%_ﬁ<: + :>£_%_E<:
A q 7 q

XL +— X2 X] — X

1 e+te —€e+¢e
A
(A) B
P q X2
X1 Xo
+
k
b q
X — X X1
b q

X — Xy

(2 e+e” —e"+¢

(A)

X2

X1
P
Xp — X Xl — X

@ ety —— y'+e

A 7.4: S ZIriudi s & E AR ST

2

e m v 4 4
— | =——— D () — oy 4c(4) (1
V2 <Equ Ey Eq,> / d'k(2m)' 0 (p —p — k) (2m)' 0 (g — g+ k)

_ 1 -
X (up/gl ’Yu’LLpa) Wm (Uqr')/uvq’r’)
e? m? 1/2 . i) o
“E\ETE d'k(2m)"s @MDY + ¢ — k
V2 <EquEp,Eq,> / (2m)"0 " (p+ g~ k)2m)" 00 (0" + ¢ — k)
_ 1 =i
X (o Vo) 7 jz = ge Par Vuthpo)

TS RKITT KRG
3. 6T - WU (HnlEl 7.4(3) )

A:
B :

HiFETT

N (59 @)1t @)@ ™ () AD) @) AP () + N (@ ¢ )

N (90 @)yt @) ()™ (22) A (@) AL (2)) + N (21 ¢ 22)

72

(7.64)

(7.65)

(7.66)

(7.67)

(7.68)



FLE

HOAT 4B [ Ao 3h
(KN, p'a'|S P |k\po) = A+B

H A, B 53514

e2

- £ 4 _ A (! 1t
A 73 <4ww’EE> /d 2m)*6™W (p+ k — q)(2m)*6W (g — p' — k')

—1i
Clotre T {(2@ ig+m } et

2

e m2 1/2 4 4
O L (4) o 4 ¢(4) !
B 72 <4ww, E, E,,) / d*q(2m)*6" (p — k' — q)(2m)* 0" (¢ —p' + k)

0 - 1 —14 v
ek)\ul)’o-”yu ( ’}/yul)gekr)\r

2m)%ig+m

R, 7E feynman JH Fermi 75 [ W ER), Bose F 177 I8 A] LIAH &,

4. LT HAE

5@@ N iﬁ*/q:[ﬁi%j i/ja(’Yu)aBd)B'(Z)a’ (’7V)a’6’¢ﬂ’ o
KERETE R < plo’|S P lpo >
N A

N (59 @0t @)nt ™ (e2) Au01) Ay (22)) + (a1 4 22)

L)

73

(7.69)

(7.70)

(7.71)

1 ra(2) _ & 4 Ag. _ 4 ¢(4) )
<p'd'|S ¥ po > V(EE) /d /d 27r p qg—k)2m)* 0" (g+k—-p')

1 —1
U ' o! vUpo 0 V3o .
Up'o! T {(2%) zq-+—m}7 Up {(27r)4 M k2 — e

2 m2 1/2
= T3 ( /> (2”)45(4) (0" = Pty o X(P)ups

5. LT HIEZ=HRAL

FPE T

(KXIS @ kN o (Ofara N (@) yutb@) @)y (e) AT (21) AL (@2)) [0)

(O e N (bl Ba )yt (@2) AL (1) A () ) [0)

REREA N

(E'N' S @) |kX) ¢
-

4w’

1 —1i 1 —1i
u/ ! v _1 T 14
G €in(=1) Tr [7“(2@4 ig+m " 2m) iﬁ+m]

1/2
) /d4 /d4 2m)* 6D (k + g — p)(2m) 6@ (k' + g — p)

(7.72)
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- v L (2m) 460 (k = )l €fa L (K) (7.73)
Hep
L I —1 —t
0ol = e [ 40 (7“i<ﬁ—z;>+m7”iﬁ+m>
Pz (@)Y (@) (re) = —(vw)as¥s(@)Pr (@2) (V) rsths (€2)a (€1)

— Tr (yuSy(@1 — 22) v Sy (2 — 1)) (7.74)

H 515 RIE T ZH IR THAT.
R

PH

Sp(zr —x2) = <O|T (¢(x1)Y(x2)) |0 >

6. X - HIKE
HFESTS =1, X C=<0|S0>, M C=e, BZ-E2WILATHELENE B — PP & 4.

§7.4.3 Feynman 0]

—AHIIORTRTURY, W 75 PR,

[Esi. S0 = gripe. (775)
Syar—a) = [ d'pSypertee
X —<—e X,
B 7.5 WEBBRK T
2. SR T TR
o [R) PERORT G p, R ), I 7600 (x.70
\/ngw(m AR BOKT (S p, AL 1), i 7.6(b) (7.77)
() )
K 7.6 SMETRKTE T
o) R (S p, e ), P 71 (.19



B WA R B 7
o\ [me) WREAKT GG, BRAL 1), 0 770) (.19

s

@ &

B 7.7 SR T 1T
3. BANMNETLATUI ( Lorentz Gauge ) W 7.8 fs:

o
@,/ﬁ#kDﬂk) Dfm):(2ﬂ4k2fi6 (7.80)
4, { R } A, (x;)
*—H—
.\'1 Xy
K 7.8 WHOLFL
4. ST LRITOR, W 79,
TomehB) PENT (S kAL ) T 79(a) (7.81)
ol WIT (S, A ) i T90) (r82)

A

@ &)

Bl 7.9: AMBLTL
5. FBATUATI TR (—e)v,(2m) W (S p), WK 7.10 fix,

H; = —ieN (JWMZJAH) =  (—ie)(—i) = (—e)

P 7.10: TUFAISHY SR
6. A3 T I FOK 7 A DTk

H: BEECLET R GERER) BERAX, HREXHPERENS—EERRE, RKRE—EHE
TR, X FBRObF NIe AR L. FERE KR LA bar BT8R, STRRY
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P(2) V(@) P () Vb (22)P(23) Y, - - Y (x6) Y5t (26)

= (=1) Tr[vuSs(z1 — 22)7 Sy (x2 — 23) -+ S (w6 — 71)] (7.83)
Ff
XU F S RS — R s S (B 7.4(3)(A) )
/ d*qu(p')y,. ﬁw&p)eﬁ' (Kep(k)s* (p+k—p' — &) (7.84)

§7.4.4 HTE feynman N

1. [FAL e~y 4E A AH B AE A feynman K0
LA FH Bz P B A 004

H =L; = —Z'GN’}/5TN'Q5
= —iG% [N,75TN] ¢ = —iGN (NN - @) (7.85)
$1

Hbo=1| ¢ | ARMIEEFER, NyTN - ERMEEAEDAE, K. ¢F ¢ =
P3

1/\/5(901 +ip2), T = o = 1/\/5(901 —ipa), 0 = o = 3,
BRIFKE 712,

n P
P—>—<\ P—)—/\\\
\\\\\ ;,;’z'+ \\\ 0

ﬂ_
B 7.12: BT - TR

(1.1) HFHL% (B 7.13)

1 —i
4 ..
/d k( = 3 ie&,j (7.86)
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i J i J
R e 1

A
.

-
L

B 7.13: TR T AL

Hrph p AN TR,
(1.2) BFHNL% (B 7.13)
1 —1
/d4p (4m)*ip+m —ie (7.87)
Herm AFRE.
(1.8) Tiifg ()& 7.14)
Pf
;
_______ S
P
& 7.14: Thff
—Gysi(2m)* 0t (p' —p— k) (7.88)

2. FAHEAEM (MPOKRTHEER), FHFOKE (8 7.15)

wo—e +v+y, B E (7.89)

P 7.15: PUBKTFAREAEH]

BB KREA
L= %G (arn (L + 75)i} {Emn (1 + 1) } + e JEHRIESE ) (7.90)

;H\:EF vy, = zﬁu# (:r;),,u = 'Qb,u('r): e= @Ee('r): Ve = '%bue (J,') - *E”:ﬁ“?ﬁ?z—/l\q:‘ﬁ?él%&}ﬁﬁi—/l\}i*ﬁ? o

XNV - ABMEEH, A F CGRF) - BT,
Pra(L +75)1athsya (1 + 75) s (7.91)
Bl anar Dodd T A A e R T i B E .

- { po+ v, ERMIE

-t v. AW (7.92)
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HERTA=ZMA, BT r BFRREL 7~ £ THRREX, UASRE AR, FERNRKRE
A

Lr =igx [una (14 75)vu + e~ (1 4 15)ve + TA(1 4 75)v- | Orpn— + heoc. (7.93)

wEEA (K 7.16)

.............................

H \//F’H e \\// 17@ f\/,’?r

K 7.16: BT ETE
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§8.1 HWHEEMREFEA—MRAN

B 1+2—=14+2+---4+n, Wet+e” = 2y,---,p+p—n+r 25,
EBE1 1424+ +n, WMx—up,J/Yp = 3g,n —>p+e+ i, 2,
BUNSEARF S =1+iR, HWp Ry AR i > BIRE | f > HERIEHRE,

1 1
Ry = (2m)*6* (D _pi — pr)W)/zNiNfo NI, ~ i (8.1)
Hrng,np 535 AIRAS KR FHL
N-:H\/%»,/E Ny =[] 27 Ey
i i i m; f ; f my
N; = H\/Qw,-\/ﬁi Ny =[] V2w VEs
i f

WIS BIARSHERGE LR (K T [ t = —oco — ¢ = +oo I [AI[AI M SEALH )

IRil* = @m)%* O pi—>_p)d*(0 mmﬁ (8.2)

§*0) = ﬁ / d*zet® . = ﬁ / d*z :TVW (8.3)

AL B TR] A BRSE TL AR A

Ly = |Rfl 2m)** (> _pi—>_py) W' Tyl (8-4)
§8.1.1 HEEE

E s $1Lﬁ|ﬂ B AR BB P AT RS BT LR, HAF ( incident flux factor ), a+b —
1+2+-

uigﬁﬁgﬂéﬁi@lﬁ]@ Plb =0, BI§E b MEFIER, TG F =v,/V, 1/V. BAERAERT
.

Fy;
U:Z 14{ 4f/|Tfl| dLIPS(S pla"';pn) (85)

Py

Hr Lorentz ANAZAR 23]

1 " dp
- — 4540 _ f
ERE: FULDRBBEAN s = —(pa + ) = (Ba + Ey)2 . FU5RIET 1234 BRI,
HEERER F=v,/V, E—RR F = |ve —v|/V, HHp v =p/E FHXILHEE.
BULE Py + Py =0,= Py = =Py = Do, , ML
Pem | LY _Pewl 1
F = v E + = E, VBB (E, + Ep) (8.7)

S

79
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11
_VEaEbf

H b Mdller’s invariant flux factor,
£ =/ e )2~ m2m?

HE f2 = slpe.m.|? 5 s ABUDREBE.
BFH « fFEmEEER
T AT

NysTN - = Navs(7:) at Nowi
BHERAME KRN
Jrstr = 3 [ 359] = N sy

T N FRERRIE AN
o E = 1/V2(p1 i)
Y= P2 ) 0
Y =e3
¥3
¥ h

(2 ()
(0 n ,Na:2:¢n

PrELAETR A @ = 1 14

o 0 1 ¥,
(%;%)(1 0)75<wn><p1
7 Ab

gi(x)p;(r') = Ap(x — 2")dij, Na(x) Ny (2') = Sp(x — 2")da

T 55 =0 8 A

) ) 1 0
(p(2)V50p — Yn(T)V5n) @3, for T3 = ( o >

§8.1.2 RETEMHD
TEAR P P — — B I [ B & A AT ER S I BRI JLR,

B I ] B BRI LR A

Ryif?

W Tpi Tp WRH: T #2 1/V20/m/E, T Tf; #12 1/V20-1/V2E

BAISRTEIER, B E =M, HRNBWEEN

1
F=>Ty= 517 / |T};|>dLIPS
p;

(8.9)

(8.10)

(8.11)

(8.12)

(8.13)

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)
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FHfpr=0">T=1, [ A&REHE—DTEHILE,
it Compton Bt e +v — e+, XA T (BFEBEFFET) BIRLKFY, XSTRARFIHRAL
(pol.=polize) KF¥H 5

Ounpol. = (% Z) Z (% Z) Z Opol. (819)

A=1/ \N'=1 r=1
B KB R 2
ZZM Yur D) = > (p)vat yaue () (9t (p)
r=1r'=1 ryr!
= Zur 74tT’74 tur( )
- T (mQ;Zp ytty 2_mlp 4 t) (8.20)
> lan @)t p)” = Tr(_n;n; iﬁvth;m;;ﬁ’t) (8.21)
— PP BT BT T - IE TR,
 HE R ) SR B 5

1. Tr(aia---a,) =0, W% n HHH, Hb a=a,,
JERR: B Te(AB) = Tr(BA), N

Vs (a1z - an)ys = (=1)"(A18z - Gn) 73 = (—=1)" (@182 - - Gp)
Jit LA

= (=D" Tr(@1a2 - an)

Wi n AEEL, NWEHER TS, HROERFAAEE {7} =04 =1,

2. Tr(ab) = 4(ab), (ab) = a-b = auby
':F‘I‘E_ljﬁﬁﬂ YuYv +’yu')/p, = 26;1,1/ s F)?u Tr(%ﬁu) = Tr((s/,u/) = 5/,u/ Trl = 45/,LV o
i EA

Tr(di)) = aub, Tr(vu7y) = 4(ab) (8.22)

3. (a). Tr(ys) = 0; (b). Tr(ys5ab) = 0; (c). Tr(y5abé) = 0; (d). Tr(ysabéd) = 4€puppoaubyc,ods
JiERR:

(3.1) Tr(ys) = Tr(ysmim) = — Tr(nivsm) = — Te(ysmim) = — Tr(ys) =0
(8.2) Tr(vsyuw) = Tr(ys), Hpu=v; Trlsrmw) = Te(¥e)l,, =0, BHHA 5 =m0,
(3:3) Tr(v7u 1Yo Vo) = d€uvpo , AFET 0 B5RMR pv, po BAAIE.

4. 3 n A HEA,
Tr(d1d2 te dn) = Tr(&n e &2&1) (823)
IERE: 3, = —C '7,C, ~ A#E,

Tr(ayas - an) = Tr(CC Yaray---an) R Tr(ab) = Tr(ba)
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= Tr(C_ldldg e &nC)

= Tr(C'a,CcC'aCC™t...CC™'a,C)

(—l)n Tr (5152 . En)
= (=1)" Tr(an - ot X HEFIFA T Tr(AB) = Te(BA)
= (=1D" Tr(ay, - - G261)

4 n A EE, BRI TS5,
5. 3 n A B,

Tr(ayas - - an) = (araz) Tr(as - -~ an) — (a1az) Tr(az---a,) + - + (a1an) Tr(ag - -an-1) (8.24)
SERE: B4 d1ds = —asay + 2(aras) Ll
Tr(ayas--an) = 2(aias) Tr(as---an) — Tr(gds---an) = -
— 9(agas) Te(as-- - i) — 2(aras) Tr(asia - an) + - -
+2(aran) Te(as - dn_1) — Tr(@s - dndr)

FH Tr(AB) = Tr(BA) M Tr(as - -ana1) = Tr(aias---a,) , FrEAHEHSEIL,

Bl XfFn =4,
Tr(&1d2&3&4) = 4((11(12)((13(14) — 4((11(13)((12(14) + 4((11(14)((12(13) (825)
HeEeHAnALH,
1. ab+ ba = (Yuyw + Yovu)auby = 26,a,b, = 2(ab)
2. yuay, = —2a
3. VM&IA)%L = 4(ab)
4. y,abéy, = —2éba
5. yuabédy, = 2(dabé + ébad)
HERR:
YtV = VW)V = Yu(20p — Y )y = 2a — 464 = —2a
'Yudi)%t = YY) (Vpap) Ve = _%L(AWME + 2v,ab,,
= 2ab+ 2ba = 4(ab)
Yuabéy, = (—av, + 2a,)b(—yué + 2¢,) = 4(ac)b — 2baé — 2aéh
= 2béa — 4(ch)a = —2¢ba
%Ldi)édyu = 7H&l;éyu(f+ 27, (&I;c)du

= 2(dabé + ¢bad)
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§8.2 FEATMEMFRTIE

83

?SZEE_E“ »CI = ejuAp 5 I}ﬁ ju = 22/7%11/1 5 %fg S %Elgl‘:fn, )&ﬁ—‘&l\gﬁ%?, )I_IIJ sz X Lueﬁ(k) 5 —‘ﬂ&

B T o< Lyau(k) .

FZ BTG (Lorentz L) AL Ay — A), = Ay + 0, A, BRI a,(k) — au(k) +ik, Ak) ,

it A
Luan(k) = Lyay,(k)
= Luau(k) +iLukyA(k) — Lyk, =0
24
§8.2.1 ZEMTHEFNLT
1. = EFHIEE, WA 8.1 frw,

PI'

P

K 8.1 T —MEET

Lk, = ia(p)yulp)k,, k=p-p

= a(p)(p— p)u(p)

= a(p)(ip+m —ip' —mu(p) =0  HIFHITEA]LIHEH

2. FAEWMDETHHE, WK 8.2 Frx,

B L, = a(p)tuu(pley (k') , BBk

(8.26)

(8.27)



ENE HAPEESE MR ITE
Lok, = a@)twulp)e) (K)k,

= —ieta(p) [N (K _Al k+k jz N (k) | u(p
¥) ( )i(ﬁ+k)+m ip—k)+m (K) | ulp)

84

B2 (ip + m)u(p) = 0 FFLL a(p')(—ik) = a(p)(i(p' — k) +m) = a(p)(i(p— K') +m) , AT

e
Lyky, = —iea(p') [-eX (&) + & (k)| u(p) = 0

B B B T4 X (k), e (k) B 2806 TR k # 0,k #0,
Aah, W 8.2k n #am A 8.3 A,

K s k k!

L1 i

- - - - - -

K 8.3: AT

ATLUEY], XTFEH o METHHE (8 8.4), MIRA

L)k, =0

K 8.4: & n MIMEOLT

THERHE—T n MR T IR 8.5 MiEE, NE

1 1 . . 1. 1
= Ap < Ap—1 - "
ip+m P +m

/
P, qi,0a5) = a2 ¢ a1 —
9. ¥, 6, a:) s s

;EEEP (p = (an)l/')/u o

‘11 qn

’
P P Fad Fa P

K 8.5: & n MIEIET

WERAE a7, gr—1 ZIEA =T (WK 8.6 ), MATLIFGE] n + 1467 0 — B0
1 . N 1 U S . 1

i+ @) +mlip+m™  Yiprm
R iG = i(+d) +m — (p+m), ATLLAHE)

§7‘ = g’r‘(pvplv qi, Qg q) =

(8.28)

(8.29)

(8.30)

(8.31)
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4 q: G+ q.

K 8.6: FE&HA n MIMETFMA—HT

1 . 1 1 1

G+ +m lip+m  ip+m  ip+q +m (8:32)
THZERE n+1 MHOEFHRHEE, &0 MDEFRELT, n + 1TAGFREEWE 8.7 Frs.
q: /A q: /A
P P"HI P P"HI
- - - - + + T - - T
q q
I 87 T8 n AMMETIMA— TR
KR
Zgr(paplaqiaaiaq) = g(paplaqiaai)_g(p_'_qapl_'_qaqiaai)
1 . 1 . . 1
= T~ Qp— Qp— cr @] T
W +m pPa_1+m w+m
1 . . 1
AT R e R (539
R o ) Y R e R AR 2, T
1 1 — s
i), = (8.33) AR
Lugw o alf +0) { im0 ) Y o+ m>} ulp) =0 (8.35)
(p'+q)2 = —m?2 r

EPEAET (@ +m)ulp) =0,a(p’ +q) [i(p' +4¢) +m] =0, WRp~m? (' +q)° = -m?,
T ERLIIHIE, WK 8.8 P,

[ 4 a0

L,q,



ENE BRAAEETAREHURITE 36
1
= @t /d4p Trao (9(p, P, qisai) — 9(p + ¢, 0" + ¢, ¢, a;)) (8.36)

5 IR ZA AR R R3S p > p+ .0 = p' +q, WRRD RSN, B3
mELE, RO ERAARH, AT ELEH K (8.36) A,

K 8.8: A n MLTRIFIMA—ET

WRAR IR, FRWSFIE, Lugw = 0 fEALRIRHIR 5. —MEn=2,n=4 1,
TRBHE, n AETHL
n = 2 i, FSFEFETFRAKAL

S o Lyey, (A =1,2)( S F——HOLTF) (8.37)
WAt &
> ek)e} (k) = 6y — =5 (8.38)
A=1,2
Wit > |T]> < LiLyepe) , FRIBE] vatlyy (RESWIRAERE), yuéfya = —¢ FILLATHE e) TES.
A=1,2
é=ue,, XF 1234 FEH, 7;5 =Y., Te,=e(n=123),¢€;=—eqs, fr A
S orP= Y LiLele)=L;L,0u =LiL, (8.39)
A=1,2,3,4 A=1,2,3,4

_k + 77(’”7) _ (k71k0) + (Oai)(_k()) k,O

A=3 _ — —
= k) = G- o) =7 =0,010 (8.40)
k) = —ip (8.41)
LA

YLk = LT (k)L (k) + L7 - (k)L - X (k)

A=3,4

BA:L-k=0,— = (L*-n)(L-n)+(L"-in)(L-in) =0
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§8.2.2 FFIERIEFIRBRE

A ()Ay(2') = 6uDyp(z—2") (8.42)

T MK 8.9 WATEIE AL j. (k) Dy (k)i (k) BB, HARSFE juk, = ik, =0, D (k) KJE
EW)

A, (x) A4(x)

K 8.9: JaFHALk

—1i kyky

HrA A =0 —Feynman Gauge; )\ = —1 —Lorentz Gauge ,
7#: Lorentz Gauge

== (8.44)
< |OuAul >=0

— RO T, HREKIEAN

L = Lp+Lem +Lg (8.45)

Lo = Yy +m)p
1

Lom = —7FuFu
Lr = ejudy, Ju = Wyt
15 AT,
Au(z) = Au(z) + 9uA(z)
() = e r)y (x) (8.46)

(@) = Pla)e A
TR — OB
WFuw = —ejy (8.47)
Vu(Op —iedp)p +my = 0 (8.48)

£ Coulomb Gauge F, V---A=0,(A=A"), WEEphtis WL HHEREE Ao, B Ao Mk
S, B BAT A V-E=ep,(p=1jo), V-(—VAg—Ag)=-V>45—V-Ay=-V>4y, WNTGATLLHER

~V?Ap =ep (8.49)

AT
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(r,t) /d3 ety ?) (8.50)
47T

Ir—7|
i E=E'+ E' = -VAy— Ay > E' = —VAEE E' = —AoTL# ( Coulomb Gauge ), LU
Lem = % [(Et)2 +2E'-E' + (E') - Bﬂ

5 % (2 + 2y - B7] (8.51)
PR A R 23 (E AR A B I, S3RI B - B! RS RAE, BHEEREERFKE L= [ L&

Az, B DUA] DL 22 B X B AR 5 3R,

IEN 5 &
:QEZ_E
04 8.52
oL . 4 (8.52)
= — = Z’(/)
oY
KRS N =Hem. + Hp +Hr , HHp
Hp = ¢i(—a-V+pm)y
He.m. — %(Et)2 +B2
Hr = _ejp,Ap, - %(EI)Z = _j A+ Heoul., Heoul. = ePAo - %(EI)Z
H—PH
Hcoul. = /Hcoul d r= / <_%(El)2> d3’l“+/€pA0d3T'
o (8.53)
B A
J(E’)2 @r o= s [vay-vaud =L [ 472 a0dr = -1 [ Agepd?
D) ro= 2 0 0a = 2 0 oa'r = B oepar
FIANHGRR (5 V-A—%),
w0, 4;(@,0)] = i (&j - V;gfj) 5~ a)
{tal@ D), ¥l@' D)} = ibupt’(@ — ) (8.54)
T Al WA
Az, t) = % Z [akei(kw_m) + ake_i(k'm_“’t) (8.55)
A Coulomb GaugeV - A = 0 "] LL#EH
af, k=0 (8.56)

K FERM, B

ap = el(k)a,gl) + ez(k:)a,(f) (8.57)



HENE WHARTIBRAHRITHE
Feynman Ei0E 8.10 ,

Tx'
2

K 8.10: LT — LT

] e B SR AT LA 23 A PR

. i€ , L dPrdr
F—T = —l/Hcouzdt— —E/EP(TJ)P(T at)mdt
' 2o =t ,
= %/ Z—/]T']4(£E)]4($ ) |£ — ,r’|)d4$d4l’
—7)?
P 2? / T (i) A@)()AR)) ded's
—7)?
Wz Hl = %/@T (ju(:z:)fo,j’“l'(x—m')j,,(:z:')) d*zd*a’'
Hr
I Dij(e —a') = Ai(@)4; (@) i,j=1,23
DE:UL(J: - xl) = ;:(;(;t:;;/ﬂ p=v=4
0 HAth
HahBEREA
| (0 = ) m=iv=7=123
Df,j’“l(k) = /Df,f“l'(x)e_’kzd4x =4 = p=v=4
0 HoAls
Hrp Bl p=v =4 Z2IEWHRIOCFASCF IR (HET) BENECIER.
oul. 11 k-a)(k-b aob
aqu,, Lk, = —i {ﬁ <a “b— ( ’Zg )> - 220]
. 2
R
= ;—22 (a -b— aObO) = auDﬁI(IJT‘entsz
XHRRIRIAE T wspE ayky, =0,k -a = koao, k- b= kobo ,
Bs{iplibS
O 1
ﬁ — ﬁ (6,“, + kuQ?V + k‘,,mu)
ST

Lorentz Coul.
Dy =D,y

AR,

89

(8.58)

(8.59)

(8.60)

(8.61)

(8.62)

(8.63)

(8.64)

(8.65)
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§8.3 JLAHEBIRYTRITINELST IS
§8.3.1 7w I FHIBRET
MK FHEERNERNNIKEA

Lr =ige Y Ga(l+ ), 000 + hec. (8.66)
l=e,p,7
PN (V= AR iyu(L+9)dotsvu(l +75)a , RERT (FFHIRZHETTRE) REFF
.
56%F — T Dirac i) K&

—L = (7,0 + m)y (8.67)
36542 Dirac Spinor A BSR4
Y=+ n = 3(16)0+ 31— 5)0 (3.69)

FrLk, PREIEAXA
—L =1 (¥:0u) L + ¥r (Vu0u) Y +m (PrYr + PrYL) (8.69)

HAPRREE o = pvr + VrYp, MR m =0, W £LARLEFRAETMIIHIES, WEm A0, M
LEAFME, NEAE FIEXFRE.
XA prLyur = bryur =0, XEEXIZHA ¢

8 L(145)¢, Helicity % - 1 9%, Helicity

& XA

hex. “%' (8.70)
Hor

22(3 3)2—2'75747 7=—iﬁa,a=<3 g) (8.71)
& 1234 FEMLF,

5 = ( _01 _01 ) 3 = —pa (8.72)
Dirac Spinor i &

(ip+m)u(p) =0 WHRm =0 — ipu(p) =0 = (iyp+i-iEva)u(p) =0 (8.73)
INIIE]

i - pu(p) = Evau(p) = |plryau(p) (8.74)
i L

(Z-plulp) = (=ir5727 - P)ulp)
= —y57lplaulp) = —s[plulp) (8.75)

(Z-p)ysulp) = (—ivs7ay -P)ysulp) = —ivay - pulp) = —|plu(p) (8.76)
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ENIEIRYEE

z. %U(p) = —vsu(p) . %vw(p) = —u(p)

P LI 3) Helicity #97 SCRTE

21+ s)ulp) = ~(1+9)ulp) > hup = —ugup = 3 (1+5)u(p)

|p|

z- %(1 —)u(p) = (L=%)ulp) — hug =ug,u = %(1 ~)ulp)

Bif: xbF 0123 BER,

0 -I " (o1 .
75:(—1 0)%2@? 75_(1 0)@2@%

BEHRHF (m, =0), N ﬁu,,e“”(~ﬂﬁjb %\/%ur(k)eikz ,

1 S, E+m Em
r k) =— )3\
FIA
—ik m — ik
Ap(k) = Y up(k)an(k) = 30k (A (k) = ———)
k ik
Ak = = w0 =g (A= L
ZIE 1~ N FIEARRE 811,
T = pT Uy k=q+p
a oM
ﬂ—_; ________
r 1
Vi

K 811: 7~ A FERE T S pu+,

FMNE S $EFETTA:
<aplSl> = -i[d's <qpN (H @)k >
= —gry/ %\/ ﬁ%(%)%“) (k — q — p)ikau(g)ya (1 + 75)v(p)
T
(kL +v)vp) = @(q)(d+p)(1+75)v(p)

= im,ua(q)(1 + 7)v(p)
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(8.78)

(8.79)

(8.80)

(8.81)

(8.82)

(8.83)

(8.84)

(8.85)
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UL EIPER
u(q)(ig +my) =0 ip(v(p)) =0
ATHE T, W

(2m,2E,)'? < q,p|T |k >= —gnim,a(fq)(1 + v5)v(q)

It EA
om. 2E YT 12 = tT‘|:1+’7 __iﬁ,y 1+ ,ymu—i‘j]
(2mu2E,) " |T | ( 5)2|p|w 2m,,
A —ipmy —ig
= gim; Tr [(1+75)2m ;m ]
m
—ipm, —iq
= Zg,zrmZT‘f((lﬁL%)m;Tu)
(-1) o
= 2¢g2m; ———— Tr[pg
Al
1 ~
2 2 a
= @mlo———(-8)(pg),  Tr(ab) = dab
“afpiojm, PP O
= w2 - m?)
2|p|2|my|
XA
2pg = (p+q)° —p° — ¢ = —m; +m],
JIt LAAE P A AR 25 ] o,
IT'[* = 4g7mi;(m} —m3)
AR B T8 B
1 1 ‘ d’py d*ps
I=—— [|7'PdLIPS = ——(2 4/T'2(4) - '
2M/| *dLIPS o 2™ [ 1T 16 (o + p2 1’)(27T)32E1 (2m)32E,
(2m)" 1 / 250 I dp:
= —— [T - )
@rpaar | 1O e mgEn o

BT #ANRBNXEA Lorentz ARV, FrULEHEFOR (p=0), U

P+ P, =0,p; = =Dy = Por.
By + By =/Ipc.y P+ mi + VIpoar P +mf =M

AT AT LAHE HY
. 1 . .
|PC.M.|2 = AN [MZ — (m1 + mz)z] [M2 - (my — m2)2] ) |PC.M.| =k
TEPARAE 2 [ R,
_ &Pp1 Eps (4 &Py
Ry, = /2—E1E6 (p1+p2—p)—4E1E25(E1+E2—p0)

k%dk
4/k% + m3 /K2 +m3

FH p = -p=k = /dQ/

kR

26(\/k2+m%+\/k2+m§ - M)
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(8.86)

(8.87)

(8.88)

(8.89)

(8.90)

(8.91)

(8.92)

(8.93)

(8.94)
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& x =k +m?+ /K +m3, N

de kB2 +mi+ kR +m3 ka
dk R AmI+JREmE R+ ml+ R+ md
TR 3
dw [ kdz 1
R2:/T 75($—M)—7T |pCM|
FT LLB 1) B AR FE A
&p, & . .
r o= TP G ke —p) AR (LA
1
- wE (/|T|dﬂ) -~
_ |pCM| 2 12__ 12
= Sap TP TP = [ IT7Fd0

BT 7 — piy, BB poal = (mi —mp)/(2mx), AR, HRBIERA

2
Poml, 2 2 2y _ 9x m,
r= 87TM24” u(mﬂ—mu)—4—mﬂ I_W

X+ 7 — eve , HF me << my(me =0.511MeV,m, = 105.66MeV) , FTLA
(7 — pny) >> D(1 — ev,)
myx =139.6MeV | SRR 4584

Irser
— % — (1.2675 4 0.023) x 10~*

Fﬂ'*}/,l/ﬁ”
ATHEEBRETEEN, BIKE—F - BTIKER. (WA 8.12)

T —> 7T +Us

K812 7~ BFEA T - 1w +vr

PIREA
Lr = ige Y Gina(l+7), 000 + hec.
l=e,p,7
= lg7r Z [lﬁ[’}/)\(l + ’75)1#111 a)\(P + '(,Eul 7A(1 + 75)¢l6)\§0T]
l=e,p,7
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(8.95)

(8.96)

(8.97)

(8.98)

(8.99)

(8.100)

(8.101)

(8.102)

BFH g=k+p, TARMNBWEAN (ERMATE - o+ v, K51, XEEXGSFARS KR

SJ‘%H)
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_ _ Poall
Nr~ =7 v,) = |8§A}42|§Z|T'|2
T Tp

ol.

1 (M2 M2
BLIVE ( oM )'2g’2fM3(M3_M’3)
WMEFH e, p, 7 BFEGE N

L(r~ »7n7v,) = g?rl <M> —

47 2 M,
BP g RFAN[R] BB T — AR ).
g E RS RN
|
T2 — 0.9747 x 10*, (M, = 1777.05MeV)
FTI'*}/J/DH
SEE SR A
FT—HTV 4 — — 1
— =10.994 x 10%, (T (7~ = p= 7)) 2T tota(m) = —)
FTI'*}/J/DH Tr

MR AT A =AU T i k.
%3 HEMEASH,

94

(8.103)

(8.104)

(8.105)

(8.106)

10" =17 +17, Hp—REN v, EHASHHEAERNIKE (B ER R FRFE, JRZRM

SERIEAAR ),
2. 17 > 17+ 17 (HPH-PREH 7))
3. 17 =0T+ 17 (RE1- A7)
(JE) & ¢, REY (m#0)G,, T A,
4. u,v XK

¥ € = CYC! = C, C = s = ( 0o )

102 0

(8.107)

CC(p)C~" = d;(p), Cd,(p)C™" = Cr(p) M v, (p) = Cur(p), ur(p) = Cvr(p) ENMFMHET u, 0

.
P
ur(p) = ( e ) vr(p) = ( mem )
ExmPr Xr
HEBA:
[E + 1 7P
Ur(p) = 2mm ( é‘lp )Xr 'Ur(p) = ( EJlrm
ERIE,

1 0
T L
Xpr=1 <0> Xr2—<1>

EE:J:UzUSZ—I, Fﬁ’u

. 0 ) 1
TZUZXr:l = ( 1 ) J’ZCT2Xr=2 = ( 0 )

(8.108)

(8.109)

(8.110)

(8.111)
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5. W
Y= ( X > (8.112)
102 X"

WA e =9

§8.4 JIMERMZEIERAXEFLE
§8.4.1 JLMEAMEE
L BT ARE (W 8.13 )

K 8.13: AT HRE

9 1 m?2 _
<p'r'|S Plp,r >= o\ g ) EPu (08 (p — ') (8.113)
Hep M AR &N
_ 1
2 _ 4
E( ) - /d mz/‘y}‘kz
1i4(p— k‘ +2m
_ 4
- /d » 7]0 R (8.114)

2. ETFHIEZEMAL (I 8.14 )

’
- s ot ot
kA . K'i

K 8.14: JeFHAMALE

11 / .
a(2) e Y 14 N RA PP\ (2) A
<KN|S PJex >= = =34 (k= K)e) (k) N2 (Bed (k) (8.115)
Hrp
_ 4 ip—m _i(p—k) -
=e /d p Tr |y po Rl = h)? +m2 (8.116)
FREAXPEFAT
L _—tm (8.117)

ip+m o p? +m?
Ho N2 (k) BT B2 =0, BEREET F2 40, XM — B —A 2K B H S
, ABJESZER F R — AN R BB
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3. TiARAR (Anp 8.15)

+
A ) @)
P
A 8.15: Tif kA
SEF—BERIENE (1)
2
<718 Wi >= 2\ 25 (~0)(20) 5 (0 — p— ) (P (o) (8.118)
i
2
<IIS© = Ly () @n) 5~ p ~ )a()AP (, p)u(p)on(a) (8.119)
ook B
) i€ 1 i@ -k -m _ -k -m
M) = Gy / W o i " R e (8.120)
JH
o= =) (8.121)

§8.4.2 Feynman fR4f1 Wick 3}
i 8.16, 4y

/d4k = /d3k/dk0 (8.122)

HApXET ko MBI 8.16 R, BESEARBE LW EEAE. ASdTENRS BEPAE
aﬁ)ﬁ FrLE AR A E, AT 0 SRR T B AR 7. BRI Wick #3) (B AT Kt
25 [ B ROL B 25 A R #242 ),

“+oco “+i00
I= / dko f(k* — k2) = / dio f (k* — k2) (8.123)
—0o0 —100
ﬂﬂ%/&\ kO = Zk(’) > )rl'JEE:J: kO : (—iOO, -f—ZOO),k(’) : (_007 +OO) 5
N Ry 2 o ko—rko . [T 2 2
I =1 dkyf(k™ + ki) "= i dko f(k~ + k§) (8.124)
—00

— 00

Wit Wick #3hLUE, S8k — k2 — k* + k3 Wi Z R SCIIEE,
Fltm. SKER 4
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ky A3
- ma
> [ - aa
" & k
A T
*""-

K 8.16: MorHtenE R

1
4

dk | dk
/ / C(k* — k2 +a2)n k2 + a?)"

1

Wick #5jF  — '/dk/dk+
ick Fe30 /= ' Yk 4+ k2 + a?)n

5 (R BOLEZ K 4 - RERETT (KEFTT))

_ 1 2 _ 12 2
Jn—z/dkdko(k2+a2)n k= =ky+k
VY £ 3R AR
ko = K cos¢ K:0—- o
ks = K sin ¢ cosf p:0—>m

ky = Ksingsinfsinp 6:0—>7
k1 = Ksingsinfcosp ¢ :0— 27w

d*k = K3dKdypsin §df sin? ¢do

WRPARR B S AETR, REETAER, Wiisl

2m ™
/ dnp/ sin 0d0/ sin? ¢pd¢p = 27>
0 0 0

PR A

5 [ K3dk im>
n — 2 2 = ; ;
n = i2m /0 (k2 +a?)*  (n—1)(n —2)a2(n~2)

§8.4.3 AWML S5ESBH;

1 1 1 Tn—2 1
N — = —(n=121] 4 dzo - - - dz, 1 —
Ait a1az - Qp (TL ) /0 Z’1/0 2 /0 : 1Fn

Hrf Feynman 258
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(8.125)

(8.126)

(8.127)

(8.128)

(8.129)

(8.130)

(8.131)
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F=a1xp_1+ azx(tp—2—Tp_1)+ - +an(l —x) (8.132)
HEBR: X n = 2 A},
1 1 1 1 1 “2.d
_ <_ _ _> _ / ¢ (8.133)
a;a2 a2 — a1 ay a2 a2 — a1 a1 4

Mz=az+a(l—z), FEEAED = 2 FIHESRSL,
B m = n - 1 EMERSL, #F—BiEH m = n BBAGL, Y m = n B,

1 Ty Tpn—2 1
n—l!/ dm/ dm/ dz, -
( ) o o ’ 0 l[almnq +az(Tn2 —Tp 1)+ +an(l —21)]

= (n—2)!/01d:1;1 /0 dm.../j"‘z (n = Dd[(a1 = az)zn-1] 1

a1 — as [a1 — a2)Tp—1 + a2Tp_2 + -+ + an(l — x1)]"

Ty 1=Tp_2

1 1 Ty LTp—3
= (n—2)! / dxy / dzxy - / dx,_o
a2 —ai Jo 0 0
1
[a1 — a2)Tp_1 + a2Tp_2+ - +ap(l— xl)]n_l

1 1 T1 Tn—3
= (n—2)! / dxy / dzxy - / dz, 2
az —ai Jo 0 0
1

1
Lalmn? +-tan(l— ml)]nil [asxyp—o + -+ a,(l — ml)]”ll

A m =n - 1T, oz, Frid
1 l 1 - ! _ ] 1 (8135)

ay — a1 | [a1Tp—2 + -+ + ap(1 —x1)]" ! [a2Tp—a + - -+ ap(l —z1)]" !

Zn_1:0

- 11 ' nB-a
"A= an  pno /o [az + 81— 2)]" ! a (8.136)
AXZE BIEAE
1 Rk 1
/d‘*km = /d%m (8.137)
BHE N ZE R GETE,
SR BB 4 B 3l SR R B AR,
m m m+ta
I= da,I' = dz = d 8.138
[ t@inr= [ farai= [ s (8.138)
BaE s E
[—1 = / T o) — / " e (8.139)
WRSERH, W f(z) > 1/,
/mm+ﬂ f(z)dz — /mera %dm =In mTM -0 (When m — infty) (8.140)

PUAERAE B X A S5 12000 T U BEAR 7 R XT ). % Bk B 7

(8.134)
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I = /d4
+a2

1 1
Al = d4k——/d4k%
' / [(k — b)2 + a2]? (2 + a2)?
/d4k/ L 20k -
) + @)

bk — / /d4 (bk) + 2(bc) — b?

|

(k% +d?)3
i c=be,d® =a® +0°2(1-2) . iLURJE

L 2(be) — b2 ! b?(22 — 1)
2 _ 2
Al = im /0 dz p =T /0 dz—a2 (=)

= —irln(a® +b%2(1—2))|§ =0

Fr DO EOR BRI T LB Bl R, R RN T, BB HEANE,
AR VRS L B AE, RRER R,

4] u
L= /d Rt

BollEm k—b—k 5, MEXKME—-E+b, BEEN

AL, = /d4k#2_/d4kk#‘#bﬂ2
{(k —b)? +a?} {k? + a?}

R " 2k, bk)—b2k c=Dbz
- /dkw + a2} +2/dk/ e —¢)2 + a2}’ <d2:a2+b2z(1—z)(8>]45)

ARBR B T O BOR ), BEIEE k—c—k, NWAEE

2(ky +cu) (b k + ) = b?(ky + )
v ey

MXFTELVE Y, 7274 k AR KB AR 8 5Tk, B

1 2 2 _
3t 8.146 = 2/d4k/ 1. 20k + b (22 1)
0 {k2 +d2}

ER (0k) = bk, , RE k, JFHBL kuky T, WHR p#v, XD TR

’t8145%g1ﬁ—2/d4 /

j— 2 5 5
d4k7k“k" I=TE N (P T . (k* = k§ + k3 + k3 + k)
(k2 +a2)® 4 {k? + d?}
Tihh, A b

/d4k/dbb2 2z-1 _ /d%/ldi“z

{k2 + &2}’ o | {k2+a2)

4

[tk = [ [ s

PR, &E

99

(8.141)

(8.142)

(8.143)

(8.144)

(8.146)

(8.147)

(8.148)

(8.149)
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4 bk’ o [ by
AL, = d*k dz A - — [ d'% | dz >
{k2 + d?} {k2 + d?}
—b /d4 / = / dzdz/
{k:2 +d2)? {kz +dz)?

’L
= -b, / dzd2<2dz>: 72b,, (8.150)

MTTIER T 2R BT R B R A — A R SE) AL |

§8.5 HMTHREMREEEN
R AR 8.13, L7 [ RETT RES RS HA o A o A EE AL,

1d(p— k‘ +2m
2 4
2@ (p) = —2¢2 /d Bl rm? (8.151)

ZillE

1 ! 1
= /0 dx(+ (8.152)

(2) = — 62 4 1 xr l(ﬁ_];\;)+2m 2:m2$2 2 m2 — )T
£ (p) = 2 /d k/o e ( + (0 +m?)(1 - 2)2) (8.153)

XN 7, BT RSl RS AT LA 2]

£®)p / &k / ip(1 _kf‘; J:ngm — ik (8.154)
WH, BAOESIBETR @ (p) (ERBETF
2P (p) =P (p)| asz() (p—im) + --- (8.155)
p=vm p=im

X H SO (p) BFIA (8.151) , AT HIXF p BRI 2675 40 3 i U B hm, AT JEE F =X 0 0P
BHEAEH, DB TS — TR BN R K5,

W pR—ANEIEMIE, W p=im Bor, WBEHHERETRIERA a(p)2® p)ulp) . —BRERT, b
R—AEEHE (AR).

W p AR (R (8.154) HH b XTARABA TR ),

s@p)| = —ienta (8.156)

p=im

Hr

—e’m 1, 1+=z
A= { +2z/d/ e } (8.157)

B E TR A

1+a d(z + 2?/2)
4 1
/dk/d &2 + m222)2 /dk/ (k2 + m2a2)2
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- g/ o+ 2m? /d4 / = i;mxdm (8.158)
HC B — B0 TR o U LK),
/d‘*km = i’ /OA % = i’ {m A2;2m2 + A2T2m2 - 1} — in’D (8.159)
BB A
2m? /d4k/ s :ﬂ;; = 2in? (.160)
FrLl, &5
A=—m @D + g) , o?= %i%?, D= lim {m A2;2m2 + AZT-Zm? - 1} (8.161)

T A AR HOR O, AT I 20 HOR O, B DL AH B A R i B 5 N — PR TH L
AH; = —6,, Y1), A=96, (8.162)

T E BT ERE, R R R E

PSP pr)y = u(p)S® (p)u(p)s* (p — p')
= —i(2m)*Au(p')u(p)d*(p — ') (8.163)

Bpn el 8.17 frow.

P\.‘/T\\‘Pr :>)¢/_)J_)_)\ t
k

K 8.17: MR EE

MR LLE H, 5IAN AN = —0n9¢ J5, ATCLEBRTEOREL, iR IS O, MIH d Dirac spinor
S S MERART (@) P(x) Y@)d(a) . FIELASIA TR AN, = —6,.90 LR, B5 5% ()
HOZR R AR AR T . BARRIE USSR HA K, BEEN TR R —FE,

H o= Ho+H,

= [ VY +mipp] —ieN (PAY) — 5, t)
= [y Vi + (m = 6n)P)] —ieN (pAY)
= [y VY +mogp] —ieN (pAY), m = mo + Om (8.164)

Hemo AHRFHIRER, 0n ABRTFS5HEESHEERTSEMR#RE, m&Biam et R
&, (EEANEE m=mg )

SRR bR B BEA R:  [Yoy - Vibo + mothoto] — ieN (YoAothe) , BN TR BRI i A
L.

HREARETIN—SHE, HWERWEFHREI. Thoh 0 ¥R E. — BRIk &EF—1
B R, X ERBEF, S5 EET, WRBILT AR, WSIAAHRRHGE I, (B L A a] S
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s, xR TRIFAF RSN REFHIUEA EAR—5, RRAARS, R HITUEA RE, WA
LURITSIA, HEWMBRABEELS Z (MMNFOKRTHEAEM), MSBECRATER, ( unrenormalized )
H AR E AR T 20500, AT 3 A AL R B I,

§8.6 HETHREMBEFEENL, \BHEEE

=@ (p) = £ (p)\ +BS7'(0) + S0P ) (8.165)

p=im
Hep St =i2n)*(ip+m) . WHERTUE,

=3 (p) — =P (p)

p=im

_ -~ A7, p(l — ) +2m /4 / m(l —z) +2m
= 26 2 (ip+ m) 2¢? /d / k2+l2 d k2+m2x2
= (ip+m) ——e7r — 2¢? /d4 / dr———= 1=
- (k2 + m2a?
- 262/d4k/ dz {ip(1 — z) + 2m} ! - ! (8.166)
o p k2 +12)2 (k2 + m222)2 :
A
1 2(p* +m?) 1_33) 2 2,2 2 2
(k2 +12)2 k2+m2$2 d CEYIE (@7 =mz® + (p” + m”)z(l — x)z) (8.167)
ey L5 2
z(1—z) [ip(1 — z) + 2m)
2 d 1
ie’m? (p® + m?) / a;/ me Ty B o (8.168)

XRMT p* +m? = —(ip+m)(ip —m) . TR LLFE]

=) (p) - 32 (p)

p=im
— 4
= {——+—/dk/ dxk2+m2m2
z(1—z)[ip(l — z) + 2m)
d d 1
zp ™) / :13/ Zm 222 + (p* + m2)z (l—x)z} (8.169)

CLOEEE oy

2@ p) - 5(p)| =87 p) + S ) (8.170)

R4 (8.169) LS S7(p) = 0 B p = im W, BNRIHE] B, JEFHSHHEEN B, FLL

=3 (p) — £ (p)‘ =57 (p) {B +571e (p)} (8.171)

p=im

FH

1-2z 1 (2 -1
47 4 47
/d / de——"——— 07 + mZa?)? —E/d k———— —|—2m /d / k2+m2x2 (8.172)

B —IX M 0.5i72D | Jg—3xt M 1.5i72 ,



ENE BRAAEETAREHURITE
450 (8.169) HEEFESHFH =T p=im J5

g/ d:r;/ dle—x21+x):g 1d_:r;_g
™ Jo 0 X ™ Jo xr 2

JiF 1
« Ldx 11
B:—E<D—4 i ?+3>
Hep D~ S5 E# (KEE A BRET), [ 2~ Zh R
%E%ﬂﬁT%ﬁ%wﬁ(Wﬁ)

2(2) l—m Y[(p—m)(1 —z)(z —2(1 + z)z) + m(1 + x)]

dm

m2z? + (p> + m?)x(1 + x)z

%Wm%%W@,@%mmﬁﬁg%ﬁﬁ(%ﬁ$¢@%m@%%x
HRET ARSI AR, RAFERE—T = () 1 Taylor BIF

2@ (p) = S @) y—im + S5 B)B + ;2 (0)2F ()
HTHEREBON, MFEIAKMNI, WAE—T 5 AH = 5,0y, ]
H—H+AH = ¢(v-V+m)p—iedpAp + IF,WFW
= PV +mo) = ief A + 1 FuF
A AR B E
H; = —iep Ay — 8,900

QED Renormalized Lagrangian:

1. L= —7,0u0 — mpp — 1 Fyy Fly — iepyupA, , m = mp,e=eg
2. IAIRIET,

AL = 6mZ21Z)1/} - (ZZ - 1)(1/;7u8u7/} + mWJ) - E(Z3 - l)prF,“/ + ie(Zl - 1)1/;'7u¢Au

103

(8.173)

(8.174)

(8.175)

(8.176)

(8.177)

(8.178)

(8.179)

Hh Ay =1+ B,Z; =1+ C (AESW4L), Z7' =1+ L (iAW), MK Feynman & #0El 8.18

i

B 8.18: B =FENH
3. N IKREA
L+AL=Ly= zﬁofyuauzpo mo'gbolﬁo uquuuo + leO'QbO'Yu'%bOAuO

iR pEE SEVA N G E (98] TR IR R BE

(8.180)
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m — mg =m — O,

e—eo= (22727 BEKAAR (2 ), T ( 2 ) FEZHAL (Zs) 15T

Y = o =20

A, = Ao = V734,
T LT LU o = (212, 25 P)e 20 = Zo, WA €0 = Z3 e .
TEBA KRG —F BT E R AL, B 8.19 s f 16 4 ko F I B JL AR L.

: i :: i ; 5, i
Kl 8.19: WEH T A REEREALIE

AL G
(e Arp)dmtp th(erp Av)) (8.182)

H L) Feynman &1 8.20, L7 A REME LA ELor A =47 (Al 8.20 ), &7 rIBCh (K

—@—>=—>—+—)——-’" +

5,
K 8.20: WEKH T A REERM LA
H oo = e?/4n)
SPW) = Spm)+Srm) [BD W) = D W)ls=im] S;(p)
= S;0) + S ) [S7 @B + S W)=Y ()] S5 ()
= (1L+B)S;(») + =7 (p)
= (1+B) (S) + =P ) + 0(e?) (8.183)

HUF S;(p) = S;(0) + =P (o) (B RISRAHEE) B L —PRBET 1+ B), E& S, () =
@m)bilip+m) , HAFEHRESPE O+m; LS B XRMEHTAIER 01,0, +m)y , FE3|
LB BRI B T AL,

B (v,0u + m)p = (Z2 — 1)Yp(7,0u + m)y (8.184)

XHF AR T RIS SR BURI A RIS DL — 2, AniE 8.21 Prs Ahk e 7 A BERI =Fis O,
K 8.21 Wyfa b 8.22 P, Hhigrh B R s &g oL,
FERLHIE 30 (B A A LB B AR ) A

u®(p) = u(p) + 57 (p) [E? (0) = S @) =i u() (8.185)
HE— 3 O HE S 1

u® (p) = {1 +S¢(p) [5’1(:0)3 +572(p)sf (p)] } u(p) (8.186)

(8.181)
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I +

K 8.21: AT AREERILA

S S

K 8.22: AMEHLT A REE AL LI

-

HF S () =0, FLLER S, (0) FERTEA TR, ERXT S, (p) WHEA TR

u? (p) = [1+ S(p)S ™ (0)B] ulp) = { ?1(12 Blu(p) ij_ig ig?}i; ﬁ)ﬂf (8.187)
B S B b IE W A EG

u®(p) = (1+ B)?u(p) (8.188)
X L 9% B 45 P BRI

¢ = (1+B)Y?y P — (1+ B)/%y) (8.189)
NI

Y = (14 By (5HLHHBR—E) (8.190)
BT AR REERALUE, MIBFAEERE ( ~B), HERSH
1 S (p) = (14 B)(S; () + 2 () £2% S1(p)
2. Al u®(p) = (1 + B)"*u(p) RRE ulp)
EHT
1 S () = S;(0) + = () 105 S ()
2. BEANETUR—AMBET (1+ B), BHRIMETH—ANBHT (1+ B)'/?
SIAHRIE IR B BRI TSR I R B T4

(1+ B)PitsPe = (14 B)» (8.191)
He B REBTFALNEHE, E RBEFIMROEE. o ATUSE 20 = 2B, + B, H IR 5THR
HT (1+B)

HRE S FERETHFERTF e'(e = er) , MHTERMLTIC " = e"(1+B) " =¢;, B

ep = —o (8.192)
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Bl ) () = S¢) + 37 () .

§8.7 HTRUFBRTEERL
HAEMALH) Feynman P 8.23 iR,

P
P

& 8.23: E&EH il Feynman &

FEHT - BT R B I 8.24 Pow,

3 4 3 4
1>—’V—< | 1 A 2
B 8.24: HIF - HUT LA
HAp s T A
(95, pa| SO + Sp1p) = 62(%)8% / &'k () D, () s
54 (p1 — ps — k)1 (k + p2 — pa) (8.193)
HA 7R
D, (k) = 6Dy (k) + Dy (R)ILZ) (k) Dy (k) (8.194)
I (k) 5 — Bk,

) (k) = kuk, Q(K?) + 6, P(k?) (8.195)

RLRVESFAE K, I (k) = kT (k) = 0, WAT LA )

2 (k) = (kuky — k*6,,)Q(K) (8.196)
XF pp KA, BD
‘ _ ‘ 2y 1 ip—m  i(p—k)—m
2) (k) = —3k*Q(k?) = e?/d R e e Y ey e (8.197)
4 k=0 A,
2 2
. p°+2m
HLZJ (0)= 862/d4pm (8.198)

KRR IR, MEAEER I)0) =0, FUMEESTE, FYENE R BRE
FIN (0u)? ApAy , BRXEBIAEALIER. (SHE 825 )
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) .Jr 3 . ) —_—y ’_{ }—l\ pr—

B 8.25: LT A S AL

T K

I (k) = T (k) — ILE(0)
_ 4 p* — (pk) + 2m? 3 p? 4 2m?
= /d P { (P2 +m?)[(p—k)2+m?] (p?+m?)2 } (8.199)

H g —may LA

s [ ot am i) [ (@ = + a1 - ) (8.200)

o ((p—kx)2+q¢2)?
A
(2) — 4 _ k2)x
Huu(k) s /d P+ 2m = (ph) / d:r;/ dz {lp- k:r;z +12}

y=zz
dy

—ad: 2 4./ 2 2 2(pk) — k?
" 8 /dp(p +2m (pk))/0 dy(1 y){(p PRYENEIE

Hip 2 =m?+kzz(1—22) =m? + K*y(1 —y) , AHHMXFIEHE]

/01 d:z:/o1 xdz f(zz) dy=ads / dfﬂ/ dyf(y
- . /0 Fod| - /0 vd [ / zf(y)dy]
-/  Fdy - / () = / (- ) (8.202)

HAWAL K E AL K 0 8.26 fow.

(8.201)

K 8.26: FLSALHIEREILE

BB REMRBH, Bl EEE - AROBER R, SR BIRB R AR RS YT

ky)? + 12] 2(pk)
16¢> /d4 / dy(1 [0 = ky)* + P]200k) _ o0 /d4 / (8.203)
[(p — ky)? +l2 [(p— ky +l2]

BaiER)E, p—ky—p, SEREEEREN

1 .
3262/ (1- y)dy(—%ﬂ2k2p) = —gie2ﬂ2k2 (8.204)
0
L, BalE ARG

p 4
2 (k) = ze 2r2k? + 16¢? / d / dy(1 (8.205)

2 4 12)
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Hrp

R=[(p+ky)® — (p+ ky)k + 2m*] [2(p + ky)k — k°]
T35k p AT LIRS 2, W R — R,

R = (2y — 1) [2(pk)” + p°K* + (K*)*y(y — 1) + 2m>k?]
A4 (pB)? = pupkuky 5 Lp?k2 . L

R = R" = (2y — 1)k? [gp2k2 + k2 y(y —1) + 2m2]

P A
_ 4 3p2 + K2y(y — 1) +2m
) (k) = D7 (k { Za w‘/d4 / dy(1 —y)(2y — 1)2 T }
HHINE

1) (k) = 3 {C’D;l(k) + 1 (k)D;?(k)} = D;\(k) {3c + 311 (k)D;l(k)}

SAFTATAS C bRk, I RS, FHohSERR L I (k) & k2 MR,

WAL S k2 =0, WIATLABE] {} = 3C . AT iy i A 5 7 L e mr 5

2a 4za p +2m
=——_-—[dy / dy(l1—y)(2y — 1) 25—

Heb s30Ty C&8BA TR, il

C = ——(D+5) /L—i2D D oxInA A —
- 3r 6 (k2—|—m2)2_ﬂ- ’ x ’ o

TFHESRAA R L () FEE SR E 30, Rl F)

2 L 3(3p? +4m?)
' (k /d4 / dyy(1 —vy R Q—— / dz 2t — L
= 247 yy( D (p* +12)3 * o T 13)*

He i =m? + ky(1-y)z, 12 =m? + K2y(L—y) . XF d'p B4 LURAI#F

dp i 1 3 2m?
£ i [ awa v (G [ (35

AR TR Jn = [ il

. 1 2
dz i 2 3y(l —y) 3 l

Xt dy 73 F8ER S AT A FRAA.

dy,by part (xe" /1 d y2(2y — 1)(2y — 3)
- 3(2n)8 m? + k2y(1 —y)

FrELE T (k) = —3k2Q(k?) T4
I3 (k) = (kuky — k*0) Q(K?) = 6,0 (CDle(k) + H}z)(lﬁ)D;z(k)) + (- Vkuky

108

(8.206)

(8.207)

(8.208)

(8.209)

(8.210)

(8.211)

(8.212)

(8.213)

(8.214)

(8.215)

(8.216)

(8.217)
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) (k) dRiE 827, BAh I (k)ay (k)ay (k) 4 a, — a, + Bk, i, ATLEER 113 (k) Bk, = 0TS
A EK) |

yz Vv

F 8.27: JUA AL
HEFAERE R E — YRRl (InE 8.26 ):
DP),(K) = buDy(k)+Ds(R)IE) (k) Dy (k) (8.218)
= OuwDys(k) + Dy(k) (kuky — k*6,) Q(K*) Dy ()
= 8,,Ds(k) + D (k) (cp;l(k) n ngf)(kz)Df(k)) Di(k) + (- Yoo
= bu(L+C)Ds(k) + 0, 1P (k2) + (- ks
= Su(L+C)(Dy(k) + 0P (k) + (- )kuky + O(a?) (8.219)

MR AR

1. BARLET (1+C)
2. Dy(k) — Dy(k) + 17 (k) , A RMEIHEE,

TR IR T AR I DL
T o ER
1

au(k) = \/—Q_Weu (k) (8.220)

B IEIIE 8.28 fiK.

A 8.28: HAMMIMEET I —IRIBIE

SR} = WBIELE, AMEOETARR

o (k) = a,(k)+D; {cp;l(k) + 1 (k)D;?(k)} a, (k)
= au(k) + CDs(k)Dy* (k)a, (k) (8.221)

Hep Dy (k)au (k) = 2n%ik%a, (k) = 0, BT LA D2 (k) TC5THK, 1 Dy (k) 3L T R @ Wi

a® _ a(k) e) _ 1/2,,
u (k) { 0 (K)(1+ C) = a,’ (k)= (1+C)"“au(k) (8.222)

LS AL S B L AL

1. EEWAERSEANEETIR (1+0), F&IZETT (1+0)"/2
2. DY (k) = Dy (k) + 1 (k)
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R Feynman E3LH n NN, P MEFAL, P £6TFHE, WESHBATTEEFH
(1+C)PtsPe = (14 O)2 = (V1+O)" (n =2P; + P.) (8.223)
WRBRRBRET €0, Feynman EIEHY ef , MESHILKITIHR e0 — eo(1 + C)/2 , ERILUFH)
HLfF er = eo(1+ CO)'/2,
§8.8 TR HFEWERL
ARSI 8.29 fizw, 4 HRE—RM=REIE.

PF
q
J7,
P
()
F 8.29: THAK—KIEIEM=RIEIE
L) — 1 m? 45(4) (o1 .
(ISTD) = —pe\ g @m)07 0 —p = gu@)ulp)aue) (8.224)
; 1 2 / / !
ISPy = =’y EE' (27T)12/d4kﬂ(p )7 D (k)Sr (' = k)7t (p — k) vu(p)a,(@)8 (' —p—g)
1 m? 4c5(4)(, 1 I\ A (2) /

= —ye\ g M0 0 —p - )ul) A7 (0, ) ulp)au(e) (8.225)

Hrp
(2) no_ ie’ / a1 '(p—l;:)—m i(ﬁ—l;:)—m
Au (p7p) - (27]') d kk4 I/( k)2 +m2'7u (p_ k)2 +m2'7u (8226)
i 22
Y = Y+ AP (,0) =T (0, p) (8.227)
T 16 1F F 155 .
AD (p,p /d4k/ dm/ dy (p— k)yu (9 — k) — 2im(p, + p), — 2k,) — m?v, (8.228)
{(k —px — qy)* + £2}°

He 2 = m2? + ple+ q(p+p)y — (qy +px)? , SHTATEN AL (p,p) Joxtck i, BTk

1. BaEpE, BOMERE, k-pr-q -k,
2. BIEEE, TAE b K5I R 5T,
3. [d'ES — L [d'kR>

AT AT LA 21
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2
T
A(z) ie / / / — 22
p7 7T4 0 k2 + t2) (8 9)

Hr

T= (ﬁ(l —x) — Gy — l;:) Yu (ﬁ' —pr —qy — l;:) —m?y, — 2im (pu +pL —2pux — 2q,y — 2]9“) (8.230)
#E— A1

T2 T = (p(1 - ) — Gy) v (0 — Dz — dy) — %k2% —m?y, — 2im (py + p), — 2pu — 2q,y)  (8.231)

E p=p =im &7 Taylor JEF (B) p=p' H p,p’ 7 onshell ZJEFF), BPik p,p’ #BEAESNL L, FrLL
qg=p' —p=0, BIFRET (ip+m)ulp) =0,u(p)(ip' +m) =0,
Pt BL

2
1
T =, [m2 (2 — 2 — %) - §(k2 +m?z?) (8.232)

H = —p*z? =m?2? | #

Hrp
(4—4z — ) 1
4
/d k/ dwz { (k2 + m222)3 (k2 +m2a2)3 } (8.234)
obavid o e |
' z 1 1 Vom2edde
N/O dm(kZ +m2m2)3 - §(kz _|_m2)2 +/0 (k2 _|_m2m2)3 (8_235)
4]
. 1 ) )
- @ wa foy m?z(4 — 4z — 3z?)
L= 47rD+ 27r/d k/o dz (k2 + m222)3
a Ydr 11
B E(D_40 ?+?>__B (8.236)
SYIE=a
AP (p,p') = Lyu + AL (0, ) (8.237)
HrpEmE—mR s (M0 1. 74t
' —p= m (8% m 3 3
N o) " {qzw (hl re é) - Zm%qu} (8.238)

HA 0w =5 (v =), p AT WIRAANE BT SIAKDET iR, EMERE PR
1 - 1
G o T iR 2o

R SRS OL T B 5T + IRBISOET 5Tk = ZLAMA IR,

I'Pp,p) = v+AP )
(

(8.239)

= (+ Dy +AZEp) = 1+ L) (3 + AL (0,0)) + 0(a?) (8.240)
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HIEEITUA I T LUR
= (1+ L) (7 + A% 0,0)
e = eo(L+ L) (3 + AL (v, (8.241)
eo(l+L)=eg

ZIBT W T HBE, ESRAFITUREIER5 RN ERARNE,

1. YL mg = mo + 6 A mo

2. Bl en = eo(1+ B)(1+ C)Y2(1+ L) PF224D e0(1 + 012 foE g
&LA%()_SA)+Em()ﬁ§S(m

4. BL D (k) = Dy(k) + 1P (k) 448 Dy (k)

5. DL (p,0) = v + AL (0, 0) PR

Horp i B AL AT DAt — 2 Rom A

er = eo(l+B)(1+C)1/2(1+L):<1+%C> (14 B+ L)ey + O(c?)

<1 + %C’) eo + 0(a?) (-B=-L) (8.242)

§8.8.1 Ward-Takahashi Identity

T 8.29(b) firow, A A
d*k 1 1 1

A " — 4 2 » _ _ L '
u(p,p') =ie / ani” P +m7ul.(ﬁ_ 5 e (8.243)
HF B A (A 8.25) , B4 (WWELIETHIE) A
o d*k 1 1

E(p) = —e / oni T g (8.244)

a] LE A
0

Au(p,p) = a—pHE(p) (8.245)

FIH
1 s 1 B 1 B 1

i — k) + ml(p p)i(ﬁ —k)+m B ip—k)+m i(p—k)+m (8.246)
EIEEES|

2(p) —o(p) = —quhu(p, ) (Ht g =p —p) (8.247)
PNTENSGIERG £l

Au(p,p) = %E(p) Ward — Takahashi Identity (8.248)

in

it}

Ap(P D)y i = L 2(p) = B(D)lymin = Bi(ip+m) + S 2(p)(--+) (8.249)

Ly B AT A3 2
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L=-B, Zy =7 R AR AL (8.250)
Fsh, L 2n)'
E(p) = m + (@ +m)(Z = 1), Aulp,p) = (Z7 =)W (8.251)

FFRERT AR R Z) = 2

§8.9 ETHIMARGT IR TR R E#IE
B4 Feynman [ (118 8.30 ), MEFE TIAKXLEEIE, S MO UERK

CIEH 10 (—KrEIETD

O
+ + + e
S

(CIWN  IA: K HERT )

P 8.30: HLTAMZHR AOE IESUANHET T

<ASW+S Dl = oo/ @m) 6 p +q - pay(a)(1 + BY(1+ L)1+ O)2
a(p') (w +A (p,p’)) u(p) (1 + D7 (g (q))

m? 45(4) AT (2) '
= —er\| g (2m"0 (p+q—p)U(p)[w+Auf(p,p)

+%.D7 (@ (@) | u(p)au(a) (8.252)

HAERAL (EARBEELT )

A A 2o 22y —3)(1-2y) <<m a ¢ [P, .
H(2)2D—1z:%/dy( __/dzz_ 1—9
7 @)Dy (q7) 37 ), o ey =) =>3m 0yy(y 3)(1—2y)
2
_ e
= to3 (8.253)
TABIE (FRELINRH)
(&) 2 m 3 3 1 1
Auf(p,p)— Ey— {q Y <1n ; 8> +4mau,,q,,}, T e — e —s (8.254)

BRI TA B IES —HDA v, AN 0w . G ERNE R TA

<ASM+S D> o ) [y + AL ) + 217 (@) Df )| ulp)a (@)
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3 1 3
= a(p) {%L _ 3;% [‘12% <ln% -3~ 3> + Zmau,,q,,] } u(p)au(q) (8.255)

Heps(h i £ ok B EZSHRALI TR,
§8.9.1 H-FRIHEEE

EEH
iy ooy [Pt Pe L
U(p )7Nu(p) = U,(p ) 2%m om Opv (p p)u U(p) (8256)
B b Y s — 3R A2
—€ ’ Ak €
%Uuueﬁ(p _p)u g _EUW/F#V
e . 1
= —% (Za -E+o- B) ; Opy = 5(7#711 - ’YV’YM) (8257)
Hrp
a:<00>, a:<00> (8.258)
0 o o 0
XRH BT — D NER AR,
n=g-0c  (EMEEN: —p-B) (8.259)
Fih
e e 1 « e «
_%Uuuqu — _%Uuuqu - % (%) Opuvqv = _% (1 + %) Ouvqu (8260)
i ARR R E A
[y = j= (1 + g) 1o = 1.0011614410 (8.261)
0 0 o
T 1998 4 PDG 15 i) SC 5 A
u = (1.001159621393 + 0.00000000010)% (8.262)
Hor AL
_ b pe 4L,
U = S i 1= 2(g 2) (8.263)

Wf: SR QCD HEERR.
5 QED MEZWALAF, QCD hrrEIEMItul, Wi 8.31 fias,

7 q

17 z

& 8.31: QED 1 QCD HEZSH4L

f£ QED s E AL th & B E/ER, EEE QCD H, NS wZ AAMHE/EH RER
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BERIRULIT S, ASMNESRAE QED H1 a = -e*(¢®) ~ 1377',¢° =0, TifE QCD # a = a(¢® = —M3) ~
12871,



FAE XFEEBUH—EITR

§9.1 IFILHPHELEIIFTEEZEE (Superficial Degree of Divergence)
WILHAKTIH o FtrgT ¢ .

WKEA

L="Lo+ Ly (9.1)
H BRI ER

Lr = gPvp; gorste; Ap®s N forbdup; forusvdue (9:2)
43 AR B T A AH BLAE .

PHE—> Feynman &, BEH B KinEA T S, 1B FAvER THLZE, FHRIOKTIHEL, IF
FUOKTAL, n B I MTAKEE (i RERFEK L2 PIHL), b A% i AU KRR 2L,
fi S I MIORTEE, & R ATANEERE, W—2f

B+2(IB) = > nb (9.3)
F+2(IF) = Y nif; (9.4)

EXFHEKFE (Superficial Degree of Divergence)

D 2 B TFERRER — B4 4 BB BRI (9.5)
AT LR E]
D= andQIB )+ 3(IF) — 4Zn,+4 (9.6)

Hr

1. F—IRAE AT — S ER T (+1).
2. {HTIRPBEIREIALTIR— DD (+4) F—DMERET (2)=(+2)

1 1
(2m)4 /d4kk2 +m?2 —ie 6.7
3. FEIRMBRIAT TR — PR E T (+4) FI—MERET ((1)=(+3)
1 —i
(2m)4 /d piﬁ +m ©8)

4. HNTHIERETEWGATAHE — 4 ShRFEG 00 (Cp) ME, S FMET (4), [HEE
JREFHRE S 4 SR FIEE 0 R

FIAL 9.3 71 9.4, MR 9.6 L IBIF, MG

3
D = —B—§F+4+Zi:ni6i (9.9)

3
0; = bl+§fz+dz—4 (910)

wJa, BAVEEY

116
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0; = —dim(g;)  (g:: 51 #TA FHEMEM) 1 Coupling Constant) (9.11)
Her dim RR-BRH, HFER h=c=1, F

dim (i #) = 1 dim (&) = —1 (9.12)
M EA 1S B hn R FIH R R R A

dim(p) = 1 dim(L) =4 (9.13)
Ti5N AT LASE Y dim(H) = 4, dim(H) =1,

TR TFHI RN A

dim(y) = g (9.14)
XREHT

+ Lo = —(D7uBytb + my), dim(Lo) = 4 :.dm¢:g 9.15)
Fr LA AT AT oA 2

b + gfi +d; + dim(g;) = 4 (9.16)
fl4n

dim (g9, ¥0,¢) = 4 o, dim(g) = -1 (9.17)

%t H (9.10) i1 (9.16) BT LAfSF) &8

§; = — dim(g;) (9.18)

TP (9.9) FTUIE Y, WARFERSN L DAHE, AR E T A IR,

1. AT ERE: SR EN, WARNTUSERZE, WAHUEMK, dimlg] >0
FlInE Ap® , HREIRIEREDN £ = Ap®, dim[A] =1, Hrp o MTUAIIE 9.1(1) F R, A
RNk 0AS W)
1

L= -30u9)0up) - 3" (919)

WREEAGE (MK 9.1(2), REAHEN D=4-4=0, FroUEHUxRm,

/ o ah AT
D S R e el I E—

N — N N

(1) ) (3) C))

B 9.1 MAEHEIHT \p°

B, AR R TR, 0 9.1(3)(4) FPTR. EEEHEABIN D(3) = 4x2 -
5x2=—2,D(4)=3x4-2x8=—4, fREKXFIFMILLLI,
FHAMEABERIEETNES, wEBGERE (K 9.1(2)) 1, Z(p) MEFEXTLRRA
X (p?)

p2=p? p? p2 + (9.20)

p2=p2

2(p°) = (p*)|
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HFREP R, Ll S(p) & p* FIREL.

R 9.20 B, XFTF A® RAE—TURKTA, FTLAHMEHETUN S(p®)e® ~ 009° , 4T
Nﬁ%i%wom%%:m&%ﬁﬁ%,Mm@mﬁmmm%ﬁ@ﬁg%? Oup)(Oup) ,
T X Bl R E AL,

2. AJEXE:. dim[g] =0,

Bilhn:  Li = Mot fpe, flhvse , MK dim[\] = dim[f] = dim[f'] =0, XHEWREWE n;

B, MEBEASEL, XU EF LISIA R E IS0k E AL,
3. Al E#:  dim[g;] <0, XMHITAA

L = N GFERAFAE), G (0) (P (M BKTAR B AR ), 9007000 (9.21)

WERHENR dim[A] = -1, dim[G] = -2,dim[g] = -1, @F 6 = —dim[g;] , FTEAMIR n; B4
om0 TR b .

L] B 7 AFRINELFERA -1, IUSEFHERTURA forste.

WSl g —> Feynman ERMCEIR, 4302412 I 100 R U3 DL R A 7 B AR 20 1A HEURE
A UE,

wWntE o BIEH, miE 9.2(1) R, D =0, L3R B, MR 9.2(2) 1 D = 4x2-5x2=
-2, HETEF D=0 RXHR I,

p2=p2 (

e —
“ ST
A S S A U U
o) @

B 9.2: CHHHEAE BT Ap®

§9.1.1 [E#HY Taylor BF
W—EIERINES R A pr,-- o, WIBBIEN ¢, @ . W0E 9.3 FR,

B 9.3: WeSHEAE BT Ap®

RN
F“”(plf--,pn)==/[d4q1---d4ml(p1f--,pn;qh---,m) (9.22)

EHSMEIR, WATLIE H T (p, - -, pn) AT LIHMER MRS R pi fE Taylor JBIF,

0 0
) e Dn :/d4 ceedto —T DRl 9.23
o (P, pn) 0 o (D1, Prs 1,5 @) (9.23)
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BRI, fRUCRHE, FRLLEILA D) A#+L MR, MB—4 DT) WH R BE W, Ma BiEk
XHE I B K TH
Bl 1. Ap® i AR (& 9.4)

E(p) = A /(d i : : (9.24)

T2 ) 2m) k2 4 2 —ie (k —p)? + p? —ie
k
-
P VA P
—%—1\ L+—
- 7
-
k-P

B 9.4: Ag® 1B
HF D=0, FREUEXEAE, HEATRLIL,
TR EAT, D) & p° M, — BRI
S(p°) = ap +ay(p® — p®) +ay(p> — ) + -+ (9.25)
BUBFFp p? =0, WA LAfSE)]
2(p?) = ao+ap’+ax(p?)’ + -
= 3(0) + 5.0?) (9.26)
KB AEFRE 2(0) X—I, FRUBIAKIKETUN $(0)e? |
Bl 2: X' HEEE (WK 9.5), D =2 XM kAR,
/7N
————— :}_ o
N

B 9.5 Ap* HEE

REGR R — AN kEWA, B p® =0 &IHF
oz(p*)
op?
HApRRIUA ZRKH, RIETAH 2(0)p* , —IRBUAN B, HIETCA 2'(0)(0.0)(0up) , FITHRZ

eSO,
fl3: QED LT HEE.

S(p*) = 2(0) + O)p* + Zc(p?) (9.27)

2(p) = 2(0)lpmi + 57 @) B + S (0)Z4(p) (9.28)

BURFF A p=im, S;'(p) = (2m)%i(ip+m) = 2m)*(~=1)(p—im), H—TARALERH, HLRL
ARTBORHL, B IO BOR L AR I () |y 00, B (1.0 +m)Y) .
Bl 4. HHRAL
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I, (K?) = 11, (0) + 3 [OD;l(k) + 14 (k)D; 2 (k) (9.29)
JBFFEA K> =0, Dy'(k) = 2m)%ik? . HA TR KR, B B TR BRI
MAZE. ﬁ%ﬁ*%*lﬁﬂfhgmkﬁm T XA Fuv Fl , 58 WS,
§9.2 EE|LFIKYIN

— PR EEN), B4 T HE Feynman B 1A & BEU05  AKHTEDI( Counter Term )
AR BEB IR K Bz 5 HR 19 2 B50RT U R 250 F) 2B s SR,
fln:  QED

1 WAL T R R (PR kA (e )
£ = — (0 + ) = T Fon By + i€ A, (9:30)
2. HOWITR AL, HTIMEMT £ FFkmsi i, BR3AIGHET AL
AL =620~ (Zo — )@y + ) = §(Zs — DFFp +ie(Z0 ~ D, (931)

Hep Z, =1+ B(ARY), Zs=1+CEZERML), Z' =1+ LTiA).
3. AL \BUHFIFAN L #, Bk Unrenormalized H)$H7 K&,
Ly = L+AL

1
= —tho(YuOu + mo)tho — FuVOFuVO + ieothoVutoAuo (9.32)

;H;':F‘ mo =m — (5m,60 = Z1Z2_1Z;1/26 ZE& 1/26 lﬁo vV Z2¢, uwo =V Z3A

B0 Ao

1 1 A

L= =5(0u0)Oup) = §u2<p2 - Fp“ (9.33)

REKBEN D=4-B, R B=2B =4 WMKEHIAT
1. B=2, & 9.6 frax,  Hrp T RTO RLHHRIH IO 0, Z B0 BRI TN (0,0)(0u) , TR

%/ T ———é——i——— + O 4+

N
D=2 (F kB (k3D (E I

K 9.6: SEBFANTRIME A" R

AL,
2. B4, IS 07 B, RAREHRRI, HHTHIERY o
R BRI
5 A A B, C
LHAL = —50u)0up) - 56" — o'+ | =5 0up)Oue) + 57" + Tr*

1 1 . . A
= —3Z(0up) ) — 30 — )0t — St (9.34)



BENLE X TEEAN KT 121

\\ 7 \\ P P
///// — X X
)y A\ / .

[6=3(:9:1p]

N
/
[
Y
S

D=0
B 9.7 EHEIAFRRINE A" BRI
H Zs=1+A,B=02,C=XN-2Z1+1), Zi,Z>,7Zs #B#: Cut off (A) dependent , FfLL
£+ AL = Ly = —5(0,00) Buipo) — 31 — T hosd (9.35)

HA o = Z3/ o, ud = 23 (1 —02),ho = Z3 27N,
AN A WL AN 9.8 B BIIE I, 55— KR BRI BOR . 6 R R TE A ©°, ¢t .

|
AN
| N /s

E

'

Kl 9.8 FIKRTFHL \p® MR

M QED f, fHHLUFMARRE. (s 9.9 fror)

ALK

B 9.9: F AT LT KRBT

§9.3 HEHIEMIL (Dimessional Regularization)

-

# Pauli-Villas IEBALFRBIERR S [ d'k{- -} FAAE—DRSIEBET (cut off)A, —YCRBNT A°
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— KRBT A, XTERHET T In A,
1972 4, t'Hooft , Veltman 5| A4E%IE AL B 5 .

/d4k{---} - /d”k{---} He¥a —n (9.36)
i 9.10 Fros iR A

k

/’;{ﬂx\

P
et -

\'““"—::-—"/

P+

K 9.10: srTARE

1 1
I=[d% :
/ k2 + p? —ie (p+ k)2 + p2 —ie (9.37)
T R4y
I(n) = / P L (9.38)
N k% + p? —ie (p+ k)% + p? —ie '

;EEEP k# = (iko,kl,k2,-.-,kn—1),pu = (ipo,pl,pQ,p&O’-..,O) R ﬂﬂ% n—4, )r![J [(n) -1,
B py #ER, B py = (iM,0,---,0) :

(p,k) = — Mk (9.39)

E— B R B0 S AR AR A TR,

+oo o] 27 ™ ™ ™
/ d"k = / dko / 1"~2dl / e, / sin Oyd6y / sin” fzdf3 - - - / sin"% 0, _2df, - (9.40)
—00 0 0 0 0 0

Horp LI (iko, ks koo k1) HIARHR,
FH T %

moan  TPT(m+1/2)
/OW'SIH 0do = F(TQ/Q) (941)
Horp T ek B — Mt s in T
L(a) = /OO " le—zdr (9.42)
[I1-n) = ——  Ta+1)=a( (9.43)
r(1) =1 [(1/2) = /7 (9.44)

P A

2T ™ ™ ™
/ d91 / sin 92d02 / Sil’l2 93d03 s / sinn_3 9n72d9n72
0 0 0 0

— o [V ] [FRO2) [ 2]
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1

M A] LS 2]
oo ~ no1 1 1 1
[ e e s e e ) (240

I(n) A n ABEAHEL, T o AEHEMAEN, RELI<Ren <4(n <101 =0 4KHED .
Xt I(n) BEATRATES, EAEARDEFPEA (0 Z25%E) @, BRT n=4,6,8,---,I(n) M,
ARBRANIE 9.10 Fras AR 7

1 1 L da
R+2 k2 +p® ), A2 (9.47)
Hrp
A=1—-a)k +p®) +a(lp+k)?+p®) = (k+ap)? +a?, a® = p? + a(l — a)p? (9.48)
NI]
dnk net A
=] e | e [ @y w=R R 019
#EAT Wick #3l, N
. . d"k im/2 [0 =22 /2 [T ogn/2=1 gy
B = l/ (k2 + a2)2 = I‘(n/2)/0 (r2 + a?)2 = I‘(n/2)/0 (t + a2)2
/2 /2 4 —
= @) = T () (9.50)
B: 0 eRE X RZEAZ TEXRK)
oo ymfl 1 = .
/0 Wdy = B(m,n) = /0 ™ (1 —x)" e (9.51)
B(m,n) = I;((Z)E(Z)) (9.52)
ok
b inn/20(2 - n/2)
1w /o 12 + (1 — a)p?]* /2 “ (9.53)

ERE, ZURAEn <4 H o BE (0=3) KHFLGEIR; HEXNT n <4 WA IRERAE L. 55

r@—n2) =822 Ly ren2) o

2-n/2 "’ 4—n (9.54)
BRLLEE n = 4 BHITAE T(2 —n/2) TR, 5]
2
[(2-n/2) = Yy +A+(n-4)B (9.55)
FIF gy =V =e™V =1 4elny+---(e = 0), ATLIEF]
(a2)n/272 =14 n—4 lna2 4+ .- (956)

P
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n—4 2im?
Lt

I(n) —|— in?A — in? /1 daln(p? + a(l — a)p?) + O(n — 4) (9.57)

HApE— n - 4 WRE, #YT Pauli - Villas IEMALAHE) In A T,
MNFSH G EREE, FRINENAK, HESEMIERLLERIENL, FRS% S5
AR ERASH, Fln:

2(p) = S(0)p2—pz + ' (D) p2p2 (0° — 1) + - - (9.58)

WRE 42 =0, XML EEAL er(p® =0) , MNMAAEMEEIHEECA a=1/137, {HRWPER p* = M2
N a(p? = M2) =1/128,

X
oo [ d'E 1 1
La(P?) = A /(27r)4 K242 —ie (p+ k)24 p2 —ie
= 1271_2 { 2_Zn +2A—z/0 daln [ + a(l —a)p2]} (9.59)
7E p* = 0 ZbHL Taylor JEFF, M
La(p?) =Ta(0) + Le(p?) (9.60)
KBTS RS — T,
2i A2 2
r,(0) = 167T2 {4 +1A—1/ doln i } Ton2 L_ +1A—llnu] (9.61)
S ) S S 7 +a1—a e —iX (1= a)(1 - 20) e
C.(p°) = 1671'2/0 ln[ ]da — 1671'2/0 2T ol —a)p 2] (9.62)
PR B IE AL B X 51
| PauliVillas EME | 4EMEHUL
r() | oz In 2z | Torr 25
A BR M IR 43 Te(p?) ﬁ?ﬂﬁﬁ'IEiﬂhfh%‘B%ﬁﬂﬂ'J
[k (<K w17 T(B+n/2T(a— 8- n/2)
1608 = [ Gyt =ty = T T (963
TR HAR 5
B d*k 1 ()72 I(1-n/2)
I1,0) = /(%)4 o — e T (9.64)
B d*k k> (=)r"*n T(1-n/2)
100 = [ Grceear = ane s @ (5:65)
B d*k 1 _in/? T(2-n/2)
100 = [ G = = (@ (960
B d*k —k? _in/? T(2-n/2) n
16Y = [ Gy a e (0.6)
B d*k E* _in™/? T(2-n/2) n n+2
160 = [ e G w1 (0.68)



